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Pain is widely underestimated and undertreated. In Western countries,
10% of individuals have acute or chronic pain, and up to 30% of those
with disability suffer from chronic pain1. Our ability to treat pain effec-
tively is complicated by both a lack of understanding of the mecha-
nisms that underlie pain signaling, and the high incidence of side
effects associated with systemic treatments that do not directly target
the site of the pain (reviewed in ref. 2). Soluble mediators, locally
released at sites of injury or disease, are likely to be key factors in the
generation, maintenance and modulation of pain3. One candidate
mediator that is implicated in the pathogenesis of pain associated with
ischemic states (such as coronary artery disease or sickle-cell anemia),
inflammation (such as arthritis) and cancer is the potent vasoactive
peptide ET-1 (refs. 4,5).

ET-1 is a 21-amino-acid peptide known to have vasoconstrictive
properties6. Synthesized and released by epithelia7, ET-1 is also pro-
duced by other cell types, including cardiomyocytes, leukocytes and
macrophages8, and is oversecreted by metastatic prostate and breast can-
cer cells9 and after cutaneous injury7. ET-1 acts predominantly locally, in
a paracrine or autocrine manner. Because it is ubiquitously produced,
ET-1 has been implicated in a variety of pathological states in which ele-
vated ET-1 tissue concentrations are reported6. In mammals, two recep-
tor subtypes, ETA and ETB, mediate the actions of ET-1. These
G-protein-coupled receptors are often found on different cell types,
where they support antagonistic functions. In the cardiovascular system,
for example, activation of ETA receptors promotes vasoconstriction
whereas activation of ETB receptors usually supports vasodilatation.

The ability of ET-1 to trigger pain10–18 is thought to occur by the
binding of ET-1 to ETA receptors localized on nociceptors16.
Consequently, in animals, exogenous administration of ET-1 produces
pain and endogenously secreted ET-1 mediates pain associated with
arthritis and cancer17,18. In humans, pain caused by metastatic prostate
cancer is reduced by administration of an ETA receptor antagonist19.

Although the role of the ETA receptor in pain is quite well character-
ized, the role of the ETB receptor is less clear. In our recent studies20 using
a behavioral model of ET-1-induced pain, we found that stimulation of
ETB receptors activates an antinociceptive (pain-relieving or pain-pre-
venting) mechanism that develops coincidentally with the nociceptive
mechanism induced by ET-1 binding to ETA receptors. In addition, the
antinociceptive action initiated by ETB receptor stimulation is blocked by
the opioid receptor antagonist naloxone. This suggests an involvement of
opioid receptors, which are located on nociceptor terminals and con-
tribute to peripheral endogenous analgesia21–23. Endogenous analgesia in
the central nervous system, where stress and injury can trigger the release
of opioids, is well described24–29, but peripheral endogenous analgesia is
less well understood. The main example in peripheral tissues described
so far is a pathway in which activated T lymphocytes are recruited to sites
of inflammation, where they release opioid peptides22,30. Recent studies
have also pointed to non-opioid-mediated analgesia by endogenously
released cannabinoids in peripheral tissues31. Here we characterize and
map the components of a new peripheral opioid analgesic pathway, a
unique example of dual and mechanistic control by ET-1 through its two
receptors, over pain generation and pain relief.
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Endothelin-B receptor activation triggers an endogenous
analgesic cascade at sites of peripheral injury
Alla Khodorova1,8, Betsy Navarro2,8, Laurence Sophie Jouaville1,3,8, Jo-Ellen Murphy4, Frank L Rice5,
Joseph E Mazurkiewicz5, Denise Long-Woodward4, Markus Stoffel6, Gary R Strichartz3,
Rus Yukhananov7 & Gudarz Davar1

