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Abstract Current neuromodulation techniques such as

optogenetics and deep-brain stimulation are transforming

basic and translational neuroscience. These two neuro-

modulation approaches are, however, invasive since sur-

gical implantation of an optical fiber or wire electrode is

required. Here, we have invented a non-invasive magne-

togenetics that combines the genetic targeting of a mag-

netoreceptor with remote magnetic stimulation. The non-

invasive activation of neurons was achieved by neuronal

expression of an exogenous magnetoreceptor, an iron-sul-

fur cluster assembly protein 1 (Isca1). In HEK-293 cells

and cultured hippocampal neurons expressing this magne-

toreceptor, 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 con-

tinuous dosing, unlimited accessibility, spatial uniformity

and relative safety. Like optogenetics that has gone through

decade-long improvements, magnetogenetics, with contin-

uous 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.

Keywords Magnetogenetics � Optogenetics � Iron-
sulfur cluster assembly protein � Magnetoreceptor �
Non-invasive and remote activation � Neuronal
activity and circuit

1 Introduction

The complex neural microcircuits are the essential building

blocks of how the brain works, but they are entangled with

interdependent different cell types, interconnected wiring
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diagrams and internetworked complicated connectome

in vivo [1, 2]. Understanding how neural circuits respond

to external stimuli, generate electric firing patterns, process

information, compute coding, and orchestrate behavior has,

therefore, remained a great challenge for neuroscientists

[3]. With continuous development and maturation, many

neurotechnological toolboxes [4] including optogenetics

[5], chemogenetics [6, 7], deep-brain stimulation [8], and

functional magnetic resonance imaging (fMRI) [9] have

been proven to play an important role in dissecting, per-

turbing, and modulating interconnected neural microcir-

cuits in the healthy and diseased brain. Among those well-

developed neurotechnological toolboxes, both classical

deep-brain stimulation and modern optogenetics make it

possible to map, monitor, and manipulate physiological

and dysfunctional neural microcircuit activity [9, 10].

However, they all have their own limitations or drawbacks.

The classical deep-brain stimulation has been successfully

used to treat Parkinson’s disease and other neurological

disorders, but its limitations are the necessity of surgical

implant of an electrical wire, the lack of spatial selectivity

or specificity, as well as its contradictory effect of low-

frequency and high-frequency stimulation on neuronal

excitation or inhibition, respectively [11]. Even though the

most popular optogenetics could spatiotemporally activate

or deactivate neural activity with a millisecond precision

[12–14] and has rapidly transformed neuroscience, the side

effects from opsin expression patterns, laser-induced

heating, abnormal ions distribution caused by overex-

pressed pumps or channels, and/or undesired network

homeostasis can make experimental interpretation very

difficult [15]. Both optogenetics and deep-brain stimulation

have been used to invasively manipulate the neuronal

activity of a specific subregion in the intact mammalian

brain through a permanently implanted electric wire or

optical fiber during the chronic surgery [9, 16, 17]. As a

result, there has been a high demand on a new generation

of exclusively noninvasive neuroperturbation and neuro-

modulation toolboxes for the whole brain at both micro-

circuit and macrocircuit levels.

In this study, we invented a noninvasive technique

named as magnetogenetics thereafter, which combines the

genetic targeting of a magnetoreceptor with remote mag-

netic stimulation. The noninvasive activation of neuronal

activity was executed through an iron-sulfur assembly

protein, iron-sulfur cluster assembly protein 1 (Isca1) [18–

20]. We speculate that this iron-containing magnetorecep-

tor might form as an iron-sulfur cluster that could bind to

cellular plasma membrane through either cytoskeletons or

filaments [18, 21, 22]. We found that this magnetoreceptor

could evoke membrane depolarization and action poten-

tials, generate calcium influx, and trigger neuronal activity

in both HEK-293 and cultured primary hippocampal

neurons when activated by a remote magnetic field.

We then renamed this revolutionarily highly conserved

magnetoreceptor as MAR. The successful combination of

remote magnetic stimulation and genetic targeting will,

therefore, reshape the landscape of currently available

neuroperturbation and neuromodulation toolboxes includ-

ing optogenetics and deep-brain stimulation. This novel

technology makes the exclusively noninvasive dissection

of complex brain circuitry as well as the modulation of

deep-brain regions possible, opening a new door to non-

invasive, remote, and magnetic control of neuronal activ-

ities in the intact mammalian brains and biological

processes in other organisms.

