spins and acquire a Berry phase. This phase
thenactsas aneffective electromagnetic field,
termed an emergent field>.

For instance, an emergent magnetic field
arises when electrons flow through what are
known as topological non-collinear spinstruc-
tures, those with a particular topology that
makes them robust against small distortions
or perturbations. The generated magnetic
field leads to an extra signal in voltage meas-
urements — known as Hall measurements —
that is induced by a physical phenomenon
called the topological Hall effect**. Given
the complex nature of such spin structures,
this voltage signal offers a convenient way to
explore topological magnetic statesinawide
range of materials®”.

By contrast, anemergentelectric field arises
from the dynamics of non-collinear spin struc-
tures. For example, such a field is generated
when a magnetic field drives the motion of
domain walls® — the boundaries between
domains that have different magnetization
orientations in magnetic materials. In 2019,
it was shown theoretically that an emergent
electric field could also be produced by the
current-driven dynamics of non-collinear
spin structures’. More spectacularly, it was
predicted that this field would generate an
inductance that is proportional to the rate of
change of the current density. Because this
density would be inversely proportional to the
cross-sectional area of the device, the emer-
gentinductance wouldincrease with decreas-
ing area, in sharp contrast to the situation in
ordinary inductors (Fig.1).

Yokouchi and colleagues exploited this
idea using a micrometre-scale magnet made
of Gd;Ru,Al,, (Gd, gadolinium; Ru, ruthen-
ium; Al, aluminium) that contains various
non-collinear spin structures, such as heli-
cal, conical and fan-shaped structures. They
selected this material because it has a weak
magnetic anisotropy (directional dependence
of magnetic properties), and because its spin
structures have a short pitch (spatial period-
icity). Spins can move relatively freely under
aweak magnetic anisotropy, and the emer-
gent inductance is inversely proportional to
the pitch length®.

The authors investigated the emergent
inductance of theirinductor usingatechnique
called lock-in detection. They controlled the
spin-structure state of the device by altering
the temperature and strength of an applied
magneticfield, and carried out measurements
ondifferent states. They also varied thelength,
width and thickness of the device, to confirm
reproducibility and exclude the possibility
that the observed signal was caused by exter-
nal factors, such as the presence of contact
electrodes.

Most strikingly, Yokouchi et al. observed a
large emergent inductance (approximately
-400 nanohenries), comparable to that of a

conventional inductor, for a device of about
one-millionth the volume of such an induc-
tor. By changing the spin-structure state of
the device, the authors clarified the corre-
spondence between the emergentinductance
and the non-collinearity and dynamics of the
spin structures. This correspondence is well
explained by the previously mentioned mech-
anism for emergent inductance.

For example, Yokouchi and colleagues dis-
covered that the current-driven dynamics of
the helical spinstructures are responsible for
the large emergent inductance. By contrast,
the fan-shapedstructures yield amuch lower
inductance because their local angular varia-
tions are much smaller than are those of the
other structures. Moreover, the authors found
that the sign of the emergent inductance can
be switched between positive and negative
by controlling the direction of spin-structure
motion, also in striking contrast to ordinary
inductors.

Yokouchi and colleagues’ workisimportant
for several reasons. First, it offers a scalable
approach for developing miniaturized
high-inductance inductors, which could be
used in many micro- or nanoscale electronic
devices and integrated circuits. Such induc-
tors would also be much simpler in design
than are conventional inductors, because a
coiland a core would not be needed. Second,
the work opens up exciting opportunities for
constructing highly efficient hybrid spin-
electronic circuits and systems. And third, it
serves as proof that afundamental concept

Neurodevelopment

in quantum mechanics —a Berry phase — can
lead to real-world applications.

However, practical uses of such emergent
inductors will need further breakthroughs.
One major challenge is to develop inductors
that act at room temperature, rather than at
the current temperatures of about 10 kelvin.
Overcoming this limitation will require exten-
sive exploration of potential materials, espe-
cially to find a magnet in which short-pitch
non-collinear spin structures can be readily
stabilized and manipulated at room temper-
ature. Developing a scheme for adding these
inductors to integrated circuits will also be
essential for applications. Nevertheless,
Yokouchi et al. have made a key discovery
that could lead to future engineering efforts
in electronic devices, circuits and systems,
while establishing aninspiring bridge between
the world of quantum mechanics and modern
electronics.
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Maternal microbes
supportfetal brain wiring

Katherine R. Meckel & Drew D. Kiraly

Resident bacteriain the maternal gut are important for normal
fetal brain developmentin mice. It emerges that this effect
is driven by bacterially produced metabolite molecules that

signal to the fetal brain. See p.281

The population of resident gut micro-
organisms, which are often referred to as
the gut microbiota, are crucial for health
throughout life. Many studies in animals
indicate that the microbiota has akey rolein
ensuring proper fetal developmentin the face
of environmental stressors. However, what
contributions maternal microbes might make
toembryo developmentinthe absence of such
stressors remain poorly understood. Vuong
et al.' report on page 281 that, in pregnant
mice, specific maternal gut bacteria produce

© 2020 Springer Nature Limited. All rights reserved.

molecules as metabolic by-products that
influence the neural development of certain
sensory pathwaysinthe fetus, leading tolast-
ing behavioural changes in offspring.

