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ABSTRACT: V3 spinal interneurons (INs) are a
group of excitatory INs that play a crucial role in produc-
ing balanced and stable gaits in vertebrate animals. In the
developing mouse spinal cord, V3 INs arise from the most
ventral progenitor domain and form anatomically distinc-
tive subpopulations in adult spinal cords. They are marked
by the expression of transcription factor Siml postmitoti-
cally, but the function of Siml in V3 development remains
unknown. Here, we used SimI<";tdTomato mice to trace
the fate of V3 INs in a Siml mutant versus control genetic
background during development. In Siml mutants, V3 INs
are produced normally and maintain a similar position
and organization as in wild types before E12.5. Further
temporal analysis revealed that the V3 INs in the mutants

failed to migrate properly to form V3 subgroups along the
dorsoventral axis of the spinal cord. At birth, in the Siml
mutant the number of V3 INs in the ventral subgroup was
normal, but they were significantly reduced in the dorsal
subgroup with a concomitant increase in the intermediate
subgroup. Retrograde labeling at lumbar level revealed
that loss of Sim1 led to a reduction in extension of contra-
lateral axon projections both at E14.5 and P0 without
affecting ipsilateral axon projections. These results demon-
strate that Siml is essential for proper migration
and the guidance of commissural axons of the spinal V3
INs.  ©2015 Wiley Periodicals, Inc. Develop Neurobiol 00: 000-000, 2015
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Interneurons; cell migration; axon guidance
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INTRODUCTION

Interneurons (INs) in the spinal cord mediate and pro-
cess descending inputs from the brain as well as
inputs from sensory afferents, and thus, play crucial
roles in the control and regulation of motor activity
(Pearson, 1993; Grillner et al., 2005; Rossignol et al.,
2006). INs also comprise the local circuitry, includ-
ing the locomotor Central Pattern Generator, which
generates the basic rhythm and patterning of motor
outputs (Kiehn and Kullander, 2004; Goulding,
2009).

Studies in the developing vertebrate neural tube
have identified 11 progenitor domains in the spinal
cord that give rise to motor neurons (MNs) as well as
six dorsal (dI1-6) and four ventral (V0-3) cardinal
IN populations (Jessell, 2000; Goulding and Pfaff,
2005). Some of these IN populations, particularly
those that settle in the ventral spinal cord, play dis-
tinct roles in controlling different aspects of locomo-
tion (Lanuza et al., 2004; Gosgnach et al., 2006;
Crone et al., 2008; Zhang et al., 2008, 2014; Zagor-
aiou et al., 2009; Talpalar et al., 2013).

Embryonically, IN classes are defined by the
expression of specific transcription factors, some of
which function in developmental processes underly-
ing IN integration necessary for locomotor circuit
formation. For example, Evx-1 plays a major role in
both the ventromedial migratory pathway and com-
missural axonal projection patterns of VO INs
(Moran-Rivard et al., 2001; Pierani et al., 2001).
Likewise, in mice lacking En-1, axons from the
V1 INs fasciculate irregularly and exhibit decreased
synaptic connectivity with MNs (Saueressig et al.,
1999).

V3 INs are a group of excitatory spinal INs that
arise from the Nkx2.2-expressing ventral-most pro-
genitor domain (p3) (Briscoe et al., 1999; Goulding
et al., 2002; Zhang et al., 2008, Carcagno et al.,
2014). These neurons selectively express the tran-
scription factor single-minded 1 (Sim1) on becoming
postmitotic. In the mature mouse spinal cord Siml
positive V3 INs assemble into anatomically and elec-
trophysiologically distinct subgroups in the lower
thoracic and upper lumbar regions (Borowska et al.,
2013). Blocking synaptic transmission in V3 INs
leads to defects in gait, suggesting an important role
of V3 INs in establishing normal locomotion (Zhang
et al., 2008).

Sim1 is a member of the basic helix-loop-helix/Per-
Arnt-Sim (bHLH/PAS) family of transcription factors
initially described in Drosophila (Kewley et al.,
2004). Mouse Sim! is expressed in several regions of
the central nervous system (CNS) during development

Developmental Neurobiology

and has been shown to play a crucial role in axon
guidance (Marion et al., 2005; Schweitzer et al., 2013)
and neuronal migration (Michaud et al., 1998; Xu and
Fan, 2007) in the brain. To date, however, the role(s)
of Siml in the development and differentiation of
spinal V3 INs has not been investigated.

