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aqueous phase HOCl™ to generate, ClO?~ + H™, pro-
posed as a possibility by Jayson et al. [J. Chem. Soc.,
Faraday Trans. I. 69, 1597 (1973)]. This acidifies the
droplet and generates Cl, via reactions 6 through 9.
Unless HOCL™ is assumed to be an infinitely strong acid,
this does not generate significant Cl, concentrations; (v)
the reaction of the surface (OH... Cl7),  orrace With CL™
to generate Cl,~, which then self-reacts in the surface
film to form Cl,. This can also match the experimental
data reasonably well if it is assumed that Cl,~ is “an-
chored” to the surface and does not diffuse into the
bulk aqueous phase. Preliminary molecular dynamics
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calculations do indeed indicate that Cl,~ is locked to
the interface of the concentrated salt microaerosols.
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Impaired Nociception and Pain
Sensation in Mice Lacking the

Capsaicin Receptor

M. J. Caterina,’* A. Leffler,® A. B. Malmberg,?t W. ). Martin,2}
J. Trafton,? K. R. Petersen-Zeitz,> M. Koltzenburg,?
A. |. Basbaum,? D. Julius’§

The capsaicin (vanilloid) receptor VR1 is a cation channel expressed by primary
sensory neurons of the “pain” pathway. Heterologously expressed VR1 can be
activated by vanilloid compounds, protons, or heat (>43°C), but whether this
channel contributes to chemical or thermal sensitivity in vivo is not known.
Here, we demonstrate that sensory neurons from mice lacking VR1 are severely
deficient in their responses to each of these noxious stimuli. VR1/~ mice
showed normal responses to noxious mechanical stimuli but exhibited no
vanilloid-evoked pain behavior, were impaired in the detection of painful heat,
and showed little thermal hypersensitivity in the setting of inflammation. Thus,
VR1 is essential for selective modalities of pain sensation and for tissue injury—

induced thermal hyperalgesia.

Pain-producing stimuli are detected by special-
ized primary afferent neurons called nocicep-
tors. These remarkable cells respond to a broad
spectrum of physical (heat, cold, and pressure)
or chemical (acid, irritants, and inflammatory
mediators) stimuli but do so only at stimulus
intensities capable of causing tissue damage (/).
Little is known about the molecules that ac-
count for the specialized properties of nocicep-
tors. One noxious stimulus for which a candi-
date transduction protein has been described is
capsaicin, the lipophillic vanilloid compound
that renders “hot” chili peppers pungent (2).
Capsaicin and structurally related molecules,
such as the ultrapotent irritant resiniferatoxin,
bind to specific vanilloid receptors on the pe-
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ripheral terminals of nociceptive neurons (3, 4).
Receptor occupancy triggers cation influx, ac-
tion potential firing, and the consequent burning
sensation associated with spicy food (2). We
recently identified a ¢cDNA encoding a va-
nilloid-activated cation channel (VR1) (9) that
is selectively expressed by small- to medium-
diameter neurons within dorsal root, trigeminal,
and nodose sensory ganglia (5—7). When ex-
pressed heterologously in transfected mamma-
lian cells or frog oocytes, VR1 can also be
activated by protons (extracellular pH < 6) or
noxious heat (>43°C) (5, 7), both of which
excite nociceptors and evoke pain in humans or
pain-related behaviors in animals (§—12).
Although these in vitro studies suggest that
VRI serves as a transducer of noxious thermal
and chemical stimuli in vivo, this hypothesis is
controversial on several fronts. First, multiple
vanilloid receptor subtypes have been proposed
to exist (/3, 14), and thus the extent to which
VRI is required for capsaicin-evoked noci-
ceptive responses is unknown. Second, acido-
sis produces an array of electrophysiological
responses in sensory neurons (15, 16), and
extracellular protons may interact with targets
other than vanilloid receptors on these cells,
most notably acid-sensing ion channels
(ASICs) of the degenerin family (/7-19).
Thus, the relative contributions of VR1 and
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ASICs to proton-evoked nociceptor excitabil-
ity and pain are not understood. Third, the link
between vanilloid receptors and thermal noci-
ception is tentative because some, but not all,
biophysical and pharmacological properties of
VR1 resemble those of native heat-evoked
responses in sensory neurons (35, 7, 20-25).
Finally, capsaicin- and heat-evoked single
channel responses do not always cosegregate
in membrane patches from cultured rat senso-
ry neurons (25). These discrepancies raise the
possibility that VR1 is not involved in thermal
nociception and pain in the whole animal.