2 Methods and materials

2.1 DNA constructs

All plasmids were constructed by standard molecular biol-

ogy procedures and subsequently verified by double-strand

DNA sequencing. GCaMP6s and ASAP1 were from

Addgene. The AAV-CAG-MAR-P2A-GCaMP6s and Lenti-

CAG-MAR-P2A-GCaMP6s were connected via a 2A pep-

tide (P2A) under the chimeric promoter CAG (a combina-

tion of the cytomegalovirus early enhancer element and

chicken beta-actin promoter). ASAP1 expression plasmid

(pcDNA3.1/Puro-CAG-ASAP1) was from Addgene 52519.

The AAV-CAG-MAR-P2A-ASAP1 and Lenti-CAG-MAR-

P2A-ASAP1 were created with multiple PCR cloning.

2.2 HEK-293 and transfection

HEK-293 cells were maintained and continuously passaged

with high-glucose Dulbecco’s modified Eagle Medium

(DMEM, Gibco/BRL) containing fetal bovine serum (FBS,

Life Tech). Transfection was performed using either

Lipofectamine-2000 (Life Tech) or classical calcium

phosphate transfection.

2.3 Primary neuronal culture and transfection

Rat hippocampus were dissected from embryonic day 18

rats, and primary cultured hippocampal neurons were cul-

tured has been described [23, 24]. Transfection was per-

formed using either Lipofectamine-2000 (Life Tech) or

classical calcium phosphate transfection at different days

of in vitro culture.

2.4 rAAV production

The rAAV vector was pseudotyped with AAV1 capsid

[25]. The chimeric rAAV2/1 was prepared by co-
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transfection of human embryonic kidney cell line HEK-293

prepared from co-transfection using the standard calcium

phosphate method along with the adenoviral helper plas-

mid pHelper (Strategene, CA, USA). Twelve hours after

transfection, the DNA/CaCl2 mixture was replaced with

normal growth medium. After an additional 60 h in culture,

the transfected cells were collected and subjected to three

times of freeze/thaw. The clear supernatant was then

purified using heparin affinity columns (HiTrap Heparin

HP, GE Healthcare, and Sweden). The purified rAAV2/1

was concentrated with an Amicon Ultra-4 centrifugal filter

100 K device (Millipore, MA, USA), and the viral titer was

determined by real-time quantitative PCR using StepOne-

Plus Real-Time PCR Systems and TaqMan Universal

Master Mix (Applied Biosystems, CA, USA). The titered

virus was diluted and titer-matched to 1.0 9 1012 viral

genomic particles/ml by 1 9 phosphate-buffered saline.

2.5 Immunofluorescent

For the immunostaining, HEK-293 and neurons grown on

cover slips were rinsed three times for 10 min in 1 9 PBS

at room temperature and pre-incubated for 2 h in 10 %

normal goat serum in PBST (1 9 PBS with 0.5 % Triton

X-100). All rinses between incubation steps were with

PBST [24]. After rinsing, processed cover slips were

incubated with different primary antibodies against MAR

(Homemade, 1:200), NeuN (Millipore, 1:500), and

mCherry (Clontech, 1:500) for 72 h in antibody-blocking

buffer at 4 �C. After three times of 15-min washing in

1 9 PBST at room temperature, cover slips were incubated

in a secondary antibody conjugated with either Alexa Fluor

488 or Cy3, respectively (Jackson ImmunoResearch, West

Grove, Pennsylvania, USA, 1:500) for 2 h at room tem-

perature. After intensive rinsing with 1 9 PBST, cover

slips were mounted onto glass slides, and a cover slip was

applied [25].

