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Electron microscopy
Electron microscopy and immunoelectron microscopy were performed as described29,30.
For electronmicroscopy, cell samples were fixed in 1.5% glutaraldehyde for 2 h. For
immunoelectron microscopy, cells were fixed with 0.1% glutaraldelyde for 10 min.

Reverse transcription-polymerase chain reaction (RT-PCR)
After four days culture of Flk1+ cells with 10% FCS, cells (Fig. 1b) were used as a source of
SMA+ RNA. Total RNAwas prepared with TRIzol reagent (Life Technologies, Inc.), reverse
transcribed by oligo (dT) priming and PowerScript-Reverse Transcriptase (CLONTECH
Laboratories), and PCR was performed with the following primers: SMA forward: 59-AC
GGCCGCCTCCTCTTCCTC-39, reverse 59-GCCCAGCTTCGTCGTATTCC-39, smooth
muscle myosin heavy chain forward: 59-GACAACTCCTCTCGCTTTGG-39, reverse: 59-
GCTCTCCAAAAGCAGGTCAC-39, h1-calponin forward: 59-GATACGAATTCAGAGGG
TGCAGACGGAGGCTC-39, reverse: 59-GATACAAGCTTTCAATCCACTCTCTCAG
CTCC-39, SM22a forward: 59-GCAGTCCAAAATTGAGAAGA-39, reverse: 59-
CTGTTGCTGCCCATTTGAAG-39.

Chick/mouse chimaeric assay
CCE/nLacZ cells were generated by cotransfection of elongation factor 1 promoter-driven
LacZ gene with nuclear localization signal (T. Kunisada) and murine phosphoglycerate
kinase 1 promoter-driven puromycin resistant gene constructs and selection by 2 mg ml−1

puromycin. We injected 1–2 3 105 Flk1+ cells in 2–4 ml of phosphate buffered saline (PBS)
into hearts of stage 16–17 chick embryos with glass needles. Embryos were killed 2–3 days
after injection and fixed with 2% paraformaldehyde at 4 8C for 10 min. A X-gal analogue,
magenta gal (Nakarai), was used as substrate for whole-mount staining; stained embryos
were frozen in OCT, crysosectioned at 6–7 mm and stained for PECAM1 or SMA.
PECAM1 staining was performed using TSA Indirect, tyramide signal amplification
reagent (NEN Life Science Products).
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Smoking marijuana or administration of its main active consti-
tuent, D9-tetrahydrocannabinol (D9-THC), may exert potent
dilating effects on human airways1–4. But the physiological sig-
nificance of this observation and its potential therapeutic value
are obscured by the fact that some asthmatic patients respond
to these compounds with a paradoxical bronchospasm3,5. The
mechanisms underlying these contrasting responses remain
unresolved. Here we show that the endogenous cannabinoid
anandamide exerts dual effects on bronchial responsiveness in
rodents: it strongly inhibits bronchospasm and cough evoked by
the chemical irritant, capsaicin, but causes bronchospasm when
the constricting tone exerted by the vagus nerve is removed. Both
effects are mediated through peripheral CB1 cannabinoid recep-
tors found on axon terminals of airway nerves. Biochemical

© 2000 Macmillan Magazines Ltd



letters to nature

NATURE | VOL 408 | 2 NOVEMBER 2000 | www.nature.com 97

analyses indicate that anandamide is synthesized in lung tissue on
calcium-ion stimulation, suggesting that locally generated ana-
ndamide participates in the intrinsic control of airway respon-
siveness. In support of this conclusion, the CB1 antagonist
SR141716A enhances capsaicin-evoked bronchospasm and
cough. Our results may account for the contrasting bronchial
actions of cannabis-like drugs in humans, and provide a frame-
work for the development of more selective cannabinoid-based
agents for the treatment of respiratory pathologies.

