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This is a useful study that seeks to elucidate the molecular mechanisms underlying spinal
motor circuit assembly. The authors demonstrate that loss of Onecut transcription factors
in spinal motor neurons affects the size and spatial distribution of pre-motor
interneurons. However, the study in its current form is incomplete: the data and analyses
do not fully support the main conclusion that Onecut acts through Neurotrophin-3 to
regulate interneuron development in a non-cell autonomous manner. The work will be of
broad interest to cell and developmental biologists.
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Abstract
The development of multicellular organisms requires proper interplays between cell-autonomous
genetic programs controlled by combinations of transcription factors that regulate the
differentiation of distinct cell populations and non-cell autonomous processes that coordinate the
proliferation, the fate, the survival, the respective location, and the proper interactions of these
populations. During the development of the nervous system, non-cell autonomous mechanisms
determine neuronal fate, survival, distribution, axon guidance, and connectivity. Although similar
processes are suggested to be at work in the formation of spinal motor circuits, the molecular
mechanisms involved remain mostly elusive. Here, we provide evidence that the Onecut
transcription factors regulate a non-cell autonomous mechanism that modulate pre-motor
interneuron development. We show that conditional inactivation of the Onecut factors in spinal
motor neurons affects the differentiation and the positioning of pre-motor interneuron
populations. We identify that Neurotrophin-3 produced by motor neurons under the control of the
Onecut factors non-cell autonomously regulate the production and the distribution of pre-motor
interneuron populations. Thus, we elucidated one of the non-cell autonomous mechanisms that
coordinate the formation of the spinal motor circuits.
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Introduction
The development of multicellular organisms requires the coordinated production and positioning
of a constellation of specialized cells exerting distinct but complementary functions. Specialization
of stem or progenitor cells into different cell types depends on the activation of distinct cell-
autonomous genetic programs that are controlled by time- and space-regulated combinations of
transcription factors (Allan and Thor, 2015     ; Sagner, 2024     ). However, this intrinsic regulation
additionally necessitates extrinsic mechanisms that coordinate the proliferation, the fate, the
survival, the respective location, and the proper interactions of these different cell populations
(Czesnick and Lenhard, 2015     ; Surya and Sarinay-Cenik, 2022     ; Williamson, 2023     ). These non-
cell autonomous processes, which rely on signals coming from the extracellular environment
including secreted molecules, cell-cell interaction through membrane receptors, changes in
electrical activity or mechanical forces (see for example (Choi et al., 2020     ; Guemez-Gamboa et
al., 2014     ; Lim et al., 2018     ; Pillai and Franze, 2024     ; Welniarz et al., 2017     )), have been less
extensively studied. Nevertheless, the emergent picture reveals a dynamic landscape where
signaling pathways, diffusible factors, cell activity and mechanical forces traverse cell membranes,
enabling cells to communicate, cooperate and adapt, to generate functional multicellular tissues or
organs.

During nervous system development, non-cell autonomous mechanisms determine neuronal fate,
survival, distribution, axon guidance, and connectivity. For example, Cajal-Retzius (CR) cells, a
transient class of neurons that populate the mantle zone of the mammalian cerebral cortex very
early during brain development, regulate the respective size of different cortical areas (Barber et
al., 2015     ), critically control the laminar organization of the neocortex through the secretion of
Reelin (reviewed in (Jossin, 2020     )) and of Nectin1 (Gil-Sanz et al., 2013     ), and their activity
alters survival and connectivity of pyramidal neurons (Riva et al., 2019     ). Inversely, CR cell
migration is controlled by an extracellular contingent of the homeoprotein Pax6 secreted by
cortical progenitors (Kaddour et al., 2020     ). The proliferation, survival and radial growth of
cortical progenitors and neurons are regulated by neurons that originate outside of the neocortex
(Causeret et al., 2011     ; Teissier et al., 2010     ). Reciprocally, the identity, connectivity and survival
of cortical interneurons (INs), which are born in subcortical ganglionic eminences and colonize
the neocortex during development, is determined by the type of cortical projection neurons they
approach (Lim et al., 2018     ; Wester et al., 2019     ), and their number and organization in the
marginal zone are controlled by non-muscle myosin II heavy chain-mediated regulation of radial
glial cell complexity and endfoot position (D’Arcy et al., 2023     ). Among cortical neurons, the
transcription factor Foxp2 produced in layers 5 and 6 of the cerebral cortex regulate in a non-cell
autonomous manner gene expression in projection neurons and the number of cortical INs (Co et
al., 2020     ). The distribution of cortical INs is also modulated by extrinsic signaling. The proto-
cadherin PCDH19 non-cell autonomously affects cell migration in medial ganglionic eminence
explants (Pancho et al., 2022     ), and netrin signaling determines the migration of cortical INs
(Yamagishi et al., 2020     ). In addition, axonal growth and neurite formation are modulated by
extrinsic processes. Cunningham and colleagues (Cunningham et al., 2022     ) demonstrated that
the complete genetic removal of the c-Jun N-terminal kinase gene, which is expressed in striatal,
guidepost and corridor cells, causes the inability of thalamocortical axons to cross the
diencephalon-telencephalon boundary, causing axonal misrouting to other cerebral areas. The
netrin receptor DCC controls midline crossing of the cortico-spinal tract in a non-cell autonomous
manner in mice, but not in humans (Welniarz et al., 2017     ), whereas lumican, an extracellular
proteoglycan secreted by corticospinal lateral neuronal populations, extrinsically suppresses
cervical collateralization by multiple corticospinal medial subpopulations (Itoh et al., 2023     ).
Inversely, the ascending axonal growth of rapidly adapting mechanoreceptors to the brainstem is
modulated by roof plate radial glial-like cells (Kridsada et al., 2018     ). Neuronal activity also
triggers non-cell autonomous processes. Activity-dependent BDNF release regulates the Glutamate-
GABA neurotransmitter switching in a non-cell autonomous manner in Xenopus (Guemez-Gamboa
et al., 2014     ), and the identity and position of dorsal root ganglia neurons in mice (Wright and
Ribera, 2010     ). In zebrafish, voltage-gated Na+ channels expressed in specific motor neuron (MN)
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subtypes regulate axonal projections of other MNs that do not produce them (Pineda et al.,
2006     ), and in the mouse GluR1-dependant activity regulates MN neurite formation and
connectivity in a cell autonomous and a non-cell autonomous manner (Zhang et al., 2008     ).
Finally, terminal maturation of neural circuit is coordinated by extrinsic cues. For example, critical
periods of heightened IN plasticity are defined by multiple non-cell autonomous signals, such as
brain-derived neurotrophic factor (BDNF), the synapse-regulating SPARCL1 glycoprotein, the
homeoprotein OTX2 or extracellular matrix components, produced by cortical or extra-cortical
sources (Bernard et al., 2016     ; Gibel-Russo et al., 2022     ; Vincent et al., 2021     ).

Furthermore, different pieces of published data suggest that similar coordination mechanisms are
also at work in the developing spinal cord. Body movements are regulated by neural circuits
located in ventral regions of the spinal cord and constituted of MNs, which directly innervate
skeletal muscles, and of multiple populations of pre-motor INs, the integrated actions of which
control the activity of the MNs (Cote et al., 2018     ). Some aspects of spinal motor circuit
development are reported to rely on non-cell autonomous mechanisms. Differentiating MNs
modulate the entry of MN progenitors into differentiation through a regulation of the Notch
pathway involving the six-transmembrane protein glycerophosphodiester phosphodiesterase 2
(GDE2) and disinhibition of the ADAM protease by release of the RECK activator from the MN
membrane(Park et al., 2013     ; Sabharwal et al., 2011     ). During V2 IN differentiation, the
transcription factor GATA2, which is present in progenitors and in differentiating V2 cells, regulate
in a non-cell autonomous manner the proliferation of neural progenitors through an unknown
mechanism (El Wakil et al., 2006     ). In zebrafish, early-born primary MN determine the GABAergic
phenotype of Kolmer–Agduhr INs (Seredick et al., 2014     ). Constitutive inactivation of Islet-1 (Isl1),
a transcription factor present in MNs and in dorsal dI3 INs, alters the development of V1 INs (Pfaff
et al., 1996     ). Similarly, the transcriptional regulator Bhlhb5 influences the generation of INs
surrounding its distribution domain (Skaggs et al., 2011     ), and inactivation of WT1 from dI6 INs
changes the composition in V0 and in V2a INs (Schnerwitzki et al., 2018     ). Furthermore, the
survival of spinal IN populations is controlled by extrinsic cues, as their apoptosis is differentially
regulated by protocadherin-gamma adhesion molecules (Prasad et al., 2008     ). Taken together,
these observations demonstrate that, in the nervous system, non-cell autonomous mechanisms
regulate neuronal fate, survival, distribution, and connectivity. However, how much similar
processes contribute to coordinate the development of neuronal populations forming the spinal
motor circuits remains unknown.

Onecut (OC) transcription factors, including Onecut-1 (OC-1), OC-2 and OC-3, are homeodomain-
containing transcriptional regulators that control multiple aspects of motor circuit development,
including MN or IN differentiation or survival (Francius and Clotman, 2010     ; Francius and
Clotman, 2014     ; Roy et al., 2012     ; Stam et al., 2012     ; Toch and Clotman, 2019     ; Toch et al.,
2020     ), IN distribution (Harris et al., 2019     ; Kabayiza et al., 2017     ), and formation of the
neuromuscular junctions (Audouard et al., 2012     ). Here, we provide evidence that the OC factors
regulate in spinal MN a non-cell autonomous mechanism that modulate pre-motor IN
development. We identify candidate factors potentially involved in this process, and we
demonstrate that Neurotrophin-3 (Ntf3) produced by MN contributes to the regulation of IN
differentiation and distribution, and thereby coordinate proper formation of spinal motor circuits.

