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Abstract

The spinal cord contains neuronal circuits termed Central Pattern Generators (CPGs) that coordinate rhythmic motor
activities. CPG circuits consist of motor neurons and multiple interneuron cell types, many of which are derived from four
distinct cardinal classes of ventral interneurons, called V0, V1, V2 and V3. While significant progress has been made on
elucidating the molecular and genetic mechanisms that control ventral interneuron differentiation, little is known about
their distribution along the antero-posterior axis of the spinal cord and their diversification. Here, we report that V0, V1 and
V2 interneurons exhibit distinct organizational patterns at brachial, thoracic and lumbar levels of the developing spinal cord.
In addition, we demonstrate that each cardinal class of ventral interneurons can be subdivided into several subsets
according to the combinatorial expression of different sets of transcription factors, and that these subsets are differentially
distributed along the rostrocaudal axis of the spinal cord. This comprehensive molecular profiling of ventral interneurons
provides an important resource for investigating neuronal diversification in the developing spinal cord and for
understanding the contribution of specific interneuron subsets on CPG circuits and motor control.
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Recherche Scientifique) Investigator; CF is supported by the FSR (Université catholique de Louvain); FC is a Research Associate of the FRS-FNRS. The funders had
no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: frederic.clotman@uclouvain.be

Introduction

Over the past two decades, an outline of molecular

mechanisms that generate neuronal diversity in the developing

spinal cord, coupled with a greater understanding of how these

neurons are assembled into functional circuits, has begun to

emerge. Repetitive motor activities, including swimming or

walking, are controlled by complex central pattern generator

(CPG) networks [1,2,3,4]. Spinal CPG networks generate and

coordinate the rhythmic and stereotyped patterns of motor

activity independently of sensory or motor inputs [5,6,7]. These

CPGs are broadly composed of motor neurons (MNs), the

effectors of motor actions that are organized into functional

motor pools, and several types of interneurons (INs) that serve to

coordinate MN activity within and between CPG modules

[2,7,8,9,10,11,12]. However, the topographic distribution of

these different IN types along the rostrocaudal axis of the spinal

cord remains poorly characterized, and the diversification of IN

subsets that constitute the CPG has been only partially studied.

Among the neuronal populations that make up the spinal CPG

circuitry, MNs are the component most well characterized (for

review [13]). MN diversification along the rostrocaudal axis is

regulated by extrinsic signals that include retinoic acid (RA),

fibroblast growth factors (FGFs), Wnt proteins and GDF11

[14,15,16]. Combined activity of Hox transcription factors shapes

the spinal cord along the rostrocaudal axis into a brachial, thoracic

and lumbar regions [17,18,19,20]. In each of these regions, MN

diversify into distinct subclasses which form several columns

according to a Hox code [15,21,22,23]. At brachial levels,

combined activities of Hoxc6 and Hoxc8 specify MNs into lateral

motor column (LMC) [22,24,25] and medial motor column

(MMC) neurons [26,27]. By contrast, upon Hoxc9 activity at

thoracic level, MN diversify into three columns called MMC,

hypaxial motor column (HMC) and visceral preganglionic column

(PGC) [21,22,24,26,27]. Similar to brachial level, Hoxd10 and

Hoxc10 contribute to the specification of lumbar MNs into LMC

and MMC neurons [22,24,25]. Interestingly, Hox cofactors such

as Meis, Pbx or Foxp1 refine and constrain Hox activity within
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distinct MN subclasses. Foxp1, whose expression is selectively

induced by Hox6/10 and Hoxc9 in LMC and PGC neurons,

respectively, acts jointly with Hox transcription factors to specify

LMC or PGC fate [21,23,27]. In addition, Foxp1 and Hox

proteins synergistically control motor axon projections and axon

targeting of LMC and of PGC neurons [21,23]. Finally, Hox genes

regulate the organization into specific motor pools [13,24,25].

Multiple distinct IN cell types are present in the adult spinal

cord [12,28,29,30,31] (for review [32,33]). Many of which are

thought to arise from the V0, V1, V2 and V3 cardinal classes,

although dorsal embryonic INs are also likely to contribute to the

motor circuits (for review [9,34,35]). These ventral IN populations

have been primarily characterized at brachial or at lumbar levels

of the developing spinal cord [36,37], and it is now apparent that

these populations diversify into several subpopulations. Indeed, V0

INs subdivide into a dorsal (V0D), a ventral (V0V), a cholinergic

(V0C) and a glutamatergic (V0G) complement [38]. V0D are

inhibitory commissural INs that control left/right alternation [39].

V1 INs sequentially differentiate into several inhibitory cell types

including Renshaw cells (RCs), Ia INs and other unidentified

subpopulations [40,41,42,43,44]. In contrast, V2 INs divide

equally into V2a excitatory and V2b inhibitory INs

[45,46,47,48,49], and in a small subpopulation of V2c INs [50].

While V2a INs regulate burst robustness and left/right coordina-

tion during walking, the physiological functions of V2b and V2c

cells remain to be identified. Finally, a majority of V3 neurons are

excitatory INs that segregate into a ventral (V3V) and a dorsal

(V3D) subpopulation, which additionally differ in their electro-

physiological properties [51,52]. V3 neurons constitute a popula-

tion of commissural INs that ensure a regular and balanced motor

rhythm during walking by distributing excitatory drive towards

both halves of the spinal cord [52].

Despite an increased understanding of the developmental

programs that specify these cardinal ventral IN classes, very

little is known about their topographic distribution and

organization along the rostrocaudal axis of the spinal cord.

The diversification of these cardinal classes of ventral INs into

distinct subsets and the relationship between these subsets and

adult IN populations also deserves further investigation. A

major factor preventing progress is the incomplete character-

ization of molecular or genetic markers that define V0D, non-

RCs V1 or V3V/V3D subpopulations. While recent studies have

described the expression of several transcriptional regulators in

the developing spinal cord, including BhlhB5 [53] or Prdm8

[54], the Cut homeobox transcription factors of Onecut family

such as HNF-6, OC-2 and OC-3 [55] and the bZIP

transcription factors MafA, MafB [44] and cMaf, the relation-

ship of these molecular markers to ventral IN subdivisions and

known cell types has not been analyzed comprehensively.

Here, we characterized the topographic distribution of ventral

INs along the rostrocaudal axis of the spinal cord using

immunofluorescence labeling in combination with 3D imaging

on whole mounted spinal cords. Our findings revealed pro-

nounced differences in the distribution of ventral INs at brachial,

thoracic and lumbar levels. We found that a majority of V0D

neurons contain BhlhB5 whereas Olig3 appears to define a

majority of V3V neurons. We also observed that each cardinal

class of ventral INs can be subdivided into several subsets

according to combinatorial expression of multiple transcription

factors. Taken together, these findings provide evidence that the

cardinal classes of ventral INs are differentially distributed along

the rostrocaudal axis of the spinal cord and subdivide into different

subsets characterized by distinct combinations of molecular

markers.

Materials and Methods

Animals
All experiments were strictly performed respecting the Europe-

an Community Council directive of 24 November 1986 (86-609/

ECC) and the decree of 20 October 1987 (87-848/EEC). CD1

mice were raised in our animal facility and were treated according

to the principles of laboratory animal care of the Animal Welfare

Committee of the Université catholique de Louvain (Permit

Number: UCL/MD/2009/008). The day of vaginal plug was

considered as embryonic day (e)0.5 and embryos were collected at

e12.5. Cohorts of a minimum of 3 embryos per experiment were

used.

The Dbx1LacZ/+, En1Cre/+;ZnG, Sim1Cre/+;Rosa26floxstop-tdTomato

mutant mice were previously described [52,56,57]. The specificity

controls of ß-galactosidase, Cre recombinase or GFP expression for

each mouse line were provided in the cited references. Gata3Cre/+;

Rosa26floxstop-tdTomato mice were generated by breeding Gata3Cre/+

mice (Zhang et al., submitted) with Rosa26floxstop-tdTomato mice.

Characterization of Gata3Cre/+;Rosa26floxstop-tdTomato mouse line was

provided in the cited reference. In addition, our immunofluorescent

analyses in the developing spinal cord indicated that Cre

recombinase and tdTomato expression was restricted to the V2b

and V2c interneurons (data not shown).

Mouse embryos were collected at e12.5 and decapitated before

fixation. Embryos were fixed in PBS/4% PFA at 4uC for

25 minutes. They were washed thrice in cold PBS before

incubation in PBS/30% sucrose overnight at 4uC. They were

embedded in PBS/7.5% gelatin/15% sucrose before being frozen

at 255uC. Embryos were cut at 14 mm in a Leica CM3050

cryostat and cryosections were stored at 220uC. For whole mount

experiments, the whole spinal cord was removed, fixed in cold

PBS/4% PFA for 25 minutes and were processed immediately.

Immunofluorescent labelings
Cryosections or whole spinal cord were saturated with PBS/

0.1% Triton/10% horse serum for 30 minutes and incubated with

the primary antibodies diluted in the same solution at 4uC
overnight or for 4 days, respectively. After 3 washes in PBS/0.1%

Triton, the secondary antibodies, diluted in PBS/0.1% Triton/

10% horse serum, were added for 30 minutes at room temper-

ature. Slides or whole spinal cord were washed thrice in PBS/

0.1% Triton before a final wash in PBS, and were mounted with

Fluorescent mounting medium (DAKO).

Details of the sources of the primary or secondary antibodies,

and their characterization by us or by others are indicated in

Table 1 and Table 2, respectively. All secondary antibodies gave

signals in the spinal cord only in the presence of corresponding

primary antibodies, but not when applied on spinal cord sections

alone.

Imaging and quantitative analyses
Immunofluorescence images of cryosections were acquired on a

Zeiss Axio Cell Observer Z1 confocal microscope with the Zeiss

AxioVision Rel. 4.8 software and processed with Adobe Photo-

shop CS5 software.

Quantifications were performed on red or green or blue layer of

acquired confocal images and double or triple labeling cells were

processed by subtractive method [55]. For each e12.5 embryo

(n = 3), labeled cells were quantified using the count analysis tool of

Adobe Photoshop CS5 software. Neurons that were positive for

molecular markers described above were counted unilaterally on

three sections at three different levels of the brachial, thoracic and

lumbar regions. Depending on the rostrocaudal level, the amount

Ventral Interneuron Distribution and Subdivisions
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of cells that was counted for each IN population was: 91–219 cells

for V0, 169–257 cells for V1, 50–107 cells for V2a, 59–103 cells

for V2b and 41–76 cells for V3. Raw data were exported from

Adobe Photoshop CS5 software to SigmaPlot v12 software and

processed in order to generate histogram figures. Analyses of the

Variance performed for each experiment by One Way ANOVA

test indicated a low and non-significant variability from mouse to

mouse (p = 0,169 to 0,757). Each histogram generated in this study

was normalized to the total amount of cells in each ventral

interneuron population that was set at 100.

Z-stack images of whole mount labelings in open-book spinal

cord preparations were obtained using LSM510 and Zeiss Axio

Cell Observer Z1 confocal microscope. Three-dimensional (3D)

image reconstructions were made and processed using Zeiss ZEN

2011 black edition (release version 7.0.0.285) software. Optical

sections in Z-series collections were collected at 0.540 mm intervals

(objective: LD LCI Plan-Apochromat 2560.8 Imm Korr DIC

M27, camera: AxioCamMR3). Brightness and contrast were

modified using Zeiss ZEN 2011 software, then movies were

generated with Zeiss ZEN 2011 software.

Results

Ventral spinal INs are differentially distributed along the
rostrocaudal axis of the spinal cord

Different classes of cardinal INs have been described in the

developing ventral spinal cord [36,37,58,59,60]. However, most of

these populations have been characterized at a single rostrocaudal

level, and the respective distribution of these embryonic neuronal

populations along the rostrocaudal axis of the spinal cord has not

been extensively described. To address this question, we first

examined the topographic distribution of the ventral INs at e12.5

by immunofluorescence on whole mount spinal cord combined

with 3D imaging. At this developmental stage, the ventral spinal

INs have been generated and a majority of them have reached

their final position. Furthermore, the ventral spinal cord is still

devoid of glial cells [61,62,63] and ventral INs have not yet

undergone developmental cell death [64], which, at a later stage,

would complicate the analyses. Multiple labeling of each cardinal

interneuron population revealed that these cells are not identically

distributed along the rostrocaudal axis of the spinal cord (Fig. 1B–

B0). Indeed, at thoracic levels, a ventral to dorsal (Fig. 1A) series of

columns corresponding to V3, sparse V1, intermingled V2a, V2b

and V3 and finally V0V INs were observed (Fig. 1B9). At variance,

the organization, the size and the relative position of these columns

seemed different at brachial compared to lumbar levels (Fig. 1B–

B0). To gain further insights into these possible differential

distributions, each cardinal class of ventral INs was analyzed

separately.

The V0 INs were visualized in Dbx1LacZ/+ mouse embryos, in

which ß-galactosidase is detected in V0 progenitors and in a

Table 1. List of the primary antibodies used in this study.

