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It is a common experience that internal states can affect sensory 
perception, thereby regulating specific behaviors1–5. For instance, 
body and interoceptive signals can modulate time perception and 
consequent behaviors in humans2. One of the most prominent exam-
ples of these processes is the ability of hunger to increase olfactory 
performance to facilitate the retrieval and the ingestion of food4–8. 
However, the brain mechanisms governing the link between hunger, 
olfaction and food intake remain poorly understood. The endocan-
nabinoid system is an important component of the central regu-
lation of energy balance, and cannabinoid intoxication increases 
food intake9,10. Recently, the use of conditional mutant mice lack-
ing the expression of the type-1 cannabinoid (CB1) receptor (also 
known as Cnr1) from cortical glutamatergic neurons in the dorsal 
telencephalon, including neurons located in neocortex, paleocor-
tex and archicortex (Glu-CB1

−/−) revealed that (endo)cannabinoid-
dependent control of excitatory neurotransmission from cortical 
glutamatergic neurons is necessary to promote fasting-induced 
food intake11. Notably, cannabinoid drugs alter sensory perception, 
including olfaction12,13, suggesting a potential link between these 
two effects of brain (endo)cannabinoid signaling. However, the 
specific brain regions, neuronal circuits and mechanisms involved 
have not yet been identified. We addressed this issue and found that 

CB1 receptor–dependent control of excitatory drive from centrifugal 
feedback projections to the olfactory bulb determines the efficiency 
of olfactory processes and food intake in fasted mice.

RESULTS
CB1 receptor expression in glutamatergic projections to the MOB
As a result of the low levels of CB1 receptor expression in cortical gluta-
matergic neurons14,15, detailed anatomical analysis of CB1 receptor  
protein expression detected no or only minor differences between 
Glu-CB1

−/− mice and wild-type littermates in many brain regions11,16 
(data not shown). However, a clear reduction of CB1 receptor stain-
ing was evident in the MOB of mutant mice (Fig. 1a–e). In wild-type 
MOB, CB1 receptor protein was virtually absent from the external 
plexiform layer and the mitral cell layer (MCL), was expressed at 
low levels in the glomerular layer, and was expressed at moderate 
levels in the internal plexiform layer (IPL; Fig. 1a,d). Conversely, CB1 
receptor immunoreactivity was densely observed in the granule cell 
layer (GCL) of wild-type mice (Fig. 1a,d). In Glu-CB1

−/− mice, we 
detected a marked reduction of CB1 receptor immunoreactivity in the 
GCL (Fig. 1a,b,d–f and Supplementary Table 1), accompanied by a 
slight, decrease in the IPL (Fig. 1a,b,d–f and Supplementary Table 1).  
In the glomerular layer, the levels of CB1 protein staining were too 
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Hunger arouses sensory perception, eventually leading to an increase in food intake, but the underlying mechanisms remain 
poorly understood. We found that cannabinoid type-1 (CB1) receptors promote food intake in fasted mice by increasing odor 
detection. CB1 receptors were abundantly expressed on axon terminals of centrifugal cortical glutamatergic neurons that  
project to inhibitory granule cells of the main olfactory bulb (MOB). Local pharmacological and genetic manipulations revealed 
that endocannabinoids and exogenous cannabinoids increased odor detection and food intake in fasted mice by decreasing 
excitatory drive from olfactory cortex areas to the MOB. Consistently, cannabinoid agonists dampened in vivo optogenetically 
stimulated excitatory transmission in the same circuit. Our data indicate that cortical feedback projections to the MOB crucially 
regulate food intake via CB1 receptor signaling, linking the feeling of hunger to stronger odor processing. Thus, CB1 receptor–
dependent control of cortical feedback projections in olfactory circuits couples internal states to perception and behavior.
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low to provide reliable quantitative data, but no evident alteration of 
expression was observed in Glu-CB1

−/− mice (Fig. 1a,b,d,e). The GCL 
is mainly composed of inhibitory GABAergic neurons that receive 
important glutamatergic projections from cortical regions, includ-
ing the anterior olfactory nucleus (AON) and the piriform cortex, 
which are known as the centrifugal glutamatergic innervation of the 
olfactory bulb17–20. Electron microscopy inspection revealed that the 
GCL contains mainly type I presumably excitatory asymmetric syn-
apses, with a minority of type II presumably inhibitory symmetric 
synapses18 (Fig. 1g–i). Semi-quantitative evaluation of immunogold 
labeling revealed that approximately 30% and 10% of total synaptic 
terminals contained CB1 receptor immunoparticles in the GCL of 
wild-type (281 counted terminals) and Glu-CB1

−/− mice (143 counted 
terminals), respectively (Fig. 1g,h). Approximately 1% of synapses 
displayed background staining in global CB1

−/− mice (143 counted 
terminals; Fig. 1i). In wild-type mice, more than 30% of unequivo-
cally identified type I synapses were CB1 receptor immunopositive 
(108 counted terminals; Fig. 1g). In both Glu-CB1

−/− and CB1
−/− mice, 

less than 2% of type I synapses contained CB1 particles (52 and 73 
counted terminals, respectively; Fig. 1h,i), suggesting that most of 
the CB1 receptors present at excitatory synapses are ablated in the 
GCL of Glu-CB1

−/− mice.
CB1 (Cnr1) mRNA was present at low levels in the MOB of wild-

type mice (Supplementary Fig. 1). In particular, the transcript 
was present in sparse intrinsic dopaminergic (positive for tyrosine 
hydroxylase) and GABAergic neurons (expressing glutamic acid 
decarboxylase 65 kDa, GAD65), but not in glutamatergic neurons 
(positive for vesicular glutamate transporter 1, VGluT1), of different 
layers of the MOB (Supplementary Fig. 1). However, Glu-CB1

−/− 
mice did not display any evident reduction of CB1 mRNA levels in any 
of the MOB subpopulations (Supplementary Fig. 1). Conversely, CB1 

mRNA was abundantly present in the AON (Fig. 1j). In cortical areas, 
including the AON, CB1 mRNA is expressed in two main neuronal 
populations14,21–23: approximately half of GABAergic interneurons 
contain very high levels of the transcript, whereas the majority of 
pyramidal glutamatergic neurons display moderate-to-low levels of 
CB1 mRNA14,21–23. Similarly to other cortical areas11,23, the AON of 
Glu-CB1

−/− mice contained cells expressing high levels of CB1 mRNA 
(presumably GABAergic), whereas low-to-moderate CB1 receptor–
expressing neurons were not detectable (Fig. 1k), confirming the 
specific deletion of CB1 in cortical glutamatergic neurons21–23.

Thus, presynaptic CB1 receptors14,24,25 in the MOB reside mostly on 
axon terminals of cortical glutamatergic centrifugal projections, which 
are primarily located in the GCL and partly in the IPL. Altogether, 
these data suggest that CB1 receptor modulation of fasting-induced 
food intake might involve the control of feedback glutamatergic pro-
jections from cortical olfactory areas to the MOB.