Here, we have followed the anatomical develop-
ment of spinal V3 INs by genetic labeling in a control
(SimI"" :tdTomato) versus a Siml mutant (Siml"
lacZ .tdTomato) genetic background during the embry-
onic and perinatal period. We demonstrate that Sim1
is crucial for the proper migration and spatial distribu-
tion of V3 INs, and for the proper formation of V3
axonal trajectories, revealing a novel role for this tran-
scription factor in the development of the spinal cord.

MATERIALS AND METHODS

Mouse Strains

Siml<""*, SimI"“*““’*, and tdTomato Ail4 conditional
reporter (referred as tdTom) mice were generated and geno-
typed as previously described (Michaud et al., 1998; Mar-
ion et al., 2005; Zhang et al., 2008; Madisen et al., 2010).
Siml "™ ;tdTom; and Sim1"™*=*““* were crossed to gener-
ate Siml <Az tdTom, which allows fate mapping of
V3 INs in Siml knockout mice. Siml“"™*" ;tdTom animals
served as controls. All procedures were performed in
accordance with the Canadian Council on Animal Care and
approved by the University Committee on Laboratory Ani-
mals at Dalhousie University.

Spinal Cord Tissue Processing

Fertilization was identified by the presence of a vaginal
plug. The morning of discovery was defined as embryonic
day 0.5 (EO.5). Embryonic spinal cords were obtained at
E11.5, E12.5, and E14.5. Prior to surgery, pregnant mice
were anaesthetized by intraperitoneal injection of a mixture
of ketamine (60 mg/kg) and xylazine (12 mg/kg) and eutha-
nized by cervical dislocation. Mouse embryos were then
collected by cesarean section and placed in Ringer’s Solu-
tion (6.49 g/L. NaCl; 0.23 g/L KCI; 1.98 g/L. D-Glucose;
2.1 g/L NaHCO3; 0.31 g/L MgSO04; 0.37 g/L CaCl2;
0.15 g/L KH2PO4) bubbled with 95% O,/5% CO, with a
maintained pH of 7.4. Postnatal day (P) O mice were eutha-
nized via decapitation followed by spinal cord removal.

In Situ Hybridization

Nonradioactive in situ hybridization was performed essen-
tially as previously described (Carcagno et al., 2014).
Briefly, sections were fixed 15 min with paraformaldehyde
(PFA) 4% in PBS and washed with PBS-DEPC. Tissue was
treated with proteinase K (3 pg/mL, 3 min), followed by



PFA 4% for 10 min and PBS washes. Slides were incubated
in triethanolamine-acetic anhydrate pH 8.0 for 10 min, per-
meabilized with Triton X-100 1% in PBS for 30 min, and
washed with PBS. Sections were incubated for 2 h with
hybridization solution (50% formamide, 5X SSC, 5X
Denhardt solution, 250 pg/mL yeast tRNA). Digoxigenin-
labeled RNA probes were generated by in vitro transcription
using T7 RNA polymerase (Promega), digoxigenin-UTP
(Roche), rNTPs (Promega), and polymerase chain reaction
(PCR)-amplified products or linearized plasmids as tem-
plates. RNA probes used were mSim1 (Zhang et al., 2008),
mNkx2.2 (Briscoe et al., 1999), mUncx (Mansouri et al.,
2000), and mvGIuT?2 (Slc17a6) (Lanuza et al., 2004).

Retrograde Axonal Tracing with
Biotin-Conjugated Dextran Amine

Isolated spinal cords were subjected to retrograde axonal
tracing with biotin-conjugated dextran amine (BDA) using
a previously described method (Supporting Information
Fig. S1; Glover, 1995; Nissen et al., 2005). Briefly, 3 kDa
BDA was dissolved in a small drop (1 pL) of water. Small
quantities were collected on the tip of a needle (BD Preci-
sionGlide, 0.45 X 10 mm?) to form a small crystal. Lumbar
(L) segments were identified by their respective ventral
roots, L1-L.6. In E12.5 embryos, the most accurate land-
mark for the start of the lumbar region was the bottom of
the rib cage and associated vertebrae. At the desired level,
a transverse cut was made through one half of the spinal
cord. In a separate experiment, small cuts were made at the
ventral midline of the lumbar spinal cord. BDA crystals
were inserted into the cut and allowed to diffuse into the
cut axons (Supporting Information Fig. S1). Preparations
were incubated overnight at room temperature in constantly
oxygenated (95% 0O,/5% CO,) Ringer’s Solution. Follow-
ing incubation, spinal cords were fixed for 1-3 h in 4%
PFA (Electron Microscopy Sciences) in phosphate-buffered
saline (PBS) and then cryoprotected in 20% sucrose in PBS
overnight. Spinal cords were sectioned transversely on a
cryostat as 20 (at E12.5 and E14.5) or 30 (at PO) microme-
ter sections, which were mounted on a series of 10 slides.

