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Several kinetically and pharmacologically distinct voltage-gated
sodium channels are found in dorsal root ganglion (DRG) neu-
rons1–6. The TTX-resistant current is insensitive to micromolar
concentrations of tetrodotoxin, with a low single-channel con-
ductance, slow activation and inactivation kinetics and a more
depolarized activation threshold than other channels5,6. At least
three types of TTX-resistant sodium currents in DRG have been
distinguished electrophysiologically7,8, and some evidence sug-
gests that these channels are important in the transmission of
nociceptive information to the spinal cord. Both bradykinin-
dependent release of calcitonin gene-related peptide and the
depolarization of dorsal horn neurons elicited through C-fiber
activation are insensitive to peripherally applied TTX9. In addi-
tion, TTX-resistant action potentials have been detected in C-
fibers from human sural nerve biopsies10. A role for
TTX-resistant channels in nociception is supported by the
demonstration that some small-diameter sensory neurons (pre-
dominantly nociceptors) in culture express only TTX-resistant
sodium currents11.

At least eight sodium channel a subunits occur in DRG that
may account for sodium currents detected electrophysiological-
ly12. Three TTX-resistant a subunits are known; one channel is
expressed selectively in heart muscle13, whereas SNS (or PN3) is
selectively expressed in a subset of small-diameter sensory neu-

rons14,15. A transcript encoding a low-threshold, rapidly inacti-
vating, TTX-resistant sodium channel named NaN or SNS-2 has
also been identified in sensory neurons16,17. To test the hypoth-
esis that TTX-resistant channels have a specialized role in dam-
age sensing, and to examine the role of SNS in nociception, we
generated a null-mutant mouse for the TTX-resistant SNS sodi-
um channel. We found that such mice are normal, apart from
partial deficits in perception of noxious thermal, mechanical and
inflammatory stimuli.

RESULTS
Voltage-gated sodium channel a subunits contain S4-domain
voltage sensors that are essential for activity18,19. We therefore
generated a targeting construct by substituting for exons 4 and
5 of sns, which include the S4 voltage sensor of domain I (Fig. 1),
a PGK-neo cassette terminating with stop codons in all three
frames20,21. Mice heterozygous for the targeted allele were inter-
crossed to derive viable homozygotes that were repeatedly back-
crossed onto C57/Bl6 mice to produce congenic lines22.

The expression of voltage-gated sodium channel a-subunit
mRNAs was examined in null mutants. We used northern blots
(Fig. 1c) and PCR (Fig. 1d) to examine whether the deletion of
functional SNS altered the expression levels of TTX-sensitive a
subunits20. Both SNS and the TTX-sensitive channel PN-1 are pre-
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Many damage-sensing neurons express tetrodotoxin (TTX)-resistant voltage-gated sodium channels.
Here we examined the role of the sensory-neuron-specific (SNS) TTX-resistant sodium channel a sub-
unit in nociception and pain by constructing sns-null mutant mice. These mice expressed only TTX-
sensitive sodium currents on step depolarizations from normal resting potentials, showing that all
slow TTX-resistant currents are encoded by the sns gene. Null mutants were viable, fertile and appar-
ently normal, although lowered thresholds of electrical activation of C-fibers and increased current
densities of TTX-sensitive channels demonstrated compensatory upregulation of TTX-sensitive
currents in sensory neurons. Behavioral studies demonstrated a pronounced analgesia to noxious
mechanical stimuli, small deficits in noxious thermoreception and delayed development of inflamma-
tory hyperalgesia. These data show that SNS is involved in pain pathways and suggest that blockade
of SNS expression or function may produce analgesia without side effects.
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sent at high levels in peripheral but not central neurons. An SNS
transcript running slightly ahead of the wild-type band was detect-
ed on northern blots. The levels of PN-1 transcript were upregu-
lated 1.53-fold (s.e. 0.08, n = 4, p < 0.05) in null-mutant DRG
compared to control mice, when transcript levels were normalized
against a cyclophilin housekeeping transcript. Using PCR to exam-
ine the levels of other less-abundant sodium channel transcripts, we
failed to detect the presence of type III or cardiac TTX-resistant
transcripts in wild-type or null-mutant DRG. Type-I, NaN/SNS-2,
NaCh6 and type II transcripts, in descending
order of abundance, were present at roughly equal
levels as judged by PCR in wild-type and null-
mutant DRG, although up to twofold changes in
the levels of transcripts would be difficult to detect
reliably using PCR.