Primary antibody used Dilution Supplier Reference

Rabbit anti-Arx 1:1000 Dr. Jamel Chelly [124]

Chicken anti-b-
galactosidase

1:2000 Abcam ab9361

Goat anti-BhlhB5 1:1000 Santa Cruz sc-6045

Rabbit anti-BhlhB5 1:2000 Dr. Sarah E. Ross [70]

Rat anti-BhlhB5 1:2000 Dr. Sarah E. Ross [70]

Mouse anti-Brn3a 1:500 Santa Cruz sc-8429

Guinea pig anti-Brn3a 1:5000 Dr. Jane Johnson [125]

Rabbit anti-Chx10 1:5000 Dr. Kamal Sharma [47]

Sheep anti-Chx10 1:500 Exalpha Biologicals X1179P

Guinea pig anti-Chx10 1:3000 Dr. Sam Pfaff [47]

Mouse anti-Calbindin 1:10000 Swant CB300

Rabbit anti-Calbindin 1:10000 Swant CB38

Mouse anti-Evx1 1:2000 DSHB 99.1-3A2

Rabbit anti-Evx1 1:300 Dr. Martyn Goulding [65]

Rabbit anti-Foxd3 1:5000 Dr. Thomas Müller [81]

Guinea pig anti-Foxd3 1:5000 Dr. Thomas Müller [81]

Goat anti-Foxp1 1:1000 R&D Systems AF4534

Goat anti-Foxp2 1:2000 Abcam ab1307

Rabbit anti-Foxp4 1:400 Genway Biotech 18-003-43528

Guinea pig anti-Gata2 1:3000 Dr. Kamal Sharma [47]

Mouse anti-Gata3 1:400 Santa Cruz sc-268

Rat anti-Gata3 1:20 Dr. Frank Grosveld [50]

Chicken anti-GFP 1:2000 Abcam ab290

Rabbit anti-GFP 1:2000 Aves Labs GFP-1020

Guinea pig anti-HNF-6 1:6000 Our laboratory [126]

Rabbit anti-HNF-6 1:50 Santa Cruz sc-13050

Rabbit anti-Lbx1 1:5000 Dr. Thomas Müller [127]

Guinea pig anti-Lbx1 1:5000 Dr. Thomas Müller [127]

Guinea pig anti-MafA 1:10000 Dr. Thomas Müller [128]

Rabbit anti-MafA 1:500 Novus Biological NB400-137

Rabbit anti-MafB 1:5000 Dr. Hagen Wende [128]

Rabbit anti-cMaf 1:5000 Dr. Hagen Wende [129]

Mouse anti-Nkx2.2 1:20 DSHB 74.5A5

Rat anti-Nurr1 1:2000 Dr. Yuichi Ono [130]

Rat anti-OC-2 1:400 Our laboratory [131]

Guinea pig anti-OC-3 1:6000 Our laboratory [132]

Rabbit anti-Olig3 1:5000 Dr. Thomas Müller [81]

Guinea pig anti-Olig3 1:5000 Dr. Thomas Müller [81]

Rabbit anti-Pax2 1:100 Covance PRB-276P

Goat anti-Pax6 1:500 Santa Cruz sc-7750

Rabbit anti-Pax6 1:2000 Covance PRB-278P

Mouse anti-Pax6 1:1000 DSHB PAX6

Rabbit anti-Pitx2 1:5000 Capra Science PA 1020-100

Rabbit anti-Prdm8 1:200 Pr. Yoichi Shinkai [54]

Mouse anti-Prdm8 1:200 Pr. Yoichi Shinkai [54]

Guinea pig anti-Prdm8 1:2000 Dr. Sarah E. Ross [70]

Rabbit anti-Prdm8 1:2000 Dr. Sarah E. Ross [70]

Rabbit anti-Prox1 1:1000 Covance PRB-238C

Goat anti-Prox1 1:500 R&D Systems AF2727

Table 1. Cont.

Primary antibody used Dilution Supplier Reference

Rabbit anti-RFP 1:2000 Rockland Inc. 600-401-379

Goat anti-Sox1 1:500 Santa Cruz sc-17318

Rabbit anti-Sox1 1:400 Dr. Stavros Malas [50]

Guinea pig anti-Sox1 1:400 Dr. Stavros Malas [50]

Rabbit anti-SCIP (Pou3f1) 1:500 Dr. Dies Meijer [133]

doi:10.1371/journal.pone.0070325.t001
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majority of differentiating V0 cells [56], but not in V1 or in dorsal

dI6 INs (Fig. S5A–F0). Evx1 was detected as a specific marker of

V0v INs [56,65]. At brachial levels, the V0 neurons were

organized into 3 columns (brackets in Fig. 1C, Fig. S1A, and

Movie S1 in Movie Collection S1). The dorsal column

corresponded to the V0 progenitors and newly-born V0V

(Evx1+) or V0D neurons. The intermediate column contained a

large group of V0D intermingled with some V0V cells. The ventral

column was composed of a large group of V0V intermingled with

fewer V0D INs. By contrast, at thoracic levels, the intermediate

column included a large portion of V0V and fewer V0D, while the

ventral column was composed almost exclusively of V0D cells

(brackets in Fig. 1C9, Fig. S1B, Movie S2 in Movie Collection S1).

At lumbar levels, we observed two major columns distributed

between a dorsal complement of tightly packed V0 progenitors

and newly-born V0D or V0V cells, and a ventral complement with

intermingled V0D and V0V neurons (brackets in Fig. 1C0, Fig.

S1C, Movie S3 in Movie Collection S1). Note that a small fraction

of V0 INs displayed low levels of ß-galactosidase at brachial levels,

probably due to ß-galactosidase degradation in the earliest-born

cells. Furthermore, the distribution of V0 INs (and of the other

cardinal populations, see below) at brachial or lumbar levels varied

according to the differential distribution of the MNs in these

regions, as previously reported [41]. Thus, V0 INs exhibited a

differential distribution of the V0D and V0V subpopulations,

including changes in their relative dorso-ventral position, along the

rostrocaudal axis of the spinal cord.

V1 INs divide into RCs (Foxd3+/Calbindin+) and V1 non-RC

INs (Foxp2+/Foxd3+ or Foxd3+) that include inhibitory Ia INs and

other uncharacterized populations [40,42,44,66]. At brachial

levels, V1 neurons were distributed in a ventral column that

contained only RCs and a large dorsal column composed of

numerous Foxp2+ V1 neurons and rare Foxd3+ V1 cells (brackets

in Fig. 1D, Fig. S2A, and Movie S1 in Movie Collection S2). At

thoracic levels, the V1 gathered in a less-extended dorso-ventral

portion of the spinal cord (brackets in Fig. 1D9) with a progressive

reduction in RCs from rostral to caudal, and Foxp2+/Foxd3+ cells

grouped in a central column (brackets in Fig. 1D9, Fig. S2B, Movie

S2 in Movie Collection S2). At lumbar levels, V1 INs were slightly

more numerous than at thoracic levels. However, fewer RCs were

observed and were spread more dorsally while Foxd3 levels

decreased along the cranial to caudal axis (Fig. 1D0, Fig. S2C,

Movie S3 in Movie Collection S2). Thus, the amount and the

divisions of V1 neurons varied between limb and thoracic levels.

V2 INs segregate into V2a (Chx10+), V2b (Gata3+) and V2c

(Sox1+) subpopulations [47,50,67]. At brachial levels, V2b neurons

were widely distributed from very ventral to medial regions,

whereas V2a intermingled with V2b neurons in a central column

and V2c gathered close to the ventral most V2b cells (brackets in

Fig. 1E, Fig. S3A, and Movie S1 in Movie Collection S3). At

thoracic levels, V2b INs were more dorsally restricted, being

almost absent from ventral regions, whereas V2a gathered in a

narrower central column directly ventral to the V2b cells (brackets

in Fig. 1E9, Fig. S3B, Movie S2 in Movie Collection S3). At

lumbar levels, V2a INs were more numerous and expanded along

the dorso-ventral axis. V2b cells were less numerous in the rostral

portion but more numerous and more extended along the dorso-

ventral axis in the caudal portion of the lumbar region. V2c were

less numerous with respect to V2a and V2b (brackets in Fig. 1E0,

Fig. S3C, Movie S3 in Movie Collection S3). Thus, the V2 INs

presented a differential distribution along the rostrocaudal axis of

the spinal cord.

Finally, V3 INs labeled for their specific marker Nkx2.2 were

organized in a single ventral column homogenous along the

rostrocaudal axis of the spinal cord, although a few of them were

distributed dorsally more frequently within the brachial and

Table 2. List of the secondary antibodies used in this study.

Secondary antibody used Dilution Supplier Reference

Donkey anti-mouse/AlexaFluor488 1:2000 Life Science A21202

Donkey anti-mouse/AlexaFluor594 1:2000 Life Science A21203

Donkey anti-mouse/AlexaFluor647 1:2000 Life Science A31571

Donkey anti-rabbit/AlexaFluor647 1:2000 Life Science A31573

Donkey anti-rat/AlexaFluor594 1:2000 Life Science A21209

Donkey anti-goat/AlexaFluor488 1:2000 Life Science A11055

Donkey anti-sheep/AlexaFluor594 1:2000 Life Science A11016

Goat anti-guinea pig/AlexaFluor594 1:2000 Life Science A11076

Goat anti-mouse IgG1/AlexaFluor594 1:2000 Life Science A21125

Goat anti-mouse IgG2a/AlexaFluor488 1:2000 Life Science A21131

Donkey anti-chicken/Dylight488 1:1000 Jackson ImmunoResearch 703-485-155

Donkey anti-chicken/Dylight594 1:1000 Jackson ImmunoResearch 703-515-155

Donkey anti-mouse/AlexaFluor647 1:1000 Jackson ImmunoResearch 715-605-151

Donkey anti-rat/AlexaFluor647 1:1000 Jackson ImmunoResearch 712-605-153

Donkey anti-sheep/AlexaFluor594 1:1000 Jackson ImmunoResearch 713-585-147

Donkey anti-sheep/AlexaFluor647 1:1000 Jackson ImmunoResearch 713-605-147

Donkey anti-rabbit/AlexaFluor488 1:1000 Jackson ImmunoResearch 711-545-152

Donkey anti-rabbit/AlexaFluor594 1:1000 Jackson ImmunoResearch 711-585-152

Donkey anti-guinea pig/AlexaFluor488 1:1000 Jackson ImmunoResearch 706-545-148

Donkey anti-guinea pig/AlexaFluor647 1:1000 Jackson ImmunoResearch 706-605-148

doi:10.1371/journal.pone.0070325.t002
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Figure 1. Ventral spinal interneurons are differentially distributed along the rostrocaudal axis of the spinal cord. Whole mount
immunofluorescence labeling of Foxp1 or ventral interneuron markers on whole mount spinal cord of mouse embryo at e12.5. (A–A0) Foxp1 (white)
shown as reference to delineate the brachial, thoracic and lumbar regions of the developing spinal cord. (B–B0) Differential distribution of ventral
spinal interneurons including V0V (yellow), V1 (blue), V2a (green), V2b (red) and V3 (cyan) at brachial (B), thoracic (B9) or lumbar (B0) levels of the spinal
cord. (C–C0) V0 interneurons including V0V (red or yellow) and V0D (green) display distinct distribution pattern at brachial (C), thoracic (C9) or lumbar
(C0) levels in Dbx1LacZ/+ embryos. (D–D0) V1 interneurons including Renshaw cells (red or magenta) and V1 non-Renshaw cells that contain Foxp2

Ventral Interneuron Distribution and Subdivisions
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thoracic levels, but less frequently in the lumbar region (arrow-

heads in Fig. 1F–F0, arrowheads in Fig. S4A–C, Movies S1, S2, S3

in Movie Collection S4).

Together, these observations provided evidence that the

cardinal classes of ventral INs are differentially distributed along

the rostrocaudal axis of the spinal cord except for V3, which

exhibited a more homogenous distribution pattern.

Ventral spinal INs can be subdivided into subsets with
distinct molecular identity

The four cardinal classes of ventral INs give rise to dozens of

distinct neuronal populations in the adult, suggesting that they

subdivide into numerous subsets. Differential location of these

subsets may contribute to the differential distribution reported

above. In an effort to address this question and to identify

molecular markers of subsets of embryonic ventral INs, we

analyzed the distribution of a set of transcription factors that have

been described in the ventral part of the developing spinal cord

relative to established markers of ventral IN populations. The

transcription factor set included BhlhB5 (also known as Bhlhe22)

[53,68,69], Prdm8 [54,70], HNF-6, OC-2, OC-3 [55], Nurr1

[71], Pax2 [72], Pax6, MafA, MafB or cMaf [73], Pitx2 [38],

Olig3 [74], Pou3F1 and Pou4F1 [75].

Homogenous subsets of V0 INs along the rostrocaudal
axis of the spinal cord

Previous studies established that V0 INs diversify into distinct

subpopulations including V0D, V0V (Evx1+), V0C (Evx1+/Pitx2+/

ACh+) and V0G (Evx1+/Pitx2+) neurons [38,39,56]. Using

Dbx1LacZ/+ embryos, we determined whether additional candi-

date markers were present in V0 INs. Surprisingly, we found that

BhlhB5, a transcriptional repressor expressed in dorsal dI6 INs,

V1 and V2a INs [53,68,69] was additionally detected in 77% to

89% of Evx12 V0 INs, namely V0D (Fig. 2A–C0; Fig. S5A–D0;

Fig. 7A–C). In contrast, BhlhB5 was not present in Evx1+ V0V INs

(Fig. 2A–C0), as described previously [53]. Hence, BhlhB5 is a

marker for a majority of V0D neurons. This observation also

highlights further diversification of V0D INs into BhlhB5+ or

BhlhB52 cells.

