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The endogenous cannabinoid receptor agonist anandamide1 is a
powerful vasodilator of isolated vascular preparations2±4, but its
mechanism of action is unclear. Here we show that the vasodilator
response to anandamide in isolated arteries is capsaicin-sensitive
and accompanied by release of calcitonin-gene-related peptide
(CGRP). The selective CGRP-receptor antagonist 8-37 CGRP
(ref. 5), but not the cannabinoid CB1 receptor blocker
SR141716A (ref. 7), inhibited the vasodilator effect of anandamide.
Other endogenous (2-arachidonylglycerol, palmitylethanolamide)
and synthetic (HU 210, WIN 55,212-2, CP 55,940) CB1 and CB2
receptor agonists1 could not mimic the action of anandamide. The
selective `vanilloid receptor' antagonist capsazepine6,7 inhibited
anandamide-induced vasodilation and release of CGRP. In patch-
clamp experiments on cells expressing the cloned vanilloid receptor
(VR1)8, anandamide induced a capsazepine-sensitive current in
whole cells and isolated membrane patches. Our results indicate
that anandamide induces vasodilation by activating vanilloid
receptors on perivascular sensory nerves and causing release of
CGRP. The vanilloid receptor may thus be another molecular
target for endogenous anandamide, besides cannabinoid receptors,
in the nervous and cardiovascular systems.

Anandamide (arachidonylethanolamide) was originally isolated
from brain as an endogenous cannabinoid receptor ligand9. Bio-
synthetic pathways for anandamide are also present outside the
central nervous system, for example, in vascular endothelium and
macrophages10,11. It has been suggested that anandamide induces
hypotension in anaesthetized rats by inhibiting peripheral sym-
pathetic neurotransmission12. Macrophage-derived anandamide is
implicated in haemorrhagic shock13 and endotoxin-induced
hypotension14. Although CB1 receptor messenger RNA has been
detected in sympathetic nerves, vascular endothelium and smooth
muscle10,15,16, the involvement of cannabinoid receptors in the
vasodilator effects of anandamide in isolated vascular preparations
has been questioned2,4,17. Anandamide is structurally related to
capsaicin and olvanil (N-vanillyloleamide), compounds that all
have an amide bond and an aliphatic side chain. Capsaicin and
olvanil activate a subpopulation of primary sensory neurons, which
can then become refractory to subsequent stimuli (desen-
sitization)7. As such nerves mediate vasodilation18, we hypothesized
that the vascular effects of anandamide and capsaicin have a
common mechanism, involving excitation of primary sensory
nerves in the vessel wall and consequent release of vasodilator
neuropeptides such as CGRP.

To test this proposal, we examined the effects of capsaicin and the
selective CGRP-receptor antagonist 8-37 CGRP (ref. 5) on ananda-
mide-induced relaxation in rat hepatic and small mesenteric arteries
and guinea-pig basilar artery. Pretreatment with capsaicin to cause
desensitization and/or neurotransmitter depletion in perivascular
sensory nerves abolished anandamide-induced relaxation in all
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three arteries (Fig. 1a, b). 8-37 CGRP also inhibited the response to
anandamide (Fig. 1c). As shown in the rat hepatic artery, the
relaxation induced by exogenous CGRP was unaffected by pretreat-
ment with capsaicin (10 mM), whereas 8-37 CGRP (2 mM) caused a
signi®cant rightward parallel shift of the concentration±relaxation
curve for CGRP (control: pEC50 � 9:56 6 0:04, Emax � 100 6 1%;
capsaicin: pEC50 � 9:51 6 0:02, Emax � 100 6 1%; 8-37 CGRP:
pEC50 � 8:54 6 0:13, Emax � 100 6 1%; n � 6).

At a concentration that induced vasodilation, anandamide eli-
cited signi®cant release of CGRP and an increase in tissue content of
cyclic AMP in the rat hepatic artery (Fig. 2a, b), the latter effect
presumably re¯ecting activation of CGRP receptors on the vascu-
lature. Both these effects were absent in arterial segments pretreated
with capsaicin (Fig. 2a, b). However, pretreatment with capsaicin
did not affect the cyclic AMP increase evoked by exogenous CGRP
(Fig. 2b), which is consistent with capsaicin acting on sensory
nerves. CGRP-like immunoreactive nerve ®bres were visualized in
the rat hepatic artery (Fig. 2c). Such nerves are also present in rat
mesenteric18 and guinea-pig basilar19 arteries. Together, these ®ndings
support our proposal that CGRP released from perivascular sensory
nerves mediates vasodilation by anandamide. The pronounced
vasodilator effect of anandamide indicates that these nerves
represent a powerful effector system for regulation of vascular tone.

