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            Abstract
Targeted, temporally regulated neural modulation is invaluable in determining the physiological roles of specific neural populations or circuits. Here we describe a system for non-invasive, temporal activation or inhibition of neuronal activity in vivo and its use to study central nervous system control of glucose homeostasis and feeding in mice. We are able to induce neuronal activation remotely using radio waves or magnetic fields via Cre-dependent expression of a GFP-tagged ferritin fusion protein tethered to the cation-conducting transient receptor potential vanilloid 1 (TRPV1) by a camelid anti-GFP antibody (anti-GFPâ€“TRPV1)1. Neuronal inhibition via the same stimuli is achieved by mutating the TRPV1 pore, rendering the channel chloride-permeable. These constructs were targeted to glucose-sensing neurons in the ventromedial hypothalamus in glucokinaseâ€“Cre mice, which express Cre in glucose-sensing neurons2. Acute activation of glucose-sensing neurons in this region increases plasma glucose and glucagon, lowers insulin levels and stimulates feeding, while inhibition reduces blood glucose, raises insulin levels and suppresses feeding. These results suggest that pancreatic hormones function as an effector mechanism of central nervous system circuits controlling blood glucose and behaviour. The method we employ obviates the need for permanent implants and could potentially be applied to study other neural processes or used to regulate other, even dispersed, cell types.
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                    Figure 1: Remote neural activation in vivo using radio waves.[image: ]


Figure 2: Remote neural inhibition in vitro and in vivo using radio waves.[image: ]


Figure 3: Remote neural modulation in vitro and in vivo using magnetic field.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Remote neural activation using RF in vivo.
a, Construct design for Ad-FLEX-anti-GFP-TRPV1/GFP-ferritin. CMV, cytomegalovirus promoter. loxN and lox2272 are orthogonal recombination sites. b, Immunostaining for eGFP in GKâ€“Cre/tdTomato mice demonstrates expression of the GFP in glucokinase neurons after VMH injection of Ad-FLEX-anti-GFP-TRPV1/GFP-ferritin. Scale bars, 100â€‰Î¼m; 50â€‰Î¼m in magnification panel. c, Co-localization between eGFP and c-Fos after RF treatment of Nestinâ€“Cre (upper panels) or wild-type (middle panels) mice injected with Ad-FLEX-anti-GFP-TRPV1/GFP-ferritin into the striatum (Scale bar, 80â€‰Î¼m) and of GKâ€“Cre mice injected with Ad-FLEX-anti-GFP-TRPV1/GFP-ferritin into the VMH (lower panels). Scale bar, 100â€‰Î¼m. Quantification of GFP (d) and activated-caspase-3 (e) immunostaining in mice following injection of Ad-anti-GFP-TRPV1/GFP-ferritin or Ad-GFP (1â€‰Î¼l) into the striatum of wild-type (WT) mice or injection of Ad-FLEX-anti-GFP-TRPV1/GFP-ferritin into the VMH of GKâ€“Cre mice. In all cases, columns represent mean and error bars indicate s.e.m. Data were analysed by Kruskalâ€“Wallis test with post-hoc Dunnâ€™s correction. nâ€‰=â€‰4 mice per group.


Extended Data Figure 2 Effects of RF field strength and treatment duration in vivo.
a, Effect of increasing RF field strength on the change in blood glucose and b, the cumulative change in blood glucose in GKâ€“Cre mice with VMH injection of Ad-FLEX-anti-GFP-TRPV1/GFP-ferritin. Data are shown as mean and error bars indicate s.e.m. Data were analysed by two-way ANOVA with Sidakâ€™s multiple comparisons. * or # indicates Pâ€‰<â€‰0.05, ** or ## indicates Pâ€‰<â€‰0.01, *** or ### indicates Pâ€‰<â€‰0.001, **** or #### indicates Pâ€‰<â€‰0.0001 between treated and untreated groups. c, Effect of increasing RF treatment duration on the change in blood glucose and d, the cumulative change in blood glucose in GKâ€“Cre mice with VMH injection of Ad-FLEX-anti-GFP-TRPV1/GFP-ferritin. Data are shown as mean and error bars indicate s.e.m. Data were analysed by two-way ANOVA with Sidakâ€™s multiple comparisons. * or # indicates Pâ€‰<â€‰0.05, ** or ## indicates Pâ€‰<â€‰0.01, *** or ### indicates Pâ€‰<â€‰0.001, **** or #### indicates Pâ€‰<â€‰0.0001 between treated and untreated groups.


