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ABSTRACT

ARTICLE HISTORY

The cerebrospinal fluid (CSF) is circulating around the entire central nervous system (CNS). The main
function of the CSF has been thought to insure the global homeostasis of the CNS. Recent evidence
indicates that the CSF also dynamically conveys signals modulating the development and the activity of
the nervous system. The later observation implies that cues from the CSF could act on neurons in the
brain and the spinal cord via bordering receptor cells. Candidate neurons to enable such modulation
are the cerebrospinal fluid-contacting neurons (CSF-cNs) that are located precisely at the interface
between the CSF and neuronal circuits. The atypical apical extension of CSF-cNs bears a cluster of
microvilli bathing in the CSF indicating putative sensory or secretory roles in relation with the CSF. In
the brainstem and spinal cord, CSF-cNs have been described in over two hundred species by Kolmer
and Agduhr, suggesting an important function within the spinal cord. However, the lack of specific
markers and the difficulty to access CSF-cNs hampered their physiological investigation. The transient
receptor potential channel PKD2L1 is a specific marker of spinal CSF-cNs in vertebrate species. The
transparency of zebrafish at early stages eases the functional characterization of pkd2l1þ CSF-cNs.
Recent studies demonstrate that spinal CSF-cNs detect spinal curvature via the channel PKD2L1 and
modulate locomotion and posture by projecting onto spinal interneurons and motor neurons in vivo. In
vitro recordings demonstrated that spinal CSF-cNs are sensing pH variations mainly through ASIC channels, in combination with PKD2L1. Altogether, neurons contacting the CSF appear as a novel sensory
modality enabling the detection of mechanical and chemical stimuli from the CSF and modulating the
excitability of spinal circuits underlying locomotion and posture.
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1. Introduction
1.1. The interface between the cerebrospinal fluid and
the central nervous system
The cerebrospinal fluid (CSF) refers to the fluid in the
lumen of the neural tube after fusion. In mammals, this
complex fluid is mainly secreted by the choroid plexus, vascularized epithelial cell structure, which develops in the lateral ventricles and the third and fourth ventricles of the
brain (Dandy, 1918, 1919; O'Connell, 1970; Pollay & Curl,
1967; Welch, 1963, 1967). The CSF flows in the ventricles,
the subarachnoid space around the brain and down the spinal cord in the central canal. The CSF has a high salt concentration, contains polypeptides passing through the
blood–brain barrier but also encloses peptides and hundreds
of proteins that are in a low concentration (200–700 mg protein/mL), including regulators of osmotic pressure, ion carriers, hormones binding proteins, regulators of lipid
metabolism, components of the extracellular matrix and various enzymes and their regulators (Gato et al., 2004; Parada,
Gato, Aparicio, & Bueno, 2006; Parada, Gato, & Bueno,
2005; Ramirez-Boo et al., 2012; Reiber & Peter, 2001; Swan
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et al., 2009; Vio, Rodriguez, Yulis, Oliver, & Rodriguez,
2008; Yuan & Desiderio, 2005; Zappaterra et al., 2007).
Among the panel of chemical signals, the nerve growth factor (NGF) (Kasaian & Neet, 1989) or markers of the inflammatory responses such as the transforming growth factor
alpha (TGF-a) (Van Setten, Edstrom, Stibler, Rasmussen, &
Schultz, 1999) have been found. Hormones are also released
into the CSF, including melatonin from pineal gland to the
third ventricle (Skinner & Malpaux, 1999) and gonadotropin
releasing hormone (GnRH) from the median eminence and
possibly the organum vasculosum of the lamina terminalis
(Skinner, Caraty, Malpaux, & Evans, 1997). CSF composition
is dependent on the activity of surrounding brain tissue
(Reiber, 2003; Skipor & Thiery, 2008) and on the activity of
the subcommissural organ (SCO), a small gland located in
the dorsocaudal region of the third ventricle. The SCO
secretes Reissner’s fiber (RF) complex that extends along the
fourth ventricle and the central canal of the spinal cord
(Chodobski & Szmydynger-Chodobska, 2001; Perez et al.,
1996; Vio et al., 2008). The variations of these factors over
time of the day and age of the individual have not been
measured in healthy subjects. The modulatory roles of the
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CSF on the nervous system are also not well characterized
and may be more complex than initially thought. Due to its
location around the entire nervous system, anatomists originally postulated that the CSF could provide a hydromechanical protection of the nervous system (Davson, Kleeman,
& Levin, 1962; Di Terlizzi & Platt, 2006; Iliff et al., 2012).
The CSF may also play a role in transport of nutrients
(Agnati, Zoli, Stromberg, & Fuxe, 1995; Ferguson,
Schweitzer, Bartlett, & Johnson, 1991; Mufson, Kroin,
Sendera, & Sobreviela, 1999; Nicholson, 1999) and of the
choroidal plexus secretion products to their site of action
(Chodobski & Szmydynger-Chodobska, 2001). Recently, it
has been shown that sleep results in the increase in convective exchange of CSF with interstitial fluid (Xie et al., 2013).
This exchange induces fluxes which increase the clearance of
b-amyloid, endogenously present in interstitial space, suggesting that the CSF removes metabolic products insuring
clearance of the interstitial fluid during sleep (Xie et al.,
2013). Recent studies also show evidence that cues from the
CSF influence the formation of the central nervous system
(CNS) during development as well as modulate cell proliferation and migration in the adult. Studies at the embryonic
stages in the chick showed that embryonic CSF (e-CSF) promoted neuroepithelial stem cell survival and induced proliferation and neurogenesis on neuroepithelial cells (Gato
et al., 2005) and that this effect could in part be carried on
by the Fibroblast Growth Factor 2 (FGF-2) (K. Martin &
Groves, 2006). In rats, it has been shown that cortical cells
were viable and proliferated in e-CSF (Miyan, Zendah,
Mashayekhi, & Owen-Lynch, 2006) and that CSF provides a
proliferative niche for neural progenitor cells with this effect
attributable to the insulin-like growth factor (Igf2) (Lehtinen
et al., 2011). In the adult, CSF might also play a role in
migration as shown with its implication on the guidance of
neuroblasts from the lateral ventricles to the olfactory bulb
by generating a chemorepulsive-factor gradient in the adult
mouse brain (Sawamoto et al., 2006). Bachy, Kozyraki, and
Wassef (2008) showed that lipoproteins and exosome-like
particles in the e-CSF strongly interact with neuropithelial
cells via an endocytic process, which display regional specificity along the developing neural tube. These modulations by
the CSF on its environment suggest a direct action via receptors interfacing the CSF and the CNS.

in human (Nishino et al., 2001). All these studies suggest a
strong and direct action of the CSF on the CNS indicating
that its cues are integrated and transferred by the interface
between the CSF and the CNS to the rest of the nervous
system.
1.3. In the spinal cord, a proliferative niche surrounding
the central canal
In the spinal cord, CSF flows in the central canal and is in
direct contact with the cell populations bordering the canal.
This heterogeneous region, which has mainly been investigated in rodents, is composed of several ependymal and subependymal cell types, which express specific markers and
have specific morphologies and functions. In the ependymal
layer are mostly found ependymocytes linked together by
gap and zonula adherens junctions (Bruni & Reddy, 1987)
and that mainly have two motile cilia (Alfaro-Cervello,
Soriano-Navarro, Mirzadeh, Alvarez-Buylla, & GarciaVerdugo, 2012), tanycytes sending projections to blood vessels (Bruni & Reddy, 1987; Seitz, Lohler, & Schwendemann,
1981), radial cells expressing the glial fibrillary acidic protein
(GFAP) and radial cells expressing nestin (GFAPþ or
Nestinþ radial cells) extending long radial processes to the
pial surface (Alfaro-Cervello et al., 2012; Hugnot & Franzen,
2011; Sabourin et al., 2009). In the subependymal layer are
located GFAPþ cells and cells expressing the radial glia
markers brain lipid-binding protein (BLBP) and CD15, cells
thought to be a subtype of tanycytes (Hugnot & Franzen,
2011; Sabourin et al., 2009). Among these ependymal and
radial glial cells, can also interestingly be found a population
of neurons named cerebrospinal fluid-contacting neurons
(CSF-cNs) (Agduhr, 1922; Kolmer, 1921, 1931; Sabourin
et al., 2009; Stoeckel et al., 2003; Vigh & Vigh-Teichmann,
1971). Altogether, these cells are commonly referred to as
the neurogenic niche. This denomination comes from the
neural stem cells properties that some of them have
(Anderson & Waxman, 1985; Horner & Gage, 2000; Hugnot
& Franzen, 2011; Johansson et al., 1999; Sabelstrom et al.,
2013; Sabourin et al., 2009), mostly the GFAPþ ones
(Sabourin et al., 2009).
1.4. The anatomical identification of CSF-cNs

1.2. Modulatory role of the cerebrospinal fluid on the
central nervous system
In addition to these roles, some studies have shown a modulatory function of the CSF content on the CNS. For instance,
transferring CSF from sleep-deprived goats to cats induced
deep sleep (Pappenheimer, Miller, & Goodrich, 1967).
Similarly, intraventricular injections of CSF from fasted
sheep induced feeding of satiated sheep (F. H. Martin,
Seoane, & Baile, 1973). Also, by purifying the CSF of sleepdeprived cats, the fatty acid named cerebrodiene has been
found particularly elevated (Lerner et al., 1994) suggesting
that CSF content reflects a given physiological state.
Similarly, hypocretin-1 (also known as orexin-A) has been
found in reduced amounts in the CSF of narcoleptic patients

Cerebrospinal fluid-contacting neurons are a population of
neurons located along the interface between the CNS and
the CSF. CSF-cNs in direct contact with the CSF have the
most favorable location and morphology to sense the content
of the CSF, as well as to release compounds in the CSF, and
relay this information to the rest of the CNS. CSF-cNs can
be found throughout the brain in structures such as the
SCO, the pineal gland, the hypophysis, the retina, the paraventricular organ among others (Vigh, Teichmann, & Aros,
1969; Vigh & Vigh-Teichmann, 1981, 1998; Vigh, VighTeichmann, & Aros, 1970). CSF-cNs located in different
organs differ in their morphology, the markers they express
and the functions they might serve. This statement is formulated in reference to the work of Vigh and Vigh-Teichmann
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who collected and put together a lot of information regarding the different types of morphologies in the CSF-cNs of
different organs and different species. In birds, CSF-cNs of
the paraventricular organ of the mediobasal hypothalamus
have been found photosensitive and might be involved in
the regulation of seasonal reproduction (Nakane, Shimmura,
Abe, & Yoshimura, 2014). Also, in the rat mesencephalon
near the midline of the ventral aqueduct and in the third
and fourth ventricles, CSF-cNs express the cold sensation
receptor channel TRPM8 (Du, Yang, Zhang, & Zeng, 2009)
and might then be involved in pain sensation.
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1.5. Identification of CSF-cNs in the spinal cord
Kolmer (1921) and Agduhr (1922) described in over 200 vertebrate species neurons lying around the central canal of the
spinal cord using silver impregnation and Nissl staining.
These cells were identified based on the atypical morphology
of their soma and projection reaching the central canal.
Kolmer (1921) referred to them as neurosensory cells and
Agduhr (1922) as intraependymal neurons. Notably, they
both reported that these cells exhibit an apical bulbous extension in the central canal and send basal axonal projections to
other cells. Their observations suggested that CSF-cNs could
compose a sensory organ (referred to as the parasagittal organ
by Kolmer and sense organ by Agduhr) at the interface
between the CSF and the CNS at the level of the spinal cord.
Later on, CSF-cN peculiar morphology has further been
investigated using electron microscopy (Vigh & VighTeichmann, 1971, 1973). These studies report that CSF-cNs
exhibit a dendritic terminal that protrudes into the lumen of
the central canal but they further demonstrated that in some
species this terminal possesses multiple microvilli, and, again
according to the species considered, a motile kinocilium
(Vigh & Vigh-Teichmann, 1973). Roberts and Clarke (1982)
used backfilling staining with horseradish peroxidase to
describe CSF-cNs in Xenopus as ciliated ependymal cells with
cilia protruding into the lumen of the central canal and an
axon projecting sagitally and rostrally to the brain. Since then,
similar observations confirmed that CSF-cNs axon projected
sagitally in the spinal cord (in Xenopus (Dale, Roberts,
Ottersen, & Storm-Mathisen, 1987a, 1987b), in zebrafish
(Djenoune et al., 2017; Fidelin et al., 2015; Wyart et al., 2009)
and in rat (Stoeckel et al., 2003)). The development of immunohistochemistry on neurotransmitters enabled to demonstrate that CSF-cNs were GABAergic (rat: Barber, Vaughn, &
Roberts, 1982; and xenopus: Dale et al., 1987a, 1987b). The
GABAergic phenotype of CSF-cNs became the main molecular criteria to define them coupled to their location surrounding the central canal contacting its lumen. Dale proposed to
name them Kolmer–Agduhr cells (KAs) as a tribute to the
pioneer work of the two scientists, nomenclature which is
since then used in Xenopus and zebrafish (Dale et al., 1987a,
1987b; Park, Shin, & Appel, 2004). Multiple terms have been
used to refer to CSF-cNs: intra-ependymal neurons (Agduhr,
1922), ciliated ependymal cells (A. Roberts & Clarke, 1982),
liquor contacting cells or neurons (Acerbo, Hellmann, &
Gunturkun, 2003; Brodin et al., 1990; Chiba & Oka, 1999;
Dervan & Roberts, 2003; Kaduri, Magoul, Lescaudron,
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Campistron, & Calas, 1987; Megias, Alvarez-Otero, &
Pombal, 2003; B. L. Roberts, Meredith, & Maslam, 1989; J. L.
Schotland, Shupliakov, Grillner, & Brodin, 1996; Uematsu,
Shirasaki, & Storm-Mathisen, 1993), KAs (Dale et al., 1987a,
1987b; Park et al., 2004) and CSF-cNs in the great majority of
the literature. When the axon of CSF-cNs could be followed
in the spinal cord, it appeared to project sagittally (Dale et al.,
1987a, 1987b; Djenoune et al., 2017; Fidelin et al., 2015;
Stoeckel et al., 2003; Wyart et al., 2009). Often, the neuronal
nature of CSF-cNs has been occluded due to the direction of
the axonal projections relative to the section plane in transverse sections. Therefore, we cannot exclude that previous
studies referring to these cells as ependymal cells were omitted here. We will use the general term spinal cerebrospinal
fluid-contacting neurons or spinal CSF-cNs throughout this
review.

