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Abstract
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The cerebrospinal fluid (CSF) is acomplex solution that circulates
around the CNS, and whose composition changes as a function of an
animal’s physiological state. Ciliated neurons that are bathed in the
CSF — and thus referred to as CSF-contacting neurons (CSF-cNs) —
are unusual polymodal interoceptive neurons. As chemoreceptors,
CSF-cNsrespond to variations in pH and osmolarity and to bacterial
metabolitesin the CSF. Their activation during infections of the
CNSresultsinsecretion of compounds to enhance host survival.

As mechanosensory neurons, CSF-cNs operate together with an
extracellular proteinaceous polymer known as the Reissner fibre to
detect compression during spinal curvature. Once activated, CSF-cNs
inhibit motor neurons, premotor excitatory neurons and command
neurons to enhance movement speed and stabilize posture. At longer
timescales, CSF-cNs instruct morphogenesis throughout life via the
release of neuropeptides that act over long distances on skeletal
muscle. Finally, recent evidence suggests that mouse CSF-cNs may
act as neural stem cellsin the spinal cord, inspiring new paths of
investigation for repair after injury.
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Introduction

The cerebrospinal fluid (CSF) is a complex biological solution that is
largely produced by the choroid plexuses and can change composition
as afunction of age or physiological state (Box 1). The CSF circulates
inthe brain ventricles, in the central canalinthe spinal cord andinthe
subarachnoidal spaces surrounding the CNS' (Fig. 1a). A large body
of work in the past decade has shown that, at the interface between
the CNS and the CSF, ciliated CSF-contacting neurons (CSF-cNs) act
together withthe Reissner fibre (along, acellular proteinaceous thread
present in the fourth ventricle and central canal) as an axial mecha-
nosensory system that can detect spinal curvature?”’. Uponactivation,
spinal CSF-cNs modulate the activity of motor neurons and premo-
tor excitatory interneurons in the hindbrain and spinal cord, as well
as the output of reticulospinal neurons in the hindbrain projecting
down to the spinal cord. The discovery of an axial mechanosensory
system in the vertebrate spinal cord challenged the classical view
that the sensory modulation of posture and locomotion relies only
on proprioceptive information carried by dorsal root ganglia neurons
located in the peripheral nervous system® (Fig. 1b,c). It is now clear
that, inaddition to this mechanosensory function, CSF-cNs canact as
chemosensors that detect molecules in the CSF° " and, in turn, regu-
late the CSF composition via active neurosecretion™ >, The poly-
modal interoceptive system mediated by CSF-cNs therefore provides
ameans to mediate brain-body interactions by linking together the
CSF, the nervous system and effectors in other systems and organs
distributed throughout the body.

In this Review, we will outline the established roles of the axial
sensory system contacting the CSF in motor control, morphogenesis
and innate immunity. A major limitation faced by those investigating
the functions of this sensory system in vivo has been the difficulty in
accessing CSF-cNs, which are nested in the centre of the spinal cord.
However, in the past decade, and thanks to the transparency and
genetic accessibility of zebrafish at early stages of development, this
challenge has been overcome, opening new paths of investigation and
revealing numerous physiological functions for this polymodal axial
sensory system. Consequently, most of the work reviewed in this article
(and unless otherwise stated) comes from experiments performed
in zebrafish. Investigations performed in other animal models, such
as mice, lamprey and macaques, are highlighted where appropriate.

Features of CSF-contacting neurons

CSF-cN anatomical localization and morphology

A century ago, Kolmer and Agduhr analysed the spinal cords of more
thanahundred vertebrate species and described the morphology of
atype of ciliated cell that was in contact with the CSF and that reminded
them of hair cells, the primary inner ear sensory receptor cells that
transduce mechanical stimuli evoked by sound into electrical signals
transmitted to the brain®>**"*. These cells have since been called spinal
CSF-cNs or Kolmer-Agduhr cells****"¥, Throughout vertebrate spe-
cies, CSF-cNs are inserted in the ependymal layer that surrounds the
central canal of the spinal cord and exhibit a peculiar morphology:
their apical extension bathes in the CSF and is in close vicinity to an
acellular proteinaceous thread called the Reissner fibre that is formed
by the aggregation of the large protein subcommissural organ-spondin
(SCO-spondin) (Fig. 1c and Box 1). Because the ciliated apical exten-
sion of the CSF-cNs resembled the extensions present on hair cells,
Kolmer and Agduhr postulated that these neurons constitute a sensory
system, which they termed a “parasagittal organ”, that could detect
changes in the properties of the CSF. Kolmer even suggested that

this sensory system could constitute a “third ear in the spinal cord”
and proposed that CSF-cNs and the Reissner fibre interact to form a
mechanosensory system?®*. Owing to the variability in the presence
and location of the Reissner fibre after dissection and fixation of the
spinal cord, however, Agduhr doubted that the Reissner fibre could
contribute to the sensory function of CSF-cNs*. A century later, the
expansion of gene-targeting methods and optical tools for monitor-
ing and manipulating the activity of CSF-cNs in vivo in transparent
model organisms such as larval zebrafish has enabled researchers to
resolve this controversy.

Across vertebrates, the somata of CSF-cNs areinserted in or imme-
diately under the layer of ependymal cells that surround the central
canal®®*. All spinal CSF-cNs are marked by the expression of poly-
cystic kidney disease 2-like 1 (PKD2L1) channels, but one subpopula-
tionis located in a dorsolateral position, relative to the central canal,
whereas the other is found ventral to the central canal’***"*2, In mice*’
and zebrafish?”*"** these two populations of CSF-cNs originate from
different progenitor domains (see below).

There are two peculiarities of spinal CSF-cN morphology com-
pared with that of hair cells (Box 2). First, CSF-cNs are not excitatory
cells that release glutamate as a neurotransmitter but rather are
GABAergic neurons*** with an axon ascending in the spinal cord (and,
in the case of the most rostral CSF-cNs, in the hindbrain*¢). Second,
CSF-cNs exhibit an apical extension protruding from their soma that
contains one ciliumand multiple microvillithat contact the CSF***-**
and do not form an organized structure such as the staircase formed
by stereociliain hair cells. Their apical extension has a dendritic origin
(being labelled by the dendritic marker microtubule-associated pro-
tein 2 (MAP2))*. The CSF-cN cilium contains microtubules (as identi-
fied in zebrafish**?, Xenopus®, rats and mice***®) that are surrounded
by numerous seemingly disorganized actin-based microvilli, whose
structure varies among species. Ultrastructural investigation of the
apical extension of ventral CSF-cNs in the sagittal plane*’ shows that
the cilium typically has a 9 + 2 arrangement of microtubules, with
nine doublets surrounding a central pair of singlets — a hallmark of
amotile cilium (often referred to as a kinocilium*). Accordingly, this
single cilium has been shown to be motile in the lumen of the central
canal in vivo (see Supplementary Video 1) and in primary cultures
of CSF-cNs*** (see Supplementary Video 2). Evidence for a subset of
dorsolateral CSF-cNs exhibitinga ciliumwitha 9 + O structure has been
reported in lamprey using super-resolution microscopy combined
with light-sheet imaging'?, suggesting that the cilium of dorsolateral
CSF-cNs may not be motile. Although the 3D organization of microvilli
in the CSF-cN apical extension differs across species, it is in all cases
characterized by an elongated neck linking the cell body to the apical
pole’. Ultrastructural examinations of the central canal showed that
the luminal pole of CSF-cNs is in close vicinity to the Reissner fibre’
(see Supplementary Video 3). Although the Reissner fibre and CSF-cNs
appear to be conserved in numerous vertebrate species, including
zebrafish, mouse and macaques® (no investigations have yet been
reportedinhumans), the diameter of the fibre and the peculiar organi-
zation of the microvilli in the CSF-cN apical extension vary across
species (as anexample, the diameter of the Reissner fibre is250 nmin
larval zebrafish’ versus 50 pmin cows*).

