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Magnetic field detection of biological electric activities would provide a non-invasive and aseptic estimate of
the functional state of cellular organization, namely a syncytium constructed with cell-to-cell electric
coupling. In this study, we investigated the properties of biomagnetic waves which occur spontaneously in
gut musculature as a typical functional syncytium, by applying an amorphous metal-based gradio-magneto
sensor operated at ambient temperature without a magnetic shield. The performance of differentiation was
improved by using a single amorphous wire with a pair of transducer coils. Biomagnetic waves of up to
several nT were recorded ~1 mm below the sample in a real-time manner. Tetraethyl ammonium (TEA)
facilitated magnetic waves reflected electric activity in smooth muscle. The direction of magnetic waves
altered depending on the relative angle of the muscle layer and magneto sensor, indicating the existence of
propagating intercellular currents. The magnitude of magnetic waves rapidly decreased to ~30% by the
initial and subsequent 1 mm separations between sample and sensor. The large distance effect was
attributed to the feature of bioelectric circuits constructed by two reverse currents separated by a small
distance. This study provides a method for detecting characteristic features of biomagnetic fields arising
from a syncytial current.

functions. Nerve impulses are conducted in axonal fibers, conveying cellular information toward target

cells. Cardiac pacemaker potentials propagate throughout the atrium and ventricle to produce synchro-
nized heart beats. Other examples of functional syncyti (i.e. many cells electrically coupled to act synchronously)
exist throughout the body, especially in the autonomic nervous system. The well-known coordinated motions of
gut musculature, such as peristalsis and segmentation™, are one particular instance of cooperative electric
activities of the syncytium.

The conduction of an electric current induces a magnetic field. This should hold true for biological systems.
Magnetometers to measure biomagnetic fields would thus provide non-invasive and aseptic estimations of how
cellular organizations electrically communicate and affect function. Such devices would need to be sensitive to
detect small signals from small biological samples, ideally in real time and should not an need elaborate or
expensive infrastructure, so that they can be routinely and universally used in laboratory and hospital settings.
Current methodologies to detect biomagnetic fields are operated with several requirements. For instance, super-
conducting quantum interference devices (SQUID) are placed in a liquid coolant container and thus limit their
ease of use**. In the case of atomic magnetometers, significant heating (180-200°C) is normally applied to
produce sufficient alkaline metal vapors for the necessary sensitivity®. Also, both magnetometers need to be
shielded against the geomagnetic field, because of saturation.

In this study, we show quasi-real-time measurements of biomagnetic vector fields in typical functional syncytia
of gut musculatures, by using an improved amorphous metal-based magneto sensor, which is operated at ambient
temperature without a magnetic shield. We incorporated a gradio-type magneto sensor device constructed with a
single magnetic amorphous wire and a pair of transducer coils on both ends. In gut musculature samples isolated
from guinea-pigs, magnetic waves up to several nT were stably observed under physiological conditions. The
polarity of magnetic waves was altered depending on the relative angle of the muscle layer and magneto sensor,
indicating the existence of propagating intercellular currents. We also observed a rapid reduction of the mag-
nitude of biomagnetic fields within a small distance from the tissue. Our practical and computational simulations

M any tissues have a cellular organization designed to conduct an electric current, so as to achieve their
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demonstrate that this can be attributed to the feature of bioelectric
circuits constructed by a propagating intercellular current and extra-
cellular return currents separated by a small distance.

Results

Magneto sensor system. Figure 1 shows a set of diagrams for the
magneto sensor system used in this study. The gradio-magneto
sensor device (a) is made of ordinary electro-magnetic materials, and
is operated at room temperature. Thus, biomagnetic fields that closely
approach those of samples can be measured (b). Gradio-magneto
sensors require a pair of detectors for both the biological sample and
environmental magnetic fields (Mp+.), and for the environmental
magnetic field alone. MS1 and MS2 are detectors for the former and
the latter, respectively (a,c). Subtraction of each output removes
environmental magnetic noise, including geomagnetism. We have
improved the gradio-magneto sensor device by using a continuous
single CoFeSiB amorphous (Am) wire with a pair of transducer coils
mounted on both ends. Thus, unlike the gradio-magneto sensor device
previously made by a pair of magneto-impedance elements®”’, this
device is physically inseparable. Application of an excitation-pulse
(P.) (d) induces induction potentials in the transducer coils of MS1
and MS2, which are similar in amplitude and decay time course (e) in
the absence of the sample magnetic field. This is ascribed to the
symmetrical magnetic field towards both ends of the wire. Also, it is
noted that although this sensor uses an analogous device of a magneto-
impedance element (i.e. a transducer coil with an amorphous metal
wire), it does not measure the impedance of the amorphous wire

a MS2 w\\ Ms1 @

D ——— -

- From MS2
From MS1

o Bt e i G
Trigger Trigger

- .~ -

SH2

e

é Trigger

during application of an AC current, but measures the amplitude of
the induction potential in transducer pickup coils upon application of
an excitation pulse (For more details see Methods, and Fig. S1).