2. Morphology, ultrastructure and localization of
CSF-cNs in the spinal cord of vertebrates
2.1. Ultrastructure of CSF-cNs somata
Although all CSF-cNs bear an apical dendritic extension
reaching the CSF, their morphology differs depending on the
CNS region. For instance, the hypothalamic CSF-cNs bear
one atypical non motile cilium (9  2þ0) and do not have
microvilli (Vigh & Vigh-Teichmann, 1973, 1998). Spinal
CSF-cNs have a peculiar morphology (Figure 1(A)). Their
soma is located within the intra or the sub-ependymal layer
of the central gelatinosa (referring to the area around and
including the central canal, termed by Stilling and Wallach
in 1824, cited by Lenhossek (1895)) (Agduhr, 1922; Kolmer,
1921, 1931; Nagatsu, Sakai, Yoshida, & Nagatsu, 1988; Vigh
& Vigh-Teichmann, 1971, 1973, 1998; Vigh et al., 1970;
Vigh, Vigh-Teichmann, & Aros, 1974). CSF-cNs somata
exhibit specific structural features when compared to neighboring cells. Indeed, among the dark stained ependymal
cells, CSF-cNs are less-electron dense and send lightly
stained processes coming from their somata located at the
outer edge of the ependymal layer (Alfaro-Cervello et al.,
2012; Alibardi, 1990; Dale et al., 1987b; Schueren &
DeSantis, 1985). Their soma is generally round or ovoid
(Barber et al., 1982; Dale et al., 1987a, 1987b; Djenoune
et al., 2017; Jaeger et al., 1983; Shimosegawa et al., 1986;
Stoeckel et al., 2003) but can also be triangular and fusiform
(Barber et al., 1982; Jaeger et al., 1983; Shimosegawa et al.,
1986; Stoeckel et al., 2003). Their nucleus is also mainly
round to oval (Alfaro-Cervello et al., 2012; Barber et al.,
1982; Marichal, Garcia, Radmilovich, Trujillo-Cenoz, &
Russo, 2009; Schueren & DeSantis, 1985) and contains one
or more nucleoli (Alfaro-Cervello et al., 2012; Schueren &
DeSantis, 1985). CSF-cNs somata are generally small with a
diameter of around 10 mm (Barber et al., 1982; Nagatsu
et al., 1988; Orts-Del'immagine et al., 2014; Stoeckel et al.,
2003) but polygonal or rod-like ones can have a diameter of
13 to 28 mm (Shimosegawa et al., 1986) and fusiform ones
can be found up to 22 mm in length (Barber et al., 1982).
Compared to ependymocytes, they possess more microtubules
and rough endoplasmic reticulum (RER) (Alfaro-Cervello
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Figure 1. Graphical illustration of the morphological and functional properties of spinal CSF-cNs. (A) Spinal CSF-cNs possess a bulbous apical dendritic extension
whose shape differs between species. In particular, the apical extension in anamniotes bears a multitude of microvilli while in amniotes the apical extension of CSFcNs bears few microvilli. (B) Spinal CSF-cNs were shown to contact several classes of interneurons and motor neurons within the zebrafish spinal cord. Dorsal CSFcNs
(first cell from the right) project onto V0-v (second cell from the right) when ventral CSF-cNs (third cell from the right) contact CaPs primary motor neurons (first cell
from the left). Both populations of CSF-cNs project onto CoPA sensory interneurons (second cell from the left). (C) Spinal CSF-cNs are components of a sensory interface between the CSF and the CNS. CSF-cNs respond to active bending of the spinal cord, ensure the control of postural balance, provide input to spinal locomotor
CPGs and might integrate cues form the CSF.

et al., 2012; Barber et al., 1982; Schueren & DeSantis, 1985),
and free ribosomes and dense core vesicles spread throughout their cytoplasm (Alfaro-Cervello et al., 2012; Alibardi,
1990; Barber et al., 1982; Marichal et al., 2009) suggesting a
high level of proteins synthesis. CSF-cNs cytoplasm lacks
intermediate filaments and lipid droplets (Alfaro-Cervello
et al., 2012). CSF-cNs are linked to neighboring ependymal
cells by apical zonulae adhaerens (Stoeckel et al., 2003).
Synaptic terminals can be observed at their abluminal side
(Barber et al., 1982; Jaeger et al., 1983; J. L. Schotland et al.,
1996; Schueren & DeSantis, 1985; Vigh et al., 1974; Vigh,
Vigh-Teichmann, & Aros, 1977) terminals containing small,
round and clear vesicles (LaMotte, 1987; Vigh et al., 1977).
They receive axo-somatic synaptic contacts (Alfaro-Cervello
et al., 2012; Djenoune et al., 2017; Vigh, Vigh-Teichmann,
Manzano e Silva, & van den Pol, 1983). Over the length of
the spinal cord, CSF-cNs spread along the entire central
canal but with a higher density at the thoracic level in rat
(Shimosegawa et al., 1986; Stoeckel et al., 2003). Regarding
their location relative to the central canal, rat CSF-cNs seem
rather randomly distributed (Stoeckel et al., 2003) while
mouse CSF-cNs are mainly located dorsally and ventrally
with fewer cells laterally (Orts-Del'immagine et al., 2012).
The density of CSF-cNs is higher in spinal cord than in
brainstem (Orts-Del'immagine et al., 2014).
2.2. An apical extension reaching the central canal
Spinal CSF-cNs bear at their apical surface an extension
directed toward the central canal (Figure 1(A)), which lies in
its lumen and expresses dendritic markers such as the microtubule-associated protein 2 (MAP2) (rat: Alonso, 1999;
Kutna, Sevc, Gombalova, Matiasova, & Daxnerova, 2014;
mouse: Orts-Del'immagine et al., 2014). This structure has
been referred to as a ‘central body’ (Vigh & VighTeichmann, 1973; Vigh et al., 1974), a ‘dendritic process/

terminal/ending’ (Vigh & Vigh-Teichmann, 1973; Vigh
et al., 1974, 1977), ‘brush border’ (Dale et al., 1987a), a ‘bud’
(Stoeckel et al., 2003), or a ‘bulb-like ending’ (Jalalvand,
Robertson, Wallen, Hill, & Grillner, 2014). We will refer to
it as an apical dendritic extension here. This extension has
the specificity of bearing a tuft of microvilli and in some
species only a kinocilium, a canonical motile type of primary
cilium. Microvilli are specialized plasma membrane extensions built around a parallel actin bundle (PAB), packed
cluster of actin filaments (Bartles, 2000) held together by different sets of actin-bundling proteins (Bartles, 2000;
Frolenkov, Belyantseva, Friedman, & Griffith, 2004). These
actin bundles measure 1–5 mm in length and contain typically 20–25 actin filaments per bundle (Bartles, 2000;
Heintzelman & Mooseker, 1992). On the contrary, the cilium
is a membranous protrusion from the plasma membrane
supported by a microtubule-based axoneme arising from the
centriole during the G0/G1 state of the cell cycle (Alieva &
Vorobjev, 2004). There are two types of cilia; primary cilia
and motile ones. Primary cilia are non-motile and have a
cytoskeleton consisting in nine doublets of microtubules
(9  2þ0 structure). A primary cilium, found in most of the
cells, is the sensory center of the cell that regulates cell proliferation and embryonic development. Motile cilia have nine
doublets of microtubules as well but also an extra central
doublet (two singlet microtubules in the center of the central
ring) (9  2þ2). Notably in the sensory hair cells, the primary motile cilia are named kinocilia (Wersall, 1956).
Kinocilia were first described by Wersall (1956) in hair cells,
specialized mechanosensory receptors of the auditory and
vestibular systems that convert head movements and sound
waves into electrical signals (reviewed in Schwander, Kachar,
& Muller, 2010). It became by extension the terminology
used to designate the cilia of sensory cells (Flock & Duvall,
1965; Kindt, Finch, & Nicolson, 2012; Wersall, 1956). The
kinocilium in auditory hair cells, contrary to vestibular ones,
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is present at early developmental stages and regresses in
mammals and birds while it remains in zebrafish and
Xenopus (Denman-Johnson & Forge, 1999; Kikuchi &
Hilding, 1966; Tanaka & Smith, 1978). In a similar manner, a
kinocilium can be found in the apical extension of adult spinal CSF-cNs only in some species: in amphibians (Alibardi,
1990; Dale et al., 1987b; Vigh & Vigh-Teichmann, 1998; Vigh,
Vigh-Teichmann, Koritsanszky, & Aros, 1971), lamprey (J. L.
Schotland et al., 1996), chick (Schueren & DeSantis, 1985),
carp (Vigh et al., 1974), turtle (Trujillo-Cenoz, Fernandez,
Radmilovich, Reali, & Russo, 2007; Vigh et al., 1977) and possibly in rat (Marichal et al., 2009; Stoeckel et al., 2003).
However, there is no consensus on this matter in rodents as
cilia were located in other studies basally on the soma of CSFcNs in mouse (Alfaro-Cervello et al., 2012; OrtsDel'immagine et al., 2014). This absence of kinocilium in the
apical extension contacting the CSF seems to be shared by the
rest of mammals investigated (such as rabbit in Leonhardt,
1967). The CSF-cNs apical bulbous dendritic extension bears
multiple microvilli whose number varies across species
(Jaeger et al., 1983; LaMotte, 1987; Marichal et al., 2009;
Schueren & DeSantis, 1985; Vigh & Vigh-Teichmann, 1998;
Vigh et al., 1974, 1977; Figure 1(A)). For instance in Xenopus,
CSF-cNs have been described as having a brush border consisting of long thin and numerous (sometimes more than 20)
microvilli (Alibardi, 1990; Vigh & Vigh-Teichmann, 1998).
Mammals CSF-cNs also have microvilli at their extension but
less than in amphibians or teleost, as shown in mouse (OrtsDel'immagine et al., 2012; Vigh et al., 1983), in macaque
(LaMotte, 1987), in opossum (Vigh et al., 1983) and in rat
(Jaeger et al., 1983; Marichal et al., 2009) although this point
remains debated in rat (see Stoeckel et al., 2003). The shape
of the apical extension differs between species. Indeed, in
anamniotes (fishes and frogs, incorrectly referred to as ‘lower
vertebrates’), microvilli are located at the apical pole of CSFcNs somata. In amniotes (birds, reptiles and mammals), CSFcNs extend at their apical pole a pod-like extension into the
central canal resulting from a constriction of the apical pole
bearing less microvilli. The observations from anatomy were
not using any specific markers for labelling CSF-cNs.
Consequently CSF-contacting terminals were distinguished
from ependymal cells by their microvilli being longer and
thicker than ependymal microvilli but shorter than kinocilia
(Vigh et al., 1974). In addition to microvilli, CSF-cNs apical
bulbous extensions also exhibit subcellular structures that are
representative of secretory cells. For instance, their processes
enclose numerous vesicles and are rich in microtubules as
shown for instance in rat (Jaeger et al., 1983; Stoeckel et al.,
2003), in mouse (Alfaro-Cervello et al., 2012; Vigh et al.,
1977), in guinea pig (Vigh et al., 1983), in macaque (LaMotte,
1987), in chick (Schueren & DeSantis, 1985), in Xenopus
(Alibardi, 1990) and in lamprey (J. L. Schotland et al., 1996).
CSF-cNs contact the lumen of the central canal by cytoplasmic blebs storing mitochondria, multivesicular bodies, dense
granules, clear and dense core vesicles (Alibardi, 1990;
Schueren & DeSantis, 1985). Rat CSF-cNs central and lateral
processes contain pleomorphic vesicles of various sizes and
granularity (Jaeger et al., 1983). Regarding the junctions
between CSF-cNs apical extensions and surrounding cells, at
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the sites where the microvilli enter the central canal, Vigh and
collaborators observed desmosome-like junctions connecting
the CSF-cNs processes with the neighboring ependymal
cells (LaMotte, 1987; Vigh, Vigh-Teichmann, & Aros, 1971;
Vigh et al., 1974) although other authors observed zonula
adhaerens between the apical extension and the ependymal
cells (Stoeckel et al., 2003) or both desmosomes and zonula
adhaerens (LaMotte, 1987). From the work of Vigh and
Vigh-Techmann, there is evidence that the apical extensions
of CSF-cNs via their kinocilium may contact in some cases
the RF (2004; Vigh et al., 1970, Vigh, Vigh-Teichmann, &
Aros, 1971). Kolmer (1921) suggested a connection in the
receptor mechanism between the Reissner's fiber and the
‘neurosensory cells’ of the central canal. He hypothesized
that this structure, dislocated by the movement of the spinal cord, could stimulate the terminals of the nerve cells.
Nonetheless this is very difficult to establish without clear
markers for CSF-cNs. It is though not unlikely that CSFcNs cilia systematically contact the RF.
2.3. Description of CSF-cNs axonal projections
CSF-cNs axons have projections within the spinal cord lying
in the ventral margin. However, their axonal distribution in
the ventral spinal cord differs between species. Two main
profiles have so far been reported. First, CSF-cNs axons run
ventrolaterally to converge to a bilateral bundle called the
centrosuperficial tract to form terminals on the ventral surface of the spinal cord. There, the fibers form neurohormonal nerve endings attached by hemidesmosomes to the basal
lamina of the spinal cord facing the subarachnoidal space.
Second, CSF-cNs axons project in an ipsilateral and ascending manner. In the turtle (Emys orbicularis), CSF-cN axons
run to the ventrolateral surface of the spinal cord where they
form terminal enlargements on the surface of the spinal cord
(Vigh et al., 1977). Interestingly, in the lamprey, CSF-cNs
also extend processes to the ventral plexus (Christenson,
Bongianni, Grillner, & Hokfelt, 1991; Jalalvand et al., 2014;
Megias et al., 2003; Ochi & Hosoya, 1974; Vigh et al., 2004)
as well as to the ventrolateral margin where they display
endfeet structures (Megias et al., 2003; Vigh et al., 1977) and
reach the intraspinal stretch receptor called the edge cell
(Christenson, Bongianni, et al., 1991; Jalalvand et al., 2014).
This axonal innervation allows the relay by CSF-cNs of
information between the internal CSF, circulating within the
central canal and contacted by the apical extension of the
cells, and the external CSF, located in the subarachnoidal
space reached by their axons. On the contrary, in other species such as the rat, CSF-cNs, axons run sagitally within a
tight bundle running under the ependyma, inserted between
basal poles of ependymal cells (Stoeckel et al., 2003). They
also extend more ventrally where they intermingle with myelinated axons of the corticospinal tract to eventually contact
the walls of the ventral median fissure (Stoeckel et al., 2003).
Similarly, when single CSF-cNs were labeled in vivo, it was
noticeable that their axons ascend ipsilaterally and run in
the ventrolateral spinal cord (in xenopus and zebrafish: Dale
et al., 1987a, 1987b; Djenoune et al., 2017; Fidelin et al.,
2015; Wyart et al., 2009). Interestingly, in cat and macaque,
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those two types of axonal projections are found. Indeed,
their CSF-cNs can be traced to terminal fields along the ventral median fissure and the ventral lateral surface of the spinal cord (LaMotte, 1987). CSF-cNs axons contain large
dense vesicles (Vigh et al., 2004, 1977, 1983). The large
granular vesicles found in the axons reaching the basal lamina of the external surface of the tissue in particular led to
the idea that CSF-cNs may constitute a spinal neurosecretory
system (Vigh et al., 1977, 1983). CSF-cNs may be receptive
to stimuli exerted by the internal (ventricular) CSF and capable of translating them into a neurosecretory output
directed toward the external (subarachnoid) CSF (VighTeichmann & Vigh, 1979, 1989; Vigh et al., 1983, 2004). It
also has to be noted that CSF-cNs express PSA-NCAM
(Alonso, 1999; Bonfanti, Olive, Poulain, & Theodosis, 1992;
Marichal et al., 2009; Seki & Arai, 1993a, 1993b; Stoeckel
et al., 2003) and are not myelinated accordingly (rat:
Stoeckel et al., 2003; turtle: Vigh et al., 1977).