Immunohistochemistry and
Streptavidin-Biotin Histochemistry

Spinal cord sections on slides were subjected to streptavidin-
biotin labeling and immunolabeling. Sections were first
washed in PBS before being washed in PBS containing 0.1%
Triton X (PBS-T). Slides were incubated in blocking solu-
tion (PBS containing 10% heat-inactivated normal goat
serum (Invitrogen) and 0.1% Triton X) for 1 h at room tem-
perature, and incubated overnight in anti-DsRed primary
antibody (Clontech) at 4°C. The DsRed primary antibody
can specifically recognize the tdTomato protein and was
used to enhance and preserve the fluorescent signal in
V3 INs. DyLight™594-conjugated Goat anti-Rabbit second-
ary antibodies (Jackson ImmunoResearch Laboratories)
were diluted at 1:500. Biotin-linked Dextran Amine was
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labeled with Alexa Fluor 488-conjugated streptavidin (Jack-
son ImmunoResearch Laboratories, Inc.), diluted at 1:500,
and added along with secondary antibodies. Sections were
washed in PBS and cover-slipped with Dako fluorescent
mounting medium.

Data Acquisition and Analysis

Images were obtained using a Zeiss Axiovert 200M fluores-
cence microscope or a Zeiss LSM 710 upright confocal
microscope. TdTomato- and BDA-positive cells were
mapped and counted in transverse spinal cord sections.

To determine V3 IN number at PO, we counted and
mapped V3 INs in a series of transverse 30 um sections in
each region. In the lower thoracic region, we analyzed a total
of 10 sections per animal, covering 1500 pm. In the upper
lumbar region, we analyzed a total of 18 sections per animal,
covering 2700 um. Means of total counts were obtained
from four Sim/ mutant and four Sim/ control spinal cords.

Cell density analysis was conducted using ImageJ and
MATLAB. Contour maps of V3 INs were made by projec-
ting all tdTomato-positive V3 INs from 12 random trans-
verse 30 pum sections across lower thoracic and upper
lumbar regions onto a single scaled half transverse section
(Supporting Information Fig. S2A) and then using the grid-
data and contourf functions in MATLAB to generate the
map with the log-transformed cell counts (Supporting
Information Fig. S2B). Eight contour map images, four
from control and four from mutant spinal cords, were sub-
jected to principle component analysis (PCA) (Supporting
Information Methods, Fig. S3).

In retrograde labeling experiments, BDA and tdTomato
double positive cells were mapped and counted in Siml
control and mutant animals at E12.5, E14.5, and PO. BDA
application was unilateral (except specific indication in the
text); thus, we identified four principal projection pheno-
types: dIIN = descending ipsilateral, dCIN = descending
contralateral, alIN = ascending ipsilateral, aCIN = ascend-
ing contralateral (Eide et al., 1999). We counted each of
these in 12 nonconsecutive 20 pm (for E12.5 and 14.5) and
eight nonconsecutive 30 um (for PO) sections within each
600 pm stretch of spinal cord, continuing until no more
labeled cells were found. The histograms present average
counts in each 600 pm stretch of various spinal cords.

Statistics

Cell counts in different V3 IN subgroups or of retrogradely
labeled V3 INs were compared between Siml/ CreltauLacZ g
Tom, and Sim1"™ ;tdTom animals using a log-linear model.
Briefly, the model fitted (natural) log-transformed counts Y
to the linear model log(Y) = aX + b, where X is an indicator
variable taking on values 0 or 1 for Siml ™" ““L% tqTom;
and control V3 INs, respectively. Hence, the expected val-
ues (E) for the two types are E[log(Y) given X = 0] = b and
Ellog(Y) given X=1]=a+b. The difference E[log(Y)
given X =1] — E[log(Y) given X =0] is, therefore, esti-
mated by a. Transformation back to counts gives an
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Figure 1 Loss of Sim1 does not change the identity of V3 INs. A-D: E11.5 spinal cord transverse
sections hybridized with RNA probes against Nkx2.2 (A), Sim1 (B), Uncx (C), and vGluT2 (D) in
heterozygous and Sim/ mutant embryos. Scale bar, 25 um.

estimate of the ratio E[Y given X =1]/E[Y given
X =0] = ¢". The model provides a two-tailed test for the
null hypothesis that the Sim! mutant /Siml control count
ratio is 1.