Here we adopt a genetic strategy to deter-
mine whether VR1 contributes to activation of
the “pain” pathway by noxious chemical or
thermal stimuli. Using a variety of cellular and
behavioral assays, we show that disruption of
the VR1 gene in mice eliminates capsaicin and
resiniferatoxin sensitivity, demonstrating that
VR1 is essential for mediating the actions of
these compounds in vivo. Sensory neurons
and primary afferent fibers from these mice
also show a marked reduction in proton (pH
5) sensitivity in vitro, supporting the notion
that VR1 contributes to acid-evoked nocicep-
tion. We also show that the incidence of
noxious heat-evoked currents of the moder-
ate-threshold (>43°C) class is greatly re-
duced in cultured sensory neurons or sensory
nerve fibers from VRI1 mutant mice. VRI-
null animals exhibit marked, but restricted
deficits in their behavioral responses to nox-
ious thermal stimuli, proving that VRI is
essential for normal thermal nociception.
Moreover, the existence of residual heat-
evoked responses in these animals demon-
strates that thermal nociception is a heteroge-
neous process involving multiple transduc-
tion mechanisms.

Sensory ganglion development. The mouse
VRI1 gene was disrupted by deleting an exon
encoding part of the fifth and all of the sixth
putative transmembrane domains of the chan-
nel, together with the intervening pore-loop
region (Fig. 1A) (26). The gene is located on
a somatic chromosome (11B3) (27), and mat-
ings between VR1 heterozygous mice produced
offspring with expected Mendelian distribu-
tions of gender and genotype (Fig. 1B). Dor-
sal root ganglia (DRG) from null mutant mice
lacked detectable VR1 transcripts (Fig. 1C).
VR1~/~ mice were viable, fertile, and largely
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indistinguishable from wild-type littermates.
No differences were observed in general ap-
pearance, gross anatomy, body weight, loco-
motion, or overt behavior.

Sensitivity to capsaicin is a hallmark of
unmyelinated, small-diameter nociceptors (2),
and we therefore asked whether VR1 expres-
sion is required for proper development of
these cells. VR1 is normally found on two
major subsets of small-diameter neurons: one
that expresses proinflammatory peptides (such
as substance P) and another that is nonpeptider-
gic but can be identified by its affinity for the
lectin IB4 (7). Null mutant animals showed a
complete loss of VR1 immunoreactivity (28)
in DRG, with no changes in either the pro-
portions of IB4-positive or substance P—posi-
tive neurons or the proportion of neurons
expressing immunodetectable levels of the
VR1 homolog, VRL-1 (29) (Table 1). Thus,
ablation of VRI1 expression did not alter the
prevalence of these histologically distinct
sensory neuron subtypes. Similarly, null mu-
tant mice exhibited a complete absence of
VRI1 immunoreactivity in primary afferents
projecting to the spinal cord, but IB4 binding
and substance P and VRL-1 immunoreactiv-
ity in these fibers appeared unaltered (Fig.
1D).

Vanilloid sensitivity. Capsaicin excites a
significant fraction of nociceptors in vitro and
promotes a variety of behavioral and physiolog-

Fig. 1. Lack of VR1 expressionin  p
VR17/~ mice. (A) Strategy for
VR1 gene disruption. Black and
gray vertical bars on the VR1
protein diagram indicate trans-
membrane and pore-loop do-
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Table 1. Selective absence of VR1 in sensory ganglia of VR1—/— animals. Sections (15 pm) from the DRG
of wild-type and VR1-null mutant mice were immunofluorescently stained for the indicated histological
markers. Positively staining neurons were quantitated from three animals of each genotype. Percentage
(mean = sem) for each set of animals is indicated. IB4, isolectin B4; N52, 200-kD neurofilament protein;

SP, substance P.