Endothelin-1 (ET-1) is a newly described pain mediator that is involved in the pathogenesis of pain states ranging from trauma to
cancer. ET-1 is synthesized by keratinocytes in normal skin and is locally released after cutaneous injury. While it is able to
trigger pain through its actions on endothelin-A (ETA) receptors of local nociceptors, it can coincidentally produce analgesia
through endothelin-B (ETB) receptors. Here we map a new endogenous analgesic circuit, in which ETB receptor activation
induces the release of β-endorphin from keratinocytes and the activation of G-protein-coupled inwardly rectifying potassium
channels (GIRKs, also named Kir-3) linked to opioid receptors on nociceptors. These results indicate the existence of an intrinsic
feedback mechanism to control peripheral pain in skin, and establish keratinocytes as an ETB receptor–operated opioid pool.
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RESULTS
Mµ- and κ-opioid receptors mediate ETB receptor analgesia
Subcutaneous injection of ET-1 (200 µM) into the plantar hindpaw
of rats induces pain behavior characterized by repetitive flinching of
the injected limb (Fig. 1a). The ETB receptor–selective agonist IRL-
1620 (100 µM, 2 nmol total dose) reduced this ETA
receptor–dependent flinching behavior
when coinjected with ET-1 (Fig. 1a).
Injection of IRL-1620 into a nonrelevant site
(the contralateral hindpaw) did not reduce
ET-1 flinching, pointing to local action of
this agonist (n = 6, P > 0.05; data not
shown). Naloxone prevents ETB
receptor–triggered analgesia, indicating the
involvement of opioid receptors. To deter-
mine which opioid receptor subtype(s)
mediate ETB receptor analgesia, we used
selective antagonists of the µ-, δ- and 
κ-opioid receptors. We first examined the 
µ-opioid receptor antagonist CTOP (D-Phe-
Cys-Tyr-D-Trp-Orn-Thr-Pen-Thr amide).
CTOP (0.94 mM, 18.8 nmol total dose)
accelerated the development of ET-1-
induced pain, as determined by the time
course for hindpaw flinching (Fig. 1a), and
markedly shortened the time to reach the
average maximal flinch frequency (MFF, a
measure of the maximal pain response;
Table 1). CTOP also increased the MFF com-
pared with ET-1 alone (Table 1), although
the mean total number of flinches remained
unchanged (153 ± 18 versus 123 ± 13 for ET-
1 alone; P > 0.05). Both the effect of CTOP
on MFF and the time to reach MFF were
dose dependent (Table 1 and Supplementary
Fig. 1 online). In addition, CTOP (0.94 mM)
prevented the suppression of ET-1-induced
pain by IRL-1620 (Fig. 1a and Table 1; mean
total number of flinches was 118 ± 15 versus

66 ± 7 for IRL-1620 with ET-1; P < 0.05). CTOP (0.94 mM) alone did
not evoke flinching that was different from PBS controls (n = 7,
P > 0.05; data not shown) and, when injected into the contralateral
hindpaw, did not affect either MFF or the total number of ET-1-
induced flinches (n = 7, P > 0.05; data not shown). In addition, using
the µ-opioid receptor–selective antagonist β-funaltrexamine

a b c

Figure 1 ETB receptor activation in skin inhibits ET-1-induced pain behavior through µ-opioid receptors and GIRK channels. (a) CTOP (0.94 mM) enhances
ET-1-induced hindpaw flinching and prevents the inhibitory effects of IRL-1620 in rats. P < 0.01 versus ET-1 or ET-1 + IRL-1620; *, P < 0.05 for ET-1
versus ET-1 + IRL-1620. Results for ET-1 and IRL-1620 are included as historical controls19. Arrowheads indicate first injection (left), second injection
(middle) or beginning of behavioral observations (right). (b) Tertiapin (TERT), a selective antagonist of inwardly rectifying potassium channels, enhances 
ET-1-induced flinching and prevents the effect of IRL-1620. *, P < 0.05; **, P < 0.001 (or P < 0.002 versus ET-1). (c) GIRK2 knockout (GIRK2 KO) mice
have longer ET-1-induced biting and licking episodes compared with wild-type mice at 5, 10 and 15 min (P < 0.002 (*), P < 0.03 (**) and P < 0.01 (***),
respectively) after behavioral observations began. Data are presented as mean ± s.e.m.

Table 1 ETB receptor-triggered analgesia is mediated by µ- and κ- but not δ-opioid receptors

OR Treatment Number of Average MFF Time to onset
experiments (n) (flinches per 5 min) of MFF (min)

± s.e.m ± s.e.m.

