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Although many anecdotal reports indicate that marijuana and its
active constituent, delta-9-tetrahydrocannabinol (delta-9-THC),
may reduce pain sensation1,2, studies of humans have produced
inconsistent results3–6. In animal studies, the apparent pain-
suppressing effects of delta-9-THC and other cannabinoid
drugs7–12 are confounded by motor deficits13,14. Here we show
that a brainstem circuit that contributes to the pain-suppressing
effects of morphine15 is also required for the analgesic effects of
cannabinoids. Inactivation of the rostral ventromedial medulla
(RVM) prevents the analgesia but not the motor deficits produced

by systemically administered cannabinoids. Furthermore, canna-
binoids produce analgesia by modulating RVM neuronal activity
in a manner similar to, but pharmacologically dissociable from,
that of morphine. We also show that endogenous cannabinoids
tonically regulate pain thresholds in part through the modulation
of RVM neuronal activity. These results show that analgesia
produced by cannabinoids and opioids involves similar brainstem
circuitry and that cannabinoids are indeed centrally acting
analgesics with a new mechanism of action.

The discoveries of the CB1 and CB2 cannabinoid receptors16,17

and of two putative endogenous ligands for the CBI receptor18,19 and
the development of a specific CB1-receptor antagonist
(SR141716A) (ref. 20) have intensified interest in the function of
endogenous cannabinoid systems. The CB2 receptor is located in
peripheral tissues, whereas the CB1 receptor is present on neurons
throughout the brain, including in several pain-modulating
centres21. Projections from the RVM to the dorsal horn of the
spinal cord are important for the production of analgesia originat-
ing from supraspinal sites22. The RVM, which includes the nucleus
raphe magnus, the nucleus gigantocellularis pars alpha and the
adjacent reticular formation, is essential for systemic opioid-
induced analgesia15, and may also be involved in cannabinoid
analgesia, as microinjection of cannabinoid agonists into the
RVM suppresses pain-related behaviours23.

To determine the contribution of the RVM to analgesia produced
by a systemically administered cannabinoid, we inactivated the
RVM by microinjection of the GABAA (g-aminobutyric acid sub-
type A) receptor agonist muscimol. Rats with physiological saline
microinjected into the RVM showed significant increases in tail-
flick latencies after intravenous administration of 0.125 mg kg−1 and
0.25 mg kg−1 doses of WIN55,212-2, a cannabinoid receptor agonist
(Fig. 1a). In contrast, animals microinjected with muscimol (50 ng)
in the RVM before the administration of WIN55,212-2 showed no
increase in tail-flick latencies (Fig. 1b). Muscimol microinjection
also produced significant hyperalgesia in animals treated with
systemic vehicle as compared with control rats microinjected with
saline (latency 3:29 6 0:21 versus 4:73 6 0:09 s; P , 0:05). These
results indicate that the activity of neurons in the RVM is necessary
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Figure 1 Inactivation of the RVM with microinjection of muscimol prevents the

antinociception produced by the cannabinoid agonist WIN55,212-2. We mea-

sured tail-flick latencies in groups that received a, saline, or b, muscimol

microinjections into the RVM before intravenous administration of vehicle (open

circles); 0.0625mgkg−1 WIN55,212-2 (filled circles); 0.125mgkg−1 WIN55,212-2

(open squares); or 0.25mgkg−1 WIN55,212-2 (filled squares). In saline-injected

animals, consistent antinociception was achieved at the 0.125 and 0.25mgkg−1

doses of WIN55,212-2 (P , 0:01; analysis of variance (ANOVA) followed by Fish-

er’s least-significant difference (LSD) test). Muscimol-injected animals showed

no difference in tail-flick latencies at any of the WIN55,212-2 doses (P . 0:05,

ANOVA andFisher’s LSD test). Each value is the mean 6 s:e:m:; tail-flick latencies

represent the average of three trials; arrows indicate RVM and intravenous (IV)

drug administration; n ¼ 6 rats per group.
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Figure 2 Cannabinoid-induced motor impairments are not affected by inactiva-

tion of the RVM with muscimol. Time on the rotarod treadmill (mean 6 s:e:m:) was

recorded from each of four groups (RVM microinjection/intravenous injection):

open circles, saline/vehicle; filled circles, muscimol/vehicle; open squares,

saline/WIN55,212-2; filled squares, muscimol/WIN55,212-2. Groups that received

WIN55,212-2 (0.25mgkg−1) spent significantly less time on the rotarod as com-

pared with vehicle-treated groups (P , 0:01; ANOVA and Fisher’s LSD test).

