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Although endocannabinoids constitute one of the first lines of defense against pain, the anatomical locus and the precise receptor

mechanisms underlying cannabinergic modulation of pain are uncertain. Clinical exploitation of the system is severely hindered

by the cognitive deficits, memory impairment, motor disturbances and psychotropic effects resulting from the central actions of

cannabinoids. We deleted the type 1 cannabinoid receptor (CB1) specifically in nociceptive neurons localized in the peripheral

nervous system of mice, preserving its expression in the CNS, and analyzed these genetically modified mice in preclinical models

of inflammatory and neuropathic pain. The nociceptor-specific loss of CB1 substantially reduced the analgesia produced by local

and systemic, but not intrathecal, delivery of cannabinoids. We conclude that the contribution of CB1-type receptors expressed on

the peripheral terminals of nociceptors to cannabinoid-induced analgesia is paramount, which should enable the development of

peripherally acting CB1 analgesic agonists without any central side effects.

Chronic pain is a major health problem. Although opioids are widely
used in the clinical management of chronic pain syndromes, their long-
term usage is accompanied by side effects that seriously diminish the
quality of life in a large portion of patients suffering from chronic pain,
leading to poor compliance and rejection of therapy. In recent years,
cannabinoids have emerged as attractive alternatives or supplements to
therapy with opioids for chronic pain states1,2. However, in humans the
activation of cannabinoid receptors is associated with psychotropic side
effects, temporary memory impairment and dependence, which arise
via the effects of cannabinoids on forebrain circuits2,3. For clinical
exploitation of the analgesic properties of opioids and cannabinoids, a
major challenge is to devise strategies that reduce or abolish their
adverse effects on cognitive, affective and motor functions without
attenuating their analgesic effects.

In animal studies, the anti-nociceptive efficacy of cannabinoids has
been unequivocally demonstrated in several models of inflammatory
and neuropathic pain (reviewed in ref. 1). However, there are marked
inconsistencies between different reports with respect to the locus
of these pain-protective effects. Indeed, receptors for cannabinoids
are distributed across many key loci in pain-modulating pathways,

including the peripheral and central terminals of primary afferents,
second-order spinal dorsal-horn neurons, pain-regulatory circuits in
the brainstem, and brain regions involved in sensory discrimination,
affective states and the emotional responses to nociceptive stimuli1–3.
Although numerous studies have demonstrated that activation of
cannabinoid receptors individually at several of these diverse loci can
reduce nociceptive transmission, the relative contributions of each of
these sites to the global analgesic effects of systemic cannabinoids
remains ambiguous1.

The biological effects of cannabinoids are mediated via binding to
type 1 and type 2 G protein–coupled cannabinoid receptors (CB1 and
CB2, respectively)3,4, which activate inhibitory Gi/o proteins. In addi-
tion, several endocannabinoids have been shown to modulate the
activity of ion channels, including diverse transient receptor potential
(TRP) channels5 and potassium channels6, which are implicated in the
modulation of pain processing. Therefore, not only the site, but also
the mechanism, of cannabinergic modulation of pain and analgesia
are uncertain.

Studies of global-knockout mice have confirmed that CB1 and CB2

are involved in cannabinoid-induced analgesia7–9, but have not
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revealed their site of action. Conditional gene targeting of cannabinoid
receptors at distinct loci in the pain pathway presents the means for
identifying this site. Because a delineation of the relative contribution
of the peripheral and the central components of cannabinoid-induced
analgesia could help in the development of therapeutic strategies free of
central side effects, we specifically targeted peripheral nociceptor
neurons. Using the Cre/loxP system for conditional gene deletion10,
we generated transgenic mice lacking CB1 in nociceptors, preserving
expression in the spinal neurons, brain and all other organs. The
phenotype of these cell type–specific knockout mice with respect to
pain closely resembled that of the conventional global-knockout mice
(that is, CB1 receptor deficiency in all somatic cells) in nature as well as
magnitude. By using a combination of electrophysiological, behavioral
and pharmacological methods, we have shown that specific loss of CB1

in nociceptors leads to a major reduction in the analgesia produced by
endocannabinoids as well as systemically administered cannabinoids,
indicating that these CB1 receptors, and not those within the CNS,
constitute the prime target for producing cannabinoid analgesia.