Using the same primers for SNS that gener-
ated the probes for northern blots, we obtained a
weak PCR product representing part of the trun-
cated mRNA from null mutants, whereas a
robust signal was apparent in wild-type DRG
(Fig. 1d). Sequencing of the null-mutant PCR
fragment showed that exons three and six were
spliced, causing a frame-shift mutation20. Thus a
non-functional SNS transcript is made in null
mutants, but there is no induction of mRNA
encoding TTX-resistant cardiac channel a sub-
units in these neurons.

Null mutants were healthy, fertile and apparently normal. We
examined the sensory neurons in adult L4 DRG by immunocy-
tochemistry. We used antibodies to peripherin to define the small-
diameter sensory neurons that express SNS, anti-neurofilament
antibody N-52 to define large-diameter, predominantly non-
nociceptive, sensory neurons and the lectin IB4 to stain the c-ret-
expressing, GDNF (glial cell line-derived neurotrophic
factor)-dependent population of sensory neurons23. The per-
centages of stained neurons (41% peripherin positive, 53% N52
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Table 1. Distribution of TTX-resistant and TTX-sensitive currents in DRG
neurons in culture.

Wild-type Heterozygous SNS null mutant
TTX sensitive
Current present 30/38 (78.9%) 36/42 (85.7 %) 29/36 (80.6 %) 
Current absent 5/38 (13.2%) 3/42 (7.1 %) 2/36 (5.6 %)
Current <0.1 nA 3/38 (7.9%) 3/42 (7.1%) 5/36 (13.9 %)

TTX resistant
Current present 35/38 (92.1%) 39/42 (92.9 %) 0/36 (0%)
Current absent 3/38 (7.9%) 3/42 (7.1%) 36/36 (100%)
Mean cell capacitance (pF) 24.7 ± 2.6 19.1 ± 1.5 19.7 ± 1.3

Distribution of sodium current types in DRG neurons from wild-type, heterozygous and null-
mutant sns mice. Mean cell capacitance was not significantly different among the wild-type,
heterozygous and null-mutant mice from which cells were prepared.

Fig. 1. Targeting constructs and sodium channel expression in sns null mutants. (a) Structure
of the targeting construct pXXSNS, its relationship to the wild-type sns locus, and the result-
ing targeted locus, together with the location of the 5´ and 3´ probes used to analyze integra-
tion events, and the distinct sizes of restriction fragments produced by EcoRI digests of
wild-type (7.8 kb) and null-mutant (8.8 kb) DNA probed with the 3´ ApaI–EcoRI probe
described in the methods section. (b) Genomic Southern blotting of tail DNA from wild-
type, heterozygous and null-mutant sns mice probed with the ApaI–EcoRI fragment. 
(c) Northern blots of RNA extracted from adult and neonatal rats, and adult wild-type and
null-mutant mice examined with subtype-specific, voltage-gated sodium channel riboprobes
for SNS, PN-1, NaCh6 and type II sodium channels. Some rat tissues are included to show
that the probes are working efficiently. An ethidium bromide stain was used to compare RNA
loading on the gel, and the gel was subsequently probed for the expression of cyclophilin
mRNA to quantify changes in subunit expression. (d) RT-PCR analysis of sodium channel
transcripts in null-mutant and wild-type mice. Controls were done without reverse transcrip-
tase and with primers for the ribosomal protein L27. PCR cycles were 35 for voltage-gated
sodium channel, 25 for L27 and cyclophilin, 28 for NaN/SNS2 and 30 for SNS.
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positive and 28% IB4 positive) were similar in L4 ganglia of the
null-mutant and wild-type mice, as were the total cell numbers
determined by counting serial sections through L4 DRG neurons
in null mutants (7168 ± 435, n = 3) and wild-type animals
(6830 ± 691, n = 3), demonstrating no loss of sensory neurons
in the null mutants.

We next examined TTX-sensitive and TTX-resistant voltage-
gated sodium currents in wild-type, heterozygous and homozy-
gous null-mutant littermates (Table 1). In wild-type DRG