Results
OC factors regulate in spinal MNs a non-cell autonomous
mechanism that modulates pre-motor IN development
The OC transcription factors are produced in multiple spinal neuronal populations including MNs
(Francius and Clotman, 2010     ; Francius et al., 2013     ; Roy et al., 2012     ) and ventral (Francius et
al., 2013     ; Harris et al., 2019     ; Stam et al., 2012     ; Toch et al., 2020     ) or dorsal INs (Kabayiza et
al., 2017     ). However, OC are not present in all the cells of each population but are produced in
specific subsets (Francius et al., 2013     ; Harris et al., 2019     ; Stam et al., 2012     ). In V1 INs, OC are
detected in Renshaw cells (RC) but in none of the other V1 components (Francius et al., 2013     ;
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Stam et al., 2012     ). In the course of our studies investigating the function of the OC proteins
during spinal cord development in constitutive Oc1/Oc2 double-mutant embryos (Harris et al.,
2019     ; Stam et al., 2012     ; Toch et al., 2020     ), which additionally lack OC-3 in the spinal cord
(Kabayiza et al., 2017     ; Roy et al., 2012     ), we noticed alterations in the differentiation of non-RC
V1 INs (Figure 1A-C     ). In particular, a subset of Foxp2+ V1 INs containing the MafA
transcriptional regulator increased in cell number and expanded in an abnormal ventro-medial
location as compared to control embryos at embryonic day (e)11.5 (Figure 1A     , C). Similarly, V1
INs abnormally producing Prdm8 (Francius et al., 2013     ) and Otp were observed in the same
ventro-medial position at e12.5 (Figure B-C). These observations suggested that OC factors may
control in the developing spinal cord a non-cell autonomous mechanism regulating the
differentiation of V1 INs.

Given that OC proteins are critical for proper differentiation of the spinal MNs and expression of
Isl1 in these cells (Roy et al., 2012     ), that IN alterations have been reported in embryos wherein
MN development is strongly affected by the absence of Isl1 (Pfaff et al., 1996     ), and that MNs
exert non-cell autonomous regulation of the differentiation of surrounding cells (Park et al.,
2013     ; Sabharwal et al., 2011     ), we hypothesized that OC factors may control this non-cell
autonomous mechanism by acting in spinal MNs. To assess the possible contribution of MNs to this
mechanism, we first investigated the development of pre-motor IN populations after genetic
ablation of spinal MNs. Embryos wherein diphteria toxin subunit A (DTA) is produced specifically
in MN progenitors upon Olig2-Cre activation (Dessaud et al., 2007     ) showed a >90% reduction in
the number of differentiating MN at e11.5 (Figure 1D,F     ), without alteration of the pMN
progenitor domain (data not shown). In these embryos, the number of V2b INs labelled for Gata2
was increased at brachial levels of the spinal cord (Figure 1D-E,J     ). In contrast, the amount of V0v
characterized by the presence of Evx1 and of V1 assessed by the production of Foxd3 (Francius et
al., 2013     ) was significantly reduced at thoracic levels (Figure 1D-E,G-H     ), while the production
of V2a INs was not changed (Figure 1D-E,I     ). The V3 INs were not investigated, as the Olig2-Cre
allele also drives recombination, and therefore DTA production, in this population (Chen et al.,
2011     ; Debrulle et al., 2020     ). Distribution of the pre-motor IN population was not analyzed in
detail, as the ablation of MNs resulted in a global ventral displacement of all the IN populations
(Figure 1D-E     ). Nevertheless, these observations suggest that MNs modulate the development of
surrounding pre-motor IN populations in the developing spinal cord.

To confirm this interpretation and the possible implication of OC factors in this process, we
studied the phenotype of ventral spinal INs after combined conditional inactivation of Oc1 and
Oc2 in spinal MNs at e12.5 (Figure 2     ) and at e14.5 (Supplemental figure 1)(Toch et al., 2020     ).
Absence of OC factors does not alter the number of MNs (Roy et al., 2012     ). The total number of
V1 INs, assessed here by the presence of Foxp2 (Francius et al., 2013     ), of V2a and of V2b INs was
not modified when OC factors were absent from MNs (Figure 2A-F     ; Supplemental figure 1A-C).
In contrast, the number of V2c INs, which contain Sox1 and are located outside of the ventricular
zone in the vicinity of the MNs (Panayi et al., 2010     ), was drastically reduced in the conditional
Oc double-mutant embryos (Figure 2G-H     ; Supplemental figure 1D). Thus, except for the V2c
population, absence of OC factors from the MNs does not alter the global number of ventral INs,
consistent with previous observations in the constitutive OC mutants wherein the size of the IN
populations was not altered (Harris et al., 2019     ; Toch et al., 2020     ). In contrast, the distribution
of ventral IN populations on the transverse plane of the spinal cord was systematically modified,
as observed in constitutive OC mutants (Harris et al., 2019     ; Kabayiza et al., 2017     ; Toch et al.,
2020     ). In particular, the V1 population was slightly but significantly dorsally mislocated at
thoracic levels and ventrally displaced at brachial and lumbar levels in the conditional OC double-
mutant embryos at e12.5, as compared to control embryos (Figure 2I     ). At e14.5, V1 INs settled
slightly more dorsal at brachial and lumbar levels while they migrated more ventrally in the
control embryos (Supplemental figure 1E). At e12.5, V2a INs were more dorso-medially located at
brachial and thoracic levels but remained more medial at lumbar levels at e12.5 (Figure 2J     ),
whereas at e14.5 they settled more dorsal at brachial and thoracic levels and more ventral at
lumbar levels (Supplemental figure 1F). In contrast, V2b INs were less scattered than in the control
embryos, concentrating in a more medial position along the dorso-ventral axis of the spinal cord,
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Figure 1. Spinal interneuron development is altered in Onecut constitutive mutants and in embryos
depleted in spinal motor neurons.
(A-C) In constitutive Oc1/Oc2 double-mutant embryos, which additionally lack OC-3 in the spinal cord, a subset of Foxp2+ V1
INs containing the MafA transcriptional regulator (yellow) increased in cell number and expanded in an abnormal ventro-
medial location as compared to control embryos at embryonic day (e)11.5 (arrows; control left hemicord, mutant right
hemicord). Similarly, V1 INs abnormally producing Prdm8 and Otp (cyan) were observed in the same ventro-medial position
at e12.5 (arrow). (D-J) After genetic ablation of ∼90% of spinal MNs, the number of V0v INs characterized by the presence of
Evx1, and of V1 INs assessed by the production of Foxd3, was significantly reduced at thoracic levels of the spinal cord. In
contrast, the number of V2b INs, which contain Gata3, was increased at brachial levels, whereas V2a INs identified by the
presence of Chx10 were unchanged. Scale bars=100μm. n=3; *=adjusted p value < 0.05; ***=adjusted p value < 0.001
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and more laterally at thoracic and lumbar levels at e12.5 (Figure 2K     ) and at e14.5 (Supplemental
figure 1G). Finally, although the population was smaller than in controls, some V2c INs were
located more laterally at thoracic levels at e12.5 (Figure 2L     ) but retained this position while
control V2c migrated more laterally at e14.5 (Supplemental figure 1H). Taken together, these
observations indicate that OC factors regulate a non-cell autonomous mechanism in MNs that
significantly impact the distribution of pre-motor IN populations in the developing ventral spinal
cord.

OC factors moderate the expression of Neurotrophin-3 (Ntf3) in
spinal MNs
To identify genes downstream of OC factors in spinal MNs that could contribute to this non-cell
autonomous mechanism, we conducted a bulk RNA-sequencing comparison of the transcriptome
of control and of OC-deficient MNs at e10.5 (Figure 3A     ; GEO repository, accession number:
GSE141949)(Toch et al., 2020     ). This transcriptomic analysis unveiled changes in the expression
levels of genes coding for membrane proteins or secreted factors, potentially involved in non-cell
autonomous processes. Among these, the expression of Frem1 and 2 (Fras1-related extracellular
matrix proteins), Fat3 (FAT atypical cadherin 3), Sema3d encoding a secreted signaling protein of
the Semaphorin III family and the neurotrophin receptor Gfra3 (GDNF family receptor alpha 3)
was downregulated in the absence of OC factors. In contrast, expression of Tac1 (Tachykinin
precursor 1) encoding four products of the tachykinin peptide hormone family (substance P,
neurokinin A, and neuropeptides K and gamma) that can act as neurotransmitters, Smim18 (Small
integral membrane protein 18), Cbln2 coding for the secreted glycoprotein Cerebellin-2 and the
neurotrophic factor Ntf3 was increased (Figure 3B      and data not shown). Possible impact of MN
expression of these genes on the development of pre-motor INs was assessed by overexpression or
downregulation after chicken embryonic spinal cord electroporation. However, only Ntf3
overexpression did mildly alter ventral IN development (Figure S2 and data not shown). To assess
the expression pattern of Ntf3 in the developing spinal cord and confirm increased expression in
the absence of OC factors, we conducted in situ hybridization for Ntf3 on control or conditional OC
double-mutant spinal cord sections at e12.5 (Figure 3B-C     ). In control embryos, a weak signal for
Ntf3 was detected in the ventral spinal cord at the location of the motor columns (Figure 3C     ),
consistent with the reported expression of Ntf3 specific to spinal MNs that decreases between
e10.5 and e13.5 (Buck et al., 2000     ; Henderson et al., 1993     ; Usui et al., 2012     ). In conditional
mutant embryos, the expression level of Ntf3 was increased and became readily observable but
remained restricted to the MNs of the spinal cord (Figure 3C     ). This indicates that Ntf3 is
normally produced by MNs in the developing spinal cord and that OC factors moderate Ntf3
expression levels in these cells. To determine which cells could respond to Ntf3 secretion by MNs,
we performed immunodetection of its cognate receptor TrkC. TrkC was broadly detected in the
ventral half of the spinal cord except in the motor columns (Figure 3D     ), suggesting that it is
present at the membrane of differentiating ventral INs (Henderson et al., 1993     ; Usui et al.,
2012     ). Thus, Ntf3 could participate in the non-cell autonomous control of pre-motor IN
development by the spinal MNs.