To explore the functional roles of the cannabinoid system in
airway physiology, we investigated the effects of the endogenous
cannabinoid, anandamide6,7, on the responsiveness of bronchial
smooth muscle. Administration of capsaicin, the pungent compo-
nent of chilli pepper8, produces a potent bronchoconstriction in
anaesthetized guinea pigs (Fig. 1a) or rats (in mg per animal,
intratracheal: 10, 41 6 6% of maximal brochospasm; 30,
55 6 12%; 100, 81 6 19; means 6 s:e:m:, n ¼ 3). This response,
which has been extensively studied both in animals and humans, is
thought to result from the activation of capsaicin (or ‘vanilloid’)
receptors on sensory C-fibres9. Accordingly, the constricting effects
of capsaicin were blocked by the vanilloid antagonist capsazepine
(Fig. 1a). When administered systemically before capsaicin, anan-
damide produced a dose-dependent attenuation of bronchospasm
in guinea-pigs (Fig. 1b) and rats (capsaicin, 10 mg per animal,
intratracheal: 37:2 6 4:2% of maximal bronchospasm; capsaicin
after anandamide, 1 mg per kg intravenous (i.v.), 14 6 7%, n ¼ 3).
This effect was completely reversed by the selective CB1 cannabi-
noid antagonist SR141716A (ref. 10) but only slightly reduced with
a maximal dose of the CB2 antagonist SR144528 (ref. 11) (Fig. 1b
and data not shown). Palmitylethanolamide, a structural analogue
of anandamide that inhibits nociception in mice, but does not
interact with CB1 receptors12, was ineffective at alleviating capsai-
cin-evoked bronchospasm (data not shown). When given as an
aerosol to conscious guinea-pigs, capsaicin stimulates C-fibre
activity in the upper respiratory tract and triggers coughing13,14.
Systemic or aerosolized anandamide reduced capsaicin-evoked
coughing, an effect that was cancelled by CB1 receptor blockade
(Fig. 1c).

Anandamide had no direct bronchomotor action, except at
the highest dose tested (5 mg per kg), at which the compound
elicited a small bronchoconstriction (11:8 6 5:9% of maximal;
mean 6 s:e:m:, n ¼ 5). To investigate this response further, we
examined the effects of anandamide in anesthetized rodents that
were deprived of the bronchoconstricting tone conferred by the
vagus nerve9. After vagotomy and atropine administration, which
eliminate vagal influences, systemic application of anandamide
produced a dose-dependent bronchoconstriction in guinea pigs
(Fig. 2a) and rats (in mg per kg i.v.: 1, 0 6 0% of maximal bronch-

ospasm; 3, 12 6 1:7%, 5, 18:3 6 1:2%; n ¼ 3). Similar effects were
observed when anandamide was injected into the guinea-pig
bronchi through a tracheal catheter (Fig. 2b), or applied to isolated
strips of guinea-pig lung parenchyma (Fig. 2c–e). The slow onset of
the anandamide response in strips of guinea-pig lung is consistent
with results obtained in other isolated tissues6; the low potency of
anandamide in this preparation may be accounted for by limited
tissue penetration and/or rapid inactivation. In agreement with this
possibility, the anandamide transport inhibitor AM404 enhanced
anandamide-evoked contractions in isolated strips of guinea-pig
lung (anandamide, 50 mM, 0:336 6 0:07 dyne mg 2 1 of tissue;
anandamide plus AM404, 28 mM, 0:638 6 0:06 dyne mg 2 1 of
tissue; P , 0:05, n ¼ 6). The CB1 antagonist SR141716A blocked
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Figure 1 Anandamide inhibits bronchospasm and coughing in guinea-pigs by activating
peripheral CB1 receptors. a, Constricting effect of capsaicin (Caps, mg per kg i.v.) on
guinea pig bronchial smooth muscle and its antagonism by capsazepine (Cpz,
0.2 mg per kg i.v.). b, Inhibitory effects of anandamide (AEA, mg per kg i.v.) on capsaicin-
evoked (30 mg per kg) bronchospasm in the absence or presence of the CB1 antagonist