3. Molecular characterization of spinal CSF-cNs
Several markers were found in CSF-cNs other than GABA.
In the following part, we will review the different types of
factors reported in spinal CSF-cNs.

et al., 1991; Fernandez-Lopez et al., 2012; Jalalvand et al.,
2014; Melendez-Ferro et al., 2003; Robertson, Auclair,
Menard, Grillner, & Dubuc, 2007; Rodicio, Villar-Cervino,
Barreiro-Iglesias, & Anadon, 2008; Ruiz, Pombal, & Megias,
2004; J. L. Schotland et al., 1996; Villar-Cervino, Holstein,
Martinelli, Anadon, & Rodicio, 2008) and mouse (Feldblum
et al., 1995; Kaduri et al., 1987; Orts-Del'immagine et al.,
2014). In addition, GABA seems expressed systematically in
all CSF-cNs. The consistent GABAergic expression shared by
all spinal CSF-cNs in many species became a way to identify
them in combination with features reflecting their typical
morphology. Interestingly, in rat, cells that appear to be
CSF-cNs express GABAB receptor immunoreactivity
(Margeta-Mitrovic, Mitrovic, Riley, Jan, & Basbaum, 1999).
Moreover, looking at the distribution of GABAergic neurons
in the rat spinal cord, Barber et al. (1982) identified two
types of GAD-positive CSF-cNs with different somata shapes
consistent with previous studies. These findings suggest that
CSF-cNs consist in a heterogeneous population of neurons
classified in at least two subtypes with specific morphological
features. The hypothesis that CSF-cNs are heterogeneous is
reinforced by the other markers observed in only subsets of
these cells.
3.2. Other neurotransmitters found in spinal CSF-cNs

3.1. The GABA as a general molecular marker of
CSF-cNs
The gamma-aminobutyric acid (GABA) is considered as the
main inhibitory neurotransmitter of the CNS. However,
GABA is first excitatory at early stages of development and
becomes inhibitory at later stages of neuronal differentiation
(Boulenguez et al., 2010; Sieghart, 1995; Stil et al., 2009;
Yamada et al., 2004). GABA expression in CSF-cNs has been
first reported in rat (Barber et al., 1982). Since then, the
expression of GABA in CSF-cNs, or expression of related
enzymes such as glutamic acid decarboxylase (GAD) 65 and
67 isoforms or transporters such as the vesicular GABA
transporter (VGAT), have been reported in many species: in
rat (Barber et al., 1982; Feldblum, Dumoulin, Anoal,
Sandillon, & Privat, 1995; Kutna et al., 2014; Mackie,
Hughes, Maxwell, Tillakaratne, & Todd, 2003; Magoul,
Onteniente, Geffard, & Calas, 1987; Stoeckel et al., 2003),
turtle (Reali, Fernandez, Radmilovich, Trujillo-Cenoz, &
Russo, 2011), African clawed frog (Binor & Heathcote, 2001;
Dale et al., 1987a, 1987b), zebrafish (Bernhardt, Patel,
Wilson, & Kuwada, 1992; Djenoune et al., 2014;
Higashijima, Mandel, & Fetcho, 2004; Higashijima, Schaefer,
& Fetcho, 2004; S. C. Martin, Heinrich, & Sandell, 1998;
Park et al., 2004; Schafer, Kinzel, & Winkler, 2007; Shin,
Poling, Park, & Appel, 2007; Wyart et al., 2009; Yang,
Rastegar, & Strahle, 2010; Yeo & Chitnis, 2007), eel (Dervan
& Roberts, 2003; B. L. Roberts, Maslam, Scholten, & Smit,
1995), trout (B. L. Roberts et al., 1995), carp (Uematsu et al.,
1993), dogfish (Sueiro, Carrera, Molist, Rodriguez-Moldes, &
Anadon, 2004), amphioxus (Anadon, Adrio, & RodriguezMoldes, 1998), lampreys (Brodin et al., 1990; Christenson,
Alford, Grillner, & Hokfelt, 1991; Christenson, Bongianni,

Other neurotransmitters were observed in CSF-cNs. For
instance, in situ hybridization and immunohistochemistry
for the vesicular transporter of glutamate (VGLUT) and
glutamate itself in the lamprey spinal cord showed that all
GABAergic CSF-cNs were glutamatergic (Fernandez-Lopez
et al., 2012). Glutamate, in addition to its essential metabolic role, is a major mediator of excitatory signals in the
CNS and is involved in many physiologic and pathologic
processes, such as excitatory synaptic transmission, synaptic
plasticity, cell death, stroke, and chronic pain (Basbaum &
Woolf, 1999; Mayer & Westbrook, 1987). The physiological
relevance of the co-expression of GABA and glutamate in
lamprey CSF-cNs remains to be determined. Nonetheless,
this glutamatergic expression in CSF-cNs might be specific
to lamprey. Indeed, in other species, glutamate has so far
never been reported in CSF-cNs where its expression is
found in other interneurons such as Rohon-Beard
(Higashijima, Mandel, et al., 2004). Considering other
markers of CSF-cNs, their expression appears restricted to
only a subpopulation of the cells. For instance in the lamprey, looking at the distribution of another neurotransmitter, the glycine, in glutamatergic CSF-cNs, the authors
observed that only some of them were also glycinergic
(Fernandez-Lopez et al., 2012). Similarly, comparing GABA
and glycine expression in CSF-cNs, only ventral ones have
been found expressing both markers (Villar-Cervino et al.,
2008), suggesting the existence of two molecularly distinct
CSF-cN populations. Expression of glycine in a restricted
subset of CSF-cNs might be specific to the agnathan though
as glycine does not seem to be found in the CSF-cNs of the
species where glycine spinal cord expression has been
reported like zebrafish for instance (Higashijima, Mandel,
et al., 2004).
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In addition to neurotransmitters, several monoamines and
neuropeptides can be found in CSF-cNs.
3.3.1. Catecholamines
Among monoamines, catecholamines are expressed in the
CSF-cNs of salamander (Sims, 1977), garfish (Parent &
Northcutt, 1982) and quail (Guglielmone & Panzica, 1985).
Moreover, the enzyme responsible for catecholamine synthesis, the tyrosine hydroxylase (TH) can also be found in CSFcNs of the African clawed frog (Heathcote & Chen, 1993),
American bullfrog, Northern leopard frog (Chesler &
Nicholson, 1985) and in chick (Wallace, Mondragon,
Allgood, Hoffman, & Maez, 1987). Dopamine is found in
CSF-cNs in multiple species: the lamprey (Barreiro-Iglesias,
Villar-Cervino, Anadon, & Rodicio, 2008; McPherson &
Kemnitz, 1994; Pierre, Mahouche, Suderevskaya, Reperant, &
Ward, 1997; Pombal, El Manira, & Grillner, 1997; Rodicio
et al., 2008; J. Schotland et al., 1995; J. L. Schotland et al.,
1996), ray (B. L. Roberts & Meredith, 1987), eel (B. L.
Roberts et al., 1989; B. L. Roberts et al., 1995), chameleon
(Bennis, Calas, Geffard, & Gamrani, 1990) and pigeon
(Acerbo et al., 2003). In these species, dopamine expression
is mainly reported as ventral to the central canal in the floor
plate (Acerbo et al., 2003; Heathcote & Chen, 1993; B. L.
Roberts et al., 1995; Rodicio et al., 2008). As reported for
glycine, dopamine expression when compared to GABA is
always found restricted to a subpopulation of GABAergic
CSF-cNs (B. L. Roberts & Meredith, 1987; Rodicio et al.,
2008). The catecholamine expression pattern confirms the
classification of CSF-cNs in at least two cell types.
3.3.2. Serotonin
In addition to catecholamines, some CSF-cNs express other
monoamines in restricted species such as serotonin in the
immature and adult salamander (Sims, 1977), in lamprey
and hagfish (Ochi, Yamamoto, & Hosoya, 1979), in garfish
(Parent & Northcutt, 1982), in spotted gar, in chick (Sako,
Kojima, & Okado, 1986) and in zebrafish (Djenoune et al.,
2017; Montgomery, Wiggin, Rivera-Perez, Lillesaar, &
Masino, 2016). As for previous markers, serotoninergic CSFcNs were described ventral to the central canal (Ochi et al.,
1979; Sims, 1977) and restricted only to a subset of CSF-cNs
(Djenoune et al., 2017; Montgomery et al., 2016).
3.3.3. Trace amines
Trace amines are structurally and metabolically related to
monoamines but expressed in very small nanomolar concentrations (Borowsky et al., 2001; Zucchi, Chiellini, Scanlan, &
Grandy, 2006). The aromatic-L-amino-acid decarboxylase
(AADC) trace amine has been reported in some rodents
CSF-cNs (rat: Jaeger et al., 1983; mouse and rat: Nagatsu
et al., 1988). Interestingly in these studies, immunocytochemistry for catecholamines and monoamines failed to
show any signal. Concordantly, the authors did not
find expression of TH, dopamine nor serotonin in AADCþ
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CSF-cNs. This might be explained by a difference of expression in mammals compared to anamniotes underlying species specific expression.
3.3.4. Neuropeptides
In addition to these classical neuromodulators, other molecules specific of neuronal cell types have been found in spinal
CSF-cNs. Among them, somatostatin is the most common
neuropeptide reported in these cells. Somatostatin has been
found in CSF-cNs of lamprey (Buchanan, Brodin, Hokfelt,
Van Dongen, & Grillner, 1987; Christenson Alford, Grillner,
& Hokfelt, 1991; Jalalvand et al., 2014; Lopez et al., 2007),
coho salmon (Yulis & Lederis, 1988b) and zebrafish
(Djenoune et al., 2017; Wyart et al., 2009). In addition, urotensin II (UII)-like immunoreactivity and expression of neuropeptides of the UII family have also been described in CSFcNs of several fish (Yulis & Lederis, 1986, 1988a, 1988b).
Interestingly, the mutually exclusive expression patterns of
somatostatin and UII or UII related peptides in CSF-cNs
(Quan et al., 2015; Yulis & Lederis, 1988b) confirm again the
coexistence of at least two distinct subpopulations of CSF-cNs.
Among the peptides expressed by CSF-cNs, methionine–enkephalin–arginine–glycine–leucine
(Met–Enk–Arg–Gly–Leu) is an endogenous opioid peptide
identified from bovine adrenal chromaffin granules
(Kilpatrick, Jones, Kojima, & Udenfriend, 1981). This peptide derives from Met-enkephalin which itself derives from
proenkephalin. Shimosegawa et al. (1986) found that this
opioid was expressed in rat CSF-cNs. Interestingly, the
authors identified four types of CSF-cNs based on soma
shape and axonal projections, suggesting that several
subtypes of CSF-cNs with different morphological features
coexist in the rat spinal cord. The functional relevance of
CSF-cNs expressing opioids receptors agonists involved in
pain transmission has to be determined.
One additional peptide, the vasointestinal peptide (VIP)
mainly reported in the enteric system, has been found in
CSF-cNs of mammals in rat and macaque (LaMotte, 1987).
3.3.5. Calcium binding proteins
Interestingly, among all the repertoires of factors expressed
in CSF-cNs, the calcium binding proteins calbindin and calretinin have been found in spinal CSF-cNs of the lamprey
(Megias et al., 2003). Calcium binding proteins expression in
CSF-cNs could be critical for the calcium modulation of the
channel activity that will be mentioned in the next section.