CSF-cN molecular markers

The discovery of aspecific genetic marker for spinal CSF-cNs unexpect-
edly came from the investigation of achannel expressed in taste buds
and necessary for sour taste in mice’. PKD2L1 (ref. 9) isanon-selective
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Box 1

Cerebrospinal fluid: a rich signalling route for brain-body

interactions

The cerebrospinal fluid (CSF) is produced via secretion in the
ventricular space from the epithelium of the choroid plexuses'®’,
whereas CSF drainage occurs via lymphatic vessels towards the
blood and the lymphatic system'®*. The CSF flows around the CNS
in the perivascular spaces and its movement through periarterial
spaces, in particular, can contribute to the clearance of metabolic
waste products'®. In mice, contradictory results were obtained in
experiments designed to quantify CSF flow, leading to questions
about whether the injection of particles may lead to artefacts

via the addition of fluid that increases intracranial pressure'®®"".
However, recent evidence suggests that pulsatile CSF flow
(occurring as a bulk flow that is aligned with blood flow) does
occur in the perivascular spaces surrounding pial arteries,

even when tracer particles are infused without the addition of
fluid'®’. CSF flow is in dynamic flux with heartbeat, posture and
respiration'’”"”®, CSF flow is coupled to neuronal activity,

and therefore influenced by circadian rhythms and sleep’®>'”°:

it oscillates as a function of local haemodynamic oscillations in
the brain that follow neural slow waves'®.

Changes in CSF composition can occur either rapidly (through
the selective transcytosis of blood-borne factors) or slowly
(through de novo protein synthesis and secretion from epithelial
cells)’®®""®2 Changes in the CSF content can also result from
the activity of diverse conserved neurosecretory structures'®
located at the interface with the CSF, such as CSF-contacting
neurons (CSF-cNs) in the brain ventricles and spinal cord?*’? or
secretory epithelial cells in the circumventricular organs. The
circumventricular organs are conserved in vertebrates'® and, in
addition to the choroid plexuses, include the pineal gland'®, the
paraventricular organ, the subfornical organ, the median eminence,
the neurohypophysis, the area postrema and the subcommissural
organ'®. The epithelium of the subcommissural organ secretes the
large subcommissural organ-spondin (SCO-spondin) glycoprotein
that aggregates into an acellular and extracellular thread called the
Reissner fibre, which runs from the third ventricle to the caudal end
of the central canal in the spinal cord'®*'®’. Despite this remarkable
polymer being discovered more than 160years ago, sspo zebrafish
mutants have been engineered only recently using CRISPR-Cas

cationic channel that, together with the transmembrane protein poly-
cystickidney disease protein 1-like 2 (PKD1L2), is specifically expressed
in spinal CSF-cNs in macaques®, mice®® and zebrafish'***', The dis-
covery that PKD2L1is a marker for CSF-cNs in the spinal cord led to
the generation of stable transgenic lines of mice”** and zebrafish*?in
which spinal CSF-cNs could be targeted for functional investigation
using electrophysiology and optical methods*'%°*",

In zebrafish and lamprey, ventral and dorsolateral CSF-cNs
express distinct peptides and neuromodulators™'***%¢¢° |mmuno-
histochemistry performed on diverse species (lampreys, turtles, fish,

genome-editing technologies®’**°7!, These studies revealed an
essential role for the Reissner fibre in the alignment of the body
axis and spine®’***'¥ The Reissner fibre has numerous binding
sites for biomolecules present in the CSF and could contribute

to setting the CSF's activity and properties (such as its osmolarity
or biomolecular composition)'®’. In mammals, CSF secretion

from the choroid plexuses differs between the different brain
ventricles and across developmental stages and ages'®, resulting
in slow changes in CSF composition throughout embryonic and
postnatal life"*"",

In medicine, analysis of the CSF content is classically used to
detect pathogens associated with CNS infection or to diagnose
neurological diseases such as amyotrophic lateral sclerosis'®*"%,
depression'*'*%, Alzheimer disease'®"*°, Huntington disease and
Parkinson disease’*>*’". The CSF has long been seen as a passive
fluid, providing nutrients for and ensuring mechanical protection,
effective weight reduction and chemical homeostasis of the brain®®.
Yet the CSF transports biomolecules that are crucial for brain and
spine development and activity’*>***, and removes toxic waste’*® and
metabolites'®>?°°, The circulation of biomolecules generated in the
CSF in a particular direction by the beating of polarized cilia in the
brain ventricles contributes to neurogenesis in the brain?®?, Via the
activity of specialized cells contacting the CSF (such as tanycytes,
which transport biomolecules from the blood), glucose and
hormones such as leptin?*® (which can reach numerous brain areas
to mediate its anorexic effect”) are distributed. The CSF contains
numerous other neuro-active substances that can travel long
distances and influence the activity of neurons throughout the CNS,
including acetylcholine, serotonin, dopamine®”, noradrenaline??,
histamine?, GABA?", glutamate?” and a plethora of neuropeptides
(vasopressin, oxytocin®® and neuropeptide Y?", among others®®) for
which spinal cerebrospinal fluid-contacting neurons (CSF-cNs) have
receptors. Given the complexity of CSF chemical signalling, one can
postulate that it may serve as a signalling route to communicate with
distant neurons (or even to reach cells throughout the body via the
lymphatic and vascular circulation). Recent evidence indicates that
CSF-cNs support such a role by releasing peptides in the CSF that act
on skeletal muscle cells®'>151820139140,

amphibians and macaques) and extended by recent transcriptomic
analyses in zebrafish" and mice® has confirmed these markers of
CSF-cNs and uncovered numerous others, including awide repertoire
of neuropeptides and secreted proteins. In zebrafish, these include the
urotensin-related peptides1and 2 (Urpland Urp2), somatostatin 1.1
(Sstl.1), natriuretic peptide C (Nppc), prostate-associated microsemi-
noprotein (Msmp), urocortin 3 (Ucn3), tachykinin 3 (Tac3) and secre-
togranin2(Scg2).In macaques, vasoactive intestinal peptide (VIP) has
been identified as a marker®?, whereas in mice and rats the enzyme
responsible for the synthesis of trace amines (aromatic L-amino acid
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decarboxylase (AADC)) is expressed in CSF-cNs. CSF-cNs often pro-
duce monoamines: dopamine was reported to be produced by ventral
CSF-cNsinlamprey'>*7*°, whereas tryptophan hydroxylase 2 (TPH2)
enables the transient expression of serotonin in CSF-cNs in fish***
and birds®. In zebrafish, CSF-cNs also express genes encoding struc-
tural proteins presentin their apical extension (including Myosin 3b,
Espin, and Cilia and flagella-associated protein 57), as well as a great
diversity of receptors for the neuropeptides listed above (such as
Sst and Nppc), neurotransmitters and neuromodulators circulating
in the CSF*"**%“*_In rodents, CSF-cNs contain the P2X2 subunit of
purinergic receptors**. These observations indicate that CSF-cNs
are equipped to act as homeostatic ‘CSF taste receptor cells’ that
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can detect and secrete active biomolecules to finely regulate their
concentration in the CSF.