RESULTS

Conditional and specific deletion of CB1 in nociceptors

We generated mice that lacked CB1 specifically in primary nociceptors
(homozygous mice referred to henceforth as SNS-CB1

–) via Cre/loxP-
mediated recombination by mating homozygous mice carrying
the loxP-flanked (floxed) Cnr1 allele (CB1

fl)11 with a mouse line
expressing Cre recombinase under the control of the Nav1.8 promoter
(SNS-Cre)12 (Fig. 1a,b). The SNS-Cre mice enable gene recombi-
nation selectively in nociceptive (Nav1.8-expressing) sensory neurons,

commencing at birth, without affecting gene
expression in the spinal cord, brain or any
other organs in the body12. In situ mRNA
hybridization using CB1-specific ribo-
probes11,13 showed Cre/loxP-mediated CB1

deletion in the dorsal root ganglia (DRG) (Fig. 1a). Quantitative
size-frequency analysis revealed a significant loss of CB1 in DRG
neurons with a diameter o30 mm (Fig. 1b; P o 0.01), but not in
neurons with a cell diameter Z30 mm, exactly as expected from the
profile of SNS-Cre mice12. A C-terminal antibody to CB1 (anti-CB1),
which yields specific staining in wild-type DRGs but not in those from
global homozygous CB1

– mice13 (Fig. 1c), was used to further probe
the specificity of the CB1 deletion in DRG neuron subtypes in the SNS-
CB1

– mice. Confocal analysis of dual immunofluorescence experiments
revealed CB1 immunoreactivity in more than 40% of isolectin-B4

(IB4)-labeled nonpeptidergic nociceptors, substance P–expressing pep-
tidergic nociceptors and Nav1.8-expressing nociceptors in wild-type
and CB1

fl mice (typical examples in Fig. 1d and quantitative summary
in Fig. 1e). In contrast, SNS-CB1

– mice demonstrated a near-complete
loss of specific staining in these nociceptor populations (Fig. 1d,e).
Moreover, nearly all TRPV1-expressing neurons had anti-CB1 immuno-
reactivity in wild-type and CB1

fl mice, but only a minor population
continued to express CB1 in SNS-CB1

– mice (Fig. 1d,e). In contrast,
nearly all large-diameter, neurofilament 200–immunoreactive neurons
retained expression of CB1 in the SNS-CB1

– mice (Fig. 1d,e). Taken
together, these results show that CB1 is normally expressed in a
significant proportion of nociceptors and is selectively lost from
C- and A-d neurons, but not from large-diameter DRG neurons, in
SNS-CB1

– mice. Consistent with a loss of CB1 in DRG neurons, binding
of 3H-CP-55940 (ref. 14), a cannabinoid agonist, was significantly
decreased in SNS-CB1

– mice as compared with CB1
fl littermates in

the DRG (8.14 ± 0.64 versus 11.81 ± 0.76 fmol of bound ligand per mg
of tissue, respectively), as well as in zones of central terminals of
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Figure 1 Demonstration of conditional deletion of

CB1 specifically in nociceptive neurons of the

DRG in sensory neuron–specific CB1 knockout

mice (SNS-CB1
–). (a) mRNA in situ hybridization

for expression of CB1 or GABAB(1) (control) on

DRG sections from SNS-CB1
– mice and control

littermates (CB1
fl). (b) Quantitative size analysis of

DRG neurons expressing CB1 mRNA showed that
small-diameter neurons lost and large-diameter

neurons maintained CB1 expression in SNS-CB1
–

mice. (c) A goat anti-CB1 used throughout this

study yielded specific labeling of DRG neurons

that was entirely lost in the DRG of globally

CB1
– mice. (d) Typical examples of anti-CB1

immunoreactivity in subpopulations of DRG

neurons labeled using binding to IB4 or using

antibodies to TRPV1, Nav1.8 and neurofilament

200 (NF200) in wild-type, CB1
fl and SNS-CB1

–

mice. In SNS-CB1
– mice, CB1 immunoreactivity

was nearly abrogated from nociceptors (IB4-,

substance P– or Nav1.8-positive neurons) and

reduced in a large fraction of TRPV1-positive

C- and A-d neurons, but entirely preserved

in NF200-positive large-diameter neurons.

(e) Quantitative summary of DRG cell populations

expressing CB1 protein in wild-type (Wt), CB1
fl

mice and SNS-CB1
– mice from experiments

represented in d (mean ± s.e.m.; n ¼ 10–15 DRG

sections each). *P o 0.001, ANOVA, post hoc

Fisher’s test. Scale bars, 40 mm in (a,c,d).
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nociceptive afferents in the superficial spinal dorsal horn (94.77 ± 2.59
versus 121.1 ± 4.91 fmol of bound ligand per mg of tissue, respectively;
*P o 0.001, ANOVA, post hoc Fisher’s test).