CB1 in the MOB is necessary for hyperphagia after fasting
As expected26, a 24-h fast increased the levels of the endocannabinoid 
anandamide (AEA) in the hypothalamus, but not in the cerebellum of 
C57BL/6N mice (Supplementary Fig. 2 and Supplementary Table 2).  
Notably, a similar increase of AEA levels was also observed in 
the olfactory bulb of fasted mice (Fig. 2a and Supplementary 
Table 1), whereas the levels of the other main endocannabinoid,  
2-arachidonoyl-glycerol (2-AG), were not altered (Fig. 2a, 
Supplementary Fig. 2, and Supplementary Tables 1 and 2). Notably, 
local infusion of the CB1 receptor antagonist AM251 (4 µg per side) 
into the GCL of fasted C57BL/6N mice before re-feeding substan-
tially decreased food intake (Fig. 2b, Supplementary Fig. 3, and 
Supplementary Tables 1 and 2), indicating that CB1 receptor activation 
in the GCL is necessary for fasting-induced food intake. To determine  
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Figure 1 CB1 receptor is expressed in centrifugal glutamatergic projections to the MOB.  
(a–c) Light microscopy of CB1 receptor immunohistochemistry in the MOB of wild-type (WT, a),  
Glu-CB1

−/− (b) and CB1
−/− mice (c). Representative images of 3 mice per genotype  

are shown. EPL, external plexiform layer; GL, glomerular layer. (d,e) Higher magnification  
of boxed regions in a and b showing CB1 expression in the different layers of the MOB  
in detail. (f) CB1 immunostaining quantification in the GCL and IPL of wild-type and  
Glu-CB1

−/− mice. Data are presented as mean ± s.e.m. **P < 0.01, ***P < 0.001.  
See Supplementary Table 1 for detailed statistics. (g–i) Electron microscopy of immunogold  
staining for CB1 receptor in wild-type (g), Glu-CB1

−/− (h) and CB1
−/− (i) mice. Blue arrowheads indicate type-I asymmetric synapses and green 

arrowheads indicate type-II symmetric synapses. Red arrows point to CB1 particles. (j,k) Micrographs of fluorescent in situ hybridization detecting CB1 
mRNA in the AON of wild-type (j) and Glu-CB1

−/− mice (k) (n = 3 per genotype). Lower panels are higher magnifications of the boxed AON regions in the 
top panels. PfCtx, prefrontal cortex. Scale bars represent 700 µm (a–c), 0.5 µm (g–i) and 100 µm (d,e,j,k). 
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whether endocannabinoid signaling in the 
GCL regulates food intake through inhibi-
tion of glutamatergic transmission, we infused the NMDA receptor 
antagonist MK801 (1 or 2 µg per side) into the GCL of wild-type 
and Glu-CB1

−/− littermates. As expected11, vehicle-treated mutant 
mice ate less than control mice (Fig. 2c and Supplementary Table 1). 
However, intra-GCL injections of MK801 dose-dependently abolished 
the phenotype of Glu-CB1

−/− littermates (Fig. 2c and Supplementary 
Table 1), indicating that this phenotype is a result of excessive gluta-
matergic signaling in the MOB. To further corroborate this idea,  
we checked the effects of fasting on neuronal activation in the MOB of 
wild-type and Glu-CB1

−/− littermates. Staining of the early immediate 
gene c-Fos (a widely used marker of neuronal activation) revealed that 
24-h fasting did not induce any measurable alteration of neuronal 
activity in the MCL or the glomerular layer of the MOB (Fig. 2d and 
Supplementary Table 1), or in the AON (data not shown) of wild-
type control mice. In contrast, 24-h fasting strongly decreased c-Fos 
staining in the GCL of wild-type mice, but not in the corresponding 
area of mutant Glu-CB1

−/− littermates (Fig. 2d and Supplementary 
Table 1), indicating that CB1 receptors on glutamatergic terminals in 
the GCL are required for the fasting-induced decrease of activity of 
GCL neurons. Overall, these data indicate that the orexigenic func-
tions of the endocannabinoid system after fasting involve a reduction 

of glutamatergic transmission in the MOB, mediated by CB1 receptors 
expressed at corticofugal terminals.

CB1 in the MOB is sufficient for hyperphagia after fasting
In Glu-CB1

−/− mice, CB1 is deleted in glutamatergic neurons of 
many cortical areas11,23. To limit the deletion to specific olfactory 
cortical regions, we injected an adeno-associated virus encod-
ing Cre recombinase (AAV-Cre) into the AON and the anterior 
piriform cortex (APC) of mice carrying a loxP-flanked CB1 gene 
(CB1-flox)23,27,28 to generate mice displaying an almost com-
plete absence of CB1 mRNA in the injected brain region (AON/
APC-CB1

−/− mice; Fig. 3a). Notably, AON/APC-CB1
−/− mice had 

significantly reduced CB1 receptor protein at centrifugal glutama-
tergic terminals in the GCL (Fig. 3b,c and Supplementary Table 1),  
but not in the IPL (Supplementary Fig. 4 and Supplementary Table 2)  
or in the glomerular layer (Fig. 3b). AON/APC-CB1

−/− mice displayed 
a clear hypophagic phenotype in fasting–re-feeding conditions, very 
similar to Glu-CB1

−/− and CB1
−/− mice12 (Fig. 3d and Supplementary 

Table 1). Notably, a clear positive correlation was observed 
between the levels of CB1 receptor expression in the GCL (but not 
in the IPL) and food intake (Fig. 3e, Supplementary Fig. 4, and  
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Figure 2 Endocannabinoid signaling in the MOB 
is activated by fasting and promotes food intake 
by dampening glutamatergic transmission.  
(a) Anandamide and 2-AG levels in the MOB 
of control and 24-h fasted C57BL/6N mice. 
(b) Food intake of 24-h fasted C57BL/6N mice 
injected intra-MOB with vehicle or AM251  
(4 µg per side). (c) Food intakes of fasted 
wild-type and Glu-CB1

−/− littermates injected 
intra-MOB with vehicle or MK801 (1 or 2 µg per 
side). (d) Left, representative micrographs of 
c-Fos expression in MOB of control and fasted 
Glu-CB1

−/− mice and wild-type littermates. 
Right, quantification of c-Fos–positive cells in 
mitral cell layer, glomerular layer and granule 
cell layer cells of the MOB. Scale bar represents 
500 µm. Data are presented as mean ± s.e.m. 
*P < 0.05, **P < 0.01, ***P < 0.001. See 
Supplementary Table 1 for detailed statistics.
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Figure 3 CB1 receptors on GCL-projecting 
feedback glutamatergic cortical neurons are 
necessary for fasting-induced hyperphagia. 
(a) Micrograph showing fluorescent in situ 
hybridization of CB1 receptor and VGlut1 mRNA 
in the AON of CB1-flox mice injected intra-AON 
with an empty AAV (AAV-Ctrl) or AAV-Cre. Scale 
bar represents 500 µm. (b,c) CB1 receptor 
immunohistochemistry (b) and semi-quantification (c) 
in the GCL of the MOB of CB1-flox AAV-Ctrl  
(AAV-Ctrl) and AON/APC-CB1

−/− mice (CB1-flox 
AAV-Cre). (d) Food intakes of CB1-flox-AAV-Ctrl 
and AON/APC- CB1

−/− mice. (e) Correlation 
between the levels of CB1 protein expression in 
the GCL of the MOB and food intake in CB1-flox-
AAV-Ctrl (black symbols) and AON/APC-CB1

−/− 
mice (gray symbols). Values are the same as in c 
and d. VGlut1, vesicular glutamate transporter-1. 
Data are presented as mean ± s.e.m. *P < 0.05, 
**P < 0.01. Scale bars represent 500 µm.  
See Supplementary Table 1 for detailed statistics.
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Supplementary Tables 1 and 2). Thus, CB1 receptors on feedback 
centrifugal glutamatergic cortical neurons to the GCL of the MOB 
are necessary for fasting-induced hyperphagia.