CSF-cN developmental origins

CSF-cNsare subdivided into a dorsolateral type (sometimes referred to
as CSF-cNs’ or KA’) and a ventral type (CSF-cNs” or KA”) in zebrafish?,
rat® and mouse®. In zebrafish embryos, dorsolateral and ventral
CSF-cNs differentiate early at 10 h and 10-15 h post fertilization from
the p3 and pMN progenitor domains, respectively”*>***!, Numerous
studies”*” have uncovered a transient and differential role of Sonic
Hedgehog and Delta-Notch signalling® in the specification of ventral
CSF-cNs versus dorsolateral CSF-cNs. Consequently, the cascade of
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Fig.1| Overview of cerebrospinal fluid-contacting neuron (CSF-cN)
anatomy and physiological roles. Interoceptive cells at the interface with

the cerebrospinal fluid (CSF), known as CSF-cNs, complement the peripheral
propriosensory system by providing information on the curvature of the spine
that can regulate locomotion, posture and morphogenesis. a, In vertebrate
species, CSF is largely produced by the choroid plexuses and flows inand
around the CNS. CSF circulates in a specific direction (indicated by the arrows)
through the brain ventricles, the subarachnoid spaces and the central canal

of the spinal cord™. b, In the periphery, dorsal root ganglia somatosensory
neurons detect forces related to muscle contractions, tension on Golgi tendon
organs or mechanical forces applied to the skin. In mammals, specialized
structures (muscle spindles and Golgi tendon organs) detect forces related to
muscle contraction and this information is conveyed by the dorsal root ganglia
peripheral axons to motor neurons and premotor interneurons in the spinal
cord®. By contrast, in fish (not shown), the peripheral axons of dorsal root ganglia
neurons and spinal mechanosensory cells called Rohon-Beard neurons have
endings terminating under the skin without forming muscle spindles. ¢, Within
the spinal cord, CSF-cNs detect spinal curvature on the side of compression*
through a functional interaction with the Reissner fibre’. Inaddition, CSF-cNs

detect changes in the concentration of biomolecules in the CSF that flows in

the central canal®. d, Summary of the roles of CSF-cNs. In fish and mammals, the
sensory and neurosecretory functions of spinal CSF-cNs constitute an avenue
to regulate locomotion, posture, spine morphogenesis and innate immunity.
CSF-cNs, together with the Reissner fibre, constitute amultimodal intraspinal
sensory system that is involved in mechanosensation, both on the timescale of
milliseconds (to optimize speed of locomotion and keep balance) and on the
timescale of days and weeks (to straighten the body axis and maintain the proper
curvature of the spine)**7#¢°277°141 Thjs axial sensory system also responds

to CSF changes in pH and osmolarity as well as to bacterial metabolites in the
context of aninfection”. Upon acute activation, CSF-cNs release GABA and
somatostatin (SST) to modulate the activities of their targets within the spinal
motor circuits®7***>™ and can also act over long distances by changing the
content of the CSF. Upon sustained activation, CSF-cNs can release peptides of
the urotensin family™° that act to straighten the body axis and the spine during
development and in ageing. Upon activation during an infection of the CNS,
CSF-cNs cansecrete diverse compounds such as cytokines and complement
factorsinorder to enhance survival of the host as well as peptides that trigger
dorsal arching”. Partais adapted, with permission, from ref. 162, Elsevier.

transcription factorsinvolved in their differentiation differs between
these two CSF-cNtypes. These cascades rely onthe actions of the tran-
scription factors Olig2 (in dorsolateral CSF-cNs) or Ascll (in ventral
ones)”, as well as those of acombination of other transcription factors
that include Tall and/or Tal2, Gata2 and/or Gata3 (ref. 27) and Crbl
(ref. 60). These transcription factor cascades lead to the expression
of Sstl.1, Pkd2l1, Pkd1l2, and glutamate decarboxylase 1 (Gadl) and/or
Gad2 in dorsolateral CSF-cNs and Urpl and/or Urp2, Pkd2I1, Pkd112,
and Gadl and/ or Gad2 in ventral ones. In mouse, CSF-cNs differenti-
ate relatively late at embryonic day 14. As in zebrafish, they originate
from different progenitor domains®®: dorsolateral CSF-cNs origi-
nate from p2 and dorsal pOL progenitor domains and exhibit tonic
firing, whereas ventral CSF-cNs originate from progenitors adjacent
to the floorplate**®® and fire single spikes®.

Although these cells originate from two different developmental
domains, all CSF-cNs have exquisite and conserved electrophysiological
characteristics across vertebrate species (see ref. 27 for a synthetic
comparison of CSF-cN properties across species). These characteris-
tics include an extremely high membrane resistance (>1 GQ), which
allowed — to our knowledge for the first time — the recording of single
channel openingsinvivo using the whole-cell patch clamp®. Evidence for
two physiological types of CSF-cNs have beendescribedin fish, turtles and
rodents, one of which exhibits tonic firing whereas the other firesina pha-
sicmanner®'040435366-%% These distinct firing patterns may be explained by
differences in voltage-dependent conductance®, whichis likely to arise
fromtheactionsofthe twodistinct transcriptionfactor cascades that have
beenreported in the dorsolateral and ventral CSF-cNs? 2%31:335364166.70_

Based on observations in Platynereis dumerilii, it has been sug-
gested that CSF-cNs are closely related to ancestral neurons found
in annelids. Neurons similar to CSF-cNs reside in the ventral nerve
cord of P. dumerilii: these cells share the expression of GATA and TAL
transcription factors and the transient synthesis of serotonin with
CSF-cNs”’. Similarly, the Reissner fibre is found in the central canal in
both vertebrates and the chordate amphioxus?®, further supporting the
conceptofanancient origin for the axial sensory system. These obser-
vations suggest that neurons expressing GATA1, GATA2, GATA3 and TAL
transcription factorsinvertebrates may have evolved from CSF-cN-like
sensory serotoninergic precursorsinvolved in the regulation of ciliary
locomotionin an ancestral bilaterian.

Polymodalinteroceptive functions

Mechanosensory functions of CSF-cNs

Asnoted above, when Kolmer and Agduhr first observed CSF-cNs they
were struck by their peculiar morphology, which reminded them of
hair cells, leading to the hypothesis that CSF-cNs could be mechanosen-
sory cellsinvivo® (Fig.2and Box 2). Later structural and morphological
investigations further supported this hypothesis'“*7>7>, Recent studies
in zebrafish and lamprey revisited this question and directly tested
whether CSF-cNs have mechanosensory properties. In an open book
preparation of the lamprey spinal cord, CSF-cNs responded to water
jetapplication’, suggesting that they might have a mechanosensory
functionand be able to detect changes in CSF flow. By taking advantage
ofthe genetic and optical accessibility of larval zebrafish, it was shown
that CSF-cNs detect active and passive changesinlocal spinal curvature
invivo*. Intriguingly, only the CSF-cNs situated on the concave side of
the body axis responded to spinal curvature, showing that CSF-cNs
respond to compression and not to stretch. Dorsolateral CSF-cNs are
therefore activated by lateral compressions, with cells on the left side
of the zebrafish body responding to leftward bends of the body axis
(with the reciprocal being true for cells on the right side of the body)*
(Fig.2a,b; see Supplementary Videos 4 and 5), whereas ventral CSF-cNs
respond to longitudinal compressions’ (Fig. 2c). Direct mechanosen-
sation was further demonstrated in in vitro experiments in which the
CSF-cN membrane was mechanically deformed, which modulates
the open probability of the Pkd2I1 channel®.

Owingtothelarge conductance of the PKD2L1 channel (over hun-
dreds of picoSiemens (pS) inmammaliansslices'® and in cultured cells™)
and the high membrane resistance of CSF-cNs (>1 GQ in mouse'®*,
zebrafish’®” and turtle®®”®), the opening of a single PKD2L1 channel is
sufficient to depolarize the cell and elicit action potential discharge®*"
In vitro, it has been shown that the spontaneous channel opening
probability also increases when applying pressure to the plasma
membrane®. In the pkd2l1 knockout zebrafish mutant, spontaneous
channel openings do not occur at baseline or upon pressure applica-
tion, suggesting that Pkd2lI1 is necessary for the mechanosensory
function of CSF-cNs*®’. In lamprey, acid-sensing ion channels (ASICs)
also contribute to mechanosensation in CSF-cNs, as the detection
of fluid pressure application is affected by an antagonist of ASIC3
(ref. 5). Whether CSF-cNs are also mechanosensory cells in mammals
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Box 2

