
1/6

Magnetogenetics: remote non-invasive magnetic
activation of neuronal activity with a magnetoreceptor
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Abstract
in English,

Current neuromodulation techniques such as optogenetics and deep-brain stimulation are
transforming basic and translational neuroscience. These two neuromodulation
approaches are, however, invasive since surgical implantation of an optical fiber or wire
electrode is required. Here, we have invented a non-invasive magnetogenetics that
combines the genetic targeting of a magnetoreceptor with remote magnetic stimulation.
The non-invasive activation of neurons was achieved by neuronal expression of an
exogenous magnetoreceptor, an iron-sulfur cluster assembly protein 1 (Isca1). In HEK-
293 cells and cultured hippocampal neurons expressing this magnetoreceptor, application
of an external magnetic field resulted in membrane depolarization and calcium influx in a
reproducible and reversible manner, as indicated by the ultrasensitive fluorescent calcium
indicator GCaMP6s. Moreover, the magnetogenetic control of neuronal activity might be
dependent on the direction of the magnetic field and exhibits on-response and off-
response patterns for the external magnetic field applied. The activation of this
magnetoreceptor can depolarize neurons and elicit trains of action potentials, which can
be triggered repetitively with a remote magnetic field in whole-cell patch-clamp recording.
In transgenic Caenorhabditis elegans expressing this magnetoreceptor in myo-3-specific
muscle cells or mec-4-specific neurons, application of the external magnetic field
triggered muscle contraction and withdrawal behavior of the worms, indicative of magnet-
dependent activation of muscle cells and touch receptor neurons, respectively. The
advantages of magnetogenetics over optogenetics are its exclusive non-invasive, deep
penetration, long-term continuous dosing, unlimited accessibility, spatial uniformity and
relative safety. Like optogenetics that has gone through decade-long improvements,
magnetogenetics, with continuous modification and maturation, will reshape the current
landscape of neuromodulation toolboxes and will have a broad range of applications to
basic and translational neuroscience as well as other biological sciences. We envision a
new age of magnetogenetics is coming.
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Magnetogenetic activation of HEK-293 cells…
Fig. 1

Magnetogenetic activation of HEK-293 cells by remote magnetic stimulation. a , b Membrane…
Fig. 1

Magnetogenetic activation of HEK-293 cells by remote magnetic stimulation. a, b Membrane
depolarization induced by electric coils. a Schematic of magnetic stimulation of MAR-GCaMP6s co-
transfected HEK-293 cells by a pair of electrical coils. b Heat map showing change of fluorescence

intensity (∆F/F0) before and after magnetic field stimulation. Scale bar, 50 μm. c–d Activation of HEK-
293 cells with magnetic field generated by a pair of bar magnets. c Schematic of magnetic stimulation

by a pair of bar magnets. d Color map of fluorescence change of GCaMP6s triggered by external
magnetic field. Scale bar, 50 μm. e Population activity showed increased fluorescence intensity only in
MAR-positive cells after magnetic stimulation, while fluorescence intensity of control group remained
at the base level. Solid lines, mean; shaded gray areas, s.e.m. Blue bar, field-on. Inset was magnified
view showing onset latency of about 13 s after stimulus onset. Dashed line indicated response onset

when ∆F/F0 was 10 folds of the standard deviation of the baseline fluctuation. f Quantification of
minimum magnetic field intensity needed to elicit response. The average fluorescence intensity of the

whole field of view was extracted from a single movie and averaged across 14 different groups of cells.
The fluorescence intensity was measured after 27 s of the switch-on of each magnetic field strength.

∆F/F0 reached 20 % at 0.3 mT

Fig. 2
MAR enables magnetic control of…

Fig. 2
MAR enables magnetic control of neuronal activity. a Schematic of calcium imaging with…

Fig. 2
MAR enables magnetic control of neuronal activity. a Schematic of calcium imaging with hippocampal
neurons cultured in Tyrode’s solution. b Confocal imaging showing co-localization of GCaMP6s and

MAR. Scale bar, 10 μm. c Time course of average peak ∆F/F0 as a function of time (Solid lines
indicate the mean value and shaded gray areas indicate s.e.m.). Calcium transients were only

observed in MAR-transfected group. Orange, MAR group, n = 42; black, control group, n = 40. Blue
bar indicates field-on. d–e Distribution of onset latency, duration, and peak ∆F/F0, respectively. Each
gray dot represents result from a single neuron, while solid dots indicate mean value. Onset latency
was the time interval between the magnetic field onset and the time when ∆F/F0 reached 10 % of

peak ∆F/F0. Duration was measured between the time when ∆F/F0 increased to 10 % of peak value
and the time when ∆F/F0 decayed to 10 % of peak ∆F/F0. Mean peak ∆F/F0 was 50.5 ± 7.0 %; mean