2.6 Growth and transgenesis of C. elegans lines

All C. elegans strains were grown and maintained on

nematode growth media (NGM) agar plates cultured at

20 �C. The NGM agar plates were seeded with OP50

Escherichia coli. Transgenic strains were generated

through a standard microinjection into N2 worms accord-

ing to a standard procedure [26]. Untagged MAR in trans-

gene zdEx12[pmyo-3::MAR; pmyo-3::gfp] and zdEx22

[pmec-4::MAR; pmec-4::gfp; sur-5::mCherry] were

injected in N2, yielding strains that carried extrachromo-

somal arrays ZD24, ZD34, respectively. The plasmids

pmyo-3::gfp, pmec-4::gfp and sur-5::mCherry were co-

injected as markers to make sure those specific cells were

successfully inherited with the transgenic array. The certain

promoter driven GFP (two strains for myo-3 and mec-4, see

Supplementary Table 1) was used to monitor the expres-

sion pattern of MAR. The behavior of C. elegans in

response to the magnetic stimulation was recorded under

bright field illumination.

2.7 Whole-cell clamp recording in cultured

hippocampal neurons

Neurons were recorded with Axon MultiClamp 700B

amplifier (Axon Instruments, USA) immersed in Tyrode’s

solution [12]. The intracellular solution of glass pipettes

(resistance in the range of 3–8 MX) contained (in mmol/

L): 125 potassium gluconate, 0.5 EGTA, 4 magnesium

ATP, 5 NaCl, 0.3 sodium GTP, 10 phosphocreatine, and 10

HEPES (pH 7.2 with KOH). In Supplementary Fig. 3

where voltage clamp was made, intracellular solution

consisted of (in mmol/L) 125 Cs-gluconate, 4 magnesium

ATP, 0.3 sodium GTP, 10 phosphocreatine, 10 HEPES, 0.5

EGTA, 3.5 QX-314, 5 TEA, and 2 CsCl (pH 7.2 with

NaOH). Inward and outward currents were recorded while

clamping neurons at -70 and 0 mV, respectively [27].

Membrane resistance was measured by injecting a 10-mV

step lasting 100 ms in voltage-clamp mode.

2.8 Calcium imaging

Calcium imaging was performed with Olympus BX51WI

upright microscopy equipped with a 40X water immersion

objective and an Olympus DP-80 CCD [28]. The relative

change of fluorescence intensity (DF/F0) was extracted

using ImageJ. Heat map was generated using MATALB

(MathWorks, USA).

3 Results

3.1 Induction of calcium influx by MAR

via a magnetic field in HEK-293

We explored whether MAR could function as a magne-

toreceptor and therefore can be used for the magnetoge-

netic control of neuronal activity with a remote magnetic

field. We first co-transfected this MAR (a pigeon homo-

logue of human hIscA) with the genetically encoded and

ultrasensitive calcium indicator GCaMP6s [28] into HEK-

293 cells, a human embryonic kidney (HEK)-derived cell

line. We constructed a custom-made magnetic generator

consisting of two pairs of coils, which can hold a standard

35-mm culture dish (Fig. 1a). Our homemade magnetic

generator can produce a maximum magnetic field strength

of about 1 millitesla (mT) at the center of the dish and

approximately 2.5 mT on the edge. Cells at different
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positions in the culture dish receive different amount of

magnetic field strength when stimulated with either our

homemade magnetic device or handheld static magnetic

bars (Fig. 1c).

Before we turned on the magnetic generator, the fluo-

rescence intensity of GCaMP6s in HEK-293 cells remained

stable at a base level. After applying the magnetic field, we

detected a dramatic increase in fluorescence intensity in

MAR-transfected HEK-293 cells (Fig. 1b and

Supplementary Video 1), showing almost 350 % increase

from about 300 magnet-responsive HEK-293 cells with

approximately 94 % of co-transfection rate (data not

shown) compared with the base fluorescence intensity

(Fig. 1e). The fluorescence intensity kept increasing till the

intensity of some of neurons became saturated, implying an

underestimate of magnetic field-evoked calcium influx.

And some cells in both Fig. 1b and d showed heteroge-

neous degrees of activation, which may be due to different
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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 (DF/F0) before and after magnetic field stimulation. Scale bar, 50 lm. 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 lm. 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 DF/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. DF/F0
reached 20 % at 0.3 mT
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expression level of MAR, diverse alignment of rod-like

MAR within the cells and/or non-uniform distribution of

magnetic field strength. This was also the similar case for

the magnetic activation of neuronal activity measured

shown in Fig. 2. The fluorescence intensity increased to

over 10 times of the standard deviation of the base fluo-

rescence intensity, with an average duration of 13 s, indi-

cated by the gray dashed line in the inset of Fig. 1e.

