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            Abstract
Cellular activity in the brain depends on the high energetic support provided by mitochondria, the cell organelles which use energy sources to generate ATP1,2,3,4. Acute cannabinoid intoxication induces amnesia in humans and animals5,6, and the activation of type-1 cannabinoid receptors present at brain mitochondria membranes (mtCB1) can directly alter mitochondrial energetic activity7,8,9. Although the pathological impact of chronic mitochondrial dysfunctions in the brain is well established1,2, the involvement of acute modulation of mitochondrial activity in high brain functions, including learning and memory, is unknown. Here, we show that acute cannabinoid-induced memory impairment in mice requires activation of hippocampal mtCB1 receptors. Genetic exclusion of CB1 receptors from hippocampal mitochondria prevents cannabinoid-induced reduction of mitochondrial mobility, synaptic transmission and memory formation. mtCB1 receptors signal through intra-mitochondrial Gαi protein activation and consequent inhibition of soluble-adenylyl cyclase (sAC). The resulting inhibition of protein kinase A (PKA)-dependent phosphorylation of specific subunits of the mitochondrial electron transport system eventually leads to decreased cellular respiration. Hippocampal inhibition of sAC activity or manipulation of intra-mitochondrial PKA signalling or phosphorylation of the Complex I subunit NDUFS2 inhibit bioenergetic and amnesic effects of cannabinoids. Thus, the G protein-coupled mtCB1 receptors regulate memory processes via modulation of mitochondrial energy metabolism. By directly linking mitochondrial activity to memory formation, these data reveal that bioenergetic processes are primary acute regulators of cognitive functions.
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                    Figure 1: Requirement of mtCB1 receptors for cannabinoid effects on mitochondrial respiration and mobility, synaptic transmission and memory.[image: ]


Figure 2: Activation of mtCB1 receptors affects mitochondrial activity via Gαi/o proteins and sAC.[image: ]


Figure 3: Blockade of sAC activity prevents the effects of cannabinoids on mitochondrial respiration and mobility, synaptic transmission and memory.[image: ]


Figure 4: Activation of mtCB1 decreases PKA-dependent phosphorylation of mitochondrial proteins.[image: ]
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Extended data figures and tables

Extended Data Figure 1 The mutant DN22-CB1 receptor is functional, but it does not mediate cannabinoid-induced alterations of mitochondrial activity and mobility.
a, Acute treatment with HU210 (100 nM) induces changes in cellular oxygen consumption in intact primary fibroblasts (MFs) from CB1−/− mice electroporated with a CB1-expressing plasmid, whereas no alterations were observed in DN22-CB1-expressing or mock-electroporated (mCherry) CB1−/− mouse fibroblasts (n = 6–10). b, HU210 (200 nM) treatment decreases HEK293 cellular respiration in cells expressing CB1, but not mCherry or DN22-CB1 receptors (n = 4). c, Representative immunoblotting showing the effect of HU210 (100 nM) on pERK and ERK levels in HEK293 cells transfected with plasmids expressing mCherry, CB1 or DN22-CB1 (n = 7–13). Quantitative data are shown in Fig. 1b of main text. d, Representative confocal images (green, GFP; red, pDsred2–mito) and kymographs corresponding to the results shown in Fig. 1d; showing how HU210 (1 μM) reduces mitochondrial mobility in the primary neurons from CB1−/− mice transfected with vectors expressing CB1, but not GFP or DN22-CB1. Scale bar, 10 μM. Data, mean ± s.e.m.; *P < 0.05. For statistics, see Supplementary Tables 1–3.

                          Source data
                        


Extended Data Figure 2 Characterization of CB1+/+(GFP), CB1−/−(GFP), CB1−/−(CB1) and CB1−/−(DN22-CB1) mice.
a, Representative immunofluorescence micrographs showing CB1-receptor expression in hippocampal brain sections from CB1+/+(GFP), CB1−/−(GFP), CB1−/−(CB1) and CB1−/−(DN22-CB1) mice, respectively. b, [3H]CP55,940 CB1-receptor binding experiments, showing similar levels of CB1 protein expression in hippocampal extracts from CB1−/−(CB1) and CB1−/−(DN22-CB1) mice, both significantly higher than control CB1−/−(GFP) (n = 7–24). c, Dose–response curves of [35S]GTPγS binding in membranes isolated from hippocampi of CB1−/−(GFP), CB1−/−(CB1) and CB1−/−(DN22-CB1) mice treated with WIN (n = 9–24). d, e, CB1-receptor-dependent activation of G proteins is similar in hippocampi from CB1−/−(CB1) and CB1−/−(DN22-CB1) mice, as shown by EC50 dose and maximal activation values calculated from [35S]GTPγS binding experiments after treatment with HU210 (d) or WIN (e). f, Total exploration time in NOR experiments as described in Fig. 1i. Data, mean ± s.e.m.; ***P < 0.001; NS, not significant. For statistics, see Supplementary Tables 1–3.

