Chapter 8

Sensorimotor Integration in the Spinal Cord,
from Behaviors to Circuits: New Tools to Close
the Loop?

Claire Wyart and Steven Knafo

Abstract Sensorimotor behaviors are by definition “closed-loop” processes in
which sensory feedback modulates behavioral output. Sensory feedback can be
provided by visual, auditory, and vestibular inputs or direct proprioceptive inputs
from muscle contraction. Although sensory feedback is not necessary for oscillation
underlying locomotion to occur, there is evidence in the cat that sensory feedback
can initiate locomotion [128] or reset the rhythm [183]. The contribution of sensory
feedback to active locomotion is however difficult to estimate for technical reasons.
Indeed, most physiological studies of genetically identified cells in spinal circuits
involved in sensorimotor integration rely on preparations where mechano-muscles
are paralyzed or dissected out, and are therefore deprived of sensory feedback.

In this chapter, we will first explain closed-loop processes, and we will review
the precious information obtained using “open-loop” experimental paradigms on
how spinal neurons generate the neural rhythms that are at the basis of locomotion
[82]. Optical and genetics techniques offer today alternatives to electrophysiology
for monitoring neuronal activity from genetically defined populations of spinal neu-
rons. We will then discuss how innovative tools for monitoring and manipulating
neural activity, together with conducting sophisticated behavioral analysis, have
provided exciting opportunities for “closing the loop” in genetically accessible
model organisms with a special emphasis on zebrafish.
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8.1 A Closed-Loop Approach to Sensorimotor Behaviors

8.1.1 Defining Sensorimotor Behaviors

8.1.1.1 Eliciting Sensory Input

A fly approaching a fruit odor is a rich example of sensorimotor integration [188]:
the fly must first detect the odor [32], extract information regarding its environmen-
tal relevance, and adapt its course to approach the fruit. All those steps have to be
achieved while the animal is moving, thus adjusting its locomotor output to changing
visual, olfactory, and mechanosensory feedback [67]. Combining multiple sensory
modalities and their closed-loop feedbacks is critical to adapt to a noisy sensory en-
vironment and enhances the robustness of the behavioral output [67]. Multisensory
processing relies on interdependent sensory signals, allowing for increased efficien-
cy during sensorimotor tasks compared to unimodal sensory stimuli [127].

In mammals, it has long been clear that “high-level” cortical areas, such as
parietal and prefrontal cortices, are able to integrate multiple sensory modalities.
However, increasing evidence suggests that multisensory integration also occurs
in “low-level” cortices that were previously thought to be unisensory [71, 185].
Studying sensorimotor integration, even at a relatively low level, thus requires one
to reproduce a behaviorally relevant multisensory environment. However, practical
considerations often make this difficult.

One solution proposed by the field of neuroethology [49] is to consider that neural
circuits can be experimentally understood in the context of the animal’s natural be-
havior. By focusing on innate behaviors in which the animal extracts critical sensory
inputs to produce a behaviorally meaningful locomotor output, neurocthology has
provided important models for sensorimotor integration. For instance, escape behav-
iors, by which an animal escapes from its predator, are a perfect example of a senso-
rimotor task that is crucial for the animal’s survival. Escape responses can be found
in many species, including Drosophila [36], C. elegans [160], and several fish spe-
cies [186], allowing for comparative studies of sensorimotor integration across taxa.

Determining which sensory stimulus to control experimentally is a critical step
of sensorimotor studies. We cannot reproduce the highly variable and multidimen-
sional sensory inputs from the animal’s natural environment, but we should at least
choose a stimulus that replicates the minimum set of sensory cues necessary to elicit
a behaviorally relevant and consistent motor output [39]. We also need to reliably
record and quantify the locomotor output elicited by this sensory input.

8.1.1.2 Measuring Motor Output

The behavioral output of a sensorimotor transformation can be measured at dif-
ferent spatial and temporal scales, from the migration of an entire population of
animals over several days to the analysis of single muscle fibers at millisecond
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timescale [39]. Choosing the right scale for addressing the sensorimotor process of
interest is not trivial.

At one extreme of this scale, “taxis” behaviors, such as chemotaxis in Drosophi-
la [69] or rheotaxis in zebrafish [195], examine the cumulative change in spatial po-
sition of a group of animals over a relatively long period of time. It is also possible
to look at the level of the individual in order to identify sequences of stereotyped
behaviors such as mating in C. elegans [125]. Sequential analyses of canonical be-
haviors can allow the description of the complete locomotor repertoire for a given
species, such as zebrafish [31]. Lastly, a more detailed kinematics analysis could
measure the movements of individual joints and couple this analysis with muscle
activity recordings, as has been done in rodents [41].

With the refinement of locomotor analysis, and the increasing set of kinematic
parameters that can be measured simultaneously, automated tracking programs have
become crucial to reliably quantify behavior. Such programs have been successfully
applied to track individuals and classify behaviors in C. elegans [12], Drosophila
[66], and zebrafish [141]. Automated tracking programs have also been used to
identify interactions between populations of multiple animals [26, 141], character-
ize mutant behaviors and build behavioral phenotypes databases [210], and might
be applied to high-throughput drug screening [141].

Analyzing complex datasets with multiple kinematic parameters per animal and
several animals interacting simultaneously raises important technical challenges.
Reducing the dimensionality of the behavioral dataset can be achieved either by
arbitrarily focusing on a restricted number of kinematic parameters or though statis-
tical dimensionality reduction as in principal component analysis (PCA) [145]. The
main issue with dataset reduction is to determine and preserve the behavioral output
related to the sensory stimulus of interest. This can be achieved by computing the
level of prediction or correlation between the sensory input and motor output [28].

Although sensory input and motor output are the two ends and most accessible
parts of a sensorimotor circuit, they are not sufficient to infer sensorimotor neural
computation. Modulating inputs from “top-down” afferents or “bottom-up” feed-
back also heavily influence sensorimotor processing.

8.1.2 Modulating Sensorimotor Behaviors

8.1.2.1 Sensory Feedback

In the real world, sensorimotor integration is a dynamic process where the animal
constantly updates its sensory inputs according to its behavioral output: as the fly
approaches the fruit, olfactory and visual stimuli change continuously. By tracking
these changes, the fly can adjust its flight to reach the target [67]. In an experimental
setting, the animal must often be restrained or paralyzed to allow recording of neu-
ronal activity. Such preparations are called “open-loop” because the motor output
does not influence subsequent sensory input. But one might hypothesize that neuro-
nal activity is not the same in the absence of sensory feedback.
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“Closed loop” experiments, where new sensory information is acquired as the
motor output is produced, can be obtained mainly through two complementary ap-
proaches: by attaching a miniaturized device onto a free moving animal interact-
ing with a controlled environment or by providing simulated sensory inputs to a
restrained animal. The developing field of brain-machine interfaces has provided
key examples of how to go about this, for example in studies where cortical activity
is recorded through chronically implanted electrode arrays and decoded in real time
to control a motor effector, such as prosthetic limb [37]. It has also been possible
to restore tactile sensation using a “brain-machine-brain interface,” by providing a
way to produce a virtual motor output and to generate the corresponding sensory
feedback [157, 197].

Such tools make it possible to monitor neuronal activity while the animal is
freely behaving, but they do not provide precise control over its sensory inputs.
Virtual reality environments [50] reproduce a simulated sensory environment that
is continuously updated based on the animal’s behavior. Besides providing a better-
controlled sensory input, virtual environments most importantly enable simultane-
ous neural recording by allowing the animal to perform a closed loop sensorimotor
task while being physically restrained.

Combined with electrophysiology or genetically encoded calcium imaging, vir-
tual environments have been applied in mice [87], Drosophila [190], and zebrafish
[2, 161]. Notably, the zebrafish studies have shown that larvae were able to quickly
modify their motor output in response to unexpected visual feedback (Fig. 8.1a)
[161] and that this adaptive behavior correlated with state-dependent neural activity
in a subset of brain areas identified using brain-wide calcium imaging [2].

8.1.2.2 Neuromodulation

State-dependent sensorimotor processing, in which the activity of a given popula-
tion of neurons differs according to the behavioral state of the animal, is investi-
gated within the larger framework of neuromodulation.