SR141716A (SR1, 0.5 mg per kg i.v.) or the CB2 antagonist SR144528 (SR2,
0.3 mg per kg i.v.). c, Inhibition of capsaicin-evoked cough by anandamide in the absence
or presence of SR141716A (0.5 mg per kg i.v.) or SR144528 (0.3 mg per kg i.v.). Asterisk,
P , 0:01 (n ¼ 3 for each condition).
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Figure 2 Anandamide causes bronchoconstriction in vagotomized, atropine-treated
guinea pigs by activating peripheral CB1 receptors. a, Effects of anandamide (AEA,
mg per kg i.v.) in the presence or absence of the CB1 antagonist SR141716A (SR1,
0.2 mg per kg i.v.) (n ¼ 6 for each condition). b, Effects of anandamide (5–30 mg per
animal, intratracheal) in the absence or presence of SR141716A (SR1, 0.3 mg per kg i.v.)
(n ¼ 6). c, Representative tracing illustrating the effect of anandamide (100 mM) on
muscle tension in guinea pig parenchyma strips and its reversal by the CB1 antagonist
SR141716A (1 mM). d, Response of the same lung strip to histamine (His, 10 mM).
e, Contractions of lung parenchyma by anandamide (mM) and antagonism by SR141716A
(1 mM) (n ¼ 6). Asterisk, P , 0:01.
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anandamide bronchoconstriction in vivo and in vitro (Fig. 2a–e),
whereas the CB2 antagonist SR144528 had no effect (data not
shown). The cannabinoid agonist HU210 was also potent at elicit-
ing guinea pig bronchial muscle constriction after tracheal
administration (in mg per animal: 10:0 6 0:6% of maximal bronch-
ospasm; 1, 30 6 1:2%; 10, 60 6 2:2%; 30, 100%; n ¼ 6). Ananda-
mide has been claimed to activate vanilloid receptors15. However,
the vanilloid antagonist capsazepine had no effect on anandamide-
evoked bronchospasm at a dose that completely prevented the
capsaicin response (0.2 mg per kg i.v.) (data not shown). These
results indicate that removing the vagal excitatory tone unmasked
a bronchoconstricting activity of anandamide mediated through
CB1 receptors.

The ability of anandamide to influence bronchial muscle con-
tractility after local administration suggests that this compound
may exert its effects by activating CB1 receptors located within the
airways. To test this possibility, we examined the ultrastructural
localization of CB1 receptors in rat lungs by electron microscopy,
using an antibody directed against the intracellular carboxy termi-
nus of the CB1 receptor protein. Immunogold staining revealed that
CB1 receptors are present on nerve fibres distributed among
bronchial and bronchiolar smooth muscle cells (Fig. 3a–c), or
between the longitudinal and circular smooth muscle layers,
where several axons are packed together into glial capsules
(Fig. 3d, e). All bundles contained at least one CB1-receptor-

positive axon. Detailed evaluation (20 bundles consisting of 91
axons followed through at least 25 consecutive sections) revealed
that 36% of the axons were labelled with the CB1 receptor antibody.
The gold particles that labelled CB1 receptors were attached to the
inner surface of the axon plasma membrane, either at the release site
or in the preterminal segments. This is consistent with the fact that
the antibody we used recognizes the intracellular C terminus of the
CB1 receptor protein. Axon terminals bearing CB1 receptor immu-
noreactivity were in close proximity to smooth muscle cells (0.2–
0.5 mm), and contained a large number of small agranular vesicles,
along with few dense-core vesicles (Fig. 3a, b). In some cases, CB1
receptor immunoreactivity was adjacent to clusters of vesicles
accumulated at the plasma membrane, which most probably
represent neurotransmitter release sites (Fig. 3c). Next, to determine
whether CB1 receptors are localized on noradrenaline-containing
and/or non-noradrenaline-containing fibres, we used a combina-
tion of immunogold staining for CB1 receptors, and immunoper-
oxidase staining for neuropeptide Y (NPY), a co-transmitter in
sympathetic neurons9. We found that 63% of NPY-bearing axons
were also CB1-receptor-positive (Fig. 3f, g). Notably, however,
extensive labelling was observed on many NPY-negative axons
(data not shown), suggesting that both noradrenaline-containing
and/or non-noradrenaline-containing nerves may express CB1
receptors.

The finding that CB1 receptors are found predominantly, if not
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Figure 3 Localization of CB1 receptors on axon terminals and preterminal segments in rat
lungs. a, b, CB1 receptor labelling is indicated by thin arrows on sections of bronchiole
axon terminals. Axon terminals (at) containing small electron-translucent and large
dense-core vesicles (thick arrow) are embedded in the collagen matrix and are
surrounded by bronchial smooth muscle cells (bsm). c, CB1 receptor labelling close to