ET-1 (2 nmol) 12 24 ± 2 52 ± 3

IRL-1620 (2 nmol) + ET-1 12 16 ± 2a 38 ± 4a

µ CTOP (0.188 nmol) + ET-1 8 27 ± 5 33 ± 4a

CTOP (1.88 nmol) + ET-1 8 26 ± 5 31 ± 3a

CTOP (18.8 nmol) + ET-1 13 35 ± 4a 18 ± 3a

CTOP (18.8 nmol) + 16 31 ± 4b 21 ± 2a,b

IRL-1620 + ET-1

κ nor-BNI (0.68 nmol) + ET-1 6 26 ± 3 38 ± 3a

nor-BNI (6.8 nmol) + ET-1 6 41 ± 8a 39 ± 4a

nor-BNI (68 nmol) + ET-1 12 34 ± 3a 41 ± 3a

κ + µ nor-BNI (68 nmol) + CTOP 15 47 ± 3a 19 ± 1a

(18.8 nmol) + ET-1

δ Naltrindole (78 nmol) + ET-1 9 27 ± 4 31 ± 3

Vehicle for naltrindole + ET-1 12 32 ± 7 33 ± 3a

MFF for each rat was defined as the maximal number of flinches per 5 min interval that occurred during the
observation period of 75 min. We scored MFF independently of the time of occurrence. IRL-1620 is an ETB
receptor-selective agonist. CTOP, nor-BNI and naltrindole are µ-, κ- and δ- opioid receptor-selective
antagonists, respectively. DMSO (7.8%) in PBS was the vehicle for naltrindole; PBS was the vehicle for all
other agents. OR, opioid receptor. aP < 0.05 versus ET-1. bP < 0.05 versus IRL-1620 + ET-1.
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(β-FNA; 1.02 mM), we observed enhance-
ment of ET-1-induced flinching at early time
points (20, 25 and 35 min; P < 0.02, n = 6;
Supplementary Fig. 3 online), which
strongly supports the idea that µ-opioid
receptors contribute to the antinociceptive
effects of ETB receptor activation on ET-1-
induced pain.

We next examined the possible contribu-
tion of δ- and κ-opioid receptors to the
action of ET-1 at the ETB receptor. The 
δ-opioid receptor–selective antagonist nal-
trindole (7.8 mM, 78 nmol total dose) did
not alter the behavioral response to ET-1
(Table 1; mean total number of flinches was
113 ± 19 and 123 ± 13 for naltrindole plus
ET-1 and ET-1 alone, respectively; P > 0.05).
We observed a reduced time to reach MFF
with naltrindole, an effect that was not dif-
ferent from vehicle alone (7.8% DMSO;
Table 1). By contrast, the κ-opioid receptor
antagonist nor-binaltorphimine (nor-BNI;
3.4 mM, 68 nmol total dose), when coin-
jected with ET-1, enhanced the MFF and the
mean total number of flinches (161 ± 9 ver-
sus 123 ± 13 for ET-1 alone; P < 0.03) and
shortened the time to reach MFF, although
not as robustly as did CTOP (Table 1). The
effects of nor-BNI were dose dependent.
Nor-BNI injected at the highest concentra-
tion into the contralateral paw had no effect
on the magnitude or severity of ET-1-
induced flinching (n = 4, P > 0.05). Besides
its action on κ-opioid receptors, nor-BNI
has been reported to attenuate the early
antinociceptive effects of a µ-agonist32.
However, consistent with its actions at 
κ-opioid receptors, we observed an additive
effect of nor-BNI and CTOP on flinching
behavior when both antagonists were
injected together (3.4 mM nor-BNI and 
0.94 mM CTOP and ET-1; Table 1 and
Supplementary Fig. 2 online). Along with a
reduced time to reach MFF, both the MFF
and the mean total number of flinches 
(208 ± 15) exceeded the values found for 3.4
mM nor-BNI and ET-1 (P < 0.05). Control
experiments have shown that flinching
behavior after coinjection of 3.4 mM nor-
BNI and 0.94 mM CTOP without ET-1 was
not different from PBS controls (n = 6, P >
0.05; data not shown). These data are evi-
dence that both µ- and κ-opioid receptors
contribute to attenuation of ET-1-induced
pain.