In contrast to the DRG, the brain and spinal cord showed normal
expression of CB1 mRNA (Fig. 2a,b) and CB1 protein (Fig. 2c,d) in
SNS-CB1

– mice, whereas globally CB1
– mice13 had a complete loss of

CB1 mRNA and anti-CB1 immunoreactivity (Fig. 2a–d). Similarly,
binding of 3H-CP-55940 remained unaffected in several brain regions
in SNS-CB1

– and CB1fl mice (Fig. 2e). SNS-CB1
– mice appeared

normal and were fertile, and the development of the spinal cord
and brain was normal (data not shown). No abnormalities were
observed in the spinal termination of peptidergic or nonpeptidergic
nociceptors, as shown by immunostaining for substance P and binding
of IB4 (Fig. 2f).

Tonic inhibition of pain via peripheral CB1

Compared with CB1
fl littermates, SNS-CB1

– mice had significantly
reduced reaction latencies to noxious heat and reduced response
thresholds to mechanical stimuli applied via a dynamic aesthesiometer,
showing that physiological, basal pain sensitivity is exaggerated in
SNS-CB1

– mice (Fig. 3a; P ¼ 0.001 and 0.003, respectively). Similarly,
acute responses elicited by intraplantar injections of the irritants
capsaicin and formalin were significantly greater in SNS-CB1

– mice
than in CB1

fl mice (Fig. 3b; P ¼ 0.002 and 0.049 for capsaicin and
formalin, respectively), which is indicative of enhanced chemogenic
pain. In contrast, motor performance on a Rotarod was unaffected in
SNS-CB1

– mice (Fig. 3c; P ¼ 0.203). After intraplantar formalin

injection, SNS-CB1
– mice showed a significantly higher number of

neurons expressing markers of activity15, such as Fos and phosphor-
ylated ERK1/2 (pERK), in the DRG and spinal cord than did CB1

fl mice
(Fig. 3d,e; P o 0.02 in all cases). Dual immunofluorescence revealed
that 81 ± 4% of Cre-expressing DRG neurons in formalin-treated
SNS-CB1

– mice expressed Fos, whereas only 42 ± 2% expressed Fos in
SNS-Cre mice (controls). This shows that the enhanced induction of
Fos in the SNS-CB1

– mice in response to formalin takes place in those
nociceptive neurons in which CB1 expression was genetically deleted.

In contrast to SNS-CB1
– mice, SNS-Cre mice showed no alteration

in acute responses to noxious heat and pressure12 or to noxious
chemical stimuli, such as capsaicin and formalin (Supplementary
Fig. 1; P 4 0.05), nor did they differ from wild-type littermates with
respect to development of chronic inflammatory pain or neuropathic
pain (Supplementary Fig. 1; P4 0.05), showing that the alterations in
nociception observed in SNS-CB1

– do not arise from expression of
Cre recombinase in the sensory neurons.

To address whether CB1-mediated inhibitory tone on nociceptors is
maintained by endocannabinoids released constitutively in peripheral
tissue, we analyzed endocannabinoid abundance in the paw skin of
wild-type mice. The amount of anandamide (AEA) was low, albeit
detectable, whereas 2-arachidonoyl glycerol (2-AG), 1-arachidonoyl
glycerol (1-AG) and the precursor molecule arachidonic acid were
found at moderate to high levels in the paw tissue of naive mice
(Fig. 4a). The abundances of AEA, 1-AG, 2-AG and arachidonic acid
significantly increased in the paw skin of mice 24 h after the induction
of localized peripheral inflammation by intraplantar injection of
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Figure 2 Expression of CB1 mRNA and CB1 protein is similar in the brain and spinal cord of CB1
fl mice and SNS-CB1

– mice. (a,b) Antisense mRNA riboprobes

revealed comparable expression of CB1 in hippocampal interneurons (arrows, a) and spinal neurons (b) of SNS-CB1
– mice and their CB1

fl/fl littermates, but a

loss of signal in global CB1
– mice or on usage of the sense probes. (c,d) Immunostaining with a goat anti-CB1 revealed comparable expression of CB1 in the

brain (hippocampus shown in c) and in the spinal cord (d) of SNS-CB1
– mice and their CB1

fl littermates, but a loss of signal in global CB1
– mice or in staining

controls. (e) Autoradiography with a synthetic cannabinoid 3H-CP-55940 revealed similar levels of binding (mean ± s.e.m.) in various brain regions of SNS-
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fl mice. (f) The pattern of termination of primary nociceptive afferents in the spinal dorsal horn was similar in CB1
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mice, as shown via binding to TRITC-labeled isolectin-B4 (IB4) and immunoreactivity for substance P. Scale bars, 150 (a–d) and 100 mm (f).
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complete Freund’s adjuvant16 (CFA; Po 0.05 in all cases; Fig. 4a), but
not in the spinal cord segments receiving sensory inputs from the
hindlimb (L4–L6) in the same animals (PZ 0.05 in all cases; Fig. 4b).
These results suggest that peripherally synthesized endocannabinoids
regulate basal pain and may have an enhanced action on inflammatory
pain sensitivity via CB1 that is expressed on cutaneous nociceptors.
Basal peripheral and spinal endocannabinoid levels did not differ
between SNS-CB1

– mice and CB1fl mice, suggesting that alterations
in endocannabinoid availability do not account for these phenotypic
differences (Fig. 4c,d).