At brachial levels, the BhlhB5+ V0D INs accounted for 50% of

the V0 INs (Fig. 7A) and were located close to the central canal.

About half of these cells contained the PR Domain Zinc Finger

Protein Prdm8, a cofactor of BhlhB5 (Fig. 2D–D0, Fig. 7B) or Pax2

(Fig. 2G–G0, Fig. 7C). Smaller subsets were labeled for Onecut

factors (arrowheads in Fig. 2J–J0, M–M0; Fig. 7D), Pax6 or the

orphan nuclear receptor Nurr1 (Nr4a2), a protein previously

detected in glutamatergic cortical neurons and dopaminergic

neurons (arrowheads in Fig. 2P–P0; Fig. 7A, E; data not shown)

[76,77]. V0V accounted for 40% of the V0 INs (Fig. 7A). They

migrated ventro-medially to become located lateral to BhlhB5+

V0D INs (Fig. 2A–A0). They divided into major subsets labeled for

OC-2 or OC-3 (Fig. S6A–B) and Nurr1 (Fig. 2P–P0, Fig. 7E) and

into minor subsets containing Prdm8+ (Fig. 2D–D0, Fig. 7B),

HNF-6+ (Fig. 2J–J0, Fig. 7D) and Pax2+ (Fig. 2M–M0, Fig. 7C).

Finally, V0C and V0G INs defined by Pitx2 formed a small subset

of V0V (Fig. 2G–G0) and a majority of them contained HNF-6

(arrowheads in Fig. 2J–J0, Fig. 7D). At thoracic and lumbar levels,

the proportion of V0D and V0V did not significantly change

compared to brachial levels (Fig. 2B–B0, Fig. 7A). Likewise, the

proportions of V0 subsets remained relatively stable, with the

exception of an increase in HNF-6+ and in OC-3+ V0V that

correlated with a decrease in HNF-6+ and in OC-3+ V0D INs at

thoracic levels of the spinal cord (Fig. 7A–E, Fig. S6A–B).

Thus V0V and V0D proportion did not significantly change

along the rostrocaudal axis of the spinal cord, and each V0

subpopulation can be divided into several subsets according to a

combinatorial code that includes Pax2, Prdm8, Pax6, Nurr1 or

Onecut factors, which are differentially distributed between

brachial, thoracic and lumbar levels.

V1 interneuron subsets are differentially distributed
along the rostrocaudal axis of the developing spinal cord

V1 INs characterized by Foxd3 and En1 expression arise from

the p1 progenitor domain defined by combined expression of

Dbx2, Nkx6.2 and Pax6 [56,57,78,79]. Neurons of this class

rapidly diversify into several inhibitory interneuron subpopulations

including RCs characterized by the presence of calbindin and

Foxd3, and V1 non-RCs containing Ia INs and other V1

subpopulations characterized by Foxp2, Foxd3, and En1

[40,43,44,66,79]. Noticeably, Foxd3 and Foxp1 are also present

in dI2 INs, but these cells are not yet located in the ventral spinal

cord at e12.5 [80,81].

At brachial levels, non-RC V1 amounted for 70% of the V1

INs. A large non-RC subset contained Foxp2, partly in

combination with Foxp4 and/or Foxd3 (Fig. 3A–A0, Fig. 7F).

This large subset spatially divided into 3 groups, i.e. a medial, a

ventro-lateral and a lateral subdivision (arrows in Fig. 3A–A0). In

addition, we detected a subset of non-RC V1 that contained

Foxd3 but not Foxp2 nor Foxp4 in the vicinity of the p1

progenitor domain (arrowhead in Fig. 3A–A0, Fig. 7F). The

Foxp2+ V1 subset could be further subdivided based on the

distribution of Nurr1. This protein was detected in a small subset

of V1 that contained Foxp2 but not Foxd3 located in the dorsal

part of the lateral subdivision of V1 and in a large subset that

contained Foxp2 and Foxd3 located in the medial subdivision

(arrowheads in Fig. 3D–D0, Fig. 7G). Similarly, Pax2 was detected

in the ventro-lateral subdivision that contained Foxp2 and Foxd3

(arrowheads in Fig. 3J–J0, Fig. 7H). At variance, Foxp1 was

present in the medial subdivision of non-RC V1 INs and in the

lateral subdivision that contained Foxd3, close to MNs (arrow-

heads in Fig. S5G–I0, Fig. 7J). Arx was detected in a small subset of

the lateral group of Foxp2+/Nurr1+ V1 INs (arrowheads in

Fig. 3G–G0, Fig. S6C), BhlhB5 and Prdm8 were partly codetected

in a subset of V1 INs located close to the p1 domain that

corresponds to newly-born V1 INs and in the lateral complement,

close to the MNs (arrowheads in Fig. 3M–M0, Fig. S6D). Finally,

Pou3F1 (also known as Scip or Oct6) and Pou4F1 (also known as

Brn3a) were detected in a very limited number of V1 INs

(arrowheads in Fig. 3P–P0, Fig. 7I–J, Fig. S5G–G0). On the other

hand, RCs amounted for 30% of V1 cells (Fig. 7I). They divided

into 3 distinct groups, i.e. a ventro-medial subdivision close to the

lumen of the spinal cord, a ventro-lateral subdivision that bordered

the MNs and a third group located dorsally to this ventro-lateral

(green) or Foxd3 (blue) are differentially distributed at brachial (D), thoracic (D9) or lumbar (D0) along the rostrocaudal axis. (E–E0) V2 interneurons
including V2a (blue), V2b (red) and V2c (green) exhibit distinct distribution pattern at brachial (E), thoracic (E9) or lumbar (E0) levels. (F–F0) By contrast,
V3 interneurons (white) display relative homogenous distribution, along the rostrocaudal axis of the spinal cord. The white brackets indicate distinct
columnar organization within V0, V1 and V2 neurons while white arrowheads show few cells distributed outside V3 neuron column. The white arrow
indicates the ventral (v) to dorsal (d) axis. Scale bar = 100 mm.
doi:10.1371/journal.pone.0070325.g001
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Figure 2. Homogenous distribution of V0 interneuron subsets along the rostrocaudal axis of the spinal cord. (A–A0)
Immunofluorescence labeling on transverse section at brachial levels of the spinal cord of Dbx1LacZ/+ embryo at e12.5. V0D interneurons contain
BhlhB5 (cyan) are intermingled with Evx1+ V0V neurons (yellow or red). Most of V0V cells are located ventrally as indicated by left arrowhead while V0D

are homogenously distributed between the vicinity of the V0 progenitor domain and the ventro-medial region of the spinal cord as shown by right
arrowhead. (B–B0) At thoracic levels, V0V (yellow or red) amounted less in the ventral territory of V0 interneurons compared to brachial levels (see
arrowhead). Conversely, most of V0D in magenta are gathered in this ventral territory as indicated by arrowhead. (C–C0) At lumbar levels, V0V (yellow
or red) form a relatively homogenous group located in the ventral territory (left arrowhead), while V0D (cyan) distribute among dorsal, ventro-medial
and ventro-lateral territories (right arrowhead). (D–D0) At brachial levels, Prdm8 is detected V0 progenitors and in subsets of V0V (yellow) located
close to the central canal (arrowheads). By contrast, Prdm8 is present in a few number of V0D cells (white) as shown by bottom arrowhead. (E–E0) At
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subdivision (arrows in Fig. 3P–P0). Foxp2 was detected in a few of

these cells (arrowhead in Fig. 3P0, Fig. 7I).

At thoracic and lumbar levels, Foxp2+ non-RC V1 INs

organized in a lateral and a medial subdivision (arrows in

Fig. 3B–B0, Fig. 7F). Among these, the respective amount of each

subset was relatively stable (Fig. 7F–J). However, V1 neurons

containing exclusively Foxd3 were more numerous at thoracic

levels whereas those containing exclusively Foxp2 decreased at

lumbar levels, and V1 subsets characterized by the presence of Arx

or Nurr1 were more abundant at thoracic or at lumbar levels,

respectively (arrowheads in Fig. 3D–I0, Fig. 7G, Fig. S6C). In

contrast, the Pax2+ subset was decreased at thoracic levels (Fig. 3J–

L0, Fig. 7H), whereas the Bhlhb5+ one was increased (Fig. 3M–O0,

Fig. S6D). RCs were progressively less numerous in more caudal

regions, as reported previously [43,44,82,83]. In addition, they

gathered in a unique group located laterally, close to the basal

lamina and the MNs (Fig. 3Q–Q0, Fig. 7I).

In summary, V1 INs were distributed into RCs and into 3 or 2

large subpopulations of Foxp2+ or Foxd3+ cells. Each V1

subpopulation except for RCs can be subdivided in several subsets

distinguished by the single or the combinatorial expression of

Pax2, Nurr1, Pou4F1, BhlhB5 or Prdm8, the distribution and the

amount of which differ according to the rostrocaudal level.

V2 interneuron subsets are homogeneous along the
rostrocaudal axis of the spinal cord

V2 INs are produced from the p2 domain defined by combined

expression of Foxn4, Mash1 (rename Ascl1), Lhx3 and Gata2

[47,84,85]. They are distributed between the excitatory V2a

subpopulation defined by Chx10 expression and the V2b and V2c

inhibitory subpopulations characterized by the presence of Gata2/

Gata3 and Sox1, respectively [50].

At brachial levels of the spinal cord, V2a INs segregated into a

medial and a ventral subdivision (arrows in Fig. 4A–A0). The three

members of the Onecut family were present in a subset of the

ventral subdivision in a partially overlapping pattern (arrowheads

in Fig. 4A–A0, D–D0, Fig. 7K–L). Conversely, Pou3F1 was

detected in a large subset of V2a located laterally and ventrally

(arrows in Fig. 4G–G0, Fig. 7M). Prdm8, Bhlhb5, cMaf and MafA

further defined subsets of the lateral V2a neurons (Fig. 4D–D0,

4G–G0, 4J–J0, Fig. 7L–N). To characterize V2b subsets, we used

Gata3Cre/+;Rosa26floxstop-tdTomato mouse embryos in which V2b

and V2c are permanently labeled by the expression of tdTomato.

V2b migrated laterally from their progenitor domain toward the

MNs of the LMC, then turned toward a dorsal or a ventral

direction to medially surround the MNs (Fig. 5A). Three V2b

subsets were identified based on their distribution, on the levels of

Gata2 and Gata3, and on their location along the dorso-ventral

axis (Fig. 5A–A0). Gata2 and Gata3 were codetected in a large

subpopulation of V2b, located medially to the MNs (white arrow

in Fig. 5A–A0, Fig. 7O). Gata2 alone was detected in a small

subpopulation of newly-born V2b close to the progenitor domain

(blue arrow in Fig. 5A–A0) whereas a dorso-lateral subset of V2b

was defined by a high levels of Gata3 (Gata3high) associated with

low levels of Gata2 (Gata2low) (yellow arrow in Fig. 5A–A0 and

Fig. 7O). Surprisingly, we also identified a small fraction of V2b

that did not co-express neither Gata2 nor Gata3 (arrowheads in

Fig. 5A–A0 and Fig. 7O). In the ventral part of the Gata2+/Gata3+

population, part of the V2b subsets contained Onecut transcrip-

tion factors (arrowheads in Fig. 5G–G0, Fig. 7P–Q and data not

shown). Although BhlhB5 was reported to not to be present in V2b

at e10.5 [53], a subset of V2b located at the centre of the Gata2+/

Gata3+ subpopulation and close to the MNs contained BhlhB5

(arrowheads in Fig. 5J–J0, Fig. 7R). Prdm8 was present with

Bhlhb5 in a part of these cells and was also detected in a distinct

V2b subset (arrowheads in Fig. 5J–J0, Fig. 7R). A last subset was

characterized by the presence of MafA+ (Fig. 5M–M0, Fig. 7S).

Finally, V2c INs characterized by the presence of Sox1 were

located ventrally to the Gata2+/Gata3+ V2b population and

contained HNF-6, OC-2 and OC-3 (arrowheads in Fig. 5G–G0,

Fig. 7P–Q, and data not shown).

The distribution of V2a subsets was relatively stable at thoracic

and at lumbar levels compared to brachial regions (Fig. 4B–C0,

4E–F0, Fig. 7K–N), with the exception of the Pou3F1 subset that

expanded at thoracic levels and of the Prdm8+ V2a neurons that

were more numerous at thoracic and lumbar levels (Fig. 4H–I0,

4K–L0, Fig. 7M–N). Similarly, V2b and V2c subsets were very

homogenous along the rostrocaudal axis of the spinal cord (Fig. 5,

Fig. 7O–S and data not shown).

Taken together, these observations showed that V2 subpopulations

can be divided into multiple subsets characterized by the combina-

torial presence of HNF-6, OC-2, OC-3, MafA, cMaf, Pou3F1,

Prdm8 or Bhlhb5. These subsets exhibited a rather homogenous

distribution along the rostrocaudal axis of the spinal cord.