Locally released β-endorphin mediates ETB receptor analgesia
Locally released and exogenously administered opioids act through opi-
oid receptors found on nociceptors21. Among the endogenous opioids,
met-enkephalin, dynorphin and β-endorphin act at these receptors, but
β-endorphin is most clearly represented in cutaneous cells33,34. To 

determine a functional role for β-endorphin in ETB receptor–triggered
antinociception, we injected antiserum to β-endorphin (C-55;
200 µg/hindpaw) subcutaneously into the plantar hindpaw of rats 
15 min before administering 200 µM ET-1 and 200 µM IRL-1620. This
antiserum specifically recognizes amino acids 17–25 of β-endorphin
and β-lipotropin, and prevents antinociception associated with systemic
(pituitary) β-endorphin release35. C-55 increased ET-1-induced 

a

b

c

Figure 2 Mµ-opioid receptors and GIRK2 channels are expressed on sensory endings in rat plantar
hindpaw epidermis. (a) Sensory endings (arrow) and fibers (arrowhead) innervating the epidermis
express µ-opioid receptors (µ-OR; red, Cy3; left) and CGRP (green, Cy2; middle); merged yellow signal
shows colocalization (right; arrowhead indicates CGRP-expressing nerve fiber that lacks µ-OR). 
sg, stratum granulosum; ss, stratum spinosum. (b) Sensory fibers (arrow) innervating epidermis express
GIRK2 (red, Cy3; upper left) and CGRP (green, Cy2; upper middle); merged yellow signal shows
colocalization (upper right). Arrowhead indicates CGRP-expressing nerve fiber that lacks GIRK2. GIRK2
(red, Cy3; lower left) is also expressed on a subset of endings (arrow) that are labeled with antibody to
PGP9.5 (green, Cy2; lower middle); merged yellow signal shows colocalization (lower right). Many
epidermal endings labeled with antibody to PGP9.5 lack GIRK2 (arrowheads). sb, stratum basalis.
(c) Antibody to GIRK2 (red, Cy3) labels both small (arrows) and medium- to large-sized (arrowheads)
rat lumbar (L5) dorsal root ganglion neurons. Scale bar in a–c = 25 µm.

©
20

03
 N

at
u

re
 P

u
b

lis
h

in
g

 G
ro

u
p

  
h

tt
p

:/
/w

w
w

.n
at

u
re

.c
o

m
/n

at
u

re
m

ed
ic

in
e



A R T I C L E S

1058 VOLUME 9 | NUMBER 8 | AUGUST 2003  NATURE MEDICINE

flinching in the presence of IRL-1620 (n = 12) when compared with rats
treated with normal rabbit serum (n = 12; mean total number of
flinches 160 ± 17 versus 98 ± 13; MFF 37 ± 3 versus 22 ± 3 flinches per 
5 min; P < 0.01). C-55 alone did not induce flinching behavior that was
different from PBS (n = 6, P > 0.05), and normal rabbit serum was with-
out effect when compared with controls (PBS followed by IRL-1620 plus
ET-1; n = 10, P > 0.05; data not shown). These results show that 
β-endorphin mediates the actions of IRL-1620 at opioid receptors in the
plantar hindpaw.

GIRKs mediate ETB receptor analgesia
Opioids such as β-endorphin act on sensory neuronal membranes to
modulate Ca2+ and K+ channels, thereby inhibiting membrane excitabil-
ity. GIRKs are a class of potassium channels that have a major role in
modulating neuronal excitability, and have been linked to µ-opioid
receptor action in heterologous expression systems and in vivo36–40.

The inward rectifier potassium channel antagonist tertiapin (1 µM,
20 pmol total dose), injected before and then together with ET-1 subcu-
taneously into the rat plantar hindpaw, reduced the time to reach MFF
(41 ± 4 min) and increased both the MFF (38 ± 5 flinches per 5 min) and
the mean total number of ET-1-induced flinches (Fig. 1b; P < 0.05,
n = 12). Tertiapin alone did not evoke flinching behavior that was differ-
ent from PBS (n = 8, P > 0.05). Tertiapin injected into the contralateral
paw also had no effect on ET-1-induced flinching (n = 6, P > 0.05).
Tertiapin prevented the inhibitory effect of IRL-1620 (n = 12) on ET-1-
induced flinching, increasing both the MFF (30 ± 5 versus 16 ± 2 flinches
per 5 min for IRL-1620 plus ET-1) and the mean total number of
flinches to the level of ET-1 alone (Fig. 1b).