For the case of retrograde labeling by application of
BDA to the midline, cell counts of BDA-labeled V3 INs
were normalized against the total number of BDA-positive
INs (i.e., observed counts divided by total). Statistical sig-
nificance between the Sim/ mutant and control groups was
subsequently assessed via a z-test for comparing two
proportions.

All counted data are presented as mean = SD following
the Poisson distribution. All statistical analysis was per-
formed in MATLAB. *p <0.05, **p <0.01, ***p <0.001.

RESULTS

Sim1 Influences the Migration and
Aggregation of V3 INs in the Mouse
Spinal Cord

To assess the role of Sim/ in the development of
V3 INs, we generated a Sim! CreltaulazZ .. T om mouse
(herein Siml mutant), in which both Sim/ alleles are
disrupted by the insertion of Cre and tau-LacZ such
that no functional Siml protein is produced (Zhang
et al., 2008) [Fig. 1(B)]. Siml heterozygotes (Siml-
Crel* .tdTom) were used as control animals.

To determine if loss of Siml affected the genera-
tion of V3 INs, we analyzed the mRNA transcripts of
the p3 progenitor marker Nkx2.2 [Fig. 1(A)], the
postmitotic marker Siml [Fig. 1(B)] and the tran-
scription factor Uncx [Fig. 1(C)] which is also
expressed in newly born V3 neurons at E11.5 (Car-
cagno et al., 2014). Since V3 INs are excitatory, we
also examined the expression of the vesicular gluta-
mate transporter vGluT2 [Fig. 1(D)]. We found that
with the exception of loss of expression of Siml in
the mutant, control and Sim/ mutant embryos dis-
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played similar expression patterns of Nkx2.2, Uncx,
and vGIuT2 in the ventral spinal cord. This demon-
strates that loss of Sim1 does not affect the early gen-
eration and differentiation of the spinal V3 IN
population, indicating Sim1 plays primarily a role in
the postmitotic development of the V3 INs.

The function and organization of neural circuits
are different among segments from rostral to caudal
spinal cord. We focused on lower thoracic and lum-
bar regions, which harbor the neuronal networks that
control the movement of hind limbs, and assessed
differentially the lower thoracic (T11-13), upper
lumbar (L1-L3), and lower lumbar (L4-L6) regions
(Fig. 2). No differences in the distribution and posi-
tion of tdTomato-labeled V3 INs was seen at any of
these levels in the mutant versus control mice up to
E12.5 (Fig. 2(A,A” .B,B")].

Examination at E14.5 revealed that the tdTomato-
positive V3 INs had migrated away from their initial
ventral position. In the lower thoracic and upper lum-
bar regions of control mice, we could identify distinct
subgroups of tdTomato-positive V3 INs, in particular
the ventral, intermediate, and dorsal subgroups,
which tended to cluster separately [Fig. 2(C,C")]. In
the Siml mutant mice, however, the tdTomato-
positive V3 INs did not form such subgroups as dis-
tinctly as in controls, and we noted especially the
lack of a prominent dorsal subgroup [Fig. 2(D,D’)].
Examination of the lower lumbar region (L4-L6)
revealed only two main subgroups, a ventral and an
intermediate, with no obvious dorsal subgroup in
both mutant and control animals (compare panels C”
with D”). A differential distribution of V3 INs at dif-
ferent segments of the spinal cord was reported by
our previous and others’ studies (Francius et al.,
2013, Borowska et al., 2013), which may be due to a
differential development of spinal neurons along the
rostrocaudal axis at different stages. Since we found
clear differences in the dorsal and intermediate
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Figure 2 Siml-deficient V3 INs show altered migration by E14.5. A, B: Transverse sections from E
12.5 Siml control (SimI<"** ;tdTom, A,A") and mutant (Siml““"““““““.1qTom, B,B") spinal cords at
lower thoracic (A and B), upper lumbar (A’ and B’) and lower lumbar (A” and B”) regions. Scale
bar = 100 um. C,D: Transverse sections from E14.5 Sim1 control (C,C") and Sim1 mutant (D,D”) spinal
cord in lower thoracic (C,D), upper lumbar (C',D) and lower lumbar (C”,D”). V3 INs were visualized
by tdTomato expression. Scale bar = 200 um. D, dorsal; I, intermediate; V, ventral; NV, nonventral.

subgroups of V3 INs between and within control and
mutant animals in the lower thoracic and upper lum-
bar regions, the remainder of our study focuses on
these regions.