                          Source data
                        


Extended Data Figure 3 Activation of mtCB1 receptor affects mitochondrial activity via Gαi/o signalling.
a, THC (1 μM) or WIN (1 μM) decrease cellular respiration of primary hippocampal cultures derived from CB1+/+ but not from CB1−/− mice (n = 5–15). b, THC (1 μM) or WIN (1 μM) reduce both total and mitochondrial ATP levels of primary hippocampal cultures derived from CB1+/+ but not from CB1−/− mice (n = 6–14). c, Quantification of data presented in Fig. 2b, showing the release of the G protein upon activation of mtCB1 receptors (n = 3). d, e, Effects of pertussis toxin (PTX, 1 μg ml−1) and THC (800 nM) on cAMP levels in purified brain mitochondria obtained from CB1+/+ mice (d) and CB1−/− littermates (e) (n = 4). f, g, Effects of PTX (1 μg ml−1) and THC (800 nM) on PKA activity in purified brain mitochondria obtained from CB1+/+ mice (f) and CB1−/− littermates (g) (n = 5–6). h, PTX (1 μg ml−1) blocks the effect of THC (800 nM) and WIN (100 nM) on complex-I activity of purified brain mitochondria obtained from CB1+/+ mice (n = 3–6). i, Representative trypsin-sensitivity assay (3 independent experiments) showing the intra-mitochondrial localization of Gα, sAC and PKA. NDUFA9, a subunit of complex I; TOM20, translocase of outer membrane subunit 20. Data, mean ± s.e.m.; *P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant. For statistics, see Supplementary Tables 1–3.

                          Source data
                        


Extended Data Figure 4 sAC mediates the mitochondrial effects of mtCB1-receptor activation.
a, Quantification of data presented in Fig. 2e, indicating higher interaction between Gα proteins and sAC after mtCB1 activation (n = 3). b, The transmembrane adenylyl cyclase activator forskolin (10 μM) does not alter basal levels and does not reverse the effect of THC (800 nM) on cAMP content of CB1+/+ brain mitochondria (n = 4). c, Forskolin (10 μM) has no effect on basal cAMP levels of CB1−/− brain mitochondria (n = 3–4). d, The sAC activator HCO3− (5 mM) reverses the effect of THC (800 nM) on cAMP content in purified brain mitochondria from CB1+/+ mice (n = 4). e, HCO3− (5 mM) and THC (800 nM) have no effect on cAMP levels (n = 3–4) of CB1−/− brain mitochondria. f, Representative trypsin sensitivity assay in mitochondrial fractions of 3T3 cells (3 independent experiments) showing intra-mitochondrial localization of CB1 receptors, Gα proteins, AKAP121, PKA and sAC in 3T3 cells. SDHA, succinate dehydrogenase A (subunit of complex II); TOM20, translocase of outer membrane subunit 20. g, Representative trypsin-sensitivity assay (3 independent experiments) showing that sAC–HA and mtsAC–HA are localized inside mitochondria in transfected 3T3 cells. h, Representative immunoblot (3 independent experiments) showing the expression of sAC–HA in transfected and non-transfected primary hippocampal cultures. i, Expression of sAC–HA in primary hippocampal cultures blocks the effect of THC (1 μM) on basal cellular respiration (n = 8–10). Data, mean ± s.e.m.; P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant. For statistics, see Supplementary Tables 1–3.

                          Source data
                        


Extended Data Figure 5 The sAC inhibitor KH7 prevents the effects of mtCB1 activation.
a, The effect of KH7 (5 μM) on mitochondrial respiration in purified brain mitochondria obtained from CB1+/+ mice (n = 5–6). b, KH7 (5 μM) blocks the effect of THC (800 nM) on PKA activity in purified brain mitochondria obtained from CB1+/+ mice (n = 5–11). c, KH7 (5 μM) blocks the effect of THC (800 nM) and WIN (100 nM) on complex-I activity in purified brain mitochondria obtained from CB1+/+ mice (n = 3–6). d, Representative confocal images (green, CB1-GFP; red, pDsred2–mito) of analysed axonal tracts and kymographs of the results shown in Fig. 3b, representing the effect of KH7 (5 μM) on the reduction in mitochondrial mobility in primary hippocampal neurons induced by HU210 (1 μM). Scale bar, 10 μM. e, mtsAC–HA blocks the decrease in mitochondrial mobility in CB1-expressing neurons induced by HU210 (1 μM) (n = 7–18). f, The effect of KH7 (10 μM) on the decrease in fEPSP at CA3–CA1 synapses from C57BL/6N mice induced by WIN (5 μM). Left, plots of normalized fEPSP slopes in vitro with representative fEPSP traces before (1) and after (2) WIN incubation. Vehicle (n = 6) or KH7 (n = 5) were pre-incubated 10 min before cannabinoid application. Right, histogram summarizing the average changes in the percentage of the fEPSP slope before (100% baseline, dotted line) and after WIN treatment in the presence or absence of KH7. g, KH7 (10 μM) alone does not affect the fEPSP slope at CA3–CA1 synapses from C57BL/6N mice. Plots of normalized fEPSP slopes in vitro before and after KH7 application (n = 5). h, Total exploration time in NOR experiments as described in Fig. 3d. Data, mean ± s.e.m.; *P < 0.05; ***P < 0.001; NS, not significant. For statistics, see Supplementary Tables 1–3.