To investigate the role of cannabinoid receptors in these vascular
responses, we compared the effects of anandamide with those of a
series of endogenous (palmitylethanolamide, 2-arachidonylgly-
cerol) and synthetic (HU 210, WIN 55,212-2, CP 55,940) cannabi-
noid receptor agonists with varying selectivity for CB1 and CB2
receptors1. HU 210, WIN 55,212-2 and CP 55,940 are at least one
order of magnitude more potent than anandamide as agonists of
CB1 and CB2 receptors1. In rat hepatic and guinea-pig basilar
arteries, palmitylethanolamide, HU 210 and WIN 55,212-2 did

not produce any relaxation, whereas 2-arachidonylglycerol induced
a small (rat hepatic artery) or inconsistent (guinea-pig basilar
artery) relaxation at 10 mM (Fig. 3). CP 55,940 elicited signi®cant
relaxation in both arteries, but this effect was resistant to pretreat-
ment with capsaicin and occurred only at a concentration of 10 mM
(Fig. 3c, d). The failure of these different cannabinoid receptor
agonists to mimic the action of anandamide indicates that CB1 or
CB2 receptors do not mediate anandamide-induced vasorelaxation
in these arteries.

The competitive CB1 receptor antagonist SR141716A (0.3 mM),
which binds to this receptor with a Ki in the nanomolar range1,
did not attenuate the vasodilator responses to anandamide in
rat hepatic (control: pEC50 � 6:45 6 0:11, Emax � 100 6 1%;
SR141716A: pEC50 � 6:44 6 0:12, Emax � 97 6 1%; n � 5) and
guinea-pig basilar (control: pEC50 � 6:02 6 0:11, Emax �

92 6 3%; SR141716A: pEC50 � 6:11 6 0:10, Emax � 91 6 2%;
n � 5±8) arteries, and to methanandamide in the rat hepatic
artery (control: pEC50 � 6:50 6 0:08, Emax � 99 6 1%;
SR141716A: pEC50 � 6:30 6 0:04, Emax � 99 6 1%; n � 5). High
concentrations of SR141716A ($3 mM) can inhibit anandamide-
induced relaxation in rat hepatic and mesenteric arteries, but the
mechanism of this action is unclear3,17. Such high concentrations of
SR141716A have effects unrelated to inhibition of CB1 or CB2
receptors20,21. This is also supported by this study, showing that the
vasodilator response to capsaicin, which does not bind to CB1
receptors22, is signi®cantly inhibited by 10 mM SR141716A in the rat
hepatic artery (control: pEC50 � 8:37 6 0:13, Emax � 99 6 1%;
SR141716A: pEC50 � 7:42 6 0:12, Emax � 90 6 3%; n � 4).

It has been suggested that enzymatic cleavage of anandamide by a
speci®c amidohydrolase to arachidonic acid and ethanolamine22, with
subsequent formation of vasodilator eicosanoids such as prostacyclin
and eicosatrienoic acids, is responsible for the anandamide-induced

Figure 1 Effects of capsaicin and the CGRP receptor antagonist 8-37 CGRP on

relaxations induced by anandamide (AEA) and acetylcholine (ACh) in rat and

guinea-pig arteries. a, Typical relaxant responses to anandamide in these blood

vessels contracted with phenylephrine (PhE; 1±3 mM) or prostaglandin F2a (PG;

0.3±1 mM). Drug concentrations are given as -log molar concentrations.

Horizontal and vertical scale markers represent 2min and 2mN, respectively.