neurons, two types of sodium currents were evoked by step depo-
larizations (10 ms duration, 5 or 10 mV increments) from a hold-
ing potential of –120 mV to between –80 and +40 mV. At low
thresholds, this procedure evoked a rapidly activating, rapidly
inactivating current, which was sensitive to block by TTX. At
higher thresholds, a more slowly activating, slowly inactivating
TTX-resistant sodium current became apparent, as observed in
mouse C57/Bl6 DRG24. We focused on small-diameter neurons
(mean capacitance 24 pF) that express most TTX-resistant sodi-
um current11. In wild-type DRG neurons (Fig. 2), when a
–120 mV prepulse was incorporated into the voltage-clamp pro-
tocol, both the fast and slow sodium currents were apparent
(Fig. 2a). When a prepulse to –50 mV preceded the change in
command potential or cells were treated with 0.5 mM TTX, the
TTX-sensitive currents were inactivated, and the slow TTX-resis-
tant currents were recorded in isolation (Fig. 2b). In similar
experiments on DRG from null-mutant mice, only the TTX-sen-
sitive current was apparent (Fig. 2c). Injection of null-mutant
DRG neurons with a vector encoding the rat a subunit of SNS
resulted in the re-expression of large TTX-resistant sodium cur-
rents. The characteristics of these exogenously expressed currents
(Fig. 3) were indistinguishable from the TTX-resistant currents
recorded from DRG neurons from wild-type or heterozygous
mice24. These experiments confirm that SNS is responsible for
all the slow TTX-resistant currents found in sensory neurons.
They also demonstrate that there is no requirement for SNS splice
variants to rescue the normal TTX-resistant phenotype.

The DRG from wild-type and heterozygous mice showed a
mixture of both TTX-sensitive and TTX-resistant sodium cur-
rents, whereas a small proportion (8%) of cells in the null mutant
expressed neither TTX-sensitive nor TTX-resistant sodium cur-
rents. The number of TTX-sensitive cells was similar in DRG
from wild-type, heterozygous and null-mutant mice, suggesting
that the deletion of sns did not alter the cell-type pattern of
expression of TTX-sensitive channels. However, when the sodi-
um current densities of DRG neurons from wild-type, heterozy-
gote and null mutants were examined quantitatively, a significant
upregulation (about twofold) of TTX-sensitive currents was
apparent in null mutants, but not heterozygotes, which were not
different from wild-type mice (Fig. 4a).

The significance of altered sodium channel expression was
examined by measuring the thresholds of activation of spinal
cord wide-dynamic-range neurons by transcutaneous electrical
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Fig. 2. Functional TTX-resistant sodium channel expression in sns null
mutants. Sodium currents recorded from wild-type mouse DRG. (a) A
step to –120 mV in the command potential preceded the step to the
test potential. Both fast (TTX-sensitive) and slow (TTX-resistant) cur-
rents are apparent. (b) Currents recorded from the same cell as (a), but
with a prepulse to –50 mV preceding the step to the test pulse. Only the
slow TTX-resistant currents are recorded, because of the inactivation
of the TTX-sensitive currents. (c, d) The same voltage-clamp protocols
were used with null-mutant mouse DRG neurons. The currents are
rapidly activating and inactivating in (c), whereas with the inactivating
prepulse, no current was evoked (d). The recordings were made from
small cells of approximately equal size. The capacitances were 16 pF 
(a, b) and 18 pF (c, d).

a b

c d

Fig. 3. Rescue of TTX-resistant channels in null mutants following nuclear injection of a vector encoding the a subunit of SNS. The recordings were
made in the presence of 500 nM TTX to abolish endogenous TTX-sensitive currents. (a) Currents recorded from a null-mutant DRG neuron two
days after nuclear injection of the construct. The cell was voltage clamped at –90 mV, prepulsed to –120 mV, and then stepped to a range of poten-
tials (details in text). Slowly activating and inactivating currents were evoked, similar to those in Fig. 2b. (b) Current–voltage relationship for the
recordings in (a). The threshold for activation of the current was approximately –40 mV, with a peak on stepping to –20 mV. (c) Steady-state inacti-
vation curve constructed from currents recorded using the two-pulse protocol detailed in the text. The data has been normalized  (I/Imax) with
respect to current evoked following a non-inactivating prepulse. The data points were fitted by a single Boltzman function, yielding a half-point for
inactivation of –29 mV, and a slope factor of 5.1 mV.
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stimulation. We characterized the responses of 20 wild-type
mouse dorsal horn neurons and 26 null-mutant mouse neurons
evoked by electrical stimulation of their peripheral receptive
fields25. In null-mutant mice, the threshold current required to
evoke a long-latency (presumably C-fiber mediated) response
(Fig. 4f) was significantly lower (0.62 ± 0.09 mA, n = 26) than in
wild-type mice (1.10 ± 0.19 mA, n = 20; Mann-Whitney test,
p = 0.021). The poststimulus latency of the long-latency evoked
response did not differ between the groups (null mutants,
148.5 ± 5.0 ms after stimulus; wild type, 154.9 ± 5.9 ms) sug-
gesting no change in conduction velocity. In contrast, the thresh-
old current required to evoke a short-latency (presumably A-fiber
mediated) response (Fig. 4e) was the same in both null-mutant
(0.060 ± 0.014 mA) and wild-type mice (0.063 ± 0.008 mA). To
confirm that these changes in threshold were due to a lowered
threshold for activation of primary afferent C-fibers, recruitment
curves were constructed from the areas under the C- and A-fiber