Extended Data Figure 3 Neural activation in GKâ€“Cre and wild-type mice in vivo.
a, RF treatment of GKâ€“Cre mice expressing anti-GFP-TRPV1/GFP-ferritin in the VMH significantly increases blood glucose compared to no RF treatment (nâ€‰=â€‰13). Data points indicate mean and error bars indicate s.e.m. Data were analysed by two-way ANOVA with Sidakâ€™s multiple comparisons. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001, ****Pâ€‰<â€‰0.0001 between treated and untreated groups. b, Effects of RF treatment of wild-type mice injected with anti-GFPâ€“TRPV1/GFPâ€“ferritin in the VMH on change in blood glucose with time (nâ€‰=â€‰10). Data points indicate mean and error bars indicate s.e.m. Data were analysed by two-way ANOVA with Sidakâ€™s multiple comparisons. c, Effects of RF treatment of wild-type mice injected with anti-GFPâ€“TRPV1/GFPâ€“ferritin in the VMH on blood glucose with time (nâ€‰=â€‰10). Data points indicate mean and error bars indicate s.e.m. Data were analysed by two-way ANOVA with Sidakâ€™s multiple comparisons. d, Effect of RF treatment on cumulative change in blood glucose over the course of the study in wild-type mice with VMH injection of anti-GFPâ€“TRPV1/GFPâ€“ferritin (nâ€‰=â€‰10). Columns represent mean and error bars indicate s.e.m. Data were analysed by two-tailed, paired Studentâ€™s t-test.


Extended Data Figure 4 Remote neural activation of N38 cells expressing anti-GFPâ€“TRPV1/GFPâ€“ferritin in vitro.
a, Calcium imaging of RF-treated N38 cells expressing anti-GFPâ€“TRPV1/GFPâ€“ferritin showing the percentage of cells responding (>20% increase in fluorescence) to no treatment, RF or 2-APB (nâ€‰=â€‰8, 9 or 2 occasions, respectively), b, the increase in fluorescent signal with RF or 2-APB treatment that is inhibited by Ruthenium red and c, the response time (to reach 20% increase in fluorescence) to RF treatment (nâ€‰=â€‰38 cells). Data are represented as mean and error bars indicate s.e.m. Data were analysed by Kruskalâ€“Wallis test with Dunnâ€™s multiple comparison test. *Pâ€‰<â€‰0.05 vs. untreated, **Pâ€‰<â€‰0.01 vs. untreated, ***Pâ€‰<â€‰0.001 vs. untreated and ****Pâ€‰<â€‰0.0001 vs. untreated. d, Calcium imaging in stably transfected N38 cells expressing anti-GFPâ€“TRPV1/GFPâ€“ferritin demonstrates a field-strength-dependent increase in the percentage of responding cells (>20% increase in fluorescence) and e, the fluorescent signal in compared to untreated cells; nâ€‰=â€‰10, 33, 10 and 4 cells, respectively. Data points indicate mean and error bars indicate s.e.m. Data were analysed by two-way ANOVA with Sidakâ€™s multiple comparisons. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001 ****Pâ€‰<â€‰0.0001 between treated and untreated groups. f, RF treatment of stably transfected N38 cells expressing anti-GFPâ€“TRPV1/GFPâ€“ferritin for 10â€‰s significantly increases the percentage of responding cells and g, the fluorescent signal compared to untreated cells (nâ€‰=â€‰10 and 11 cells for treated vs. untreated). Data points indicate mean and error bars indicate s.e.m. Data were analysed by unpaired Studentâ€™s t-test. *Pâ€‰<â€‰0.05, ***Pâ€‰<â€‰0.001 between treated and untreated groups. h, RF treatment of N38 cells expressing anti-GFPâ€“TRPV1/GFPâ€“ferritin significantly increases pCREB levels and i, relative c-fos (also known as Fos) gene expression (measured by quantitative PCR) and these increases are blocked by Ruthenium red (30 and 100â€‰Î¼M). In all cases, columns represent mean and error bars indicate s.e.m. Data were analysed by one way ANOVA with post-hoc Tukeyâ€™s analysis test. Columns marked with **, #, a or & indicate Pâ€‰<â€‰0.01. Each study was repeated on three occasions each with four replicates.