4. Relevance of this sensory neuronal population to
the spinal cord physiology
4.1. CSF-cNs as a sensory interface between the CSF and
the CNS
The initial hypothesis of Kolmer and Agduhr regarding the
function of CSF-cNs was that these cells were sensory neurons integrating cues from the CSF (1922, 1921, 1931). Erik
Agduhr suggested that these neurosensory cells could perform regulatory functions within the spinal cord (1922).
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Walter Kolmer suggested that the cells could have a mechanoreceptor function: by perceiving movement of the spinal
column, they might connect via their axons to motoneurons
thereby constituting a major component of an intraspinal
proprioceptive sensory-motor loop (1922, 1921, 1931). Later,
Vigh and Vigh-Teichmann who extensively characterized the
ultrastructure of the CSF-cNs system, restated that CSF-cNs
may be sensory because of their morphological resemblance
to hair cells (Vigh & Vigh-Teichmann, 1971, 1973; Vigh
et al., 1977). A chemosensory hypothesis was strengthened
by recent studies in mammals showing that CSF-cNs
expressed the TRP channel PKD2L1 and that their firing was
modulated by changes of extracellular pH (Huang et al.,
2006; Orts Del'Immagine et al., 2012, 2015). CSF-cNs,
through their apical extension, could therefore sense variation of CSF pH and relay this information to the rest of
spinal circuits (Figure 1(B)). In addition, ATP in the CSF
might regulate the activity of CSF-cNs. Indeed, CSF-cNs in
the rat spinal cord express the specific subunit P2X2 of ATP
receptor P2X (Stoeckel et al., 2003). Interestingly, the activity
of the channel P2X2 increases in response to an acidification
(Dunn, Zhong, & Burnstock, 2001; Khakh, 2001; North &
Surprenant, 2000). Thus, CSF-cNs P2X2 receptors may detect
changes in the concentration of ATP in the CSF, particularly
under conditions of acidosis.
4.2. PKD2L1, a calcium-modulated channel expressed in
CSF-cNs
Recent studies in mouse identified a channel as being specifically expressed in neurons located around the central canal
contacting the CSF in the spinal cord (Huang et al., 2006).
This channel is called polycystic kidney disease 2 like 1
(PKD2L1) and has originally been identified for its role in
sour taste in taste buds (Inada et al., 2008; Ishii et al., 2009;
Ishimaru et al., 2006, 2010; Kawaguchi et al., 2010; Yu et al.,
2012; Zheng et al., 2015). PKD2L1 belongs to the family of
transient receptor potential (TRP) channels typically involved
in detecting chemical, thermic and mechanical stimuli
(Delmas, 2004, 2005; Nilius & Owsianik, 2011; Ramsey,
Delling, & Clapham, 2006; Venkatachalam & Montell, 2007).
Among the seven subfamilies of TRPs, PKD2L1 belongs to
the transient receptor potential polycystin (TRPP) subfamily
of Ca2þ-permeant ion channels composed of polycystic kidney disease (PKD) proteins and also named polycystins
(Delmas, 2005; Ishimaru & Matsunami, 2009; Nilius, 2007;
Sandford, Mulroy, & Foggensteiner, 1999). Sensory properties of PKD2L1 have been evoked in several studies that will
be detailed below. PKD2L1 is a calcium-modulated (when
over-expressed in xenopus oocytes as shown in Chen et al.,
1999) nonselective cation channel permeable to sodium,
potassium and calcium ions. Upon rise of extracellular or
intracellular calcium or under hypo-osmotic conditions, the
channel shows large currents (Chen et al., 1999; Delmas,
2005; Murakami et al., 2005; Nauli, White, Hull, & Pearce,
2003). Upon discovery, PKD2L1 was shown to be expressed
in CSF-cNs in the mouse spinal cord (Huang et al., 2006).
By FISH and IHC on coronal and sagittal sections of the spinal cord, the authors observed along the entire spinal cord

distinct PKD2L1þ cells with apical extension reaching the
central canal. Since then, the generation of mice transgenic
lines using pkd2l1 promoter provided insight on physiological properties of spinal CSF-cNs in mouse (Bushman, Ye,
& Liman, 2015; Orts Del'Immagine et al., 2012, 2015, 2014).
Indeed, these studies showed that PKD2L1þ spinal CSF-cNs
fired action potentials in response to decreased extracellular
pH (Bushman et al., 2015; Huang et al., 2006; Orts
Del'Immagine et al., 2012, 2015) as TRCs but do not show
sustained inward proton current (Bushman et al., 2015).
4.3. Secretory properties of CSF-cNs
In addition to a sensory function, CSF-cNs may have secretory properties. Based on their observations on ultrastructure, Vigh and Vigh-Teichmann proposed that the cells and
their axons could constitute a neurosecretory system based
on their axon endings containing synaptic vesicles and large
dense vesicles. These terminals were found attached to the
basal lamina of the external surface of the nervous tissue by
hemidesmosomes where synaptic vesicles would be accumulated (Vigh & Vigh-Teichmann, 1971, 1973; Vigh et al.,
1977). CSF-cNs may therefore be receptive via their apical
extension to stimuli exerted by the internal (ventricular) CSF
circulating within the central canal, and capable of translating these cues into a neurosecretory output directed toward
the external (subarachnoid) CSF reached by their axons. An
alternative secretory function of CSF-cNs was proposed by
Leonhardt (1967) to be located within the apical bulbous
extension from which CSF-cNs would release their ‘products’
in the CSF within the central canal. Our characterization of
large dense vesicles at the base of the apical extension of
zebrafish CSF-cNs (Djenoune et al., 2017) corroborates this
hypothesis although it remains to be established whether and
how these vesicles may be released in the CSF. Nonetheless,
whether all spinal CSF-cNs share the same sensory properties is not clear. Recently, we demonstrated that CSF-cNs
respond to passive and active bending of the spinal cord
(B€
ohm et al., 2016) and ensure the control of postural balance (Hubbard et al., 2016; Figure 1(B)). Notably, we
showed that dorsal CSF-cNs respond to active bending of
the spinal cord selectively on the contracting side when dorsal contralateral and ventral cells remained mostly silent
(B€
ohm et al., 2016). These results suggest that the different
populations of CSF-cNs could bear specific functional properties sustained by the pool of specific markers they possess
or given their physiological context. They also suggest that
CSF-cNs could constitute a mechanosensory system providing proprioceptive feedback to coordinate balance.
4.4. CSF-cNs role in the excitability of motor circuits
Activation of CSF-cNs can induce locomotion in zebrafish
larvae (Wyart et al., 2009) indicating that the cells could
provide direct input to the spinal locomotor central patter
generator. Recent studies from our lab reinforce this hypothesis (Djenoune et al., 2017; Fidelin et al., 2015; Hubbard
et al., 2016). We provided anatomical evidence for
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projections from CSF-cNs onto three classes of premotor
excitatory interneurons, V0-v, V3 and V2a interneurons
(Djenoune et al., 2017; Fidelin et al., 2015; Figure 1(C)).
These three classes are active during slow locomotion in larval zebrafish (Borowska et al., 2013; Crone et al., 2008;
Dougherty & Kiehn, 2010a, 2010b; McLean, Fan,
Higashijima, Hale, & Fetcho, 2007; McLean, Masino, Koh,
Lindquist, & Fetcho, 2008; Menelaou, VanDunk, & McLean,
2014; Zhang et al., 2008). Remarkably, this work reveals that
CSF-cNs have an inhibitory action when they are stimulated
during ongoing locomotion, while these cells induce delayed
fictive swimming when activated at rest. We also demonstrated a direct connection between a subpopulation of CSFcNs and CaPs motor neurons (Djenoune et al., 2017;
Hubbard et al., 2016). These results indicate that CSF-cNs
differently gate and tune the slow and fast locomotor central
pattern generators and thereby control the occurrence and
duration of locomotor events.
Whether the projections of CSF-cNs among spinal circuits
are conserved across species is unknown. In lamprey, CSFcNs send processes to the ventral plexus (Christenson,
Bongianni, et al., 1991; Jalalvand et al., 2014; Megias et al.,
2003; Ochi et al., 1979; Vigh et al., 2004) or the ventrolateral
margin where they display endfeet structures (Megias et al.,
2003; Vigh et al., 1977) innervation which allows the relay of
information between the internal and external CSF. Lamprey
CSF-cNs seem to make contact in the lateral plexus with the
intraspinal stretch receptor called edge cells (Christenson,
Alford, et al., 1991; Jalalvand et al., 2014), which modulates
the locomotor network (Grillner & Blomberg, 1984; Vinay
et al., 1996). This projection suggests that CSF-cNs may
modulate locomotion by influencing edge cells and thus the
locomotor-related sensory feedback. Whether this connectivity between CSF-cNs and premotor neurons or the modulatory role of CSF-cNs on locomotor CPGs is conserved in
mammals remains to be determined.

Disclosure statement
No potential conflict of interest was reported by the authors.

References
Acerbo, M.J., Hellmann, B., & Gunturkun, O. (2003).
Catecholaminergic and dopamine-containing neurons in the spinal
cord of pigeons: An immunohistochemical study. Journal of
Chemical Neuroanatomy, 25, 19–27.
doi:10.1016/S08910618(02)00072-8
€
Agduhr, E. (1922). Uber
ein zentrales Sinnesorgan (i) bei den
Vertebraten. Zeitschrift F€
ur Anatomie Und Entwicklungsgeschichte,
66, 223–360. doi:10.1007/BF02593586
Agnati, L.F., Zoli, M., Stromberg, I., & Fuxe, K. (1995). Intercellular
communication in the brain: Wiring versus volume transmission.
Neuroscience, 69, 711–726. doi:10.1016/0306-4522(95)00308-6
Alfaro-Cervello, C., Soriano-Navarro, M., Mirzadeh, Z., Alvarez-Buylla,
A., & Garcia-Verdugo, J.M. (2012). Biciliated ependymal cell proliferation contributes to spinal cord growth. Journal of Comparative
Neurology, 520, 3528–3552. doi:10.1002/cne.23104
Alibardi, L. (1990). Cerebrospinal fluid contacting neurons inside the
regenerating caudal spinal cord of Xenopus tadpoles. Bolletino Di
Zoologia, 57, 309–315. doi:10.1080/11250009009355713

9

Alieva, I.B., & Vorobjev, I.A. (2004). Vertebrate primary cilia: A sensory
part of centrosomal complex in tissue cells, but a “sleeping beauty”
in cultured cells? Cell Biology International, 28, 139–150. doi:10.
1016/j.cellbi.2003.11.013
Alonso, G. (1999). Neuronal progenitor-like cells expressing polysialylated neural cell adhesion molecule are present on the ventricular
surface of the adult rat brain and spinal cord. Journal of
Comparative Neurology, 414, 149–166.
doi:10.1002/(SICI)10969861(19991115)414:2 < 149::AID-CNE2 > 3.0.CO;2-O
Anadon, R., Adrio, F., & Rodriguez-Moldes, I. (1998). Distribution of
GABA immunoreactivity in the central and peripheral nervous system of amphioxus (Branchiostoma lanceolatum Pallas). Journal of
Comparative Neurology, 401, 293–307.
doi:10.1002/(SICI)10969861(19981123)401:3 < 293::AID-CNE1 > 3.0.CO;2-F
Anderson, M.J., & Waxman, S.G. (1985). Neurogenesis in adult vertebrate spinal cord in situ and in vitro: A new model system. Annals
of the New York Academy of Sciences, 457, 213–233. doi:10.1111/j.
1749-6632.1985.tb20807.x
Bachy, I., Kozyraki, R., & Wassef, M. (2008). The particles of the
embryonic cerebrospinal fluid: How could they influence brain
development? Brain Research Bulletin, 75, 289–294. doi:10.1016/j.
brainresbull.2007.10.010
Barber, R.P., Vaughn, J.E., & Roberts, E. (1982). The cytoarchitecture of
GABAergic neurons in rat spinal cord. Brain Research, 238, 305–328.
doi:10.1016/0006-8993(82)90107-X
Barreiro-Iglesias, A., Villar-Cervino, V., Anadon, R., & Rodicio, M.C.
(2008). Descending brain-spinal cord projections in a primitive vertebrate, the lamprey: Cerebrospinal fluid-contacting and dopaminergic neurons. Journal of Comparative Neurology, 511, 711–723.
doi:10.1002/cne.21863
Bartles, J.R. (2000). Parallel actin bundles and their multiple actin-bundling proteins. Current Opinion in Cell Biology, 12, 72–78. doi:10.
1016/S0955-0674(99)00059-9
Basbaum, A.I., & Woolf, C.J. (1999). Pain. Current Biology, 9,
R429–R431. doi:10.1016/S0960-9822(99)80273-5
Bennis, M., Calas, A., Geffard, M., & Gamrani, H. (1990). Distribution
of dopamine immunoreactive systems in brain stem and spinal cord
of the chameleon. Biological Structures and Morphogenesis, 3, 13–19.
Bernhardt, R.R., Patel, C.K., Wilson, S.W., & Kuwada, J.Y. (1992).
Axonal trajectories and distribution of GABAergic spinal neurons in
wildtype and mutant zebrafish lacking floor plate cells. Journal of
Comparative Neurology, 326, 263–272. doi:10.1002/cne.903260208
Binor, E., & Heathcote, R.D. (2001). Development of GABA-immunoreactive neuron patterning in the spinal cord. Journal of Comparative
Neurology, 438, 1–11. doi:10.1002/cne.1298
B€
ohm, U.L., Prendergast, A., Djenoune, L., Nunes Figueiredo, S.,
Gomez, J., Stokes, C., … Wyart, C. (2016). CSF-contacting neurons
regulate locomotion by relaying mechanical stimuli to spinal circuits.
Nature Communications, 7, 10866. doi:10.1038/ncomms10866
Bonfanti, L., Olive, S., Poulain, D.A., & Theodosis, D.T. (1992).
Mapping of the distribution of polysialylated neural cell adhesion
molecule throughout the central nervous system of the adult rat: An
immunohistochemical study. Neuroscience, 49, 419–436. doi:10.
1016/0306-4522(92)90107-D
Borowska, J., Jones, C.T., Zhang, H., Blacklaws, J., Goulding, M., &
Zhang, Y. (2013). Functional subpopulations of V3 interneurons in
the mature mouse spinal cord. Journal of Neuroscience, 33,
18553–18565. doi:10.1523/JNEUROSCI.2005-13.2013
Borowsky, B., Adham, N., Jones, K.A., Raddatz, R., Artymyshyn, R.,
Ogozalek, K.L., … Gerald, C. (2001). Trace amines: Identification of
a family of mammalian G protein-coupled receptors. Proceedings of
the National Academy of Sciences of the United States of America, 98,
8966–8971. doi:10.1073/pnas.151105198
Boulenguez, P., Liabeuf, S., Bos, R., Bras, H., Jean-Xavier, C., Brocard,
C., … Vinay, L. (2010). Down-regulation of the potassium-chloride
cotransporter KCC2 contributes to spasticity after spinal cord injury.
Nature Medicine, 16, 302–307. doi:10.1038/nm.2107
Brodin, L., Dale, N., Christenson, J., Storm-Mathisen, J., Hokfelt, T., &
Grillner, S. (1990). Three types of GABA-immunoreactive cells in