onset latency was 7.8 ± 0.8 s; mean duration of MAR-evoked calcium transients was 11.1 ± 0.9 s.
Error bar, s.e.m
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Fig. 3
Magnetic direction-selective control and on–off response patterns of neuronal activity. a Direction-

selective magnetic…
Fig. 3

Magnetic direction-selective control and on–off response patterns of neuronal activity. a Direction-
selective magnetic activation of calcium influx. Schematic of two-directional magnetic stimulation

setup. A–B coils produced magnetic field along X-direction (green arrow) and C-D coils generated
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magnetic field along Y-direction (red arrow). b Sample traces of fluorescence intensity of three
neurons in response to magnetic fields of different directions in X–Y plane. Green arrow, direction of

magnetic field in X-axis. Orange arrow, direction of magnetic field in Y-axis. Left, a representative
neuron exhibited a large calcium peak when the magnetic field was turned on to X-axis, while only a

small peak was observed when the magnetic field was switched to Y-axis. Middle, an example neuron
responded only to the magnetic stimulation along Y-axis. Right, representative trace showing calcium
spikes to magnetic field along both X-axis and Y-axis. Traces showing were ∆F/F0. Green bar, field on
in X-direction; orange bar, field on in Y-direction. c On-response and off-response patterns of neuronal
activity. Schematic showing that switch-on and switch-off of magnetic field induced on-response (blue
trace) and off-response (red trace) patterns of neuronal activity. d Fluorescence traces shown were
three representative neurons with different response patterns. Upper, a neuron exhibiting calcium
transient when the magnetic field was turned on (on-response), but not when it was turned off (off-

response). Middle, a neuron exhibiting off-response but not on-response. Lower, a neuron exhibiting
both on-response and off-response. Traces showing were ∆F/F0. Blue bar, field-on; orange bar, field-

off
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Fig. 4
Neuronal spiking activity driven by the magnetic field via MAR. a Experiment scheme…

Fig. 4
Neuronal spiking activity driven by the magnetic field via MAR. a Experiment scheme of whole-cell
patch-clamp recording. Magnetic stimulation was achieved through a pair of handheld magnets. b
Confocal imaging of a typical MAR-p2A-mCherry expressing neuron. Scale bar, 30 μm. c Current-
clamp recording showing changes of membrane potential to magnetic stimulation. Three example
neurons exhibited membrane depolarization and increasing firing rate to the onset of the magnetic

field. Scale bar, 10 s, 50 mV. d MAR triggered action potentials displayed on-response and off-
response firing patterns. Voltage traces of three representative neurons showed distinct firing patterns

in response to magnetic field-on and field-off. Upper, the neuron only fired action potentials to the
onset of magnetic field. To the opposite, the neuron shown in middle panel mainly responded to the

removal of magnet. Another group showed typical firing pattern (lower panel) that both switch-on and
switch-off of magnetic field elicited action potentials. Blue bar, field-on; orange bar, field-off. e Magnetic
field induced significant increase in number of action potentials with mean onset latency of 5.3 ± 1.1 s

and average duration of 8.5 ± 1.5 s when compared to spontaneous firing rate (13.2 ± 4.2 spikes
versus 1.0 ± 0.5 spikes; n = 19; **, P < 0.01, paired t test). Error bar, s.e.m. Spikes were counted in

20 s after the first elicited spike within 20 s after the magnetic field was turned on
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Magnetogenetic control of behavioral responses in C. elegans. a Epifluorescence image of MAR
expression in the body wall of C. elegans under the promoter myo-3. b Simultaneous contraction of
body muscle when magnetic field was applied under white field illumination. Asterisks indicate the

head and tail of C. elegans. Left, body relaxation just before magnetic field was on; right, body
contraction after the magnetic field was switched on. c Body length was measured with 1 s interval at

10 s before and 50 s after magnetic field was turned on and also at 20 s after magnetic field was
turned off. Relative body length was calculated by dividing the length measured to the average body

length before stimulus onset. Orange trace showing reduction of body length to 94 % of the initial
length, while N2 wild type showed no obvious change of body length by magnetic stimulation (myo-3,
n = 24; N2, n = 20). d MAR was selectively expressed in gentle touch receptor neurons under mec-4
promoter. Shown is a PLM neuron. Scale bar, 5 μm. e Withdrawal behavior was elicited in the mec-4
transgenic animal when magnetic field was on. Animal positions from 3 frames after stimulus onset at

0, 3, and 6 s were shown by white, orange, blue outline, respectively. f Percentage of responding
transgenic animals in five consecutive trails with obvious withdrawal or forwarding behavior (with

travelling distance of at least 1/4 body length) by magnetic stimulation. All transgenic animals were
tested more than five times, and responses were defined as 1 or 0 when the travelling distance met
the criteria mentioned above. The fraction of zdEx22 transgenic C. elegans was 86 % in the first trail

and showed gradual habituation when tested repeatedly
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