Ntf3 production by MNs is required for proper development of pre-
motor INs
To confirm this hypothesis, we conditionally inactivated Ntf3 in spinal MNs and analyzed the
production and distribution of pre-motor IN populations. In embryos carrying a MN-specific
deletion of Ntf3 at e12.5, the number of V1 and of V2a INs was significantly increased at all levels
of the spinal cord (Figure 4A-D     ). Similarly, a significant increase in V2b was observed at thoracic
levels (Figure 4E-F     ), whereas V2c INs were unchanged (Figure 4G-H     ). At e14.5, the number of
V1 was still increased at all levels (Supplemental figure S3A), whereas V2a increase was only
maintained at lumbar levels (Supplemental figure S3B), suggesting that programmed cell death of
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Figure 2. Spinal interneuron number and positioning is altered when Onecut factors are absent from the
spinal motor neurons.

(A-L) In MN conditional Oc1/Oc2 double-mutant embryos (cDKO) at e12.5, the number of V2c INs identified by the presence
of Sox1 outside of the ventricular zone was significantly reduced at all levels of the spinal cord. Furthermore, the positioning
of the V1 (Foxp2), V2a (Chx10), V2b (Gata3) and V2c INs on the transversal plane of the spinal cord was significantly altered.
Scale bars=100μm. ML: medio-lateral axis; DV: dorso-ventral axis. n=3; *=adjusted p value < 0.05; **=adjusted p value < 0.01;
***=adjusted p value < 0.001
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Figure 3. Ntf3 is expressed in spinal motor neurons under the control of the Onecut transcription factors.
(A) RNA-sequencing comparison of the transcriptome of control and of OC-deficient MNs at e10.5. The spinal cord of control
or MN conditional Oc1/Oc2 double-mutant embryos was isolated, dissociated, YFP-positive MNs were FACS-sorted, RNA was
extracted and compared by bulk RNA sequencing. (B) Transcriptomic analysis unveiled changes in the expression levels of
selected genes. MN-specific expression and changes in expression levels were confirmed by in situ hybridization (n=5). (C)
Expression of the neurotrophic factor Ntf3 was specific to MNs and increased in the absence of Onecut factors (green
arrows). (D) TrkC, the cognate receptor of Ntf3, was broadly detected in dorsal root ganglia (DRG) and in the ventral half of
the spinal cord except in the motor columns (green arrow). Scale bars=100μm.
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INs that is initiated at this stage (Prasad et al., 2008     ) may be increased in the absence of Ntf3.
Nevertheless, impaired production of Ntf3 by the MNs results in an excess of spinal pre-motor INs
in the V1 and V2 populations.

However, IN distribution was additionally affected in the MN-specific OC conditional mutants
(Figure 2     ). Therefore, we also assessed their localization at e12.5 in the absence of Ntf3. At e12.5,
V1 INs, which were more numerous (Figure 4A-B     ), located more laterally and more ventrally
than in control embryos, particularly at thoracic and lumbar levels (Figure 4I     ). This abnormal
lateral positioning was maintained at e14.5 (Supplemental figure S3E). V2a INs remained in a more
medio-dorsal position at brachial levels but clustered in the center of the V2a distribution domain
at thoracic and lumbar levels at e12.5 (Figure 4J     ). At e14.5 at brachial levels, V2a did not migrate
dorsally as observed in control embryos and located more laterally at brachial levels
(Supplemental figure S3F). In contrast, V2b INs clustered in the lateral half of the medio-lateral
axis and located more dorsal than in control embryos at all levels of the spinal cord at e12.5, with
some cells aberrantly migrating in a peripheral ventro-lateral position (Figure 4K     ). This
abnormal positioning was maintained at brachial levels at e14.5 (Supplemental figure S3G).
Finally, V2c INs gathered in small, separated groups of cells in the absence of Ntf3, both at e12.5
(Figure 4L     ) and e14.5 (Supplemental figure S3H). Thus, in addition to their differentiation, Ntf3
produced by the MNs control the distribution of spinal pre-motor INs in the developing spinal
cord, suggesting that Ntf3 coordinates the development of neuronal populations involved in spinal
motor circuit formation. To approach this question, we conducted rotarod and balance beam tests
to assess coordination in the locomotor circuits built in the absence of Ntf3 from MNs. Both female
and male mice deficient for Ntf3 were almost unable to cope with rotarod acceleration, and motor
learning was almost absent in these mice, as compared to control littermates (Figure 5A,D     ). In
the balance beam test, females lacking Ntf3 in spinal MNs showed an increased time to cross the
beam and increased number of footslips (Figure 5B-C     ), which was not the case in males (Figure
5E-F     ). However, learning with time normalized both parameters in females after 3 weeks, as
compared to controls (Figure 5B-C     ). These observations are consistent with the hypothesis that
Ntf3 produced by MNs is required to generate locomotor circuits with properly coordinated
activity.

Discussion
Neural circuits are composed of different types of neurons that interconnect to produce a properly
balanced and tightly regulated activity. Cell autonomous mechanisms that control neuronal
diversity and connectivity have been widely studied. In contrast, non-cell autonomous processes
that coordinate the development of different neuronal types and their integration into functional
networks have been less extensively investigated, especially in the spinal cord. Here, we provide
evidence that Ntf3 produced in spinal MNs under the control of OC transcription factors
coordinate the development of pre-motor INs and the formation of the spinal locomotor circuits.

During embryonic development, OC transcription factors are present in multiple spinal neuronal
populations, including MNs (Francius and Clotman, 2010     ; Roy et al., 2012     ), and ventral
(Francius et al., 2013     ; Harris et al., 2019     ; Stam et al., 2012     ) or dorsal (Kabayiza et al., 2017     )
INs. In this tissue, they regulate neuronal differentiation (Harris et al., 2019     ; Kabayiza et al.,
2017     ; Roy et al., 2012     ), maintenance (Stam et al., 2012     ) and IN distribution (Harris et al.,
2019     ; Kabayiza et al., 2017     ). Although some of these functions are very likely, at least partly,
cell autonomous, involving the regulation of Isl1 in MNs (Rhee et al., 2016     ; Roy et al., 2012     ;
Toch and Clotman, 2019     ; Velasco et al., 2017     ) and of Pou2f2 or Nkx6.2 in INs and MNs (Harris
et al., 2019     ; Masgutova et al., 2019     ; Toch et al., 2020     ), observations in the constitutive OC
mutant embryos suggested that these factors may additionally regulate spinal IN development in a
non-cell autonomous manner. Non-cell autonomous regulation of neuronal development in the
embryonic spinal cord has already been reported. Murine MNs exert negative feedback on the
entry of their own progenitors into differentiation (Park et al., 2013     ; Sabharwal et al., 2011     )
and seem to modulate the development of V1 INs (Pfaff et al., 1996     ), whereas zebrafish primary
MNs determine the GABAergic phenotype of Kolmer–Agduhr INs (Seredick et al., 2014     ). Given
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Figure 4. Spinal interneuron number and positioning is altered when Ntf3 is inactivated in the spinal motor
neurons.

(A-L) In MN conditional Ntf3 mutant embryos (cNtf3) at e12.5, the number of V1 (Foxp2) and of V2a (Chx10) INs was
significantly increased at all levels of the spinal cord, while V2b (Gata3) only expanded at thoracic level, and V2c (Sox1, white
arrows) were not altered. Furthermore, the positioning of all these IN populations on the transversal plane of the spinal cord
was altered at all levels of the spinal cord. Scale bars=100μm. ML: medio-lateral axis; DV: dorso-ventral axis. n=3; *=adjusted p
value < 0.05; **=adjusted p value < 0.01; ***=adjusted p value < 0.001
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Figure 5. Locomotor coordination is altered when Ntf3 is inactivated in the spinal motor neurons.