Causality is determined by necessity and/or sufficiency relation-
ships between events. Thus, to determine whether CB1 receptor sig-
naling in corticofugal axons has a sufficient role in fasting-induced 
food intake, we used the Cre-loxP system to obtain conditional res-
cue of CB1 receptor expression29. The CB1 receptor allele was geneti-
cally modified by introducing a loxP-flanked stop cassette preceding 
the open reading frame of the gene to generate the Stop-CB1 mouse 
line29. Similar to conventional CB1

−/− mice, these mice fully lacked 
the expression of the CB1 receptor protein29 (Supplementary Fig. 5).  
However, in the presence of Cre recombinase, the loxP-flanked stop 
cassette was excised and the CB1 receptor protein was condition-
ally re-expressed in rescued mice29 (Supplementary Fig. 5). As in 
other brain regions29 (Supplementary Fig. 5), Stop-CB1 mice lacked 
CB1 receptor protein expression in olfactory areas (Fig. 4a), whereas 
the immunohistochemical staining pattern was indistinguish-
able from that of wild-type in mice carrying a global restoration  

of CB1 receptor expression (CB1-RS mice; Online Methods, Fig. 4a 
and Supplementary Fig. 5). Crossing Stop-CB1 mice with Nex-Cre 
mice23,30 (Online Methods) to delete the stop cassette in cortical 
glutamatergic neurons led to the re-expression of CB1 protein in 
these neurons29 (Glu-CB1-RS mice; Supplementary Fig. 5), includ-
ing centrifugal glutamatergic terminals in the GCL (Fig. 4a). Similar 
to conventional CB1

−/− mice (refs. 11 and 26), Stop-CB1 mice were 
hypophagic in fasting–re-feeding conditions (Fig. 4b), whereas litter-
mate Glu-CB1-RS mice displayed food intake levels that were not dif-
ferent from those of fully rescued CB1-RS or wild-type control mice 
(Fig. 4b and Supplementary Table 1). These results indicate that CB1 
receptors in cortical glutamatergic neurons are sufficient to provide 
normal fasting-induced food intake.

However, the Glu-CB1-RS mice express CB1 receptors in glutamatergic  
neurons not only in olfactory circuits (Fig. 4a), but also in many other 
brain regions29 (Supplementary Fig. 5). To limit the rescue approach 
to more specific olfactory circuits, similar to the AON/APC-CB1

−/− 
mice described above, we injected AAV-Cre into the AON/APC of 
Stop-CB1 mice to generate AON/APC-CB1-RS mice. This treatment 
restored the expression of the CB1 receptor protein in the GCL (Fig. 4c)  
and increased food intake compared with Stop-CB1 littermates 
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treated with a control AAV (Fig. 4d and Supplementary Table 1). 
For unknown reasons, lower levels of food intake were consistently 
observed in Stop-CB1 mice, which underwent surgery for local virus 
infusion, compared with intact mice of the same genotype (Fig. 4b,d). 
However, the relative rescue of the hypophagic phenotype of respec-
tive Stop-CB1 control mice was similar in CB1-RS, Glu-CB1-RS and 
AON/APC-CB1-RS mice (Supplementary Fig. 5). These data indicate 
that CB1 receptor expression in corticofugal pathways to the MOB is 
necessary and sufficient to promote fasting-induced food intake.

CB1 controls feeding via olfactory corticofugal circuits
Exogenous administration of the plant-derived CB1 receptor agonist 
∆9-tetrahydrocannabinol (THC) at low doses (1 mg per kg of body 
weight) enhanced fasting-induced food intake in wild-type mice11 
(Fig. 5a,b and Supplementary Table 3). This effect was fully blocked 
by the local infusion of a sub-effective dose of the CB1 receptor antag-
onist AM251 (2 µg per side; Fig. 5a and Supplementary Table 3) 
or of the allosteric NMDA receptor enhancer d-cycloserine (DCS) 

into the GCL (2 µg per side; Fig. 5b and Supplementary Table 3), as 
previously shown with systemic treatments11. Thus, the hyperphagic 
effect of THC requires activation of CB1 receptors and inhibition 
of glutamatergic transmission in the GCL, suggesting that centrifu-
gal excitation of the GCL is inversely correlated to food intake in 
fasted animals. To directly test this hypothesis, we injected an AAV 
expressing a designer receptor exclusively activated by designer drugs  
(Gq-DREADD)31,32 under the control of a minimal Camk2a promoter 
(AAV-CaMK-DREADD) or a control AAV expressing the fluores-
cent protein mCherry in the AON/APC region of C57BL/6N mice 
to obtain AON/APC-DREADD mice (Fig. 5c and Supplementary 
Fig. 6). The specific Gq-DREADD synthetic agonist clozapine-N-
oxide (CNO), which activates neurons expressing Gq-DREADD32 
(Supplementary Fig. 6), did not alter food intake in control 
AAV–injected mice (Supplementary Fig. 6). However, AON/APC-
DREADD mice displayed a strong hypophagia after CNO treatment 
(Fig. 5d and Supplementary Table 3). Notably, the CNO treatment 
also abolished the hyperphagic effect of THC in the same conditions 
(Fig. 5e and Supplementary Table 3).

CB1 signaling in the MOB couples olfaction to feeding
We next investigated whether CB1 receptor signaling in the MOB 
modulates food intake by altering olfactory processes in 24-h fasted 
C57BL/6N mice. First, we measured olfactory habituation by exposing 
the mice twice to the same odor (almond or banana, diluted at 0.1%, 
widely used as attractive, but food-unrelated, odors for rodents)33 and 
scoring their exploration of the source of the odor. As expected33–35, 
vehicle-treated mice displayed increased exploration of the odor com-
pared with those treated with an odorless oil control (Fig. 6a). These 
values returned to control levels (oil) at the second exposure to the 
same odor (Fig. 6a), indicating habituation to olfactory stimuli33–35. 
Notably, THC (1 mg per kg) impaired olfactory habituation in wild-
type mice (Fig. 6a–c, Supplementary Fig. 7, and Supplementary 
Tables 2 and 3), but not in Glu-CB1

−/− mice (Fig. 6b, Supplementary 
Fig. 7, and Supplementary Tables 2 and 3) or in mice receiving an 
intra-GCL injection of DCS (Fig. 6c, Supplementary Fig. 7, and 
Supplementary Tables 2 and 3).