Comparison of cerebrospinal fluid-contacting neurons (CSF-cNs)

with hair cells

Let us recapitulate how the morphology of a well-known type

of exteroceptive ciliated sensory cell, the hair cell, enables it to
detect mechanical forces associated with audition and balance and
transmit information to downstream interneurons?'**°, The apical
extension of a hair cell is composed of giant actin-based microvilli
called stereocilia. These are organized in ranks of increasing height,
with the tallest ones lying adjacent to the microtubule-based cilium
known as the kinocilium. This staircase structure has an axis of mirror
symmetry that defines the axis of maximal mechanical sensitivity

of the hair cell. To convert mechanical forces (displacements of the
hair bundle as low as 1nm in amplitude and up to tens of kilohertz in
frequency) into electrical signals, stereocilia are coupled via protein
filaments called tip links?*' that gate the opening of mechanosensory
ion channels®?. The length of a hair cell’s stereocilia inversely scales
with its intrinsic tuning frequency range: cells with short stereocilia
(~1um) in the internal ear encode the highest auditory frequencies,
whereas those in the vestibular system with long stereocilia (~50 pm)
detect head motion in the head. Hair cells respond to fast and
transient deflections in both directions along their axis of symmetry:
deflections of stereocilia towards the kinocilium increase tension

on tip links and lead to the opening of potassium channels. The
resulting influx of potassium from the endolymph depolarizes

the cell and opens voltage-gated calcium channels that drive the
calcium-dependent vesicular release of glutamate from the basal
side of the cell and, thus, the excitation of the peripheral terminals of

has not yet been reported. However, in acute brainstem slices from
mice, hypo-osmotic shocks associated with CSF-cN swelling trigger
alarge increase in PKD2L1 channel opening probability'®, suggesting
that there may be direct mechanosensory function in mammalian
CSF-cNsas well.

One question of interest is how CSF-cNs can detect spinal curva-
tureinvivo®. It was suggested that they respond to changes in the flow
of CSF, because direct pressure application of artificial CSF elicits
spiking’. Accordingly, CSF-cN spontaneous activity in embryos cor-
relates with high CSF flow and reduces over time in the larval stage®.
However, aresponse to CSF flow alone cannot explain the asymmetry
of the response of CSF-cNs observed during a spinal bend*, given that
the profile of CSF flow is symmetrical: when the spinal cord bends in
onedirection, fundamental rules of fluid mechanics” indicate that the
CSF flow will be maximalin the centre and null on the walls of the central
canal, butlargely symmetrical within the central canal.

Recent evidence revealed that the Reissner fibre is essential to
CSF-cN mechanosensory functions’ (Fig. 2; see Supplementary Videos 4
and 5). Indeed, arecent preprint has suggested that CSF-cNs are func-
tionally coupled to the Reissner fibre because their spontaneous activ-
ity relies on the intact fibre oscillating’®. In larval zebrafish at rest, the
Reissner fibre oscillates in the central canal and is under greatest ten-
sion towards its rostral side — possibly owing to its interactions with

afferent fibres to convey information to the brain. To amplify acoustic
signals, to narrow the frequency selectivity and to broaden the ear’s
dynamic range, the auditory system relies on an active process in
cochlear hair cells?®: intrinsic mobility of the hair bundle, which —
when coupled with somatic motility in mammals — allows the entire
auditory system to operate near a dynamical instability.

Although the apical extension of CSF-cNs shows a less crystalline
structure than that of hair cells, there are similarities in the way
that the axial sensory system formed by CSF-cNs and the Reissner
fibre detects mechanosensory cues. A recent preprint reports
that, at rest, the Reissner fibre is under tension, which slightly
activates the apical extension of CSF-cNs and thereby leads to
resting spontaneous activity’®. Furthermore, numerous CSF-cNs
exhibit an active kinocilium*”. The expression of myosins'®, acting
as molecular motors in the hair bundle, together with adhesion
proteins such as protocadherin 15 (ref. 19) (known in hair cells to form
filaments connecting the stereocilia to the kinocilium???**), suggest
that mechanisms similar to those described for the hair bundle of
hair cells may be at play in CSF-cNs. The preliminary evidence for
interactions between motile cilia and the Reissner fibre raises another
question: does the CSF-cN apical extension or its kinocilium interact
with elements of the subcommissural organ-spondin (SCO-spondin)
forming the Reissner fibre? Overall, there are still many missing pieces
in our understanding of the mechanosensation mediated by CSF-cNs,
compared with what is known about this process in auditory hair cells.

ependymal beating cilia of caudal polarity’®”’. Upon bending of the
trunk, the Reissner fibre moves closer to the apical extension of CSF-cNs
on the compressed (concave) side of the spinal cord, and thereby can
activate specifically CSF-cNs on this side*’. The asymmetry in CSF-cN
tuning to negative curvature therefore emerges from the fibre being
under tension and moving closer to the side of compression. Accord-
ingly, CSF-cN detection of spinal curvature is abolished in zebrafish sspo
mutants that lack aReissner fibre®’. One can therefore postulate that the
Reissner fibre either can directly interact with the apical extension of
CSF-cNs — the ‘physical contact” hypothesis’ — or can enhance the flow
perceived by the CSF-cN apical extension — the ‘increased flow gradient’
hypothesis’. In support of the physical contact hypothesis, the length
of microvilliin the CSF-cN apical extension scales with the amplitude of
the CSF-cN sensory response in zebrafish®. This observation suggests
that the apical extension operates as amechanosensory antenna.
Inline with these observations, the ablation of cilia specifically in
CSF-cNsin mice was sufficient to phenocopy the defectsin skilled loco-
motion observed upon ablation of the entire cells, suggesting that the
CSF-cN cilium may be necessary for sensorimotor integration during
locomotionin rodents**. In contrast to zebrafish larvae, in which loss
of Pkd2I1reduced kinematics during escape responses*, mice lacking
PKD2L1did not show motor defects**. However, before concluding that
the effects of PKD2L1are dispensable in mice, we should note that the
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effects observed in the mutant fish were subtle and the comparison
had to be made across numerous siblings and clutches®*. Investigations
inmice have sofarinvestigated the behavioural correlates of the Pkd2[1
mutationinonlyasmaller number of animals. Furthermore, there are
currently no reports demonstrating the mechanosensory function
of CSF-cNs in mice and how it could be affected in Pkd2(1 knockout
animals. The specific role of the CSF-cN kinocilium and the nature of
theinteractions between the CSF-cN apical extension and the Reissner
fibre will therefore require further mechanistic investigations in
fish and mice.

Chemosensory functions of CSF-cNs
CSF-cNs arein anideal location to detect chemical cues and changes
inthe composition of the CSF. The fact that PKD2L1is a marker both of
sour taste cellsand of CSF-cNs led to the initial hypothesis that CSF-cNs
were also chemosensory’. The ability of CSF-cNs to sense pH varia-
tions was proposed when anincrease in spontaneous CSF-cN firing was
observedinresponse to external pHacidification’. Since then, CSF-cNs
have been shown to elicit action potential discharge in response to
acidification and alkalinization of the artificial CSF in vitro (in record-
ings performedin mouseslices and in an open book preparation of the
lamprey spinal cord*'’; see Fig. 3a), through the opening of distinct
cationic channels: ASICs for acidification and PKD2L1 channels for
alkalinization in lamprey’, mouse'****° and zebrafish® CSF-cNs. The
location of PKD2L1in the apical extension of macaque, mouse and fish
CSF-cNs**%” suggests that these cells detect variations of pH in the CSF
itself, although the expression of ASICs and their distribution within
the CSF-cN apical extension is unknown. Evidence for responses to
acetylcholine™** and ATP”** in CSF-cNs has also been reported, and
the contribution of these neurons to the detection of neuromodula-
tors and neurotransmitters released in the CSF should therefore be
further investigated.

Although thefirst evidence that CSF-cNs have interoceptive func-
tions came from observations of their responses to changes in pH
and osmolarity, the corresponding physiological relevance of these
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functions is not yet fully understood. By contrast, recent evidence
indicates that CSF-cNs can detect other chemical cuesin the CSF, such
asmetabolites produced by pathogenic bacteria and cellsinfected by
viruses'® (Fig.3b). Such chemosensation has been observed inlarval
zebrafish upon invasion of the CSF by pathogenic bacteria, such as
Streptococcus pneumoniae or Listeria monocytogenes. When either of
these live bacterial species was directly injected into the brain ventri-
cles, CSF-cNsparse activity was silenced and CSF-cNsinstead exhibited
exceptionally long and large calcium transients' (see Supplementary
Video 6). Accordingly, transcriptome analysis revealed that CSF-cNs
specifically express multiple orphan bitter taste receptors which may
explain their in vitro responses to bacterial supernatant, bacterial
metabolites and the supernatant of cells infected by neurotropic
viruses” (see Supplementary Video 7). These observations indicate
that CSF-cNs may ‘taste’ bacterial productsin the CSF and respond by
generating massive calcium transients during an infection.