Dashed line indicates the basal tension level before addition of drugs. Each trace

was obtained from a different arterial segment. b, Pretreatment with capsaicin

(10 mM) for 1 h (followed by washout of capsaicin for 20 min) abolished the

anandamide-induced relaxation, whereas subsequent application of acetylcho-

line (0.1±10 mM) always elicited complete relaxation (mediated by endothelium-

derivedhyperpolarising factor2,3,24) in 6 out of 6 rat hepatic, 4 out of 4 ratmesenteric

and 5 out of 5 guinea-pig basilar arteries. c, Concentration±response curves for

anandamide after treatment with capsaicin (10 mM; ®lled circles), 8-37 CGRP

(2 mM; diamonds) for 30 min or vehicle (circles) in the different arteries (n � 5±8).

Figure 2 Release of CGRP from sensory nerves and effects of anandamide (AEA)

and CGRP on cAMP levels in the rat hepatic artery. a, The effect of 10 min

exposure to anandamide (10 mM) on CGRP release was measured in untreated

vessels (n � 11) and in vessels pretreated with capsaicin (Caps; 10 mM, n � 4),

followed by washout of capsaicin for 20 min, or incubated with capsazepine (CZ;

10 mM, 20 min, n � 5). Control refers to preparations exposed to vehicle (n � 6). b,

cAMP contents were measured after 5min in the absence (control) or presence

of either anandamide (AEA; 10 mM) or CGRP (10 nM) before and after pretreat-

ment with capsaicin as above (n � 6). *P , 0:05 compared to controls, ** P , 0:05

compared to anandamide alone. c, CGRP-like immunoreactive nerve ®bres were

observed in the adventitia. Bar, 40 mm.
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relaxation in bovine coronary artery20. However, this relaxation is
endothelium-dependent, in contrast to the vasodilator response to
anandamide in rat hepatic3 and mesenteric17 and guinea-pig basilar
(unpublished observations) arteries. Cyclo-oxygenase products can
be ruled out in this study, as indomethacin was present in all
experiments, and eicosatrienoic acids cannot relax rat hepatic23

and guinea-pig basilar24 arteries. Furthermore, arachidonic acid
(10 mM) and ethanolamine (10 mM) had no effect in these arteries
(Fig. 3a, b), whereas methanandamide, which is resistant to enzymatic
hydrolysis1, was at least as potent as anandamide as a vasodilator in rat
hepatic (methanandamide: pEC50 � 6:53 6 0:08, Emax � 97 6 1%;
n � 8; anandamide: pEC50 � 6:49 6 0:01, Emax � 100 6 1%;
n � 6) and mesenteric21 arteries. These ®ndings indicate that
anandamide itself is responsible for the vasodilator activity.

Capsaicin and other vanilloid compounds act by binding to
speci®c vanilloid receptors on primary sensory neurons. Molecular
studies have shown that the cloned vanilloid receptor (VR1) is a
calcium-permeable, non-selective cation channel that is gated by
noxious heat or extracellular protons8. In addition to these physio-
logical stimuli, VR1 might also be modulated by endogenous,
capsaicin-like substances, such as endocannabinoids or other
lipids. Olvanil (but not capsaicin) binds to both the anandamide
transporter and the CB1 receptor, indicating that capsaicin-like
compounds and endocannabinoids can indeed recognize the same
proteins22. VR1 is closely related to members of the transient
receptor potential (TRP) channel family8. Membrane-derived
second messengers, such as diacylglycerol or arachidonic acid,

can activate certain TRP-channel subtypes at micromolar
concentrations25,26. To determine whether anandamide interacts
with native vanilloid receptors, we examined the effect of capsaze-
pine, a competitive vanilloid receptor antagonist6,7, on the vasodi-
lator responses to anandamide, methanandamide and capsaicin. As
shown in rat hepatic and mesenteric and guinea-pig basilar arteries,
capsazepine signi®cantly inhibits the vasodilator effects of ananda-
mide and capsaicin (Fig. 4a). Capsazepine also suppresses the
anandamide-induced release of CGRP from capsaicin-sensitive
nerves (Fig. 2a). Further experiments on the rat hepatic artery
showed that capsazepine produces a rightward parallel shift of the
concentration±response curves for both capsaicin and methanan-
damide without affecting the maximal response, consistent with a
competitive mode of inhibition (Fig. 4b, c). The Schild plots for
capsazepine using capsaicin and methanandamide as agonists were
not signi®cantly different, and revealed pA2 values (mean 6 s:d:) of
6:24 6 0:14 and 6:34 6 0:06, respectively (Fig. 4d), strongly favour-
ing an identical site of action for these agonists.