(A-C) In female mice, while control animals demonstrated proper motor coordination and efficient motor learning evidenced
by the increase in rotarod latency with time, animals carrying a conditional Ntf3 mutation in MNs (cNtf3) were almost unable
to cope with rotarod acceleration and initially showed increased balance beam latency and footslips, which however
normalized with time. (D-F) In male mice, conditional Ntf3 mutants showed motor coordination and learning defects on the
rotarod but didn’t demonstrate any alteration in the balance beam test. n=8 in each group; *= p value < 0.05; **= p value <
0.01; ***= p value < 0.001
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that the onset of spinal MN development precedes that of INs, that MNs exert non cell-autonomous
regulation of the differentiation of surrounding cells (Park et al., 2013     ; Pfaff et al., 1996     ;
Sabharwal et al., 2011     ), that IN alterations have been reported in embryos wherein MN
differentiation is strongly affected by the absence of Isl1 (Pfaff et al., 1996     ), and that OC proteins
are critical for proper differentiation of the spinal MNs and for the expression of Isl1 in these cells
(Roy et al., 2012     ), we hypothesized that OC factors may regulate the observed non-cell
autonomous mechanism by acting in spinal MNs. Our observations suggest that MNs control the
differentiation and the positioning of the spinal pre-motor INs.

Severe immunotoxic ablation of MNs in an organotypic culture model of embryonic rat spinal
cord resulted in a decreased number of inhibitory INs, which was rescued by Ntf3. In the same
model, anti-serum blockade of Ntf3 activity was sufficient to more severely deplete inhibitory INs,
partly through apoptosis (Bechade et al., 2002     ). In contrast, conditional Ntf3 deletion in the
mouse rather increased the number of V1 or V2b inhibitory INs, and of V2a excitatory neurons.
Critical differences between our in vivo model and the highly apoptotic-prone organotypic culture
model likely contribute to these discrepancies. Nevertheless, these observations support the
contribution of spinal MNs to the control of IN development and the implication of Ntf3 in this
process. Opposite results were obtained by other researchers using mouse models lacking almost
all MNs due to the elimination of skeletal muscles at late stages of embryonic development (E18.5),
where the number of spinal INs remained unaffected (Grieshammer et al., 1998     ; Kablar and
Rudnicki, 1999     ). This suggests that a critical window of Ntf3 expression at early stages of spinal
development could be critical for proper production of spinal INs. Increased production of specific
IN populations in the absence of Ntf3 from MNs, combined with the decrease in V2c observed in
the OC mutant embryos wherein Ntf3 expression is increased, suggest that Ntf3 does not regulate
the survival of spinal pre-motor INs, in contrast to sensory neurons (ElShamy and Ernfors, 1996     ;
elshamy and Ernfors, 1996     ; Liebl et al., 1997     ), but could rather directly contribute to their
differentiation. Consistently, Ntf3 has been shown to cooperate with the morphogen Shh to
promote neuronal differentiation (Dutton et al., 1999     ).

In addition, our observations suggest that Ntf3 produced by spinal MNs regulate the migration of
pre-motor INs, as the distribution of these cells was affected in embryos lacking Ntf3 from MNs.
The characterization of functionally distinct IN subpopulations unveiled a strong correlation
between the distribution of each IN subset and their contribution to distinct microcircuit modules
(Bikoff et al., 2016     ; Borowska et al., 2013     ; Goetz et al., 2015     ; Hayashi et al., 2018     ; Hilde et
al., 2016     ; Tripodi et al., 2011     ). These data support a model wherein correct localization of
spinal IN subsets is critical for proper formation of sensory-motor circuits, highlighting the
importance of a strict regulation of short-distance neuronal migration in the developing spinal
cord. However, genetic determinants that control spinal IN migration have only been sparsely
identified (Blacklaws et al., 2015     ; Harris et al., 2019     ; Hilde et al., 2016     ; Kabayiza et al.,
2017     ; Masgutova et al., 2019     ). Furthermore, non-cell autonomous mechanisms contribute to
this control. Indeed, commissural axons have been shown to preconfigure ventral IN cell body
position in the contra-lateral side of the spinal cord, acting either as border landmarks or as
cellular guides for migration (Laumonnerie et al., 2015     ). This highlights a complex interplay
between neuronal identity and neuronal positioning, jointly controlled by cell autonomous and
non-cell autonomous mechanisms. Given that IN differentiation and IN distribution are affected
upon Ntf3 deletion from MNs, separate contribution to one or the other process remains to be
investigated. Transcriptomic characterization of alterations in pre-motor INs upon changes in Ntf3
production should address this question.

Ntf3 has been implicated in non-cell autonomous processes in other parts of the central nervous
system. For example, in the developing cortex, Ntf3 produced by postmitotic neurons modulates
the fate of progenitor cells during radial expansion (Parthasarathy et al., 2014     ). In the avian
inner ear, it is required for proper development of the intrinsic properties of low-frequency
neurons of the tonotopic axis in the cochlea (Takahashi and Sanchez, 2020     ), and could have a
role in the postnatal inner ear activity, where it is transported by cochlear axons into the ventral
cochlear nucleus (Feng et al., 2010     ). Furthermore, work in the chicken retina demonstrated that
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retinal ganglion cells can produce Ntf3 and transport it towards the optic tectum to control the
survival and connectivity of superficial tectum cells (von Bartheld and Butowt, 2000     ).
Importantly, spinal MNs have been shown to be necessary for survival and for peripheral or
central projections of sensory neurons, and Ntf3 produced by the MNs partly contributes to
survival and central projections of proprioceptive neurons, likely through transaxonal signaling
(Usui et al., 2012     ). Therefore, the motor defects we observed in the MN-specific Ntf3 mutants
likely result from combined alterations of proprioceptive inputs and of the intrinsic organization
and activity of spinal motor circuits. Nevertheless, our differentiation and distribution studies
demonstrate a direct impact of Ntf3 produced in MNs on the development of spinal INs. Thus, Ntf3
contributes to regulate neuronal differentiation, survival, connectivity and activity in multiple
neural structures.

At early stages of spinal cord development, Ntf3 expression was restricted to MNs and its cognate
receptor TrkC was detected in surrounding IN populations, consistent with previous reports (Buck
et al., 2000     ; Henderson et al., 1993     ; Usui et al., 2012     ). OC factors moderate Ntf3 expression
levels in MNs, as previously observed for Nkx6.2 (Toch et al., 2020     ) or for Pou2f2 in ventral and
in dorsal IN populations (Harris et al., 2019     ; Masgutova et al., 2019     ), suggesting that Ntf3
production in MNs must remain moderate to ensure proper development of pre-motor INs.
Increased Ntf3 production has previously been shown to disrupt nervous system development or
activity. Ntf3 overexpression alters neuronal differentiation in the neocortex (Parthasarathy et al.,
2014     ). In inner ear supporting cells or hair cells, it increased ribbon synapse density in
postnatal cochlea and reduced auditory brainstem response thresholds at high frequencies (Wan
et al., 2014     ). Increased production in the dorsal amygdala resulted in reduced anxious
temperament and altered function of corresponding neural circuit (Fox et al., 2019     ). Thus,
controlled levels of Ntf3 are critical for proper development and homeostasis of the nervous
system.

Beside passive diffusion of signaling molecules in the extracellular space or transaxonal signaling
as observed for Ntf3 (Usui et al., 2012     ), alternative mechanisms could additionally contribute to
non-cell autonomous regulation of CNS development. Extracellular vesicles, which are also
produced in the developing human spinal cord (Cau et al., 2022     ), have recently been shown to
regulate the dorso-ventral differentiation and distribution of cortical INs. Extracellular vesicles
produced in the ventral regions of the developing cortex contain secreted molecules, membrane
proteins and ligand/receptor partners, and modulate fate and migration of ventrally-produced
cortical INs (Pipicelli et al., 2023     ). Even more surprisingly, tunnelling nanotubes able to transfer
molecules, endosomes and even mitochondria have recently been observed in living zebrafish
embryos (Korenkova et al., 2025     ). Whether these transfer modalities are also in action in the
mouse developing spinal cord remains to be assessed.

Materials and methods
Ethic statement and mouse lines
All experiments were performed strictly in accordance with the European directive 2010/63/UE.
Mice were maintained in a conventional facility and fed in standard conditions (mice
maintenance and mice breeding diets, Carfil Quality, Belgium), on a 14 h light/10 h dark cycle.
Food and water were available ad libitum. Experimental procedures on animals were approved by
the animal ethics committees of the Université catholique de Louvain (Permit Numbers:
2013/UCL/MD/11; 2017/UCL/MD/008; 222801). The mutant strain mice were crossed and the
morning the vaginal plug was detected was defined as embryonic day (e) 0.5. A minimum of three
embryos (n≥3) of the same genotype was analyzed in each experiment. The embryos were
harvested at embryonic days (e)10.5, e11.5, e12.5 or e14.5 depending on the mouse line.
Constitutive Oc1+/-;Oc2+/- mutants were crossed to obtain Oc1-/-;Oc2-/- double-knockout embryos
(Clotman et al., 2005     ). Olig2|DTA embryos, wherein the Olig2 promoter drives expression of the
diphteria toxin subunit A (DTA) in MN progenitors, have been obtained by crossing Olig2-Cre mice
(Dessaud et al., 2007     ) with Rosa26-flSTOP-DTA mice (Ohnmacht et al., 2009     ). The Oc1flox/flox;
Oc2flox/flox mutant mice were crossed with Rosa26R-YFP/Olig2-Cre transgenic mice bearing
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heterozygous-null mutations for Oc1 and Oc2 genes (Rosa26-YFP;Olig2Cre;Oc1+/−;Oc2+/−) to obtain
conditional double inactivation of Oc1 and Oc2 in MNs (Toch et al., 2020     ). The combined
inactivation of Oc1 and Oc2 in MNs completely abolishes the expression of Oc3 in the developing
spinal cord (Kabayiza et al., 2017     ; Roy et al., 2012     ). Ntf3+/flox mice (B6.129 S4-Ntf3tm2Jae/J, The
Jackson Laboratory) were crossed first with PGK-Cre mice to obtain a transgenic line with a
constitutive heterozygous inactivation of Ntf3 (Ntf3+/-), then with the Olig2-Cre mice
(Olig2Cre;Ntf3+/-). The Ntf3flox/flox mutant mice were crossed with the Olig2Cre;Ntf3+/- mice to
obtain a conditional inactivation of Ntf3 in MNs. PCR genotyping protocols and primers are
available upon request.