Other putative sensory modalities of CSF-cNs
PKD2L1isanon-selective cation channel that canbe regulated by volt-
age, temperature, osmolarity, protons and calcium®¥, The PKD2L1
channel is inhibited by heat®, which may explain the silencing of
sparse activity in CSF-cNs during an infection associated with behav-
ioural fever®®. Inaddition, the opsin Valopa® has beenidentified in the
zebrafish CSF-cN transcriptome, suggesting that CSF-cN activity may be
light-modulated”. Similar findings in CSF-cNs from the paraventricular
organin quail showed that expression of opsin 5and photosensitivity
underlies the seasonal reproductive response’. Gating of the PKD2L1
channelis also linked to the membrane potential and influences the
responses of CSF-cNs to changes in temperature and osmolarity”.

CSF-cN downstream signalling

Neurosecretion

Althoughitis difficult to dynamically measure the secretion of biomol-
ecules from particular cell types into the CSF in vivo, multiple lines of
evidence support the suggestion that CSF-cNs constitute animportant

Dorsal Dorsal
)}%L% Cerebrospinal fluid N\
NS Right Left . Right Left Right Left
& &
Silent CSF-cNs Ventral Ventral Ventral

Fig. 2| Cerebrospinal fluid-contacting neurons (CSF-cNs) respond to
compression during spinal bends. a,b, In fish, during lateral bends of the spinal
cord towards either the left (panel a) or the right (panel b) side of the animal,
dorsolateral CSF-cNs are activated on the concave side of the spinal cord®*.

¢, Ventral CSF-cNs are recruited by longitudinal bends in the sagittal plane”™.

Itis hypothesized that compression resulting from negative curvature can be
detected in the central canal by the relative movement of the Reissner fibre
towards the wall of the canal where CSF-cNs are inserted and that this movement
is sensed by the CSF-cNs via their apical extension’. Schematics represent findings
reported inrefs. 7,64,67,163. Figure adapted, with permission, from ref. 7, Elsevier.
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neurons (CSF-cNs). a, CSF-cNs detect acidification and alkalinization of the
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(PKD2L1) channels'. b, When live pathogenic bacteria, such as Streptococcus
pneumoniae,invade the CSF, CSF-cNs detect bacterial metabolites via
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multiple orphan taste receptors that, upon activation, lead to massive
calcium entry into the cell”. During such aninfection, CSF-cNs contribute to
innate immunity by expressing and releasing various peptides and proteins
(including complement factors, cytokines, neuropeptides and factors

that attract macrophages)”.

neurosecretory system. The careful examination of the ultrastructure of
CSF-cNs across species revealed the presence, in the axon terminals,
of clear vesicles — probably containing GABA. In the apical extension,
ontheother hand, dense core secretory vesicles — probably containing
peptides or monoamines — were observed®”*2, In numerous verte-
brate species, CSF-cNs have been shown to express diverse peptides
and monoamines. Sst was identified in lamprey, salmon and zebrafish
CSF-cNs****2°7 and, as mentioned above, peptides of the Urotensin-2
family have been described in CSF-cNs of several fish species!>?>+75-100,
Thedichotomyinthe expression of Sst and urotensin-related peptides
inthe dorsolateral CSF-cN and ventral CSF-cN populations (see above),
originally noticed in salmon® and confirmed in zebrafish**>929>%5%
has yet to be investigated in other species. In terms of monoamine
localization, ventral CSF-cNs transiently synthesize serotonin in
the zebrafish embryo*? and dopamine throughout life in lamprey®.
By contrast, mammalian CSF-cNs express the enzyme AADC'*' without
producing serotonin or dopamine'®, suggesting that, under normal
physiological conditions, these cells may produce trace amines'"'%,
Mammalian CSF-cNs, however, may produce monoamines after spinal

cord injury'®"'°¢ The recently analysed transcriptome of CSF-cNs in
3-day-old zebrafish larvae confirmed the expression of Sst1.1, Urpland
Urp2, and revealed more than 12 peptides that were highly enriched
in these cells, together with enzymes for the synthesis of serotonin
and trace amines'®. CSF-cNs express distinct peptides in mammals,
such as the opioid peptide methionine-enkephalin-arginine-glycine-
leucine in rat'® and VIP in rat, cat and macaque®. In addition to the
local modulation of spinal circuits (see below), the localization of
dense core secretory vesicles underneath the apical extension sug-
gest that CSF-cNs could release compounds that act at long distances
by entering the CSF circulation at the level of the central canal* andin
the subarachnoidal space”*™.,

On the basis of work performed using optogenetic-mediated
connectivity mapping (see below), we can infer that single spikes
in CSF-cNs are sufficient to release clear vesicles containing GABA
onto their targets within motor circuits in the spinal cord and hind-
brain. By contrast, the pattern of activity necessary for the release of
dense core vesicles containing peptides, secreted proteins or mono-
amines is not known, but might include tonic firing as seen in other
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neurosecretory structures in the brain'2, Although secretion has not

yet been monitored in vivo, we can speculate that dense core vesicles
could be released from the apical extension into the central canal.
However, we cannot exclude the possibility that CSF-cNs could also
release peptides on their basal side toreachreceptorsinthe floorplate
or notochord. Future studies will investigate which pattern of activity
in CSF-cNs enables the secretion of dense core vesicles and whether
they fuse with the membrane at the apical or basal pole in CSF-cNs.

Connectivity in the hindbrain and spinal cord

Initial observations in sagittal sections of the spinal cord in rats and
lamprey revealed that CSF-cN axons project in the basal lamina of the
spinal cord™"%31* glong the anteroposterior axis**. Mosaic labelling of
CSF-cNsinlarvalzebrafishrevealed that their axons ascend ipsilaterally
inthe ventral spinal cord, typically projecting over 100-300 pm (which
corresponds to between two and six segments in zebrafish larvae)*>**,
Although all CSF-cNs innervate the spinal cord, only the most rostral
cells project to the hindbrain**>*>*, Anindication that CSF-cNs project
onto spinal central pattern generators originated from experiments
inlarval zebrafish in which chemo-optogenetic activation of CSF-cNs
led to a series of low-frequency oscillations of the tail’. Later experi-
mentsrevealed that optically driven spiking of CSF-cNs can modulate
theinitiation and termination of slow locomotion as a function of the
locomotor state’”. Such modulation of spontaneous locomotion relies
ontherelease of GABA® and Sst” by CSF-cNs.

Optogenetic-assisted connectivity mappingin zebrafish revealed
that CSF-cN targets in the spinal cord consist of premotor excitatory
interneurons®, sensory interneurons and motor neurons’, but not
inhibitory interneurons (glycinergic or GABAergic™) (Fig. 4). CSF-cNs
synapse, in particular, onto premotor excitatory VO-v interneurons
involved in slow motion®, and preliminary evidence indicated that they
may also synapse on V2aspinal interneurons (C.W., unpublished obser-
vations). CSF-cNs powerfully inhibit specific motor neuronsinvolvedin
fast swimming and postural control (primary motor neurons known as
CaP neurons)™*, Immunohistochemical labelling of Sst and dopamine
in lamprey also indicated that dorsolateral Sst-positive CSF-cNs syn-
apseontosensory ‘edge cells’(mechanoreceptors that detect stretch of
thespinal cord), whereas ventral dopamine-positive CSF-cNs synapse
onto interneurons from the lateral column and local monoaminergic
neurons®’. Similarly, inmice, CSF-cNs have been shown to project onto
other CSF-cNs***, onto motor neurons of axial muscles in the medial
motor column and onto glutamatergic premotor interneurons such
asVO-cand V2ainterneurons™,

Overall, CSF-cNs in mice, similar to those in fish, project onto
motor neurons and premotor excitatory neurons®**, In addition, con-
nections among CSF-cNs suggest that they form a highly intercon-
nected network of sensory cells — similar to those found between other
inhibitory sensory neurons in lamprey and zebrafish"", Similar to
other mechanosensory neurons, such as Rohon-Beard neurons"*""?,
CSF-cNs project onto giant sensory interneurons (referred to as CoPA
neurons in zebrafish?’ and giant interneurons in lamprey'?') that are
thoughtto carry information relative to corollary discharge back to the
brainstem’ (Fig. 4). CSF-cNs can therefore convey sensory feedback
informationto the brainboth directly, from the most rostral CSF-cNs,
andindirectly via these sensory interneurons (Fig. 4).