To more specifically establish the involvement of GIRK channels, we
examined pain-related behaviors in mice containing a functional dele-
tion in the GIRK2 channel, an isoform of GIRK expressed in the nervous
system, recently suggested to mediate morphine analgesia41,42. Biting
and licking of the hindpaw has been extensively described in mice after
pain-inducing stimuli and after ET-1 injection12. Therefore, we assessed
the duration of biting and licking events after subcutaneous plantar
hindpaw injection of ET-1 (40 µM, 400 pmol dose) in wild-type and
GIRK2 knockout mice. ET-1 induced a shorter time to peak and greater
total duration of biting and licking episodes in GIRK2 knockout 
(n = 17) as compared with wild-type mice (n = 17; Fig. 1c). These results
suggest that activation of the GIRK2 subtype is crucial to the generation
of the ET-1-mediated analgesia, thus supporting the observations made
with tertiapin.

Mapping the pathway of ETB receptor–triggered opioid analgesia
For GIRKs and opioid receptors to be coupled they should be on the
same cells, namely sensory neurons. Mu-opioid receptors sit on periph-
eral sensory fibers21. Accordingly, we observed µ-opioid receptors colo-
calized with calcitonin gene–related peptide (CGRP), a marker of
small-diameter sensory fibers, in nerve terminals innervating the plan-
tar hindpaw epidermis (Fig. 2a). GIRK2 channels also sit on many, but
not all, fine sensory terminals, overlapping the distribution of CGRP
and protein gene product 9.5 (PGP 9.5), a general marker of sensory
fibers (Fig. 2b). We observed GIRK2 labeling on both small- and
medium-to-large-diameter rat dorsal root ganglion (DRG) neurons
(Fig. 2c). We also observed GIRK2 immunolabeling on epidermal ker-
atinocytes in the plantar hindpaw (Fig. 2b), although it is unclear how
membrane hyperpolarization in these cells could lead to pain inhibition.
Based on the probable colocalization of GIRKs and µ-opioid receptors
on nociceptors, we hypothesize that the activation of GIRKs coupled to
opioid receptors induces hyperpolarization or lowering of membrane
resistance (or both) of nociceptor membranes, thereby suppressing
impulse generation and corresponding pain.

To verify the coupling between ETB receptors and β-endorphin
release, which leads to opioid receptor and GIRK activation, we exam-
ined the colocalization of these pathway intermediates. We 

1058 VOLUME 9 | NUMBER 8 | AUGUST 2003  NATURE MEDICINE

a b c d e

Figure 3 ETB receptors and β-endorphin colocalize in rat plantar hindpaw epidermis adjacent to nociceptive sensory terminals. (a) H&E staining of rat plantar
hindpaw epidermis. sc, stratum corneum; sg, stratum granulosum; ss, stratum spinosum; sb, stratum basalis. (b) ETB receptor staining is observed
predominantly on the membranes of keratinocytes in the upper epidermal layers (sg, ss). (c–e) Double labeling with antibodies to ETB (c; red, Cy3) and 
β-endorphin (d; green, Cy2); β-endorphin is present in the cytoplasm of keratinocytes (arrows in d) that have predominantly membranous ETB expression
(arrowheads in c). The same keratinocytes express both β-endorphin and ETB receptors (arrows and arrowheads, e). Scale bar = 50 µm (a,b) or 25 µm (c,d).

Figure 4 Schematic illustration of the pathway for peripheral endogenous
analgesia. Activation of ETB receptors triggers the release of β-endorphin
from keratinocytes, suppressing pain (likely mediated by ETA receptor-
induced opening of tetrodoxin resistant sodium channels; TTX-R Na+, ref.
44) via opioid receptors coupled to GIRK channels.
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immunolabeled sections of rat plantar hindpaw skin with antisera
directed against ETB receptors and β-endorphin. ETB receptor labeling
of keratinocytes is observed in the granular and spinous epidermis
(Fig. 3b) and is predominantly membranous (Fig. 3c). These cells are
in close proximity to the double-labeled CGRP/µ-opioid receptor sen-
sory fibers that innervate the epidermis (Fig. 2a). These same cells also
express abundant cytoplasmic β-endorphin (Fig. 3d,e). These histo-
chemical observations further implicate β-endorphin as a mediator of
the analgesic actions of IRL-1620.