Extended Data Figure 5 RF treatment of N38 cells in vitro.
a, Immunohistochemistry for Flag-tagged ferritin chimaera (red), TRPV1 (blue) and GFP (green) in N38 cells infected with adenovirus expressing anti-GFPâ€“TRPV1/GFPâ€“ferritin. Scale bar represents 20â€‰Î¼m. b, Immunohistochemistry for cell membrane (Alexa-594-conjugated wheat germ agglutinin, red), GFPâ€“ferritin (green) and TRPV1 (blue) in transfected cells showing close proximity of TRPV1 and GFPâ€“ferritin with the cell membrane (upper panels; scale bar, 4â€‰Î¼m) and separate from the cell membrane (lower panels; scale bar, 8â€‰Î¼m). c, Immunoelectron microscopy images from hypothalamic sections taken from GKâ€“Cre mice with unilateral expression of anti-GFPâ€“TRPV1/GFPâ€“ferritin showing immunogold-labelled GFP-tagged ferritin (i; centre and right) from the injected side which are absent on the non-injected side (left, scale bar represents 500â€‰nm and 250â€‰nm for magnification). d, Electron micrograph of iron-loaded ferritin in HEK cells transfected with ferritin construct alone. e, Double immunoelectron microscopy images from stably transfected HEK cells expressing anti-GFPâ€“TRPV1/GFPâ€“ferritin showing co-localization of GFP and TRPV1 at vesicle membranes and at the cell membrane with magnification on the right. Immuno-electron microscopy for GFP and TRPV1 are marked by 5â€‰nm and 12â€‰nm colloidal gold respectively. Scale bar represents 500â€‰nm.


Extended Data Figure 6 RF treatment of N38 cells in vitro.
a, RF treatment of N38 cells does not alter pCREB levels. In all cases, columns represent mean and error bars indicate s.e.m. Each study was repeated on three occasions each with four replicates. b, RF treatment significantly increases relative c-fos gene expression. In all cases, columns represent mean and error bars indicate s.e.m. Data were analysed by two-tailed, unpaired Studentâ€™s t-test. *Pâ€‰<â€‰0.05. Each study was repeated on three occasions each with four replicates.


Extended Data Figure 7 Neural inhibition in GKâ€“Cre and wild-type mice in vivo.
a, Effect of RF treatment of N38 cells expressing anti-GFPâ€“TRPV1mutant/GFPâ€“ferritin on pCREB levels and c-Fos expression. In all cases, columns represent mean and error bars indicate s.e.m. Data were analysed by two-tailed Mannâ€“Whitney U-test. *Pâ€‰<â€‰0.05. Each study was repeated on three occasions each with four replicates. b, RF treatment of GKâ€“Cre mice expressing anti-GFPâ€“TRPV1mutant/GFPâ€“ferritin in the VMH significantly decreases blood glucose compared to no RF treatment (nâ€‰=â€‰13). Data points indicate mean and error bars indicate s.e.m. Data were analysed by two-way ANOVA with Sidakâ€™s multiple comparisons. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001, ****Pâ€‰<â€‰0.0001 between treated and untreated groups. c, RF treatment significantly decreases cumulative changes in blood glucose over the course of the study in GKâ€“Cre mice with VMH expression of anti-GFPâ€“TRPV1mutant/GFPâ€“ferritin (nâ€‰=â€‰6) compared to wild-type mice with VMH injection of Ad-FLEX-anti-GFP-TRPV1mutant/GFP-ferritin (nâ€‰=â€‰9) after administration of 2-deoxyglucose to mimic hypoglycaemia. Data are shown as mean and error bars indicate s.e.m. Data were analysed by unpaired Studentâ€™s t-test. *Pâ€‰<â€‰0.05. d, Effects of RF treatment of wild-type mice injected with anti-GFPâ€“TRPV1mutant/GFPâ€“ferritin in the VMH on changes in blood glucose with time (nâ€‰=â€‰8). Data points indicate mean and error bars indicate s.e.m. Data were analysed by two-way ANOVA with Sidakâ€™s multiple comparisons. e, Effects of RF treatment of wild-type mice injected with anti-GFPâ€“TRPV1mutant/GFPâ€“ferritin in the VMH on cumulative changes in blood glucose with time (nâ€‰=â€‰8). Data points indicate mean and error bars indicate s.e.m. Data were analysed by two-way ANOVA with Sidakâ€™s multiple comparisons. f, Effect of RF treatment on blood glucose over the course of the study in wild-type mice with VMH injection of anti-GFPâ€“ TRPV1/GFPâ€“ferritin (nâ€‰=â€‰8). Data points represent mean and error bars indicate s.e.m. Data were analysed by two-way ANOVA with Sidakâ€™s multiple comparisons.