Differential distribution of V3 interneuron subsets along
the rostrocaudal axis of the spinal cord

V3 INs characterized by Sim1 and Nkx2.2 expression arise

from p3 progenitors defined by Nkx2.2 [86,87]. These excitatory

commissural neurons diversify into V3D and V3V according to

their location and their respective electrophysiological character-

istics [52]. However, markers for V3D or V3V cells have not been

identified to date. To analyze the V3 INs, we relied on a Sim1Cre/+;

Rosa26floxstop-tdTomato mouse line in which all V3 derivatives are

permanently labeled by the expression of tdTomato. V3 INs initially

gathered close to the floor plate and the central canal, and migrated

thoracic levels, Prdm8+ V0V interneurons (yellow) are located close to progenitor domain and in a dorso-ventral direction, while the amount of
Prdm8+ V0D (white) is increased (see arrowheads). (F–F0) At lumbar levels, subsets of V0D that are Prdm8+ (white) are located in a dorso-ventral
direction between the V0 progenitor domain and V0V neurons (yellow or green) as indicated by arrowheads. (G–G0) At brachial levels, Pax2 is present
in a large subset of V0D neurons (white) and in a small subset of V0V neurons (yellow) distributed between the V0 progenitor domain and V0V ventral
territory (see arrowheads). (H–I0) The Pax2+ V0 subsets are similarly distributed at thoracic and lumbar levels. (J–J0) At brachial levels, Pitx2 is
expressed in V0C interneurons (yellow) which are located laterally to the V0 interneuron migration flux as indicated by arrowheads. A portion of V0C

that co-expresses HNF-6 (magenta) is present ventrally (see bottom arrowhead). (K–K0) At thoracic levels, most of V0C express HNF-6 (magenta). V0C

are detected laterally to the V0 progenitor domain and dorsally to V0V ventral territory as indicated by arrowheads. (L–L0) At lumbar levels, the
amount of V0C (yellow) is reduced compared to brachial or thoracic levels (see left arrowhead). (M–M0) At brachial levels, HNF-6 is detected in a small
subset of Evx1+ V0V interneurons (white or magenta) as indicated by left arrowhead and in a subset of V0D (cyan) indicated by right arrowhead. (N–
N0) At thoracic levels, HNF-6 is restricted to a few number of V0V (white) and of V0D (cyan) indicated by arrowhead. (O–O0) At lumbar levels, HNF-6 is
present in very few Evx1+ cells (white or magenta) or V0D (cyan) neurons compared to brachial or thoracic regions. (P–P0) At brachial levels, Nurr1
expression is detected in a small subset of V0 including V0V (white or magenta) indicated by bottom arrowhead and V0D (cyan) located ventrally,
close to the floor plate (see arrowhead in insets). (Q–Q0) At thoracic levels, Nurr1+ subsets of V0V (white or magenta) indicated by arrowheads or of
V0D (cyan) are expanded. (R–R0) By contrast, at lumbar levels, Nurr1 expression is only detected in small subsets within V0V (white or magenta)
indicated by arrowhead and V0D (cyan). Scale bar = 100 mm.
doi:10.1371/journal.pone.0070325.g002
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Figure 3. Differential distribution of V1 interneuron subdivisions along the rostrocaudal axis of the spinal cord. (A–A0)
Immunofluorescence labeling on transverse section at brachial levels of embryonic spinal cord at e12.5 shows that V1 interneurons are subdivided
into 3 large subsets (arrows) containing Foxp2 (cyan). Foxp4 is detected in a portion of these Foxp2+ V1 neurons (white). (B–B0) At thoracic levels,
Foxd3+ V1 neurons form 2 groups (arrows) that contain Foxp2 (in green/cyan) and Foxp4 (in red/white). (C–C0) At lumbar levels, V1 interneurons
distribute among 3 groups (arrows) and the ratio between Foxp2+ neurons and Foxp4+/Foxd3+ cells decreased compared to brachial or thoracic
levels. (D–D0) At brachial levels, Nurr1 is detected in subsets (arrowheads) within 2 large V1 groups containing Foxp2 (yellow). (E–E0) At thoracic levels,
Nurr1+ subsets (white) are intermingled with Foxp2+ group (cyan and green) close to the central canal and/or (in/with Foxp2+ group close) to motor
neurons as indicated by arrowheads. (F–F0) At lumbar levels, Nurr1+ subsets are included in 2 groups of V1 that contain Foxp2 (yellow) indicated by
arrowheads or Foxd3 and Foxp2 (white). (G–G0) At brachial levels, Arx is present in a few number of Foxd3+ V1 neurons (magenta) as indicated by
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according to a ventral to dorso-lateral stream and along a ventral to

dorsal stream close to the midline (arrows in Fig. 6A–C).

First, we confirmed that Nkx2.2 was maintained in all V3

derivatives along the rostrocaudal axis of the spinal cord at e12.5

(Fig. 6A–C) [88]. Then, at brachial levels, we observed that Olig3,

a transcription factor which is present in p0, p2 and p3 progenitor

domain [74], was also detected in a large subset of V3 INs located

ventrally and close to the central canal (arrow in Fig. 6D–D0 and

Fig. 7T), but not in more dorsal and/or migrating V3 INs (arrow

in Fig. 6D9, 6E9, 6F9). These cells could correspond to V3V INs.

This population further subdivided into subsets characterized by

the presence of Prox1, BhlhB5 and Nurr1 (arrowheads in Fig. 6D–

D0, 6G–G0, 6J–J0, Fig. 7V). By contrast, members of the Onecut

transcription factor family were detected in subsets of V3 INs

located in a dorso-lateral stream, likely corresponding to V3D cells

(arrowheads in Fig. 6J–J0, 6M–M0, Fig. 7V–W) and also in a few

V3 neurons close to the floor plate that correspond to V3V cells.

At thoracic and lumbar levels, the location of V3 INs did not

change significantly compared to brachial levels. Nonetheless, the

amount of V3D INs gradually increased at the expense of the V3V

INs that contained Olig3 (Fig. 6D–I0, Fig. 7T–U). In addition,

subsets containing Nurr1 or Bhlhb5 were expanded at thoracic

levels (arrowheads in Fig. 6K–K0, Fig. 6H–H0, Fig. 7U–V).

Together, these data indicate that the topographic distribution

of V3 INs did not significantly differ at limbs or thoracic levels but

that V3 subsets are differentially distributed along the rostrocaudal

axis of the developing spinal cord. Most of these subsets are

characterized by distinct combinations of transcription factors.

Discussion

Despite the identification of four cardinal classes of ventral spinal

INs and the discovery of some of the molecular and genetic

mechanisms that control their specification, little is known about

their respective spatial distribution along the rostrocaudal axis of the

spinal cord and their diversification into multiple subsets. Here, we

provided evidence that each class of ventral INs displays distinct

columnar organization that varies at brachial, thoracic and lumbar

levels of the developing spinal cord. In addition, we showed that the

V0, V1, V2 and V3 cardinal classes of INs can be subdivided into

several subpopulations or subsets, based on the combined expres-

sion of multiple transcription factors (Table 3). Hence, these findings

provide a basis for a better characterization of the diversification of

embryonic ventral INs, and for investigating the physiology and

function of ventral INs subsets in the spinal motor circuits.

Topographic and columnar organization of ventral spinal
INs

The differential distribution of ventral IN populations and

subsets along the rostrocaudal axis of the spinal cord likely

correlates with the various functions of local spinal neuronal

circuits that regulate body movements or locomotive behaviors.

Indeed, thoracic circuits ensure control of body wall musculature,

whereas brachial and lumbar neuronal populations additionally

provide regulation of limb movements. Consistently, the compo-

sition in ventral IN subsets varies along the rostrocaudal axis of the

spinal cord, suggesting that the local pre-motor circuits at brachial,

thoracic or lumbar levels are shaped to support these distinct

activities. The exact position and contribution of each IN subset

within these pre-motor circuits, including its direct or indirect

relationship to MNs, remains to be determined. Surprisingly, the

differences in the composition of vIN subsets between brachial and

lumbar levels were as important as between these limb levels and

thoracic levels. This suggests that the organization of the

locomotor circuits and the strategies to control limb movements

are quite different between the brachial and the lumbar region.

This observation may be correlated with the distinct composition

in motor pools between these two regions [25,89,90].

Previous studies have established that spinal MNs also exhibit a

differential organization along the rostrocaudal axis of the spinal

cord [22,91]. Studies of the developmental mechanisms that control

the topographic and columnar organization of MNs reveal roles for

extrinsic factors such as RA, FGFs and Wnts in regulating Hox gene

expression [15,16,21,22,23]. As per motor neurons, the topographic

organization of ventral INs may be regulated by RA, FGFs or Wnts,

either directly or through combined activities of Hox genes. Indeed,

RA from the paraxial mesoderm appears to be sufficient to specify

and promote the generation of V0, V1 and V2 INs [78,92,93,94]. In

addition, LMC MNs constitute another source of RA that could

influence the differentiation and distribution of V0, V1 and V2 INs

at brachial and lumbar levels [23,95,96,97]. However, the potential

role of RA in the distribution of V0, V1 and V2 INs along the

rostrocaudal axis has not been investigated yet. Previous studies

have also shown that the Hox genes involved in the rostrocaudal

patterning of MNs and in the specification of motor neuron pools,

namely Hoxc6 and Hoxc8 at brachial levels, Hoxc9 and Hoxd9 at

thoracic levels and Hoxa10, Hoxc10 and Hoxd10 at lumbar levels,

are also expressed in ventral INs [27,96,98]. Moreover, the Hox co-

factor Foxp1 is expressed in V1 INs, while Pbx1 and Prep/Meis are

more broadly expressed in ventral INs [99,100,101,102]. This raises

the possibility that these co-factors partner with Hox proteins to

differentially regulate ventral IN diversification. The Hox genes

may therefore coordinately regulate rostrocaudal distribution and

columnar organization of ventral INs and of MNs in the developing

spinal cord.

Control of the diversification of ventral INs
With the exception of studies that show Scl and Dll4/Notch

signaling control the generation of V2a and V2b cells from V2

arrowhead. (H–I0) By contrast, at thoracic and lumbar levels, Arx is observed in subsets of Foxd3+ (magenta) and of Foxd3+/Nurr1+ (white) V1 neurons
(arrowheads). (J–J0) At brachial levels, Pax2 expression defines subsets in Foxd3+ (magenta) and in Foxp2+/Foxd3+ (white) V1 interneurons
(arrowheads). (K–K0) At thoracic levels, Pax2 is distributed in Foxd3+ (magenta), Foxd3+/Foxp2+ (white) and Foxp2+ subsets (yellow) as indicated by
arrowheads. (L–L0) At lumbar levels, Pax2+ subsets (yellow or white) are located within V1 containing Foxp2 located medially or close to motor
neurons (arrowheads). (M–M0) At brachial levels, BhlhB5 is detected in subsets of Foxd3+ V1 neurons (cyan) located close to the central canal or to
motor neurons. Prdm8 is present in small subsets of V1 neurons located close to V1 progenitor domain or more ventrally, close to motor neurons. A
small subset of V1 that co-express BhlhB5 and Prdm8 (white) is observed in the vicinity of the motor neurons (arrowheads). (N–N0) At thoracic levels,
the amount of V1 neurons that contain BhlhB5 (cyan), or BhlhB5 and Prdm8 (white) indicated by arrowheads, is increased while a few number of
Prdm8+ V1 cells is detected. (O–O0) At lumbar levels, the amount of cells corresponding to Prdm8+ (magenta) or BhlhB5+ V1 neurons (cyan) decreases
while BhlhB5+/Prdm8+ co-expressing V1 (white) indicated by arrowheads, increase compared to the thoracic region. (P–P0) At brachial levels, Pou4F1
is present in a few Foxp2+ V1 neurons (cyan) indicated by arrowheads. Renshaw cells (red) are distributed in 3 groups (arrows) with very few
containing Foxp2 (yellow) indicated by arrowhead. (Q–Q0) At thoracic levels, the amount of Renshaw cells (red) decreases (arrow) while Foxp2+ V1
expressing Pou4F1 (cyan) slightly increases (arrowheads). (R–R0) At lumbar levels, similar to thoracic levels, the amount of Renshaw cells (red)
decreases (arrow) but Pou4F1+ subset (cyan) is detected dorsally, close to motor neurons (arrowheads). Scale bar = 100 mm.
doi:10.1371/journal.pone.0070325.g003
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progenitors [47,85,103], we still know very little about the

molecular mechanisms and factors that regulate ventral INs

diversification. Several studies have unveiled that extrinsic factors

including Sonic hedgehog, BMPs, FGFs, Wnts or RA are involved

in the specification and differentiation programs of several

neuronal populations within the spinal cord [104,105,106]. Our

study describes a number of developmental regulated transcription

factors that subdivide three cardinal classes of ventral INs into

several subsets. Interestingly, some of these factors might be

downstream of FGF or RA signaling [25,55,90,98]. Indeed, the

Figure 4. V2a interneurons subdivisions are differentially distributed along the rostrocaudal axis of the spinal cord. (A–A0)
Immunofluorescence labeling on transverse section at brachial levels of e12.5 embryonic spinal cord shows that V2a interneurons subdivide into
medial and lateral groups (arrows). Lateral group comprise small ventral subsets (arrowhead) that contain HNF-6 (cyan), OC-2 (yellow) or HNF-6 and
OC-2 (white). (B–B0) At thoracic levels, OC-2+ subset (yellow) is absent, but HNF-6+/OC-2+ subset (white) is detected dorsally to motor neurons
(arrowhead) while the HNF-6+ subset (cyan) is expanded in lateral group (left arrow). (C–C0) At lumbar levels, the amount of HNF-6+/OC-2+ (white)
indicated by arrowhead or of HNF-6+ V2a neurons (cyan) decreases at lateral group (left arrow). (D–D0) At brachial levels, a ventral subset of V2a
contains cMaf and OC-3 (white), while OC-3 is present in subsets of V2a (cyan) located laterally to newly-born V2a interneurons (arrowheads). (E–E0)
At thoracic levels, V2a that contain OC-3 (in cyan) are less numerous while cMaf+/OC-3+ subset (white) located ventrally is still present (arrowheads).
(F–F0) At lumbar levels, the amount of V2a containing OC-3 (cyan) is increased (left arrowhead) and this subset is located dorsally to the cMaf+/OC-3+

