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TRPA1 mediates formalin-induced pain
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The formalin model is widely used for evaluating the effects of
analgesic compounds in laboratory animals. Injection of formalin
into the hind paw induces a biphasic pain response; the first phase
is thought to result from direct activation of primary afferent
sensory neurons, whereas the second phase has been proposed to
reflect the combined effects of afferent input and central sensiti-
zation in the dorsal horn. Here we show that formalin excites
sensory neurons by directly activating TRPA1, a cation channel that
plays an important role in inflammatory pain. Formalin induced
robust calcium influx in cells expressing cloned or native
TRPA1 channels, and these responses were attenuated by a pre-
viously undescribed TRPA1-selective antagonist. Moreover, sen-
sory neurons from TRPA1-deficient mice lacked formalin sensitiv-
ity. At the behavioral level, pharmacologic blockade or genetic
ablation of TRPA1 produced marked attenuation of the character-
istic flinching, licking, and lifting responses resulting from in-
traplantar injection of formalin. Our results show that TRPA1 is the
principal site of formalin’s pain-producing action in vivo, and that
activation of this excitatory channel underlies the physiological
and behavioral responses associated with this model of pain
hypersensitivity.
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he formalin model was developed >30 years ago to assess

pain and evaluate analgesic drugs in laboratory animals
(1). In this test, a dilute (0.5-5%) formalin solution (in which
formaldehyde is the active ingredient) is injected into the paw
of a rodent, and pain-related behaviors are assessed over two
temporally distinct phases, including an initial robust phase in
which paw lifting, licking, and flinching are scored during the
first 10 min, followed by a transient decline in these behaviors
and a subsequent second phase of behavior lasting 30—60 min
(2, 3).

Compounds that typically affect the first phase (Phase I)
include local anesthetics, such as lidocaine (4). The second phase
(Phase II) is proposed to result from activity-dependent sensi-
tization of CNS neurons within the dorsal horn (3, 5, 6). Many
analgesics, including intrathecal nonsteroidal antiinflammatory
drugs (7), NMDA antagonists (8, 9), morphine (1, 10), and
gabapentin (11, 12), inhibit only Phase II responses, but not
Phase I.

The formalin test has several advantages over other models, in
that spontaneous pain-related responses can be observed in a
freely moving unrestrained animal. Once injected, no additional
stimulus is required to evoke nocifensive behaviors, and behav-
iors can be scored over a prolonged period such that the precise
onset and duration of analgesics can be assessed (1). However,
despite the utility and widespread use of the formalin model in
pain research, the mechanism by which formalin triggers C-fiber
activation remains unknown (13) and is often attributed to tissue
injury (1, 3, 9).

In this study, we show that formalin activates primary afferent
sensory neurons through a specific and direct action on TRPA1,
a member of the Transient Receptor Potential family of cation
channels that is highly expressed by a subset of C-fiber nocicep-
tors (14-17). TRPAL is activated by a number of irritants that
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cause pain, including allyl isothiocyanate (AITC) (17) and allicin
(18, 19), the pungent ingredients in mustard and garlic extracts,
respectively; as well as «,B-unsaturated aldehydes, such as
acrolein, that mediate the irritant actions of air pollutants (20).
Sensory neurons from TRPA1-deficient mice show greatly di-
minished responses to each of these compounds, demonstrating
that the TRPA1 channel is the primary molecular site through
which they activate the pain pathway (20, 21). Recent studies
have shown these irritants activate TRPA1 through an unusual
mechanism involving covalent modification of cysteine and
lysine residues within the N-terminal cytoplasmic domain of the
channel protein (22, 23). Formaldehyde resembles these com-
pounds, particularly acrolein, in regard to structure and chemical
reactivity [supporting information (SI) Fig. 6], and thus we
assessed whether TRPA1 activation could account for the
excitatory actions of formalin on primary afferent nociceptors.

Here, we demonstrate that formalin activates TRPAI in a
heterologous expression system as well as isolated sensory
neurons from dorsal root ganglia (DRG) or trigeminal sensory
ganglia. Moreover, blockade of TRPA1 in vivo using either a
specific antagonist or through disruption of the TRPA1 gene
substantially attenuates pain-related responses to formalin.
These findings demonstrate that formalin elicits primary sensory
neuron excitation and pain through direct activation of TRPAL.

Results

Formalin Activates TRPA1. We generated HEK293 cell lines stably
expressing either human (hTRPA1) or rat TRPA1 (rTRPAT)
and assessed their sensitivity to chemical stimuli using live-cell
calcium imaging. Consistent with previous observations (17, 20),
AITC evoked a dose-dependent Ca?* rise in hTRPA1- and
rTRPA1-expressing cells (ECsp of 1.9 = 0.1 and 5.2 = 0.2 uM,
respectively; Fig. 14) but not in untransfected HEK293 cells or
in cells expressing other sensory TRP channels, including
hTRPV1, hTRPV3, or hTRPV4 (SI Fig. 7). Formalin also
elicited Ca2* influx in TRPAl-transfected cells, but not in
parental or other TRP channel-expressing lines (Fig. 1B). The
maximal response evoked by formalin was similar to that evoked
by AITC. The ECsy values for formalin-evoked activation of
hTRPA1 or rTRPA1 were 0.0016 = 0.0001% and 0.0015 =
0.0001%, respectively (=200 uM; Fig. 1C). Methanol, which is
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