To exclude the possibility that anandamide causes relaxation by
activating neuronal calcium channels, we examined the effects of
nimodipine and the q-conotoxins GVIA and MVIIC, inhibitors of
L-, N- and P/Q-type calcium channels27, on the vasodilator response
to anandamide in the rat hepatic artery. Neither q-conotoxin GVIA
(0.1 mM) plus MVIIC (0.1 mM) nor nimodipine (0.1 mM) in
combination with these toxins inhibited the anandamide-induced
vasodilation (control: pEC50 � 6:56 6 0:09, Emax � 98 6 1%,
n � 6; q-conotoxin GVIA and MVIIC: pEC50 � 6:58 6 0:08;

Figure 3 Relaxant effects of endogenous and synthetic cannabinoid receptor

agonists in rat hepatic and guinea-pig basilar arteries. a, b, Effects of the

endocannabinoids 2-arachidonylglycerol (2-AG) and palmitylethanolamide (PEA),

and arachidonic acid (AA) and ethanolamine (EA), which are breakdown

products of anandamide, in (a) rat hepatic and (b) guinea-pig basilar arteries

contracted with phenylephrine (PhE; 1±3 mM) or prostaglandin F2a (PG; 0.1±1 mM),

respectively. Anandamide (AEA; 10 mM) and capsaicin (Cap; 10 mM) completely

relaxed the vessels. Drug concentrations are given as -log molar concentrations.

Horizontal and vertical scale markers represent 2min and 2mN, respectively.

Dashed line indicates the basal tension level before addition of drugs. Each trace

was obtained from a different arterial segment. c, d, Among the synthetic

compounds tested (HU210, WIN55,212-2 and CP55,940), only CP55,940 caused

relaxation in (c) rat hepatic and (d) guinea-pig basilar arteries. In contrast to

anandamide, CP55,940 also relaxed arteries after treatment with capsaicin

(10 mM). Anandamide (10 mM) or capsaicin (10 mM) relaxed vessels exposed to

HU 210 and WIN 55,212-2. The number of experiments is shown in brackets.

*P , 0:05 compared to vehicle (0.2% ethanol).
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Emax � 99 6 1%, n � 6; nimodipine and q-conotoxin GVIA and
MVIIC: pEC50 � 6:31 6 0:02, Emax � 93 6 3%, n � 5). a-Latro-
toxin is a neurotoxin that causes neurotransmitter release after
binding to presynaptic nerve terminals28. The vasodilator response
to a-latrotoxin (1 nM) was unaffected by capsazepine (3 mM), but
abolished by CGRP 8-37 (2 mM) or capsaicin pretreatment in the rat
hepatic artery (control: 98 6 1%, n � 12; capsazepine: 93 6 2%;
n � 6; CGRP 8-37: 2 8 6 3%, n � 6; capsaicin: 2 16 6 8%,
n � 7). This indicates that capsazepine does not act through
depletion of neurotransmitters from sensory nerves. Furthermore,
capsazepine (3 mM) had no effect on the CGRP-induced relaxation
in rat hepatic (control: pEC50 � 9:46 6 0:01, Emax � 100 6 1%;
capsazepine: pEC50 � 9:39 6 0:04, Emax � 100 6 1%, n � 6),
mesenteric (control: pEC50 � 10:4 6 0:04, Emax � 99 6 1%; capsa-
zepine: pEC50 � 10:3 6 0:12, Emax � 99 6 1%, n � 4) and guinea-
pig basilar (control: pEC50 � 8:72 6 0:16, Emax � 98 6 1%; capsa-
zepine: pEC50 � 8:70 6 0:15, Emax � 99 6 1%, n � 4±5) arteries,
con®rming the speci®city of capsazepine.