division (white) as indicated by bottom arrowheads. (G–G0) At brachial levels, Pou3F1 defines a large subset of V2a (yellow) located laterally and
another one close to the newly-born V2a interneurons (arrows). MafA is detected in a few V2a cells that co-express Pou3F1 (white) as indicated by
arrowhead. (H–H0) At thoracic levels, Pou3F1 is detected in majority of V2a interneurons (arrows) whereas MafA remains restricted to a few cells. (I–I0)
At lumbar levels, Pou3F1 is present in a subset of V2a (yellow) located ventrally and close to motor neurons (arrow). MafA define a small subset of V2a
that co-express Pou3F1 (white) and is located more ventrally, close to the floor plate (arrow). (J–J0) At brachial levels, BhlhB5 define a subset of newly-
born V2a interneurons (cyan) indicated by right arrowhead while Prdm8 is detected in another subset (yellow) located in the dorso-ventral flux of V2a
interneurons as shown by left arrowhead. Prdm8 and BhlhB5 (white) are detected in a few V2a close to the central canal. (K–K0) At thoracic levels, this
population is expanded (arrowheads). (L–L0) At lumbar levels, BhlhB5 is detected in subsets of V2a interneurons including newly-born V2a (cyan) and
V2a in the dorso-ventral flux (arrowheads). Prdm8 is also detected in subsets within the dorso-ventral flux and in newly-born V2a (yellow) and is
present in some BhlhB5+ V2a (white). Scale bar = 100 mm.
doi:10.1371/journal.pone.0070325.g004
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Figure 5. Differential distribution of V2b interneuron subdivisions along the rostrocaudal axis of the spinal cord. Immunofluorescence
labeling on transverse section at brachial levels of the spinal cord of Gata3Cre/+Rosa26floxstop-tdTomato embryo at e12.5. (A–A0) V2b interneurons subdivide
into a dorsal subset that contains high levels of Gata3 (yellow) indicated by yellow arrow, a ventral subset that contains Gata2 (magenta) indicated by
white arrow and a subset of newly-born V2b wherein high Gata2 and low Gata3 levels are detected (blue arrow). (B–B0) At thoracic levels, low content in
Gata2 (blue) is detected in a dorsal Gata3+ subset (yellow) indicated by yellow arrow while low content in Gata3 is detected in the Gata2+ subset (white)
located ventrally (white arrow). (C–C0) At lumbar levels, Gata2 and Gata3 are present in a dorsal and in a ventral subset of V2b interneurons (white). (D–D0)
At brachial levels, HNF-6 or OC-2 are present (magenta or yellow) or co-detected (white) in subsets of V2b interneurons (arrowheads). (E–E0) Similarly, at
thoracic levels, HNF-6 and OC-2 are co-detected in a ventral subset of V2b interneurons (white) as indicated by bottom arrowhead. OC-2 is present in a few
V2b (yellow) while HNF-6 defines a small lateral subset (magenta) indicated by left and top arrowheads. (F–F0) At lumbar levels, HNF-6 and OC-2 are also
co-detected in a ventral subset of V2b interneurons (white) indicated by bottom arrowheads while OC-2 (yellow) or HNF-6 (magenta) alone defines small
subsets of V2b (left arrowhead). (G–G0) At brachial levels, OC-3 is present in all V2c interneurons (bottom arrowheads), which contain Sox1 (white), and in a
subset of V2b (magenta) located dorsally to V2c neurons. (H–I0) Similarly, at thoracic and lumbar levels, all V2c are OC-3+ (white) and OC-3 is also present in
another subset of V2b cells (arrowheads). (J–J0) At brachial levels, BhlhB5 defines a subset of V2b (yellow) close to motor neurons (left arrowhead). BhlhB5
and Prdm8 are co-detected in a few of these cells (white) as indicated by top arrowheads. (K–K0) At thoracic levels, BhlhB5 and Prdm8 are present in a
subset of V2b (white) located dorsally to the motor neurons (left arrowheads). In addition, Prdm8 is detected in a small subset of V2b (magenta), which is
located dorsally to BhlhB5+/Prdm8+ V2b subset (left and bottom arrowheads). (L–L0) At lumbar levels, BhlhB5 and Prdm8 are present in a subset of V2b
(white) located dorsally to the motor neurons (top arrowhead). Similarly to thoracic levels, Prdm8 is observed in subset of V2b (magenta) laterally and
close to BhlhB5+/Prdm8+ subset of V2b interneurons (bottom arrowhead). (M–M0) At brachial levels, MafA is detected in a small subset of V2b (magenta)
indicated by top arrowhead whereas BhlhB5 defines another subset of V2b (yellow) indicated by arrowheads. (N–N0) At thoracic levels, the amount of V2b
neurons that are MafA+ (magenta) is decreased (right arrowhead) compared to brachial levels. V2b subset expressing BhlhB5 (yellow) is detected dorsally
to the motor neurons (left arrowheads). (O–O0) At lumbar levels, fewer MafA+ V2b cells (magenta) are observed than at brachial or thoracic levels (right
arrowhead) while BhlhB5+ V2b subset (yellow) is located dorsally to the motor neurons and close to the basal lamina (left arrowheads). Scale bar = 100 mm.
doi:10.1371/journal.pone.0070325.g005
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Figure 6. V3 interneuron subsets are differentially distributed along the rostrocaudal axis of the spinal cord. Immunofluorescence
labeling on transverse section at brachial levels of the spinal cord of Sim1Cre/+;Rosa26floxstop-tdTomato embryo at e12.5. (A–A0) All the V3 interneurons
contain Nkx2.2 (yellow) and subdivide in 2 groups (arrows), while MafA (magenta) is present in a few V3 cells. (B–B0) At thoracic levels, a majority of
V3 neurons are labeled for Nkx2.2 (yellow) and very few of them contain MafA (white). (C–C0) Similarly, at lumbar levels, almost all V3 neurons (in red)
are labeled for Nkx2.2 (yellow) and MafA define a very small subset of V3 neurons (white or magenta), located close to the floor plate. (D–D0) At
brachial levels, a majority of V3 neurons located ventrally, possibly corresponding to V3V, contain Olig3 (magenta) indicated by bottom arrow. In
contrast, Prox1 is detected in very few V3 neurons (yellow or white) indicated by arrowheads. (E–E0) At thoracic levels, a large subset of V3 neurons
located ventrally is defined by Olig3 (magenta) indicated by bottom arrow, a part of them containing Prox1 (white) indicated by right arrowhead. (F–
F0) At lumbar levels, Olig3 is detected in more ventral V3 neurons (magenta) indicated by right arrow but not in V3 cells that migrate more dorsally
indicated by left arrow, possibly corresponding to V3D. Prox1 is present in some V3V neurons (yellow or white) as shown by arrowhead. (G–G0) At
brachial levels, BhlhB5 is detected in some V3V Olig3+ neurons (white) indicated by arrowheads. (H–H0) At thoracic levels, the amount of V3V neurons
that contain BhlhB5 (white) is increased (arrowheads). (I–I0) At lumbar levels, BhlhB5 is detected neither in V3V nor V3D. (J–J0) At brachial levels, HNF-6
is detected in migrating V3D neurons (magenta) indicated by arrowhead while Nurr1 is present in very few V3V neurons (yellow). (K–K0) Similarly, at
thoracic levels, HNF-6 is observed in migrating V3D neurons (magenta) indicated by left arrowhead whereas Nurr1 is present in a small subset of V3V

neurons (yellow) indicated by right arrowhead. (L–L0) At lumbar levels, HNF-6 is detected in migrating V3D neurons (magenta) indicated by left
arrowheads while Nurr1 is absent from V3 neurons (see right arrow). (M–M0) At brachial levels, OC-2 and OC-3 are co-detected in all V3D neurons
(white) indicated by top arrowhead while a few V3V are labeled for OC-2 only (yellow) as indicated by bottom arrowhead. (N–N0) Similarly, at thoracic
levels, OC-2 and OC-3 are present in all V3D neurons (white) indicated by arrowhead while OC-2 alone is detected in a small subset of V3V (yellow).
(O–O0) At lumbar levels, a large subset of V3D contain OC-2 and OC-3 (white) indicated by top arrowheads, but OC-2 is also present in subsets of V3D

and V3V neurons (yellow) as shown by right arrowhead. Scale bar = 100 mm.
doi:10.1371/journal.pone.0070325.g006
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Figure 7. Quantification of ventral interneuron subsets along the anterposterior axis of the spinal cord. (A–X) Histograms of
quantification of V0, V1, V2a, V2b and V3 interneuron subsets at brachial, thoracic and lumbar levels of the spinal cord of mouse embryos at e12.5
show distinct distribution and proportion of different subsets within each interneuron cardinal classes. Histograms are normalized according to the
total amount of cells in each ventral IN population, which corresponds to 100% (n = 3).
doi:10.1371/journal.pone.0070325.g007
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expression of Nurr1, which labels some subsets in V0V, V1 non-

RC neurons or V3V INs, is regulated by FGFs in the

mesencephalon [107,108,109] and by RA signaling in the ventral

spinal cord [53]. Similarly, BhlhB5, which defines several subsets

within V0, V1, V2b and V3 INs, is modulated by RA in the same

tissue [53]. Furthermore, Pou3F1, which defines subsets within V1

and V2a INs, is regulated by Hoxc8 in the motor pool that

innervates the flexor carpi ulnaris muscle [25]. The Onecut

factors, which are detected within Nkx6.1+, Pea3+ or Pou3F1+

motor pools [55] and may therefore be downstream of Hox genes,

are also expressed within several subsets of V0, V2 and V3 INs (at

brachial or lumbar levels). Thus, the mechanisms that ensure

proper rostrocaudal patterning of the motor neurons, including

FGF or RA pathways and Hox genes, may additionally contribute

to the diversification of ventral spinal IN subsets, as previously

suggested for Hox4-8 genes [27].

In addition, the transcription factors identified in the present

study as markers of ventral IN subsets may participate in the

control of their diversification. Onecut factors have been recently

shown to participate in the development of RCs [44]. Similarly,

BhlhB5 plays a crucial role in the differentiation of early-born V2

INs [53]. Surprisingly, we identified BhlhB5 as a marker of most of

the V0D INs at e12.5, although previous studies have reported that

BhlhB5 is not expressed in V0 cells at e10.5 [53,68,69]. This

suggests that Bhlhb5 expression may be activated in a majority of

V0D INs later than e10.5. Alternatively, as recently demonstrated

for V1 INs development that involves successive waves of

neurogenesis [43,44], V0 progenitors may give rise to V0V (devoid

of Bhlhb5) prior to V0D cells (that express BhlhB5). Given the

importance of Bhlhb5 for the development of other spinal

populations [53,70,110], it also indicates that Bhlhb5 could

participate in further diversification of V0D cells. In addition, we

identified a large BhlhB5+ subset within the V2b subpopulation

whereas it has been reported that BhlhB5 is selectively expressed at

e10.5 in V2a but not in V2b neurons [53]. Further analyses of

BhlhB5 function using loss or gain-of-function experiments are

needed to clarify the role of BhlhB5 during V0D and V2 INs

development. Finally, Nurr1 is expressed in glutamatergic cortical

neurons [76,77] and in glutamatergic spinal INs (unpublished

data), which suggests that Nurr1 may participate in the

differentiation of glutamatergic neurons including V0V and V3

INs [71].

Furthermore, most of the identified markers of IN subsets are

expressed in a combinatorial manner and may interact to promote

specific neuronal fate. For example, BhlhB5 and Prdm8, which

shares numerous target genes, cooperate during differentiation of

dI6, V1 and V2a INs [44,53,69] and of dorsal INs [70,110]. We

have shown that Prdm8 is co-expressed with BhlhB5 in some

subsets of V0D, V1 and V2 INs. However, we also identify Prdm8+

subsets that do not express BhlhB5 and vice versa. Among the

identified common target genes of BhlhB5 and Prdm8, the type II

cadherin-11 (Cdh-11) [70] has been reported to regulate different

aspects of spinal motor neuron development including differenti-

ation, columnar organization [111], axonal growth, migration and

fasciculation [112,113]. At e12.5, Cdh-11 is transiently expressed

in ventral INs [111]. Hence, upon BhlhB5 and Prdm8 regulation,

Cdh-11 may participate in the diversification of ventral INs

subsets.

Finally, numerous studies have revealed that Foxp factors

control different steps of neuronal development. For example,

Foxp2 regulates neuronal network formation [114,115], radial

and/or tangential migration of cortical interneurons [116], neurite

outgrowth [115] as well as differentiation of several neuronal

populations within the ventral spinal cord including MNs, V0V

and V2 INs [114]. Foxp2 is also expressed from e11.5 within large

subpopulations of non-RC V1 neurons including Ia INs [66] and

Table 3. Summary of ventral interneuron subsets at e12.5.