waves of compound action potentials recorded from the L4 dor-
sal roots of wild-type (n = 4) and null-mutant mice (n = 4).
Although no changes were observed in the recruitment of A-
fibers (Fig. 4c; p > 0.05, Kolmogorov-Smirnov test), C-fibers in
the null mutant animals had a lower electrical threshold, and the
recruitment curve was shifted significantly to the left (Fig. 4d;
p < 0.01, Kolmogorov-Smirnov test). With supramaximal elec-
trical stimulation, the latency, waveform and magnitude of A-
and C-fiber compound action potentials were similar, suggest-
ing that the differences in recruitment did not result from dif-
ferences in primary afferent neuron numbers. Consistent with
the lowered threshold for evoking a C-fiber latency response in
the dorsal horn neurons, the C-fiber recruitment curve in the
null mutant animals showed a lowered threshold of activation of
these fibers and a significantly higher level of C-fiber activation
for a given stimulus intensity than in wild-type mice (p < 0.01,
Kolmogorov-Smirnov test). The recruitment curves for the acti-
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Fig. 4. TTX-sensitive chan-
nels are induced in sns null
mutant C-fiber-associated
sensory neurons. (a) Whole-
cell sodium currents were
recorded as indicated in the
text. Peak currents were nor-
malized with respect to the
capacitances of the individual
cells and the data expressed as
mean ± s.e.m. (n > 20). There
was no significant difference
between the densities of the
tetrodotoxin-sensitive (TTX-S)
and tetrodotoxin-resistant
currents (TTX-R) in +/+ and
+/– mice. In the –/– mice, no
TTX-resistant current was
detected, whereas the density
of TTX-sensitive current was
more than twice that found in
the two other types of mouse. (b) Cell capacitances were measured using the capacitance compensation facility on the amplifier. There was no sig-
nificant difference in the cell capacitances across the three groups of mice. (c, d) Recruitment of A- and C-fibers in the sciatic nerve of wild-type and
null-mutant animals. Compound action potentials were recorded from the L4 dorsal roots of urethane-anesthetized animals following electrical stim-
ulation of the sciatic nerve at mid-thigh level. The average compound action potential area is plotted against stimulus strength for A- and C-fibers in
(c) and (d), respectively (wild type, p; null mutant, P; n = 4 for both). There is no significant difference in the recruitment curve for A-fibers
(p > 0.05, Kolmogorov-Smirnov test), but C-fibers in the null mutant animals are activated with significantly less current (p < 0.01, Kolmogorov-
Smirnov test). (e, f) Thresholds of electrical activation of dorsal horn neurons via C-fibers but not A-fibers are lowered in sns null mutants. Mean
(± s.e.m.) threshold current of transcutaneous electrical stimulation of the hindpaw receptive field required to evoke A-fiber-mediated responses (e)
or C-fiber-mediated responses (f) of dorsal horn neurons recorded in wild-type (+/+; n = 21) or null-mutant (–/–; n = 26) mice. The C-fiber thresh-
old of electrical excitation (f) is lowered in null-mutant mice (p < 0.05), whereas A-fiber thresholds (e) are identical in the two groups.
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Fig. 5. Normal motor behavior and spinal reflexes in sns null mutants. Mice were assessed for sensorimotor coordination using a range of tests. All null
mutant and all control mice (n = 11) showed normal placing and righting reflexes and hindlimb reflex extension and had no difficulty in maintaining their bal-
ance on a beam or on a revolving rotarod. Spontaneous locomotor activity was not different in sns mutant and control mice26.
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vation of A-fibers did not differ between wild-type and null
mutant mice (p > 0.05, Kolmogorov-Smirnov test). These data
(Fig. 4c and d) suggest that the C-fiber-mediated, long-latency
input into the dorsal horn of null mutants is more easily stimu-
lated electrically than that of wild-type animals, whereas A-fiber
input is identical in wild-type and null-mutant mice. The high-
er level of expression of TTX-sensitive channels in the somata of
DRG null-mutant neurons probably reflects similar altered levels
of TTX-sensitive activity in axons and provides a possible mech-
anism for this alteration in electrical excitability.