These results apparently suggest that the decrease of olfactory habit-
uation might represent a causal link between CB1 receptor–dependent 
control of glutamatergic transmission in the GCL and food intake. 
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Significant correlations were detected between food intake and area under 
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See Supplementary Table 3 for detailed statistics.
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However, when food intake was measured after olfactory habitua-
tion, there was no correlation between food intake and exploration 
(data not shown). Moreover, it is important to note that Glu-CB1

−/− 
mice, in addition to not responding to THC, did not show any evident 
spontaneous phenotype in olfactory habituation experiments (Fig. 6b, 
Supplementary Fig. 7, and Supplementary Tables 2 and 3), whereas 
they were hypophagic. Thus, alterations of olfactory habituation likely 
represent a parallel effect of THC, which might be unrelated to food 
intake (lack of positive correlation) and might not be physiologically 
regulated by endocannabinoid signaling (lack of phenotypic alteration 
of Glu-CB1

−/− mice).
To find additional (endo)cannabinoid-dependent olfactory proc-

esses, which might reliably explain the control of fasting-induced 
food intake, we measured threshold for odor detection as an index 
of odor sensitivity34. After scoring baseline exploration of odorless 
oil, mice were exposed to increasing concentrations of the same odor 
(almond or banana33, from 0.001% to 0.1%) and exploration of the 
odor source was recorded34,35. THC (1 mg per kg) decreased the 
threshold of odor detection (Fig. 7a and Supplementary Table 3)  
and this effect was clearly correlated with successive food intake  
(Fig. 7b and Supplementary Table 3). THC is known to exert a 
biphasic effect on stimulated food intake10,11. Consistently, neither 
a lower nor a higher dose of THC (0.25 mg per kg and 1.75 mg per 
kg, respectively) altered food intake (Supplementary Fig. 8 and 
Supplementary Table 2), nor did they alter odor detection, with no 
correlation between these two behaviors (Supplementary Fig. 8 and 
Supplementary Table 2). Intra-GCL infusion of a sub-effective dose 
of DCS fully blocked the effect of 1 mg per kg THC on odor detec-
tion and proportionally reduced the hyperphagic effect of the CB1 

receptor agonist (Fig. 7c,d and Supplementary Table 3), suggesting 
that the effect of THC depends on local decrease of glutamatergic 
transmission. THC had no effect on odor detection in Glu-CB1

−/− 
mice (Fig. 7e and Supplementary Table 3), and these mice displayed 
a spontaneous decrease of odor detection under vehicle conditions 
(Fig. 7e and Supplementary Table 3). Food intake in vehicle- or 
THC-treated Glu-CB1

−/− mice and wild-type littermates was posi-
tively correlated with odor detection threshold, further suggesting a 
potential causal relationship between these two processes (Fig. 7f and 
Supplementary Table 3). Moreover, the inhibitor of the anandamide- 
degrading enzyme fatty acid amide hydroxylase (FAAH) URB597 
(ref. 36) proportionally increased food intake and odor detection 
in a dose-dependent manner (Fig. 7g,h, Supplementary Fig. 8, and 
Supplementary Tables 2 and 3). Together, these data indicate that 
both pharmacological and physiological activation of CB1 receptors 
in the GCL promote odor detection and proportionally increase food 
intake in fasted mice.

Cannabinoids modulate synaptic activity in the MOB
These genetic and pharmacological data indicate that 
(endo)cannabinoid signaling in the MOB reduces corticofugal gluta-
matergic transmission in the olfactory bulb to eventually promote 
food intake. However, genetic and pharmacological methods cannot 
provide direct evidence of such a mechanism. To directly test the 
effect of cannabinoid signaling on glutamatergic transmission from 
the AON/APC to the MOB, we adopted a combination of optogenetic 
stimulation of these terminals with local drug treatments and electro-
physiological recordings in the MOB of awake head-fixed wild-type 
mice. An AAV containing the photoactivable Channelrhodopsin-2 
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fused to mCherry (ChR2-mCherry)37 was injected into the AON/APC 
of wild-type mice to obtain AON/APC-ChR2 mice, which express 
ChR2 mainly in the GCL (Fig. 8a). We recorded extracellular field 
excitatory postsynaptic potentials (fEPSPs) in the GCL of AON/APC-
ChR2 mice in response to local light stimulation (Fig. 8b,c). Local 
injection of the CB1 receptor agonist WIN 55,212-2 (WIN, 4.2 ng) 
induced a strong decrease in the amplitude of the light-evoked fEPSPs 
(–61.4 ± 4.5%; Fig. 8c,d and Supplementary Table 3) without affecting 
spontaneous field activities such as gamma oscillations (40–100 Hz;  
change in gamma power, +2.7 ± 8.9%, P = 0.28, paired t test). Thus, 
cannabinoid signaling can suppress glutamatergic transmission from 
AON/APC projections onto the MOB.

We next examined the effect of WIN on the activity of mitral cell 
projection neurons in response to the photoactivation of AON/APC 
axon terminals. We recorded spontaneous mitral cell single-unit firing 
activity (Fig. 8e) in response to light train stimulation with increas-
ing frequencies up to continuous light stimulation. We observed that 
patterned AON/APC axon stimulation mainly inhibited mitral cell 
spontaneous firing in a frequency-dependent manner (Fig. 8f,g and 
Supplementary Table 3), suggesting that AON/APC cortical feedback 
mostly induces feedforward inhibition onto mitral cell19,20. Notably, 
local infusion of WIN decreased the magnitude of light-evoked feed-
forward inhibition of mitral cells firing without affecting mitral cell 
spontaneous firing rate (Fig. 8f,g and Supplementary Table 3). Thus, 
CB1 receptor activation selectively reduces the cortical inhibition of 
mitral cell spiking activity.

DISCUSSION
Hunger is a physiological condition driving the search for and inges-
tion of food. Our results suggest that CB1 receptor–dependent control 
of olfactory processes has a determinant role in coupling this internal 
state with the execution of the behavior (Supplementary Fig. 9).

When mice are fed standard chow, the control of cortical glutama-
tergic transmission by CB1 receptors is dispensable for the modula-
tion of food intake in non-fasting conditions11. This suggests that 
specific factors associated with fasting likely trigger the hyperphagic 
function of the endocannabinoid system in these circuits. Feeding-
related molecules, such as ghrelin, orexins or leptin, which alter 
food intake and olfactory processes6,7, might participate in this CB1  
receptor–dependent mechanism. In addition, a lack of specific nutrients9  
might induce CB1 receptor potentiation of olfactory processes. On the 
other hand, CB1 receptors located on cortical glutamatergic neurons 
determine the ingestion of novel palatable food in non-fasting condi-
tions11. Although we did not test this condition, it will be interesting 
to extend the involvement of olfactory processes to different modali-
ties of stimulated food intake, such as exposure to palatable food, 
deprivation of specific nutrients or hormonal treatments. Indeed, 
our electrophysiological in vivo recordings, performed in non-fasted 
mice, revealed that cannabinoids can decrease glutamatergic centrifu-
gal activity in these conditions, suggesting that additional endog-
enous (for example, negative energetic status) or exogenous factors 
(for example, palatability of the food) are necessary to translate the 
effect of cannabinoid signaling in the MOB network into increased 
sensory perception and food intake.

Hyperphagic doses of exogenous cannabinoids are able to modulate 
both olfactory habituation and odor detection. However, the lack of a 
spontaneous phenotype in Glu-CB1

−/− mice in olfactory habituation 
and the lack of clear correlations between habituation and successive 
food intake in individual mice suggests that this pharmacological  
effect might be unrelated to cannabinoid control of food intake.  
Conversely, olfactory detection, as measured by the odor threshold 

assay34, is strongly correlated with food intake. Detection of low- 
concentration odors was decreased in hypophagic Glu-CB1

−/− mice 
and was augmented by increasing the endogenous levels of ananda-
mide. Thus, these data suggest that the enhancement of olfactory 
detection is likely the main mechanism linking (endo)cannabinoid 
signaling in the olfactory bulb to increased food intake.

