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Efference copies: Side-eyeing across species
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Efference copies of movement-inducing neural signals have been proposed to serve a role in gaze
stabilization. Prior work has demonstrated a spino-extraocular motor circuit in the tadpole that relays
copies of spinal commands to extraocular motor neurons. A recent study demonstrates the presence of
this circuitry in mice, suggesting a unique method of gaze stabilization in the locomoting mouse.

From eluding dangerous predators to
reaching for a cup of coffee, movement is
essential for survival. But with each
movement comes a flurry of sensory
feedback. How does the brain separate
such ‘reafference’ that follows self-
motion from other sensory information?
Simply put, the brain talks to itself. For
each voluntary movement, motor areas
generate an efference copy — an internal
duplicate of a movement-producing
signal — and sensory-processing areas
adjust their expectations '+, If you’ve ever
wondered why tickling yourself doesn’t
work, it's because an efference copy let
your brain know that there was nothing
funny going on.
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Recently, efference copies have been
proposed to serve an additional vital role:
to stabilize gaze. When you walk, your
entire body moves up and down. Such a
bobbing head ought to disrupt visual
perception, especially when moving fast
or on bumpy terrain. Well-conserved
sensorimotor circuitry exists to transform
perceived head movements into
compensatory eye movements®“, and
these computations rely on processing
sensed instability. Sensation is not as
quick as an efference copy. In 2008,
Combes et al.® reported that copies of
spinal commands for movement were
relayed to motor neurons that move the
eyes in tadpoles (Figure 1). These signals
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supplemented classical vestibulo-ocular
circuitry, allowing for extraordinarily
efficient gaze stabilization during
locomotion. To date, it has remained
mysterious whether such spino-ocular
signals operate similarly in mammals. In a
key step forward, new work reported in
this issue of Current Biology by de Barros
et al.° has demonstrated that these
circuits, signals, and behavior are indeed
conserved in mice.

In their study, de Barros et al.® first
demonstrated a direct coupling between
spinal motor activity and oculomotor
activity during fictive locomotion. To
accomplish this, the authors stimulated
the sacral dorsal root in an ex vivo mouse
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Figure 1. Ancient circuits for stable gaze persist in mice.

A spino-extraocular motor circuit has been proposed in the pre-metamorphic tadpole™

519, juvenile frog'",

and mouse®. This circuitry is proposed to consist of spinal ventral roots monosynaptically coupled to the
abducens nuclei. The abducens nuclei are a bilateral extraocular motor neuron pool in the brainstem
innervating the lateral rectus, an extraocular muscle that moves the eye laterally. Motor neurons of the
right abducens nucleus innervate the right lateral rectus muscles of both eyes; motor neurons of the left
abducens nucleus innervate the left lateral rectus muscles of both eyes. In the mouse and frog, left limb
activity is associated with leftward eye deflection. In the tadpole, ventral root activity is coupled to the
contralateral abducens nuclei; interestingly, post-metamorphosis, this connectivity becomes unilateral.
In the mouse, monosynaptic coupling between the spine and the abducens nuclei has been localized
to the cervical spine. Across these species, lateral eye movement has been demonstrated to occur in
sync with locomotion. V. ROOT, ventral root; CERV. V ROQT, cervical ventral root; ABD, abducens
nuclei; LAT RECT, lateral rectus. Dark blue, left limb tract; light blue, right limb tract.

prep while simultaneously recording
activity in the cervical and lumbar dorsal
roots of the spine, as well as the abducens
nuclei in the brainstem (the extraocular
motor neurons mediating lateral eye
movements). As expected, the cervical
and lumbar dorsal root activity followed
the evoked sacral root activity, that is,
hindlimb movement in step with ipsilateral
forelimb movement as would be seenin a
walking mouse. Further, left cervical root
activity was out of phase with right
cervical root activity: When the left
cervical root activity increased, right
cervical root activity decreased and vice
versa. These patterns reflect the one-
foot-in-front-of-the-other gait during
normal walking. Excitingly, the abducens
motor neuron activity also matched the
activity of these spinal motor neurons.
The eye motor neurons were active
synchronously with ipsilateral spinal
motor neurons: left and right abducens
neurons fired out of phase with each other
and in phase with spinal motor neurons of
the same side. This experiment was the
first indication of functional coupling
between motor neurons responsible for
gait and motor neurons responsible for
eye movement.

Because locomotion involves the
coordinated activity between forelimbs
and hindlimbs controlled by different

spinal regions, de Barros et al.® next
investigated which parts of locomotion
were coupled to lateral eye movement. To
get at this question, the experimenters
induced fictive locomotion while interfering
with communication between different
regions of the spinal cord. When synaptic
transmission was blocked in the cervical
spinal cord, direct stimulation of the sacral
dorsal root generated activity in the lumbar
ventral root but did not elicit any activity in
the abducens nuclei. Further, when the
spinal cord was transected below the
cervical spine, stimulation of the cervical
spine alone was sufficient to drive activity
in the abducens nuclei. Together, these
experiments demonstrate that locomotor
activity from the cervical ventral root is
indispensable to drive coordinated activity
in the abducens nuclei.