Interneuron Classes Subpopulations Subset markers

V0 V0D BhlhB5 Pax2.Prdm8.Nurr1

V0V Evx1 Pax2.OC3.Nurr1.Prdm8.Pax6

HNF-6/OC-2.MafA

V0CG Evx1, Pitx2 HNF-6

V1 Renshaw cells Calbindin, OCa,

Foxd3, En1, MafB

Ia INs Foxp2, Foxd3, En1 Foxp4.Pax2.Arx.Nurr1

BhlhB5,Prdm8.Prdm8.Pou4F1

Other V1 Foxd3, En1 Foxp1.Pou3F1

Nurr1.BhlhB5.Prdm8

V2 V2a Chx10 BhlhB5.Pou3F1

OCa.Prdm8.MafA.cMaf

V2b Gata3, Gata2 BhlhB5.BhlhB5/Prdm8.Prdm8

OCa.MafA/MafB

V2c Sox1, OCa

V3 V3D OCa

V3V Olig3 Prox1.BhlhB5

Nurr1

Summary of the subdivisions of ventral interneuron classes, according to the expression of the studied markers (from more numerous to less numerous cells).
aThe three Onecut factors.
Supporting Information Legends.
doi:10.1371/journal.pone.0070325.t003
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may therefore control different aspects of their development.

Likewise, Foxp4, which is present in Foxp2+ V1 cells, may

participate in the regulation of differentiation, migration and

axonal growth by cooperating with Foxp2 as recently described

[117,118,119]. Foxp1 is also detected in subsets of V1 INs

[66,120], suggesting that different combinations of Foxp factors

may regulate distinct aspects of V1 development including

differentiation and migration as recently suggested [58,66,121].

Conclusion and Perspectives
In this study, we showed that ventral spinal IN populations are

differentially distributed along the rostrocaudal axis of the spinal

cord, and can be subdivided into multiple subsets according to a

combinatorial code of transcriptional regulators. This character-

ization constitutes a resource that will facilitate further studies

aimed at understanding the mechanisms that drive ventral spinal

IN diversity during embryonic development. It will also provide a

foundation for establishing the relationship between these embry-

onic subsets and the multiple IN populations that populate the

adult spinal cord.

Recent advances in the engineering of powerful genetically-

modified biological tools, such as genetic lineage tracing mouse

lines, modified trans-synaptic tracing viruses, conditional neuronal

silencing and optogenetic systems [51,122,123] have greatly

contributed to the improvement of our knowledge of neural

circuitry and their physiological functions. Hence, our data will

contribute to design strategies to genetically manipulate these

neuronal subsets. Such experiments should allow to further

decipher the organization of the spinal neural circuits that regulate

locomotive behaviors and to elucidate in more details the different

functions of these cells in the neonate and adult spinal cord.

Supporting Information

Figure S1 Topographic distribution of V0 interneurons
at e12.5. (A–C) Whole-mount immunofluorescence analysis on

spinal cord of Dbx1LacZ/+ embryo at e12.5 shows differential

distribution of V0 interneurons including V0V (Evx1+/b-galacto-

sidase+) in red or yellow and V0D in green at brachial (A), thoracic

(B) or lumbar (C) levels. The white arrow indicates ventral (V) to

dorsal (D). Scale bar = 500 mm.

(TIF)

Figure S2 Topographic distribution of V1 interneurons
at e12.5. (A–C) Whole-mount immunofluorescence analysis on

spinal cord of embryo at e12.5 that shows differential distribution

pattern of V1 interneurons including Renshaw cells (red) and V1

Foxp2+ interneurons (green) at brachial (A), thoracic (B) or lumbar

(C) levels. White arrowhead indicates ventral (V) to dorsal (D).

Scale bar = 500 mm.

(TIF)

Figure S3 Topographic distribution of V2 interneurons
at e12.5. (A–C Whole-mount immunofluorescence analysis on

spinal cord of embryo at e12.5 that shows differential

distribution pattern of V2 interneurons including V2a (blue),

V2b (red) and V2c (green) at brachial (A), thoracic (B) or lumbar

(C) levels. White arrowhead indicates ventral (V) to dorsal (D).

Scale bar = 500 mm.

(TIF)

Figure S4 Topographic distribution of V3 interneurons
at e12.5. (A–C) Whole-mount immunofluorescence analysis on

spinal cord of embryo at e12.5 that shows homogenous

distribution pattern of V3 interneurons (white) at brachial (A),

thoracic (B) or lumbar (C) levels. White arrowhead indicates

ventral (V) to dorsal (D). Scale bar = 500 mm.

(TIF)

Figure S5 V0D interneurons contain BhlhB5 at e12.5. (A–

C0) Immunofluorescence labeling on transverse section at brachial

(A–A0), thoracic (B–B0) and lumbar (C–C0) levels of the spinal cord

of Dbx1LacZ/+ embryo at e12.5 shows that V0D interneurons

contain BhlhB5 (yellow) but not Lbx1+ (blue), a marker of dorsal

interneurons. (D–F0) V0 interneurons that contain BhlhB5 (yellow)

are not labeled for Foxd3+ (blue), a marker of V1 interneurons.

Hence, in Dbx1LacZ/+ embryo, b-galactosidase is detected only in

V0 interneurons and absent from V1 or dI6 neurons. Scale

bar = 100 mm.

(TIF)

Figure S6 Quantification of V0 or V1 subsets along the
rostrocaudal axis of the spinal cord. (A–D) Histograms of

quantification of V0 and V1 interneuron subsets at brachial,

thoracic and lumbar levels of the spinal cord at e12.5 show distinct

distribution and proportion of different subsets within V0 and V1

interneuron cardinal class. Panels of 91 to 219 cells were counted

for the V0 population, and 169 to 257 cells were counted for the

V1 population, according to brachial, thoracic or lumbar levels.

Histograms are normalized according to the total amount of cells

in each ventral IN population, which corresponds to 100%. (n = 3).

(TIF)

Movie Collection S1 Vertical rotation of 3D reconstruction of

flat mount ‘‘open-book’’ preparation at brachial (Movie S1),

thoracic (Movie S2) or lumbar (Movie S3) levels of isolated spinal

cord of Dbx1LacZ/+ embryo at e12.5 labeled for b-galactosidase

(green) and Evx1 (red), corresponding to Fig. S1A. The movies

focus on a single half of the spinal cord. Anterior is to the left,

posterior is to the right. At the onset of the movies, ventral is to the

top. (Movie S1) At brachial levels, V0V interneurons (red or

yellow) display a distribution pattern distinct from V0D interneu-

rons (green). V0 interneuron class exhibits a columnar organiza-

tion. (Movie S2) At thoracic levels, V0V interneurons (yellow) and

V0D interneurons (green) are differentially distributed compared

to brachial section of the spinal cord. (Movie S3) At lumbar levels,

a majority of V0D interneurons (green) are distributed more

ventrally than V0V interneurons (yellow).

(ZIP)

Movie Collection S2 Vertical rotation of 3D reconstruction of

flat mount ‘‘open-book’’ preparation at brachial (Movie S1),

thoracic (Movie S2) or lumbar (Movie S3) levels of isolated spinal

cord embryo at e12.5 labeled for V1 interneurons, corresponding

to Fig. S2A. The movies focus on a single half of the spinal cord.

Anterior is to the left, posterior is to the right. At the onset of the

movies, ventral is to the top. (Movie S1) At brachial levels,

Renshaw cells (red or magenta) form a large subset organized into

a ventral column distinct from Foxp2+ V1 interneuron columns

(green). (Movie S2) At thoracic levels, Renshaw cells (red or

magenta) display a columnar organization but the size of this

column is reduced compared to brachial levels. Similarly, size of

Foxp2+ V1 interneurons (green) is decreased. (Movie S3) At

lumbar levels, Renshaw cells (red or magenta) are more scattered

compared to brachial or thoracic levels. By contrast, Foxp2+ V1

interneurons (green) are gathered in a compact and homogenous

column.

(ZIP)

Movie Collection S3 Vertical rotation of 3D reconstruction of

flat mount ‘‘open-book’’ preparation at brachial (Movie S1),

thoracic (Movie S2) or lumbar (Movie S3) levels of isolated spinal
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cord embryo at e12.5 labeled for V2 interneurons, corresponding

to Fig. S3A. The movies focus on a single half of the spinal cord.

Anterior is to the left, posterior is to the right. At the onset of the

movies, ventral is to the top. (Movie S1) At brachial levels, V2a

interneurons (blue) are grouped into a distinct column that also

contains some V2b interneurons (red). V2b interneurons are

distributed into a large column located dorsally to V2a

(interneurons) and a narrow column located ventrally to V2c

interneurons (green). V2c interneurons are scattered in a column

located ventrally to the V2a column. (Movie S2) At thoracic levels,

V2a interneurons (blue) form a compact column that contains

more V2b interneurons (red) compared to brachial region. V2b

interneurons are organized into a large column located dorsally to

V2a. V2c interneurons (green) are located ventrally to V2a

interneurons within a narrow column that contains fewer V2b

interneurons than at brachial levels. (Movie S3) At lumbar levels,

V2b interneurons (red) are grouped into a column dorsal to the

V2a (interneuron) column (blue) but also intermingle with V2a

cells. V2c interneurons (green) gather in a narrow column located

directly ventral to the V2a column.

(ZIP)

Movie Collection S4 Vertical rotation of 3D reconstruction of

flat mount ‘‘open-book’’ preparation at brachial (Movie S1),

thoracic (Movie S2) or lumbar (Movie S3) levels of isolated

spinal cord embryo at e12.5 labeled for V3 interneurons,

corresponding to Fig. S4A. The movies focus on a single half of

the spinal cord. Anterior is to the left, posterior is to the right. At

the onset of the movies, ventral is to the top. (Movie S1) At

brachial levels, V3 interneurons (red) are distributed into a

unique column. (Movie S2) At thoracic levels, V3 interneurons

(red) are grouped into a compact column. (Movie S3) At lumbar

levels, V3 interneurons (red) form a compact column, the

thickness of which being reduced compared to brachial or

thoracic levels.

(ZIP)

Acknowledgments

We thank people of the NEDI lab for technical help, reagents and

discussions, and Emma Martinelli for editing the manuscript. We are

grateful to Dr. Sarah E. Ross, Dr. Yuichi Ono, Dr. Stavros Malas, Dr.

Kamal Sharma, Dr. Sam Pfaff, Dr. Thomas Müller and Dr. Carmen

Birchmeier for kindly providing with the rabbit and rat anti BhlhB5, rabbit

and guinea pig anti Prdm8, rat anti Nurr1, rabbit and guinea pig anti

Sox1, rabbit anti Chx10 and guinea pig anti Gata2/3, guinea pig anti

Chx10, rabbit and guinea pig anti Lbx1, anti-Olig3, guinea pig anti MafA,

rabbit anti MafB, anti cMaf and the guinea pig anti-Foxd3 antibodies,

respectively. The monoclonal antibody anti Evx1 (99.1-3A2) and anti

Nkx2.2 (74.5A5) developed by Thomas M. Jessell the monoclonal antibody

anti Isl1/2 (39.4D5) developed by Thomas M. Jessell and Susan Brenner-

Morton and anti Pax6 (PAX6) developed by Atsushi Kawakami were

obtained from the Developmental Studies Hybridoma Bank developed

under the auspices of the NICHD and maintained by The University of

Iowa, Department of Biology, Iowa City, IA 52242.

Author Contributions

Conceived and designed the experiments: CF AAH FC. Performed the

experiments: CF AAH TJH FJS MB DK VR. Analyzed the data: CF

AAH. Contributed reagents/materials/analysis tools: TJH FJS MB DK

FGG AP MG. Wrote the paper: CF MG FC.

References

1. Berkowitz A (2001) Rhythmicity of spinal neurons activated during each form

of fictive scratching in spinal turtles. Journal of neurophysiology 86: 1026–

1036.

2. Cazalets JR (2000) Organization of the spinal locomotor network in neonatal

rat. In: Inc Hp, editor. Neurobiology of spinal cord injury: R. Kalb and S.M.
Stritmatter. pp. 89–111.

3. Kjaerulff O, Kiehn O (1996) Distribution of networks generating and

coordinating locomotor activity in the neonatal rat spinal cord in vitro: a

lesion study. J Neurosci 16: 5777–5794.

4. Cazalets JR, Borde M, Clarac F (1995) Localization and organization of the

central pattern generator for hindlimb locomotion in newborn rat. J Neurosci
15: 4943–4951.

5. Armstrong DM (1986) Supraspinal contributions to the initiation and control of

locomotion in the cat. Progress in neurobiology 26: 273–361.

6. Grillner S (2003) The motor infrastructure: from ion channels to neuronal

networks. Nature reviews Neuroscience 4: 573–586.

7. Kiehn O (2006) Locomotor circuits in the mammalian spinal cord. Annu Rev

Neurosci 29: 279–306.

8. Kyriakatos A, Mahmood R, Ausborn J, Porres CP, Buschges A, et al. (2011)

Initiation of locomotion in adult zebrafish. The Journal of neuroscience : the
official journal of the Society for Neuroscience 31: 8422–8431.

9. Garcia-Campmany L, Stam FJ, Goulding M (2010) From circuits to behaviour:
motor networks in vertebrates. Curr Opin Neurobiol 20: 116–125.

10. Jordan LM, Liu J, Hedlund PB, Akay T, Pearson KG (2008) Descending
command systems for the initiation of locomotion in mammals. Brain research

reviews 57: 183–191.

11. Jankowska E (2001) Spinal interneuronal systems: identification, multifunc-

tional character and reconfigurations in mammals. J Physiol 533: 31–40.

