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The embryonic spinal cord in mice is organized into eleven progenitor domains. Cells in each domain first
produce neurons and then switch to specifying glia. Five of these domains known as p3, pMN, p2, p1 and
p0 are located in the ventral spinal cord and each expresses a unique code of transcription factors (TFs)
that define the molecular profile of progenitor cells. This code is largely responsible for determining the
subtype specification of neurons generated from each domain. Pax6 codes for a homedomain-containing
TF that plays a central role in defining the molecular boundaries between the two ventral-most domains,
p3 and pMN. Using fate mapping and gene expression studies we show that PAX6, in addition to each
patterning function, is expressed in a group of late born interneurons that derive from the p2 and p0
domains. The p2-derived neurons represent a subset of late born V2b interneurons and their specification
depends on Notch signaling. The V0 neurons represent V0v ventral neurons expressing Pax2. Our data
demonstrate that interneuron diversity in the ventral spinal cord is more complex than originally appre-
ciated and point to the existence of additional mechanisms that determine interneuron diversity, partic-
ularly in the p2 domain.

� 2013 Elsevier B.V. All rights reserved.
During embryo development the posterior neural plate gives
rise to the developing neural tube which eventually forms the
spinal cord. The neural plate is initially made up of a single layer
of neuroepithelial progenitor (NEPs) cells with uniform molecular
properties. NEPs in the neural tube, located in the ventricular zone
(VZ), start to express different combinations of transcription fac-
tors (TFs) and become organized into eleven progenitor domains
along the dorso–ventral axis. The VZ of the embryonic ventral
spinal cord (vSC) is organized into five progenitor domains (ven-
tral-p3-pMN-p2-p1-p0-dorsal), specified through the graded activ-
ity of Sonic Hedgehog released from the notochord and floor plate
(Ericson et al., 1997a). Sonic Hedgehog either induces or represses
the expression of homeodomain and basic helix-loop-helix TFs in
all domains of the vSC, creating a unique expression pattern of
TFs in each domain (Jessell, 2000). The dorsal spinal cord (dSC) is
organized into six progenitor domains. Members of the bone mor-
phogenetic protein (BMP) family, produced from dorsal midline
structures, create a gradient of BMP-dependent activity that is
responsible for patterning dorsal progenitor domains, along with
other signaling molecules (Zhuang and Sockanathan, 2006). The
TFs expressed in each progenitor domain are primarily responsible
for specifying the neural and glial output of each domain (Briscoe
et al., 2000; Muhr et al., 2001; Hochstim et al., 2008).

While neural patterning is the overarching mechanism respon-
sible for establishing cellular diversity in the spinal cord, additional
mechanisms operate in each domain that further enhance cellular
diversity. For example, the p2 domain generates at least three dif-
ferent types of interneurons (INs), named V2a, V2b and V2c. Spec-
ification of V2a and V2b IN fates is determined in post-mitotic
progenitors through the action of Notch/Delta signaling, both in
mice (Del Barrio et al., 2007; Peng et al., 2007) and zebrafish (Batis-
ta et al., 2008; Kimura et al., 2008). The mechanism underlying the
specification of V2c INs is yet to be determined (Panayi et al.,
2010). Downstream of Notch, the action of the LIM-only protein
(LMO4) either favors or inhibits transcriptional complexes in sub-
sets of post-mitotic progenitors and consolidates the V2a and V2b
IN fates (Joshi et al., 2009).

The p0 domain is known to express both Dbx1 and Dbx2,
whereas the p1 domain is marked by the sole expression of Dbx2
(Pierani et al., 1999). Loss of Dbx1 leads to loss of V0 INs leading
to expansion of the p1 domain and overproduction of V1 INs
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(Pierani et al., 2001). V0 INs are further subdivided into inhibitory
ventral V0V and excitatory dorsal V0D INs (Lundfald et al., 2007).
The mechanism underlying this sub-type specification is not yet
known.