putative neurotransmitter release sites (arrowhead). d, e, Several axon terminals packed
together into glial capsules in the adventitia. f, g, Co-localization of CB1 receptor and NPY.
CB1 receptor labelling appears on axon terminal membranes (a1 and a2) displaying
electron-dense NPY immunoreactivity. N, nucleus of a putative Schwann cell. Scale bars,
0.2 mm (scales in b and e are the same as in a and d, respectively).
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exclusively, on axon terminals of airway nerves indicates that
anandamide may regulate bronchial smooth muscle tone through
a prejunctional mechanism. Inhibition of excitatory neurotrans-
mission in the airways may provide a parsimonious explanation for
the ability of anandamide to oppose capsaicin-evoked bronchos-
pasm and cough. This interpretation is further supported by the
ability of anandamide and other cannabinoid agonists to inhibit
neurotransmitter release in both peripheral tissues16–18 and the
central nervous system19. The mechanism underlying the constrict-
ing actions of anandamide in animals lacking acetylcholine-
mediated control is currently unknown. One possibility, which is
consistent with the co-localization of CB1 receptors with NPY, is
that anandamide inhibits the release of a bronchodilating mediator.
Alternatively, anandamide may interact with CB1 receptors on
smooth muscle. Our failure to detect CB1 receptor immunoreac-
tivity in lung smooth muscle may have been caused by insufficient
sensitivity of our technique, or by the presence in smooth muscle of
a receptor variant that is not recognized by our antibody. Interest-
ingly, northern blot analyses suggest that alveolar type II cells in the
lung may express two different CB1 receptor messenger RNA
species20.

To test the possibility that endogenous cannabinoids regulate
airway responsiveness, we determined the intrinsic effects of CB1
and CB2 antagonists on bronchospasm and cough in guinea-pigs.
CB1 receptor blockade with SR141716A had no bronchomotor
consequences per se, but significantly enhanced the bronchocon-
striction and coughing evoked by capsaicin administered through a
tracheal catheter (Fig. 4a, b), even in the presence of anandamide
(Fig. 1b, c). This response did not depend on the capsaicin
administration route, as it was also seen after i.v. injection of the
drug (30 mg per kg capsaicin alone, 55:3 6 8:2% of maximal
bronchospasm; capsaicin after SR141716 (0.5 mg per kg i.v.),
92:3 6 3:4%; P , 0:05, n ¼ 3). The CB2 antagonist SR144528
had no effect on capsaicin-induced bronchoconstriction and
cough (data not shown).

Although the bronchomotor actions of the CB1 antagonist may
be accounted for by its inverse agonist properties21, evidence
suggests that this drug acted by opposing an ongoing cannabinoid
modulation. First, the lack of effect seen with the CB1 antagonist in
the absence of capsaicin is incompatible with an inverse agonist
behaviour. Second, analyses by high-performance liquid chromato-
graphy (HPLC) coupled to positive-ionization electrospray mass
spectrometry (MS) revealed that anandamide is synthesized in rat
lung tissue through a Ca2+-ion-activated mechanism (Fig. 5). Rat

lung membranes produced on average 0:6 6 0:2 pmol of anan-
damide per mg of protein in the presence of the Ca2+ chelator
EGTA (1 mM); and 1:6 6 0:2 pmol of anandamide per mg of
protein in the presence of Ca2+ (3 mM) (mean 6 s:e:m:, n ¼ 4;
P , 0:05 between EGTA and Ca2+; Student’s t-test) (Fig. 5, inset).
Guinea-pig lung membranes produced 0:9 6 0:3 pmol of ananda-
mide per mg of protein in the presence of EGTA; and 8:8 6 1:2 pmol
of anandamide per mg of protein in the presence of Ca2+ (n ¼ 4;
P , 0:0001; Student’s t-test).