To obtain direct evidence that anandamide interacts with vanil-
loid receptors, we examined the effects of anandamide and other
lipid messengers on the cloned VR1 channel. Whole-cell patch-
clamp recordings from VR1-transfected HEK293 cells showed
robust membrane currents when anandamide was applied by bath
perfusion (Fig. 5a, top left); such currents were not observed in
vector-transfected HEK293 cells (n � 5; data not shown). Similar
responses were seen with inside-out membrane patches excised
from VR1-expressing Xenopus oocytes (Fig. 5a, top, middle), but
not uninjected oocytes (n � 4; not shown). In each case, ananda-
mide elicited outwardly rectifying cationic currents characteristic of
VR1 (Fig. 5a, bottom). In VR1-transfected HEK293 cells, pEC50 for
anandamide was estimated as 5:31 6 0:06 (n � 13). Thus, anandamide

is at least as potent on VR1 as other lipid messengers on Drosophila
or mammalian TRP channels25,26. At a near maximal concentration
(10 mM), anandamide evoked a response similar to that obtained
with 100 nM capsaicin (Fig. 5b). Relative to capsaicin, the ef®cacy
of anandamide as a VR1 agonist was estimated as 30±50%.
Anandamide (10 mM) was unable to induce membrane currents
in HEK293 cells expressing cloned serotonin-gated (5-HT3R-A,
n � 6; data not shown) or ATP-gated (P2X2, n � 7; data not
shown) ion channels, whereas these transfected cells consistently
responded to 10 mM serotonin (current range, 0.5±2 nA) or 10 mM
ATP (current range, 4±7 nA), providing additional proof that
anandamide interacts speci®cally with VR1. The observation that
capsazepine completely and rapidly antagonized anandamide-
induced currents further supports this conclusion (Fig. 5b). In
VR1-expressing HEK293 cells, neither arachidonic acid nor

Figure 4 Effect of the vanilloid receptor antagonist capsazepine on relaxations

elicited by anandamide, methanandamide and capsaicin in rat and guinea-pig

arteries. a, Concentration±response curves for anandamide (n � 5±6) and cap-

saicin (n � 5±6) after incubation with capsazepine (3 mM) for 30 min (®lled circles)

or vehicle (open circles; 0.3% ethanol) in arteries contracted with phenylephrine

(PhE; 1±3 mM) or prostaglandin F2a (PG; 0.1-1 mM). b, c, Concentration±response

curves for capsaicin (n � 6) and methanandamide (MethAEA; n � 5±7) in the

absence (open circles) and presence of various concentrations of capsazepine

(0.5 mM, upward triangles; 0.8 mM, ®lled circles; 1.0 mM, diamonds; 1.6 mM,

squares; 3.2 mM, downward triangles) in rat hepatic arteries. d, Schild plots for

capsazepine, using capsaicin (open circles) or methanandamide (®lled circles)

as agonists. For clarity, the individual data points are summarized as

mean 6 s:e:m: (vertical lines; n � 5±8). The slopes of the regression lines for

capsaicin and methanandamide were (mean 6 s:d:) 2:12 6 0:36 and 2:41 6 0:32,

respectively.
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Figure 5 Anandamide activates the cloned vanilloid receptor (VR1). a, Patch-

clamp recordings from VR1-expressing HEK293 cells (top left, whole-cell

con®guration) or Xenopus oocytes (top middle, excised inside-out membrane

patch) show concentration-dependent responses to bath-applied anandamide

(plotted for VR1-transfected HEK293 cells, top right; n � 6±24). The curve ®t

revealed a Hill coef®cient for anandamide of 2:41 6 0:46, which is close to that

obtained for capsaicin in VR1-transfected Xenopus oocytes (2.08) (ref. 8). Cur-

rent±voltage relationships for responses in HEK293 cells or oocytes (bottom left

and right, respectively) showed pronounced outward recti®cation characteristic

of VR1 in the presence of anandamide (10 mM). Currents were generated by

stepping from a holding potential of -80 mV to the test potentials as indicated in

the ®gure. b, Relative responses of VR1 to capsaicin (n � 7) and anandamide

(AEA; n � 11) were determined by whole-cell patch-clamp analysis of VR1-

expressing HEK293 cells. Currents were normalized to an initial response to 100nM

capsaicin. Anandamide-evoked currents were inhibited by co-application of 3 mM

capsazepine (n � 8).c, VR1-expressingHEK293cells did not respond toarachidonic

acid (AA; n � 8) or palmitylethanolamide (PEA; n � 9), whereas small membrane

currents were elicited by 2-arachidonylglycerol (2-AG; n � 9).
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palmitylethanolamide evoked signi®cant inward current responses,
and 2-arachidonylglycerol elicited only a small current when
applied at a concentration of 30 mM (Fig. 5c). Diacylglycerol
activates human TRPC3 and TRPC6, but not rat VR1 channels26.
Together, these observations show that anandamide, but not all
lipids, can activate VR1.