Injection of saline or muscimol into the RVM did not affect rotarod scores

(P . 0:05; ANOVA). Baseline times (BSL) on the rotarod for each group before

treatments were similar. Arrows indicate times of RVM and intravenous (IV) drug

administration; n ¼ 5 rats per group.
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for systemic cannabinoid-induced antinociception, and that the
activity of neurons in the RVM contributes to basal nociceptive
thresholds.

At antinociceptive doses, cannabinoids produce motor deficits in
rats, including hypomotility and catalepsy13,14. Thus, it is necessary
to differentiate between the sensory and motor effects of cannabi-
noids, especially when using a movement such as the tail flick as an
index of antinociception10,11. We quantified the effect of RVM
inactivation on cannabinoid-induced motor impairments using a
rotarod treadmill. Intravenous administration of WIN55,212-2
(0.25 mg kg−1) severely impaired the ability of animals to stay on
the rotarod throughout the 45-min test period (Fig. 2). Microinjec-
tion of muscimol (50 ng) into the RVM did not prevent the
WIN55,212-2-induced motor impairments (Fig. 2). There was no
difference between groups given vehicle that were microinjected
with saline or muscimol, and baseline times were similar for all
groups (Fig. 2, P . 0:05). These results show that the prevention of
cannabinoid-induced antinociception observed following RVM
inactivation is not due to a reversal of cannabinoid-induced
motor deficits.

We used extracellular single-unit recording to determine which
type of RVM neuron contributes to cannabinoid-induced antino-
ciception. Three physiological classes of RVM neurons have been
described24. ‘Off ’ cells inhibit spinal nociceptive transmission and
show a pause in activity just before withdrawal reflexes. Conversely,
‘on’ cells show a burst of activity just before withdrawal reflexes and
have a facilitating effect on pain transmission. The activity of a third
group of neurons—neutral cells—is not correlated with withdrawal
reflexes. While recording from RVM neurons, we intravenously
administered anaesthetized rats with, successively, WIN55,212-2
(0.125 mg kg−1), the cannabinoid receptor antagonist SR141716A

(0.5 mg kg−1), morphine sulphate (2.0 mg kg−1) and naloxone
(0.2 mg kg−1). The effect of WIN55,212-2 on ‘on’ and ‘off ’ cell
activity was similar to that of morphine (Fig. 3a, b). Administration
of either WIN55,212-2 or morphine eliminated the ‘off ’ cell pause,
the ‘on’ cell burst, and the tail-flick reflex in all animals tested (six
‘off ’ cells and five ‘on’ cells). Quantitative analysis of ‘off ’ cell
activity during the tail-flick period showed an elimination of the
‘off ’ cell pause (that is, an increase in firing to baseline levels) after
WIN55,212-2 administration, with activity increasing from an
average rate of 4:4 6 1:8 spikes s 2 1 to 24:8 6 9:7 spikes s 2 1

(P , 0:01). The ‘off ’ cell pause returned (7:3 6 5:3 spikes s 2 1)
after subsequent administration of SR141716A. Morphine given
after SR141716A eliminated the ‘off ’ cell pause in a naloxone-
reversible manner (25 6 12:1 and 3:0 6 2:3 spikes s 2 1, respec-
tively). Overall, there was no change in baseline activity of ‘off ’
cells after WIN55,212-2 administration (from 19:1 6 10:7 to
25:6 6 9:6 spikes s 2 1Þ.