Downloaded by [132.183.142.172] at 06:12 10 August 2017

10

L. DJENOUNE AND C. WYART

the lamprey spinal cord. Brain Research, 508, 172–175. doi:10.1016/
0006-8993(90)91134-3
Bruni, J.E., & Reddy, K. (1987). Ependyma of the central canal of the
rat spinal cord: A light and transmission electron microscopic study.
Journal of Anatomy, 152, 55–70.
Buchanan, J.T., Brodin, L., Hokfelt, T., Van Dongen, P.A., & Grillner,
S. (1987). Survey of neuropeptide-like immunoreactivity in the lamprey spinal cord. Brain Research, 408, 299–302. doi:10.1016/00068993(87)90392-1
Bushman, J.D., Ye, W., & Liman, E.R. (2015). A proton current associated with sour taste: Distribution and functional properties. FASEB
Journal, 29, 3014–3026. doi:10.1096/fj.14-265694
Chen, X.Z., Vassilev, P.M., Basora, N., Peng, J.B., Nomura, H., Segal,
Y., … Zhou, J. (1999). Polycystin-L is a calcium-regulated cation
channel permeable to calcium ions. Nature, 401, 383–386. doi:10.
1038/43907
Chesler, M., & Nicholson, C. (1985). Organization of the filum terminale in the frog. Journal of Comparative Neurology, 239, 431–444.
doi:10.1002/cne.902390409
Chiba, A., & Oka, S. (1999). Serotonin-immunoreactive structures in
the central nervous system of the garfish Lepisosteus productus
(Semionotiformes, Osteichthyes). Neuroscience Letters, 261, 73–76.
doi:10.1016/S0304-3940(98)01011-8
Chodobski, A., & Szmydynger-Chodobska, J. (2001). Choroid plexus:
Target for polypeptides and site of their synthesis. Microscopy
Research and Technique, 52, 65–82.
doi:10.1002/10970029(20010101)52:1 < 65::AID-JEMT9 > 3.0.CO;2-4
Christenson, J., Alford, S., Grillner, S., & Hokfelt, T. (1991). Co-localized GABA and somatostatin use different ionic mechanisms to
hyperpolarize target neurons in the lamprey spinal cord.
Neuroscience Letters, 134, 93–97. doi:10.1016/0304-3940(91)90516-V
Christenson, J., Bongianni, F., Grillner, S., & Hokfelt, T. (1991).
Putative GABAergic input to axons of spinal interneurons and primary sensory neurons in the lamprey spinal cord as shown by intracellular Lucifer yellow and GABA immunohistochemistry. Brain
Research, 538, 313–318.
Crone, S.A., Quinlan, K.A., Zagoraiou, L., Droho, S., Restrepo, C.E.,
Lundfald, L., … Sharma, K. (2008). Genetic ablation of V2a ipsilateral interneurons disrupts left-right locomotor coordination in mammalian spinal cord. Neuron, 60, 70–83. doi:10.1016/j.neuron.2008.08.
009
Dai, X.Q., Ramji, A., Liu, Y., Li, Q., Karpinski, E., & Chen, X.Z. (2007).
Inhibition of TRPP3 channel by amiloride and analogs. Molecular
Pharmacology, 72, 1576–1585. doi:10.1124/mol.107.037150
Dale, N., Roberts, A., Ottersen, O.P., & Storm-Mathisen, J. (1987a). The
development of a population of spinal cord neurons and their axonal
projections revealed by GABA immunocytochemistry in frog
embryos. Proceedings of the Royal Society of London. Series B,
Biological Sciences, 232, 205–215.
Dale, N., Roberts, A., Ottersen, O.P., & Storm-Mathisen, J. (1987b).
The morphology and distribution of 'Kolmer–Agduhr cells', a class
of cerebrospinal-fluid-contacting neurons revealed in the frog
embryo spinal cord by GABA immunocytochemistry. Proceedings of
the Royal Society of London. Series B, Biological Sciences, 232,
193–203.
Dandy, W.E. (1918). Extirpation of the choroid plexus of the lateral
ventricles in communicating hydrocephalus. Annals of Surgery, 68,
569–579. doi:10.1097/00000658-191812000-00001
Dandy, W.E. (1919). Experimental hydrocephalus. Annals of Surgery,
70, 129–142. doi:10.1097/00000658-191908000-00001
Davson, H., Kleeman, C.R., & Levin, E. (1962). Quantitative studies of
the passage of different substances out of the cerebrospinal fluid.
Journal of Physiology (London), 161, 126–142. doi:10.1113/jphysiol.
1962.sp006877
DeCaen, P.G., Delling, M., Vien, T.N., & Clapham, D.E. (2013). Direct
recording and molecular identification of the calcium channel of primary cilia. Nature, 504, 315–318. doi:10.1038/nature12832
Delling, M., DeCaen, P.G., Doerner, J.F., Febvay, S., & Clapham, D.E.
(2013). Primary cilia are specialized calcium signalling organelles.
Nature, 504, 311–314. doi:10.1038/nature12833

Delmas, P. (2004). The gating of polycystin signaling complex.
Biological
Research,
37,
681–691.
doi:10.4067/S071697602004000400026
Delmas, P. (2005). Polycystins: Polymodal receptor/ion-channel cellular
sensors. Pfl€
ugers Archiv, 451, 264–276. doi:10.1007/s00424-0051431-5
Denman-Johnson, K., & Forge, A. (1999). Establishment of hair bundle
polarity and orientation in the developing vestibular system of the
doi:10.1023/
mouse. Journal of Neurocytology, 28, 821–835.
A:1007061819934
Dervan, A.G., & Roberts, B.L. (2003). Reaction of spinal cord central
canal cells to cord transection and their contribution to cord regeneration. Journal of Comparative Neurology, 458, 293–306. doi:10.
1002/cne.10594
Di Terlizzi, R., & Platt, S. (2006). The function, composition and analysis of cerebrospinal fluid in companion animals: Part I – Function
and composition. Veterinary Journal, 172, 422–431. doi:10.1016/j.
tvjl.2005.07.021
Djenoune, L., Desban, L., Gomez, J., Sternberg, J.R., Prendergast, A.,
Langui, D., … Wyart, C. (2017). The dual developmental origin of
spinal cerebrospinal fluid-contacting neurons gives rise to distinct
functional subtypes. Scientific Reports, 7, 719. doi:10.1038/s41598017-00350-1
Djenoune, L., Khabou, H., Joubert, F., Quan, F.B., Nunes Figueiredo, S.,
Bodineau, L., … Wyart, C. (2014). Investigation of spinal cerebrospinal fluid-contacting neurons expressing PKD2L1: Evidence for a
conserved system from fish to primates. Frontiers in Neuroanatomy,
8, 26. doi:10.3389/fnana.2014.00026
Dougherty, K.J., & Kiehn, O. (2010a). Firing and cellular properties of
V2a interneurons in the rodent spinal cord. Journal of Neuroscience,
30, 24–37. doi:10.1523/JNEUROSCI.4821-09.2010
Dougherty, K.J., & Kiehn, O. (2010b). Functional organization of V2arelated locomotor circuits in the rodent spinal cord. Annals of the
New York Academy of Sciences, 1198, 85–93. doi:10.1111/j.17496632.2010.05502.x
Du, J., Yang, X., Zhang, L., & Zeng, Y.M. (2009). Expression of TRPM8
in the distal cerebrospinal fluid-contacting neurons in the brain mesencephalon of rats. Cerebrospinal Fluid Research, 6, 3. doi:10.1186/
1743-8454-6-3
Dunn, P.M., Zhong, Y., & Burnstock, G. (2001). P2X receptors in peripheral neurons. Progress in Neurobiology, 65, 107–134. doi:10.1016/
S0301-0082(01)00005-3
Feldblum, S., Dumoulin, A., Anoal, M., Sandillon, F., & Privat, A.
(1995). Comparative distribution of GAD65 and GAD67 mRNAs
and proteins in the rat spinal cord supports a differential regulation
of these two glutamate decarboxylases in vivo. Journal of
Neuroscience Research, 42, 742–757. doi:10.1002/jnr.490420603
Ferguson, I.A., Schweitzer, J.B., Bartlett, P.F., & Johnson, E.M.
Jr.(1991). Receptor-mediated retrograde transport in CNS neurons
after intraventricular administration of NGF and growth factors.
Journal of Comparative Neurology, 313, 680–692. doi:10.1002/cne.
903130411
Fernandez-Lopez, B., Villar-Cervino, V., Valle-Maroto, S.M., BarreiroIglesias, A., Anadon, R., & Rodicio, M.C. (2012). The glutamatergic
neurons in the spinal cord of the sea lamprey: An in situ hybridization and immunohistochemical study. PLoS One, 7, e47898. doi:10.
1371/journal.pone.0047898
Fidelin, K., Djenoune, L., Stokes, C., Prendergast, A., Gomez, J.,
Baradel, A., … Wyart, C. (2015). State-dependent modulation of
locomotion by GABAergic spinal sensory neurons. Current Biology,
25, 3035–3047. doi:10.1016/j.cub.2015.09.070
Flock, A., & Duvall, A.J. 3rd. (1965). The ultrastructure of the kinocilium of the sensory cells in the inner ear and lateral line organs.
Journal of Cell Biology, 25, 1–8. doi:10.1083/jcb.25.1.1
Frolenkov, G.I., Belyantseva, I.A., Friedman, T.B., & Griffith, A.J.
(2004). Genetic insights into the morphogenesis of inner ear hair
cells. Nature Reviews Genetics, 5, 489–498. doi:10.1038/nrg1377
Gato, A., Martin, P., Alonso, M.I., Martin, C., Pulgar, M.A., & Moro,
J.A. (2004). Analysis of cerebro-spinal fluid protein composition in
early developmental stages in chick embryos. Journal of Experimental

Downloaded by [132.183.142.172] at 06:12 10 August 2017

JOURNAL OF NEUROGENETICS

Zoology. Part A, Comparative Experimental Biology, 301, 280–289.
doi:10.1002/jez.a.20035
Gato, A., Moro, J.A., Alonso, M.I., Bueno, D., De La Mano, A., &
Martin, C. (2005). Embryonic cerebrospinal fluid regulates neuroepithelial survival, proliferation, and neurogenesis in chick embryos.
Anatomical Record. Part A, Discoveries in Molecular, Cellular, and
Evolutionary Biology, 284, 475–484. doi:10.1002/ar.a.20185
Grillner, L., & Blomberg, I. (1984). Restriction enzyme analysis of
human cytomegalovirus using DNA extracted from infected cells.
Journal of Medical Virology, 14, 313–322.
doi:10.1002/jmv.
1890140404
Guglielmone, R., & Panzica, G.C. (1985). Early appearance of catecholaminergic neurons in the central nervous system of precocial and
altricial avian species. A fluorescence-histochemical study. Cell and
Tissue Research, 240, 381–384. doi:10.1007/BF00222349
Heathcote, R.D., & Chen, A. (1993). A nonrandom interneuronal pattern in the developing frog spinal cord. Journal of Comparative
Neurology, 328, 437–448. doi:10.1002/cne.903280309
Heintzelman, M.B., & Mooseker, M.S. (1992). Assembly of the intestinal brush border cytoskeleton. Current Topics in Developmental
Biology, 26, 93–122.
Higashijima, S., Mandel, G., & Fetcho, J.R. (2004). Distribution of prospective glutamatergic, glycinergic, and GABAergic neurons in
embryonic and larval zebrafish. Journal of Comparative Neurology,
480, 1–18. doi:10.1002/cne.20278
Higashijima, S., Schaefer, M., & Fetcho, J.R. (2004). Neurotransmitter
properties of spinal interneurons in embryonic and larval zebrafish.
Journal of Comparative Neurology, 480, 19–37. doi:10.1002/cne.
20279
Higuchi, T., Shimizu, T., Fujii, T., Nilius, B., & Sakai, H. (2014). Gating
modulation by heat of the polycystin transient receptor potential
channel PKD2L1 (TRPP3). Pfl€
ugers Archiv, 466, 1933–1940. doi:10.
1007/s00424-013-1439-1
Horner, P.J., & Gage, F.H. (2000). Regenerating the damaged central
nervous system. Nature, 407, 963–970. doi:10.1038/35039559
Huang, A.L., Chen, X., Hoon, M.A., Chandrashekar, J., Guo, W.,
Trankner, D., … Zuker, C.S. (2006). The cells and logic for mammalian sour taste detection. Nature, 442, 934–938. doi:10.1038/
nature05084
Hubbard, J.M., Bohm, U.L., Prendergast, A., Tseng, P.B., Newman, M.,
Stokes, C., & Wyart, C. (2016). Intraspinal sensory neurons provide
powerful inhibition to motor circuits ensuring postural control during locomotion. Current Biology, 26, 2841–2853. doi:10.1016/j.cub.
2016.08.026
Hugnot, J.P., & Franzen, R. (2011). The spinal cord ependymal region:
A stem cell niche in the caudal central nervous system. Frontiers in
Bioscience (Landmark Ed), 16, 1044–1059. doi:10.2741/3734
Iliff, J.J., Wang, M., Liao, Y., Plogg, B.A., Peng, W., Gundersen, G.A.,
… Nedergaard, M. (2012). A paravascular pathway facilitates CSF
flow through the brain parenchyma and the clearance of interstitial
solutes, including amyloid beta. Science Translational Medicine, 4,
147ra111. doi: 10.1126/scitranslmed.3003748 4/147/147ra111
Inada, H., Kawabata, F., Ishimaru, Y., Fushiki, T., Matsunami, H., &
Tominaga, M. (2008). Off-response property of an acid-activated cation channel complex PKD1L3-PKD2L1. EMBO Reports, 9, 690–697.
doi:10.1038/embor.2008.89
Ishii, S., Kurokawa, A., Kishi, M., Yamagami, K., Okada, S., Ishimaru,
Y., & Misaka, T. (2012). The response of PKD1L3/PKD2L1 to acid
stimuli is inhibited by capsaicin and its pungent analogs. FEBS
Journal, 279, 1857–1870. doi:10.1111/j.1742-4658.2012.08566.x
Ishii, S., Misaka, T., Kishi, M., Kaga, T., Ishimaru, Y., & Abe, K. (2009).
Acetic acid activates PKD1L3-PKD2L1 channel-a candidate sour
taste
receptor.
Biochemical
and
Biophysical
Research
Communications, 385, 346–350. doi:10.1016/j.bbrc.2009.05.069
Ishimaru, Y., Inada, H., Kubota, M., Zhuang, H., Tominaga, M., &
Matsunami, H. (2006). Transient receptor potential family members
PKD1L3 and PKD2L1 form a candidate sour taste receptor.
Proceedings of the National Academy of Sciences of the United States
of America, 103, 12569–12574. doi:10.1073/pnas.0602702103