In situ hybridization and immunofluorescence
For in situ hybridization (ISH), collected embryos were fixed in ice-cold 4% paraformaldehyde
(PFA) in phosphate buffered saline (PBS) overnight at 4 °C, washed thrice in PBS for 10 minutes,
incubated in PBS/30% sucrose solution overnight at 4 °C, and embedded and frozen in PBS/15%
sucrose/7.5% gelatin. Sixteen micrometer sections were prepared, and ISH was performed as
previously described (Beguin et al., 2013; Pelosi et al., 2014; Francius et al., 2016) with DIG-
conjugated Ntf3 antisense RNA probes (primer pair: 5-́GATCCAGGCGGATATCTTGA-3 ́and 5-́CGGACA
TAGGTTTGCGAAGT-3)́. Control or Ntf3 conditional mutant sections were placed adjacent on the
same histology slides to minimize inter-slide variations of ISH signals.

For immunofluorescence, collected embryos were immersion-fixed in 4% PFA/PBS for 15, 25 or 35
minutes at 4 °C according to their embryonic stage, and processed as for ISH. Immunolabeling was
performed on 14 µm serial cryosections as previously described (Debrulle et al., 2020     ; Francius
et al., 2013     ). Primary antibodies against the following proteins were used: sheep anti-Chx10
(Exalpha Biologicals #X1179P) at 1:200 or guinea pig anti-Chx10 (Peng et al., 2007     ) at 1:3000,
mouse anti-Evx1 (DSHB #99.1-3A2) at 1:2000 or rabbit anti-Evx1 (Moran-Rivard et al., 2001     ) at
1:300, rabbit anti-Foxd3 at 1:5000 or guinea pig anti-Foxd3 (Muller et al., 2005     ) at 1:5000, goat
anti-Foxp2 (Abcam #ab1307) at 1:2000, guinea pig anti-Gata2 (Peng et al., 2007     ) at 1:3000, rat
anti-Gata3 (Absea Biotechnology #111214D02) at 1:15 or rabbit anti-Gata3 (Cell signaling #5852) at
1:200, guinea pig anti-MafA (Gierl et al., 2006     ) at 1:500, goat anti-Isl1 (R&D #AF1837) at 1:1000,
rabbit anti-MafA (Novus Biological #NB400-137) at 1:500, mouse anti-MNR2 (DSHB #81.5C10) at
1:1000, Mouse anti-Nkx2.2 (DSHB #74.5A5) at 1:20, rabbit anti-Otp at 1:1600 (ThermoFisher #PA5-
89060), rabbit anti-Prdm8 at 1 :200 or mouse anti-Prdm8 at 1:200 (Komai et al., 2009     ), goat anti-
Sox1 (Santa Cruz #sc-17318) at 1:500 or rabbit anti-Sox1 (Panayi et al., 2010     ) at 1:400 and goat
anti-TrkC (R&D Systems #AF1404) at 1:500. The secondary antibodies used are donkey anti-
chicken/Alexafluor 488, donkey anti-goat/AlexaFluor 594, donkey anti-goat/AlexaFluor 488, donkey
anti-goat/AlexaFluor 647, donkey anti-mouse/AlexaFluor 594, donkey anti-mouse/AlexaFluor 488,
donkey anti-rabbit/AlexaFluor 594, donkey anti-rabbit/AlexaFluor 488, donkey anti-
rabbit/AlexaFluor 647, donkey anti-rat/AlexaFluor 594, donkey anti-rat/AlexaFluor 488, donkey
anti-guinea pig/Alexa fluor 488 purchased from ThermoFisher Scientific or Jackson Laboratories
and used at 1:500 to 1:2000 dilutions.

Immunofluorescence and ISH images from cryosections were acquired on an EVOS FL Auto
Imaging System (ThermoFisher Scientific), a Zeiss AxioSkop2 or Zeiss AXIO Observer Z1
epifluorescence microscopes. The images were processed using Adobe Photoshop CS5 or ImageJ
(Fiji) softwares to match brightness and contrast.

In ovo electroporation
The in ovo electroporations of chicken embryonic spinal cord were performed at stage HH12
(around forty-eight hours of development), and embryos were collected 24, 48 or 72 h after
electroporation. The coding sequence of Ntf3 (primer pair: 5’-CGGATGCCATGGTTACTTCT-3’ and 5’-
TGCCAATTCATGTTCTTCCA-3’) was cloned into the vector pHb9-MCS-IRES-EGFP to increase the
expression of the gene in the MNs. pHb9-Ntf3-IRES-GFP vector (2 µg/µl) was electroporated using
the EGFP signal to visualize cells expressing Ntf3. However, given the transient expression of such
constructs after electroporation, maximal GFP production could only be visualized 24h after
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electroporation (data not shown). The collected embryos were fixed in ice-cold PBS/4% PFA for 15,
20 or 25 minutes, depending on their stage, and processed as described above for ISH or
immunofluorescence. The MNs and ventral IN populations were analyzed using 5-10 sections per
embryo, the contralateral side of the spinal cord being considered as a perfect stage- and
experimental condition-matching control. The labelled cells were counted on both sides of the
spinal cord, with the counting tool of Image J (Fiji).

FACS, RNA purification and RNA-sequencing
Spinal cords from e10.5 control or Rosa26-YFP;Olig2Cre;Oc1ι1/−;Oc2 ι1 /− embryos were harvested
and dissociated using a neural tissue dissociation kit (MACS; Miltenyi Biotec #130-092-628),
dissociated cells were sorted by FACS (BD FACSAria III) to collect YFP-positive cells.

The sorted cells were collected in TRIzol reagent, and RNA was purifed with the Rneasy micro kit
(QIAGEN #74004). RNA concentration and quality were assessed using a Bioanalyzer (Agilent) and
submitted to Genewiz to prepare an ultra-low input RNA-seq library before sequencing with an
Illumina HiSeq. Preliminary data were analyzed by Genewiz using the standard RNA-seq data
analysis package. RNAseq data have been deposited in the GEO repository (accession number:
GSE141949)(Toch et al., 2020     ).

Motor behavior tests in adult mice
Behavior tests were performed on male (n=8) or female (n=8) mice, comparing control
Olig2Cre;Ntf3+/- mice with Olig2Cre;Ntf3 ι1/- conditional mutant mice which lack Ntf3 in MNs,
starting at two months of age. The rotarod and the balance beam tests were performed as
previously described (Audouard et al., 2012     ; Renaux et al., 2024     ).

Statistical analyses
For each of the embryos analyzed (n≥3), neuron quantifications were performed using the count
analysis tool of ImageJ on sections of the spinal cord at brachial, thoracic or lumbar levels, except
for chicken embryos that are too early to delineate different levels in the spinal cord. Graphs were
generated using R. The statistical tests applied to compare the cell count comparing two groups
(controls versus constitutive or conditional mutants) was performed in R [1] (version 4.4.2) either
with a mixed model (using the R packages lme4 [2] version 4_1 and lmerTest [3] version 3.1)
involving a random embryo effect if the random effect was significant or a linear regression if it
was deemed non-significant. A correction for multiple testing with the False Discovery Rate
procedure was applied to the obtained p-values.

The spatial distribution of the motor neurons and ventral IN populations was analyzed using a
gradient map. In a transverse section of the spinal cord, the height (H) was defined as the distance
from the ventral limit of the central canal to the most dorsal edge of the spinal cord, and the width
(W) was the distance from the central canal to the lateral edge. For each population, several
sections were analyzed at brachial, thoracic and lumbar levels. The distance (dIN) and angle (αIN)
were measured from the ventral limit of the central canal to the cell soma using the ruler analysis
tool in Image J. The dorso-ventral (DV) and medio-lateral (ML) positions of the cells were expressed
as percentages of spinal cord height and hemicord width respectively: DV position and ML
position were defined as (dIN ∗ sin αIN)/H and (dIN ∗ cos αIN)/W, respectively, and ML versus DV
values were plotted using R with a 2D kernel density (Harris et al., 2019     ; Kabayiza et al., 2017     ).
For each section and level, a non parametric multivariate ANOVA-type statistic was performed (R
package npmv, version 2.4 (Burchett et al., 2017     )) to assess if the locations of DV and ML in the
two conditions are different.