We used almond and banana to analyze odor habituation and 
detection. Despite the fact that these molecules are generally used as 
non-food–related odors for naive rodents33, we cannot exclude that 
their attractiveness and the (endo)cannabinoid-dependent control of 
their perception are a result of an innate link to food. Future experi-
ments will be needed to determine whether the (endo)cannabinoid- 
dependent potentiation of olfactory processes and food intake acts on 
different odor categories, such as neutral or aversive essences.

Olfactory processes are generally considered to be weaker determi-
nants of behavior in humans than in animals. However, this concept 
might be biased by the fact that olfactory information is processed at 
lower conscious levels than other sensory inputs in humans. In fact, 
humans make important decisions unconsciously using olfaction. For 
instance, partner selection is influenced by unconscious olfaction38 
and odorant cues can alter visual perception39. Food intake disorders 
are often associated with an impaired sense of smell40–42, suggesting 
causal relationships between these processes. Cannabinoids alter both 
hunger and smell in humans10,12. To the best of our knowledge, a 
direct causal relationship between these two effects of cannabinoids 
has not been shown in humans, and specific experiments should be 
performed to test this hypothesis.

We found that CB1 receptor signaling in the olfactory bulb increases 
odor detection and proportionally promotes food intake, thereby link-
ing hunger, olfaction and food intake (Supplementary Fig. 9). These 
functions of CB1 receptors are exerted by the presynaptic inhibition of 
glutamatergic transmission from cortical projections to the MOB. Two 
recent optogenetic studies revealed the precise functional connec-
tions between cortical olfactory areas and the MOB19,20. In particular,  
a previous study19 showed that the projections from AON impinge 
mainly onto granule cells and partly onto mitral cells of the MOB. 
However, mitral cells also receive a strong di-synaptic inhibition via 
granule cells19. These data are consistent with our c-Fos expression 
study showing that the inhibitory effect of CB1 receptor signaling on 
glutamatergic transmission during fasting led to a decrease of neu-
ronal activity in granule cells of the MOB. An alternative possibility 
is that activation of CB1 receptors in the MOB might indirectly affect 
glutamatergic transmission via different mechanisms. However, our 
optogenetic in vivo electrophysiological recordings in awake mice 
directly demonstrate that cannabinoids can decrease excitatory local 
field potentials induced by centrifugal glutamatergic activity mainly 
onto inhibitory feedforward granule cells19, thereby dis-inhibiting 
the activity of mitral cells. Nevertheless, our c-Fos data did not show 
higher numbers of fasting-induced activated mitral cells in wild-type 
or Glu-CB1

−/− mice, which could be expected by the decrease in feed-
forward inhibition. This could be a result of the opposite simultane-
ous effect of CB1 receptor activation on glutamatergic centrifugal 
terminals onto granule cells (decreasing feedforward inhibition of 
mitral cells) and on direct projections to mitral cells19 (decreasing 
excitation of these neurons). Indeed, Glu-CB1

−/− and AON/APC-
CB1

−/− mice present a slight decrease of CB1 protein expression in 
the IPL, where corticofugal projections likely synapse onto mitral 
cells18,19. Thus, fasting and endocannabinoid signaling might deter-
mine the activation of specific network patterns linked to olfactory 
control of food intake without altering the total number of activated 
mitral cells. Recent data suggest that cannabinoid effect on inhibitory  
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synaptic activity in the periglomerular area of the MOB might regulate 
olfactory processes13. However, the participation of periglomerular 
cells in (endo)cannabinoid control of food intake in our experimental 
conditions is unlikely. In fact, none of our manipulations altered the 
expression of CB1 receptors or c-Fos in this area. Thus, the most parsi-
monious interpretation of our data is that activation of CB1 receptors 
on terminals of feedback cortical centrifugal glutamatergic neurons 
in the MOB directly reduced the excitatory drive onto granule cells, 
thereby regulating mitral cell activity to eventually increase odor 
detection and food intake (Supplementary Fig. 9).

The effects of THC on odor detection might be based on alterations 
of memory processes43. However, higher doses of THC are usually 
needed to substantially alter memory performance in rodents. For 
instance, the 1 mg per kg hyperphagic dose of THC does not affect 
object recognition memory in either the long-term44 or short-term 
version of this task (A. Busquets-García, R. Maldonado, A. Ozaita, 
personal communication). Thus, although a memory component 
cannot be excluded, cannabinoid-induced alterations of memory 
and odor processing likely rely on distinct mechanisms and circuits. 
Another possibility is that THC might increase the motivation of 
the individuals45 to explore the odor source. However, this is rather 
unlikely, as the enhancing effect of THC in odor source exploration 
in our detection experiments is present only at lower odor con-
centrations (0.001% and 0.01%), whereas it vanishes at the highest 
concentration (0.1%). If THC increased the motivation to explore 
the odor source, this effect should logically be present at any odor 
concentration. Thus, despite the fact that memory and motivational 
confounders cannot be completely ruled out, the data strongly suggest 
a primary effect of (endo)cannabinoids on odor perception in our  
experimental conditions.

In conclusion (Supplementary Fig. 9), we found that the 
 endocannabinoid-mediated control of cortical glutamatergic trans-
mission in the olfactory bulb links an internal state (hunger) to sen-
sory processing (olfaction) and, eventually, to behavior (food intake). 
Our results might also contribute to new conceptual frameworks 
for tackling pathological states. Indeed, altered sensory processes 
characterize several relevant food intake–related diseases, such as 
obesity, cachexia and anorexia40–42. Thus, specific interference with 
CB1 receptor–dependent hunger–olfaction–food intake circuits 
will likely help contrasting symptoms and development of these  
pathological conditions.

METHODS
Methods and any associated references are available in the online 
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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ONLINE METHODS
mice. All experimental procedures were approved by the Committee on Animal 
Health and Care of INSERM and French Ministry of Agriculture and Forestry 
(authorization number, 3306369). Maximal efforts were made to reduce the suf-
fering and the number of mice used. Male mice, aged 2–5 months, were main-
tained under standard conditions with food and water ad libitum. CB1-flox and 
Glu-CB1

−/− mice were obtained, maintained and genotyped as described11,27,23.
Rescue lines were generated as described29. Briefly, to generate the Stop-CB1 

mouse line, the endogenous CB1 gene (also known as Cnr1) was silenced by 
insertion of a loxP-flanked stop cassette in the 5′ UTR of the CB1 receptor start 
codon29. To generate the CB1-RS mouse line for global rescue of CB1 recep-
tor expression, the Stop-CB1 line was crossed with a Cre-deleter mouse line  
(EIIa-Cre)46. To generate the Glu-CB1-RS mouse line for a selective rescue of 
CB1 receptors on cortical glutamatergic neurons, Stop-CB1 mice were crossed 
with a mouse line expressing Cre recombinase under the regulatory elements 
of the Nex gene (also known as Neurod6), which is the same mouse line used to 
obtain Glu-CB1

−/− mice23,29. Mutant mice were in a mixed genetic background 
with predominance of C57BL/6N (CB1-flox and Glu-CB1

−/−, 6 or 7 generations) 
or C57BL/6J (Stop-CB1, CB1-RS and Glu-CB1-RS).