Pax6 codes for a homedomain-containing TF and plays a crucial
role in maintaining the identity of the pMN domain (Briscoe et al.,
2000; Genethliou et al., 2009). While the role of PAX6 during pat-
terning of the vSC has been studied extensively, little is known
about its role in post-mitotic neurons. In this study we used
expression analysis, fate mapping and genetic studies to show that
Pax6 is expressed in a subset of late-born INs derived from the p2
and p0 domains of the vSC. The p2-derived INs are generated at
least two days later than the stage when other V2 INs are specified
and their specification still depends on Notch signaling. Our data
suggest that the mechanisms guiding IN subtype specification in
the p2 domain is more complicated than originally appreciated.
1. Results

1.1. Pax6 is expressed in ventral interneurons derived from the p0 and
p2 domains

Pax6 is a transcription factor that is first expressed by most
neural progenitors of the spinal cord and is required for correct
neural patterning during neurogenesis (Ericson et al., 1997b; Bris-
coe et al., 2000) and gliogenesis (Hochstim et al., 2008; Genethliou
et al., 2009). In addition to its expression in the VZ throughout
spinal cord development, at around e12.0–e12.5 Pax6 expression
becomes clearly detectable in a small group of ventrally migrating
cells (Fig. 1A–C). We first confirmed that these cells expressed the
pan-neuronal marker NeuN (and are thus neurons) and none of the
motor neuron markers (data not shown). We conclude that these
cells are most likely interneurons (INs) as no glial cells are pro-
duced at this stage (Hochstim et al., 2008).

To determine the precise developmental window during which
these INs are born we used in vivo BrdU incorporation. We injected
pregnant mice at consecutive intervals with BrdU solution at e10.5,
e11.5 and e12.5 and harvested the embryos at e14.5 (Fig. 1D–F).
This analysis showed that Pax6+ INs are mostly specified at e11.5
(Fig. 1G). We cannot exclude the possibility that some cells are
born at e10.0 or even some at e12.0 since BrdU take up might be
partial.

We then applied fate mapping to determine the progenitor do-
mains where the progenitors producing these cells. Based on their
final resting position, it seemed likely that the Pax6+ INs originated
from ventral progenitor domains. We used genetic fate mapping
using three Cre–expressing transgenic mice which, all together,
mark all five ventral progenitor domains. These were Olig2-iCre
[labeling p3-, pMN- and very few p2-derived cells (Chen et al.,
2011)], Foxn4-iCre (labeling p2-derived neurons) and Dbx1-iCre
(labeling dorsalI6-, dI5-, p0- and p1-derived cells). Males from each
line were crossed to Rosa26-stop-YFP females and embryos or
adult progeny were analyzed at the appropriate stages.

Analysis of embryonic cords derived from a Dbx1-
iCre � Rosa26-stop-YFP cross showed that approximately 50% of
the Pax6+ INs derive from Dbx1 lineage suggesting origin from
progenitors residing in the dI5-p1 region (Fig. 2A–C and J). Further-
more, about 25%, of Pax6+ INs originated from Foxn4+ progenitors
suggesting origin from the p2 domain (Fig. 2D–F and J). The lineage
relationship between Foxn4-expressing progenitors continued to
hold true over a range of developmental stages and through to
adulthood (Suppl. Fig. 1). Finally, analysis of the progeny of the
Olig2+ lineage in Olig2-iCre � Rosa26-stop-YFP embryos failed to
establish a lineage relationship between the p3/pMN/ventral-p2
domain and Pax6+ INs (Fig. 2G–I). These data demonstrate that
two distinct groups of Pax6+ INs originate from the p2 and dI5-
p1 domains, respectively. We cannot exclude the possibility that
some Pax6+ INs originate from other progenitor domains or that
incomplete Cre recombination in the domains studied did not
allow us to fate-map all cells.

Both the fate mapping studies and the birth-dating experiments
are in line with previous studies showing that around e12.5 vSC
progenitors stop producing neurons and switch to gliogenesis
(Hochstim et al., 2008; Genethliou et al., 2009).

1.2. Most PAX6+ interneurons represent subsets of V2b and V0
interneurons

Having established the domains where Pax6+ INs originate
from, we analyzed the expression of specific interneuron markers
relative to Pax6. We first focused on interneurons derived from
the p2 domain. These are divided into three groups V2a, V2b and
V2c INs, expressing Chx10 (V2a), Gata3 (V2b) and Sox1 (V2c).
We have previously shown that Pax6 INs are distinct from V2c
INs (Panayi et al., 2010) and thus tested if they express Chx10 or
Gata3. Our data showed that none of the Pax6+ INs express
Chx10 (Fig. 3A–C) while at least some express Gata3 only when
they settle in the ventral cord and not when they migrate out of
the VZ (Fig. 3D–F).

Given that Gata3 is not expressed by any other IN type of the
vSC, we conclude that at least some of the p2-derived Pax6+ INs
represent a subclass of late-born V2b INs. We cannot exclude the
possibility that some Pax6+ INs derive from the p2 domain and ex-
press only Pax6. The genetic tools available to us cannot test this
possibility.