Finally, because of the selective expression of SNS in noci-
ceptive sensory neurons, we examined the effect of deleting the
SNS channel on mouse behavior, focusing on pain responses. We
backcrossed the sns null-mutant mice with C57/Bl6 males and
found that the behavior of null mutants on different genetic back-
grounds from F1 to F4 was identical22. Null-mutant mice were
indistinguishable in their appearance, spontaneous behavior,
body weight and body temperature from age- and sex-matched,
wild-type control animals. All null-mutant and wild-type mice
exhibited normal placing and righting reflexes and hindlimb

reflex extension, and they had no difficulty in maintaining their
balance on beams for the full 120-second trial duration (Fig. 5).
Similarly, null-mutant mice were able to maintain their balance
on a revolving rotorod for the same duration as wild-type mice26.
Spontaneous locomotor activity was not different in sns null-
mutant and wild-type mice (Fig. 5).

The responses of null-mutant and wild-type littermates to
noxious chemical and thermal stimulation were next examined.
The paw-withdrawal and tail-flick latencies following exposure to
a noxious thermal (radiant heat) stimulus were significantly
increased, albeit to a small extent, in null mutants compared with
wild-type mice (Fig. 6). In contrast, there was no difference in
the latency on the hot plate of null-mutant and wild-type mice
across a range of temperatures (45–60oC; Fig. 6).

Paw-withdrawal responses elicited by graded Von Frey hairs
did not differ between null-mutant and wild-type mice (Fig. 6).
In contrast, pain thresholds to noxious mechanical stimuli
applied to the tail were markedly increased in the null-mutant
mice (Fig. 6), which all went to the cutoff point of the test,
demonstrating a pronounced mechanical analgesia.

TTX-resistant sodium channels may be involved in persistent
inflammatory pain states27–29. In wild-type mice, intraplantar
injection of carrageenan induced thermal hyperalgesia. Hyper-
algesia was apparent at one hour and was maximal for several
hours following injection. Thermal hyperalgesia developed more
slowly in null-mutant mice, with significant hyperalgesia being
observed at two and three hours. However, the maximum level
of hyperalgesia was not significantly different in wild-type and
null-mutant mice (Fig. 7a and b). Similarly, there was no differ-
ence in paw edema in wild-type and null-mutant mice when
measured 3.5 hours after the injection of carrageenan (wild-type,
42.1 ± 9.0 mg, n = 6; mutant, 37.0 ± 7.7 mg, n = 6).

The increased levels of TTX-sensitive currents and lower
thresholds of electrical activation of C-fibers could partially com-
pensate for the loss of SNS in null mutants. There are no specif-
ic blockers for TTX-sensitive currents, but the local anesthetic
lidocaine is a relatively selective blocker of TTX-sensitive cur-
rents compared to TTX-resistant sodium currents (IC50 of 50 mM
for TTX sensitive4,8,30, 200 mM–1mM for TTX resistant4,6,31).
Using a systemic dose of lidocaine that had no effect on motor
function (25 mg per kg, equivalent to a calculated systemic con-
centration of approximately 90 mM), we compared the behavior
of wild-type and null-mutant littermates. Null-mutant animals
showed enhanced thermal hypoalgesia after lidocaine treatment
(Fig. 8a; p < 0.01, paired t-test), whereas wild-type animals were
unaffected (p > 0.2, paired t-test). Lidocaine also altered car-
rageenan-induced hyperalgesia. Three hours after intraplantar
carrageenan, when a stable level of hyperalgesia had developed,
systemic application of lidocaine produced a partial reversal of
the hyperalgesia in wild-type animals, but a complete reversal in
null mutants (Fig. 8b; p < 0.05, unpaired t-test). These data
demonstrate a role for SNS in setting pain thresholds and sug-
gest that TTX-sensitive channel upregulation may compensate
for this loss of SNS function in the null mutant.

DISCUSSION
Small-diameter sensory neurons express unusual TTX-resistant
sodium channels1–11, but the absence of subtype-specific sodi-
um channel blockers has precluded a study of the role of indi-
vidual channel subtypes in nociception. Using gene-targeting
technology to delete the TTX-resistant sodium channel sns, we
find evidence to suggest that there is a selective role for this chan-
nel in damage sensing. The normal behavior exhibited by sns null
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Fig. 6. The sns null mutant mice show partial analgesia to noxious ther-
mal and mechanical stimulation. Both paw-flick and tail-flick latencies to
noxious irradiation were significantly lengthened in null mutants (n = 11,
p > 0.05), although no differences in hot-plate latencies could be
detected at a range of temperatures. Noxious mechanical stimulation
provided by Randel-Selitto stimulation showed complete analgesia in
null mutant, which all failed to respond up to the cutoff point of the
experiment (n = 11, p > 0.005). In contrast, thresholds to stimulation
with Von-Frey hairs were the same in wild-type or null-mutant mice.
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mutants (apart from deficits in nociception) suggests that SNS
is not essential in other aspects of nervous system function, con-
sistent with the highly selective pattern of expression of this chan-
nel in sensory neurons14.