The ‘on’ cell burst during the tail-flick period was reduced to
baseline firing levels after the administration of WIN55,212-2
(18:2 6 6:6 to 1:7 6 1:7 spikes s 2 1), and returned to normal follow-
ing administration of SR141716A (19:5 6 9:7 spikes s 2 1; P , 0:01).
Administration of morphine after SR141716A reduced the ‘on’ cell
burst to levels seen after WIN55,212-2 and was naloxone-reversible
(2:0 6 2:0 and 17:3 6 9:8 spikes s 2 1, respectively). There was no
change in the baseline activity of ‘on’ cells after administration of
WIN55,212-2 (from 2:6 6 1:7 to 1:6 6 1:5 spikes s2 1). Of the five
neutral cells tested, the activity of three was unaffected, the activity
of one decreased, and the activity of one increased after WIN55,212-2
was administered (.30% change). As ‘off’ cells project to the spinal
cord dorsal horn25 and are the only neurons activated by WIN55,212-2,
activation of ‘off ’ cells probably contributes to cannabinoid analge-
sia by inhibiting dorsal horn nociceptive neurons.

Direct inhibition of ‘on’ cells by m-opioids disinhibits ‘off ’ cells26.
Furthermore the release of endogenous opioids in the RVM
mediates both the inhibition of ‘on’ cells and the antinociception
seen after activation of neurons in the midbrain periaqueductal
grey27,28. Systemically administered cannabinoids could inhibit ‘on’
cells and activate ‘off ’ cells through a similar circuit to that involving
endogenous opioids. We tested the involvement of a direct opioid
link in the cannabinoid-induced changes in RVM neuronal activity
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Figure 3 Systemic cannabinoids reduce the ‘off’ cell pause and ‘on’ cell burst of

RVM neurons, and eliminate the tail-flick reflex in amanner similar to morphine.a,

An example of ‘off’ cell activity during control tail flicks and after successive

intravenous administrations of WIN55,212-2, SR141716A, and morphine sulphate.

b, Activity of an ‘on’ cell during control tail flicks and after successive

administrations of WIN55,212-2, SR141716A, and morphine sulphate. Arrows

represent the initiation of the thermal stimulus and tail flick. Each histogram

represents the average of three trials; bin width, 200ms.
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Figure 4 The cannabinoid receptor antagonist SR141716A decreases ‘off’ cell

activity, increases ‘on’ cell activity andproduceshyperalgesia.a, Activity of an ‘off’

cell during control tail flicks, and following successive administrations of

SR141716A and morphine sulphate. b, ‘On’ cell activity during control tail flicks,

and following successive administrations of SR141716A and morphine sulphate.

Arrows represent the initiation of the thermal stimulus and tail flick. Each

histogram represents the average of three trials; bin width, 200ms.
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by administering naloxone (0:2 mg kg 2 1, i.v.) after WIN55,212-2
(0.125 mg kg−1, i.v.) while recording from RVM neurons. Naloxone
did not affect the elimination of the ‘on’ cell burst (n ¼ 5) or the
‘off ’ cell pause (n ¼ 5) produced by WIN55,212-2 (data not
shown), indicating that endogenous opioids are not required for
the cannabinoid-induced changes in RVM neuronal activity.

In the mouse, intrathecal administration of SR141716A results in
hyperalgesia in the hot-plate test29, indicating that tonically released
endogenous cannabinoids modulate nociceptive thresholds. Activ-
ity of a precursor enzyme for the synthesis of the endogenous
cannabinoid ligand anandamide is highest in the brainstem30. To
examine whether a tonically released endogenous cannabinoid
controls RVM neurons, we injected SR141716A (0.5 mg kg−1) intra-
venously, followed by morphine (2.0 mg kg−1) and naloxone
(0.2 mg kg−1), while recording from ‘on’ cells (n ¼ 5) and ‘off ’
cells (n ¼ 5). Following SR141716A administration, tail-flick laten-
cies decreased from 4:41 6 0:30 to 3:35 6 0:31 s (P , 0:01, n ¼ 10).
Furthermore, reduction in the ‘off ’ cell tail-flick-related activity was
enhanced by more than 30% in all five neurons (for example,
Fig. 4a). Baseline activity of ‘off ’ cells also decreased in four out of
five neurons (.30%). ‘On’ cell baseline activity increased in one out
of five neurons after administration of SR141716A, and two out of
five ‘on’ cells showed an increase in tail-flick-related activity
(.30%) after SR141716Awas given (Fig. 4b). Although it is possible
that SR141716A acts as an inverse agonist at the CB1 receptor, these
results indicate that tonic release of endogenous cannabinoids
increases ‘off ’ cell and decreases ‘on’ cell activity, thereby elevating
nociceptive thresholds.