Marker VR1 Positive Total Percentage
Genotype cells cells
VR1 +/+ 456 1775 254+03
—/= 1474 0.0 0.0
VRL-1 +/+ 259 1999 13.0 =15
—/— 443 3687 122 £ 06
1B4 +/+ 557 1736 31823
—/- 1024 3013 33.8 £ 2.1
N52 +/+ 1254 2966 42317
—/— 1442 3308 442 3.1
SP +/+ 559 3050 187 = 1.6
—/= 695 3772 185+ 0.8

ical responses in vivo, ranging from paw lick-
ing to hypothermia (2). To evaluate the impor-
tance of VRI in these processes, we first exam-
ined the ability of vanilloid compounds to in-
crease cytosolic free calcium in cultured DRG
neurons from wild-type and VRI1-null mutant
mice (30). Capsaicin (3 wM) or resiniferatoxin
(300 nM) produced rapid, robust calcium in-
creases in 16.5% (n = 649) and 24.1% (n =
146) of wild-type neurons, respectively (Fig.
2A), including both IB4™ and IB4~ popula-
tions (3/). In contrast, vanilloid compounds
were completely inactive on neurons from

VR1-null mutant mice (capsaicin, 0/680 neu-
rons; resiniferatoxin, 0/261 neurons), even
though these cells could be activated by other
excitatory agents such as adenosine triphos-
phate (ATP) (100 pM), a-,B-methylene ATP
(20 uM) (Fig. 2A), or potassium (50 mM,
115/117 VR1™/~ neurons versus 92/92
VR1*/* neurons) (3/). Capsaicin (1 uM) or
resiniferatoxin (300 nM) produced large inward
currents (2241 = 579 pA and 2558 £ 466 pA,
respectively) in 37% (n = 70) of wild-type
neurons (both IB4-positive and -negative), but
no responses were observed in neurons from

mains, respectively. Exons en-
coding the COOH-terminal por-
tion of VR1 are indicated by ver-
tical bars on the genomic maps.
RV, Eco RV; H3, Hind IIl; Xb, Xba
I; Xh, Xho [; Sp, Spe I; aa, amino
acid. (B) Southern blot of
genomic DNA derived from the
progeny of two VR1"/~ mice.
The 15- and 8.3-kb Spe | bands,
identified with the 3’ probe il-
lustrated in (A), indicate wild-
type and targeted alleles, re-
spectively. (C) Northern blot
analysis of VRT mRNA expres-

VR1 protein N C w—
| I/ % ~ 150 aa
27 VTS spel 15 kb
Eco RV/Xho | 15.5 kb / v N
7 T Hit } ANN
RV H3/4p Xb, , Xb H3 RV H3XXh Sp

Wild-type I L L L L L I
Genomic Locus T p—

>< | | >< 1kb

[
H3 Sp :Xh 54 H3
Targeting Construct
-~ —
PGK-N HSV-TK PBS SK+
Cycl .
RV H3 Sp Xh Sp H3 RV H3Xh Sp
Targeted | lgl g | | | | | |
Genomic Locus I—-I_B—I:I—_L“ - I
5' probe pGK-NEO 3' probe
Eco RV/ Xho | 8.7 kb Spel 8.3 kb

sion in DRG from VR1"/*,
VR1*/~, and VR1~/~ mice. Cy- D
clophilin (Cyc) was used as a
loading control. (D) Immunohis-
tochemical staining of lumbar e

spinal cord sections from wild-
type (top) and VR1-null mutant
(bottom) mice. SP, substance P.

VR1 VRL-1
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Fig. 2. Cultured DRG A B

neurons from VRI1- 50
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nilloid- and proton- s ] *

evoked responses. (A) & 304 r

Percentage (= SEM) i J
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exhibiting a stimulus- o | 1 3
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eratoxin (rtx, n = 3 ["VR{ 7, 112/649/38/146 100738 21/361[113/410 0

mlcg), acid (pH 5, n = VR1 -/- | 0/680 |0/261 | 9/784 |35/371|174/424

4 mice), o, methyl-

ene adenosine triphos-

phate (3 meth ATP, n = 2 mice), and adenosine triphosphate (ATP,n = 5
mice). VR1*/*, black bars; VR1~/~, gray bars. Table below graph shows
number of neurons responding to each treatment/total neurons examined.
(B) Vanilloid-evoked membrane currents as measured by whole-cell patch-
clamp recording methods. Representative currents from nonresponsive and
responsive cells are shown (upper and lower traces, respectively). Of 70
neurons examined from VR1*/* mice, 26 responded to at least one vanilloid
compound (not all cells were tested with both) and their average currents
(= SEM) are shown. No vanilloid-evoked responses were observed in 76 cells
tested from VR1™/~ animals (P < 0.001, x? test). (C) pH 5-evoked