                          Source data
                        


Extended Data Figure 6 Mitochondrial PKA activity mediates the effects of mtCB1 receptors.
a, The PKA inhibitor H89 (800 nM) blocks the effect of THC (800 nM) and WIN (100 nM) on complex-I activity in CB1+/+ purified brain mitochondria (n = 3–6). b, H89 blocks the effect of THC on PKA activity in CB1+/+ purified brain mitochondria (n = 6). c, H89 and THC have no effect on PKA activity in CB1−/− brain mitochondria (n = 3–5). d, Quantification of data presented in Fig. 4c (n = 3), indicating a lower mitochondrial PKA content after silencing of AKAP121. e, f, Silencing of AKAP121 lowers mitochondrial PKA activity. e, Representative immunoblots of proteins phosphorylated by PKA (PKA-dependent phosphorylation) in 3T3 cells transfected with control vector or shAKAKP121. SHDA, succinate dehydrogenase A (a subunit of complex II). f, Quantification of data presented in e (n = 12). g–i, Silencing of AKAP121 blocks the effect of THC on cellular respiration. g, Silencing of AKAP121 blocks the effect of THC (800 nM) on basal cellular respiration in 3T3 cells (n = 4). h, Representative immunoblotting of AKAP121 expression in extracts of hippocampal primary cultures in the presence or absence of shAKAP121. i, shAKAP121 inhibits the effect of THC on basal cellular respiration of primary hippocampal cultures (n = 5–10). Data, mean ± s.e.m.; *P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant. For statistics, see Supplementary Tables 1–3.

                          Source data
                        


Extended Data Figure 7 Activation of mtCB1 decreases PKA-dependent phosphorylation of the complex-I subunit NDUFS2, eventually mediating the effects on respiration.
a, THC specifically decreases complex-I- but not complex-II- or complex-IV-dependent respiration in purified brain mitochondria in a CB1-dependent manner (n = 3–4). b, Representative two-dimension (BN-PAGE/SDS–PAGE) immunoblotting (4 independent experiments) showing PKA-dependent phosphorylation of protein extracts of brain mitochondria from CB1+/+ and CB1−/− mice treated with vehicle or THC (800 nM). c, Representative immunofluorescence of HeLa cells transfected with empty vector (mock), the mitochondrial-targeted constitutively active PKA (MLS–PKA-CA) or the phosphomimetic mutant of NDUFS2 (NDUFS2-PM). Green, myc tag staining; red, mitochondrial staining (TOM20). d, Baseline cellular respiration of HEK293 cells transfected with plasmids expressing CB1, CB1 + MLS–PKA-CA or CB1 + NDUFS2-PM (n = 4–6). e, The effect of vehicle or WIN on cellular respiration in HEK293 cells as in d (n = 4–6). f, Representative images of hippocampi injected with AAV–GFP, AAV–MLS–PKA-CA or AAV–NDUFS2-PM. Green, GFP fluorescence (left panel) or myc tag staining (central and right panel). Arrows, subunit of complex I, NDUFS2. ***P < 0.001 between genotypes (a) or between vehicle and WIN (d); ##P < 0.01; ###P < 0.001 as compared to control. For statistics details, see Supplementary Tables 1–3.

                          Source data
                        


Extended Data Table 1 Theoretical in silico predictions of mitochondrial and plasma membrane localization of CB1 and DN22-CB1 receptor proteins, based on the programs MitoProt and PSORTFull size table
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Cannabinoids reduce mitochondrial mobility in hippocampal neurons via CB1 receptors 
Effect of the CB1 receptor agonist HU210 on mitochondrial mobility in CB1-/- hippocampal neurons re-expressing CB1. Representative time-lapse live imaging of axonal mitochondria before and after treatment of HU210 (1µM) for 15 min in a primary hippocampal neuron from CB1-/- mice, transfected with CB1-GFP. See Fig. 1e. (MOV 643 kb)
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Re-expression of DN22-CB1 fails to rescue the HU210-dependent decrease of mitochondrial mobility in CB1-/- hippocampal neurons. Representative time-lapse live imaging of axonal mitochondria before and after treatment of HU210 (1µM) for 15 min in a primary hippocampal neuron from CB1-/- mice, transfected with DN22-CB1-GFP. See Fig. 1e. (MOV 700 kb)


Cannabinoid-induced reduction of mitochondrial mobility depends on sAC signaling. 
Representative time-lapse live imaging of axonal mitochondria before and after treatment of HU210 (1µM) and vehicle for 15 min in a primary hippocampal neuron from CB1-/- mice, transfected with CB1-GFP. See Fig. 3b. (MOV 731 kb)


Cannabinoid-induced reduction of mitochondrial mobility depends on sAC signaling. 
The sAC inhibitor KH7 blocks the reduction of mitochondrial mobility induced by HU210. Representative time-lapse live imaging of axonal mitochondria before and after treatment of HU210 (1µM) for 15min in the presence of KH7 (5µM) in a primary hippocampal neuron from CB1-/- mice, transfected with CB1-GFP. See Fig. 3b. (MOV 771 kb)
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