Importantly, no increase was observed in control group

without the expression of MAR (Fig. 1e). We measured the

threshold of magnetic strength by testing the changes of

fluorescence intensity in response to magnetic field

strength ranging from 0 to 1 mT measured at the center of

the culture dish from our homemade device (Fig. 1f). To

activate MAR-transfected HEK-293 cells, the minimum

magnetic strength required was near 0.3 mT which was

about six times higher than the earth’s magnetic strength

(*50 lT) [29]. No increase was observed when only the

earth’s magnetic field under our working environment was

present (data not shown), indicating that the geomagnetic

field could not activate MAR and a relative strong

magnetic field was needed to elicit response in MAR-

transfected cells. Compared to the strong magnetic field

strength of up to several Tesla in diagnostic and therapeutic

fMRI [9], the magnetic strength present in our study for

stimulating MAR was at a level of only several millitesla,

suggesting that MAR-dependent magnetogenetic control is

not only robust against the influence from geomagnetic

field but also safe.

To eliminate the possible artifact due to the background

interference from potential fluctuations in the magnetic

field generated by the electrical coils of our homemade

magnetic generator, we replaced our homemade magnetic

generator with handheld static magnetic bars (Fig. 1c)

producing almost 2.5 mT at the center of the dish, and

found the same observation of dramatic fluorescence

increase as that induced by the magnetic generator

(Fig. 1d). These observations together suggest that the

magnetoreceptor functions as a magnet-responsive activa-

tor depolarizes membrane potentials and subsequently

generates calcium influx in a magnetic field-dependent

way.
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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 lm. c Time course of average peak DF/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 DF/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 DF/F0 reached 10 % of peak DF/F0. Duration was measured between

the time when DF/F0 increased to 10 % of peak value and the time when DF/F0 decayed to 10 % of peak DF/F0. Mean peak DF/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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3.2 MAR-evoked calcium influx in neuron

We next asked whether MAR can activate neurons and

induce calcium influx in MAR-transfected neurons after

the application of the external magnetic fields. We co-

transfected or infected the primary cultured rat hip-

pocampal neurons using MAR together with GCaMP6s

[23, 24] when enriched processes were formed function-

ally. The immunofluorescent staining showed that MAR

appeared to be expressed mainly somato-dendritically

(Fig. 2b) with about 71 % of co-transfection rate and

close to 90 % of coinfection rate in neuron (data not

shown). The MAR-negative neurons showed almost no

detectable MAR expression, indicating MAR was pro-

duced exogenously not endogenously at least in the hip-

pocampal neurons. Similarly, we could observe the

potentiation of Ca2? transients (DF/F0 = 50.5 ± 7.0 %,

n = 42, Fig. 2e) within 7.8 ± 0.8 s (Fig. 2d) after the

onset of the externally applied magnetic field (Fig. 2a).

Traces were corrected for photobleaching described in

Supplementary Fig. 1c. The duration of GCaMP6s in

MAR-transfected cultured neurons lasted 11.1 ± 0.9 s

(Fig. 2d). As a control, no significant increase in calcium

spiking was observed in MAR-negative neurons (n = 48,

Fig. 2c). We found the minimum magnetic strength

required to activate the neurons was similar to that in

HEK-293. Furthermore, we could repeatedly activate both

MAR-transfected (Supplementary Video 2) and infected

(Supplementary Video 3) neurons and detected similar

patterns of calcium spike train (Supplementary Fig. 1a,

b), suggesting that the magnetic activation of neuronal

activity is also quickly reversible. Thus, the magnetoge-

netic activation of MAR could depolarize neuronal

membrane and trigger action potentials quickly and

reversibly.

3.3 Magnetic direction-selective control of neuronal

activity

Since magnetic field has orientation [22], we reasoned that

magnetogenetic control of evoked action potentials might

be affected by the direction of the external magnetic field

applied. To investigate this possibility, we tested the neu-

ronal responses to magnetic fields with different directions.

We first checked whether the direction of the applied

magnetic field affected the MAR-evoked response of cal-

cium transients of GCaMP6s in our two-dimensional coil-

based magnetic generator (Fig. 3a). Since the magnetic

field was produced by only one of two pairs of orthogonal

coils (A–B and C–D) each time in our homemade magnetic

device, we generated magnetic fields along either one of

the orthogonal directions, that is, the X-direction (from A to

B) and the Y-direction (from C to D).