Anandamide is thought to originate from the enzymatic cleavage
of N-arachidonyl phosphatidylethanolamine (NAPE), the bio-
synthesis of which is catalysed by a Ca2+-dependent N-acyltransfer-
ase activity7,22,23. Using negative ionization electrospray HPLC/MS,
we identified two molecular species of NAPE in lipid extracts of
rat lung membranes: alk-1-palmitoenyl-2-arachidonyl-sn-glycero-
phosphoethanolamine-N-arachidonyl (NAPE 1; Fig. 6a) and alk-
1-stearyl-2-arachidonyl-sn-glycero-phosphoethanolamine-N-ara-
chidonyl (NAPE 2; Fig. 6a). Identifications were based (1) on the
occurrence of deprotonated molecules of appropriate mass (NAPE
1: mass-to-charge ratio (m/z) 1009; and NAPE 2, m/z 1039); and (2)
on the chromatographic behaviour of these components, which was
similar to that of synthetic NAPE (Fig. 6b; see Methods). NAPE 1
and NAPE 2 were synthesized by rat lung membranes in a Ca2+-
dependent manner. The membranes produced 1:5 6 0:02 pmol of
NAPE 1 and undetectable levels in NAPE 2 when incubated with
EGTA (1 mM); and 4:4 6 0:5 pmol of NAPE 1 and 3:1 6 0:6 pmol
of NAPE 2 when incubated with Ca2+ (3 mM) (n ¼ 4; P , 0:05
between EGTA and Ca2+) (Fig. 6b, insets). Guinea pig lung mem-
branes also produced NAPE 1 and NAPE 2 in a Ca2+-dependent
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internal standard. The inset in a illustrates the effects of EGTA (1 mM) or Ca2+ (3 mM) on
anandamide biosynthesis in rat lung membranes. Ca2+ significantly stimulated ananda-
mide formation (mean 6 s.e.m.; asterisk, P , 0:05, n ¼ 4).
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manner (data not shown). The presence in rodent lungs of a
Ca2+-activated mechanism for the biosynthesis of anandamide and
its phospholipid precursor supports a role for this endogenous
cannabinoid in airway modulation.

Our results indicate that activation of CB1 receptors by locally
released anandamide may participate in the control of bronchial
contractility. How anandamide exerts such control may depend,
however, on the state of the bronchial muscle. When the muscle is
contracted, as during capsaicin-evoked bronchospasm, ananda-
mide may counteract this contraction, possibly by inhibiting the
prejunctional release of excitatory neurotransmitters and neuro-
peptides. In contrast, when the smooth muscle is relaxed, as seen
after removal of the constricting influence of the vagus nerve,
anandamide may cause bronchoconstriction. These state-depen-
dent effects may account for the variable bronchomotor actions of
acutely administered cannabis-like agents in humans, and might
contribute to the long-term toxicity associated with cannabis
smoking24. Furthermore, the existence of an intrinsic cannabis-
mediated control of airway function may open perspectives for
the development of new antitussive and anti-asthmatic agents.
For example, drugs targeting the mechanisms of anandamide

inactivation25 may exert more selective pharmacological effects on
bronchial responsiveness than those elicited by direct-acting CB1
agonists. M

Methods
Chemicals
Anandamide and [2H]anandamide were synthesized following standard procedures; 1-
palmityl-2-oleyl-sn-glycero-phosphoethanolamine-N-arachidonyl and 1,2-dioleyl-sn-
glycero-phosphoethanolamine-N-oleyl were purchased from avanti Polar Lipids
(Alabaster, AL); SR144528 (N-[(1S)-endo-1,3,3-trimethyl bicyclo [2.2.1] heptan-2-yl]-5-
(4-chloro-3-methylphenyl)-1-(4-methylbenzyl)-pyrazole-3-carboxamide) was a gener-
ous gift from Sanofi Recherche (Montpellier, France); SR141716A ([N-(piperidin-1-yl)-5-
(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide-HCl)
was provided by RBI (Natick, MA) as part of the Chemical Synthesis Program of the
NIMH (N01MH30003); all other drugs were from Tocris (Ballwin, MO) or Sigma (Saint
Louis, MO). The drugs were dissolved in dimethylsulphoxide (DMSO), and administered
in physiological saline containing 10% DMSO.

Biological assays
For bronchospasm, we anaesthetized Dunkin-Hartley guinea-pigs (Charles-River,
weighing 200–400 g) or Wistar rats (Charles-River, weighing 200–300 g) with pentobar-
bital (40 mg per kg intraperitoneal (i.p.)) and fentanyl (25 mg per kg intramuscular),
catheterized the trachea and carotid artery to measure airway obstruction and systemic
blood pressure, and catheterized the jugular vein to administer drugs. Pancuronium
bromide (4 mg per kg i.v.) was administered to prevent spontaneous breathing. The
animals were ventilated with room air using a rodent ventilator (U. Basile, Comerio, Italy)
run at 60 strokes min−1; stroke volume was 3–7 ml. Airway resistance was measured by
using a differential pressure transducer (U. Basile) connected by the side-arm of the
tracheal catheter to a bronchospasm transducer. Bronchospasm was expressed as a per cent
of the maximal response, which was determined by clamping the tracheal catheter before
and after each experiment. Drugs were dissolved in saline containing 10% DMSO, and
injected through the jugular vein; responses were evaluated at their peak. Arterial blood
pressure was measured continuously with a pressure transducer connected to a recorder
(U. Basile). To abolish vagal influences on bronchial musculature, in some experiments we
bilaterally transected the vagus nerves and administered atropine sulphate (2 mg per kg
i.v.). Anandamide was administered 15 min before capsaicin; the antagonists were given
15 min before anandamide.