The deletion of sns leads to the loss of all slow TTX-resistant
currents in sensory neurons clamped at normal resting poten-
tials. However, electrophysiological studies have demonstrated
two or more types of TTX-resistant current in DRG neurons7,8.
These apparently contradictory observations can be reconciled
if distinct accessory subunits exist that modify the functional
properties of a subunits in a manner analogous to the previous-
ly identified sodium channel b subunits32. SNS is expressed in
two distinct types of sensory neurons, one bearing trkA and p75
and another expressing the GDNF receptor c-ret23. It is possible
that different cell types express different membrane-associated
proteins that influence SNS a-subunit function Alternatively, dif-
ferent TTX-resistant currents may represent distinct phospho-
rylated states of the same SNS channel28,29. These explanations
could underlie the observation of type-B and -C TTX-resistant
currents7. Another TTX-resistant current was observed when
small DRG neurons were depolarized from hyperpolarized poten-
tials of –107 mV7. The properties of this channel are similar to
those recently described for heterologously expressed SNS-2 or
NaN17. The physiological role of this high threshold current is
uncertain, but it will be interesting to analyze the behavioral phe-
notype of SNS-2/NaN null mutants.

The loss of essentially all TTX-resistant currents in the sns
null mutant suggests that atypical sodium channels such as NaG33

are unlikely to encode functional TTX-resistant activity in DRG
neurons17. Re-injection of constructs encoding SNS into null-
mutant DRG neurons reconstituted the repertoire of slow TTX-
resistant currents found in normal small-diameter neurons. The
sns a subunit encodes a channel with aberrant electrophysiolog-
ical properties when expressed in cell lines or Xenopus oocytes14,
raising the possibility that accessory factors that are absent from
non-neuronal cells regulate aspects of channel function in DRG
neurons.

Concomitant with the loss of SNS, an increased expression of
TTX-sensitive currents was observed in the null mutant. The mol-
ecular mechanism that links expression of SNS and other sodi-
um channels is unknown34. Using the semi-quantitative method
of PCR, we could not detect obvious changes in TTX-sensitive a-
subunit transcripts. However, northern blots of the abundant PN-
1 channel transcript did show an increase in expression of more
than 50%. The higher density of TTX-sensitive channels that have
a lower threshold of activation than SNS provides an explanation
for the diminished threshold of electrical activation of C-fibers
but not A-fibers detected both in compound action potential stud-
ies of peripheral nerve and in recordings from dorsal horn neu-
rons activated via peripheral stimulation.

Behavioral studies demonstrate a clear-cut deficit in both
mechano- and thermoreception and a temporarily diminished
response to inflammatory pain stimuli in null-mutant animals
backcrossed between one and four times onto a pure C57/Bl6
background. Inflammatory hyperalgesia evoked by prostaglandin
E2 is reversibly blocked by antisense oligonucleotides directed
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Fig. 8. Systemic lidocaine enhances the analgesic phe-
notype of sns null mutants. (a) Baseline thresholds for
noxious thermal stimulation with a Hargreaves appara-
tus were increased in null-mutant animals after lido-
caine treatment (p < 0.01, paired t-test), whereas
wild-type animals were unaffected (p > 0.2, paired
t-test). (b) Three hours after intraplantar carrageenan
injection, both null-mutant (black bars) and wild-type
(open bars) animals show a similar level of thermal
hyperalgesia. Systemic lidocaine produces a partial
reversal of the hyperalgesia in wild-type animals (open
bars), but a complete reversal in null mutants (black
bars). The responses of null mutants are greater than
those of wild-type mice after lidocaine treatment
(p < 0.05, unpaired t-test).

Fig. 7. Full inflammatory hyperalgesia is delayed in the sns null mutant. Intraplantar injection of carrageenan induced thermal hyperalgesia at 1 h, and the
maximal level of hyperalgesia lasted over 24 h. Thermal hyperalgesia was delayed in null-mutant mice, with significant hyperalgesia (p > 0.05) observed
only after 90 min. However, the maximum level of hyperalgesia was similar in wild-type and null-mutant mice. Two independent experiments are shown.
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against sns39. The less-pronounced analgesic phenotype demon-
strated in null mutants may reflect developmental compensato-
ry mechanisms. Thus the partial analgesia to noxious
inflammatory or thermal stimuli could be enhanced by systemic
application of lidocaine in the null mutant at doses that do not
affect motor behavior, suggesting that the phenotype of the sns
null mutant would be more pronounced except for the increased
expression of TTX-sensitive channels. The delayed development
of inflammatory hyperalgesia suggests that targets other than
SNS have a later cooperative role in the development of hyper-
algesia. Altered potassium current activity is also likely to be
involved in setting nociceptor thresholds38. The partial analge-
sia shown by sns null mutants is consistent with observations
about the role of TTX-resistant currents in nociception9,10 but
is more difficult to reconcile with the expression of higher levels
of TTX-sensitive sodium channels and lower electrical activation
thresholds of C-fibers in the null mutants. A specialized role for
the rapidly repriming TTX-resistant activity encoded by SNS in
setting thresholds of depolarization at C-fiber terminals, rather
than propagating action potentials, provides a possible explana-
tion for these two sets of observations.