All mice used in experiments involving mutant mice were littermates, except 
in the experiments depicted in Figure 4b, where CB1-RS mice originated from 
independent breedings. Wild-type C57BL/6N mice were purchased from Janvier 
(France). Experimenters were always blind to genotypes and/or treatments.

Virus generation. Control and CRE virus constructs were prepared as described 
before23. hM3Dq fused to mCherry (kindly provided by B.L. Roth, University of 
North Carolina), or mCherry alone for the control virus, were subcloned into an 
AAV expression vector (kindly provided by K. Deisseroth, Stanford University) 
with the minimal promoter of calcium calmodulin kinase II α (CaMKIIα-P) 
by using standard molecular cloning techniques. For behavioral experiments, 
rAAV were of a mixed serotype AAV1/AAV2 and were generated by calcium 
phosphate transfection of HEK 293T cells and purified as described before23. For 
electrophysiological studies, high titer AAV2/9 vectors (3 × 1013 genome copies 
per ml, qPCR) containing pAAV-hSyn-ChR2(H134R)-mCherry (kindly provided 
by K. Deisseroth, Addgene #26976) was produced by the INSERM IRT1 Vector 
platform (Nantes, http://www.vectors.univ-nantes.fr/).

Surgery and drug/virus administration. Mice were anesthetized by intraperi-
toneal injection of a mixture of ketamine (100 mg per kg, Imalgene 500, Merial) 
and xylazine (10 mg per kg, Rompun, Bayer) and placed into a stereotaxic appa-
ratus (David Kopf Instruments) with mouse adaptor and lateral ear bars. For 
intra–olfactory bulb injections of drugs, mice were bilaterally implanted with 
3-mm stainless steel guide cannulae (Plastics One) targeting the olfactory bulb 
with the following coordinates: AP +4.2, L ±1.0, DV −2.0, according to Paxinos 
and Franklin47. Guide cannulae were secured in place with dental cement. Mice 
were allowed to recover for 7–10 d in individual cages before the beginning of 
the experiments. Mice were weighed daily and individuals that failed to regain 
the pre-surgery body weight were excluded from following experiments. For viral 
intra-AON delivery, mice were submitted to stereotaxic surgery (as above) and 
AAV vectors were injected with the help of a microsyringe attached to a pump 
(UMP3-1, World Precision Instruments). Mice were injected with AAV-Cre or 
AAV-empty vector directly into the AON (0.5 µl per injection), with the following 
coordinates: AP +2.6, L ± 0.5, DV −3.5, and into the APC: AP +2.3, L ± 1.5, DV 
−3.7, according to Paxinos and Franklin47. For electrophysiological experiments, 
mice were injected in the AON (AP, +2.6; ML, ±1.2; DV, −3.5; 0.1 µl) and APC 
(AP, +2.1; ML, ±1.85; DV, −3.6; 0.4 µl) using pulled glass capillaries connected to a 
Nanoinjector System (Drummond). Mice were used for experiments 5 weeks after 
injection to get an optimal deletion or re-expression, depending of the mouse 
line, of CB1 receptors in olfactory circuits. CB1 deletion and re-expression was 
verified by in situ hybridization and/or immunohistochemistry (see below). Mice 
injected with DREAAD or mCherry virus went for a washout period of 1 week 
after behavioral experiments. Then they were injected with saline or CNO and 
perfused 30 min later. Brains were post fixed and then slices of the MOB and the 
AON were made at 20 µm on a cryostat (Leica) and mounted on gelatin-coated 
microscope slides. Some slides were just counterstained with DAPI for correct 
visualization of red fluorescence/injection site. Other slides were processed for 
P-CREB immunohistochemistry by using rabbit antibody to P-CREB (1:500, 

Cell Signaling, mAb No. 9198) and EnVision FLEX kit (DAKO) according to 
manufacturer instructions.

electrophysiology. 1 month after intra-AON/APC injection, anesthetized mice 
were implanted with a L-shaped metal bar fixed with dental acrylic to the cau-
dal part of the skull. After recovery (7 d), implanted mice were progressively 
habituated to stay quiet while head-fixed (7 d). 1 d before recording, the mouse 
was anesthetized and the bone covering one of the two bulbs was thinned and 
removed using a microdrill and then protected with a silicone sealant (Kwik-
Cast, WPI). Mitral cell spiking activity and GCL local field potential (LFP) were 
recorded in the ventral and dorsal part of the bulb using an array of four 3-MΩ 
tungsten electrodes (FHC, tip distance = 400–500 µm) glued parallel to a mini-
ature cannula (polyimide tubing, 0.0035 inches, Neuralynx) connected to a 10-µl 
Hamilton syringe for subsequent drug infusion. Light stimulation was performed 
using an optic fiber (multimode, 430-µm diameter, NA 0.39, Thorlabs) coupled 
to a DPSS laser (473 nm, 150 mW, CNI Lasers) via a custom-built fiber launcher 
and controlled by PS-H-LED laser driver connected to the CED interface. After 
lowering the electrodes into the craniotomy and positioning the optic fiber on the 
surface of the dura, a drop of Kwik-Cast was applied to protect the brain during 
the recording and to improve recordings stability. Light stimulation consisted of 
a 1-s train stimulus at different frequency (5-ms light pulse, 40-mW output inten-
sity, 10 Hz for fEPSP analysis, 10–100 Hz for mitral cell activity) or continuous 
light stimulation and was presented every 10 s for ten sweeps. Awake recording 
sessions lasted 2–3 h and mice were given a 0.2 ml of a 15% glucose solution 
(wt/vol) through a plastic pipette every 30 min. We performed two recording 
sessions per mice (one per hemisphere), which were made at least 2 d apart. The 
craniotomy was cleaned and covered with Kwik-Cast between sessions. Both LFPs 
and spiking activity were preamplified (unitary gain head-stage, WPI), amplified 
(×10,000, WPI), altered (1–300 Hz for LFP, 0.3–8 kHz for spikes) and digitized at 
25 kHz (Micro1401-3 A/D interface, CED). The identity of mitral cell units were 
established on the basis of several criteria: 1) stereotaxic coordinates of the MCL, 
2) decrease in the gamma oscillation amplitude in the MCL, compared with the 
LFP recorded in the GCL or EPL, where the current source/sink of gamma oscil-
lation are localized48, 3) increase in background spiking activity in a narrow band 
of 100–150 µm corresponding to the MCL, and 4) typical spontaneous activity  
patterns coarsely time-locked to the respiration rhythm49. Signals were  
continuously recorded from 30 min before and 80 min after local acute micro-
infusion through the miniature cannula lying ~300 µm above the tip of the  
electrodes (injection volume = 0.1 µl, speed = 0.05 µl min−1). Spike detection, 
spike sorting, spike clustering function and spike waveform analysis were per-
formed using Spike2 software (CED) followed by a manual adjustment of the  
clusters. For single-unit validation, all sorted cells displaying more than 1% 
of their interspike intervals below a 3.5-ms refractory period were discarded  
from the analysis. Careful attention was also taken to discard any unit that showed 
some significant changes in spike amplitude or waveform caused by the local  
infusion of drugs. For light-evoked field potentials, the absolute fEPSP peak 
amplitude of the first pulse was measured and averaged over the ten sweeps. 
Fast-fourier transform (Hanning-window, 2.44-Hz resolution) was used to obtain 
the spectral power of the gamma oscillation band (40–100 Hz) from 1-min-
long epoch before and ~10 min after injection. For mitral cell activity, peri-light 
stimulus histograms were calculated for each stimulation pattern and the mean 
firing rate during the 1-s stimulation was compared with the mean firing rate in 
the 1-s period preceding the light stimulation. For post hoc histological analysis,  
mice were intracardially perfused (ice-cold 4% paraformaldehyde (wt/vol) in 0.1 M  
phosphate buffer). The brain was removed and postfixed in the same fixative 
overnight. Brain sections were cut on a vibratome (40-µm-thick slices), rinsed 
in phosphate-buffered solution, counterstained with DAPI, mounted with a fluo-
rescence mounting medium (Mowiol) and observed with a confocal microscope 
(LSM 700, Zeiss).