Our fate mapping data suggested that the majority of Pax6+

neurons derive from a region encompassing four domains (p1,
p0, dI6 and dI5) which express Dbx1. The p1 and p0 domains gen-
erate V1 and V0 INs, respectively. We thus focus on markers ex-
pressed by these neurons using antibodies that label V0 and V1
INs. We used Evx1, a marker for V0 INs, Pax2 a marker for ventral
V0 INs (V0v) and FoxP2 a marker for V1 INs (Pierani et al., 1999;
Lanuza et al., 2004; Morikawa et al., 2009).

Having established that some Pax6+ INs express Pax2 (and are
therefore V0v INs) and some express Gata3 (and represent a subset
of V2b INs) we used triple staining using Pax6/Pax2/Gata3 to find
out if Pax6+/Pax2+ and represent the total number of Pax6+ neurons
(Fig. 4). We found that, in addition to Pax6/Pax2+ and Pax6+/Gata3+

INs, there were also only Pax6-expressing INs (Fig. 4 arrow heads).
Pax6+ INs were also negative for Prdm8, known to mark V1 and
some V2 INs (Komai et al., 2009) and HNF6 which labels V1 INs
(Stamps and Krishnan, 2004) (data not shown).

Finally, analysis of neurotransmitter expression showed that
Pax6+ INs were heterogeneous in that some were glutamatergic
(excitatory) while others were glycinergic (inhibitory) (Suppl.
Fig. 2). Antibody incompatibility did not allow us to determine
the IN subtype relative to neurotransmitter expression but most
likely the glycinergic Pax6+ INs represented the subset of V2b INs
(Lundfald et al., 2007).

Together, these data suggest that Pax6+ INs fall into three cate-
gories. The first group represents a subset of V0v neurons, the sec-
ond group forms a subset of V2b neurons and the third is a group of
Pax6+ INs whose origin cannot be defined using available genetic
tools. Nevertheless, they are most likely ventrally derived neurons.

1.3. Pax6+/Gata3+ INs specification is controlled by Notch signaling

Previous work has shown that Notch signaling is responsible for
the allocation of neuronal subtype specification in V2 INs operating
in post-mitotic progenitors (Yang et al., 2006; Peng et al., 2007).
More specifically, loss of Notch signaling leads to overproduction



Fig. 1. PAX6 is expressed in ventral interneurons born at a narrow developmental window. Embryonic spinal cord sections at the denoted stages were immune-stained with
anti-PAX6 antibody. Panels A and B depict the expression of PAX6 along the ventricular zone. Panel C shows PAX6+ neurons (dotted square) migrating ventrally. Panels D–F
represent spinal cord sections from e14.5 embryos derived from pregnant mothers injected with BrdU at the denoted stage. Panel G shows the number of cells co-stained
with anti-Brdu and anti-PAX6 antibodies. Note that only at stage e11.5 injections result in co-staining of PAX6 with anti-BrdU antibody.
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of V2a INs and complete loss of V2b INs. These studies have been
carried out at e10.5 embryos using Presenilin I (PSEN1) and
FoxN4-deficient embryos (Li et al., 2005; Yang et al., 2006; Del Bar-
rio et al., 2007; Peng et al., 2007). Given that Pax6 is expressed in a
subset of V2b INs, we asked if the production of these cells was af-
fected in PSEN1-mutant embryos. Analysis of spinal cord sections
from mutant and wild type embryos showed that an equivalent
number of Pax6+/Pax2+ neurons were still specified, despite a
noticeable decrease in the total number of Pax6+ neurons (not
shown). This is most likely due to an overall decrease of neurogen-
esis caused by diminished Notch signaling. However, the specifica-
tion of Pax6+/Gata3+ V2b INs was totally abolished. First, we noted
that in PSEN�/� embryos there was some production of Gata3+ cells
while at e10.5 these V2b cells are totally misspecified and convert
to V2a cells expressing Chx10 (Peng et al., 2007). Importantly the
very few Gata3+ cells produced in the mutants co-expressed
Chx10 indicating that these cells have a mixed V2a/V2b phenotype.
Similarly we failed to observe Pax6+/Gata3+ and instead we noted
very few (1–2 cells per section) Pax6+/Chx10+ INs.