Although capsaicin was a more potent agonist than anandamide
or methanandamide in all our test systems, the absolute potencies of
these compounds were always higher (3±30-fold) in the vascular
preparations than in VR1-expressing HEK293 cells and Xenopus
oocytes8,29. The reason for the difference in sensitivity to vanilloid
receptor agonists between these test systems is unclear, but obvious
possibilities are the presence in intact tissues of large receptor
reserves, effective cellular ampli®cation systems and/or potential
VR1 channel regulators, which are absent in heterologous
expression systems. Such differences may also account for the
observation that, although methanandamide and anandamide are
equally effective as vasodilators, methanandamide is only about 10% as
effective as anandamide in producing membrane currents in HEK293
cells expressing VR1 (data not shown).

Our ®ndings indicate that anandamide activates vanilloid recep-
tors on primary sensory neurons, and provide a likely molecular
mechanism for the non-CB1 receptor-mediated vasodilator action
of anandamide. This raises the possibility that anandamide and/or
structurally-related lipids act as endogenous vanilloid receptor
modulators and thereby participate in the regulation of the various
afferent (nociception, visceral re¯exes) and efferent (for example
local vasodilation and neurogenic in¯ammation) functions
subserved by capsaicin-sensitive sensory neurons. M
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Methods

Recordingof tension. Experiments were performed on hepatic (400 mm outer

diameter) and mesenteric (200 mm outer diameter) arteries from female

Wistar±Hannover rats (200±250 g) and on basilar arteries (300 mm outer

diameter) from male guinea-pigs (300 g). The arteries were cut into ring

segments and mounted in tissue baths containing aerated physiological salt

solution (5% CO2 and 95% O2; 37 8C; pH 7.4) as described3,24. We carried out

all experiments in the presence of NG-nitro-L-arginine (0.3 mM) and

indomethacin (10 mM) to eliminate any contribution of nitric oxide and

cyclooxygenase products, respectively. We studied relaxant responses in prepa-

rations contracted with phenylephrine (rat hepatic and mesenteric arteries) or

prostaglandin F2a (guinea-pig basilar artery)3,24. When stable contractions were

obtained, agonists were added cumulatively to determine concentration±

response relationships.

Measurements of CGRP and cyclic AMP. Segments of rat hepatic arteries were

equilibrated for 1 h in aerated physiological salt solution (5% CO2 and 95% O2;

37 8C; pH 7.4), containing NG-nitro-L-arginine (0.3 mM) and indomethacin

(10 mM). CGRP: preparations were transferred to eppendorff tubes, containing

physiological salt solution with the addition of 0.05% BSA and the test drugs. The

segments were removed after 5 min, and the solution in the test tubes was

evaporated. We determined the amount of CGRP in the pellet using rat 125I-CGRP

radioimmunoassay RIA kit (Peninsula labs). The amount of cyclic AMP after

5 min exposure to the test drugs was determined as described30.

Immunohistochemistry. Rat hepatic arteries were ®xed in 4% formaldehyde

for 4 h, rinsed in a phosphate buffer (pH 7.4) containing 15% sucrose for three

days and then frozen. Cryostat sections were cut at a thickness of 10 mm and

prepared for reaction with CGRP antiserum (EURO-DIAGNOSTICA, MalmoÈ,

Sweden) at 1:320 dilution for 24 h (room temperature). CGRP-like immuno-

reactivity was visualized after exposure to FITC-conjugated goat anti-guinea-

pig IgG (Sigma, USA) at 1:80 dilution for 90 min.

Patch-clamp. HEK293 cells were transfected with 0.5 mg VR1 cDNA, using

lipofectamine (Gibco), and plated on glass coverslips 24±72 h before analysis.