The core hypothesis underlying the concept of “multifunctional circuits” is that
a given neural circuit should not be considered as a hard-wired diagram, activated
during discrete states, but rather as a distributed network that is able to switch con-
tinuously between a variety of dynamical states to produce different patterns of
activity, and eventually different behaviors [27]. In a multifunctional sensorimotor
circuit, a given neuron can be active during multiple locomotor behaviors [179],
producing different patterns of activity based on its modulatory inputs [27]. Exter-
nal parameters, such as modulatory neurotransmitters [129] or synaptic input, for
example from sensory afferents [116], can control the transitions between these
different phases.

The neuromodulatory functions of monoaminergic substances have been exten-
sively studied in invertebrate sensorimotor models such as the crustacean somato-
gastric ganglion (STG) [130]. These central pattern generator (CPG) circuits can
generate fictive locomotor patterns and are modulated by numerous substances,
from neurotransmitters released locally by projecting sensory neurons to diffuse
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hormones released at distance by secretory structures [20]. In rats with induced
spinal cord injuries, the role of monoaminergic (in particular serotoninergic and
dopaminergic) substances in modulating spinal locomotor circuits has been well
documented [145]. Pharmacological manipulation, together with electrical spinal
cord stimulation, could restore some locomotion independently of supraspinal in-
put regeneration [42]. Such neuromodulatory-mediated functional recovery is also
phase specific, that is, the observed recovery depends on the phase of the locomo-
tor cycle during which it occurs, suggesting that different interventions facilitate
distinct phases of the locomotor pattern [59]. This observation is in line with a
multifunctional framework for the spinal sensorimotor circuits driving locomotion
in spinal cord injured rats.

Intrinsic sensory states, that is neural dynamics that are not directly affected
by an external physical stimulus, can also modulate multifunctional sensorimotor
networks. One interesting example is the dual role of the gravimetric organ of the
mollusk Clione limacina, which can switch between two very different rhythmic
patterns, and associated behavioral outputs, depending on whether the animal is
under control of a “hunting neuron” [116]. Another example of intrinsic sensory
modulation is the feeding behavior of the Aplysia californica, where the same neu-
rons drive both ingestion and rejection of food, but are differentially modulated by
the coupling between the mouth muscles [209].

8.1.3 Modeling Sensorimotor Behaviors

8.1.3.1 Behavioral Computations

Analyzing sensorimotor transformations is more complicated than just correlating
an observed motor output with an experimentally elicited sensory input. Computa-
tional models for sensorimotor integration have proven more and more helpful as
the number of measured variables increased with the improvement of experimental
techniques.

For any sensorimotor task, the underlying computation is complex and can be
modeled on a coarse behavioral scale, or on a more refined neuronal scale. These
approaches are complementary but have so far mostly been developed indepen-
dently. The long-term objective is to map one onto the other.

One major issue when dealing with sensorimotor computation is that our mo-
tor system is highly nonlinear [65]. In a linear system, one can easily predict the
behavioral response to a multisensory stimulus by calculating the sum of the motor
outputs for each individual sensory stimulus. However, the force developed by a
muscle in response to its nervous input largely depends on other variables such as
muscle length, velocity, tendons, and joint positions, among others [211]. Similarly,
multiple sensory inputs create combined representations that are more than merely
the sum of the individual modalities [78].

Besides nonlinearity, many other issues increase the complexity of sensorimotor
computations. For instance, noise limits our ability to perceive sensory inputs (e.g.,
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Fig. 8.1 Open loop and closed loop paradigms illustrated in zebrafish. A. A visual closed-loop
virtual reality paradigm in the zebrafish larva. A moving visual stimulus is showed to a head-
embedded larva (aged 67 days post-fertilization) while its behavior is monitored and its speed
(red arrow) is modified by the swimming speed of the larva (A1). In this virtual visual closed-loop
environment, a “gain” is used as a constant factor to adjust the grating speed to the larval swim-
ming speed (A2). For three different gains, several kinematics parameters of the larvae locomotor
output are modified consistently: bout duration (A3), interbout interval (A4), number of bouts
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for our approaching fly, estimating the location of the fruit on the table) and to pro-
duce motor outputs precisely (e.g., adjusting speed by modifying wing movements
to reach the target) [172]. Other issues include redundancy, that is the fact that mul-
tiple combinations of motor sequences can achieve the same behavioral task; non-
stationarity, that is the fact that sensory and motor systems are modified throughout
development and aging; sensory ambiguity, partial information; and even multiple
and variable delays, whether due to sensory or motor processing [65].

One approach to resolve such complex sensorimotor computations is Bayesian
decision theory [207]. Bayesian decision theory aims to produce, using a probabi-
listic reasoning, optimal inferences based on uncertain inputs by combining prior
beliefs and multiple sensory modalities. Based on these inferences, decision theory
is subsequently used to decide which action is more likely to achieve the task objec-
tives [65]. In a Bayesian system, the probability of a sensory state being true (called
the “posterior”) is produced by combining the probability of receiving a set of sen-
sory information if that state were true (the “likelihood”) with the prior probability
of that state (the “prior”) [114].

Such Bayesian sensorimotor computation can be easily tested using a simple
task where a subject is asked to reach a cursor in a virtual-reality environment. A
discrepancy is introduced between the subject’s actual and displayed hand positions
[113]. The “prior” distribution can be experimentally set by varying the discrep-
ancy, while the sensory feedback “likelihood” is adjusted by varying the degree of
visual blur controls. Using this approach, the authors showed that subjects com-
bined prior statistical distribution with sensory feedback likelihood in a Bayesian
manner to optimize their performance during sensorimotor learning.

8.1.3.2 Circuit Computations

Mapping behavioral sensorimotor computations onto identified neural circuits re-
quires knowing how those circuits process sensory inputs to produce a motor output
at a cellular scale.

One important challenge for computing sensorimotor transformations, whether
on a behavioral or cellular scale, is that they are mostly nonlinear. Geometrically,
this means that modeling any neural network underlying a sensorimotor process
requires at least a three-layered transformation, with an intermediate layer (referred

(AS) and latency (A6). Adapted from Portugues et al. 2011. B. An open-loop experimental fictive
preparation for investigating with electrophysiology the role of spinal cells in the absence of mech-
anosensory feedback. To record from spinal neurons in a juvenile zebrafish (aged 8-15 weeks), the
skin and muscles are dissected out to expose the isolated spinal cord (B1), and a stimulating elec-
trode (1s, 40Hz) is placed at the junction with brainstem to elicit episodes of “fictive” swimming,
while the motor output can be recorded from the ventral nerve root or from patched-clamp spinal
neurons (B2). Bath application of pharmacological substances, such as the glycinergic antagonist
strychnine, is used to modify the fictive motor output on the ventral nerve root recordings (B3).
Short (10 minutes) application of strychnine results in increased swimming burst frequency, while
longer application (20 minutes) leads to a decreased duration of the swimming episode as well as
disruption of the left-right alternation (B4). Adapted from Kyriakatos et al. 2011.
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to as the “hidden layer”) used to recode sensory inputs before they are transformed
into motor output. Such nonlinear transformations can be approximated using a lin-
ear combination of “basis functions” (such as sine and cosine functions in a Fourier
transform) as the intermediate layer: this is a called the “basis function approach”
[164].This basis function approach is particularly relevant in the context of senso-
rimotor transformations. For instance, if a subject wants to reach toward a visual
target as in the previously described experiment, the motor command can be ap-
proximated by the weighted sum of several nonlinear basis functions of the visual
and postural inputs [163]. On a cellular scale, this “intermediate layer” would be
constituted by neurons whose firing properties, or “tuning curve,” can be described
as a basis function for both visual and postural sensory inputs. Such neurons whose
gain is modulated by visual and postural inputs can actually be found in the parietal
[6], occipital [202], and prefrontal [23] cortices.

Besides nonlinearity, another major concern when looking at sensorimotor trans-
formations is variability. Most experiments, whether looking at sensorimotor pro-
cesses or not, rely on mean statistics calculated from populations. However, it has
been repeatedly shown that multiple physiological solutions can produce similar cir-
cuit outputs [129]. Even the most stereotyped motor behaviors such as rhythms gen-
erated by CPGs can be highly variable across animals [131]. The variability of the be-
havioral outputs evoked by similar sensory inputs is well known, although not always
documented. Most studies describe the “typical” behavior of the system by a single
model. One attempt to take into account variability in sensorimotor circuits models
would be to construct of population of models reproducing the actual behavioral data
rather than trying to use a single model to reproduce the generic behavior [131].

8.2 An Open-Loop Access to Sensorimotor Circuits
in the Spinal Cord Across Vertebrates

In the particular case of spinal sensorimotor circuits, a great wealth of anatomical and
electrophysiological data has been accumulated over the years. However, being able
to elaborate broader models in order to fit those data onto observed behaviors still
remains a challenge, largely due to the fact that available techniques have prevented
us from monitoring sensory inputs concomitantly with motor outputs until recently.