Figure 2 shows the determination of specifications for the gradio-
type magneto sensor with a continuous single amorphous wire. An
insulated electric cable (1 mm in diameter; 30 cm in length) is placed
at the center of MSI (a, b), and the amplitude of the current applied to
the cable and the gap between MS1 and the cable is changed (c-e).
The output potential of the magneto sensor increased in proportion
to the electric current amplitude (R = 1.00), indicating a linear
voltage conversion of the objective magnetic field. Also, as the gap
between MS1 and the cable increased (gap distance), the output
decreased inversely (f). From the relationship between the output
potential and gap distance, the sensitivity of the magnetic field was
estimated to be ~25 puV/nT.

Biomagnetic field measurement. Biomagnetic fields were measured
in musculatures isolated from guinea-pigs without using any
magnetic shield. The sample was fixed in a recording chamber on
MS1 (Fig. 3a). Environmental magnetic noise was removed by
subtracting the MS2 signal from that of MS1 in this magneto
sensor system. Also, during biomagnetic field measurements, the
recording chamber and the near-by magneto sensors were kept at
34-36°C, using a plastic panel heater. Panel b (Fig. 3b) shows an
example of recording spontaneous magnetic activity in an ileal
musculature mounted with the longitudinal muscle layer down
and perpendicular to MS1 in the recording chamber. Application
of a K* channel blocker (0.5 mM tetraethyl ammonium: TEA)

b Sample
B e B
; =SS | 1_‘_ §
¥ T
Coil Glass 1 3
Ms1
d 2pus
—=| je
100 ns
7 N

No sample

Figure 1| Schematic diagram of a gradio-magneto sensor system. (a) A gradio-magneto sensor device was composed of a single amorphous metal (Am)
wire (50 mm in length) with a pair of detector coils (10 mm in length; 300 turns) mounted at both ends. MS1 was placed below a recording
chamber, while MS2 was placed ~30 mm apart from MSI in the same direction. MS1 and MS2 received driving electric pulses (P,). The intermediate part
of the wire (30 mm) was electrically shunted. (b) The Am wire was placed in a plastic bobbin (~1 mm diameter) surrounded by a transducer coil. The
sample was separated by a cover glass (100 pm thick). (c) A pulse gate IC (PG) triggered by a clock IC. The same clock IC also triggers sample-and-hold
detectors (SH1, SH2) to measure the voltage of the transducer coils in MS1 and MS2. A fast operation amplifier (d-AMP) differentiates the voltage in SH2
from that in SH1. Output signals were filtered by high and low-cut filters (H/LPF: 0.5 Hz and 20 Hz) and stored in computer memory via an analog-to-
digital converter (ADC). (d) P, (100 ns, 5 V) applied at 2 ps intervals. (e) Pickup coil potentials in MS1 and MS2 (Eq; and Ey12) measured upon

application of P, without a sample.
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Figure 2 | Detection efficacy of the improved gradio-magneto sensor system with a continuous Am wire. (a,b) A linear cable (30 cm in length, 0.5 mm
in radius: R.) in which a current generator provides oscillating sine waves of 3 Hz. Various amplitudes of the linear cable current (I) were applied,
and the linear cable was raised with various gaps. (¢c,d) Changes in the output voltage of the magneto sensor amplifier (E,,;) by applying various I with no
gaps. (e,f) Changes in Ep; by shifting the I gap distance by 476 pA.
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Figure 3 | Quasi-real-time measurements of biomagnetic fields from an ileal musculature. (a) The sample was fixed in a recording chamber on MS1.
MS1 detects biomagnetic fields along with environmental magnetic fields, while MS2 detects only the latter. Environmental magnetic fields were
canceled by subtracting the MS2 signal from MSI signal. (b) An example of a real-time measurement of biomagnetic activity in an ileal musculature
sample in normal solution. The sample was mounted with the longitudinal muscle layer down, and perpendicular to the MS1. (c) Spontanoous
biomagnetic activity was applified by application of TEA (0.5 mM). A band elimination filter (BEF) was applied in off-line analysis in (b) and (c). (d)
Background noise traces with and without BEF. (E) Linear spectra of b, c and d. The yellow line represents the frequency range of BEF applied in (b—d).
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significantly enhanced the magnetic activity (c), in accordance with
its excitatory effects on electric activity®. The active magnetic fields
observed are considered to reflect the ability to propagate electric
activity in electric syncytia of the musculature. The gradio-magneto
sensor measurements usually contained a low frequency noise of
~1.4 Hz (d, upper trace), but a band elimination filter effectively
reduced the background noise (d, lower trace). Linear spectra (e) and
histograms (Fig. S2) extracted the amplification features of
biomagnetic fields in the presence of TEA, compared with the
background noise. Since dihydropyridine Ca** channel antagonists
nearly completely abolished the response to TEA (Fig. S3), it was
suggested that the enhancement of magnetic activity employed
electric currents in smooth muscle cells.