Xenopus oocytes were prepared as described8 and injected with 2.5 ng of VR1

cRNA. Standard bath solution for all recordings contained (in mM): 10 Tris,

150 CsCl, 1 MgCl2, 1 EGTA, pH 7.4. For oocyte patch recording, this solution

was also included in the pipette, whereas for whole-cell recording from

HEK293 cells, the pipette contained a 0.9 times dilution of this solution. For

all continuous recordings, the membrane was held at -40 mV. All experiments

were done at room temperature. Drugs were prepared as ethanol stocks and

diluted with bath solution, containing 0.2 mM beta-cyclodextrin, and this

solution was bath sonicated for 5 min in ice water before use. Agonist washout

was achieved with bath solution, containing 0.2 mM beta-cyclodextrin.

Calculations and statistics. Relaxations are expressed as percentage reversal

of the agonist-induced contraction (100% indicates a complete relaxation). We

calculated drug concentrations eliciting 50% (EC50) and maximal (Emax)

relaxation as described24. Data are presented as means 6 s:e:m: (vertical lines in

Figures), and n indicates the number of vascular segments (animals) or cells

examined. pA2 and slope values of the Schild plots were estimated according to

the Jackknife method. Statistical analysis was performed by using Student's t-

test, Mann±Whitney U-test or analysis of variance (ANOVA), followed by

Bonferroni Dunn's post hoc test (Statview 4.12). Cyclic AMP values were log

transformed. Statistical signi®cance was accepted when P , 0:05.

Drugs. Anandamide, R(+)-methanandamide, 2-arachidonylglycerol,

WIN 55,212-2 (RBI); HU 210, CP 55,940 (Tocris); palmitylethanolamide

(Biomol); capsaicin, capsazepine (Fluka); SR141716A (Sanophi Winthrop);

arachidonic acid (Sigma) were all dissolved in ethanol. Distilled water was used

as solvent for acetylcholine chloride, L-phenylephrine hydrochloride, NG-nitro-

L-arginine, human 8-37 CGRP, ethanolamine hydrochloride (Sigma); human

a-CGRP (Peninsula); a-latrotoxin, q-conotoxins GVIA and MVIIC (Alo-

mone); prostaglandin F2a (Upjohn); indomethacin (Confortid, Dumex).

Nimodipine (Nimotop, Bayer) was diluted with saline.
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Neurotransmitter release at synapses between nerve cells is
mediated by calcium-triggered exocytotic fusion of synaptic
vesicles1. Before fusion, vesicles dock at the presynaptic release
site where they mature to a fusion-competent state1,2. Here we
identify Munc13-1, a brain-speci®c presynaptic phorbol ester
receptor3,4, as an essential protein for synaptic vesicle maturation.
We show that glutamatergic hippocampal neurons from mice
lacking Munc13-1 form ultrastructurally normal synapses whose
synaptic-vesicle cycle is arrested at the maturation step. Trans-
mitter release from mutant synapses cannot be triggered by action
potentials, calcium-ionophores or hypertonic sucrose solution. In
contrast, release evoked by a-latrotoxin is indistinguishable from
wild-type controls, indicating that the toxin can bypass Munc13-
1-mediated vesicle maturation. A small subpopulation of synapses
of any given glutamatergic neuron as well as all synapses of GABA
(g-aminobutyric acid)-containing neurons are unaffected by
Munc13-1 loss, demonstrating the existence of multiple and
transmitter-speci®c synaptic vesicle maturation processes in synapses.

Deletion mutations in the mouse gene for Munc13-1 were
generated by homologous recombination in embryonic stem cells.
Munc13-1-de®cient mice do not feed and are distinguishable from
wild-type animals shortly after birth by a lack of milk in their
stomachs, weakness and reduced breathing rate. Mutant mice die
within a few hours of birth. Anatomical and morphological analyses
of newborn offspring from heterozygous interbreedings showed
that the overall structure and cytoarchitecture of mutant brains and
the distribution of synaptic markers (synaptotagmin, synapsin)
were indistinguishable from those of wild-type controls (data not
shown). Immunoblotting of brains from newborn littermates
showed that, in addition to Munc13-1, which was completely
absent in mutant mice, 4 out of 35 pre- and postsynaptic proteins

tested showed small changes (complexin I, 82 6 8%; Rab3A,
76 6 9%; Munc13-1-interactor syntaxin IA/B, 85 6 5%; synapto-
brevin/VAMP II, 128 6 6% of wild-type control). In contrast, the
levels of other Munc13 isoforms (Munc13-2 and Munc13-3) were
not changed in mutant brains (see Supplementary Information).