8.2.1 Extrinsic Inputs to Spinal Sensorimotor Circuits

8.2.1.1 Descending Motor Control

Located in the periphery of the spinal cord, white matter tracts comprise both as-
cending fibers, mainly located dorsally and laterally, carrying sensory information,
and descending axons, mainly located ventrolaterally and laterally, carrying motor
information (Fig. 8.2a).
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Fig. 8.2 Descending and ascending inputs to spinal circuits involved in sensorimotor
reflexes. A. Motor and sensory inputs to spinal neurons and sites for sensorimotor integration.
Descending motor control from the corticospinal and rubrospinal tracts in the dorsolateral funicu-
lus) and reticulospinal and vestibulospinal tracts (in the the ventrolateral funiculus are integrated
with ascending sensory inputs from proprioceptive afferents Ia and II from muscle spindles and
Ib from Golgi tendon organs at various premotor locations. Adapted from Rossignol et al. 2006.
B. Some spinal sensorimotor reflexes and underlying interneuronal networks. Presynaptic inhibi-
tion of sensory afferents by GABAergic premotor interneurons in the intermediate laminae of
the spinal cord is a common control mechanism for filtering sensory inputs (B1). Reciprocal Ia
inhibition by glycinergic interneurons allows for antagonist muscles inhibition during a flexion
movement (B2). Non-reciprocal Ib inhibition facilitates synergist muscle contraction though poly-
synaptic pathways (B3).

Descending motor tracts mainly include corticospinal tracts, which forms mono-
synaptic connections between motoneurons located in the primary motor cortex and
spinal motoneurons located in the anterior horn of the grey matter at each segment.
Eighty to ninety percent of the corticospinal axons decussate to the contralateral
side at the pyramid level in the medulla oblongata (hence the name “pyramidal
tracts”) and travel in the dorsolateral funiculus [83]. Corticospinal tracts are mostly
involved in voluntary skilled movements.

Other descending motor tracts originate mainly in subcortical nuclei in the brain-
stem, and particularly in the reticular formation, and are called “extra-pyramidal
tracts.” Extra-pyramidal tracts are composed of the rubrospinal (located along the
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corticospinal tract in the dorsolateral funiculus), vestibulospinal, tectospinal, and
reticulospinal tracts (all three located in the ventrolateral funiculus) [19, 174].

Those descending inputs are mainly involved in autonomic functions, postural
control, and locomotion. More specifically, they facilitate contralateral upper limb
flexion (rubrospinal tract), neck and head motor control (tectospinal tract), auto-
nomic functions (reticulospinal tract), and regulate ipsilateral extensors and anti-
gravity muscles to control tone and posture (vestibulospinal tract) [83]. Extra-pyra-
midal tracts project mainly on premotor lamina (lamina VI-VIII) of the spinal cord
grey matter at each segment [19].

The role of reticulospinal pathways originating from the brainstem in the initia-
tion and control of locomotion has been extensively studied, leading to the concept
that, while the spinal CPG produces the basic locomotor rhythm (see Sect. 8.2.2.1),
brainstem structures are necessary to activate and regulate this structure [98, 205].

Numerous studies, mainly using decerebrate cat preparations, have identified
several areas within the brainstem that can lead to the production of locomotion
when activated, whether chemically or electrically. The mesencephalic locomotor
region (MLR), first identified by Shik et al. [191], receives inputs from both the
basal ganglia, the limbic system and the frontal cortex, and projects to neurons of
the medial medullary reticular formation (MRF), and then on to interneurons in
the spinal cord [205]. When stimulated electrically in decerebrate cats, the MLR
can generate different gait patterns (walking, trotting, galloping) depending on the
strength of the electrical stimulus [176]. Interestingly, after its initial description in
cats, areas homologous to the MLR have been described in many vertebrate species,
including the rat [70], lamprey [136], and monkey [60].

Other areas in the midbrain, such as the medial MLR, the pontomedullary lo-
comotor strip (PLS) or areas in the subthalamic nucleus (subthalamic locomotor
region), have been shown to be involved in the control of locomotion by projecting
onto spinal circuits through reticulospinal pathways in rodents [205]. More recent-
ly, isolated spinal cord preparations from neonatal rats and mice have allowed the
identification of various neurotransmitters (N-methyl-D-aspartate, 5-hydroxytryp-
tamine, dopamine, noradrenaline) that can elicit locomotor rhythmic activity by
stimulating the spinal CPG through descending reticulospinal pathways [99].

In nonmammalian vertebrates, the descending control of locomotion has been
particularly well documented in the lamprey [52]. Trigeminal relay cells activate
reticulospinal neurons in a “all-or-nothing” fashion to elicit escape responses in
response to a mechanical cutaneous stimulus [203]. In contrast, MLR inputs to re-
ticulospinal neurons initiate locomotion in a graded fashion through monosynaptic
cholinergic and glutamatergic inputs, with the middle rhombencephalic reticular
nucleus (RRN) being activated for low intensity stimulation, and the posterior RRN
being activated as the stimulation strength increases [204] (Fig. 8.3a). Lastly, recent
investigations in zebrafish larvae have demonstrated the role of descending reticu-
lospinal neurons in the nucleus of the medial longitudinal fasciculus (nMLF) in the
modulation of swimming speed [189] and swim posture [200].
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Fig. 8.3 Neural substrates of spinal sensorimotor integration across vertebrates. A. Descend-
ing motor control. In the lamprey, a mechanical stimulation to the head activates reticulospinal
neurons through the trigeminal nerve, eliciting escapes reponses in an all-or-nothing fashion (Al
left). Swimming episodes can also be elicited by stimulating the Mesencephalic Locomotor Region
(MLR), which projects onto reticulospinal neurons in the middle and posterior rhombencephalic
reticular nuclei with a graded synaptic input (A1, right) Adapted from Dubuc et al. 2008. In mam-
malian vertebrates, forebrain regions such as the primary motor cortex can initiate locomotion by
projection on the MLR, which in turn activate descending motor pathways that modulate the spi-
nal circuitry (A2). Adapted from Goulding, 2009. B. Intraspinal circuitry. Based on this molecular
homology, similar neuronal cell types can be identified in the zebrafish (B1) and mouse (B2) spinal
cords, as indicated by the same color in the schematic. Zebrafish homologs of the mouse inter-
neurons are: CoOSA/MCoD (V0), CiA (V1), CiD (V2a), VeLD (V2b), UCoD/VeMe (V3). Adapted
from Goulding, 2009. C. Ascending sensory feedback. In the lamprey, intraspinal stretch receptors
called the “edge cells” are activated upon mechanical bending of the spinal cord and could serve
as mechanoreceptor during swimming (C1, top. Adapted from Grillner et al. 1984 and Di Prisco
et al. 1990). In the zebrafish, the lateral line can be used to sense the water flow and provide feed-
back for rheotaxis behavior. Ablation of the lateral line neuromasts results in the inability for the
fish to successfully escape a suction source (percentage of larvae holding against the water flow in
black) (C1, bottom. Adapted from Olszewski et al. 2012). In mammalian vertebrates, cutaneous and
proprioceptive muscle receptors provide sensory feedback to the spinal circuitry and can modulate
the motor output in a phase and state-dependent manner (C2. Adapted from Rossignol et al. 20006).
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8.2.1.2 Ascending Sensory Feedback

While descending inputs schematically provide the motor command to spinal sen-
sorimotor circuits, ascending afferents to the spinal cord mainly provide sensory
information. In mammals, ascending sensory afferents include proprioceptive in-
puts (group Ia and II afferents from, respectively, primary and secondary endings of
muscles spindles, and Ib afferents from Golgi tendon organs) and cutaneous inputs
(chemosensitive group I1I/A$ and group IV/C fibers from nociceptive receptors).
These have been extensively studied in the context of local spinal reflex pathways
[108, 176] (Fig. 8.2b).

The simplest, and fastest, somatic reflex is mediated by the monosynaptic path-
way between primary sensory afferents from primary muscle spindles (Ia) and hom-
onymous alpha motoneurons in the ventral horn of the corresponding segment grey
matter. This drives the basic myotatic reflex that is elicited by a muscle stretch due
to a tendon tap, but it is also involved in tonus and postural adjustments [83]. The
experimental analog of the Ia reflex, the Hoffman reflex (H-reflex), where the me-
chanical stretch is replaced by a subthreshold electrical stimulation of the afferent
nerve, has been extensively used to investigate spinal sensorimotor circuits, and in
particular presynaptic and reciprocal inhibition [95, 108], see (Sect. 8.2.2.1).