Distance and direction of the sample. The magnitude of a magnetic
field is reduced depending on the distance between the sensor and
electric current source. We thus examined the effects of gap distance
between the sample musculature and MS1, as shown in Fig. 4a. As the
gap distance increased to 1 and 2 mm, the biomagnetic waves of ileal
musculatures decreased rapidly, as seen in magnetic field traces (b-
d) and in linear spectra (e-g) measured in the presence of TEA.
Changes in the biomagnetic field were quantified by integrating a
linear spectrum in the range of <1.2 Hz, avoiding low frequency
noise. The magnitude of the biomagnetic field decreased to 30.3 =
8.2% (n = 10) and to 10.5 * 2.4% (n = 4) when the gap distance was
1 and 2 mm, respectively, in normal solution (h), and it decreased to
37.9 £ 12.0% (n = 6)and 16.6 = 5.0% (n = 6), when the gap distance
was 1 and 2 mm, respectively, in the presence of TEA (i).

The direction of magnetic field changes depended on the prop-
agating direction of the electric current. Thus we assessed the effect of
reversing the direction of the musculature sample on MS1 (the rota-
tion of the sample and MS1) on the signal output (Fig. 4j-m). In j, an
ileal musculature crossed MS1 from the anal-to-oral ends, observed
from the bottom side of the sensor. The magneto sensor recorded
many magnetic waves consisting of an upstroke component (red
arrow head) followed by a downstroke component. Subsequently,
the direction of the ileal musculature was reversed, crossing MSI
from the oral-to-anal ends, as shown in k. This procedure reversed
the direction of magnetic waves. Four large magnetic waves in jand k
are shown expanded in 1 and m, respectively, clearly indicating the
reverse of biomagnetic fields. Since positive (upward) signals in the
sensor output represent the rightward direction of the magnetic field
(MS2 is placed to the left of MS1; positive signals represent the
direction of MS2 to MS1), the magnetic waves in Fig. 4j-m corre-
spond to a propagating electric current in the oral-to-anal direction
in this sample.

The effect of reversing the musculature direction was also exam-
ined in stomach samples, because the propagation direction of elec-
tric activity appears to persist for a long time®: Each reversed
direction of the musculature sample changed the direction of the
magnetic field (Fig. S4). Essentially similar results were obtained in
other ileal (n = 5) and gastric musculature (n = 4) samples. These
results reinforce that gradio-magneto sensors can detect magnetic
fields of a propagating electric current in the syncytia of muscula-
tures, but are not significantly influenced by musculature vibrations®,
which may affect the susceptibility of amorphous metal wires
through magnetostrictive effects.

Simulations of biomagnetic fields. The biomagnetic field decreased
rather rapidly as gap distance increased (Fig. 4h,i), compared with
the magnetic field measurements with a single electric cable. To
account for this, we assumed that the electric current propagated
in the musculature sample was accompanied by a return current,
with an effective distance between these currents of several
hundred pm. Figure 5 shows magnetic field measurements from a
practical model in which two electric cables (1 mm diameter; 30 cm
in length) are piled one upon the other separated by a thin glass

(100 pum) (a,b). The output of the magneto sensor also increased in
proportion to the electric current amplitude applied (R = 1.00), but
the gradient was significantly smaller than that examined in a single
electric cable (3.2 vs 15.5 V/A) (c,d). Also, the gap distance decreased
the signal output in two parallel cables more effectively than in a
single cable. The amplitude was reduced to ~27% at 5 mm.

Due to the limitations of a lab-made practical model in which the
length of electric current segments vertical to the sensor are signifi-
cantly longer than those of in parallel (see more detailed explanation
in the Appendix in SI), we next assessed the distribution of the
biomagnetic field using computer models (Fig. 6). We assumed the
propagating intercellular current and return extracellular current
distribution by simplifying with five combined rectangular circuits
(a,b). The pseudo color maps display that the magnetic field
decreases rapidly as the distance from the rectangular circuit
increases; for example, it decreased to ~30% between 1 and 2 mm
from the circuit. The magnetic field was amplified by increasing the
loop distance (c). As shown in the practical and computer models
(Figs. 5 and 6; Figs S5-S7), the rapid reduction of biomagnetic fields
with a small distance can be attributed to the features of biological
electric circuits constructed by intercellular and transmembrane
ionic conductions. Namely, a major propagating intercellular current
and return extracellular currents are separated by a small distance, at
least less than the thickness of samples. In other words, the size of an
effective circuit for generating a biomagnetic field is rather small,
presumably in the range of several hundreds of pm to several tens
of mm (within the size of electric syncytium at most).