11

Ishimaru, Y., Katano, Y., Yamamoto, K., Akiba, M., Misaka, T.,
Roberts, R.W., … Abe, K. (2010). Interaction between PKD1L3 and
PKD2L1 through their transmembrane domains is required for localization of PKD2L1 at taste pores in taste cells of circumvallate and
foliate papillae. FASEB Journal, 24, 4058–4067. doi:10.1096/fj.10162925
Ishimaru, Y., & Matsunami, H. (2009). Transient receptor potential
(TRP) channels and taste sensation. Journal of Dental Research, 88,
212–218. doi:10.1177/0022034508330212
Jaeger, C.B., Teitelman, G., Joh, T.H., Albert, V.R., Park, D.H., & Reis,
D.J. (1983). Some neurons of the rat central nervous system contain
aromatic-l-amino-acid decarboxylase but not monoamines. Science,
219, 1233–1235. doi:10.1126/science.6131537
Jalalvand, E., Robertson, B., Wallen, P., Hill, R.H., & Grillner, S. (2014).
Laterally projecting cerebrospinal fluid-contacting cells in the lamprey spinal cord are of two distinct types. Journal of Comparative
Neurology, 522, Spc1. doi:10.1002/cne.23584
Johansson, C.B., Momma, S., Clarke, D.L., Risling, M., Lendahl, U., &
Frisen, J. (1999). Identification of a neural stem cell in the adult
mammalian central nervous system. Cell, 96, 25–34. doi:10.1016/
S0092-8674(00)80956-3
Kaduri, A.J., Magoul, R., Lescaudron, L., Campistron, G., & Calas, A.
(1987). Immunocytochemical approach of GABAergic innervation of
the mouse spinal cord using antibodies to GABA. Journal f€
ur
Hirnforschung, 28, 349–355.
Kasaian, M.T., & Neet, K.E. (1989). Nerve growth factor in human
amniotic and cerebrospinal fluid. Biofactors, 2, 99–104.
Kawaguchi, H., Yamanaka, A., Uchida, K., Shibasaki, K., Sokabe, T.,
Maruyama, Y., … Tominaga, M. (2010). Activation of polycystic
kidney disease-2-like 1 (PKD2L1)-PKD1L3 complex by acid in
mouse taste cells. Journal of Biological Chemistry, 285, 17277–17281.
doi:10.1074/jbc.C110.132944
Khakh, B.S. (2001). Molecular physiology of P2X receptors and ATP
signalling at synapses. Nature Reviews Neuroscience, 2, 165–174.
doi:10.1038/35058521
Kikuchi, K., & Hilding, D.A. (1966). The development of the stria vascularis in the mouse. Acta Otolaryngologica, 62, 277–291. doi:10.
3109/00016486609119573
Kilpatrick, D.L., Jones, B.N., Kojima, K., & Udenfriend, S. (1981).
Identification of the octapeptide [Met]enkephalin-Arg6-Gly7-Leu8 in
extracts of bovine adrenal medulla. Biochemical and Biophysical
Research Communications, 103, 698–705.
doi:10.1016/0006291X(81)90506-4
Kindt, K.S., Finch, G., & Nicolson, T. (2012). Kinocilia mediate mechanosensitivity in developing zebrafish hair cells. Developmental Cell,
23, 329–341. doi:10.1016/j.devcel.2012.05.022
Kolmer, W. (1921). Das “Sagittalorgan” der Wirbeltiere. Zeitschrift F€
ur
Anatomie Und Entwicklungsgeschichte, 60, 652–717. doi:10.1007/
BF02593657
€
Kolmer, W. (1931). Uber
das Sagittalorgan, ein zentrales Sinnesorgan
der Wirbeltiere, insbesondere beim Affen. Zeitschrift F€
ur
Zellforschung Und Mikroskopische Anatomie, 13, 236–248. doi:10.
1007/BF00406356
Kutna, V., Sevc, J., Gombalova, Z., Matiasova, A., & Daxnerova, Z.
(2014). Enigmatic cerebrospinal fluid-contacting neurons arise even
after the termination of neurogenesis in the rat spinal cord during
embryonic development and retain their immature-like characteristics until adulthood. Acta Histochemica, 116, 278–285. doi:10.1016/j.
acthis.2013.08.004
LaMotte, C.C. (1987). Vasoactive intestinal polypeptide cerebrospinal
fluid-contacting neurons of the monkey and cat spinal central canal.
Journal of Comparative Neurology, 258, 527–541. doi:10.1002/cne.
902580405
Lehtinen, M.K., Zappaterra, M.W., Chen, X., Yang, Y.J., Hill, A.D.,
Lun, M., … Walsh, C.A. (2011). The cerebrospinal fluid provides a
proliferative niche for neural progenitor cells. Neuron, 69, 893–905.
doi:10.1016/j.neuron.2011.01.023
Lenhossek, M. (1895). Der feinere Bau des Nervensystems. Berlin:
Fischer’s Medicin.

Downloaded by [132.183.142.172] at 06:12 10 August 2017

12

L. DJENOUNE AND C. WYART

Leonhardt, H. (1967). Neurosecretory structures in the 4th ventricle
and central canal of the rabbit. Verhandlungen der Anatomischen
Gesellschaft, 62, 95–102.
Lerner, R.A., Siuzdak, G., Prospero-Garcia, O., Henriksen, S.J., Boger,
D.L., & Cravatt, B.F. (1994). Cerebrodiene: A brain lipid isolated
from sleep-deprived cats. Proceedings of the National Academy of
Sciences of the United States of America, 91, 9505–9508. doi:10.1073/
pnas.91.20.9505
Li, F., Dai, X.Q., Li, Q., Wu, Y., & Chen, X.Z. (2006). Inhibition of polycystin-l channel by the Chinese herb Sparganum stoloniferum
Buch.-Ham. Canadian Journal of Physiology and Pharmacology, 84,
923–927. doi:10.1139/y06-040
Li, Q., Dai, X.Q., Shen, P.Y., Wu, Y., Long, W., Chen, C.X., … Chen,
X.Z. (2007). Direct binding of alpha-actinin enhances TRPP3 channel activity. Journal of Neurochemistry, 103, 2391–2400. doi:10.1111/
j.1471-4159.2007.04940.x
Liu, Y., Li, Q., Tan, M., Zhang, Y.Y., Karpinski, E., Zhou, J., & Chen,
X.Z. (2002). Modulation of the human polycystin-l channel by voltage and divalent cations. FEBS Letters, 525, 71–76. doi:10.1016/
S0014-5793(02)03071-5
Lopez, J.M., Moreno, N., Morona, R., Munoz, M., Dominguez, L., &
Gonzalez, A. (2007). Distribution of somatostatin-like immunoreactivity in the brain of the caecilian Dermophis mexicanus (Amphibia:
Gymnophiona): Comparative aspects in amphibians. Journal of
Comparative Neurology, 501, 413–430. doi:10.1002/cne.21244
Mackie, M., Hughes, D.I., Maxwell, D.J., Tillakaratne, N.J., & Todd, A.J.
(2003). Distribution and colocalisation of glutamate decarboxylase
isoforms in the rat spinal cord. Neuroscience, 119, 461–472. doi:10.
1016/S0306-4522(03)00174-X
Magoul, R., Onteniente, B., Geffard, M., & Calas, A. (1987). Anatomical
distribution and ultrastructural organization of the GABAergic system in the rat spinal cord. An immunocytochemical study using
anti-GABA antibodies. Neuroscience, 20, 1001–1009. doi:10.1016/
0306-4522(87)90258-2
Margeta-Mitrovic, M., Mitrovic, I., Riley, R.C., Jan, L.Y., & Basbaum,
A.I. (1999). Immunohistochemical localization of GABA(B) receptors
in the rat central nervous system. Journal of Comparative Neurology,
405, 299–321. doi:10.1002/(SICI)1096-9861(19990315)405:3 < 299::
AID-CNE2 > 3.0.CO;2-6
Marichal, N., Garcia, G., Radmilovich, M., Trujillo-Cenoz, O., & Russo,
R.E. (2009). Enigmatic central canal contacting cells: Immature neurons in “standby mode”? Journal of Neuroscience, 29, 10010–10024.
doi:10.1523/JNEUROSCI.6183-08.2009
Martin, F.H., Seoane, J.R., & Baile, C.A. (1973). Feeding in satiated
sheep elicited by intraventricular injections of CSF from fasted
sheep. Life Sciences, 13, 177–184. doi:10.1016/0024-3205(73)90193-8
Martin, K., & Groves, A.K. (2006). Competence of cranial ectoderm to
respond to Fgf signaling suggests a two-step model of otic placode
induction. Development, 133, 877–887. doi:10.1242/dev.02267
Martin, S.C., Heinrich, G., & Sandell, J.H. (1998). Sequence and
expression of glutamic acid decarboxylase isoforms in the
developing zebrafish. Journal of Comparative Neurology, 396,
253–266. doi:10.1002/(SICI)1096-9861(19980629)396:2 < 253::AIDCNE9 > 3.0.CO;2-#
Mayer, M.L., & Westbrook, G.L. (1987). The physiology of excitatory
amino acids in the vertebrate central nervous system. Progress in
Neurobiology, 28, 197–276. doi:10.1016/0301-0082(87)90011-6
McLean, D.L., Fan, J., Higashijima, S., Hale, M.E., & Fetcho, J.R.
(2007). A topographic map of recruitment in spinal cord. Nature,
446, 71–75. doi:10.1038/nature05588
McLean, D.L., Masino, M.A., Koh, I.Y., Lindquist, W.B., & Fetcho, J.R.
(2008). Continuous shifts in the active set of spinal interneurons
during changes in locomotor speed. Nature Neuroscience, 11,
1419–1429. doi:10.1038/nn.2225
McPherson, D.R., & Kemnitz, C.P. (1994). Modulation of lamprey fictive swimming and motoneuron physiology by dopamine, and its
immunocytochemical localization in the spinal cord. Neuroscience
Letters, 166, 23–26. doi:10.1016/0304-3940(94)90831-1
Megias, M., Alvarez-Otero, R., & Pombal, M.A. (2003). Calbindin and
calretinin immunoreactivities identify different types of neurons in