Exaggerated inflammatory hyperalgesia in SNS-CB1
– mice

We assessed the development of somatic inflammatory pain and
hyperalgesia in SNS-CB1

– mice at 6–7, 17, 27 and 52 h after CFA-
induced unilateral hindpaw inflammation.
SNS-CB1

– mice had an enhanced basal
response to von Frey hairs as compared with
their respective wild-type littermates (Fig. 5a;
P ¼ 0.002). Upon CFA injection, the magni-
tudes of both allodynia (defined as responses
to 0.16–0.4g of force) and mechanical hyper-
algesia (defined as responses to 0.6–4g) were

significantly higher in SNS-CB1
– mice than in their wild-type litter-

mates (Fig. 5a,b; P o 0.005). Similar to the SNS-CB1
– mice, globally

CB1
– mice showed exaggerated basal pain and developed significantly

more hyperalgesia and allodynia after intraplantar CFA than did their
corresponding control littermates (Fig. 5a; Po 0.002), but to a similar
extent as did SNS-CB1

– mice. The relative drop in response thresholds
(defined as the minimum force required to elicit 40% response
frequency) over the basal (pre-CFA) state or over control littermates
was comparable between SNS-CB1

– mice and CB1
– mice (Fig. 5b;

P 4 0.05). These results imply that an additional loss of CB1 in spinal
cord, brain or non-neuronal tissues (as it is the case in globally
CB1

– mice) does not produce a greater effect on pain behavior
than is produced by a loss of CB1 that is restricted to peripheral
nociceptor neurons.
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Figure 3 Nociceptive responses, locomotive perfor-

mance and nociceptive activity–induced expression

of proteins in SNS-CB1
– mice and their CB1

fl

littermates. (a) SNS-CB1
– mice (n ¼ 12) showed

significant reductions in paw withdrawal latency

(PWL; P ¼ 0.001) in response to radiant heat and

in paw withdrawal threshold (PWT; P ¼ 0.003) in

response to punctuate pressure in comparison with
CB1

fl mice (n ¼ 12). (b) SNS-CB1
– mice (n ¼ 8)

showed a significant reduction in the duration of

acute nocifensive responses to intraplantar paw

injection of capsaicin (P ¼ 0.002) or formalin

(phase I; P ¼ 0.049), as compared with CB1
fl

mice (n ¼ 8). (c) Latency to fall from a rotating rod

was similar in SNS-CB1
– mice (n ¼ 6) and CB1

fl

mice (n ¼ 6; P ¼ 0.203). (d,e) Quantitative

analysis of neurons immunoreactive for either Fos

or phosphorylated ERK1/2 per section of DRG or

spinal dorsal horn in the basal state (naive) or 1 h

after intraplantar hindpaw injection of formalin in

SNS-CB1
– mice (n ¼ 6) and CB1

fl mice (n ¼ 6).

*P o 0.05, ANOVA, post hoc Fisher’s test. All

data points represent mean ± s.e.m.
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Figure 4 Analysis of endocannabinoid levels in

the paws and spinal segments (L4–L6) of SNS-

CB1
– mice, CB1

fl mice, global CB1
– mice and their

wild-type controls (n ¼ 6 each) in the basal state

(naive) or in wild-type mice after injection of CFA

into the hindpaw. (a) Levels of AEA, 1-AG, 2-AG

and arachidonic acid (AA) rose in the paw skin

after inflammation, as compared with naive state

(P o 0.05; n ¼ 8 paws in each group), whereas

oleoylethanolamide (OEA) levels remained

unchanged (P ¼ 0.9). (b) Levels of endo-

cannabinoids did not change significantly in the
L4–L6 spinal cord after paw inflammation over the

naive state (P 4 0.05; n ¼ 6 mice in each group).

(c,d) Levels of endocannabinoids in the paw or in

the spinal cord were not significantly different

across SNS-CB1
–, CB1

fl, global CB1
– and wild-type

mice. *P o 0.05, ANOVA, post hoc Fisher’s test.

All data points represent mean ± s.e.m.
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