These results show that cannabinoids produce analgesia through
activation of a brainstem circuit that is required for opioid analge-
sia. As with the opioids, activation of ‘off ’ cells in the RVM
contributes to cannabinoid-induced antinociception. However,
the modulation of ‘on’ and ‘off ’ cell activity by cannabinoids does
not require an endogenous opioid receptor ligand. Furthermore,
endogenous cannabinoids seem to be tonically released and to
control basal nociceptive thresholds through the modulation of
RVM neuronal activity. Given their unique side-effect profile (for
example, cannabinoids increase appetite, whereas opioids can cause
nausea and respiratory depression), cannabinoids may be useful in
improving the treatment of pain. M
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Methods

Microinjections. Male Sprague–Dawley rats (275–350 g) were implanted with
chronic jugular catheters, and 26-g guide cannulae were positioned 2 mm
above the RVM (AP 2 2:1 (interaural), ML 0, DV 8.5)31 and cemented to the
skull with dental acrylic. Internal cannulae (33-gauge) that protruded 2 mm
beyond the tip of the guide cannula were inserted into the guides for injections.
Injector cannulae were connected to 100-ml Hamilton syringes through PE10
tubing backfilled with water. Microinjections of drugs into the RVM (500 nl)
were made with an infusion pump over a period of 5 min. All injection sites
were histologically verified to be within the RVM.

Rats were handled and adapted to a plexiglas chamber with a glass bottom
for 3 days before testing. Tail-flick latencies were measured in awake,
unrestrained rats using radiant heat from a modified Hargreaves thermal
stimulator. On the test day, intravenous injection of drugs was given 5 min
following RVM microinjections. Tail-flick measurements were taken every
2 min for 60 min after administration of intravenous drugs. In rats tested on the
rotarod treadmill, initial training determined the ability of each rat to walk for
at least 60 s at 10 rotations per min. In all other trials, the rotarod started at 6
rotations per min and accelerated by 2 rotations every min. A pretreatment
score was recorded, and was followed by RVM microinjection and, 5 min later,
by intravenous drug administration. Rats were tested for their ability to stay on
the rotarod at 5, 15 and 45 min following intravenous drugs.
Electrophysiology. Male Sprague–Dawley rats (300–475 g) were anaesthe-
tized with sodium pentobarbital. A jugular vein was catheterized for constant
infusion of anaesthetic (sodium methohexital, 15–30 mg kg−1 h−1) and
administration of drugs. Single RVM neurons were recorded extracellularly

with tungsten electrodes (3–4 MQ). ‘On’ cells showed a burst of activity and
‘off ’ cells a pause just before a tail flick. Neutral cells showed no consistent
change in activity related to the tail flick. Tail-flick-related activity was
examined every 3 min. After 3 stable control tail flicks, rats were given drugs in
successive order every 12–18 min. Baseline neuronal activity for 10 s before the
heat onset was compared before and after drug administration. Tail-flick-
related neuronal activity was defined as the frequency of firing during a 4-s
window around the average control tail-flick latency calculated over all
experiments. Only one neuron was tested per animal.
Materials. WIN 55,212-2 was purchased from Research Biochemicals
International. SR141716A was a gift from the US National Institute of Drug
Abuse. Vehicle consisted of ethanol, Alkamuls EL-620 (Rhone–Poulenc) and
0.9% saline at 1:1:18.
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