the adult lamprey spinal cord. Journal of Comparative Neurology,
455, 72–85. doi:10.1002/cne.10473
Melendez-Ferro, M., Perez-Costas, E., Villar-Cheda, B., RodriguezMunoz, R., Anadon, R., & Rodicio, M.C. (2003). Ontogeny of
gamma-aminobutyric acid-immunoreactive neurons in the rhombencephalon and spinal cord of the sea lamprey. Journal of Comparative
Neurology, 464, 17–35. doi:10.1002/cne.10773
Menelaou, E., VanDunk, C., & McLean, D.L. (2014). Differences in the
morphology of spinal V2a neurons reflect their recruitment order
during swimming in larval zebrafish. Journal of Comparative
Neurology, 522, 1232–1248. doi:10.1002/cne.23465
Miyan, J.A., Zendah, M., Mashayekhi, F., & Owen-Lynch, P.J. (2006).
Cerebrospinal fluid supports viability and proliferation of cortical
cells in vitro, mirroring in vivo development. Cerebrospinal Fluid
Research, 3, 2. doi:10.1186/1743-8454-3-2
Montgomery, J.E., Wiggin, T.D., Rivera-Perez, L.M., Lillesaar, C., &
Masino, M.A. (2016). Intraspinal serotonergic neurons consist of
two, temporally distinct populations in developing zebrafish.
Developmental Neurobiology, 76, 673–687. doi:10.1002/dneu.22352
Mufson, E.J., Kroin, J.S., Sendera, T.J., & Sobreviela, T. (1999).
Distribution and retrograde transport of trophic factors in the central nervous system: Functional implications for the treatment of
neurodegenerative diseases. Progress in Neurobiology, 57, 451–484.
doi:10.1016/S0301-0082(98)00059-8
Murakami, M., Ohba, T., Xu, F., Shida, S., Satoh, E., Ono, K., …
Iijima, T. (2005). Genomic organization and functional analysis of
murine PKD2L1. Journal of Biological Chemistry, 280, 5626–5635.
doi:10.1074/jbc.M411496200
Nagatsu, I., Sakai, M., Yoshida, M., & Nagatsu, T. (1988). Aromatic lamino acid decarboxylase-immunoreactive neurons in and around
the cerebrospinal fluid-contacting neurons of the central canal
do not contain dopamine or serotonin in the mouse and rat
spinal cord. Brain Research, 475, 91–102.
doi:10.1016/00068993(88)90202-8
Nakane, Y., Shimmura, T., Abe, H., & Yoshimura, T. (2014). Intrinsic
photosensitivity of a deep brain photoreceptor. Current Biology, 24,
R596–R597. doi:10.1016/j.cub.2014.05.038
Nauli, S.M., White, C.R., Hull, A.D., & Pearce, W.J. (2003). Maturation
alters cyclic nucleotide and relaxation responses to nitric oxide
donors in ovine cerebral arteries. Biology of the Neonate, 83,
123–135. doi:10.1159/000067959
Nicholson, C. (1999). Signals that go with the flow. Trends in
Neurosciences, 22, 143–145. doi:10.1016/S0166-2236(98)01388-5
Nilius, B. (2007). Transient receptor potential (TRP) cation channels:
Rewarding unique proteins. Bulletin et memoires de l'Academie royale de medecine de Belgique, 162, 244–253.
Nilius, B., & Owsianik, G. (2011). The transient receptor potential family of ion channels. Genome Biology, 12, 218. doi:10.1186/gb-201112-3-218
Nishino, S., Ripley, B., Overeem, S., Nevsimalova, S., Lammers, G.J.,
Vankova, J., … Mignot, E. (2001). Low cerebrospinal fluid hypocretin (Orexin) and altered energy homeostasis in human narcolepsy.
Annals of Neurology, 50, 381–388. doi:10.1002/ana.1130
North, R.A., & Surprenant, A. (2000). Pharmacology of cloned P2X
receptors. Annual Review of Pharmacology and Toxicology, 40,
563–580. doi:10.1146/annurev.pharmtox.40.1.563
O'Connell, J.E. (1970). Cerebrospinal fluid mechanics. Proceedings of
the Royal Society of Medicine, 63, 507–518.
Ochi, J., & Hosoya, Y. (1974). Fluorescence microscopic differentiation
of monoamines in the hypothalamus and spinal cord of the lamprey,
using a new filter system. Histochemistry, 40, 263–266. doi:10.1007/
BF00501961
Ochi, J., Yamamoto, T., & Hosoya, Y. (1979). Comparative study of the
monoamine neuron system in the spinal cord of the lamprey and
hagfish. Archivum Histologicum Japonicum, 42, 327–336. doi:10.
1679/aohc1950.42.327
Orts Del'immagine, A., Seddik, R., Tell, F., Airault, C., Er-Raoui, G.,
Najimi, M., … Wanaverbecq, N. (2015). A single polycystic kidney
disease 2-like 1 channel opening acts as a spike generator in

Downloaded by [132.183.142.172] at 06:12 10 August 2017

JOURNAL OF NEUROGENETICS

cerebrospinal fluid-contacting neurons of adult mouse brainstem.
Neuropharmacology. doi:10.1016/j.neuropharm.2015.07.030
Orts-Del'immagine, A., Kastner, A., Tillement, V., Tardivel, C.,
Trouslard, J., & Wanaverbecq, N. (2014). Morphology, distribution
and phenotype of polycystin kidney disease 2-like 1-positive cerebrospinal fluid contacting neurons in the brainstem of adult mice. PLoS
One, 9, e87748. doi:10.1371/journal.pone.0087748
Orts-Del'immagine, A., Wanaverbecq, N., Tardivel, C., Tillement, V.,
Dallaporta, M., & Trouslard, J. (2012). Properties of subependymal
cerebrospinal fluid contacting neurones in the dorsal vagal complex
of the mouse brainstem. Journal of Physiology, 590(Pt 16),
3719–3741. doi:10.1113/jphysiol.2012.227959
Pappenheimer, J.R., Miller, T.B., & Goodrich, C.A. (1967). Sleep-promoting effects of cerebrospinal fluid from sleep-deprived goats.
Proceedings of the National Academy of Sciences of the United States
of America, 58, 513–517. doi:10.1073/pnas.58.2.513
Parada, C., Gato, A., Aparicio, M., & Bueno, D. (2006). Proteome analysis of chick embryonic cerebrospinal fluid. Proteomics, 6, 312–320.
doi:10.1002/pmic.200500085
Parada, C., Gato, A., & Bueno, D. (2005). Mammalian embryonic cerebrospinal fluid proteome has greater apolipoprotein and enzyme pattern complexity than the avian proteome. Journal of Proteome
Research, 4, 2420–2428. doi:10.1021/pr050213t
Parent, A., & Northcutt, R.G. (1982). The monoamine-containing neurons in the brain of the garfish, Lepisosteus osseus. Brain Research
Bulletin, 9, 189–204. doi:10.1016/0361-9230(82)90132-0
Park, H.C., Shin, J., & Appel, B. (2004). Spatial and temporal regulation
of ventral spinal cord precursor specification by Hedgehog signaling.
Development, 131, 5959–5969. doi:10.1242/dev.01456
Perez, J., Garrido, O., Cifuentes, M., Alonso, F.J., Estivill-Torrus, G.,
Eller, G., … Rodriguez, E.M. (1996). Bovine Reissner's fiber (RF)
and the central canal of the spinal cord: An immunocytochemical
study using a set of monoclonal antibodies against the RF-glycoproteins. Cell and Tissue Research, 286, 33–42.
doi:10.1007/
s004410050672
Pierre, J., Mahouche, M., Suderevskaya, E.I., Reperant, J., & Ward, R.
(1997). Immunocytochemical localization of dopamine and its synthetic enzymes in the central nervous system of the lamprey
Lampetra fluviatilis. Journal of Comparative Neurology, 380, 119–135.
doi:10.1002/(SICI)1096-9861(19970331)380:1 < 119::AID-CNE9 > 3.0.
CO;2-3
Pollay, M., & Curl, F. (1967). Secretion of cerebrospinal fluid by the
ventricular ependyma of the rabbit. American Journal of Physiology,
213, 1031–1038.
Pombal, M.A., El Manira, A., & Grillner, S. (1997). Afferents of the
lamprey striatum with special reference to the dopaminergic system:
A combined tracing and immunohistochemical study. Journal of
Comparative Neurology, 386, 71–91.
doi:10.1002/(SICI)10969861(19970915)386:1 < 71::AID-CNE8 > 3.0.CO;2-A
Quan, F.B., Dubessy, C., Galant, S., Kenigfest, N.B., Djenoune, L.,
Leprince, J., … Tostivint, H. (2015). Comparative distribution and
in vitro activities of the urotensin II-related peptides URP1 and
URP2 in zebrafish: Evidence for their colocalization in spinal cerebrospinal fluid-contacting neurons. PLoS One, 10, e0119290. doi:10.
1371/journal.pone.0119290
Ramirez-Boo, M., Priego-Capote, F., Hainard, A., Gluck, F., Burkhard,
P., & Sanchez, J.C. (2012). Characterization of the glycated human
cerebrospinal fluid proteome. Journal of Proteomics, 75, 4766–4782.
doi:10.1016/j.jprot.2012.01.017
Ramsey, I.S., Delling, M., & Clapham, D.E. (2006). An introduction to
TRP channels. Annual Review of Physiology, 68, 619–647. doi:10.
1146/annurev.physiol.68.040204.100431
Reali, C., Fernandez, A., Radmilovich, M., Trujillo-Cenoz, O., & Russo,
R.E. (2011). GABAergic signalling in a neurogenic niche of the turtle
spinal cord. Journal of Physiology (London), 589, 5633–5647. doi:10.
1113/jphysiol.2011.214312
Reiber, H. (2003). Proteins in cerebrospinal fluid and blood: Barriers,
CSF flow rate and source-related dynamics. Restorative Neurology
and Neuroscience, 21, 79–96.

13

Reiber, H., & Peter, J.B. (2001). Cerebrospinal fluid analysis: Diseaserelated data patterns and evaluation programs. Journal of the
Neurological Sciences, 184, 101–122.
doi:10.1016/S0022510X(00)00501-3
Roberts, A., & Clarke, J.D. (1982). The neuroanatomy of an amphibian
embryo spinal cord. Philosophical Transactions of the Royal Society
of London. Series B, Biological Sciences, 296, 195–212. doi:10.1098/
rstb.1982.0002
Roberts, B.L., Maslam, S., Scholten, G., & Smit, W. (1995).
Dopaminergic and GABAergic cerebrospinal fluid-contacting neurons along the central canal of the spinal cord of the eel and trout.
Journal of Comparative Neurology, 354, 423–437. doi:10.1002/cne.
903540310
Roberts, B.L., & Meredith, G.E. (1987). Immunohistochemical study of
a dopaminergic system in the spinal cord of the ray, Raja radiata.
Brain Research, 437, 171–175. doi:10.1016/0006-8993(87)91540-X
Roberts,
B.L.,
Meredith,
G.E.,
&
Maslam,
S.
(1989).
Immunocytochemical analysis of the dopamine system in the brain
and spinal cord of the European eel, Anguilla anguilla. Anatomy and
Embryology (Berl), 180, 401–412. doi:10.1007/BF00311171
Robertson, B., Auclair, F., Menard, A., Grillner, S., & Dubuc, R. (2007).
GABA distribution in lamprey is phylogenetically conserved. Journal
of Comparative Neurology, 503, 47–63. doi:10.1002/cne.21348
Rodicio, M.C., Villar-Cervino, V., Barreiro-Iglesias, A., & Anadon, R.
(2008). Colocalization of dopamine and GABA in spinal cord neurones in the sea lamprey. Brain Research Bulletin, 76, 45–49. doi:10.
1016/j.brainresbull.2007.10.062
Ruiz, Y., Pombal, M.A., & Megias, M. (2004). Development of GABAimmunoreactive cells in the spinal cord of the sea lamprey, P. marinus. Journal of Comparative Neurology, 470, 151–163. doi:10.1002/
cne.11032
Sabelstrom, H., Stenudd, M., Reu, P., Dias, D.O., Elfineh, M., Zdunek,
S., … Frisen, J. (2013). Resident neural stem cells restrict tissue
damage and neuronal loss after spinal cord injury in mice. Science,
342, 637–640. doi:10.1126/science.1242576
Sabourin, J.C., Ackema, K.B., Ohayon, D., Guichet, P.O., Perrin, F.E.,
Garces, A., … Hugnot, J.P. (2009). A mesenchymal-like ZEB1(þ)
niche harbors dorsal radial glial fibrillary acidic protein-positive stem
cells in the spinal cord. Stem Cells, 27, 2722–2733. doi:10.1002/stem.
226
Sako, H., Kojima, T., & Okado, N. (1986). Immunohistochemical study
on the development of serotoninergic neurons in the chick: II.
Distribution of cell bodies and fibers in the spinal cord. Journal of
Comparative Neurology, 253, 79–91. doi:10.1002/cne.902530107
Sandford, R., Mulroy, S., & Foggensteiner, L. (1999). The polycystins: A
novel class of membrane-associated proteins involved in renal cystic
disease. Cellular and Molecular Life Sciences, 56, 567–579. doi:10.
1007/s000180050454
Sawamoto, K., Wichterle, H., Gonzalez-Perez, O., Cholfin, J.A.,
Yamada, M., Spassky, N., … Alvarez-Buylla, A. (2006). New neurons follow the flow of cerebrospinal fluid in the adult brain.
Science, 311, 629–632. doi: 1119133 10.1126/science.1119133
Schafer, M., Kinzel, D., & Winkler, C. (2007). Discontinuous organization and specification of the lateral floor plate in zebrafish.
Developmental Biology, 301, 117–129. doi:10.1016/j.ydbio.2006.09.018
Schotland, J., Shupliakov, O., Wikstrom, M., Brodin, L., Srinivasan, M.,
You, Z.B., … Grillner, S. (1995). Control of lamprey locomotor
neurons by colocalized monoamine transmitters. Nature, 374,
266–268. doi:10.1038/374266a0
Schotland, J.L., Shupliakov, O., Grillner, S., & Brodin, L. (1996).
Synaptic and nonsynaptic monoaminergic neuron systems in the
lamprey spinal cord. Journal of Comparative Neurology, 372,
229–244. doi:10.1002/(SICI)1096-9861(19960819)372:2 < 229::AIDCNE6 > 3.0.CO;2-5
Schueren, A.M., & DeSantis, M. (1985). Cellular heterogeneity in the
ependymal layer of the chicken's lumbosacral spinal cord.
Experimental Neurology, 87, 387–391.
Schwander, M., Kachar, B., & Muller, U. (2010). Review series: The cell
biology of hearing. Journal of Cell Biology, 190, 9–20. doi:10.1083/
jcb.201001138