n=23 n=76 n=14 n=76

cap rtx C pH5
————
cap rtx PHS
V __|500pA __|500pA
20s 20s
*kk
cap rtx
* k% 2 *kk
*kk ,_| —_
Z i
g ! NS
3
XY ==
all cells cap pos cap neg all cells
++ -/- ++ -/- +H+ A+ A+ -/-

n=47 n=21 n=26 n=42

membrane currents measured in whole-cell path-clamp configuration. Of 47
cells tested from VR1"/* mice (21 were capsaicin sensitive and 26 insen-
sitive), 18 (all capsaicin sensitive) showed large inward current responses to
pH 5 stimuli; only 3 of 42 neurons from VR1~/~ animals showed compa-
rably strong responses (P < 0.001, x? test). Average (= SEM) pH-evoked
currents are shown for all neurons tested from wild-type or mutant mice
(black and gray bars, respectively) or for capsaicin-sensitive and -insensitive
subpopulations from VR1"/* animals (open and hatched bars, respectively).
NS, not significant; *, P < 0.05; **, P <0.01; *** P <0.001, two-tailed
unpaired T test.

VRI1-null animals (n = 76) (Fig. 2B) (32).
Despite this deficit, VR1~/~ neurons exhibited
normal resting membrane potentials and volt-
age-gated sodium currents.

We also examined vanilloid sensitivity in
more intact physiological systems. In the skin-
nerve preparation (33), thin myelinated (A3)
and unmyelinated (C) cutaneous nociceptors
can be examined in situ, enabling one to mea-
sure the firing rate of individual primary affer-
ent neurons during stimulation of their recep-
tive fields (the hairy skin of the hind paw) with
chemical or physical stimuli. We found no dif-
ferences between genotypes with respect to
conduction velocities of C and A3 fibers (34).
In contrast, none of the 24 C fibers examined
from VR1-null mice were activated by capsa-
icin (1 pM), whereas 11/22 wild-type afferents
responded vigorously to this stimulus (P <
0.001, x? test). Among myelinated nociceptors,
1/13 wild-type units and 0/9 fibers from
VR1~/~ mice responded to capsaicin.

To assess pain-related behavior, we injected
capsaicin or resiniferatoxin into the plantar skin
of the hind paw (35). In wild-type mice, this
stimulus elicited a robust licking and shaking of
the paw, but VR1~/~ mice showed little or no
behavioral response to either vanilloid com-
pound (Fig. 3, A and B). Moreover, null mutant
animals had much less paw swelling, consistent
with a deficit in vanilloid-evoked peripheral
peptide release and neurogenic edema (36). To
evaluate the contribution of VR1 to trigeminal
nociception, we used an aversive drinking test
(37). Over a period of 4 days, mice were al-
lowed to drink for 3 hours/day from a bottle
containing 0.125 % saccharine in water. On the
fifth day, this solution was supplemented with
capsaicin (~100 wM). Wild-type mice typical-

ly took one sip of the capsaicin-containing wa-
ter, rubbed their snouts vigorously, and avoided
further consumption. Null mutant mice showed
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no aversive response and drank at the previous
day’s rate (Fig. 3C). The deficits exhibited by
VR1™/~ mice do not extend to all forms of
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Fig. 3. Impaired behavioral and physiological responses to vanilloid compounds in mice lacking VR1.
(A) Capsaicin-evoked or (B) resiniferatoxin (RTX)-evoked paw licking (n = 5 to 6 mice). VR1*/™,
black bars; VR17/~, gray bars. (C) Consumption of a saccharine solution containing vehicle (0.1%
ethanol) or capsaicin (cap, 100 wM) during daily 3-hour sessions (n = 4). @, VR1"/*; O, VR1/~.
(D) Change in core body temperature after a single dose of capsaicin (1 mg/kg, subcutaneous; n =
4). NS, not significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001 for VR1"/* versus VR1/7;
Mann-Whitney U test (A and B); two-tailed unpaired T test (C and D).
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