Keratinocytes synthesize and secrete β-endorphin33,34. What regu-
lates its secretion is not known. To assess the functional relevance of the
histochemical evidence supporting a link between ETB receptors and
secretion of β-endorphin, we applied IRL-1620 to cultured ker-
atinocytes and measured the release of β-endorphin. Untreated ker-
atinocytes (n = 10) contained 108 ± 48 pg of β-endorphin per 105 cells
and secreted at a rate of 6.8 ± 0.3 pg per 105 cells per h (control; data cor-
rected for efficiency of recovery). Incubation of keratinocytes (∼ 105) for
1 h with IRL-1620 increased the secreted β-endorphin immunoreactiv-
ity by more than five- and ninefold (34.0 ± 7.1 and 61.7 ± 27.6 pg per 105

cells) for ETB receptor agonist concentrations of 200 nM and 400 nM,
respectively (P < 0.04 by one-way ANOVA). In addition, the ETB recep-
tor antagonist BQ-788 (10 µM) inhibited β-endorphin secretion
induced by 200 nM IRL-1620, thereby reducing secreted β-endorphin
immunoreactivity (9.3 ± 2.4 pg per 105 cells per h) to the control level 
(P > 0.05; Supplementary Table 1 online). Thus, the activation of ETB
receptors on keratinocytes stimulates the release of β-endorphin, which
may suppress ET-1-induced pain behavior.

DISCUSSION
Using a model of ET-1-induced pain in rats, we have previously shown
that in addition to its algesic pathway11,15,43,44, ET-1 coincidentally acti-
vates an analgesic pathway20. The latter is mediated by the interaction of
ET-1 with ETB receptors, a receptor type that antagonizes the action of
ET-1 at ETA receptors in other systems6.

Here we see that the development of this analgesia is prevented by
blockade of µ- and κ- opioid receptors, structures known to be involved
in the mediation of local analgesia during inflammation22,30. As is
observed in inflammation-associated analgesia, we found, using an anti-
serum directed against β-endorphin, that this endogenous opioid recep-
tor ligand mediates ETB receptor–induced analgesia. Finally, we have
described the involvement of GIRK channels in this peripheral, opioid-
dependent analgesic pathway. These inwardly rectifying potassium chan-
nels have been described in the central nervous system and are thought to
have an important role in determining the threshold for the generation of
action potentials, thereby controlling neuronal excitability36. They are
not constitutively open but after their activation, as is seen after opioid
receptor stimulation40, they conduct an outward, hyperpolarizing potas-
sium current that can inhibit nociceptor firing. Using immunocyto-
chemistry, we detected the presence of GIRKs on nociceptors in the
peripheral nervous system. In addition, by using GIRK inhibitors and
GIRK2 knockout mice, we identified a functional role for these channels
in peripheral analgesia downstream of opioid receptor activation.

Local analgesic pathways involving the opioid/β-endorphin system
are activated during the process of inflammation. In this case, migrating
leukocytes have been identified as the cellular source of released β-
endorphin, but the origin of the releasing stimulus is unknown22,30. In
the model of skin injury we have used here, the analgesic pathway devel-
ops immediately after ET-1 injection. Therefore, and because leukocyte
migration is a later event in the process of inflammation, we looked for
an alternative cellular source of β-endorphin. Keratinocytes are known
to synthesize and secrete β-endorphin33,34. In addition, they are the

most abundant cutaneous cell type in skin, sit in the vicinity of sensory
(nociceptive) terminals and, as we have shown here, bear ETB receptors.
Accordingly, we found that cultured keratinocytes release β-endorphin
after ETB receptor stimulation.