Golgi tendon organs are force-sensitive receptors located at the muscle-tendon
junction, which are activated by passive and active muscle force. The Ib reflex
arc, also known as the “inverse myotatic reflex,” is a disynaptic pathway by which
group Ib sensory afferents from Golgi tendon organs inhibit alpha-motoneurons.
This is the reflex arc responsible for the abrupt termination of the myotatic reflex,
the well-known “clasp-knife” phenomenon [93]. Although stimulating the Golgi
tendon organs at rest cannot induce any movement, the Ib reflex has been suggested
to be important for regulating muscle stiffness [108].

While group Ib afferents from Golgi tendon organs provide information about
the tension developed during muscle contraction, and group la afferents from
primary muscle spindles inform spinal circuits about the dynamic of changes in
muscle length, group II afferents from muscle spindle secondary endings provide
information of muscle length itself [96]. Group Ia, Ib, and II muscle afferents taken
together constitute what is generally termed the “proprioception” input. Together
with cutaneous afferents from nociceptors (Ad and C fibers) and other muscle af-
ferents (thinly myelinated group III and unmyelinated group IV fibers), group II
muscle afferents constitute the flexion reflex afferents (FRA) involved in the with-
drawal reflex, by which a painful stimulus leads to withdrawal of the limb through
ipsilateral flexion and contralateral extension [55]. This sensorimotor reflex, more
sophisticated than the “myotatic” and “inverse myotatic” reflexes, involves at least
to two interneurons that either activate or inhibit the ipsilateral flexor or extensor
alpha-motoneurons over several spinal segments [83].

Sensory feedback pathways in nonmammalian vertebrates still remain unclear.
Indeed, there is no clear equivalent to mammalian peripheral proprioceptive recep-
tors in swimming vertebrates. However, in the lamprey, intraspinal mechanosensitive
receptors called the “edge cells” [81] might provide movement-related sensory
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feedback [48]. Interestingly, it has recently been proposed that edge cells could be
modulated by GABAergic cerebrospinal fluid contacting neurons (CSF-cNs) [94].
Similar CSF-cNs, called “Kolmer-Agduhr” cells, have been described in the ze-
brafish and were able to modulate slow swimming upon optical activation [208].
Another sensory feedback pathway in larvae and adult zebrafish is the lateral line
system [72]. Mechanosensory hair cells in the lateral line neuromasts provide infor-
mation about the water flow, contributing to orientating the fish against the water, a
behavior called “rheotaxis” [154] (Fig. 8.3c¢).

8.2.2 Intrinsic Spinal Sensorimotor Circuitry

8.2.2.1 Sensorimotor Interneuronal Networks

Presynaptic Inhibition As we have seen, spinal circuits are continuously provided
with multiple ascending sensory inputs from various sources. This sensory feed-
back needs to be controlled to allow for the proper execution of a motor task [108].
One way to control this sensory input is through presynaptic inhibition of muscle
afferents on alpha-motoneurons through GABAergic axo-axonal synapses [178]
(Fig. 8.2b). A similar control can be achieved through primary afferent depolariza-
tion (PAD), and the two phenomena are now actually considered to be mediated by
the same interneurons [95].

Initially described in relation to group la afferents from primary endings of mus-
cle spindles [64], presynaptic inhibition through GABAergic interneurons has more
recently also been described for group Ib and group II muscle afferents, as well as
cutaneous and articular afferents [177]. Although it has traditionally been thought
that different subgroups of interneurons mediate PAD of distinct muscle sensory
afferents [95], it has also been demonstrated that the same interneurons, located
within Rexed’s laminae VI-VII of the spinal cord grey matter (intermediate zone),
could be coexcited by group Ia and group Ib afferents [62]. More surprisingly, even
group Ib and group II inputs can be integrated by a common pool of interneurons,
located within laminae V—VII [14]. These results led some authors to consider that
all those subpopulations of interneurons (groups Ia, Ib and II) may actually operate
as a single functional population with multisensory inputs from both several types
of afferents and several muscles [96]. (Fig. 8.2b)

Reciprocal la Inhibition Considering that the same Ia muscle afferents innervate
motoneurons belonging to many different motor pools, it has long been postulated
that a neural pathway involving Ia afferents allowed for inhibition of alpha-moto-
neurons controlling antagonist muscles. The reciprocal Ia inhibition is mediated by
a single glycinergic inhibitory interneuron activated by Ia afferents from a given
flexor muscle, which in turn inhibits alpha-motoneurons controlling the antago-
nistic extensor muscle [58, 95]. As for PAD interneurons, it has later been showed
that these reciprocal Ia inhibitory interneurons, located dorsomedially to the motor
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nuclei in the ventral horn, actually also receive convergent inputs, both excitatory
and inhibitory, from multiple descending and ascending sources, including Ren-
shaw cells (see below) [92] (Fig. 8.2b).

Nonreciprocal Ib Inhibition Group Ib sensory afferents from Golgi tendon organs
inhibit motoneurons projecting to synergist muscles and facilitate motoneurons pro-
jecting to antagonist muscles through di- or tri-synaptic pathways involving respec-
tively one or two inhibitory glycinergic interneurons [57, 95]. As for Ia interneurons
mediating reciprocal inhibition, Ib inhibitory interneurons exhibit a wide conver-
gence of inputs from both descending inputs (excitatory corticospinal, rubrospinal,
and inhibitory reticulospinal afferents) and ascending inputs (excitatory group la
and Ib muscle afferents, as well as cutaneous and joint afferents) [92] (Fig. 8.2b).

Recurrent Inhibition Lastly, another sensorimotor interneuronal pathway involving
an inhibitory interneuron is the one formed by Renshaw cells, located in the ventral
horn (next to Ia reciprocal inhibitory interneurons) [166]. Renshaw cells are excited
by cholinergic axonal collaterals from alpha-motoneurons and provide glycinergic
recurrent inhibition to the same or synergistic muscles [56]. Again, as for other
sensorimotor interneurons, Renshaw cells also receive inputs from other afferents,
including ipsilateral group II and III muscle afferents, cutaneous afferents, and
descending motor afferents, and project themselves not only to alpha-motoneurons
but also to gamma-motoneurons, la reciprocal inhibitory interneurons, and other
Renshaw cells within the same spinal segment [206].

8.2.2.2 Spinal Central Pattern Generator (CPG) Across Vertebrates

Along with this complex interplay between sensory afferents and sensorimotor in-
terneuronal networks, a large amount of work has converged toward the identifica-
tion of a spinal network able to generate the elementary patterns and rhythms of
locomotion: the spinal CPG. First postulated from studies of decerebrated cats more
than a century ago [29], extensive research in nonmammalian vertebrate species
such as the lamprey [80] and the Xenopus tadpole [169] has provided many insights
into the swimming CPG and its cellular mechanisms, leading to rapid advances in
the understanding of the mammalian walking CPG [102].

Homology Across Vertebrates Interestingly, new insights into the genetic profiles
of spinal interneurons have allowed direct comparison between different classes
of interneurons across all vertebrates [76]. Based on the dynamic expression pat-
tern of transcription factors, five major subclasses of spinal ventral interneurons
have been described, called “V0, V1, V2, V3, and Hb9 interneurons” (Fig. 8.3).
Each class being characterized by a specific transcription factor, such as “molecular
code” opens the way for functional investigation of genetically targeted, rather than
morphologically or electrophysiologically identified, spinal interneurons within the
CPG (Fig. 8.3b).

Excitatory Rhythm-Generating Circuits Several lines of evidence suggest that the
rhythmogenic neurons of the CPG are glutamatergic excitatory neurons projecting
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ipsilaterally onto inhibitory left-right and flexor—extensor coordinating cells at each
spinal segment [104]. Indeed, blocking inhibitory commissural or ipsilateral inter-
neurons does not prevent rhythm generation, whether in the lamprey [35], rodent
[22] or cat [100], therefore discarding the “half-center model” for CPG rhythm
generation [102]. Various putative candidates for the role of “pacemakers” neurons
have been recently investigated [103]. Among them, Hb9 [199] and V2a-Chx10
expressing interneurons [88] have been shown to have rhythmogenic properties in
neonatal mouse models. Morphological homologs in the lamprey [80] and tadpole
[123], and molecular homologs in zebrafish [139] support the hypothesis of a gluta-
matergic ipsilateral drive to the spinal CPG.