For coughing, we individually exposed conscious guinea-pigs to aerosolized capsaicin
(0.3 mM) for 4 min while recording coughs by using a microphone placed in the exposure
chamber26. Each animal was treated only once with capsaicin. Anandamide was admi-
nistered either systemically (i.p. 30 min before capsaicin) or locally (by aerosol,
10 mg per ml, 15 min before capsaicin). Aerosols were prepared with an Air Lister Basic
apparatus (Hatù, Italy), regulated at an emission flow rate of 6 l min−1. For isolated lung
strips, guinea-pig parenchymal strips were prepared essentially as described27. The strips
were placed in 10-ml organ baths containing Krebs’ buffer (in mM: NaCl, 118; KCl, 4;
K2HPO4, 1.2; MgSO4, 1.2; CaCl2, 2.5; NaHCO3, 25.0; glucose, 11.2; supplemented with
7 mM atropine sulphate and 15 mM indomethacin) at 37 8C and aerated with an oxygen/
carbon dioxide mixture (95/5%). Muscle contractions were recorded with an isometric
force transducer (U. Basile) and are expressed in dyne per mg of fresh tissue.

Electron microscopy
The lungs were removed from three rats perfused with a phosphate-buffered (0.1 M)
fixative containing 4% paraformaldehyde, 0.2% picric acid and 0.05% glutaraldehyde, and
were further fixed for 24 h. We carried out immunohistochemical analyses as described19.
Rabbit C-terminal anti-CB1 and anti-NPY antibodies were used at 1:5,000 and 1:20,000
dilution, respectively. The specificity of the NPY antibody was reported previously28; the
specificity of the CB1 antibody has been verified in several ways, including staining of CB1
knockout mice, and will be detailed elsewhere (N. Hájos, I. K., C. Ledent, K. M. and T. F. F.,
manuscript in preparation).

Membrane preparation and lipid extraction
Lung particulate fractions were prepared as described29. We carried out incubations for 1 h
at 37 8C in Tris buffer (50 mM, pH 7.4) containing CaCl2 (3 mM) or EGTA (1 mM) and
2 mg ml−1 of membrane protein. Reactions were stopped by adding cold methanol, and the
lipids were extracted with chloroform. Before HPLC/MS analysis, we fractionated
anandamide and NAPE by silica gel column chromatography23.

HPLC/MS
Anandamide was identified and quantified by reversed-phase HPLC coupled to positive
ionization electrospray MS, by using an isotope-dilution method as described30. We
purified NAPE species by reversed-phase HPLC on a C18 Bondapak column
(300 3 3:9 mm internal diameter 5 mm) (Waters) maintained at 20 8C and interfaced with
an Agilent HP1100 model mass spectrometer. HPLC conditions consisted of a linear
gradient of methanol in water (from 75 to 100% methanol in 30 min) with a flow rate of
1 ml min−1. Under these conditions, different NAPE species were eluted from the column
as a group of peaks at retention times comprising 27–29 min. MS analyses were performed
with the electrospray ion source set in the negative ionization mode; the Vcap set at 5 kV;
and the fragmentor voltage set at 200 V. Nitrogen was used as a drying gas at a flow rate of

15 20 25 30 35 40
Time (min)

15 20 25 30 35 40

0

2.5

5

7.5

10

p
m

ol m
g

–1
p

m
ol m

g
–1

EGTA Ca2+

EGTA Ca2+
0

1

2

3

4

O

O

O

O P O NH

O

O

O

O

a

O

O P O NH

b

6

2

10

14

0

0

2

4

6Io
n 

cu
rr

en
t 

(×
10

3 )