We observed that seven out of those 22 magnet-re-

sponsive neurons were activated only by magnetic field

along the X-direction (Fig. 3b, upper panel, Supplementary

Video 4), while 11 out of those 22 neurons were activated

only by magnetic field along the Y-direction (Fig. 3b,

middle panel, Supplementary Video 4). Interestingly, the

four remaining neurons (4/22) displayed robust calcium

spikes in response to both magnetic fields along the X-

direction and along the Y-direction (Fig. 3b, lower panel).

We further quantified whether the correlation between the

axonal orientation of MAR-transfected neurons and the

direction of the applied magnetic field influenced the

MAR-triggered responses. No obvious correlation was

found between the MAR-triggered response and the axonal

orientation relative to the direction of the applied magnetic

field (Supplementary Fig. 2a). Since we also found the

similar magnetic direction-dependent effect in HEK-293

cells, such directional effect might not be neuron specific,

but rather due to rod-like rearrangement of expressed MAR

on the cellular membrane under magnetic stimulation. We

could not exclude the possibility that expression level of

MAR, rod-like cluster redistribution of MAR on the cel-

lular membrane, higher magnetic strength, and/or uniform

magnetic activation might eliminate such magnetic direc-

tion-dependent heterogeneous effect on neuronal activa-

tion. These observations suggested that the magnetogenetic

control of action potentials might depend on the direction

of the external magnetic field applied in our particular

setup given that the maximal magnetic strength cannot

exceed 1 mT in our own homemade device. It would be

interesting to test the effect of magnetic polarity on neu-

ronal activity with more sophisticated magnetic device in

our future experiments.

3.4 On-response and off-response effect of magnetic

field on neuronal activity

Since turning the magnetic field on or off might change

membrane extension and then open some ion channels in

the membrane, we hypothesized that the onset or the offset

of the external magnetic field applied could also affect

neuronal activity [22]. As expected, we found the on-re-

sponse, off-response, and on/off-response patterns of neu-

ronal activity when magnetic field is switched on or off

(Fig. 3c) in those 22 neurons tested above. We found 12

out of those 22 MAR-GCaMP6s-co-transfected neurons

showed dramatic increase in fluorescence intensity when

the magnetic field was switched on only. However, the

increased calcium transients went back to the base level

(Fig. 3d, upper panel, Supplementary Video 5) when the

magnetic field was turned off. Interestingly, to the opposite,

six out of those 22 MAR-transfected neurons showed no

increased activity after the onset of the magnetic field,
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while GCaMP6s fluorescence showed transient increase

when the magnetic field was switched off for the same

group of neurons (Fig. 3d, middle panel). Interestingly, a

small group of neurons (n = 4) responded as actively when

the magnetic field was switched from on to off as from off

to on (Fig. 3d, lower panel). The distribution of the four

different response patterns was summarized in Supple-

mentary Fig. 2b. We could not exclude the possibility that

heterogeneous expression of MAR within neurons or rod-

like iron-sulfur cluster rearrangement of magnet-stimulated

MAR on the cellular membrane and/or non-uniform dis-

tribution of magnetic field in our homemade magnetic

generator might cause such differential on–off responses of

neuronal activity [22]. Future experiments should be

performed with a magnetic generator with higher power

and more precise control.

3.5 MAR elicits magnetocurrent and spiking in neuron

We further examined whether magnet-stimulated MAR can

depolarize neurons and evoke a train of action potentials in

cultured hippocampal neurons using whole-cell clamp

(Fig. 4a) with a pair of handheld static magnetic bars [30],

which was used to avoid interference from potential fluc-

tuations in the magnetic field generated by the electrical

coils of our homemade device. We transfected neurons

with a P2A-linked MAR-mCherry driven by a chicken

beta-actin-CMV chimeric promoter [24], ensuring that all
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identified, mCherry-positive neurons are co-expressed with

MAR (Fig. 4b).