Over the past decade, animal studies have
demonstrated that the gut microbiota can
have marked effects on the development of
the central nervous system and on an indi-
vidual’s subsequent behaviour. In mice, the
maternal gut microbiota is necessary for
maintaining normal fetal development after
maternal inflammation?, and changes in the
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Figure 1| Molecules from maternal gut microbes affect mouse embryonic brain development. While
developing in utero, mouse embryos receive metabolites from maternal gut microorganisms. Vuong et al.!
report that these metabolites aid normal wiring by neuronal projections called axons that connect brain
regions called the thalamus and the cortex. Such connections are needed for sensory processing.a, During
normal development, these axons form a thick bundle at a structure called the internal capsule. When these
mice became young adults, they responded normally to behavioural tests, ‘startling’ and moving in response
toasuddenincrease in sound loudness, and quickly touching and then removing adhesive tape attached

to their paws. b, If pregnant mice lacked their usual gut microbes and their fetus did not receive maternal
microbial metabolites, then neurons forming thalamocortical projections had axonal defects, including
thinner-than-normal axons. These animals displayed behavioural abnormalities when tested.

maternal microbiota due to a high-fat diet
lead to neurobehavioural abnormalities in
offspring>. However, it is not clear whether
these effects of the maternal microbiota
arerestricted to events during gestation, or
whether they occur mainly postnatally, as a
result of maternal transmission of microbes
to offspring*.

Vuong and colleagues provide insight into
therole of the maternal microbiotain prenatal
development under non-stressed conditions.
Theauthorsreportthatbrainstructureinthe
embryos of pregnant mice that were germ-free
(animalslivingin sterile conditions and lacking
amicrobiota), or whose microbiotahad been
depleted by antibiotic treatment, was different
from that of embryos whose mothers had a
normal microbiota. These changes in brain
structure were relatively specific to circuits
involved in sensory processing. Thus, in
mid-gestation-stage embryos of microbiota-
deficient mothers, the neuronal projec-
tions (axons) connecting aregion called the
thalamus to another region, the cortex, were
smaller and shorter, and the axon bundles
inan axonal grouping called the internal cap-
sule were thinner, than were those of embryos
from mothers with a normal microbiota
(Fig.1). The authors also observed marked
differences in gene expression, including
for genes linked to axon formation, in brain
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cells from the two types of embryo.

The thalamus is a major ‘relay station’ in
thebrain, directing sensory and motor infor-
mation received from the environment to
the appropriate cortical targets to mediate a
suitable behavioural response. These thalamo-
cortical projections, which are established by
migration processes that occur duringembry-
onicdevelopment, create lasting connections
tocortical regionsinvolvedinauditory, visual,
somatosensory (relating to the perception of
sensations such as painor pressure) and motor
responses. To determine whether the effects
observed were due to the deficient maternal
microbiota, Vuonget al.used a co-culture sys-
tem of neurons taken from embryosand grown
invitro. Thisrevealed that theimpaired growth
of embryonic axons from microbiota-deficient
mothers could not be corrected by adding
growth factors produced by embryos of
mothers with anintact microbiota.

Realizing that the microbiota was necessary
for the development of these thalamocortical
projections, Vuong and colleagues investi-
gated whether the disrupted thalamocortical
neuroanatomy had lasting consequences in
offspring. The authors examined the offspring
of germ-free and antibiotic-treated mothers
in adulthood, using a range of behavioural
tests to look for any sensorimotor deficits.
They found that mice born to mothers witha

© 2020 Springer Nature Limited. All rights reserved.

deficient microbiotahad impaired responses
to heat, sound and pressure compared
with animals whose mothers had a normal
microbiota (Fig. 1). The authors observed no
problems in visual or motor-coordination
tests.

To determine which bacteriain the maternal
microbiota were responsible for the positive
effects on offspring neurodevelopment and
behaviour, Vuong and colleagues performed
a series of experiments in which previously
germ-free mice were inoculated with spe-
cific bacterial groups. When spore-forming
Clostridium species of bacteria were used,
the abnormalities in offspring brain devel-
opment and behaviour did not occur,
suggesting that these bacteria normally aid
neurodevelopment.

Although there is strong evidence for a
connection between gut microbes and the
brain, uncovering the underlying mecha-
nism can be difficult. One possible means
of transmission between these distant sites
is by metabolite molecules that are pro-
duced by gut microbes and absorbed into
the bloodstream®®. During pregnancy, these
metabolites, along with other nutrients from
the maternal circulation, are transported by
way of the placenta to the fetus. Vuong and
colleagues hypothesized that the maternal
microbiota might be the source of these
metabolites for the fetus. Using an approach
called discovery metabolomics, the authors
found that the maternal microbiota affected
the levels of many metabolites in maternal
blood and fetal brain tissue.