drugs. All drugs were purchased from Sigma-Aldrich, except AM251 and 
WIN55212-2, which were purchased from Tocris, and URB597, which was 
purchased from Cayman. For intraperitoneal injections, the vehicle for THC 
was sterile saline solution (92%, vol/vol), ethanol (4%, vol/vol) and cremophore  
(4%, vol/vol), whereas the vehicle for URB597 was 5% DMSO (vol/vol) in saline. 
Drugs or vehicle were injected 30 min before refeeding (see below) or olfactory 
tests (see below). For intra-MOB injections, AM251 was dissolved in a mixture of 
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saline (0.9% NaCl, vol/vol) with 10% DMSO and 10% Chremophor EL, whereas 
DCS, MK801 and CNO were dissolved in saline solution. All drugs were prepared 
fresh just before the experiments.

Fasting-induced food intake. Mice were housed under a 12-h: 12-h dark/light 
cycle (light on 7 a.m., light off 7 p.m.). Before the experiments, mice were singly 
housed for at least 7 d. 2 h after the light onset, mice were food deprived for 24 h 
and then given free access to a pre-weighed amount of standard chow (Standard 
Rodent Diet A03, SAFE). Food intake was recorded 1 and 2 h after refeeding11. 
Under these conditions, spillage of food was minimal. It was however controlled 
by inspection of litter and calculated as not eaten food. In these procedures, drugs 
were administered 30 min before refeeding, and pre-treatments, including CNO, 
were administered 15 min before drugs.

olfactory tests. Olfactory tests were adapted according to refs. 33,50–52.

olfactory habituation. Two different neutral33 odors were used during the test: 
benzaldehyde (almond) and isopentyl acetate (banana) (Sigma-Aldrich). The 
odors were diluted with mineral oil. For odor presentations, 5 µl of diluted odor-
ant (0.1%) or plain mineral oil were deposited onto filter paper and then placed 
inside a holder. Mice were tested after 24 h of fasting and from 4–8 h after the 
onset of the light cycle that corresponds to the same range used for assessing 
feeding behavior. Drug injections (immunoprecipitate and intra-MOB) were 
performed 30 min before the test. For testing, mice were placed into a plastic 
cage box (testing cage, identical to their home cage) without bedding or food, 
located in a room different of the housing room. The task consisted of 5-min odor 
presentations separated by 5-min inter-trial intervals. In a given session, mice 
were first presented with the holder containing the mineral oil only. They were 
then presented with the first odorant during two successive trials (habituation). 
Subsequently, they were presented the second odorants (control odor) (data not 
shown). Exploration of the odor source was defined as directing the nose at a dis-
tance <1 cm from the tip of the holder, with the vibrissae moving, and/or touching 
it with the nose. The exploration was not scored when the mouse was chewing 
the object. The testing cage was cleaned with ethanol 70% and water between the 
sessions. The two odorants used were presented according to a counterbalanced 
schedule. To evaluate odor thresholds, we used the same protocol, but only one 
odor was presented at different concentrations starting at 0.001% and then 0.01% 
and 0.1% subsequently. After testing, mice were returned to the housing room 
and replaced in their home cage with pre-weighed food. Then, food intake was 
measured after 1 h.

endocannabinoids measurements. Mice were killed under fasting or food  
ad libitum conditions. Brains were quickly removed and the olfactory bulb, 
hypothalamus and cerebellum dissected, flash frozen, and stored at −80 °C 
until analysis. Measurements of AEA and 2-AG were carried out as previously 
described53. Briefly, tissues were homogenized and extracted with chloroform/
methanol/Tris-HCl (50 mM, pH 7.5, 2:1:1, vol/vol) containing internal deuterated 
standards (AEA-d4 and 2-AG-d5). Mass spectral analyses were performed on a 
TSQ Quantum triple quadrupole instrument (Thermo-Finnigan) equipped with 
an atmospheric pressure chemical ionization source and operating in positive 
ion mode. The amounts of anandamide were determined by isotope-dilution 
using a calibration curve. Endocannabinoid levels were then normalized by the 
weight of fresh tissue.

Immunohistochemistry. Mice were anesthetized with chloral hydrate (400 mg 
per kg body weight), transcardially perfused with phosphate-buffered solution 
(0.1 M, pH 7.4) and then fixed by 500 ml of 4% formaldehyde (wt/vol) prepared 
at 4 °C. Serial coronal or sagittal vibrosections were cut at 40 µm and collected in  
0.1 M phosphate-buffered solution (pH 7.4) at 20–22 °C. Sections were pre- 
incubated in a blocking solution of 10% donkey serum, 0.1% sodium azide 
(wt/vol) and 0.3% Triton X-100 (vol/vol) prepared in 0.1 M phosphate- 
buffered solution for 30 min at 20–22 °C. Free-floating sections were incubated 
with goat polyclonal antibodies raised against a 31 amino acid C-terminal 
sequence (NM007726) of mouse CB1 receptor (CB1-Go-Af450-1, 2 µg ml−1, 
Frontier Science, 1-777-12) for 48 h at 4 °C. The antibody was prepared in 10% 
donkey serum and phosphate-buffered solution containing 0.1% sodium azide and 
0.5% Triton X-100. After several washes, the tissue was incubated with fluorescent  

antibody to goat conjugated to Alexa 488 (1:200, Jackson ImmunoResearch,  
cat. no. 305-546-003) for 4 h and then washed in 0.1 M phosphate-buffered solu-
tion at 20–22 °C, before being incubated with DAPI (1:20,000) for 10 min. Finally, 
sections were washed, mounted, dried and coverslipped with DPX (Fluka Chemie 
AG). The slides were analyzed with an epifluorescence Leica DM6000 microscope 
(Leica). For light microscopy, the same procedure was used, with the following 
modifications Briefly, the fixative solution to perfuse mice was made up of 4% 
formaldehyde (freshly depolymerized from paraformaldehyde), 0.2% picric acid 
and 0.1% glutaraldehyde (vol/vol) in 0.1 M phosphate-buffered solution. Blocking 
solution was made of 10% normal horse serum (NHS, vol/vol), 0.1% sodium 
azide and 0.5% Triton X-100 prepared in Tris-HCl buffered saline (TBS), and 
primary antibody was prepared in this blocking solution. After incubation with 
the primary antibody, tissue sections were incubated in a secondary biotinylated 
horse antibody to goat IgG (1:200, Vector Laboratories, cat. no. BA-9500). After 
washing, sections were processed by a conventional avidin-biotin peroxidase 
complex method (ABC Elite, Vector Laboratories). Tissue was incubated in 
the avidin-biotin complex (1:50) prepared in the washing solution for 1 h at  
20–22 °C. Then, sections were washed and incubated with 0.05% diaminoben-
zidine (wt/vol) in 0.1 M phosphate-buffered solution with 0.5% Triton X-100 
and 0.01% hydrogen peroxide (vol/vol), for 5 min at 20–22 °C. Finally, tissue 
was mounted, dehydrated in graded alcohols (50°, 70°, 96°, 100°) to xylol and 
coverslipped with DPX. Sections were observed and photographed with a light 
microscope Zeiss Axiophot. For CB1 detection by light microscopy after viral 
injection in the AON, we applied the same protocol described above with some 
modifications. To sum up, olfactory bulbs were dissected from non-perfused 
brains and directly placed in paraformaldehyde (4%). After washing in 0.1 M 
phosphate-buffered solution and cryoprotection with 15% and 30% sucrose, 
coronal sections were cut at 40 µm in a cryotome, collected in 0.1 M phosphate-
buffered solution and incubated in 1% hydrogen peroxide in 0.1 M phosphate-
buffered solution for 30 min at 20–22 °C.