In summary, the data presented here show that the SNS a
subunit is responsible for all slow TTX-resistant sodium chan-
nel activity in sensory neurons, and that this channel has a selec-
tive role in the response of nociceptors to noxious thermal,
mechanical and inflammatory stimuli. These observations, com-
bined with other indirect evidence that the regulation of TTX-
resistant channels is important in inflammatory pain states28,29,39

suggest that blockers of SNS synthesis or activity should be spe-
cific analgesics.

METHODS
Gene targeting. 129Sv genomic DNA was used to construct a targeting
vector20. A 2.5-kb HincII–EcoRI fragment containing a part of sns exon 4
was ligated into pBluescript (linearized with SmaI and EcoRI) that con-
tained a PGK-neo cassette between the EcoRI and HindIII sites. An ApaI
fragment containing exons 5–9 was ligated to the PGK-neo cassette and
a thymidine kinase dimer cassette (MC1) to give the targeting construct
(Fig. 1a). E14-TG2a subclone IV cells were electroporated with 150 mg
NotI-linearized vector in 600 ml PBS at 0.8 kV, 3.0 mF. Cells were select-
ed with GM418 and gancyclovir, and three correctly targeted single-copy
integrations were identified. Clones were injected into C57BL/6 blasto-
cysts subsequently implanted into CBA ´ C57BL/6 F1 foster mothers.
Male chimeras when crossed with C57BL/6 females gave 100% germline
transmission of ES cell coat color. Transmission of the targeted allele was
confirmed by Southern blot analysis (Fig. 1a). Chimeras were also sub-
sequently crossed with 129/Sv females. Digests of tail DNA with EcoRI
were Southern blotted and probed with a random-prime-labeled
ApaI–EcoRI genomic fragment20 (Fig. 1a). Null-mutant digests contain-
ing the PGK-neo cassette produce a band of 8.8 kb, compared to the 7.8-
kb band found in wild-type animals (Fig. 1b).

Sodium channels in null-mutant DRG. Probes for sodium channels were
cloned by PCR, or the same primers were used in RT-PCR experiments:
SNS, X92184, 5´-CAGAGATCGAGAAGCAGATCGCTG-3´, 5´- AGCTTC-
CTCACTGAGTGGATC-3´; NaN, AF059030, 5´-CCCTGCTGCGCTCG-
GTGAAGAA-3 ,́ 5´-GACAAAGTAGATCCCAGAGAGG-3´; NaCh6, U59966,
5´-GAGAATGAGTTCGCAGACGATG-3´, 5´-CTCTTCCAGCTCTTCAC-
TAGCGTG-3´; PN-1, X82835, 5´-AGTGCAGTGGACTGCAATGGAGTCG-
3´, 5´-GAGCAAATCTGTACCACCATGGTGGACA-3´; Type I, X03638,
5´-GGGAAGATGCACAGCACAGTGGATTCC-3´, 5´-CTTTTAGC-
CAATATGGAGAACAG-3´; Type II, X03639, 5´-CCGAAAAT-
GACTTTGCAGACGATG-3´, 5´-CCATCACTACCAGATTGACAACGTG-3´;
Type III, Y00766, 5´-AAGTCGGAATCGGAAGACAGTGT-3´, 5´-AGGAT-
ACTGGCTATGCTCATGGATC-3´; mH1, A33996, 5´-TGAGGCG-
GACTTCGCAGATGACGAG-3´;

5´-GAGGACACTGACAGCGCTGAGTGCCCG-3´; L-27, 5´-ATCGCTC-
CTCAAACTTGACC-3 ,́ 5´-AAAGCCGTCATCGTAAAGAAC-3 ;́ cyclophilin
5´- ACCCCACCGTGTTCTTCGAC-3´, 5´- CATTTGCCATGGACAAGATG-
3´. Random-primed cDNA synthesized from DNase-I-treated RNA was
amplified (94oC, 1 min), annealed (58oC, 1 min) and extended (72oC, 1
min) for 25, 30 or 35 cycles. Amplified DNA was sequenced. [a-32P]UTP-
labeled riboprobes were generated from the linearized plasmid using Sp6 or
T7 polymerase. We separated 10–30 mg total RNA from rat and mouse tissues
on 1% agarose-formaldehyde gels and blotted it onto Hybond-N. North-
ern blots were done and quantified as described33. Bands were normalized
against cyclophilin.