Flexor—Extensor Coordination lIpsilateral-projecting glycinergic inhibitory inter-
neurons are known to be involved in alternation of extensor and flexor muscles
activation, since flexor—extensor coordination is suppressed when glycinergic trans-
mission is blocked but can persist in hemisected spinal preparations [22]. Putative
candidate interneurons include Ia inhibitory interneurons and Renshaw cells (see
Sect. 2.2.1), as both have been shown to fire rhythmically during locomotion and in
opposing phases with respect to their flexor/extensor afferents [138].

However, a recent study challenged this assumption [74]. V1-derived interneu-
rons expressing the transcription factor Engrailed-1 (Enl) are inhibitory ipsilater-
ally projecting interneurons that give rise to Renshaw cells and Ia inhibitory inter-
neurons. Genetic knockout of Enl-expressing neurons induced slower locomotor
activity and increased step cycle, but did not suppress flexor—extensor coordination.
This suggests the existence of other ipsilateral inhibitory interneurons, which might
be specific to mammalian locomotor CPG [102].

Left—Right Coordination Coordination of left-right activity during locomotion is
mainly achieved through commissural interneurons that cross the midline via the
ventral commissure [102]. Experiments in mice have revealed a dual system for
left/right coordination: (1) during alternative walking, inhibition of contralateral
motoneurons is achieved either through mixed glycinergic and GABAergic inhibi-
tory commissural interneurons that project monosynaptically to contralateral moto-
neurons, or excitatory commissural interneurons that project onto contralateral
inhibitory premotor interneurons; (2) during synchronous “hopping,” contralateral
motoneurons are excited by glutamatergic commissural interneurons [165].

Candidate commissural interneurons for this dual model are derived from Dbx1
positive cells from the VO transcription domain [115], in which about one-third of
commissural interneurons are glutamatergic (Evx-1-positive, V0,, interneurons) and
two-thirds are inhibitory (Evx1-negative, VO, interneurons) [143]. A recent study
[198] confirmed and further refined this hypothesis by showing that V0-ablated
mice exhibited a hopping gait at all frequencies. Selective ablation of inhibitory VO
interneurons (V0,,) led to a lack of left-right alternation only at low frequencies,
whereas selective ablation of excitatory VO interneurons (V0,,) led to similar hop-
ping gait but only at medium and high frequencies.

Neurons participating in the left-right alternation spinal network have also been
identified in nonmammalian vertebrates. In the Xenopus tadpole, inhibitory gly-
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cinergic commissural interneurons are responsible for mid-cycle reciprocal inhibi-
tion and are driven by descending glutamatergic interneurons [169]. In the lamprey,
both inhibitory and excitatory commissural interneurons have been described with
a left-right alternating pattern of activity [80]. Lastly, similar glycinergic inhibitory
and glutamatergic excitatory commissural interneurons have been identified in the
zebrafish, sharing molecular markers with the mouse VO neurons, although the de-
tails of their network functions have not yet been worked out [61].

8.2.3 Dynamic Spinal Sensorimotor Interactions

8.2.3.1 Modulation of Spinal Circuitry from Extrinsic Inputs

Both descending motor inputs and ascending sensory feedback can modulate the
activity of the spinal CPG. Dynamic sensorimotor interactions with both supraspi-
nal and peripheral inputs continuously modulate CPG-generated activity patterns to
achieve a flexible adaptation to the environment. Such interactions take place in a
phase-dependent (swing/stance) and state-dependent (forward/backward) manner,
such that extrinsic inputs will result in different modulations depending on the on-
going phase of the locomotor cycle [176].

As discussed in Sect. 2.1.1, supraspinal pathways, such as the MLR and its pro-
jections through the reticulospinal tract, can induce locomotion in “fictive prepara-
tions” such as isolated spinal cord or decerebrated adult cat. However, descending
pathways, whether carrying sensory or motor information, can also modulate ongo-
ing locomotion. This can be achieved either though modulation of brainstem com-
mand circuitry or through the direct modulation of spinal circuitry [137].

Vestibular inputs (relaying information about balance and posture) phasically
modulate the activity of reticulospinal neurons during fictive locomotion in lam-
preys, thereby avoiding a counteractive drive from reticulospinal neurons during
ongoing locomotion [34]. A recent study in zebrafish larvae suggested that vestibu-
lar inputs are able to differentially recruit dorsal and ventral premotor spinal micro-
circuits during postural correction, possibly prefiguring the mammalian modular
organization of spinal flexor/extensor microcircuits [13]. The influence of visual
feedback on the control of locomotion can be experienced on a daily basis when one
needs to anticipate and adjust his gait to avoid an obstacle [173]. New experimental
paradigms, such as the optomotor response in zebrafish [155], have started to shed
light on the neural circuitry responsible for visually induced locomotion.

Besides descending inputs, ascending sensory feedback, from either propriocep-
tive or cutaneous inputs, can also modulate the activity of the spinal CPG. Cutaneous
inputs (C and A fibers, see Sect. 2.1.2) are mainly involved in correcting the steps
in response to external perturbations, such as an uneven floor, during the different
phases of the step cycle [137, 176]. Interestingly, the same cutaneous stimulus can
lead to responses in flexor or extensor muscles depending on the initial position of
the limb, thereby exciting a given muscle group in one locomotor phase, and the
antagonist muscles in the opposite phase, a phenomenon termed “reversal” [175].
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Proprioceptive feedback also has an important role in modulating ongoing lo-
comotion, in particular by adjusting the duration of, and facilitating the switch
between, the different phases of the step cycle, therefore setting the frequency of
locomotion [176]. In decerebrate cat preparations, stimulation of group Ib afferents
from the Golgi tendon organs of extensor muscles can reset the locomotor cycle by
abruptly terminating the ongoing fictive flexor activity and initiating a new burst
in the extensor recording [40]. Similarly, stretch-evoked Ia inputs can increase the
duration of the stance phase, but only when stimulated during flexor activity [84].

In all, patterns of fictive locomotion produced by the spinal CPG should not be
considered the fixed output of a hard-wired circuit, but should be viewed rather as
a dynamic multimodal process whose output is dramatically modulated by sensory
experience.

8.2.3.2 Implications for Plasticity After Spinal Cord Injury

The emerging concept that intrinsic spinal circuits can produce adaptive locomotion
through modulation by sensory feedback, and do so independently, at least to some
extent, from supraspinal inputs, bears important consequences for new neurorcha-
bilitative strategies after spinal cord injury.

Experimental paradigms with adult cats walking on a treadmill have demon-
strated that neither bilateral lesion of the dorsolateral spinal cord (interrupting
cortico- and rubrospinal tracts) [97] nor bilateral lesion of the ventrolateral spi-
nal cord (interrupting vestibulo- and reticulospinal tracts) [30] could permanently
suppress quadrupedal locomotion. However, after unilateral complete hemisection
at the lower thoracic (T13) level, interrupting both dorsal and ventral descending
pathways, cats showed a complete paralysis of the ipsilateral hindlimb during the
first 3 days, followed by a progressive recovery over the following 3 weeks [174].
Interestingly, this recovery was accompanied by a modification of the step cycle,
forelimb/hindlimb, and left/right coordination [135]. These results suggest that the
intrinsic spinal circuitry is able to produce locomotion even after removal of all
supraspinal inputs and that this recovery is underpinned by extensive reorganization
of the spinal sensorimotor network [134]. They also suggest that treadmill-induced
locomotor training, by providing sensory feedback, is crucial to drive the reorgani-
zation of spinal circuits [174].

To test this hypothesis of a plastic spinal CPG, Rossignol et al. designed a dual-
lesion paradigm in which a first hemisection performed at the T10/T11 spinal level
is followed, after several weeks of locomotor training and complete recovery, by a
complete spinal transection at the T13 level [15, 134]. The major finding was that
cats regained full locomotor performance after only 24 h, without any training of
pharmacological intervention [15], therefore indicating that intrinsic changes with-
in the spinal CPG had indeed occurred during the rehabilitation period, and could
be retained after the complete removal of supraspinal inputs.

Similar results have been obtained recently in rodents [59], in which recovery
of coordinated hindlimbs locomotion on a treadmill could be achieved only 1 week
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after complete thoracic (T7) spinal transection when combined lumbosacral electri-
cal epidural stimulation (EES) and systemic application of serotoninergic agonists
were applied [41]. Interestingly, removing peripheral sensory inputs by unilateral
dorsal rhizotomy prevented EES-facilitated locomotor recovery after complete spi-
nal transection, but only on the deafferented side, thereby confirming the hypothesis
that sensory feedback drives the reorganization of intrinsic spinal circuitry [117].