For the balance beam and rotarod tests, differences between the two experimental groups were
evaluated with the JMP software using either a Wilcoxon-Mann-Whitney’s non parametrical test, a
Welch’s t-test or a Student’s t-test, depending on the normality and the homoscedasticity of the
data. In all statistical analyses, a value of p < 0.05 was defined as significant.
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Supplementary figures

Figure S1. Spinal interneuron number and positioning is altered when Onecut factors are absent from the
spinal motor neurons. (A-H) In MN conditional Oc1/Oc2 double-mutant embryos (cDKO) at e14.5, the number of
V2c INs identified by the presence of Sox1 outside of the ventricular zone was significantly reduced at all levels of
the spinal cord. Furthermore, the positioning of the V1 (Foxp2), V2a (Chx10), V2b (Gata3) and V2c INs on the
transversal plane of the spinal cord was altered. ML: medio-lateral axis; DV: dorso-ventral axis. n=3; *=adjusted p
value < 0.05; **=adjusted p value < 0.01; ***=adjusted p value < 0.001.
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Figure S2. Ntf3 overexpression after chicken embryonic spinal cord electroporation mildly impacts spinal
interneuron development.

(A) The pHb9-Ntf3-IRES-EGFP expression vector was electroporated in the chicken embryonic spinal cord. (B)
Immunofluorescence labelings for Isl1 to identify MNs (given its transient expression, maximal GFP production could only be
visualized 24h after electroporation) and Chx10 to visualize V2a INs 48h after electroporation. (C) Quantification of IN
populations in control (Ctrl, contralateral sides) or electroporated (E) sides of the spinal cord. The number of V2a INs was
mildly decreased after Ntf3 overexpression, while other IN populations were not affected. Scale bars=100μm. n=3; *=adjusted
p value < 0.05.
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Figure S3. Spinal interneuron number and positioning is altered when Ntf3 is inactivated in the spinal
motor neurons.

(A-H) In MN conditional Ntf3 mutant embryos (cNtf3) at e14.5, the number of V1 (Foxp2) INs was significantly increased at all
levels of the spinal cord, while V2a (Chx10) only expanded at lumbar level and V2b (Gata3) or V2c (Sox1, white arrows) were
not altered. Furthermore, the positioning of all these IN populations on the transversal plane of the spinal cord was altered at
all levels of the spinal cord. Scale bars=100μm. ML: medio-lateral axis; DV: dorso-ventral axis. n=3; *=adjusted p value < 0.05;
**=adjusted p value < 0.01; ***=adjusted p value < 0.001.
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Summary:

In this study, Angla et al investigate the basis of observations made from previous studies
where loss of Onecut (OC) transcription factors leads to changes in spinal interneuron
populations that do not themselves normally express OC. The authors hypothesize that OC
expression in spinal motor neurons has non-cell-autonomous effects on pre-motor
interneuron (V1, V2a/b/c) population size and distribution. By knocking out OC in the motor
neuron lineage (i.e., downstream of Olig2, a motor neuron progenitor marker gene), they
indeed show that motor neuron-specific loss of OC expression decreases V2c interneuron
number and alters the spatial distribution of V1, V2a, V2b, and V2c populations. Using bulk
RNA-sequencing of WT and OC conditional knockout (cKO) motor neurons, the authors
identify that the neurotrophic factor Ntf3 is downregulated by OC expression. They
subsequently hypothesize that the non-cell-autonomous effects observed by loss of OC
expression in motor neurons can be explained by de-repression of Ntf3. To test this, the
authors conditionally knock out Ntf3 downstream of Olig2 and show that this leads to
increased interneuron numbers and alters their spatial distribution, ultimately leading to
dysregulation of spinal motor circuits and motor activity.

Strengths:

The authors use sophisticated genetic tools to precisely remove OC and Ntf3 expression in a
lineage-specific manner and comprehensively assess the downstream effects across brachial,
thoracic, lumbar levels of the spinal cord, as well as at two developmental timepoints, E12.5
and E14.5.

Developmental Biology | Neuroscience

https://doi.org/10.7554/eLife.110788.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://doi.org/10.7554/elife.03564
https://pubmed.ncbi.nlm.nih.gov/25329343
https://pubmed.ncbi.nlm.nih.gov/25329343
https://doi.org/10.1038/s41598-017-00514-z
https://pubmed.ncbi.nlm.nih.gov/28341853
https://pubmed.ncbi.nlm.nih.gov/28341853
https://doi.org/10.1016/j.neuron.2019.03.036
https://pubmed.ncbi.nlm.nih.gov/31027966
https://pubmed.ncbi.nlm.nih.gov/31027966
https://doi.org/10.1016/j.cdev.2023.203828
https://pubmed.ncbi.nlm.nih.gov/36894439
https://pubmed.ncbi.nlm.nih.gov/36894439
https://doi.org/10.1523/jneurosci.4025-10.2010
https://pubmed.ncbi.nlm.nih.gov/20980609
https://pubmed.ncbi.nlm.nih.gov/20980609
https://doi.org/10.3389/fcell.2020.590009
https://pubmed.ncbi.nlm.nih.gov/33520982
https://pubmed.ncbi.nlm.nih.gov/33520982
https://doi.org/10.1523/jneurosci.0880-08.2008
https://pubmed.ncbi.nlm.nih.gov/18829953
https://pubmed.ncbi.nlm.nih.gov/18829953
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE141949
https://elifesciences.org/subjects/developmental-biology
https://elifesciences.org/subjects/neuroscience


Angla-Navarro, Dominguez Bajo et al., 2026 eLife 15:RP110788.  https://doi.org/10.7554/eLife.110788.1 27 of 35

Weaknesses:

There are two main concerns that are not fully addressed:

(1) Based on the effects observed with OC vs. Ntf3 cKO, it is unclear whether OC is indeed
exerting its non-cell-autonomous effects via Ntf3. Knocking out both Ntf3 and OC and
comparing the effects to those seen with just OC cKO alone could provide more insight on this
point. Also, a quantitative summary of the effects of Ntf3 overexpression in motor neurons in
the chick is lacking.

(2) How the authors assess changes in the spatial distribution of interneurons is unclear. In
Figures 2 and 4, the control distributions (despite reporting the same populations in the same
regions) look different, suggesting large sample-to-sample variance in distribution. Although
the authors report that several sections in each level were taken from at least three animals
for each condition, it's unclear how variance within WT or cKO sections was accounted for in
the final statistical evaluation. It seems at a glance that a comparison between control
samples in Figure 2 and Figure 4 could report statistically significant differences, which
would be problematic. A more rigorous report of sample-to-sample variance and a more in-
depth explanation of the statistical methods are needed.

https://doi.org/10.7554/eLife.110788.1.sa3

Reviewer #2 (Public review):

The study by Angla et al. proposes a model in which NT-3 produced by motor neurons
regulates interneuron numbers and distribution in a non-cell autonomous manner. The
authors demonstrate that ablation of motor neurons (MNs) and global and conditional
deletion of OC transcription factors lead to changes in interneuron distribution. They identify
that NT3 is upregulated after MN-specific OC deletion in RNA-seq experiments and show that
olig2-cre mediated NT3 deletion leads to increased ventral interneuron numbers, altered
distribution, and defects in locomotor behavior. The authors conclude that MN-derived NT3,
under OC control, regulates interneuron development. While this is an intriguing hypothesis,
additional experiments are needed to support it and strengthen the link between the
different experiments described here.

(1) The study primarily quantifies interneuron numbers and distribution at different levels of
the spinal cord and under different genetic manipulations. Experimental details are lacking,
defining how many sections were analyzed (several are noted in the methods) and how the
rostrocaudal levels of the spinal cord were precisely aligned. In different figures, the values
and distributions shown for controls vary quite a lot. For example, in Figure 2B vs Figure 4B,
the number of FoxP2+ V1 neurons at brachial levels is ~350 vs 125. Similarly, the control
distributions in 2I and 4I are quite different. This makes it challenging to determine whether
the conclusions regarding the impact of each genetic manipulation on interneuron numbers
and distribution are valid.

(2) The relationship between OC and NT3 deletion data is not entirely clear. Both deletions
presumably lead to changes in interneuron distribution, but is there any reverse relationship
between the two that relates to relative changes in NT3 levels? The authors do not directly
compare NT3 and OC KO IN distributions. Similarly, one might expect a decrease in
interneuron numbers in OC mutants, which is only reported for V2c neurons. However, the
image presented in Figure 2G shows an equal number of V2c INs in control and mutant.

(3) It is not clear that the behavioral phenotypes seen in the olig2-cre mediated deletion of
NT3 can be attributed to changes in interneuron development. How about a role of NT3 in
oligodendrocytes? There is a big gap between the embryonic changes shown here and
behavior, with no in-between circuit-level changes in locomotor circuits shown. A more
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restricted manipulation would be deleting TrkC from specific interneuron populations.
Related to this, although TrkC is shown to be broadly expressed in ventral interneurons, it is
not shown specifically to colocalize with any of the interneuron markers. The authors should
validate that the receptor is expressed in the subsets that they are investigating.

(4) The rationale for following up on NT3 seems to be the chick electroporation experiments;
however, no changes in distribution are shown in those experiments, and only a very minor
decrease in Chx10 interneurons. Shouldn't NT3 overexpression lead to substantial decreases
in IN numbers according to the authors' model? The "data not shown", which presumably
refers to distribution, would be important to show here, to further support this rationale.