In zebrafish, the most rostral CSF-cNs stabilize posture to avoid
rolling (see Supplementary Video 8) and synapse onto the soma
and dendrites of occipital motor neurons in the caudal hindbrain
(Fig. 4; see Supplementary Video 9)*°. Some of these occipital motor

neurons innervate the axial muscle controlling the head position*. In
the brainstem, reticulospinal neurons constitute command neurons
determining the initiation and kinetics of movements by sending
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Fig. 4| Connectivity of cerebrospinal fluid-contacting neurons (CSF-cNs) in
zebrafish. CSF-cNs project an axon that ascends ipsilaterally in the spinal cord
(and, for the rostral-most CSF-cNs, extends into the hindbrain?). In the spinal
cord, ventral CSF-cNs project onto primary ‘fast’ motor neurons involved in
postural control and fast swimming™, and dorsolateral CSF-cNs project onto
VO-v premotor interneurons™. Ventral and dorsolateral CSF-cNs also project
onto giant sensory interneurons that send back a corollary discharge to the
brainstem’™. In the hindbrain, the rostral-most CSF-cNs synapse onto the soma
of occipital motor neurons and make synapses onto the descending fibres from
visual system homeobox 2 (Vsx2)-expressing reticulospinal neurons (also known
as V2aneurons) and neuromodulatory serotonergic fibres. Schematics based on
findings reportedinrefs. 42,46,52,74,115. In mice (not fully depicted here owing
to space constraints), CSF-cNs project onto themselves, onto motor neurons

of axial muscles in the medial motor column and onto glutamatergic premotor
interneurons such as VO-c and V2ainterneurons®**. Neurosecretion in CSF-cNs
isassumed to occur in the CSF via the apical extension, although this has not been
rigorously investigated and is therefore not shown.
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Glossary

Axo-axonic synapses
Synapses formed from one axon onto
another.

Central pattern generators
Self-organizing biological neural circuits
that produce rhythmic outputs in the
absence of rhythmic input.

Choroid plexuses

A network of blood vessels and
epithelial cells in the ventricles of

the brain that make the cerebrospinal
fluid (CSF).

Escape responses
Mechanisms by which animals avoid
potential predation in response to an
aversive stimulus.

Hyperkyphosis

An excessive curvature of the thoracic
spine, commonly referred to as
hunchback.

Kinocilium

A short microscopic hair-like vibrating
structure found on the surfaces of
certain cells, which either causes
currents in the surrounding fluid or
generates active movements of a
ciliated apical extension in hair cells and
cerebrospinal fluid-contacting neurons
(CSF-cNs).

Immunohistochemistry

A method that uses antibodies linked to
an enzyme or a fluorescent dye to reveal
certain antigens in a sample of tissue.

Corollary discharge

In motor systems, a copy of the
movement command that is broadcast
to other regions of the brain to warn
them of the impending movement.

Innate immunity

The initial response of the body to
detect invaders such as viruses,
bacteria, parasites and toxins, or to
sense wounds or trauma.

Dense core secretory vesicles
Vesicles that mediate the regulated
release of neuropeptides and peptide
hormones.

Interoceptive

Relating to sensory functions arising
within the bodly, in the viscera or within
the CNSiitself.

Microtubules

Components of the cell skeleton that
determine the shape of a cell and

are involved in different functions
including the assembly of mitotic
spindle (in dividing cells) and axon
extension (in neurons).

Microvilli

Microscopic actin-based cellular
membrane protrusions that are involved
in a wide variety of functions, including
absorption, secretion, cellular adhesion
and mechanotransduction.

Progenitor domains
Territories in which cascades of
transcription factors are expressed
during development.

Proprioceptive
Relative to proprioception, the sense of
body position.

Scoliosis
Abnormal lateral curvature of the spine
showing 3D torsion.

Taste receptors
Cellular receptors that facilitate the
sensation of taste.

Transcriptomic analyses
Methods involving the quantification of
transcriptional activity to reveal a global
picture of cell function.

descending information to locomotor central pattern generators in
the spinal cord®?. CSF-cNs form axo-axonic synapses onto reticulo-
spinal neurons in the hindbrain as well as throughout the spinal cord*®
(see Supplementary Video 10). CSF-cN presynaptic varicosities match
postsynaptic densities in presynaptic boutons of the Mauthner cell
and visual system homeobox 2 (VSX2)-positive medullary reticulo-
spinal neurons that have an important role in shaping locomotion
across vertebrates'” %, This apposition of presynaptic and inhibitory
postsynaptic markers suggests that CSF-cNs could either provide
presynapticinhibition to the command neurons via GABA-B receptors
or facilitate conduction of action potentials along the axons of reticu-
lospinal neurons via GABA, receptors (as recently demonstrated for
GABAergic modulation of sensory feedback'”). In mammals, CSF-cNs
also densely project into the ventral fissure***>"*°, where the axons
of spinal interneurons (propriospinal neurons) project in the spinal
cord. Further investigations should test whether CSF-cNs also synapse
onto the axons of reticulospinal neurons and vestibulospinal neurons
descending from the pons™'.

Investigation of the CSF-cN connectivity map has not been exhaus-
tive and we can expect many other neuronal targets to be discovered
intheyearsto come.Inparticular, althougharecent preprintindicates
that CSF-cNs receive synaptic inputs from GABAergic and serotonin-
ergic neurons in rhesus monkeys'?, little is known in terms of their
synapticinputs other than from other CSF-cNs. Physiological record-
ings of CSF-cNs in the mouse revealed a modulation by GABA and
glycine'. In addition, a few presynaptic terminals containing dense
secretory vesicles contact the soma of CSF-cNs in mice, possibly
reflecting modulation by monoamines, glutamate, acetylcholine or
neurOpeptideS“'B'log'lm'Bo'm.

Role in body axis and spine alignment

Recent evidence revealed that the sensory interface between the CSF
and the spinal cord is crucial for morphogenesis (Fig. 5). The synchro-
nous beating of cilia projecting from the ependyma of the ventricu-
lar walls can pattern the circulation of the CSF***°, For example, in
the central canal of the spinal cord of embryonic zebrafish, motile
caudally polarized cilia in the ventral wall generate a bidirectional
CSF flow®*"3¢, Defects in these motile cilia have been associated with
defectsin the alignment of the body axis of the zebrafish embryo'***’
andintheaxis of the spineinjuvenile and adult fish*®, These observa-
tions suggested that shaping the body axis of embryos and the spine
morphogenesis in juvenile zebrafish may share similar mechanisms.
One can postulate that a system to internally detect CSF flow and spi-
nal curvature may provide information that is used to develop and
maintain the straightness of the body axis at any stage. Researchers
have therefore investigated whether CSF-cNs and the Reissner fibre
could contribute to morphogenesis in zebrafish. Accordingly, sspo
mutantembryosinwhichthereis no Reissner fibre grow with a ventral
curled-down body axis, despite exhibiting intact motile ciliaand CSF
flowinthe central canal®. Similar curvature of the body axis is exhibited
by mutant embryos with defective motile cilia, in which the lumen of
the central canal does not open®*, the CSF does not flow in the central
canal and the Reissner fibre does not form®. These converging lines of
evidence indicate that the Reissner fibre plays a critical role in body
axis straightening during embryogenesis.