*

*

Figure 6 Ca2+-dependent biosynthesis of anandamide precursors in rat lung.
a, Structures of alk-1-palmitoenyl-2-arachidonyl-sn-glycero-phosphoethanolamine-N-
arachidonyl (top panel, NAPE 1) and alk-1-stearyl-2-arachidonyl-sn-glycero-phos-
phoethanolamine-N-arachidonyl (bottom panel, NAPE 2), two anandamide precursors.
b, Representative HPLC/MS tracings for selected ions characteristic of NAPE 1 (top panel,
m=z ¼ 1009, deprotonated molecule, ½M 2 Hÿ2 ) and NAPE 2 (bottom panel,
m=z ¼ 1039, ½M 2 Hÿ2 ). The insets show that biosynthesis of NAPE 1 (top panel) and
NAPE 2 (bottom panel) was significantly stimulated by Ca2+ (3 mM) (mean 6 s.e.m.;
asterisk, P , 0:05, n ¼ 4).
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12 l min−1. The drying gas temperature was set at 350 8C, and the nebulizer pressure at
30 PSI. For quantitative purposes, we extracted diagnostic ions (deprotonated molecules,
½M 2 Hÿ2 ) from full scan data and quantified them by comparison with an external
standard (1-palmityl-2-oleyl-sn-glycero-phosphoethanolamine-N-arachidonyl, Avanti
Polar Lipids). NAPE 2 was eluted from the column as a doublet, and the areas under both
peaks were combined for quantification.

Data analysis
Results are expressed as means 6 s:e:m: The significance of differences among groups was
evaluated using Student’s t-test or analysis of variance followed by Dunnett’s test.
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A growing number of human neurodegenerative diseases result
from the expansion of a glutamine repeat in the protein that
causes the disease1. Spinocerebellar ataxia type 1 (SCA1) is one
such disease—caused by expansion of a polyglutamine tract in the
protein ataxin-1. To elucidate the genetic pathways and molecular
mechanisms underlying neuronal degeneration in this group of
diseases, we have created a model system for SCA1 by expressing
the full-length human SCA1 gene in Drosophila. Here we show
that high levels of wild-type ataxin-1 can cause degenerative
phenotypes similar to those caused by the expanded protein. We
conducted genetic screens to identify genes that modify SCA1-
induced neurodegeneration. Several modifiers highlight the role
of protein folding and protein clearance in the development of
SCA1. Furthermore, new mechanisms of polyglutamine patho-
genesis were revealed by the discovery of modifiers that are
involved in RNA processing, transcriptional regulation and cellu-
lar detoxification. These findings may be relevant to the treat-
ment of polyglutamine diseases and, perhaps, to other
neurodegenerative diseases, such as Alzheimer’s and Parkinson’s
disease.

Drosophila provides a flexible and powerful model to study
neurodegenerative diseases. Using the GAL4/UAS system2, we can
control the level of transgene expression and direct expression to
different cell types or even to specific neurons. Large-scale genetic
screens allow us to identify the genes and pathways involved in
pathogenesis. Because most of the genetic pathways involved in
normal development and disease conditions are conserved between
Drosophila and mammals, mechanisms of neuronal degeneration in
Drosophila may prove relevant to neurodegeneration in humans.
Drosophila models using polyglutamine or truncated polypeptides
of ataxin-3 and huntingtin, for example, show the characteristic
progressive neural degeneration and pathology3–6, and overproduc-
tion of the Hsp70 and Hsp40 molecular chaperones suppresses
polyglutamine-induced neurotoxicity3,5.

Because polyglutamine peptides tend to be more toxic than the
full-length proteins and do not elicit the cell-type-specific neuro-
degeneration characteristic of these diseases7, their activities might
be distinct from those of the full-length proteins. Therefore, we
generated transgenic flies expressing full-length ataxin-1 using the
GAL4/UAS system. We cloned two human SCA1 complementary
DNAs, differing in the size of their polyglutamine repeat tracts, into
the Drosophila transformation vector pUAST. These constructs
encoded ataxin-1 30Q (a wild-type human isoform) and ataxin-1
82Q (an expanded isoform) (Fig. 1). Six 82Q and four 30Q lines
were generated.

We directed SCA1 expression to the eye retina using the gmr–
GAL4 driver8 and estimated ataxin-1 levels in all transgenic lines by
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