(5) The idea that NT3 downregulation causes an increase in IN numbers is not intuitive. Also,
considering the DTA experiments in Figure 1, showing that MN ablation leads to a decrease in
several IN subtypes and no changes in V2a neurons. It would be helpful for the reader if the
authors could synthesize their results in the discussion and reconcile their experimental
findings.

https://doi.org/10.7554/eLife.110788.1.sa2

Reviewer #3 (Public review):

This manuscript aims to investigate cell extrinsic mechanisms that regulate the
differentiation and distribution of interneuron types in the spinal cord. The authors
demonstrate that the loss of motor neurons leads to changes in the number and distribution
of different interneuron types, specifically V0v, V1, and V2b (but not V2a). The authors then
hypothesize that this phenotype may be controlled by the action of Onecut (OC) transcription
factors in motor neurons. Conditional knockout of OC1 + OC2 in motor neurons using Olig2-
Cre, however, does not lead to significant changes in the numbers of V1, V2a, and V2b
interneurons, although there is a change in their spatial distribution. While the authors do
not check V0v neurons in OC mutants, they do check V2c, which show a reduction in number
and change in distribution. Why the same neurons are not checked across experiments is
unclear. The authors then analyze existing RNA-seq data to identify factors that could be
mediating the effects of the OC factors in motor neurons. They identify Ntf3 as a candidate
and confirm that it is upregulated in OC mutants. Conditional loss of function of Ntf3 (Olig2-
Cre) leads to increases in V1, V2a, and V2b (but not V2c) interneurons and changes in the
distribution of all four interneuron types. Finally, the authors demonstrate that these Ntf3
conditional mutants have major defects in motor function.

The conclusions of this manuscript are not well supported by the data for the reasons listed
below, making it difficult to assess the impact of this work on the field.

(1) The manuscript relies heavily on quantifying numbers and the spatial distribution of
interneuron populations. However, these do not seem to be consistent in control animals
across experiments, making it difficult to interpret any changes observed in genetic
manipulations. Specifically, in Figures 2 and 4, the same markers are being used to quantify
V1, V2a, V2b, and V2c interneurons in controls vs. OC (Figure 2) or Ntf3 (Figure 4) conditional
knockouts, but the numbers of neurons and their distribution in control animals are variable
between these two figures. For example, there seems to be a mean of >300 V1 neurons in
E12.5 brachial sections of Fig. 2 controls, but this number is <150 in Fig. 4 controls. The cell
distribution scoring is similarly variable between these controls without any explanation.
The same is true for E14.5 controls used in Figure S1 vs. Figure S3.

(2) Neurotrophic factors generally promote neuronal survival. However, in this study, the loss
of Ntf3 leads to increased numbers of interneurons. This finding is in disagreement with
previous observations in slice cultures of spinal cords, as stated in the discussion. This
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discrepancy makes it even more important that the cell counts reported in the figures
discussed above are robust.

(3) The claim that phenotypes are non-cell autonomously driven by motor neurons is not well
supported. In Olig2-Cre conditional knockouts of Onecut and Ntf3, there is no confirmation
that the loss of these factors is specific to motor neurons. Therefore, it cannot be ruled out
that other cell populations may be mediating the phenotypes.

(4) The claim that interneuron development is regulated by OC control of Ntf3 expression in
motor neurons is not well supported. The authors show that loss of OC1/2 leads to an increase
in Ntf3 expression in motor neurons. If this pathway were controlling interneurons, loss of
OC function and overexpression of Ntf3 would have the same phenotype, which is not the
case. Additionally, it would also be expected that loss of OC function and loss of Ntf3 function
would have inverse phenotypes, which is also not the case. The phenotypes from OC loss of
function and Ntf3 loss of function seem distinct from one another. The authors state that too
little and too much Ntf3 are both bad for interneuron development, but there is no data to
support their claim that OC1/2 mutants have altered interneuron development because of
higher Ntf3 expression.

(5) It is not clear that interneurons being studied express the Ntf3 receptor TrkC, which
makes it difficult to assess whether changes in Ntf3 signaling are directly responsible for the
phenotype.

(6) While the behavioral phenotypes are consistent with Ntf3 playing a role in motor circuits,
there is no evidence to suggest that Ntf3's influence on premotor interneurons being studied
is driving or contributing to this phenotype, as discussed by the authors.

https://doi.org/10.7554/eLife.110788.1.sa1

Author response:

Public Reviews:

Reviewer #1 (Public review):

(1) Based on the effects observed with OC vs. Ntf3 cKO, it is unclear whether OC is indeed
exerting its non-cell-autonomous effects via Ntf3. Knocking out both Ntf3 and OC and
comparing the effects to those seen with just OC cKO alone could provide more insight
on this point.

In this study, we did not intend to demonstrate that Onecut transcription factors exert their
non-cell autonomous action on spinal interneuron development by regulating Ntf3
expression, and we do not state in the manuscript that this is the case. We only show that
Onecut factors and Ntf3, the expression of which they regulate, contribute to the non-cell
autonomous regulation of spinal interneuron development by the motor neurons. We are
convinced that Onecut factors could regulate multiple independent factors and pathways
involved in extrinsic regulation of interneuron development, as supported by the regulation
of multiple secreted factor or membrane protein expression in motor neurons detected in the
reported RNA-sequencing experiment (this manuscript and [1]). This possibly also includes,
as demonstrated in cell culture for multiple homeoproteins including human Onecut factors
[2], the intercellular transfer of the Onecut homeoproteins during spinal cord development, a
process that we are currently investigating. Knocking out both OC and Ntf3 in the motor
neurons, beyond being technically extremely challenging (1/64 probability to obtain triple-
mutant embryos), would not enable to address this question, as it will simply results in the
addition of two different defects.
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Also, a quantitative summary of the effects of Ntf3 overexpression in motor neurons in
the chick is lacking.

A quantitative summary of the effects of Ntf3 overexpression in the chicken embryonic spinal
cord is provided in Figure S2.

(2) How the authors assess changes in the spatial distribution of interneurons is unclear.
In Figures 2 and 4, the control distributions (despite reporting the same populations in
the same regions) look different, suggesting large sample-to-sample variance in
distribution. Although the authors report that several sections in each level were taken
from at least three animals for each condition, it's unclear how variance within WT or
cKO sections was accounted for in the final statistical evaluation. It seems at a glance
that a comparison between control samples in Figure 2 and Figure 4 could report
statistically significant differences, which would be problematic. A more rigorous report
of sample-to-sample variance and a more in-depth explanation of the statistical methods
are needed.

The experimental procedure to analyze the spatial distribution of spinal interneurons at
different stages of development is described in details in the “Statistical analyses” paragraph
of the Materials and Methods section of the manuscript, and has been repeatedly used by
ourselves [3,4] and by others (see for example [5-7]) to conduct similar analyses.

We also noticed that the distribution of the different analyzed interneuron populations in the
control embryos showed some differences between the cOc1Oc2-/- and the cNtf3-/- lines.
Several parameters can account for this observation. First, this study has been conducted
over a period of 15 years, different investigators each contributing to different steps of the
analysis. Second, the genetic background of these two lines is not identical, impacting both
the duration of the gestation (hence, the embryonic stage of the performed analyses, even if
the embryos were collected on the same gestation day) and possibly the distribution of some
interneuron populations. Third, because of evolutions in the availability of the primary
antibodies used to label the interneuron populations of interest, the same antibodies were
not used throughout the study, as stated in the Materials and Methods section, although the
same antibody was used by the same investigator to label the same interneuron population in
each mouse line at each developmental stage.

A detailed description of the number of sections and embryos included in each analysis as
well as the whole statistical workflow that was used for the distribution analyses, which takes
into account variance within control or mutant samples, will be provided in the revised
version of the manuscript.

Reviewer #2 (Public review):

(1) The study primarily quantifies interneuron numbers and distribution at different
levels of the spinal cord and under different genetic manipulations. Experimental details
are lacking, defining how many sections were analyzed (several are noted in the
methods) and how the rostrocaudal levels of the spinal cord were precisely aligned.

A detailed description of the number of sections and embryos included in each analysis as
well as the whole statistical workflow that was used for the distribution analyses will be
provided in the revised version of the manuscript. The rostrocaudal levels of the spinal cord
were precisely aligned using the distribution of Foxp1 in the Lateral Motor Columns (LMCs)
at brachial or lumbar levels of the spinal cord [8,9], which will also be indicated in the
revised version.

In different figures, the values and distributions shown for controls vary quite a lot. For
example, in Figure 2B vs Figure 4B, the number of FoxP2+ V1 neurons at brachial levels is
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~350 vs 125. Similarly, the control distributions in 2I and 4I are quite different. This
makes it challenging to determine whether the conclusions regarding the impact of each
genetic manipulation on interneuron numbers and distribution are valid.

Multiple factors may explain these observations. First, this study spans a 15-year period, with
different researchers contributing to various stages of the analysis. Second, the genetic
backgrounds of the two mouse lines are not identical, affecting both gestation length (thus
influencing the embryonic stage at which analyses were performed, even when embryos
were collected on the same gestational day) and potentially the distribution of certain
interneuron populations. Third, due to changes in the availability of primary antibodies used
to label the targeted interneuron populations, the same antibodies were not consistently
employed throughout the study as noted in the Materials and Methods section though each
investigator used the same antibody for a given interneuron population and developmental
stage within each mouse line.

(2) The relationship between OC and NT3 deletion data is not entirely clear. Both
deletions presumably lead to changes in interneuron distribution, but is there any
reverse relationship between the two that relates to relative changes in NT3 levels? The
authors do not directly compare NT3 and OC KO IN distributions. Similarly, one might
expect a decrease in interneuron numbers in OC mutants, which is only reported for V2c
neurons. However, the image presented in Figure 2G shows an equal number of V2c INs
in control and mutant.