12. Jankowska E (2008) Spinal interneuronal networks in the cat: elementary

components. Brain research reviews 57: 46–55.

13. Dalla Torre di Sanguinetto SA, Dasen JS, Arber S (2008) Transcriptional
mechanisms controlling motor neuron diversity and connectivity. Curr Opin

Neurobiol 18: 36–43.

14. Liu JP (2006) The function of growth/differentiation factor 11 (Gdf11) in

rostrocaudal patterning of the developing spinal cord. Development 133: 2865–

2874.

15. Liu JP, Laufer E, Jessell TM (2001) Assigning the positional identity of spinal
motor neurons: rostrocaudal patterning of Hox-c expression by FGFs, Gdf11,

and retinoids. Neuron 32: 997–1012.

16. Nordstrom U, Maier E, Jessell TM, Edlund T (2006) An early role for WNT

signaling in specifying neural patterns of Cdx and Hox gene expression and

motor neuron subtype identity. PLoS Biol 4: e252.

17. Krumlauf R, Marshall H, Studer M, Nonchev S, Sham MH, et al. (1993) Hox

homeobox genes and regionalisation of the nervous system. J Neurobiol 24:

1328–1340.

18. Carpenter EM (2002) Hox genes and spinal cord development. Dev Neurosci

24: 24–34.

19. Diez del Corral R, Storey KG (2004) Opposing FGF and retinoid pathways: a
signalling switch that controls differentiation and patterning onset in the

extending vertebrate body axis. Bioessays 26: 857–869.

20. Chanut F (2006) Wnt sets the stage for spinal cord patterning in the chick.

PLoS Biol 4: e280.

21. Dasen JS, De Camilli A, Wang B, Tucker PW, Jessell TM (2008) Hox

repertoires for motor neuron diversity and connectivity gated by a single
accessory factor, FoxP1. Cell 134: 304–316.

22. Dasen JS, Liu JP, Jessell TM (2003) Motor neuron columnar fate imposed by
sequential phases of Hox-c activity. Nature 425: 926–933.

23. Rousso DL, Gaber ZB, Wellik D, Morrisey EE, Novitch BG (2008)
Coordinated actions of the forkhead protein Foxp1 and Hox proteins in the

columnar organization of spinal motor neurons. Neuron 59: 226–240.

24. Dasen JS, Jessell TM (2009) Hox networks and the origins of motor neuron

diversity. Current topics in developmental biology 88: 169–200.

25. Dasen JS, Tice BC, Brenner-Morton S, Jessell TM (2005) A Hox regulatory

network establishes motor neuron pool identity and target-muscle connectivity.
Cell 123: 477–491.

26. Agalliu D, Takada S, Agalliu I, McMahon AP, Jessell TM (2009) Motor
neurons with axial muscle projections specified by Wnt4/5 signaling. Neuron

61: 708–720.

27. Jung H, Lacombe J, Mazzoni EO, Liem KF Jr, Grinstein J, et al. (2010) Global

control of motor neuron topography mediated by the repressive actions of a
single hox gene. Neuron 67: 781–796.

28. Johnson IP, Sears TA (1988) Ultrastructure of interneurons within motor nuclei
of the thoracic region of the spinal cord of the adult cat. J Anat 161: 171–185.

29. McDonagh JC, Gorman RB, Gilliam EE, Hornby TG, Reinking RM, et al.

(1998) Properties of spinal motoneurons and interneurons in the adult turtle:

provisional classification by cluster analysis. J Comp Neurol 400: 544–570.

30. McDonagh JC, Gorman RB, Gilliam EE, Hornby TG, Reinking RM, et al.

(1999) Electrophysiological and morphological properties of neurons in the
ventral horn of the turtle spinal cord. J Physiol Paris 93: 3–16.

31. Jankowska E (2001) Spinal interneuronal systems: identification, multifunc-

tional character and reconfigurations in mammals. The Journal of physiology

533: 31–40.

32. Goulding M (2009) Circuits controlling vertebrate locomotion: moving in a

new direction. Nat Rev Neurosci 10: 507–518.

Ventral Interneuron Distribution and Subdivisions

PLOS ONE | www.plosone.org 17 August 2013 | Volume 8 | Issue 8 | e70325



33. Grillner S, Jessell TM (2009) Measured motion: searching for simplicity in

spinal locomotor networks. Curr Opin Neurobiol 19: 572–586.

34. Arber S (2012) Motor circuits in action: specification, connectivity, and

function. Neuron 74: 975–989.

35. Lupo G, Harris WA, Lewis KE (2006) Mechanisms of ventral patterning in the

vertebrate nervous system. Nat Rev Neurosci 7: 103–114.

36. Litingtung Y, Chiang C (2000) Specification of ventral neuron types is

mediated by an antagonistic interaction between Shh and Gli3. Nat Neurosci 3:

979–985.

37. Parras CM, Schuurmans C, Scardigli R, Kim J, Anderson DJ, et al. (2002)

Divergent functions of the proneural genes Mash1 and Ngn2 in the

specification of neuronal subtype identity. Genes Dev 16: 324–338.

38. Zagoraiou L, Akay T, Martin JF, Brownstone RM, Jessell TM, et al. (2009) A

cluster of cholinergic premotor interneurons modulates mouse locomotor

activity. Neuron 64: 645–662.

39. Lanuza GM, Gosgnach S, Pierani A, Jessell TM, Goulding M (2004) Genetic

identification of spinal interneurons that coordinate left-right locomotor activity

necessary for walking movements. Neuron 42: 375–386.

40. Gosgnach S, Lanuza GM, Butt SJ, Saueressig H, Zhang Y, et al. (2006) V1

spinal neurons regulate the speed of vertebrate locomotor outputs. Nature 440:

215–219.

41. Alvarez FJ, Jonas PC, Sapir T, Hartley R, Berrocal MC, et al. (2005) Postnatal

phenotype and localization of spinal cord V1 derived interneurons. J Comp

Neurol 493: 177–192.

42. Siembab VC, Smith CA, Zagoraiou L, Berrocal MC, Mentis GZ, et al. (2010)

Target selection of proprioceptive and motor axon synapses on neonatal V1-

derived Ia inhibitory interneurons and Renshaw cells. J Comp Neurol 518:

4675–4701.

43. Benito-Gonzalez A, Alvarez FJ (2012) Renshaw cells and Ia inhibitory

interneurons are generated at different times from p1 progenitors and

differentiate shortly after exiting the cell cycle. J Neurosci 32: 1156–1170.

44. Stam FJ, Hendricks TJ, Zhang J, Geiman EJ, Francius C, et al. (2012) Renshaw

cell interneuron specialization is controlled by a temporally restricted

transcription factor program. Development 139: 179–190.

45. Lee S, Lee B, Joshi K, Pfaff SL, Lee JW, et al. (2008) A regulatory network to

segregate the identity of neuronal subtypes. Dev Cell 14: 877–889.

46. Kimura Y, Satou C, Higashijima S (2008) V2a and V2b neurons are generated

by the final divisions of pair-producing progenitors in the zebrafish spinal cord.

Development 135: 3001–3005.

47. Peng CY, Yajima H, Burns CE, Zon LI, Sisodia SS, et al. (2007) Notch and

MAML signaling drives Scl-dependent interneuron diversity in the spinal cord.

Neuron 53: 813–827.

48. Lundfald L, Restrepo CE, Butt SJ, Peng CY, Droho S, et al. (2007) Phenotype

of V2-derived interneurons and their relationship to the axon guidance

molecule EphA4 in the developing mouse spinal cord. Eur J Neurosci 26:

2989–3002.

49. Karunaratne A, Hargrave M, Poh A, Yamada T (2002) GATA proteins

identify a novel ventral interneuron subclass in the developing chick spinal

cord. Dev Biol 249: 30–43.

50. Panayi H, Panayiotou E, Orford M, Genethliou N, Mean R, et al. (2010) Sox1

is required for the specification of a novel p2-derived interneuron subtype in the

mouse ventral spinal cord. J Neurosci 30: 12274–12280.

51. Grossmann KS, Giraudin A, Britz O, Zhang J, Goulding M (2010) Genetic

dissection of rhythmic motor networks in mice. Progress in brain research 187:

19–37.

52. Zhang Y, Narayan S, Geiman E, Lanuza GM, Velasquez T, et al. (2008) V3

spinal neurons establish a robust and balanced locomotor rhythm during

walking. Neuron 60: 84–96.

53. Skaggs K, Martin DM, Novitch BG (2011) Regulation of spinal interneuron

development by the Olig-related protein Bhlhb5 and Notch signaling.

Development 138: 3199–3211.

54. Komai T, Iwanari H, Mochizuki Y, Hamakubo T, Shinkai Y (2009) Expression

of the mouse PR domain protein Prdm8 in the developing central nervous

system. Gene Expr Patterns 9: 503–514.

55. Francius C, Clotman F (2010) Dynamic expression of the Onecut transcription

factors HNF-6, OC-2 and OC-3 during spinal motor neuron development.

Neuroscience 165: 116–129.

56. Pierani A, Moran-Rivard L, Sunshine MJ, Littman DR, Goulding M, et al.

(2001) Control of interneuron fate in the developing spinal cord by the

progenitor homeodomain protein Dbx1. Neuron 29: 367–384.

57. Sapir T, Geiman EJ, Wang Z, Velasquez T, Mitsui S, et al. (2004) Pax6 and

engrailed 1 regulate two distinct aspects of renshaw cell development.

J Neurosci 24: 1255–1264.

58. Morikawa Y, Komori T, Hisaoka T, Senba E (2009) Detailed expression

pattern of Foxp1 and its possible roles in neurons of the spinal cord during

embryogenesis. Dev Neurosci 31: 511–522.

59. Jovanovic K, Burke RE (2004) Anatomical organization of motoneurons and

interneurons in the mudpuppy (Necturus maculosus) brachial spinal cord: the

neural substrate for central pattern generation. Can J Physiol Pharmacol 82:

628–636.

60. Schotland JL, Tresch MC (1997) Segmental and propriospinal projection

systems of frog lumbar interneurons. Exp Brain Res 116: 283–298.

61. Muroyama Y, Fujiwara Y, Orkin SH, Rowitch DH (2005) Specification of

astrocytes by bHLH protein SCL in a restricted region of the neural tube.

Nature 438: 360–363.

62. Agius E, Soukkarieh C, Danesin C, Kan P, Takebayashi H, et al. (2004)

Converse control of oligodendrocyte and astrocyte lineage development by

Sonic hedgehog in the chick spinal cord. Dev Biol 270: 308–321.

63. Hochstim C, Deneen B, Lukaszewicz A, Zhou Q, Anderson DJ (2008)

Identification of positionally distinct astrocyte subtypes whose identities are

specified by a homeodomain code. Cell 133: 510–522.

64. Prasad T, Wang X, Gray PA, Weiner JA (2008) A differential developmental

pattern of spinal interneuron apoptosis during synaptogenesis: insights from

genetic analyses of the protocadherin-gamma gene cluster. Development 135:

4153–4164.

65. Moran-Rivard L, Kagawa T, Saueressig H, Gross MK, Burrill J, et al. (2001)

Evx1 is a postmitotic determinant of v0 interneuron identity in the spinal cord.

Neuron 29: 385–399.

66. Morikawa Y, Hisaoka T, Senba E (2009) Characterization of Foxp2-expressing

cells in the developing spinal cord. Neuroscience 162: 1150–1162.

67. Zhou Y, Yamamoto M, Engel JD (2000) GATA2 is required for the generation

of V2 interneurons. Development 127: 3829–3838.

68. Brunelli S, Innocenzi A, Cossu G (2003) Bhlhb5 is expressed in the CNS and

sensory organs during mouse embryonic development. Gene Expr Patterns 3:

755–759.

69. Liu B, Liu Z, Chen T, Li H, Qiang B, et al. (2007) Selective expression of

Bhlhb5 in subsets of early-born interneurons and late-born association neurons

in the spinal cord. Dev Dyn 236: 829–835.

70. Ross SE, McCord AE, Jung C, Atan D, Mok SI, et al. (2012) Bhlhb5 and

Prdm8 form a repressor complex involved in neuronal circuit assembly.

Neuron 73: 292–303.

71. Li Y, Cong B, Ma C, Qi Q, Fu L, et al. (2011) Expression of Nurr1 during rat

brain and spinal cord development. Neurosci Lett 488: 49–54.

72. Burrill JD, Moran L, Goulding MD, Saueressig H (1997) PAX2 is expressed in

multiple spinal cord interneurons, including a population of EN1+ interneurons

that require PAX6 for their development. Development 124: 4493–4503.

73. Hu J, Huang T, Li T, Guo Z, Cheng L (2012) c-Maf is required for the

development of dorsal horn laminae III/IV neurons and mechanoreceptive

DRG axon projections. J Neurosci 32: 5362–5373.

74. Takebayashi H, Ohtsuki T, Uchida T, Kawamoto S, Okubo K, et al. (2002)

Non-overlapping expression of Olig3 and Olig2 in the embryonic neural tube.

Mech Dev 113: 169–174.

75. Fedtsova NG, Turner EE (1995) Brn-3.0 expression identifies early post-mitotic

CNS neurons and sensory neural precursors. Mech Dev 53: 291–304.

76. Arimatsu Y, Ishida M, Kaneko T, Ichinose S, Omori A (2003) Organization

and development of corticocortical associative neurons expressing the orphan

nuclear receptor Nurr1. J Comp Neurol 466: 180–196.