However, those results only concerned treadmill-induced “automatic” locomo-
tion. To what extent can we exploit the plasticity of spinal sensorimotor circuits
to induce restoration of voluntary locomotion? This question was investigated by
a recent study [25], in which the authors used a simultaneous dual hemisection
paradigm in adult rats together with a so-called electrochemical neuroprosthesis
(i.e., the combination of lumbosacral epidural electrical stimulation together with
systematic administration of a cocktail of monoaminergic agonists). They observed
that rats trained with a robotic postural interface encouraging supraspinally medi-
ated locomotion could regain voluntary control through remodeling of corticospinal
projections. A similar approach has even been used successfully in a paraplegic hu-
man subject, who could regain some voluntary control of one of his lower extremi-
ties after intensive rehabilitation and electrical epidural stimulation, although this
recovery was very limited and observed in few individuals [7, 86].

These results have raised hopes that clinically significant locomotor recovery
can be achieved through reorganization of intrinsic sensorimotor circuitry, facili-
tated by intensive training and electrical and/or chemical manipulation. However,
one major issue of such studies is that they can probe changes in spinal circuitry
only in a very indirect manner.

Indeed, until now, one had to choose whether to access spinal circuitry in open-
loop “fictive” preparations, discarding sensory feedback in favor of identifying and
recording from neurons within the spinal cord, or to preserve active locomotion and
sensory feedback at the cost of having only limited and indirect access to spinal cir-
cuits. New tools and animal models might change this conundrum in a near future.

8.3 Closing the Loop? Optogenetic Manipulation
of Spinal Sensorimotor Circuits in Zebrafish

8.3.1 Genetic Targeting of Spinal Sensorimotor Circuits
in Zebrafish

8.3.1.1 Identified Sensorimotor Neurons in the Zebrafish Spinal Cord

“Closing the loop” in sensorimotor studies should involve the ability to easily
target neuronal populations of interest and monitoring their activity in vivo while
the sensorimotor integration actually occurs. Over the last 10 years, zebrafish has
become an increasingly popular model organism for such studies, thanks to its
genetic accessibility with numerous transgenic lines targeting specific subsets of
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neurons being shared among the community [ 180, 187], its optical transparency al-
lowing the use of the always expanding palette of optogenetic actuators and report-
ers [2, 51, 90, 208], and its relatively simple and stereotyped behavioral repertoire
[31, 139, 141].

As in other vertebrates, neurons in the zebrafish spinal cord can be broadly clas-
sified as motoneurons, sensory neurons, and interneurons [119]. The recent devel-
opment of genetic tools allowing specific targeting of subtypes of neurons has al-
lowed marked progress in our understanding of their functional roles, and has led
to a refined classification.

Sensory neurons within the spinal cord comprised mainly mechanosensitive
Rohon-Beard cells, of which homologs can be found in most anamniotic verte-
brates, such as Xenopus tadpoles and lampreys [167]. Rohon-Beard neurons are
derived from the same neural plate domain that generates neural crest cells, and die
during development to be replaced by dorsal root ganglion cells in adult zebrafish
[119]. When stimulated optically, Rohon-Beard neurons are able to trigger escape
responses [51, 208], through either direct excitation of reticulospinal cells [51] or
activation of CoPA interneurons [159].

In larvae, both primary and secondary motoneurons (together with oligodendro-
cytes) are derived from the pMN transcription domain in the ventral spinal cord, are
positive for olig2 expression, and persist through adulthood [105, 119]. Primary mo-
toneurons are located more dorsally (with subtypes according to their position from
caudal to rostral: CaP, MiP, RoP), innervate fast muscles, and mediate fast swimming
and the startle response, while secondary motoneurons are located more ventrally, in-
nervate both slow and fast muscles, and are involved in slow swimming [119].

To explore the differences between slow swimming and escape spinal networks,
Ritter et al. [168] used a head-embedded preparation in which they could elicit
either slow swim by illuminating the head with a fiber optic, or escapes by tap-
ping the head with a piezoelectric actuator. They simultaneously monitored the
activity of morphologically identified interneurons in the embedded part of the
tail using calcium imaging and recorded the movements of the caudal tail using
a high-speed camera. They showed that “circumferential ipsilateral descending”
(CiDs) interneurons were activated during escapes but not during slow swim
movements, while excitatory glutamatergic “multipolar commissural and descend-
ing” (MCoDs) interneurons were, on the contrary, activated during swimming but
not during escapes [168].

A subsequent study from the same group [18] combining calcium imaging and
paired patch recording confirmed that CiDs were responsible for motoneuron ex-
citation during escapes and showed that stronger escapes elicited by a head tap
were associated with the recruitment of a larger number of CiDs than delayed es-
capes elicited by a tail tap, although the effect of the descending control from the
hindbrain seems subject of debate [18, 126]. Interestingly, the same authors also
demonstrated that reinnervation of CiDs by regenerating Mauthner axon, following
injection of cAMP, was associated with improved locomotor performances [17].

Using isolated spinal cord from larval zebrafish, a “topographic map” of recruit-
ment for motoneurons and premotor interneurons has been documented [139, 140].
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MCoDs interneurons, located in the ventral spinal cord, provide a phasic drive to a
subset of ventral contralateral motoneurons during slow swimming patterns. When
the swimming frequency was increased, MCoDs were inhibited through glycinergic
synapses, while CiDs interneurons became progressively activated along a dorso-
ventral gradient [140]. Of interest is the fact that CiDs interneurons are the fish
homologs of the mouse V2a interneurons [5, 13, 106, 107] (see Sect. 2.2.2).

It has also been shown in adult zebrafish that different motoneuron pools ex-
hibit different patterns of recruitment, with slow, intermediate, and fast second-
ary motoneurons being recruited progressively as the fictive locomotion frequency
increased, while fast primary motoneurons were recruited only during presumed
escapes. Moreover, the distribution of these different motoneurons pools also fol-
lowed a ventro-dorsal gradient, from slow secondary motoneurons to fast primary
motoneurons [5, 68].

Apart from premotor interneurons, other populations of interneurons are also
rhythmically activated during fictive locomotion. Glycinergic “circumferential as-
cending (CiA) interneurons,” that are Engrailed-1 positive interneurons derived
from the VO transcription domain, monosynaptically inhibit “commissural primary
ascending” (CoPA) interneurons during swimming [91]. Remarkably, CoPA inter-
neurons are glutamatergic and relay excitation from Rohon-Beard sensory neurons,
providing a connectivity pattern that would be consistent with a homologous senso-
rimotor gating pathway to that observed in the Xenopus tadpole [120, 121].

“Commissural local” (CoLo) interneurons are inhibitory glycinergic interneu-
rons driven by gap junctional inputs from reticulospinal cells (Mauthner cells, see
Sect. 3.3) that have been shown to exert monosynaptic inhibition on contralateral
primary motoneurons during fast swimming, thereby enhancing the efficiency of
the escape responses [180]. Lastly, Kolmer-Agduhr interneurons, which are GA-
BAergic cells located next to the central canal and have cilia extending into the
cerebrospinal fluid, have been shown to trigger slow swimming when optically
stimulated [208].

Many other subtypes of spinal interneurons have been identified and classified,
mainly according to their morphology and neurotransmitter phenotype [85, 181],
but their involvement in sensorimotor circuits remains to be elucidated.

8.3.1.2 A Genetic Toolbox for Targeting Populations of Neurons

Considering the large number of cells involved in spinal sensorimotor circuits, even
in a simple vertebrate such as the zebrafish, one crucial requirement for investigat-
ing their functional roles is to be able to specifically target the neural subpopulation
of interest. Rather than relying on morphological cues, identification of specific
promoters and new tools to efficiently generate and screen transgenic lines has re-
cently allowed researchers to take full advantage of the optical and genetic acces-
sibility of the zebrafish model.