Concomitant with these discoveries, it was revealed that the most
downregulated genesin mutantembryos with ciliary defects encoded
Urpland Urp2, which are homologous to the vasoconstrictive human
peptide urotensin-2 (ref.16). Urpland Urp2 are expressed in the spinal
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cordinventral CSF-cNs®. During embryogenesis, upregulation of these
peptidesinthespinal cordis under the control of the Reissner fibre'*’:
thatis, if the Reissner fibre does not form during embryogenesis, urp2
is downregulated and the body axis curls down'*'*. In these mutants,
the overexpression of urpl or urp2 is sufficient to rescue body axis
curvature'**°, Remarkably, astraight body axis canbe achieved in sspo
mutant larvae by the sole expression of urp2 in CSF-cNs"™’, However,
subsequent genetic studies relying on double urpl urp2 knockouts
found that these peptides were not mandatory for the straightening
of the body axis'®*, indicating that other molecular pathways under
the control of the Reissner fibre may compensate for their loss during
embryogenesis.

In contrast to these findings on body axis alignment during embry-
ogenesis, thereis evidence that Urpland/or Urp2 signalling becomes
essential for spine alignment at the larval, juvenile and adult stages in
zebrafish'®?°, Loss of Urpland Urp2led to spinal curvature at the larval

stages” that subsequently developedinadultsinto planar curvesin the
caudal spine without structural deformations or vertebral patterning
defects'®?°. Similar spinal defects were observed in the mutant for the
receptor of Urpland Urp2, encoded by uts2r3'®*°, suggesting that Urpl
and Urp2released in the CSF at the level of the central canal canact at
long distance on their targets in the dorsal musculature expressing
the Uts2r3 receptor'®*’. The action of Urpl and/or Urp2 on the Uts2r3
receptor relies at the embryonic stage on an active mechanism of
muscular contraction involving myosin 2 (ref. 20).

Injuvenileand adult zebrafish, evidence indicates that the sensory
system formed by CSF-cNs and the Reissner fibre continues to shape
spine morphology through Urpland/or Urp2 signalling. Urpland Urp2
are expressed by CSF-cNs until adulthood” and their expressionis dys-
regulated indiverse scoliotic mutants™**"'*?, pkd2{1 mutants in which
the CSF-cN mechanosensory functionis reduced exhibit hyperkyphosis
in late adulthood with excessive ventral curvature at the level of the

Embryo Juvenile and/ or adult

Fig. 5| Molecular mechanisms linking the cerebrospinal fluid
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fibre is not maintained at the juvenile stage, the fish develops
a3D torsion of the spine’** that is reminiscent of idiopathic
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beyond'*'®?°, Zebrafish carrying mutationsin the polycystic
kidney disease 2-like 1 (Pkd2l1) channel showin late adulthood
a2D deformation of the spine, reminiscent of kyphosis in
humans®. CSF-cN, cerebrospinal fluid-contacting neuron.
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rostral spine®, indicating a possible role of this pathway in deforma-
tions occurring with ageing. Mutations that affect the maintenance of
theReissner fibre at the juvenile stages lead to drastic 3D torsion of the
spine””"*"! mimicking the hallmark of idiopathic scoliosis in humans.

Adrenergic signalling plays aninteresting rolein the alignment of
thebody axis: catecholamines upregulate urpI and urp2 expressionin
CSF-cNs and can rescue the curled-down phenotype exhibited when
cilia are defective', or when the Reissner fibre does not form***°,
These observationsindicate that the Reissner fibreis required during
embryogenesis to enhance the expression of Urp peptidesin the spinal
cord, possibly via adrenergic signalling. Through this pathway, active
dorsal contraction straightens the body axis and prevents the embryo
from curling down. The mechanisms by which the Reissner fibre and
adrenergic signalling triggers the upregulation of urpI and/or urp2
expressionin the spinal cord are, however, not yet fully understood.

In humans, evidence of urotensin-2-UTS2R3 signalling being
altered in patients with adolescent idiopathic scoliosis'**'** raises the
question of whether the urotensin signalling pathway and CSF-cNs
contribute to morphogenesis and body axis straighteningin humans.
Inhumans andgreat apes, the sspo pseudogene SSPOPhas probably lost
the ability to encode the complete SCO-spondin protein'®, indicating
that the Reissner fibre itself may have been lost with the evolution of
bipedalismabout 11 million years ago. Future studies will therefore have
to address whether CSF-cNs and urotensin-2 might nonetheless con-
tribute to posture and spine morphogenesis in humans. Nevertheless,
theevidencethat,in zebrafish, the expression and secretion of peptides
of the urotensin-2 family in CSF-cNs enables the tonic activation of
skeletal muscle cells in order to change posture and morphogenesis
at the embryo, juvenile and adult state highlights the potential for
CSF-cNsto act on distant targets via the CSF.

Role in locomotion and posture
As described above, CSF-cNs are located in the ventral spinal cord in
close vicinity to motor neurons and locomotor central pattern gen-
erators, suggesting that these cells could actively adjust posture and
locomotion. Optogenetic excitation of zebrafish CSF-cNs in vivo can
trigger slow forward locomotion?, revealing that CSF-cNs modulate
thelocomotor central pattern generators that drive forward locomo-
tion (Fig. 4). Further investigations relying on recordings of motor
patterns in paralysed zebrafish (a preparation referred to as fictive
locomotion) showed that CSF-cNs canimpact spontaneous locomotion
differentially, depending on whether the animal is at rest or swimming™.
Subsequent high-throughput analysis of kinematics during fast loco-
motion in freely swimming animals revealed that CSF-cNs enhance
the speed and power of fast locomotion of acousto-vestibular escape
responses**®’*, As mentioned above, dorsolateral CSF-cNs recruited
by lateral bends and expressing Sst1.1 project onto excitatory premo-
tor interneurons (VO-v interneurons) in the spinal cord*>**. The sst1.1
null mutant spontaneously swims for a longer duration than control
animals”, indicating that Sst contributes to the inhibition of sponta-
neous locomotion, possibly via this projection®. By contrast, ventral
CSF-cNsrecruited by longitudinal bending express Urpland Urp2 and
project onto primary motor neurons in the spinal cord (CaP primary
motor neurons)’ and brainstem (occipital motor neurons)*.
CSF-cNs also contribute to active postural control during fast
locomotion*®™ (Fig. 4; see Supplementary Video 8). CSF-cNs in the
most rostral part of the spinal cord stabilize larval zebrafish to avoid
rolling after the initial large tail bend displayed at the start of an escape
response (the so-called ‘C-bend’) and the counter-bends that occur

during acousto-vestibular escapes*® (see Supplementary Video 8).
This observation, combined with anatomical investigations, suggests
that therostral-most CSF-cNs sense the initial head displacement that
occursat the beginning of astartle response'*®, and feed back this angu-
lar information to occipital motor neurons and spinal motor neurons
in order to maintain stability*. Because primary motor neurons in
the occipital column and CaP in the spinal cord project only ventrally
and ipsilaterally onto axial skeletal muscles, their spiking leads to a
ventral torque'”’. Consequently, when CSF-cN feedback is silenced by
the ablation of CSF-cNs*® or blockade of their secretory functions™,
larval zebrafish performing an escape response more often roll during
the oscillation that follows the initial C-bend.