Extended Data Figure 8 Magnetic field activation and inhibition of N38 cells in vitro.
Electrophysiological recordings of cultured cells. a, Current trace from a whole-cell voltage-clamp recording (âˆ’60â€‰mV) showing the inward current induced with TRPV1 agonist (2-APB 200â€‰Î¼M) in a HEK cell expressing anti-GFPâ€“TRPV1/GFPâ€“ferritin (representative of four recordings). b, Current trace from a whole-cell voltage-clamp recording (âˆ’60â€‰mV) induced with a magnetic field (5â€‰s) showing the inward current in stably transfected N38 cells expressing anti-GFPâ€“TRPV1/GFPâ€“ferritin (representative of 15 recordings). c, Bar chart summary of mean peak current induced by TRPV1 agonist 2-APB (200â€‰nM, nâ€‰=â€‰4) and magnet activation in cultured cells (HEK, nâ€‰=â€‰10; N38, nâ€‰=â€‰15) expressing anti-GFPâ€“TRPV1/GFPâ€“ferritin. Columns represent mean and error bars indicate s.e.m. Electrophysiological recordings of cultured cells. d, Current trace from a whole-cell voltage-clamp recording (âˆ’60â€‰mV) showing the outward current induced with TRPV1 agonist (2-APB 200â€‰Î¼M) in a HEK cell expressing anti-GFPâ€“TRPV1mutant/GFPâ€“ferritin (representative of 19 recordings). e, Current trace from a whole-cell voltage-clamp recording (âˆ’60â€‰mV) induced with a magnetic field (5 s) showing the outward current stably transfected N38 cells expressing anti-GFPâ€“TRPV1mutant/GFPâ€“ferritin (representative of 12 recordings). f, Bar chart summary of mean peak current induced by TRPV1 agonist 2-APB (200â€‰nM, nâ€‰=â€‰19) and magnet activation in cultured cells (HEK, nâ€‰=â€‰3; N38, nâ€‰=â€‰12) expressing anti-GFPâ€“TRPV1mutant /GFPâ€“ferritin. Columns represent mean and error bars indicate s.e.m. g, Summary data showing magnet-induced changes in membrane potential and firing rate for GK VMH neurons expressing anti-GFPâ€“TRPV1/GFPâ€“ferritin and h, anti-GFPâ€“TRPV1mutant/GFPâ€“ferritin. Open circles denote values for individual cells and closed circles denote mean values. Error bars denote s.e.m. For neurons expressing anti-GFPâ€“TRPV1/GFPâ€“ferritin mean membrane potential significantly increased from âˆ’70.20â€‰Â±â€‰7.246â€‰mV to âˆ’53.81â€‰Â±â€‰5.349â€‰mV (nâ€‰=â€‰14, Pâ€‰<â€‰0.0001, paired t-test). Mean firing rate significantly increased from 0.7084â€‰Â±â€‰0.2311 to 3.063â€‰Â±â€‰0.5632 (nâ€‰=â€‰16, Pâ€‰<â€‰0.002, paired t-test; includes data from 2 cell-attached recordings). For neurons expressing anti-GFPâ€“TRPV1mutant/GFPâ€“ferritin mean membrane potential significantly decreased from âˆ’51.2â€‰Â±â€‰5.519â€‰mV to âˆ’55.93â€‰Â±â€‰5.636â€‰mV (nâ€‰=â€‰6, Pâ€‰=â€‰0.03; Wilcoxon matched pairs). Mean firing rate significantly decreased from 2.868â€‰Â±â€‰1.177 to 0.3167â€‰Â±â€‰0.2685 (nâ€‰=â€‰6, Pâ€‰=â€‰0.03; Wilcoxon matched pairs). Currentâ€“voltage relationship of 2-APB-activated TRPV1mutant channels shows limited cation permeability and increased chloride permeability. i, Limited conductance of TRPV1mutant channels compared to wild-type when the predominant internal ions are K+ and gluconate. j, Conductance is increased for anti-GFPâ€“TRPV1mutant channels when the predominant internal ions are Cs and Cl (isometrical chloride). k, Calcium imaging in stably transfected N38 cells expressing anti-GFPâ€“TRPV1/GFPâ€“ferritin demonstrates a magnetic field-strength-dependent increase in the percentage of responding cells (>20% increase in fluorescence) (nâ€‰=â€‰7, 10, 3 imaging studies, respectively) and l, the fluorescent signal compared to untreated cells (nâ€‰=â€‰11, 48, 12 cells, respectively). The effects of magnet stimulation were blocked by Ruthenium red. Data points indicate mean and error bars indicate s.e.m. Data were analysed by two-way ANOVA with Sidakâ€™s multiple comparisons. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001 ****Pâ€‰<â€‰0.0001 between treated and untreated groups. m, Histogram representing the response time (to reach 20% increase in fluorescence) in magnet-treated N38 cells expressing anti-GFPâ€“TRPV1/GFPâ€“ferritin (nâ€‰=â€‰68 cells). n, Treatment of N38 cells expressing anti-GFPâ€“TRPV1mutant/GFPâ€“ferritin with magnet (nâ€‰=â€‰6 occasions) significantly increased the percentage of responding cells (i) (>10% decrease in chloride indicator, MQAE,fluorescence) compared to untreated cells (nâ€‰=â€‰4 occasions) and o, the reduction in MQAE signal. Ruthenium red reduced both the percentage of responding cells and the magnitude of the response (nâ€‰=â€‰2 occasions). In all cases, columns represent mean and error bars indicate s.e.m. Data were analysed by Kruskalâ€“Wallis test with Dunnâ€™s multiple comparison test. Columns marked with **Pâ€‰<â€‰0.01 vs. untreated, columns marked with ****Pâ€‰<â€‰0.001 vs. untreated.