The most straightforward approach to target a given neuronal population is to
identify a specific gene with selective expression in the population of interest and
generate a bacterial artificial chromosome (BAC) incorporating a reporter such as
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green fluorescent protein (GFP) into the gene’s genomic locus. Alternatively, if a
minimal enhancer sequence can be identified, it can be subcloned into a smaller,
plasmid-based expression system. The engineered construct is then microinjected
into embryos at the single-cell stage to allow integration into the genome. Injected
fish larvae are subsequently raised to adulthood and their offspring screened for
fluorescence in order to establish the transgenic line [11]. Such an approach has
been successfully used to produce transgenic lines labeling cranial motoneurons or
trigeminal/Rohon-Beard sensory neurons with the Is/et-1 promoter [89]. Animals
that transiently expressed channelrhodopsin-2 were also used to investigate the role
of Rohon-Beard and trigeminal neurons in the sensorimotor escape circuitry [51].

This approach can be combined with the bipartite Gal4/UAS system, widely used
in drosophila, which relies on the specific expression of the yeast Gal4 transcrip-
tional activator to drive the expression of a reporter gene placed under the control of
repetitive Gal4-responsive upstream activator sequences (UAS) [9, 44]. Enhanced
reporter expression can be obtained using Gal4-VP16 [112] or Gal4FF [9] fusion
sequences and multiple (14X) repeats of the UAS. Stable zebrafish transgenic lines
using the Gal4/UAS system have been created using 70/2-mediated transposition.
A plasmid carrying the 70/2 transposon is injected in zebrafish embryos along with
the 7ol2 transposase mRNA, generating insertions throughout the zebrafish genome
[10, 101]. To/2-mediated Gal4-UAS transgenesis has been used to successfully per-
form enhancer-trap screens, leading to identification of a large number of stable
transgenic lines selectively labeling subsets of spinal neurons [1, 9, 181, 187].

Another recent approach for genetic targeting of neurons in zebrafish is to com-
bine viral gene delivery, using for instance rabies of sindbis viruses, together with
the Tet system [214]. The Tet system works in a similar fashion to the Gal4/UAS
system, with the transactivator (itTA) binding to the tTA-responder element (Ptet)
to drive transcription of the downstream gene [75]. However, the Tet system has
the advantage of being regulated by exogenously administered doxycycline, which
binds to tTA and dramatically reduces its affinity to Ptet, turning off the expression
of the gene of interest [214]. Interestingly, such silencing can also be used to gener-
ate sparse labeling in pan-neuronal HuC transgenic lines [214]. Combing the Tet
and Gal4 systems provide exciting opportunities for combinatorial gene targeting
of several neuronal populations of interest in zebrafish.

8.3.2 Optogenetic Tools for Monitoring and Breaking
Neural Circuits

8.3.2.1 Reporters: Monitoring Neural Circuits

Monitoring neural activity can be indirectly achieved by measuring the intracellular
calcium levels, since action potentials typically lead to a calcium influx through
voltage dependent calcium channels [79]. This strategy has led to the elaboration
of a number of chemical and genetically encoded calcium indicators (GECIs) that
have been successfully used in many different animal models [149, 201] (Fig. 8.4a).
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Fig. 8.4 Monitoring and manipulating neural circuits with genetically encoded reporters
and actuators. A. Calcium indicators. Genetically encoded calcium indicators (GECIs) allows
for monitoring neural activity through changes in intracellular calcium concentration. In a Forster
resonance energy transfer (FRET)-based GECI (A1), such as Cameleon, a conformational change
occurs after calcium ions binding between the two fluorescent proteins, leading to FRET, with
a decrease in the 480 nm fluorescence and an increase in the 530 nm fluorescence. In a single-
fluorophore GECI (A2), such as GCaMP, conformational modification upon calcium binding
is intra-molecular, leading to an increase in the emitted fluorescence (515 nm). Bioluminescent
GEClISs, such as Aequorin, binding of calcium ions leads to oxidation of coelenterazine. Chemi-
luminescence resonance energy transfer (CRET) between aequorin and GFP is responsible for
the emission of a green photon. Adapted from Grienberger et al., 2012. B. Optogenetic actuators.
Following illumination with blue light (470 nm, blue pulses in B3), channelrhodopsin-2 allows the
entry of cations into the cell (B1), triggering action potentials in whole-cell current-clamp (B3).
Following illumination with yellow light (580 nm, yellow line in B3), halorhodopsin pumps chlo-
ride anions in the cell (B2), leading to hyperpolarisation and silencing of neuronal activity (B3).
Adapted from Zhang et al. 2007.
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GECIs consist of engineered fluorescent proteins having two key features: their
emission properties are modified depending upon the intracellular level of calcium,
and their pattern of expression can be restricted genetically. They include either
permutated single fluorescent proteins whose fluorescence properties are modi-
fied when calcium is bound to an attached Ca>" recognition element—as with the
GCaMP family of indicators [147]—or pairs of fluorescent proteins in which con-
formational changes induced by calcium binding lead to FRET (Forster Resonance
Energy Transfer)-mediated modulation of fluorescence [142].

The transparency of the zebrafish larva and its genetic accessibility make it an
ideal model to use such optical tools for monitoring neural activity. In the first ze-
brafish study using a GECI (cameleon), expressed under the islet-1 promoter [89]
(see Sect. 3.1.2), calcium transients could be observed within the spinal cord, in
Rohon-Beard neurons activated by electrical cutaneous stimulation, and in moto-
neurons and CiD interneurons during escapes triggered by a mechanical head tap
[90]. Since this first study, GECIs have been extensively used in zebrafish to moni-
tor neural activity in various behavioral paradigms, including investigating the role
of the optic tectum in prey capture [46], performing brain-wide monitoring of neu-
ral dynamics in a sensorimotor virtual environment [2] or testing neural coding of
odors by the olfactory bulb [21]. Targeted mutagenesis and high-throughput screen-
ing have led to the continuous improvement of GECIs by optimizing their calcium
affinity, kinetics, and dynamic range [3, 146, 149, 201]. From the first GCaMP
[149] to the current GCaMP6 [38], and including the new generation of multicolor
variants [4], the always improving GECI arsenal allows one to monitoring of neural
activity under a wide range of conditions.

One major limitation of GECIs with particular relevance to the investigation of
closed-loop sensorimotor behaviors in vivo is the need to provide focal excitation to
the fluorescent proteins. This limitation implies constraining the neurons of interest
(and therefore the animal itself) to a given location, either by partially embedding
and/or paralyzing the animal. One alternative approach is to use the bioluminescent
protein aequorin-GFP, derived from the jellyfish Aequorea victoria [192]. ApoAe-
quorin, the naturally occurring complex of aequorin with GFP, binds to its substrate
coelenterazine, which is then oxidized in the presence of calcium leading to the
emission of a green photon by the GFP through chemiluminescence resonance en-
ergy transfer (CRET) [16]. Bioluminescence assays based on aequorin-GFP have
been used not only for noninvasive monitoring of neural activity in vitro [170], but
also in restrained flies [133] and freely behaving mice [171].

Taking advantage of this bioluminescence approach, neural activity in freely
behaving zebrafish larvae has been monitored by genetically targeting the expres-
sion of aequorin-GFP to a specific subset of neurons and simultaneously counting
the number of photons emitted over time while imaging locomotor activity [151].
Remarkably, the authors could monitor the activity of a small group of hypocretin-
positive neurons in the hypothalamus over several days or combine a gated photo-
multiplier tube with stroboscopic illumination to record visually evoked behaviors
[151]. While aequorin allows for noninvasive monitoring of an entire population of
neurons in a moving animal, it does not provide any spatial information, thus mak-
ing the specificity of genetic targeting a crucial limitation.
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8.3.2.2 Actuators: Breaking Neural Circuits

Besides monitoring neural activity, the optical and genetic accessibility of the zebraf-
ish larva also constitute an optimal playground for optogenetic actuators, making it
possible to selectively activate or inhibit genetically targeted neurons [45, 162, 212]
(Fig. 8.4b). Channelrhodopsin-2 (ChR2) is a light-gated channel derived from the
unicellular alga Chlamydomonas reinhardtii that allows nonspecific influx of cations
when illuminated with blue light [122, 148]. ChR2 can therefore be used to control a
genetically targeted neuronal population with millisecond precision in a dynamic and
reversible manner [24]. First tested in zebrafish to trigger escape responses by photo-
activating Rohon-Beard neurons [51], ChR2 has subsequently been used to investi-
gate diverse behaviors such as the optokinetic response [ 184] and modulation of odor
responses [33]. Synthetic excitatory actuators that combine a chemical ligand with an
ion channel, such as the light-gated ionotropic glutamate receptor (LiGluR, [73, 196])
and the light-gated metabotropic glutamate receptor (LimGluR2, [118]), have been
successfully used to trigger neural activity in zebrafish. For instance, the potential
role of Kolmer-Agduhr interneurons in modulating slow locomotion was investigated
by combining LiGIuR activation and Gal4/UAS enhancer-trap transgenics [208].