Testing microbiota-derived metabolites,
Vuong et al. found that maternal supplemen-
tation of certain metabolites could rescue
the effects of a deficient microbiota on axon
growth in vitro. Excitingly, such supplemen-
tation in microbiota-deficient pregnant
mice also prevented the behavioural deficits
that would otherwise have occurred in their
offspring.

Thisworknot only contributesto the grow-
ingfield of research on how the gut microbiota
affects the developingbrain, but also sets the
stage for future work. At present, the details
of how these microbiota-derived metabolites
affect developing neuronsare unclear.Nor do
we fully understand why the effects are at least
somewhat specifictoneuronsin the thalamo-
cortical sensory-relay pathways, particularly
in neurons mediating heat, sound and pres-
sure detection. Further research should help
to clarify the molecular mechanisms under-
lying this phenomenon.

Finally, although these findings are from
mice, this work might be relevant to human
healthin medical settings in the future. Under-
standing the composition of the maternal
microbiota and the metabolites that reach
the fetus presents a clear potential pathway
for the development of clinical interventions.



Onesuch possibility is characterization of the
levels of maternally provided molecules that
could be used as ‘biomarkers’ to monitor
development for signs of abnormalities. If it
turns out that the level of specific metabo-
lites can be supplemented to help fetal brain
development, in the way that folic acid sup-
plements are given during pregnancy to pre-
vent neural-tube defects, theimplications for
reducing neurodevelopmental disorders and
promoting healthy brain development could
be enormous. Much work would still need to
be done before any clinical trials assessing
such an approach could begin. Nevertheless,
Vuong and colleagues’ work provides a nec-
essary foundation for understanding how

Astronomy

the maternal microbiota affects normal brain
development.
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The early onset

of planet formation

Patrick Sheehan

Narrow rings and gaps have been seenin a particularly young
disk of dust and gas around a nascent star, using the world’s
most powerful radio telescope. The finding provides a potential
glimpse of the earliest stages of planet formation. See p.228

Young stars are typically surrounded by
rotating disks of gas and dust, called proto-
planetary, or protostellar, disks. These struc-
tures are, crucially, the reservoirs of material
that go on to form planets, but when the
planet-forming process begins isamajor open
question. On page 228, Segura-Cox et al.! cast
light on this mystery by reporting a series of
rings and gaps in a protostellar disk that is so
young that its birth cloud is still collapsing
to form the star and disk. Such features are
frequently attributed to planets carving lanes
throughthe disk. Giventhat thisis perhaps the
youngest disk observed to have such features,
the findings help to set the timescale for the
emergence of planets and place key con-
straints on theories of how planets assemble.

Planet formation is a complex process
that involves tiny dust particles (less than
one micrometre in size) accumulating until
they become Earth-sized bodies, or even
larger. The most popular theory that has
been proposed to explain this process is core
accretion?, inwhich the steady accrual of small
particles produces pebbles, rocks, boulders
and eventually planets. One potential prob-
lemwiththisscenariois that planet formation
can be slow, which seems to be at odds with
the observation that protostellar disks older
than about one million years do not seem to
have enough materialin them to form planets®.

Updates to the theory have been proposed to
remedy this**, but, ultimately, the only way to
refinemodels of core accretionis to determine
how longit takes for planets to actually form.

Naturally, the best way of doing this is to find
baby planets in young disks.

One approach for detecting baby planets
is to find evidence of their influence on the
structure of the diskin which they are embed-
ded. Inthe past five years, the Atacama Large
Millimeter/submillimeter Array (ALMA)
observatory in Chile has provided a wealth of
high-resolutionimagery of protostellar disks
older thanonemillionyears.Anabundance of
interesting ‘substructures’ has indeed been
found®.

Most common are the narrow bright and
dark rings that might be signs of a planet
carving out gaps in the disk as it circles the
star —although other features, such as spirals
or large asymmetries in the distribution of
material in the disk, have alsobeen observed.
Onestriking resultis that these substructures,
which might be related to planet formation,
seemto exist in almost every protostellar disk
thathasbeenimaged with sufficiently highres-
olution to detect them’. The ‘planets carving
gaps’scenario would imply that planets canbe
formed in about one million years.

The frequency with which planets have
been detected in disks that are more than
one million years old raises questions about
the earliest time at which planets, or at least
disk substructures, can form. A few examples
of younger disks (500,000-1,000,000 years
old) with substructures have been found®,
but these are not much younger than the
substructured systems that were observed
before them.

Segura-Cox and colleagues’ work
pushes past this age limit, finding the first
clear evidence of narrow bright and dark

Protostellar disk

Infalling material

from original cloud

Figure1|Ringsin ayoung protostellar disk. Stars form when a cloud of dust and gas collapses to produce a
denser disk of material, known as a protostellar disk. The star forms at the centre of the disk, whereas planets
can form from the disk material. Segura-Cox et al.' report observations of a protostellar disk that is so young
(less than 500,000 years old) that the disk is still surrounded by an envelope of material from the original
cloud. Rings visible in the disk could be signs of planetary formation; the rings in the actual system are very
faint (see Fig.1of the paper’), but are shown more prominently here, for clarity. The findings cast light on the
earliest time at which planets can formin protostellar disks.
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