de Barros et al.® next set out to trace the
relevant circuit that linked the cervical
ventral root and the abducens motor
neurons. To test if these motor neurons
directly communicated with cervical
ventral root neurons, the experimenters
used an injectable rabies virus tracer.
Rabies virus is powerfully specific,
propagating retrogradely between directly
connected neurons and leaving a trail of
replicated virus in its wake’. The
experimenters injected rabies virus into the
lateral rectus muscle, then waited. Over the
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span of several days, the rabies virus
replicated within the muscle cells, and then
worked backwards through the brain,
infecting the motor neurons that directly
project to the muscle, and then the neurons
that directly project to the motor neurons.
The experimenters looked to see where the
rabies virus ended up. Unsurprisingly,
rabies virus was found in the abducens
motor neurons that innervate the lateral
rectus muscle. As time passed, more
rabies virus was found in the vestibular
nuclei that project to the abducens nuclei.
As these neurons are part of the classical
vestibulo-ocular reflex circuit that relays
sensed instability to ocular motor
neurons®®, this finding was an important
control. Intriguingly, rabies virus was also
found in cervical spinal neurons, illustrating
adirect (monosynaptic) link between spinal
neurons and abducens motor neurons in
mice.

With evidence of direct functional
coupling through defined anatomical
circuitry, de Barros et al.° next set out to
observe this spinal-ocular coordination in
action. To assay locomotor-derived eye
movements of a mouse on a treadmill
while minimizing visual/vestibular signals,
the experimenters placed mice on a
treadmill in the dark (vision) while their
heads were held stationary (vestibular).
Additionally, the mice were decerebrated,
removing descending cortical motor
commands. As the treadmill ran, video
recordings of limb and eye movements
were collected. When the animals moved
slowly, no relationship was recorded
between eye and limb movements. When
the animals picked up the pace, though,
the eyes began to move horizontally in
conjugate to each other and to the
forelimbs. As mice adopted faster gaits,
the frequency of eye movements
matched the speed of locomotion. These
movements were mostly synchronized
between the ipsilateral forelimbs and
eyes, in line with the ex vivo direct
stimulation experiments. Together, these
observations support a functional role for
an efference copy signal between the
cervical spine and oculomotor neurons in
controlling mouse gaze.

Earlier work from the Straka lab>'°
described an efference copy sent from
locomotor pattern generating circuitry in
the spine to extraocular motor neurons in
pre-metamorphic Xenopus tadpoles.
These authors reported that undulatory
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swimming resulted in lateral head
displacement, which was accompanied
by synchronized lateral counter-
movements of the eyes. The results
presented by de Barros et al.® mark the
first report of this circuitry in a mammal.
The conservation of this phenomenon
between species is remarkable, and of
course suggests more questions,

such as why lateral eye movements?
While tadpoles swim with undulatory
movements (a lateral wave), mouse
gait, like humans, ought to displace the
head primarily in the vertical plane.
Interestingly, while decerebrated mice
displayed lateral eye movements during
trot-like locomotion, vertical eye
movement was largely absent.

An explanation for this discrepancy
could be due to the idea that this circuitry is
vestigial, a gaze-stabilization tactic in
earlier organisms that move primarily in the
lateral plane. A few years after this circuitry
was identified in the tadpole, von
Uckermann et al.'" reported that this
circuitry persists in post-metamorphic
Xenopus during swim, first demonstrating
the presence of this circuitry in a four-
legged animal (Figure 1). Additionally, it is
possible that some lateral head
displacement occurs in tetrapods that
requires gaze stabilization. Forelimbs and
hindlimbs move in sync ipsilaterally and out
of sync contralaterally, requiring a
continual shift in weight during locomotion.
This could likely result in a left-right
displacement of the head, given its
proximity to the cervical spine. Prior workin
the cat demonstrated such lateral head
movement during left and right limb
movement'2. Another possibility could be
that this efference copy works in tandem
with classic vestibulo-ocular reflex
signaling to stabilize gaze during horizontal
displacements evoked during fast
locomotion. For instance, running quickly
or across an uneven terrain could result in
irregular or dramatic lateral head
displacement, which could be corrected
more quickly by an efference copy
prediction.

This work reported by de Barros et al.®
demonstrates a unique circuit for lateral
eye movement in the locomoting mouse
(Figure 1). The ability of the brain to use
efference copies to predict how vision will
be distorted, and to correct these
distortions more efficiently, suggests a
powerful complement to classic vestibular
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reflexes. The question of the utility of this
circuit in a tetrapod opens new avenues of
research to tackle the topics of ethological
relevance, as well as the question of how
this circuit develops alongside traditional
gaze stabilization circuitry®'®. Together,
this work will advance our understanding
of the mechanisms used to control gaze
during locomotion.
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Many odorants are attractive at low concentrations but repulsive at

higher concentrations. A

new study demonstrates

that, in

Caenorhabditis elegans, a single odorant receptor acts in two
different neuron pairs to mediate both attractive and repulsive

responses to an odorant.

Animals from worms to humans detect
and respond to a remarkable number of
odorants. Although many odorants are
either appetitive or aversive across
concentrations, a subset are appetitive
at low concentrations but aversive at

Current Biology 32, R72-R96, January 24, 2022 © 2021 Elsevier Inc.

higher concentrations'2. One well-
known example is the chemical indole,
which is perceived by humans as having
a floral scent at low concentrations but a
fecal smell at higher concentrations®.
How different concentrations of an
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