This study was not designed to demonstrate that Onecut transcription factors influence spinal
interneuron development in a non-cell-autonomous manner through Ntf3 regulation, nor do
we claim this in the manuscript. Instead, we show that Onecut factors and Ntf3, whose
expression they control contribute to the non-cell-autonomous regulation of spinal
interneuron development by motor neurons. We believe Onecut factors may regulate
multiple independent factors and pathways involved in the extrinsic control of interneuron
development. For instance, as noted earlier [2], we observed intercellular transfer of Onecut
homeoproteins during spinal cord development, suggesting alternative mechanisms for non-
cell-autonomous regulation.

The two mouse lines studied here consist, on the one side, in a combination of OC inactivation
and Ntf3 increased expression, and, on the other side, in Ntf3 inactivation. Therefore, a
reverse relationship between the changes in interneuron distribution is not expected.
Furthermore, gain-of-function and loss-of-function experiments in mouse models frequently
generate phenotypes that are not inverse to each other [10-13].

(3) It is not clear that the behavioral phenotypes seen in the olig2-cre mediated deletion
of NT3 can be attributed to changes in interneuron development. How about a role of
NT3 in oligodendrocytes? There is a big gap between the embryonic changes shown here
and behavior, with no in-between circuit-level changes in locomotor circuits shown.

We agree, the motor behavior changes that we recorded in Ntf3 conditional mutant mice are,
as stated, “consistent with the hypothesis that Ntf3 produced by MNs is required to generate
locomotor circuits with properly coordinated activity” but do not demonstrate a direct causal
relationship. However, investigating the intrinsic activity of the spinal locomotor circuits,
independently from, for example, oligodendrocyte contribution may prove to be extremely
challenging and was beyond the scope of this study. In addition, to our best knowledge, Ntf3
has not been shown to be expressed in healthy oligodendrocytes in vivo, and TrkC has not
been reported to be displayed by these cells in the same conditions.

A more restricted manipulation would be deleting TrkC from specific interneuron
populations. Related to this, although TrkC is shown to be broadly expressed in ventral
interneurons, it is not shown specifically to colocalize with any of the interneuron
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markers. The authors should validate that the receptor is expressed in the subsets that
they are investigating.

We agree, investigating the consequences of inactivating the TrkC receptor in specific
interneuron populations would be extremely informative. However, this experiment is also
very challenging to perform, as most of the driver lines available to target spinal interneuron
populations additionally target multiple neuronal populations outside of the spinal cord that
are also involved in the control of movements and could therefore induce confounding
effects on motor behavior analyses [14-20].

We thank the reviewer for suggesting to investigate in more details the interneuron
populations that display TrkC receptors, this will be include in the revised version of the
manuscript.

(4) The rationale for following up on NT3 seems to be the chick electroporation
experiments; however, no changes in distribution are shown in those experiments, and
only a very minor decrease in Chx10 interneurons. Shouldn't NT3 overexpression lead to
substantial decreases in IN numbers according to the authors' model? The "data not
shown", which presumably refers to distribution, would be important to show here, to
further support this rationale.

Chicken spinal cord electroporation only enables to study spinal cord development in a
limited time-window, given the high mortality rate observed after longer incubation. At the
stage we collected the electroporated embryos for analyses, interneuron migration has barely
been initiated, and distribution cannot be studied yet. Consistently, we are not aware of any
report of interneuron distribution analysis in electroporated chicken embryonic spinal cord,
as compared to mouse embryos [3-7].

(5) The idea that NT3 downregulation causes an increase in IN numbers is not intuitive.
Also, considering the DTA experiments in Figure 1, showing that MN ablation leads to a
decrease in several IN subtypes and no changes in V2a neurons. It would be helpful for
the reader if the authors could synthesize their results in the discussion and reconcile
their experimental findings.

We agree, this will be included in the revise version of the manuscript.

Reviewer #3 (Public review):

(1) The manuscript relies heavily on quantifying numbers and the spatial distribution of
interneuron populations. However, these do not seem to be consistent in control animals
across experiments, making it difficult to interpret any changes observed in genetic
manipulations. Specifically, in Figures 2 and 4, the same markers are being used to
quantify V1, V2a, V2b, and V2c interneurons in controls vs. OC (Figure 2) or Ntf3 (Figure
4) conditional knockouts, but the numbers of neurons and their distribution in control
animals are variable between these two figures. For example, there seems to be a mean
of >300 V1 neurons in E12.5 brachial sections of Fig. 2 controls, but this number is <150
in Fig. 4 controls. The cell distribution scoring is similarly variable between these controls
without any explanation. The same is true for E14.5 controls used in Figure S1 vs. Figure
S3.

We indeed observed variations in the quantifications and distributions of the analyzed
interneuron populations in control embryos between the cOc1/Oc2⁻/⁻ and cNtf3⁻/⁻ lines.
Several factors may explain this discrepancy. First, the study was carried out over 15 years,
with different investigators contributing to distinct stages of the analysis—meaning
interneuron distribution was not assessed by the same researchers in both lines. Second, the
genetic backgrounds of the two lines differ, affecting gestation length (and thus the
embryonic stage at analysis, even when embryos were collected on the same gestational day)
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as well as potentially altering the distribution of certain interneuron populations. Third,
changes in the availability of primary antibodies targeting the interneuron populations of
interest led to inconsistencies in antibody use across the study, as detailed in the Materials
and Methods section. However, each investigator consistently used the same antibody for a
given interneuron population and developmental stage within each mouse line.

(2) Neurotrophic factors generally promote neuronal survival. However, in this study, the
loss of Ntf3 leads to increased numbers of interneurons. This finding is in disagreement
with previous observations in slice cultures of spinal cords, as stated in the discussion.
This discrepancy makes it even more important that the cell counts reported in the
figures discussed above are robust.

Considering that neurotrophic factors only support neuronal survival would strongly neglect
their important function in neuronal differentiation, which has been broadly demonstrated.
Severe immunotoxic ablation of motor neurons or anti-serum blockade of Ntf3 activity
severely depleted inhibitory, but not excitatory, interneurons in a highly apoptotic-prone
organotypic culture model of embryonic rat spinal cord slices, which was rescued by Ntf3 in
the first model [21]. Opposite results were obtained in vivo by other researchers using mouse
models lacking almost all MNs due to the elimination of skeletal muscles, where the number
of spinal INs remained unaffected [22,23]. Combined to our results, these in vivo observations
suggest that Ntf-3 is involved in interneuron differentiation rather in their survival.
Consistently, Ntf3 has been shown to promote neuronal differentiation [24].

(3) The claim that phenotypes are non-cell autonomously driven by motor neurons is not
well supported. In Olig2-Cre conditional knockouts of Onecut and Ntf3, there is no
confirmation that the loss of these factors is specific to motor neurons. Therefore, it
cannot be ruled out that other cell populations may be mediating the phenotypes.

Combined conditional inactivation of Oc1 and Oc2 has been reported in [1]. Conditional
inactivation of Ntf3 only impacts motor neurons as it is the only cell population in the ventral
spinal cord wherein this factor is produced (this study and [25-27]). Furthermore, Olig2-Cre
has been shown to be active in motor neurons and in V3 interneurons (see for example [10]),
which, for this reason, have not been studied in the frame of this project as stated in the
manuscript.

(4) The claim that interneuron development is regulated by OC control of Ntf3 expression
in motor neurons is not well supported. The authors show that loss of OC1/2 leads to an
increase in Ntf3 expression in motor neurons. If this pathway were controlling
interneurons, loss of OC function and overexpression of Ntf3 would have the same
phenotype, which is not the case. Additionally, it would also be expected that loss of OC
function and loss of Ntf3 function would have inverse phenotypes, which is also not the
case. The phenotypes from OC loss of function and Ntf3 loss of function seem distinct
from one another. The authors state that too little and too much Ntf3 are both bad for
interneuron development, but there is no data to support their claim that OC1/2 mutants
have altered interneuron development because of higher Ntf3 expression.

This study was not aimed at proving that Onecut transcription factors mediate their non-cell-
autonomous effects on spinal interneuron development through Ntf3 regulation, nor do we
make this claim in the manuscript. Rather, we demonstrate that Onecut factors and Ntf3,
whose expression they control—participate in the non-cell-autonomous regulation of spinal
interneuron development by motor neurons. We propose that Onecut factors likely modulate
multiple independent factors and pathways involved in the extrinsic regulation of
interneuron development, as evidenced by the regulation of various secreted factors and
membrane proteins in motor neurons observed in our RNA-sequencing data (this study and
[1]). This may also involve intercellular transfer of Onecut homeoproteins during spinal cord

Developmental Biology | Neuroscience

https://doi.org/10.7554/eLife.110788.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/developmental-biology
https://elifesciences.org/subjects/neuroscience


Angla-Navarro, Dominguez Bajo et al., 2026 eLife 15:RP110788.  https://doi.org/10.7554/eLife.110788.1 34 of 35

development—a mechanism previously shown in cell culture for several homeoproteins,
including human Onecut factors [2] and which we are currently exploring.

(5) It is not clear that interneurons being studied express the Ntf3 receptor TrkC, which
makes it difficult to assess whether changes in Ntf3 signaling are directly responsible for
the phenotype.

Immunofluorescence experiment in Figure 3C shows that TrkC receptor is present in cell
populations surrounding motor neurons at e12.5, a stage where only the pre-motor
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