Immunocytochemistry. Seven-micron sections of paraformaldehyde-
fixed L4 DRG were stained with antibodies against peripherin, and neu-
rofilaments (N52) and with the FITC-labelled lectin IB4. Strongly positive
cell percentages were estimated by counting the total number of neu-
rons. Total cell counts were done by counting nuclei in serial sections of
L-4 DRG as described36.

Electrophysiology. We recorded from DRG neurons (1–5 days in cul-
ture) two hours after replating at room temperature. The cDNA encod-
ing rat SNS in the expression vector pGW-1 (HindIII–KpnI35; 200 mg/ml),
together with the GFP expression vector pGW-1-GFP (100 mg/ml) and
0.5 % FITC-dextran were injected into neuronal nuclei. The DNA injec-
tion buffer contained 118 mM NaCl, 3 mM KCl, 5 mM HEPES, 22.2 mM
NaHCO3 and 1.2 mM MgCl2, pH 7. Recordings were made 1–2 days
after injection using the whole-cell, patch-clamp technique36. pClamp6
software (Axon) was used to acquire and analyze the currents. Pipets had
DC resistances of 3 MW. The pipet solution contained 130 mM CsCl, 10
mM NaCl, 1 mM MgCl2, 10 mM HEPES and 5 mM EGTA, pH 7.35. In
some experiments, CsCl was substituted with equimolar CsF. The extra-
cellular solution contained 105 mM choline Cl, 35 mM NaCl, 3 mM
CsCl, 1 mM MgCl2, 0.01 mM CaCl2, 0.05 mM CdCl2, 11 mM glucose
and 5 mM HEPES, pH 7.4. In some experiments, 500 nM TTX was
included in the extracellular solution. The extracellular sodium concen-
tration was lowered to 35 mM to reduce the magnitude of the currents.
Calcium channel activity was blocked by the inclusion of either CsF in
the intracellular or CdCl2 in the extracellular solution.

For electrophysiological studies in vivo, mice were anesthetized with
urethane (3 g per kg, i.p.) Following a laminectomy, single-neuron extra-
cellular recordings were made using a parylene-coated tungsten elec-
trode in the dorsal horn (120–780 mm; mean depth, 445 ± 28 mm).
Electrical stimulation (2 ms pulse) in the peripheral receptive field evoked
a short-latency, low-threshold response (< 10 ms after stimulus) and a
longer-latency, high-threshold response (100–200 ms after stimulus) in
the dorsal horn neuron, which reflect recruitment of A- and C-fibers.
Electrical excitability was measured directly by studying compound action
potentials from L4 dorsal roots of mice (n = 4) following electrical stim-
ulation of the sciatic nerve at mid-thigh level. Compound action poten-
tial areas were measured after square-wave current pulses of 200 ms
duration and 0–40 mA amplitude for A-fibers, and 2 ms duration and
0–1 mA amplitude for C-fibers.

Behavioral studies. Mice were examined for spinal reflexes and motor
skills as described in detail elsewhere26. Nociceptive thresholds to thermal
stimuli were determined using hot-plate (45, 50, 55 or 60oC), paw-flick
(method of Hargreaves) or tail-flick methods. For the hot plate, the laten-
cy for the mouse to lick its hindpaw or jump was recorded. Paw-flick
latencies were determined for both hind paws on three occasions. Tail-
flick latencies were determined on three occasions. Mechanical sensitiv-
ity was determined using calibrated Von Frey hairs. Hairs were applied
three times each in ascending order of force, through a mesh floor, until
a response was elicited (paw withdrawal, shaking or biting). Percent
responses were calculated for each hair. Nociceptive thresholds to noxious
mechanical stimuli were determined using a Ugo Basile algesiometer.
The tail was gradually compressed until an escape response was elicited
(biting the apparatus, vocalization or struggle). Carrageenan-induced
thermal hyperalgesia was assessed27 using an intraplantar injection of
20 ml of carrageenan (0.6 mg) or saline into one hind paw. Paw-flick
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latencies were measured, and mice that had received carrageenan were
killed and both hind feet weighed to measure edema. To assess the effect
of lidocaine, after baseline thermal and mechanical measurements, 25 mg
per kg lidocaine (Sigma) in PBS (5 mg/ml) was injected i.p. and further
tests carried out ten minutes later. 

These experiments were carried out under Home Office supervision at
UMDS and MSD laboratories.
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