Extended Data Figure 9 Non-invasive neural activation in vivo using a static magnetic field.
a, The effect of moderate (0.2â€“0.5â€‰T) magnetic field strength on food intake in GKâ€“Cre mice expressing anti-GFPâ€“TRPV1/GFPâ€“ferritin in the VMH (nâ€‰=â€‰5). Columns represent mean and error bars indicate s.e.m. b, Schema of the crossover protocol used to examine the effect of neural activation with a static magnetic field on blood glucose. c, Magnetic field treatment of GKâ€“Cre mice following VMH injection of anti-GFPâ€“TRPV1/GFPâ€“ferritin significantly increases blood glucose compared to no magnet treatment (nâ€‰=â€‰6). Data points indicate mean and error bars indicate s.e.m. Data were analysed by two-way ANOVA with Sidakâ€™s multiple comparisons. d, Magnet treatment significantly increases cumulative change in blood glucose over the course of the study in GKâ€“Cre mice with VMH injection of anti-GFPâ€“TRPV1/GFPâ€“ferritin (nâ€‰=â€‰6) compared to the same mice without magnet treatment. In all cases, columns represent mean and error bars indicate s.e.m. Data were analysed by Wilcoxon matched pairs signed rank test. *Pâ€‰<â€‰0.05. e, Effects of static magnetic field treatment of wild-type mice with VMH injection of anti-GFPâ€“TRPV1/GFPâ€“ferritin on changes in blood glucose with time mice injected with anti-GFPâ€“TRPV1/GFPâ€“ferritin in the VMH on food intake (nâ€‰=â€‰6). Data points indicate mean and error bars indicate s.e.m. Data were analysed by two-way ANOVA with Sidakâ€™s multiple comparisons.


Extended Data Figure 10 Baseline characteristics in mice expressing anti-GFPâ€“TRPV1/GFPâ€“ferritin or anti-GFPâ€“TRPV1mutant/GFPâ€“ferritin.
a, Non-fasting blood glucose did not differ significantly between wild-type, GKâ€“Cre and GKâ€“Cre mice injected with anti-GFPâ€“TRPV1/GFPâ€“ferritin or anti-GFPâ€“TRPV1mutant/GFPâ€“ferritin (nâ€‰=â€‰10, 8, 8 and 5, respectively). Columns represent mean and error bars indicate s.e.m. b, Food intake following a 4â€‰h fast did not differ significantly between wild-type, GKâ€“Cre and GKâ€“Cre mice injected with anti-GFPâ€“TRPV1/GFPâ€“ferritin or anti-GFPâ€“TRPV1mutant/GFPâ€“ferritin (nâ€‰=â€‰6, 4, 6 and 13 respectively). *Pâ€‰<â€‰0.05. Columns represent mean and error bars indicate s.e.m.
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        Editorial Summary
Remote control of animal behaviour
This study describes a new technology that allows neurons to be activated or inhibited remotely in freely moving animals using radio waves or magnetic fields. Jeffrey Friedman and colleagues used an iron-binding protein tethered to a heat-sensitive protein to excite or inhibit neurons in the ventromedial hypothalamic nucleus in mice. Activation of glucose-sensing neurons increased plasma glucose and glucagon, suppressed plasma insulin and increased feeding. Inhibition decreased blood glucose, increased plasma insulin and suppressed the response to hypoglycaemia. As well as enabling remote control of cellular activity in basic research, this approach has potential therapeutic implications as a minimally invasive alternative to deep brain stimulation.
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