These data suggest that markedly diminished Notch signaling
affected the phenotype of Pax6+/Gata3+ cells and caused a fate
switch to Pax6+/Chx10+ cells in V2b INs. Interestingly some Gata3+/
Chx10+ cells were also observed in mutant cords which most likely
represent V2b INs with partial V2b-to-V2a fate switch (Fig. 5).
These results indicate that late born Gata3+/Pax6+ neurons, like
the early born Gata3+/Pax6- cells, are specified in a Notch-depen-
dent manner, while the production of Pax6+/Pax2+ neurons was
essentially unaffected.
2. Discussion

In this study we describe the expression of Pax6 in differenti-
ated neurons in the vSC. Although this expression was noted a long
time ago (Ericson et al., 1997b), no study has since described the
subtype identity of these cells. We show that Pax6+ neurons form
a heterogeneous population of INs which originates from at least
two domains, the p0 domain constituting a subset of the V0V
INs, and the p2 domain forming a subset of the V2b INs. This di-
verse population of Pax6+ cells was shown to include both inhibi-
tory and excitatory neurons.

Neurogenesis in the p2 domain and subtype specification has
been studied quite extensively. Here we show that p2-derived
INs that express Pax6 also expresses Gata3. Unlike the other three
sub-types of INs generated in this domain (V2a-c), the Pax6+ INs
are born at least two days later. It is noteworthy that when these



Fig. 2. Lineage analysis of the PAX6+ neurons. Spinal cord sections from e14.5 embryos from the denoted crosses were analyzed for PAX6 and YFP (detected with anti-GFP
antibody) expression. Arrows in panel C indicate neurons from the Dbx1 lineage that co-express PAX6. Arrows in panel F show neurons from the FoxN4 lineage that also
express PAX6 (p2-derived). Panel I, indicates that no Pax6+ neurons originate from the Olig2+ lineage. Panel J illustrates the total number of Pax6+ neurons and the number of
Pax6+ neurons deriving from Dbx1 and Foxn4 lineages. Note that the total number of Pax6+ is more than the sum of the two subpopulations of neurons. This could be due to
incomplete or delayed Cre-recombination or that some Pax6+ neurons derive from other domain(s).
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cells migrate out of the ventricular zone they do not express Gata3.
However, as they settle in their ventral position they switched on
Gata3. This sequential expression of Pax6 followed by Gata3 clearly
points to a different mechanism that drives the expression of Gata3
in these INs compared to other Gata3+ INs which acquire Gata3
expression on the borders of the VZ through a mechanism con-
trolled by Notch signaling. What switches on Gata3 in these cells
remains to be determined.

Previous studies have shown that the Notch pathway deter-
mines the specification of V2 INs (Del Barrio et al., 2007; Peng
et al., 2007). Specifically loss of Notch at e9.5 converts all V2b
INs to V2a INs. Our previous work has shown that a new group
of INs, which we named V2c INs, when specified express Gata3
but its expression is repressed by SOX1 and these INs acquire a dis-
tinct fate (Panayi et al., 2010). Our present data suggest that Pax6+

INs first begin to express Pax6 and subsequently acquire Gata3
expression. In the absence of Notch they maintain Pax6 expression,
loose Gata3 and switch on Chx10, a marker for V2a INs. Whatever
the underlying mechanism operating to initially specify Pax6+ INs
is, our data reveal that Notch signaling is responsible to direct
expression of Gata3. Therefore, Notch signaling may not only func-
tion to specify neuronal fates in progenitors just exiting the cell cy-
cle but may also do so in fully differentiated neuronal fates settling
in the marginal zone. We noted that in the PSEN mutants some
Gata3 expression was maintained, unlike early stages (Peng
et al., 2007), but Gata3+ cells converted to Gata3+/Chx10+ cells.
These cells are likely to be bona fide V2b INs generated from resid-
ual Notch signaling activity conferred by Presenilin II which is also
expressed in the vSC.
3. Materials and methods

3.1. Transgenic mice

The following established mouse lines were used: Rosa26-stop-
YFP(Srinivas et al., 2001), Foxn4-iCre and GATA3-eGFP (Panayi
et al., 2010), Dbx1-iCre (Fogarty et al., 2005) and Olig2-iCre
(Kessaris et al., 2006). All animals were kept in the normal 12 h
light–12 h dark cycle and where allowed free access to water and
food. All animal procedures were performed in accordance with a
license issued by the Chief of Veterinary Services of the Republic