To determine the role of Munc13-1 in synaptic transmission, we
performed electrophysiological analyses of cultured hippocampal
neurons from newborn pups. Routinely, recordings were done on
single hippocampal neurons that were cultured on microdot islands
where they form recurrent (autaptic) synapses onto themselves.
Cultures obtained from wild-type and mutant hippocampi did not
differ in overall morphology and cell density. However, whole-cell
patch-clamp analysis revealed a marked phenotypical change in
Munc13-1-de®cient cultures. Although wild-type and heterozygous
hippocampal neurons showed similar robust excitatory postsynap-
tic responses upon evoked release (1:43 6 0:43 nA for +/+, n � 50;
1:58 6 0:25 nA for +/-, n � 48), synaptic responses in mutant
cells were reduced by more than 90% (0:11 6 0:01 nA, n � 134;
Fig. 1a, c). This was not due to a change in the density of voltage-
gated conductances, as mutant cells generated normal action
potentials in response to current injections, and their sodium,
potassium and calcium current densities were not signi®cantly
different from normal (not shown). Inhibitory GABA-mediated
transmission measured in cells from the same cultures appeared to
be unaffected by the lack of Munc13-1 (1:93 6 0:56 nA in +/+,
n � 11; 1:91 6 0:19 nA in +/-, n � 59; versus 1:85 6 0:14 nA in -/-,
n � 74; Fig. 1b, c). To test whether the abnormalities in gluta-
matergic transmission in Munc13-1-de®cient cells are caused by a
selective de®ciency in, or lack of, voltage-gated calcium channels in
mutant synapses, we used the calcium ionophore calcimycin to
bypass presynaptic voltage-gated calcium channels. In wild-type
neurons, addition of calcimycin triggered robust miniature excita-
tory postsynaptic current (mEPSC) bursts (postsynaptic peak
amplitude 0:374 6 0:083 nA, n � 7) that were abolished by the
glutamate receptor blocker NBQX (2,3-dihydroxy-6-nitro-7-
sulphamoylbenzene quinoxaline). In contrast, Munc13-1-de®cient
cells responded weakly (0:017 6 0:007 nA, n � 9) (Fig. 1d, e),
showing that changes in calcium in¯ux cannot explain the mutant
phenotype. The observed speci®c reduction in glutamatergic trans-
mission was not due to loss of synapses, as the density of total
synaptic contacts (not shown) and the density of glutamatergic
synapses were not altered by the mutation (Fig. 1f).

Given that synapses form at normal densities in Munc13-1-
de®cient neuronal cultures (Fig. 1f) and that mutant neurons
generate normal action potentials, the marked and speci®c reduc-
tion in evoked excitatory synaptic responses resulting from loss of
Munc13-1 could be caused by either a defect in the presynaptic
release machinery, or an alteration in postsynaptic sensitivity. From
the following results, we conclude that the postsynaptic glutamate-
receptor sensitivity of hippocampal neurons was not affected by the
Munc13-1 mutation: mEPSC amplitudes and their probability
density were not changed in mutant cells as compared to wild-type
controls (14:6 6 1:2 pA, n � 465, ®ve -/- cells versus 15:1 6 1:5 pA,
n � 523, ®ve +/+ cells), and responses to exogenous application of
glutamatergic agonists were identical in mutant and wild-type
neurons. Responses evoked by 30 mM kainate resulted in inward
currents of 1:47 6 0:4 nA (n � 6) and 1:87 6 0:69 nA (n � 6) for
wild-type and -/- neurons, respectively. NMDA (N-methyl-D-
aspartate) responses (10 mM) were 2:02 6 0:31 nA (wild type,
n � 5) versus 1:75 6 0:23 (-/-, n � 12). Furthermore, expression
of the postsynaptic NMDA receptor isoform NMDA R1 was not
altered in Munc13-1 mutant brains (see Supplementary Information).

Because mutant neurons showed normal action potentials and
postsynaptic sensitivity, and because Munc13-1 is speci®cally local-
ized to presynaptic active zones in rat hippocampus4, presynaptic
mechanisms are the most likely cause for the aberrant phenotype of
Munc13-1-de®cient neurons. In principle, these mechanisms