Magnetic field evoked rapid inward currents in MAR-

positive neurons. Representative recordings showed that

whole-cell currents were elicited by application of mag-

netic field in mCherry-positive neurons clamped at

-70 mV (Supplementary Fig. 3a, traces#1–3). Mean

inward peak current was 279.6 ± 45.2 pA, and the average

number of events was 9.3 ± 3.95 (Supplementary Fig. 3c).

Since magnetic field tended to stimulate both excitatory

and inhibitory neurons expressing MAR in the culture dish,

outward currents could also be recorded in neurons that

were voltage clamped at 0 mV [27] (Supplementary

Fig. 3b, traces#4–6).

We next investigated whether MAR could drive neuronal

firing in a current-clamp mode with the same stimulus used

for eliciting magnetocurrent above. Voltage traces shown in

Fig. 4c were three representative neurons (traces#1–3) with

the increase in firing rate stimulated by external magnetic

field. The three neurons exhibited diverse duration of

membrane depolarization and different number of action

potentials evoked by external magnetic field, which was

consistent with heterogeneous activation of neuronal activity

revealed by GCaMP6s described above. This implies that
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gene expression level, alignment of magnetic responsive

protein, and/or distribution of magnetic field may contribute

to the heterogeneous effects of magnetic field stimulation on

the responses of neuronal activity.

Consistent with those results (Fig. 3d) obtained from

calcium imaging, we also observed three similar on–off

firing patterns stimulated with external magnetic field

(Fig. 4d): one activated with on-response only, the second

one with off-response only, and the third one with both on-

response and off-response. Population data showed that the

number of spikes evoked by MAR was significantly higher

than spontaneous events (n = 19; ** P = 0.003, student

t test), with 13.2 ± 4.2 spikes versus 1.0 ± 0.5 spikes. The

spike trains lasted for 8.5 ± 1.5 s with 5.3 ± 1.1 s delay

after field onset (Fig. 4e). We quantified the intrinsic elec-

trical properties by injecting a 10-mV voltage step under

voltage-clamp mode in MAR-positive and MAR-negative

neurons. Both resting membrane potential and membrane

resistance showed no significant difference between neurons

expressing MAR and those not expressing MAR (Supple-

mentary Fig. 3d). Thus, MAR was able to induce membrane

depolarization quickly, evoke action potentials repeatedly,

and control neuronal activity remotely.

3.6 MAR can trigger locomotion and induce

withdrawal behaviors in C. elegans

To test whether the magnet-dependent activation of MAR

can trigger circuit and network behaviors in transgenic

animals, we constructed transgenic nematode Caenorhab-

ditis elegans by expressing MAR under the control of the

promoter myo-3, which restricts its expression to the

muscle cells in C. elegans [31]. To improve the expression

level of MAR in C. elegans, we synthesized an artificial

MAR gene by optimizing its codon usage, based on its

deduced amino acid sequence from pigeon, and by adding

two artificial introns that was confirmed to enhance its

expression in C. elegans [32]. MAR expression was

restricted to muscle cells under the promoter of myo-3

(Fig. 5a and Supplementary Fig. 4a).

After applying the external magnet, zdEx12 transgenic

animals displayed robust and reproducible locomotion

activity, exhibiting simultaneous contractions of body

muscles with apparent shrinkages of the whole-body length

on bacteria-fed NGM agar plates (Fig. 5b and Supple-

mentary Video 6).

To quantify the effect of MAR-dependent activation on

locomotion [14, 31], we calculated the percentage of body

shrinkage. This revealed shrinkages of the body length up

to 6 % (Fig. 5c). In contrast, there was no detectable

contraction in the wild-type N2 C. elegans when the

external magnetic fields were applied (P\ 0.001, paired

t test). These results demonstrated that MAR can trigger

magnet-evoked body contractions or shrinkages of C. ele-

gans in vivo.

We next assessed whether magnet-evoked MAR could

depolarize neuronal cells and cause subsequent behaviors.