Recent work investigated the motor contribution of CSF-cNs to
locomotor behaviour in mice***. The genetic ablation of CSF-cNs
resultedinareduced performance of skilled movementsin the horizon-
tal ladder and balanced beam tests>* and a reduction of speed during
treadmill locomotion®. These results indicate that the sensorimotor
integrative function of CSF-cNs may be largely conserved between
zebrafish and mice, and point to CSF-cNs as an intraspinal sensory
system that can also modulate motor output to fine-tune locomotion
in limbed animals. In terms of evolution, these results raise the fasci-
nating question of how an axial sensory system, although apparently
conserved throughout vertebrates to optimize speed and balance
during skilled locomotion, has evolved to accommodate a different
array of motor strategies and behavioural needs. Because this axial
sensory systemis directional, with axons projecting only ipsilaterally
and ascending®***>, it may have evolved along with the rostrocaudal
wave of excitation that underlies undulatory locomotion in aquatic
swimming species (lamprey, Xenopus, salamander and fish) and that
appearstobeconserved across segments including locomotor circuits
in birds and mammals during development'*,

Role in host defence and innate immunity

Pathogenic bacteria that penetrate the CNS invade the CSF during
infections such as encephalitis or meningitis. Because the CSF-cN-
mediated axial sensory system at the interface with the CSF isinvolved
in postural control, one can postulate that it may be relevant for the
pathological diagnosis, or pathognosis, of meningitis, and in particular
for the stiffness of the neck and opisthotonos observed in patients
with meningitis. Accordingly, the infection of larval zebrafish with
S.pneumoniaetriggers sickness behaviour with epileptic-like seizures
and dorsal arching reminiscent of opisthotonos'. This suggests that
the massive calcium transients in CSF-cNs observed late during the
infection trigger the release of Urpl and Urp2 and that the signalling
of these peptides via the Uts2r3 receptor causes the body to curl up.
Long and massive calcium transients occurring during infections (see
Supplementary Video 6) areindeed optimal for the release of dense core
vesicles, whichare typically situated far from the membrane compared
with clear vesicles and therefore require more calciuminflux to enable
them to fuse with the membrane for their release'®.

Theblockage of CSF-cN secretory release also reduces survival of
the host during S. pneumoniaeinfection, suggesting that secretory fac-
torsreleased by CSF-cNs such as neuropeptides, neuromodulators and
secretory proteins contribute to host defence”. Additional evidence
indicated that CSF-cNs participate in innate immunity via an upregu-
lation of neurosecretion in the CSF” (Fig. 3b): transcriptome analysis
revealed that, during theinfection, CSF-cNs upregulate the expression
of numerous cytokines and complement components, along with pep-
tides previously shown to carry antimicrobial functions or to change
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tonic muscle activity and posture’. The mechanisms by which CSF-cN
neurosecretion, possibly involving circulationin the CSF, canenhance
survival of the host are, however, not completely understood.

In favour of an important role of CSF-cNs in the responses to
diverseinfections of the CNS, S. pneumoniaeis not the only pathogen
that activates CSF-cNs: L. monocytogenes and the supernatant of cells
infected by the neurotropic Sindbis virus can effectively trigger large
calcium transients in CSF-cNs”, suggesting that the role of these cells in
defence against pathogens may be widespread.

Putative role as neural stem cells

The soma of CSF-cNs s inserted in the region surrounding the central
canal of the spinal cord, which is one of the adult neurogenic niches
that can act as a source of endogenous repair across vertebrates™. As
described above, electrophysiological recordings from CSF-cNs in
vitro'%*3%8 andinvivo® revealed that they have a very highmembrane
resistance'®”. Such high membraneresistance is typical ofimmature neu-
rons. Accordingly, spinal CSF-cNs exhibit numerous molecular markers
ofimmature neurons, such aslow levels of NeuN and high levels of dou-
blecortin (DCX)"'*, the homeobox protein NKX6.1, ELAV-like protein 3
(ELAVL3; also known as HuC/D), ASCLI (ref. 66) and the polysialylated
formofthe neural celladhesion molecule (PSA-NCAM)**#76686976 On the
basis of these expression patterns, we can postulate that suchimmaturity
conserved at the adult stage may confer CSF-cNs with a high degree of
structural plasticity”® and the ability to respond and regenerate after
lesions. Indeed, mouse PKD2L1-positive CSF-cN neurospheres formed
invitro express neural stem cell markers, show proliferationand have the
ability to differentiate into neurons, astrocytes and oligodendrocytes™".
Recent investigations of the stem cell potential of CSF-cNs in vivo fur-
ther suggested that spinal cord injury or injection of neurotrophic fac-
tors (basic fibroblast growth factor (bFGF) and vascular endothelial
growth factor (VEGF)) into the lateral ventricle resulted inthe activation
and proliferation of CSF-cNs™2, A previous study reported monoamine
synthesis in CSF-cNs found to express aromatic AADC in response to
injury'©1°¢1%8_Finally, indications of recovery after spinal cord injury
uncovered an exceptional resilience of CSF-cNs in rodents that appear
highly prioritized inthe lumbar spinal cord of mice that recovered walk-
ing with electrical stimulation™”. Interestingly, CSF-cNs are also dense
inthe adult spinal cord of primates®**>"*>, Together, these findings high-
light the neural stem cell potential of CSF-cNs that could contribute to
the spinal response to an injury and subsequent repair in mammals.

Conclusions

As we have shown, central sensory neurons in contact with the CSF in
the spinal cord can carry multiple physiological functions (Fig. 1): via
their mechanosensitivity, CSF-cNs contribute to locomotion, postural
control and morphogenesis throughout life. Via their chemosensitivity,
CSF-cNs can respond to changes in the composition of the CSF, par-
ticularly when physiological pH and osmolarity vary or uponinfection
of the CNS. These central sensory neurons therefore resemble dorsal
root ganglia neuronsin the periphery that are also polymodal™* (mech-
anosensory and/or chemosensory and/or thermosensory) and are
involved in proprioception, pain and innate immunity upon bacterial
infections following askin cut™. The peculiarity of CSF-cNs, compared
with dorsal root ganglia neurons, lies in their GABAergic phenotype,
their ancestral origins and their ability to provide an interface between
the nervous system and the complex CSF. By detecting and releasing
compounds in the CSF, CSF-cNs can regulate its composition and dis-
tribute neuropeptides, neuromodulators or other bioactive molecules

thatcanactover longdistances outside the CNS, reaching targets such
as skeletal muscles.

Although most of the in vivo functional investigations we have
reported here were performed in zebrafish, investigations in other
species, particularly in mice, show a remarkable level of conserva-
tion among vertebrate species. Future studies will enquire whether
CSF-cNs are mechanosensory in mice, and how they rely on their cilia
to be so. One can wonder how such an axial sensory system, which is
apparently conserved across vertebrates in its capacity to enhance
speed and stability during challenging locomotion, has evolved to
provide meaningful sensory feedback for different motor strategies,
including swimming and walking. As noted above, it is possible that it
may have emerged concomitantly with the rostrocaudal wave of excita-
tion thatenables propulsionin aquatic swimming species, which show
highly similar organization in terms of motor circuits'*"**. Remarkably,
the early stages of development in walking species, such as the chick
embryo and the neonatal mouse, also show arostrocaudal wave of exci-
tation corresponding to the execution of the first movements™®715,
Scratching reflexes in adult cats also show excitatory travelling waves
alongtherostrocaudal axis of the spinal cord™’ and rostrocaudal propa-
gation ofinhibition has been suggested in adult mice'®°. We can there-
fore speculate that ancient motifs of undulatory locomotioninaquatic
species, including the excitatory rostal-caudal wave in segments on
whichlocomotor central patterngenerators are located, have been cou-
pled to directional interoceptive feedback and therefore maintained
together throughout evolutionin vertebrate species.

How CSF-cNs integrate multiple kinds of cues and release the
content of dense core vesicles remains amystery. Furthermore, recent
reports in mice uncovered the potential of CSF-cNs to act as neural
stem cells in the adult spinal cord after injury, suggesting that these
cellsmay be valuable targets for endogenous repair in the spinal cord.

Futureinvestigations willberequired to determine which elements
of this sensory systemare conserved in humans. Physiological experi-
ments in ex vivo preparations of the mammalian spinal cord, together
with clearing methodsin the macaque and human spinal cord, should
shed some light onto the cellular components of this sensory system
and the mechanisms at play for interoception inthe human spinal cord.

Furthermore, future investigations will be required to uncover
the physiological roles of CSF-cNs in the brain ventricles, determin-
ing whether they, together with those in the spinal cord, form a wide
signalling and neurosecretory network linking the brain to effectors
intherest of the body.

Published online: 09 August 2023
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