Downloaded by [132.183.142.172] at 06:12 10 August 2017

14

L. DJENOUNE AND C. WYART

Seitz, R., Lohler, J., & Schwendemann, G. (1981). Ependyma and meninges of the spinal cord of the mouse. A light-and electron-microscopic study. Cell and Tissue Research, 220, 61–72. doi:10.1007/
BF00209966
Seki, T., & Arai, Y. (1993a). Distribution and possible roles of the
highly polysialylated neural cell adhesion molecule (NCAM-H) in
the developing and adult central nervous system. Neuroscience
Research, 17, 265–290.
Seki, T., & Arai, Y. (1993b). Highly polysialylated NCAM expression in
the developing and adult rat spinal cord. Brain Research.
Developmental Brain Research, 73, 141–145.
Shimizu, T., Higuchi, T., Fujii, T., Nilius, B., & Sakai, H. (2011).
Bimodal effect of alkalization on the polycystin transient receptor
potential channel, PKD2L1. Pfl€
ugers Archiv, 461, 507–513. doi:10.
1007/s00424-011-0934-5
Shimizu, T., Janssens, A., Voets, T., & Nilius, B. (2009). Regulation of
the murine TRPP3 channel by voltage, pH, and changes in cell volume. Pfl€
ugers Archiv, 457, 795–807. doi:10.1007/s00424-008-0558-6
Shimosegawa, T., Koizumi, M., Toyota, T., Goto, Y., Yanaihara, C., &
Yanaihara, N. (1986). An immunohistochemical study of methionine-enkephalin-Arg6-Gly7-Leu8-like immunoreactivity-containing
liquor-contacting neurons (LCNs) in the rat spinal cord. Brain
Research, 379, 1–9. doi:10.1016/0006-8993(86)90249-0
Shin, J., Poling, J., Park, H.C., & Appel, B. (2007). Notch signaling regulates neural precursor allocation and binary neuronal fate decisions
in zebrafish. Development, 134, 1911–1920. doi:10.1242/dev.001602
Sieghart, W. (1995). Structure and pharmacology of gamma-aminobutyric acid A receptor subtypes. Pharmacological Reviews, 47, 181–234.
Sims, T.J. (1977). The development of monamine-containing neurons
in the brain and spinal cord of the salamander, Ambystoma mexicanum. Journal of Comparative Neurology, 173, 319–336. doi:10.1002/
cne.901730208
Skinner, D.C., Caraty, A., Malpaux, B., & Evans, N.P. (1997).
Simultaneous measurement of gonadotropin-releasing hormone in
the third ventricular cerebrospinal fluid and hypophyseal portal
blood of the ewe. Endocrinology, 138, 4699–4704. doi:10.1210/endo.
138.11.5494
Skinner, D.C., & Malpaux, B. (1999). High melatonin concentrations in
third ventricular cerebrospinal fluid are not due to Galen vein blood
recirculating through the choroid plexus. Endocrinology, 140,
4399–4405. doi:10.1210/endo.140.10.7074
Skipor, J., & Thiery, J.C. (2008). The choroid plexus–cerebrospinal fluid
system: Undervaluated pathway of neuroendocrine signaling into the
brain. Acta Neurobiologiae Experimentalis (Wars), 68, 414–428.
Stil, A., Liabeuf, S., Jean-Xavier, C., Brocard, C., Viemari, J.C., & Vinay,
L. (2009). Developmental up-regulation of the potassium-chloride
cotransporter type 2 in the rat lumbar spinal cord. Neuroscience,
164, 809–821. doi:10.1016/j.neuroscience.2009.08.035
Stoeckel, M.E., Uhl-Bronner, S., Hugel, S., Veinante, P., Klein, M.J.,
Mutterer, J., … Schlichter, R. (2003). Cerebrospinal fluid-contacting
neurons in the rat spinal cord, a gamma-aminobutyric acidergic
system expressing the P2X2 subunit of purinergic receptors,
PSA-NCAM, and GAP-43 immunoreactivities: Light and electron
microscopic study. Journal of Comparative Neurology, 457, 159–174.
doi:10.1002/cne.10565
Sueiro, C., Carrera, I., Molist, P., Rodriguez-Moldes, I., & Anadon, R.
(2004). Distribution and development of glutamic acid decarboxylase
immunoreactivity in the spinal cord of the dogfish Scyliorhinus canicula (elasmobranchs). Journal of Comparative Neurology, 478,
189–206. doi:10.1002/cne.20285
Swan, E.E., Peppi, M., Chen, Z., Green, K.M., Evans, J.E., McKenna,
M.J., … Sewell, W.F. (2009). Proteomics analysis of perilymph and
cerebrospinal fluid in mouse. Laryngoscope, 119, 953–958. doi:10.
1002/lary.20209
Tanaka, K., & Smith, C.A. (1978). Structure of the chicken's inner ear:
SEM and TEM study. American Journal of Anatomy, 153, 251–271.
doi:10.1002/aja.1001530206
Trujillo-Cenoz, O., Fernandez, A., Radmilovich, M., Reali, C., & Russo,
R.E. (2007). Cytological organization of the central gelatinosa in the

turtle spinal cord. Journal of Comparative Neurology, 502, 291–308.
doi:10.1002/cne.21306
Uematsu, K., Shirasaki, M., & Storm-Mathisen, J. (1993). GABA- and
glycine-immunoreactive neurons in the spinal cord of the carp,
Cyprinus carpio. Journal of Comparative Neurology, 332, 59–68.
doi:10.1002/cne.903320105
Van Setten, G.B., Edstrom, L., Stibler, H., Rasmussen, S., & Schultz, G.
(1999). Levels of transforming growth factor alpha (TGF-alpha) in
human cerebrospinal fluid. International Journal of Developmental
Neuroscience, 17, 131–134. doi:10.1016/S0736-5748(98)00069-0
Venkatachalam, K., & Montell, C. (2007). TRP channels. Annual
Review of Biochemistry, 76, 387–417. doi:10.1146/annurev.biochem.
75.103004.142819
Vigh, B., Manzano e Silva, M.J., Frank, C.L., Vincze, C., Czirok, S.J.,
Szabo, A., … Szel, A. (2004). The system of cerebrospinal fluid-contacting neurons. Its supposed role in the nonsynaptic signal transmission of the brain. Histology and Histopathology, 19, 607–628.
Vigh, B., Teichmann, I., & Aros, B. (1969). The paraventricular organ
and liquor contact-neuron system. Verhandlungen der Anatomischen
Gesellschaft, 63, 683–688.
Vigh, B., & Vigh-Teichmann, I. (1971). Structure of the medullo-spinal
liquor-contacting neuronal system. Acta Biologica Academiae
Scientiarum Hungaricae, 22, 227–243.
Vigh, B., & Vigh-Teichmann, I. (1973). Comparative ultrastructure of
the cerebrospinal fluid-contacting neurons. International Review of
Cytology, 35, 189–251.
Vigh, B., & Vigh-Teichmann, I. (1981). Light- and electron-microscopic
demonstration of immunoreactive opsin in the pinealocytes of various vertebrates. Cell and Tissue Research, 221, 451–463. doi:10.1007/
BF00216748
Vigh, B., & Vigh-Teichmann, I. (1998). Actual problems of the cerebrospinal fluid-contacting neurons. Microscopy Research and Technique,
41, 57–83. doi:10.1002/(SICI)1097-0029(19980401)41:1 < 57::AIDJEMT6 > 3.0.CO;2-R
Vigh, B., Vigh-Teichmann, I., & Aros, B. (1970). Ultrastructure of the
CSF contacting neurons of the spinal cord in the newt, triturus cristatus. Acta Morphologica Academiae Scientiarum Hungaricae, 18,
369–382.
Vigh, B., Vigh-Teichmann, I., & Aros, B. (1971). Ultrastructure of the
CSF contacting neurons of the central canal of the spinal cord in the
carp (Cyprinus carpio). Zeitschrift fur Zellforschung und mikroskopische Anatomie, 122, 301–309. doi:10.1007/BF00935991
Vigh, B., Vigh-Teichmann, I., & Aros, B. (1974). Intraependymal cerebrospinal fluid contacting neurons and axon terminals on the external surface in the filum terminale of the carp (Cyprinus carpio). Cell
and Tissue Research, 148, 359–370. doi:10.1007/BF00224263
Vigh, B., Vigh-Teichmann, I., & Aros, B. (1977). Special dendritic and
axonal endings formed by the cerebrospinal fluid contacting neurons
of the spinal cord. Cell and Tissue Research, 183, 541–552. doi:10.
1007/BF00225666
Vigh, B., Vigh-Teichmann, I., Koritsanszky, S., & Aros, B. (1971).
Ultrastructure of the spinal CSF contacting neuronal system in the
white leghorn chicken. Acta Morphologica Academiae Scientiarum
Hungaricae, 19, 9–24.
Vigh, B., Vigh-Teichmann, I., Manzano e Silva, M.J., & van den Pol,
A.N. (1983). Cerebrospinal fluid-contacting neurons of the central
canal and terminal ventricle in various vertebrates. Cell and Tissue
Research, 231, 615–621. doi:10.1007/BF00218119
Vigh-Teichmann, I., & Vigh, B. (1979). A comparison of epithalamic,
hypothalamic and spinal neurosecretory terminals. Acta Biologica
Academiae Scientiarum Hungaricae, 30, 1–39.
Vigh-Teichmann, I., & Vigh, B. (1989). The cerebrospinal fluid-contacting neuron: A peculiar cell type of the central nervous system.
Immunocytochemical aspects. Archives of Histology and Cytology, 52
Suppl, 195–207. doi:10.1679/aohc.52.Suppl_195
Villar-Cervino, V., Holstein, G.R., Martinelli, G.P., Anadon, R., &
Rodicio, M.C. (2008). Glycine-immunoreactive neurons in the developing spinal cord of the sea lamprey: Comparison with the gammaaminobutyric acidergic system. Journal of Comparative Neurology,
508, 112–130. doi:10.1002/cne.21661

Downloaded by [132.183.142.172] at 06:12 10 August 2017

JOURNAL OF NEUROGENETICS

Vinay, L., Barthe, J.Y., & Grillner, S. (1996). Central modulation of
stretch receptor neurons during fictive locomotion in lamprey.
Journal of Neurophysiology, 76, 1224–1235.
Vio, K., Rodriguez, S., Yulis, C.R., Oliver, C., & Rodriguez, E.M. (2008).
The subcommissural organ of the rat secretes Reissner's fiber glycoproteins and CSF-soluble proteins reaching the internal and external
CSF compartments. Cerebrospinal Fluid Research, 5, 3. doi:10.1186/
1743-8454-5-3
Wallace, J.A., Mondragon, R.M., Allgood, P.C., Hoffman, T.J., & Maez,
R.R. (1987). Two populations of tyrosine hydroxylase-positive cells
occur in the spinal cord of the chick embryo and hatchling.
Neuroscience Letters, 83, 253–258. doi:10.1016/0304-3940(87)90095-4
Welch, K. (1963). Secretion of cerebrospinal fluid by choroid plexus of
the rabbit. American Journal of Physiology, 205, 617–624.
Welch, K. (1967). The secretion of cerebrospinal fluid by lamina epithelialis. Monographs in the Surgical Sciences, 4, 155–192.
Wersall, J. (1956). Studies on the structure and innervation of the sensory epithelium of the cristae ampulares in the guinea pig; a light
and electron microscopic investigation. Acta Otolaryngologica
Supplement, 126, 1–85.
Wyart, C., Del Bene, F., Warp, E., Scott, E.K., Trauner, D., Baier, H., &
Isacoff, E.Y. (2009). Optogenetic dissection of a behavioural module
in the vertebrate spinal cord. Nature, 461, 407–410. doi:10.1038/
nature08323
Xie, L., Kang, H., Xu, Q., Chen, M.J., Liao, Y., Thiyagarajan, M., …
Nedergaard, M. (2013). Sleep drives metabolite clearance from the
adult brain. Science, 342, 373–377. doi:10.1126/science.1241224
Yamada, J., Okabe, A., Toyoda, H., Kilb, W., Luhmann, H.J., &
Fukuda, A. (2004). Cl– uptake promoting depolarizing GABA
actions in immature rat neocortical neurones is mediated by
NKCC1. Journal of Physiology (London), 557, 829–841. doi:10.1113/
jphysiol.2004.062471
Yang, L., Rastegar, S., & Strahle, U. (2010). Regulatory interactions
specifying Kolmer–Agduhr interneurons. Development, 137,
2713–2722. doi:10.1242/dev.048470
Yeo, S.Y., & Chitnis, A.B. (2007). Jagged-mediated Notch signaling
maintains proliferating neural progenitors and regulates cell diversity
in the ventral spinal cord. Proceedings of the National Academy of

15

Sciences of the United States of America, 104, 5913–5918. doi:10.
1073/pnas.0607062104
Yu, Y., Ulbrich, M.H., Li, M.H., Dobbins, S., Zhang, W.K., Tong, L.,
… Yang, J. (2012). Molecular mechanism of the assembly of an
acid-sensing receptor ion channel complex. Nature Communications,
3, 1252. doi:10.1038/ncomms2257
Yuan, X., & Desiderio, D.M. (2005). Proteomics analysis of human
cerebrospinal fluid. Journal of Chromatography B: Analytical
Technologies in the Biomedical and Life Sciences, 815, 179–189.
doi:10.1016/j.jchromb.2004.06.044
Yulis, C.R., & Lederis, K. (1986). Extraurophyseal distribution of urotensin II immunoreactive neuronal perikarya and their processes.
Proceedings of the National Academy of Sciences of the United States
of America, 83, 7079–7083. doi:10.1073/pnas.83.18.7079
Yulis, C.R., & Lederis, K. (1988a). Occurrence of an anterior spinal,
cerebrospinal fluid-contacting, urotensin II neuronal system in various fish species. General and Comparative Endocrinology, 70,
301–311.
Yulis, C.R., & Lederis, K. (1988b). Relationship between urotensin IIand somatostatin-immunoreactive spinal cord neurons of
Catostomus commersoni and Oncorhynchus kisutch (Teleostei). Cell
and Tissue Research, 254, 539–542.
Zappaterra, M.D., Lisgo, S.N., Lindsay, S., Gygi, S.P., Walsh, C.A., &
Ballif, B.A. (2007). A comparative proteomic analysis of human and
rat embryonic cerebrospinal fluid. Journal of Proteome Research, 6,
3537–3548. doi:10.1021/pr070247w
Zhang, Y., Narayan, S., Geiman, E., Lanuza, G.M., Velasquez, T.,
Shanks, B., … Goulding, M. (2008). V3 spinal neurons establish a
robust and balanced locomotor rhythm during walking. Neuron, 60,
84–96. doi:10.1016/j.neuron.2008.09.027
Zheng, W., Hussein, S., Yang, J., Huang, J., Zhang, F., HernandezAnzaldo, S., … Chen, X.Z. (2015). A novel PKD2L1 C-terminal
domain critical for trimerization and channel function. Scientific
Reports, 5, 9460. doi:10.1038/srep09460
Zucchi, R., Chiellini, G., Scanlan, T.S., & Grandy, D.K. (2006). Trace
amine-associated receptors and their ligands. British Journal of
Pharmacology, 149, 967–978. doi:10.1038/sj.bjp.0706948