Based on our observations we suggest a sequence of events whereby
ET-1, the tissue injury–associated mediator7, acts at ETB receptors on
keratinocytes in skin to trigger the release of β-endorphin. In turn,
β-endorphin activates µ- and κ-opioid receptors on nociceptors to
induce membrane hyperpolarization, most likely as a consequence of
the activation of GIRK channels, ultimately inhibiting ET-1-induced
pain (Fig. 4). This ETB receptor–operated analgesia develops concomi-
tantly with the pain triggered by the binding of ET-1 to ETA receptors,
providing a mechanistic modulation, through these two receptors, of
the two antagonist functions initiated by ET-1.

Knowledge of the mechanisms that modulate sensory signals is cru-
cial to understanding the phenomenon of pain. Accordingly, it is note-
worthy that, as a mechanistic feedback in peripheral tissues, an
analgesic pathway can develop simultaneously to pain in order to ham-
per it. It is even more remarkable that the origin of this inherent modu-
lating system sits in skin45, housed in keratinocytes, as a
receptor-operated reservoir of opioids. These results further support an
evolving role for keratinocytes as ‘sensory cells’ capable of transducing
external stimuli46, a function traditionally considered strictly within
the domain of sensory neurons. Keratinocytes have been recently
shown to directly sense thermal stimuli through TRPV-3 (ref. 46), a
thermosensitive channel that is reminiscent of the transient receptor
potential (TRP) family of ion channels that sense heat on nociceptors,
whose stimulation may trigger the release of algogens (C. Sanchez and
D. Piomelli, personal communication). By contrast, in our studies, we
see that an ETB receptor–effector system in keratinocytes mediates the
release of an antagonizing, analgesic substance (β-endorphin) that
inhibits pain. In both instances, keratinocytes sitting in close proximity
to sensory terminals, as we have described here, can couple external
stimuli to sensory signaling in ways that have not been previously
appreciated, to modulate sensory inputs.

Preclinical and clinical studies have shown the usefulness of ETA
receptor antagonists for relieving ET-1-induced pain. A complementary
strategy could take advantage of existing intrinsic mechanisms of pain
inhibition, including the endogenous analgesic pathway we have just
described. Although elements of this pathway, such as opioid receptors,
are already recognized as analgesic targets, ETB receptors and GIRKs
may be new and useful targets for pain treatment. Because ET-1 may
contribute to both acute pain, as in the case of skin injury, and persistent
pain, as in the case of cancer, these targets may be important for the
treatment of both of these types of pain.

METHODS
General. All procedures were approved by the Standing Committee on Animals
of Harvard Medical School and performed according to the ethical standards pre-
scribed by the Committee for Research and Ethical Issues of IASP47. We did
experiments on 220 male Sprague-Dawley rats (175–225 g; Harlan) and 34 mice.
The mice were GIRK2 null mutant mice, genotyped as described48, and wild-type
control mice obtained from GIRK2 null mutant heterozygote matings. We
derived the latter from F11 and F12 hybrid crosses of 129/sv and C57BL/6 mice.

Drugs and injections. We dissolved synthetic ET-1 and IRL-1620 (American
Peptides), CTOP and nor-BNI (Sigma), and tertiapin (Alomone Labs) in PBS
(pH = 7.4; Invitrogen) as stock solutions, and β-FNA (Sigma) in water. We ini-
tially dissolved naltrindole (Sigma) in DMSO and then diluted it in PBS. We
diluted tertiapin under nitrogen to limit oxidation. Antiserum to β-endorphin
(C-55) was a gift of G. Mueller (Uniformed Services University of the Health
Sciences). Rabbit serum was from Sigma.
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ET-1 administration has been previously described20. We anesthetized rats
with sevoflurane (Abbott Laboratories) and administered two sequential, sub-
cutaneous 10-µl injections into the midplantar region. We gave naltrindole
(7.8% DMSO) only in the first injection to avoid precipitation in PBS/ET-1. We
injected β-FNA 22–28 h before ET-1. This extended pretreatment time is
required in vivo to allow the partial κ-agonist effects of β-FNA to subside49. We
centrifuged crude C-55 (rabbit serum or PBS in controls) for 5 min at 14,000 g,
then, injected 10 µl of the supernatant 15 min before ET-1 or ET-1 with IRL-
1620. For mouse experiments, we briefly anesthetized 6- to 8-week-old male
GIRK2 knockout mice and age- and sex-matched wild-type mice with isoflu-
rane (Baxter), then injected one 10-µl dose of 40 µM ET-1 into the subcuta-
neous plantar hindpaw.