Analysis of cB1 expression in the olfactory bulb. 40-µm-thick olfactory bulb 
sections from mice of each condition (at least n = 3 each) were analyzed. Image-J  
(version 1.43u, US National Institutes of Health) was used to quantify CB1  
immunolabeling density (mean gray value) in different layers of the MOB.

c-Fos. The protocol was identical as for CB1 immunofluorescence with some 
modifications. Primary antibody to c-Fos (1:2,000, Santa Cruz Biotechnology, 
cat. no. sc-52) was incubated overnight at 4 °C. After washing, the tissue was 
incubated with fluorescent antibody to rabbit conjugated to Alexa 555 (1:2,000, 
Invitrogen, cat. no. A-21428) for 4 h. Sections were washed, mounted, dried and 
coverslipped. The slides were analyzed with an epifluorescence Leica DM6000 
microscope (Leica).

Quantification of c-Fos expression in the olfactory bulb. c-Fos–positive cells 
were counted using the software Metamorph (V 7.0). All images were acquired 
(CoolSNAP HQ2, Photometrics) with the same exposition time. The image analysis  
system measure the optic density in a surface area, quantifying the number of cell 
nuclei in the area delimited by the drawn contour surrounding the GCL, MCL 
and glomerular layer according to an automated cell count. This method detects 
objects (cells) on basis of a group of pixels with values of optical density above the 
threshold, which are expressed as number of cells. In each section, the detection 
level (gray scaling) was chosen above the background level.

electron microscopy. Mice were perfused with a fixative solution made up of 4% 
formaldehyde (freshly depolymerized from paraformaldehyde), 0.2% picric acid 
and 0.1% glutaraldehyde in 0.1 M phosphate-buffered solution. Vibrosections 
(40 µm) were preincubated in a blocking solution of 10% bovine serum albumin 
(BSA, vol/vol), 0.1% sodium azide and 0.02% saponin (vol/vol) in TBS for 30 min 
at room temperature. Then they were incubated in the primary polyclonal goat 
antibody to CB1 as described above prepared in the blocking solution, but with 
0.04% saponin, on a shaker for 2 d at 4 °C. After several washes with 1% BSA in 
TBS, tissue sections were incubated in a secondary 1.4-nm nanogold antigoat 
antibody (1:100, Fab′ fragment, Nanoprobes) prepared in the same solution as the 
primary antibody for 3 h on a shaker at 20–22 °C. Then, tissue was washed over-
night at 4 °C and postfixed in 1% glutaraldehyde for 10 min. After several washes 
in double distilled water, gold particles were silver-intensified with a HQ Silver 
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Kit (Nanoprobes) for 12 min in the dark. Then tissue was extensively washed in 
double distilled water and in 0.1M phosphate-buffered solution and osmicated 
in 1% osmium tetroxide (wt/vol) for 20 min. After washing in 0.1 M phosphate- 
buffered solution, sections were dehydrated in graded alcohols (50°, 70°, 96°, 
100°) to propylene oxide and embedded in Epon resin 812. 80-nm ultrathin  
sections were collected on mesh nickel grids, stained with 2.5% lead citrate for  
20 min and examined in a PHILIPS EM208S electron microscope. Tissue prepara-
tions were photographed by using a digital camera coupled to the electron micro-
scope. Figure compositions were made at 600 dots per inch (dpi). Labeling and 
minor adjustments in contrast and brightness were done using Adobe Photoshop 
(CS, Adobe Systems).

Electron micrographs were taken from grids (132-µm side) containing silver- 
intensified gold particles, all of them showing a similar labeling intensity indi-
cating that selected areas were at the same depth. Furthermore, to avoid false 
negatives, only ultrathin sections in the first 1.5 µm from the surface of the tissue 
block were examined. Positive labeling was considered if at least one immuno-
particle was within approximately 30 nm from the plasmalemma. Metal particles 
on synaptic membranes were visualized and counted. Semi-quantification of 
immunogold labeling on unequivocally identified type-I and type-II synapses 
was performed one mouse of each genotype (wild-type, Glu-CB1

−/− and CB1
−/−). 

Semiquantification of immunogold labeling on total synaptic terminals and on 
axon buttons forming type-I and type-II synapses was performed counting a total 
of 567 profiles from GCL of one mouse of each genotype (wild-type, 62 pictures; 
Glu-CB1

−/−, 27 pictures; CB1
−/−, 35 pictures). Briefly, CB1-immunopositive and 

CB1-immunonegative synaptic terminals were identified as described above and 
counted. Then, the percentage of CB1 immunolabeled terminals was calculated 
for each animal genotype. The same method was followed to obtain the propor-
tion of CB1-immunopositive axon terminals forming unequivocal type-I and 
type-II synapses based on ultrastructural features.

In situ hybridization. The procedure was performed as described11,22. Mice 
were killed by cervical dislocation. Their brains were isolated, quickly frozen on 
dry ice and stored at −80 °C until sectioning in a cryostat (14 µm, Microm HM 
500M, Microm Microtech). FITC-labeled riboprobes against mouse CB1 receptor  
and DIG-labeled riboprobes against mouse GAD65, VGluT1 and tyrosine  
hydroxylase were prepared as decribed1,14. For signal amplification, we used the 

TSA Plus System Cyanine 3/Fluorescein (PerkinElmer). Blocking buffer TNB 
and wash buffer TNT were prepared according to the manufacturer’s protocol. 
Slides were analyzed by epifluorescence microscopy (Leica).

data collection. No statistical methods were used to pre-determine sample sizes, 
but they are similar to those reported in previous publications11,54. Data collection 
and analysis were performed blind to the conditions of the experiment. All mice 
were assigned randomly to the different experimental conditions.

Statistical analyses. Data were analyzed by Student’s t test or ANOVA (repeated, 
one-way and two-way) where appropriate. For ANOVA, only when signifi-
cant effects of main factors were detected, post hoc analyses (Bonferroni’s) 
were performed. However, as normality could not be calculated for all groups, 
non-parametric tests (Mann-Whitney or Kruskall-Wallis) were also used, 
which provided virtually the same results. For detailed statistical analysis see  
Supplementary Tables 1–3.
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