We made another zdEx22 transgenic C. elegans in which

MAR was selectively expressed only in six mechanosensory

neurons AVM, ALML/R, PVM, and PLML/R driven by

promoter mec-4 [31]. Figure 5d showed that MAR expres-

sion was limited to mechanosensory neurons only under the

promoter of mec-4 (see also Supplementary Fig. 4b). MAR

triggered withdrawal behaviors in C. elegans when the

magnetic field was switched on (Fig. 5e and Supplementary

Video 7). Nineteen out of 22 (86 %) zdEx22 transgenic

animals showed robust and repeatable withdrawal behaviors

under stimulation of magnetic field, in consistent with pre-

vious results from ChR2-activated neurons [31]. Remark-

ably, we observed dramatic omega movement of the whole

body of the worm after the external magnetic field was

applied (Supplementary Video 8), indicating that unlimited

accessibility of the magnetic field could activate all of the

six mechanosensory neurons. The same result could not be

obtained with optogenetics, which was limited to stimulating

only a portion of the six mechanosensory neurons due to the

limited penetration depth of light [31]. Occasionally, we

could observe accelerations with forwarding behaviors in a

few of the transgenic animals. The withdrawal behaviors

could be reproducibly evoked by the external magnetic field

(Fig. 5f). In contrast, those wild-type control animals did not

display withdrawal or acceleration behaviors. Taken toge-

ther, these results suggest that magnetogenetic control of

neuronal activity by MAR could induce behavior output

in vivo.

4 Discussion

The main discovery of our study is the neurotechnological

and conceptual invention of magnetogenetics. The nonin-

vasive magnetogenetics combines the genetic activation

of neuronal activity via a magnet-dependent MAR with an

external magnetic field, enabling noninvasive and wireless

perturbation of neuronal activities with long-term contin-

uous dosing that is almost impossible for optogenetics and

pharmacogenetics.

4.1 Nanoparticle-based magnetothermal control

of neuromodulation

Anikeeva and her colleagues [33] recently introduced a

magnetothermal neuromodulation tool that involved deliv-

ering heat-sensitive capsaicin receptor TRPV1 to a particular

brain area and then injecting heat-emitting nanoparticles into

the same area. This two-step magnetothermal approach has
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intrinsic drawbacks. First, major safety issues arise from the

exogenous Fe3O4 magnetic nanoparticles permanently

incorporated into the brain and from the elevated tempera-

ture above 43 �C, well exceeding physiological temperature

by heat-emitting magnetic nanoparticles. Second, the

diffused magnetic nanoparticles might activate other

endogenous thermosensitive ion channels expressed in both

peripheral and central nervous systems [34, 35]. Third, since

the resonance of magnetic nanoparticles is necessary for

producing heat to open TRPV1 channels by alternating
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magnetic field [33], relative strong magnetic field is desired

for neuronal activation (*180 mT versus up to*2.5 mT in

our study).

4.2 The molecular and cellular mechanism

of magnetoreception

Vidal-Gadea et al. [36] have recently identified a pair of

magnetosensory neurons from C. elegans called AFD sen-

sory neurons that respond to geomagnetic field of the earth

and support vertical migrations. It remains, however, elusive

how AFD sensory neurons detect and use the earth’s mag-

netic field to guide behaviors. Our finding demonstrates for

the first time that a single gene encoding the magnetore-

ceptor (MAR) could act as a magnetic actuator for con-

trolling neuronal activity. It has been speculated that iron-

sulfur assembly proteins with magnet-responsive property

might form as magnetosomes and then bind, through either

cytoskeletons or filaments, to cellular plasma membrane

[21], which is consistent with previously identified genes

that are responsible for magnetosome synthesis [37]. After

the application of the external magnetic field, the membrane

tension due to the magnet-driven rotating force via MAR

might cause ion channels to open, thus inducing membrane

depolarization and action potential trains [22, 38, 39]. We do

not yet know the exact mechanism how the direction of the

magnetic field and switching the magnetic field on or off

affect the neuronal activity. Further insights could be

obtained by studying whether the expression level of MAR,

the precise alignment between the three-dimensional mag-

netic field stimulation and the axon-dendritical orientation of

MAR-expressed neurons and/or magnetic strength might

affect the direction-dependent magnetic control of neuronal

activity [29]. Further studies on MAR-interactive partners

and MAR’s own advanced structure might uncover the

molecular mechanism for magnetogenetic control of neu-

ronal activity.