Optogenetics has also been used to selectively silence genetically targeted neu-
rons in zebrafish, using the light-gated chloride pump halorhodopsin (NpHR), de-
rived from the archaebacterium Natronomonas pharaonis [182, 194]. NpHR hy-
perpolarizes neurons by pumping chloride ions upon activation with yellow light,
leading to optical silencing. Optical silencing with NpHR, and its improved variant
eNpHR [77], can be combined with ChR2-mediated photoactivation to provide a
versatile optogenetic toolbox to dissect circuits within the same animal [213].

Such a combined strategy has been successfully used in zebrafish to identify
neurons in the hindbrain able to initiate locomotion through a rebound activity after
eNpHR silencing [8], and for dissecting the mechanism of eye saccades during the
optokinetic response [184]. In those two studies, light was delivered using optical
fibers to achieve a high spatial selectivity in photoactivation. However, new micro-
scopic techniques relying on light patterning with multimirror devices [21, 132] or
temporal focusing of two-photon excitation [158] should allow for more complex
2D stimulation patterns. Lastly, 3D optical stimulation with a high spatiotemporal
resolution could be achieved by combining digital holography and temporal focus-
ing [156], opening the way for simultaneous imaging and neural manipulation in
multiple planes in vivo [162].

8.3.3 The Escape Response as a Model for Sensorimotor
Integration

8.3.3.1 The Escape Response and its Supraspinal Control

The “escape response” is a stereotyped sensorimotor behavior whereby an animal
aims to avoid an approaching predator, which has been extensively described not
only in many teleost fish species, including the goldfish and zebrafish [53], but also
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in other anamniotic vertebrates such as the lamprey [43] and the Xenopus tadpole
[169]. Escape responses in zebrafish can be elicited by several types of sensory stim-
uli, such as touch to the head or the tail 18], a water jet to the otic vesicle [110] or an
auditory-vestibular stimulus produced by a sound vibration [ 180]. In zebrafish larvae
aged 6-9 days post-fertilization (dpf), the escape behavior typically consists of an
initial, fast “C-shaped” bend, followed by a counter-bend in the opposite direction,
and lastly a burst swim [31]. Typical kinematics parameters for escapes in zebrafish
larvae are a mean angular velocity of 21.2°/ms, a mean duration until completion of
the first bend of 10.4 ms, and a mean counter-bend angle of 125.1 [31].

The roles played by reticulospinal neurons, and in particular the “Mauthner cell”
(M-cell), in the initiation of escape responses have been extensively document-
ed, initially in the goldfish [54, 111]. The M-cell and its homologs MiD2 c¢m and
MiD3 cm are paired reticulospinal neurons, located respectively in hindbrain rhom-
bomeres 4 and 6, sending their descending axons to the contralateral spinal cord.
The M-cells receive excitatory inputs from the auditory and vestibular branches of
the VIIIth nerve, the posterior lateral line, and the optic tectum [150].

In head-embedded zebrafish larvae, monitoring of neural activity in reticulo-
spinal cells by calcium imaging has demonstrated that, while M-cells are activated
by mechanical stimulation of both the head and tail, its homologs MiD2 c¢m and
MiD3 cm are only activated by head taps [153]. Ablation studies confirmed this
result, showing that destruction of all three cell types delayed the escape responses
elicited by both head and tail stimulation, while ablation of the M-cell alone specifi-
cally increased the latency of tail-induced escapes [126]. These results demonstrate
significant functional overlap among the neurons that drive escape behavior.

Recent studies by the group of Oda [109, 110, 150] further refined our under-
standing of the descending control of this multimodal sensorimotor behavior. Us-
ing simultaneous calcium imaging of reticulospinal neurons and high-speed video
recording of actual escapes elicited by a water jet to the otic vesicle, the authors
demonstrated that activation of the Mauthner cell led to fast-onset (4—8 ms) escapes
while activity in the MiD3 cm homolog gave rise to delayed escapes (8—12 ms),
and that activation of these cells was mutually exclusive [109]. The authors sub-
sequently showed that (1) before 75 h post-fertilization (hpf), suppression of au-
ditory-vestibular inputs by selective ablation of the otic vesicle did not increase
escape latency, whereas ablating the trigeminal ganglia responsible for relaying
tactile input did; (2) after 90 hpf, eliminating auditory-vestibular inputs increased
escape latency, whereas suppressing tactile input did not. These results therefore
suggest a dual control of the escape behavior, switching during development from a
preferentially touch-driven, long-latency, M-independent escape to a preferentially
auditory-vestibular driven, short-latency, M-dependent pathway [110].

8.3.3.2 Monitoring Spinal Neurons During Active Locomotion
The ability to simultaneously record active locomotor behavior and monitor neural

activity in partially restrained zebrafish has proven very valuable in dissecting the
descending motor and sensory control of escape responses. Similar head-embed-
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Fig. 8.5 Monitoring the activity of spinal neurons during active escape responses in zebraf-
ish larva. A. A setup for simultaneously recording active locomotion using a high-speed camera.
B. A custom tracking software detects the animal body movement while a PMT is counting pho-
tons emitted by spinal motoneurons during escape responses in the transgenic line s1020t:gal4/
UAS:GFP-Aequorin. C. Signals of bioluminescence and tail angle are plotted simultaneously: in
blue: tail angle (in degree) between the first and last points of the tail over time, superimposed with
the bioluminescent signal in green (number of photons emitted /10 ms).

ded experimental paradigms have also been used to investigate the recruitment of
spinal interneurons during active locomotion [18, 168] (see Sect. 3.1.1). Although
studies based on calcium imaging of either hindbrain or spinal neurons in partially
restrained animals have been an important step forward in the study of sensorimotor
behaviors such as the escape response, they cannot provide information about neu-
ral activity in the moving tail of the fish and so fail to account for sensory feedback
arising from locomotion itself.

New techniques such as aequorin-based bioluminescence recording (see
Sect. 8.3.2.1) will allow monitoring of specific neurons in actively moving animals,
whether head-restrained or freely swimming. Using an experimental setup adapted
from Naumann et al. [151] in which escape responses are elicited in head-embedded
zebrafish larvae either by a water jet to the otic vesicle or by an auditory-vestibular
sound stimulus, we can simultaneously record detailed kinematic parameters and
count photons emitted by the aequorin-GFP. Taking advantage of the Gal4/UAS
system to restrict the expression of aequorin-GFP to motoneurons, we obtain bio-
luminescence signals that report the recruitment of spinal motoneurons (Fig. 8.5,
Knafo et al. unpublished) during behavior. This approach could prove particularly
useful in investigating the recruitment of sensory spinal neurons during active lo-
comotion and determining how sensory feedback from the moving part of the tail
modulates the recruitment of motoneurons.
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8.4 Conclusion

The ability to monitor active behaviors in vivo with precise kinematics also pro-
vides a new framework in which results obtained from fictive recordings could
be validated to confirm their environmental relevance. Moreover, the variability
observed in real-world locomotor behaviors also questions whether “hard-wired”
connectivity diagrams are actually the most suitable mean of modeling sensorimo-
tor integration [131]. The emergence of multifunctional neuronal populations, that
is. neurons that are recruited during multiple behaviors [124], as opposed to special-
ized neurons that are only active for a given motor output [180], will also benefit
from in vivo studies involving active locomotion, in which multiple behaviors can
be tested within the same animal [27].

The advances in genetic targeting and the identification of molecular markers to
classify homologous populations of spinal neurons have allowed bringing together
results obtained across animal models. However, the extent to which the walking
CPG of mammalian vertebrates (such as rodents and cats) and the swimming CPG
of nonmammalian vertebrates (such lampreys, zebrafish or tadpoles) can mutually
inform each other remains unclear. In this regard, amphibian metamorphosis, dur-
ing which the swimming CPG of a tadpole is transformed into a frog walking CPG,
could provide an intriguing and unique model [193].

Sensorimotor behaviors are inherently a closed-loop process, where sensory
feedback heavily influences the motor output. Although spinal networks do inte-
grate this sensory information to modulate locomotion, detailed access to spinal
sensorimotor circuitry has so far been only possible in open-loop preparations,
where sensory feedback was not taken into account. New tools, such as optogenetic
reporters and actuators, combined with genetically accessible animal models like
zebrafish, should provide bright opportunities for monitoring targeted spinal senso-
rimotor neurons in actively moving animals and, possibly, closing the loop.
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