Behavioral studies. We made behavioral assessments in rats as previously
described20. For mouse experiments, we recorded the duration of biting and
licking events occurring every 5 min for 60 min. Data are reported as mean 
± s.e.m. To establish significant differences between the effects of ET-1 alone
and ET-1 with injected agents, we applied an unpaired, two-tailed Student’s t-
test with P < 0.05 considered significant.

Cell culture. We incubated skin from human facelift surgeries with dispase
(2.4 U/ml; Roche Molecular Biochemicals) for 1 h at 37 °C to sever the der-
mal-epidermal junction. The peeled-off epidermis was then treated with 0.3%
trypsin (Sigma), 0.15 M NaCl, 0.16 mM KCl, 5.5 mM glucose and 8.4%
NaHCO3 (pH = 7.6, 37 °C) for 5 min while stirring, further neutralized it with
serum-containing medium, and filtered the solution. We resuspended ker-
atinocytes collected by centrifugation in keratinocyte serum-free medium
(Invitrogen) supplemented with 25 µg/ml bovine pituitary extract
(Invitrogen), 0.2 ng/ml epidermal growth factor (Invitrogen) and 0.3 mM
CaCl2.

Release of β-endorphin. We plated and then maintained human keratinocytes
at 37 ºC in 5% CO2 for 36–72 h, at a final density of ∼ 105 cells/flask. We replaced
the media, before treatment with IRL-1620, with 4 ml of PBS containing 0.1%
BSA, 0.3 mM CaCl2, 0.01 U/ml aprotinin and 1 µg/ml leupeptin for 10 min.
Then we incubated cells for 60 min with PBS alone, IRL-1620 in PBS, IRL-1620
and BQ-788 in PBS, or synthetic β-endorphin (100 pg/ml; Sigma) in PBS to
estimate the recovery. We then centrifuged the media (2,000 g for 5 min). We
collected the supernatant, froze it and lyophilized it. To estimate the β-endor-
phin content of control-treated keratinocytes, cells exposed only to PBS were
extracted with acetic acid (0.1 M) and the extract was centrifuged (10,000 g for
5 min), frozen and lyophilized. We reconstituted all samples in 0.4 ml of
radioimmunoassay (RIA) buffer. We determined the level of β-endorphin
using the RIA Kit (Phoenix Pharmaceuticals). We calculated concentrations of
β-endorphin based on a calibration curve. Recovery of β-endorphin in the
supernatant was 65%.

Immunocytochemistry. We isolated flaps of rat plantar hindpaw skin, or whole
dorsal root ganglia, and froze them in Tissue-Tek OCT compound (Sakura-
Finetek). We then cut sections (5 µm for fresh tissue, 14 µm for tissue perfused
and fixed with 4% paraformaldehyde) on a cryostat. We used the following pri-
mary antibodies and dilutions: polyclonal antibody to ETB receptor (1:100 or
1:200; Alomone Labs); rabbit antibody to PGP (1:1,000; UltraClone), sheep
antibody to CGRP (1:800; Infinity), rabbit antibody to GIRK2 (1:200; Alomone
Labs), rabbit antibody to µ-opioid receptor (1:1,000; gift from R. Elde,
University of Minnesota) and rabbit antibody to β-endorphin (gift from 
R.G. Allen, University of Oregon Health Sciences Center). We blocked sections
and incubated them with primary antibodies for 2 h at room temperature or
overnight at 4 °C, followed by application of the appropriate secondary anti-
bodies to the same section. We used goat antibody to rabbit Alexa 588 (1:500;
Molecular Probes), conjugated to Cy3 or Cy2 (Jackson Labs). Controls
included preabsorption with peptide, species immunoglobulin control or
omission of the primary antibody. We captured images on either a Nikon
Eclipse E600 linked to a Spotcam digital camera or an Olympus Provis micro-
scope interfaced with a Sony DKC-ST5 digital camera and Northern Eclipse
digital imaging software (Empix Imaging).

Note: Supplementary information is available on the Nature Medicine website.
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