4.3 Advantages of magnetogenetics

Our newly invented magnetogenetics has several unique

advantages over the decade-long still being optimized

optogenetics: Magnetogenetics is noninvasive, remote,

penetrative, uniform, and safe. Compared to the optic fiber

used in optogenetics [16] and the electric wire assembled in

deep-brain stimulation [40], there is no need for chronic

surgical implantation of any invasive devices since the

external magnetic fields can penetrate deeply into the intact

mammalian brain or other biological systems. Although

redshifted opsins such as ReaChR [41] and Jaws [42]

permit transcranial activation or inhibition of neural

activity, respectively, both ReaChR and Jaws can be

effective up to only 3 mm deep in the rodent brain [42]. In

the meantime, the controllable magnetic field can uni-

formly act on any central or peripheral nervous systems

with precise genetic targeting, overcoming the effect of

unevenness due to light absorption and scattering [15].

Furthermore, magnetogenetic stimulation within millitesla

range causes no side effects like phototoxicity or thermo-

toxicity, making magnetogenetics much safer.

4.4 Combination of magnetogenetics with other

neuronal readouts

Like all existing genetic and optogenetic activators, silen-

cers, sensors, and effectors [15, 16], this magnetoreceptor

uses a single 133-amino-acid-encoded open-reading frame

without any cofactor for effective magnetic stimulation. By

the use of neuronal cell-type-specific, subregion-specific, or

sublayer-specific promoters, delivery of this magnetorecep-

tor into viral and/or transgenic accessible animals will

enable circuit-specific, projection-targeted, and spatiotem-

poral mapping, manipulation, measurement, and monitoring

of neuronal activity in a noninvasive way. A combination of

magnetogenetics with genetically encoded calcium indica-

tors and voltage sensors [43, 44], multi-electrode array [45],

functional magnetic resonance imaging [46, 47], or multisite

single-unit recording [25] will allow us to record large-scale

neuronal activity [15, 48] and identify activity patterns

corresponding to specific behavioral functions. The appli-

cation of magnetogenetics will accelerate systematic and

causal dissection of neural computation and coding under-

lying complex interconnected and interdependent brain cir-

cuit [2]. Although our study only focuses on magnetic

activation by MAR, the opposite way for magnetic inacti-

vation from either a mutated MAR or another undiscovered

magnetoreceptor by comparative genomics is feasible. Like

direct optogenetic engineering [5], the continuous molecular

engineering of diverse families of magnetoreceptors will

expand the magnetogenetic toolboxes.

4.5 The application of magnetogenetics to translational

neuroscience

Although deep-brain stimulation for treating Parkinson’s

disease and other neurological disorders has been proven to

be effective, it uses surgically implanted metal electrodes

that stimulate targeted regions without any cell-type

specificity [10, 40, 49]. While noninvasive transcranial

magnetic stimulation (TMS) uses magnetic pulses to

induce small electrical currents to stimulate a small region

of the cortex [50, 51], its application for basic research and

diagnostic and therapeutic use for diseases such as

depression and Parkinson’s disease is limited by a lack of

specificity, reliability, and replicability. Combined with

cell-type-specific promoters [1, 4], magnetogenetics can
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achieve precisely targeted neuromodulation, overcome

non-specificity, and have the potential to benefit thera-

peutic treatments for Parkinson’s disease as well as other

neurological and neuropsychiatric diseases.

4.6 Outlook for magnetogenetics

In summary, noninvasive magnetic activation of neuronal

activity with a magnetoreceptor makes magnetogenetics an

excellent toolbox for perturbing the activity of complex

neural circuitry, enabling the dissection of complex neu-

ronal microcircuitry with cell-type specificity, spatiotem-

poral precision, spatial uniformity, and noninvasive

reversibility. Combined with the genetic targeting of

specific cell types and regions, magnetogenetics will

accelerate our quest for reaching the ultimate goal of

neuroscience: understanding how the brain computes neu-

ronal algorithm, transforms information and generates

cognition and behavior. Not only will magnetogenetics

have a broad range of applications to basic and transla-

tional neuroscience, its principle of using magnetic field for

noninvasive, spatiotemporal control of biological systems

will also impact other fields in biological science and

biomedical engineering [52, 53] at multiple levels includ-

ing genetic, epigenetic, and transcriptional levels [54]. Like

optogenetics with progressive improvement over the past

decade, we confidently envision that, with continuous

research, development, and optimization, a new age of

magnetogenetics is coming in the near future.
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