Discussion

The musculature of the gastrointestinal tract is known to act as a
group of electric syncytia to achieve its function. When a part of the
syncytium receives chemical or electric stimuli, electric signals prop-
agate through intercellular electric connections, i.e. gap channels,
organizing the syncytium and allowing it to respond as a whole.
Electric connectivity of gut musculatures has been shown by con-
ventional microelectrodes' and a microelectrode array (MEA)S.
However, the experiments with microelectrodes were carried out
using an electric current injector, while the MEA measurements
merely showed spatial synchronizations of electric activity.

In the present study, we detected biomagnetic fields in gut mus-
culatures, using an amorphous metal-based magneto sensor in a
quasi-real-time manner (Fig. 3). The measurements demonstrated
a vector feature of biomagnetic fields reflecting the propagation dir-
ection of spontaneous electric activity (Fig. 4 and Fig. $4). In addi-
tion, the amplitude of magnetic waves represents the conductivity of
electric activity. These parameters provide us with new functional
information of cellular organizations. Furthermore, we observed a
rapid reduction of the magnitude of magnetic activity by increasing
the distance between the sensor and sample (Fig. 4): ~30% decreases
by the initial and subsequent 1 mm separations. Along with the
practical and computer simulations of biomagnetic fields (Figs. 5
and 6), this observation can be attributed to a rather small size
(<1 mm thick) of effective electric circuits in the cellular organiza-
tions examined in the present study. This feature of a bioelectric
circuit can also account for the limitations of measurements in small
biological samples using a SQUID whose detector coils are placed in
a liquid container'’. In line with this deduction, previous volume
conductor models for an isolated whole heart, have displayed a
slower reduction of magnetic fields (from 1 nT to 100 pT with a
separation of ~10 mm)*.

Under control conditions, the amplitude of magnetic waves mea-
sured in ileal musculatures was within the range of several nT, when
the MS1 sensor was placed below the recording chamber (Fig. 3).
Since MS1 detectors and samples are separated by a cover glass of
~100 pm, and the amorphous wire of MS1 (=MS2) is surrounded
by a transducer coil with a 500 pm radius, the total distance between
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Figure 4 | Biomagnetic fields characterized by gap distance (a-i) and direction of musculature (j-m). (a—d) Gap distance between the cover glass and
MS1 magneto sensor was changed from 0 to 1 and 2 mm, in the presence of a K* channel blocker (0.5 mM TEA). (e-g) Linear spectra for the magnetic
field recordings B to D. Note that increases in gap distance largely reduced the signals < ~1.2 Hz, while the magneto sensor noise remains at around
1.5 Hz. (h,i) Sum of linear spectrum amplitude in the frequency range indicated in (e) (thick red line) is plotted as biomagnetic activity against gap
distance, relative to that without a gap, in the absence and presence of TEA. Thin red lines represent the average of experiments. (j,k) Biomagnetic field
measurements from the same ileal musculature that crossed the MS1 magneto sensor in anal-to-oral (A — O) and oral-to-anal (O — A) ends,
respectively. Gap = 0. The schema indicates the bottom view of the sample and magneto sensor. (1,m) Four expanded biomagnetic waves in (j) and (k) are
superimposed (left) and averaged (right) in (1) and (m), respectively. Biomagnetic waves used are indicated by color bars in (j) and (k).

the magneto sensor (the center of the amorphous wire) and the
propagating major intercellular current is assumed to be ~1 mm.
On the other hand, the computer models with a distance of 0.2—
0.5 mm between intercellular currents and return currents (Fig. 6
¢, left and center maps) better reflect ileal musculatures. In the maps
of these models, the total circuit current was 5 [LA, and the magnetic
field at 1 mm below the intercellular current is estimated to be
~200-300 pT. Also, previous sucrose-gap voltage-clamp experi-

ments and theoretical analysis indicate that a small length
(0.5 mm) of gut musculature requires a transmembrane electric cur-
rent of more than several to several tens of PA at depolarizations
corresponding to spike activities''*. Therefore, the magnitude of
biomagnetic fields observed in this study (up to several nT) may
correspond to electric activities of only a part of musculature samples
(25 mm long X 5 mm wide). In future studies, we may need to
consider this issue (the ratio of active region) by using a magneto
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