77. Andjelic S, Gallopin T, Cauli B, Hill EL, Roux L, et al. (2009) Glutamatergic

Nonpyramidal Neurons From Neocortical Layer VI and Their Comparison

With Pyramidal and Spiny Stellate Neurons. Journal of Neurophysiology 101:

641–654.

78. Pierani A, Brenner-Morton S, Chiang C, Jessell TM (1999) A sonic hedgehog-

independent, retinoid-activated pathway of neurogenesis in the ventral spinal

cord. Cell 97: 903–915.

79. Matise MP, Joyner AL (1997) Expression patterns of developmental control

genes in normal and Engrailed-1 mutant mouse spinal cord reveal early

diversity in developing interneurons. J Neurosci 17: 7805–7816.

80. Gross MK, Dottori M, Goulding M (2002) Lbx1 specifies somatosensory

association interneurons in the dorsal spinal cord. Neuron 34: 535–549.

81. Muller T, Anlag K, Wildner H, Britsch S, Treier M, et al. (2005) The bHLH

factor Olig3 coordinates the specification of dorsal neurons in the spinal cord.

Genes Dev 19: 733–743.

82. Alvarez FJ, Dewey DE, McMillin P, Fyffe RE (1999) Distribution of cholinergic

contacts on Renshaw cells in the rat spinal cord: a light microscopic study.

J Physiol 515 (Pt 3): 787–797.

83. Ryall RW, Piercey MF, Polosa C (1971) Intersegmental and intrasegmental

distribution of mutual inhibition of Renshaw cells. J Neurophysiol 34: 700–707.

84. Smith E, Hargrave M, Yamada T, Begley CG, Little MH (2002) Coexpression

of SCL and GATA3 in the V2 interneurons of the developing mouse spinal

cord. Dev Dyn 224: 231–237.

85. Joshi K, Lee S, Lee B, Lee JW, Lee SK (2009) LMO4 controls the balance

between excitatory and inhibitory spinal V2 interneurons. Neuron 61: 839–

851.

86. Briscoe J, Sussel L, Serup P, Hartigan-O’Connor D, Jessell TM, et al. (1999)

Homeobox gene Nkx2.2 and specification of neuronal identity by graded Sonic

hedgehog signalling. Nature 398: 622–627.

87. Todd KJ, Lan-Chow-Wing N, Salin-Cantegrel A, Cotter A, Zagami CJ, et al.

(2012) Establishment of motor neuron-V3 interneuron progenitor domain

boundary in ventral spinal cord requires Groucho-mediated transcriptional

corepression. PLoS One 7: e31176.

88. Briscoe J, Ericson J (1999) The specification of neuronal identity by graded

Sonic Hedgehog signalling. Semin Cell Dev Biol 10: 353–362.

89. Lin JH, Saito T, Anderson DJ, Lance-Jones C, Jessell TM, et al. (1998)

Functionally related motor neuron pool and muscle sensory afferent subtypes

defined by coordinate ETS gene expression. Cell 95: 393–407.

Ventral Interneuron Distribution and Subdivisions

PLOS ONE | www.plosone.org 18 August 2013 | Volume 8 | Issue 8 | e70325



90. De Marco Garcia NV, Jessell TM (2008) Early motor neuron pool identity and

muscle nerve trajectory defined by postmitotic restrictions in Nkx6.1 activity.
Neuron 57: 217–231.

91. Tsuchida T, Ensini M, Morton SB, Baldassare M, Edlund T, et al. (1994)

Topographic organization of embryonic motor neurons defined by expression
of LIM homeobox genes. Cell 79: 957–970.

92. Wilson L, Gale E, Chambers D, Maden M (2004) Retinoic acid and the control
of dorsoventral patterning in the avian spinal cord. Dev Biol 269: 433–446.

93. Renoncourt Y, Carroll P, Filippi P, Arce V, Alonso S (1998) Neurons derived

in vitro from ES cells express homeoproteins characteristic of motoneurons and
interneurons. Mech Dev 79: 185–197.

94. England S, Batista MF, Mich JK, Chen JK, Lewis KE (2011) Roles of
Hedgehog pathway components and retinoic acid signalling in specifying

zebrafish ventral spinal cord neurons. Development 138: 5121–5134.
95. Sockanathan S, Perlmann T, Jessell TM (2003) Retinoid receptor signaling in

postmitotic motor neurons regulates rostrocaudal positional identity and axonal

projection pattern. Neuron 40: 97–111.
96. Vermot J, Schuhbaur B, Le Mouellic H, McCaffery P, Garnier JM, et al. (2005)

Retinaldehyde dehydrogenase 2 and Hoxc8 are required in the murine
brachial spinal cord for the specification of Lim1+ motoneurons and the correct

distribution of Islet1+ motoneurons. Development 132: 1611–1621.

97. Sockanathan S, Jessell TM (1998) Motor neuron-derived retinoid signaling
specifies the subtype identity of spinal motor neurons. Cell 94: 503–514.

98. Wu Y, Wang G, Scott SA, Capecchi MR (2008) Hoxc10 and Hoxd10 regulate
mouse columnar, divisional and motor pool identity of lumbar motoneurons.

Development 135: 171–182.
99. Cooper KL, Leisenring WM, Moens CB (2003) Autonomous and nonauton-

omous functions for Hox/Pbx in branchiomotor neuron development. Dev

Biol 253: 200–213.
100. Roberts VJ, van Dijk MA, Murre C (1995) Localization of Pbx1 transcripts in

developing rat embryos. Mech Dev 51: 193–198.
101. Karlsson D, Baumgardt M, Thor S (2010) Segment-specific neuronal subtype

specification by the integration of anteroposterior and temporal cues. PLoS Biol

8: e1000368.
102. Moens CB, Selleri L (2006) Hox cofactors in vertebrate development. Dev Biol

291: 193–206.
103. Del Barrio MG, Taveira-Marques R, Muroyama Y, Yuk DI, Li S, et al. (2007)

A regulatory network involving Foxn4, Mash1 and delta-like 4/Notch1
generates V2a and V2b spinal interneurons from a common progenitor pool.

Development 134: 3427–3436.

104. Dessaud E, McMahon AP, Briscoe J (2008) Pattern formation in the vertebrate
neural tube: a sonic hedgehog morphogen-regulated transcriptional network.

Development 135: 2489–2503.
105. Novitch BG, Wichterle H, Jessell TM, Sockanathan S (2003) A requirement for

retinoic acid-mediated transcriptional activation in ventral neural patterning

and motor neuron specification. Neuron 40: 81–95.
106. Lee S, Lee B, Lee JW, Lee SK (2009) Retinoid signaling and neurogenin2

function are coupled for the specification of spinal motor neurons through a
chromatin modifier CBP. Neuron 62: 641–654.

107. Baron O, Forthmann B, Lee YW, Terranova C, Ratzka A, et al. (2012)
Cooperation of nuclear fibroblast growth factor receptor 1 and Nurr1 offers

new interactive mechanism in postmitotic development of mesencephalic

dopaminergic neurons. J Biol Chem 287: 19827–19840.
108. Lammi J, Aarnisalo P (2008) FGF-8 stimulates the expression of NR4A orphan

nuclear receptors in osteoblasts. Mol Cell Endocrinol 295: 87–93.
109. Grothe C, Timmer M, Scholz T, Winkler C, Nikkhah G, et al. (2004)

Fibroblast growth factor-20 promotes the differentiation of Nurr1-overexpress-

ing neural stem cells into tyrosine hydroxylase-positive neurons. Neurobiol Dis
17: 163–170.

110. Ross SE, Mardinly AR, McCord AE, Zurawski J, Cohen S, et al. (2010) Loss of
inhibitory interneurons in the dorsal spinal cord and elevated itch in Bhlhb5

mutant mice. Neuron 65: 886–898.

111. Marthiens V, Padilla F, Lambert M, Mege RM (2002) Complementary
expression and regulation of cadherins 6 and 11 during specific steps of

motoneuron differentiation. Mol Cell Neurosci 20: 458–475.
112. Marthiens V, Gavard J, Padilla F, Monnet C, Castellani V, et al. (2005) A novel

function for cadherin-11 in the regulation of motor axon elongation and
fasciculation. Mol Cell Neurosci 28: 715–726.

113. Boscher C, Mege RM (2008) Cadherin-11 interacts with the FGF receptor and
induces neurite outgrowth through associated downstream signalling. Cell

Signal 20: 1061–1072.

114. Rousso DL, Pearson CA, Gaber ZB, Miquelajauregui A, Li S, et al. (2012)

Foxp-mediated suppression of N-cadherin regulates neuroepithelial character
and progenitor maintenance in the CNS. Neuron 74: 314–330.

115. Vernes SC, Oliver PL, Spiteri E, Lockstone HE, Puliyadi R, et al. (2011) Foxp2
regulates gene networks implicated in neurite outgrowth in the developing

brain. PLoS Genet 7: e1002145.

116. Clovis YM, Enard W, Marinaro F, Huttner WB, De Pietri Tonelli D (2012)

Convergent repression of Foxp2 39UTR by miR-9 and miR-132 in embryonic

mouse neocortex: implications for radial migration of neurons. Development
139: 3332–3342.

117. Takahashi K, Liu FC, Hirokawa K, Takahashi H (2008) Expression of Foxp4
in the developing and adult rat forebrain. J Neurosci Res 86: 3106–3116.

118. Li S, Weidenfeld J, Morrisey EE (2004) Transcriptional and DNA binding
activity of the Foxp1/2/4 family is modulated by heterotypic and homotypic

protein interactions. Mol Cell Biol 24: 809–822.

119. Tam WY, Leung CK, Tong KK, Kwan KM (2011) Foxp4 is essential in

maintenance of Purkinje cell dendritic arborization in the mouse cerebellum.
Neuroscience 172: 562–571.

120. Tamura S, Morikawa Y, Iwanishi H, Hisaoka T, Senba E (2003) Expression
pattern of the winged-helix/forkhead transcription factor Foxp1 in the

developing central nervous system. Gene Expr Patterns 3: 193–197.

121. Hisaoka T, Nakamura Y, Senba E, Morikawa Y (2010) The forkhead
transcription factors, Foxp1 and Foxp2, identify different subpopulations of

projection neurons in the mouse cerebral cortex. Neuroscience 166: 551–563.

122. Osakada F, Mori T, Cetin AH, Marshel JH, Virgen B, et al. (2011) New rabies

virus variants for monitoring and manipulating activity and gene expression in
defined neural circuits. Neuron 71: 617–631.

123. Wall NR, Wickersham IR, Cetin A, De La Parra M, Callaway EM (2010)
Monosynaptic circuit tracing in vivo through Cre-dependent targeting and

complementation of modified rabies virus. Proc Natl Acad Sci U S A 107:
21848–21853.

124. Poirier K, Van Esch H, Friocourt G, Saillour Y, Bahi N, et al. (2004)
Neuroanatomical distribution of ARX in brain and its localisation in

GABAergic neurons. Brain Res Mol Brain Res 122: 35–46.

125. Kim EJ, Battiste J, Nakagawa Y, Johnson JE (2008) Ascl1 (Mash1) lineage cells
contribute to discrete cell populations in CNS architecture. Mol Cell Neurosci

38: 595–606.

126. Espana A, Clotman F (2012) Onecut transcription factors are required for the

second phase of development of the A13 dopaminergic nucleus in the mouse.
J Comp Neurol 520: 1424–1441.

127. Muller T, Brohmann H, Pierani A, Heppenstall PA, Lewin GR, et al. (2002)
The homeodomain factor lbx1 distinguishes two major programs of neuronal

differentiation in the dorsal spinal cord. Neuron 34: 551–562.

128. Gierl MS, Karoulias N, Wende H, Strehle M, Birchmeier C (2006) The zinc-

finger factor Insm1 (IA-1) is essential for the development of pancreatic beta

cells and intestinal endocrine cells. Genes Dev 20: 2465–2478.

129. Wende H, Lechner SG, Cheret C, Bourane S, Kolanczyk ME, et al. (2012) The

transcription factor c-Maf controls touch receptor development and function.
Science 335: 1373–1376.

130. Ono Y, Nakatani T, Sakamoto Y, Mizuhara E, Minaki Y, et al. (2007)
Differences in neurogenic potential in floor plate cells along an anteroposterior

location: midbrain dopaminergic neurons originate from mesencephalic floor
plate cells. Development 134: 3213–3225.

131. Clotman F, Jacquemin P, Plumb-Rudewiez N, Pierreux CE, Van der Smissen
P, et al. (2005) Control of liver cell fate decision by a gradient of TGF beta

signaling modulated by Onecut transcription factors. Genes Dev 19: 1849–
1854.

132. Pierreux CE, Vanhorenbeeck V, Jacquemin P, Lemaigre FP, Rousseau GG

(2004) The transcription factor hepatocyte nuclear factor-6/Onecut-1 controls
the expression of its paralog Onecut-3 in developing mouse endoderm. J Biol

Chem 279: 51298–51304.

133. Jaegle M, Ghazvini M, Mandemakers W, Piirsoo M, Driegen S, et al. (2003)

The POU proteins Brn-2 and Oct-6 share important functions in Schwann cell
development. Genes Dev 17: 1380–1391.

Ventral Interneuron Distribution and Subdivisions

PLOS ONE | www.plosone.org 19 August 2013 | Volume 8 | Issue 8 | e70325