Fig. 3. Marker analysis of Pax6+ neurons in embryonic spinal cords. Spinal cord sections from e14.5 embryos were stained with anti-PAX6 antibody and the antibodies
denoted in the panels representing V2a interneurons (CHX10), V2b interneurons (GATA3), V1 interneurons (FOXP2), V0 interneurons (EVX1) and V0v interneurons (PAX2).
Arrow heads represent cells co-expressing PAX6 and the indicated marker. Panel P shows quantification of each population. Panel P represents a graph showing the number of
cells expressing PAX6 and the respective marker. Note that the number of Evx1+/Pax6+ (V0) and Pax2+/Pax6+ (V0v) neurons is very similar indicating that the possibly all V0
Pax6+ INs are most likely V0v INs.
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Fig. 4. Pax6+ neurons are not all V0v and V2b interneurons. Spinal cord sections from e14.5 embryos were triple immune-stained using anti-PAX2, anti-GATA3 and anti-PAX6
antibodies (panels A–D) indicating the three populations of PAX6+ neurons in the ventral spinal cord. Inset in panel D shows an enlarged view of the dotted area. Note that
there are blue Pax6+ cells (indicated by orange chevrons) that do not express either PAX2 or GATA3. PAX2+/PAX6+ cells are indicated by white arrows and GATA3+/PAX6+ cells
by arrow heads.

Fig. 5. The specification of PAX6+/GATA3+ cells depends on Notch signaling Spinal cord sections from E14.5 wild type (panels A–D) and PSEN1�/� (panels E–H) embryos were
immune-stained with anti-PAX6, anti-GATA3 and anti-CHX10 antibodies. Note that in wild type embryos there are only PAX6+/GATA3+ and PAX6+/GATA3� cells (Panel D). On
the contrary in mutant embryos (Panel H) we noted mostly PAX6+/CHX10+ (arrows in H) and occasionally GATA3+/CHX10+ (bold arrow in H) but never PAX6+/GATA3+ cells
indicating a fate switch of PAX6+/GATA3+ cells to a PAX6+/CHX10+ phenotype.
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of Cyprus, according to National Law. All animal involving experi-
ments were carried out in accordance to the 86/609/EEC Directive.
When required, embryo genotyping was done by PCR analysis.
3.2. Immunohistochemistry

Immunohistochemistry was performed using embryos fixed in
MEMFA or 4% Paraformaldehyde (PFA) in phosphate-buffered sal-
ine (PBS) for a period of 15–35 min, depending on the age of the
embryo and the antibodies used. This was followed by extensive
washing in PBS and cryoprotection in 15–30% (w/v) sucrose pre-
pared in PBS. Sections (10–12 lm) were cut on a cryostat. Antibody
detection was performed using immunofluorescence according to
standard procedures. The following primary antibodies were used:
anti-BRDU (1/200 Abcam); anti-Chx10 (1/500 Santa Cruz Biotech-
nology); anti-EVX1 (1/50 Developmental Studies Hybridoma Bank,
University of Iowa, Iowa City, IA); anti-FoxP2 (1/1,000 Abcam);
anti-GATA3 (1/100 gift from Frank Grosveld, Erasmus Medical
Centre, Department of Cell Biology, Rotterdam, The Netherlands);
anti-GFP (1/4000 Invitrogen); anti-GFP (1/2000 Nacalai USA);
anti-Glutamate (1/10,000 Immunosolution); anti-Glycine (1/5000
Immunosolution); anti-HNF6 (1/5000 Laboratory of Neural Differ-
entiation/LPAD Unit); anti-Pax2 (1/1000 Millipore Bioscience
Research Reagents); anti-Pax6 (1/2000 Chemicon and 1/50 Devel-
opmental Studies Hybridoma Bank, University of Iowa, Iowa City,
IA); anti-PRDM8 (1/200 gift from Pr. Yoichi Shinkai). Images were
captured on a TCSL confocal microscope (Leica, Germany).
3.3. Cell counting and statistical analysis

Serial sections from equivalently-staged embryos at forelimb
level were used for cell counting. For each stage and genotype
three embryos were used to obtain 10 sections for counting, total-
ing 30 sections. The quantitative results were analyzed by two-
tailed distribution, homoscedastic Student’s T-Test. The graphed
results are shown as means ± SEM (Standard error of the mean).

3.4. BrdU labeling

Staged pregnant mice were injected intra peritoneally with
BrdU (Sigma) at 50 lg/kg of body weight once two hours for a total
of six injections. The injected female was euthanized at the stage
required by the experimental design and the embryos were
collected and processed for detection of BrdU labeling using immu-
nohistochemical techniques as has been aforementioned.
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