We next examined the locations of V3 INs in the
spinal cords of newborn pups, a stage when
tdTomato-positive V3 INs have attained positions
along the dorsoventral axis similar to those seen in
the mature spinal cord (Borowska et al., 2013). In
lower thoracic and upper lumbar segments, V3 INs
were found in the deep dorsal horn and in almost all
ventral horn regions, mainly at medial locations.
V3 INs in control mice tended to group together at
different locations along the dorsoventral axis [Fig.

3(A,A")]. To describe the distribution of the V3 INs
in neonates more accurately, we defined three subpo-
pulations: a major subgroup of ventral V3 INs located
in lamina VIII, an intermediate subgroup located in
laminae VI, VII, and X, and a dorsal subgroup
located in lamina V (occasionally also in lamina I'V)
(Zhang et al., 2008; Borowska et al., 2013). Similar
to what we observed at E14.5, ventral and dorsal
V3 INs were well defined into coherent subgroups,
whereas the distribution of intermediate V3s
appeared less organized and varied among different
segments [Fig. 3(A,A")]. In the Sim/ mutant [Fig.
3(B,B’)], the separation of the different V3 subgroups
become less distinct, and there appeared in particular

Developmental Neurobiology
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Figure 3 Siml mutant V3 INs show altered distribution pattern of different subgroups at P0O. A, B:
Transverse sections from PO Sim1 control (Siml<"“™ ;tdTom, A,A") and mutant (SimI<""“"E4Z 14
Tom, B,B’) spinal cords at lower thoracic (A and B) and upper lumbar (A’ and B’) regions. Scale
bar = 100 pum. Arrowhead: tdTomato positive axon tracts in the lateral-dorsal funicular. The postu-
lated Rexed’s laminae are outlined (the dashed lines) on each transverse section to indicate the rela-
tive position V3 INs. C: Number of V3 INs in Sim1 control (white bar, n =4) and mutant (black
bar, n = 4) spinal cords classified according to their location (Ventral, Intermediate or Dorsal) at
lower thoracic (C) and higher lumbar (C’) segments. ***: p < 0.001. D, E: Representative contour
maps of tdTom™ (V3) neurons in Sim/ control (D) and mutant (E) spinal cords. The color bar indi-
cates the log-transformed cell counts from high (red) to low (blue). F: The scatter plot of the PC1
coordinated with the PC2 values of the contour images from Sim/ control (white) and mutant

(black) spinal cords.

to be much fewer dorsal V3 INs in lamina V [Fig.
3(B,B))].

To quantify V3 IN number in different subgroups
at PO, we analyzed a series of transverse sections
through the lower thoracic and upper lumbar cords.
At lower thoracic region, no differences in cell num-
ber of ventral V3 INs were seen between the control
and Sim/ mutant mice [mutant = 278.5 * 8.34 cells,
n =4, vs. control = 279.7 = 8.36 n = 4, Fig. 3(C,C"),
left columns]. However, a 70% reduction in the num-
ber of V3 INs in the dorsal subgroup in the mutant
mice (mutant=16=*+2 cells, n=4, vs. con-
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trol =53.8 £3.7 cells, n=4, p<0.001) and an
increase of 39% in the number of V3 INs in the inter-
mediate subgroup (mutant = 212.5 = 7.3 cells, n =4,
vs. control = 129.8 £5.7 cells, n=4, p<0.001)
[Fig. 3(C")]. The upper lumbar region showed a simi-
lar pattern, namely 38% fewer V3 INs in the dorsal
subgroup (mutant = 114.6 = 5.4 cells, n =5, vs. con-
trol = 183.8 = 6.8 cells, n=4, p<0.001) and 33%
more V3 INs in the intermediate subgroup (muta-
nt =459.4 = 10.7 cells, n =5, vs. control = 306.5 =
8.8 cells, n=4, p<0.001), while no change was
apparent in the ventral subgroup (mutant = 525.8 + 11.4



cells, n =4, vs. control = 522.5 = 11.4 cells). Inter-
estingly, there was a small (8-9%) but significant
increase in the total number of V3 INs in the Sim/
mutant (lower thoracic: mutant = 510.5 = 11.3 cells,
n=4, vs. control=464.8*10.8 «cells, n=4,
p =0.0034; upper lumbar: mutant = 1099.8 * 14.8
cells, n =135, vs. control = 1012.8 = 15.9 cells, n =4,
p <0.001).

To better understand the changes in the distribution
pattern of V3 INs in the Sim/ mutant, we conducted
additional analysis of cell density. Contour maps of
the tdTomato positive V3 INs in control and mutant
spinal cords showed a similar density distribution in
the ventral horn region, but distinct density distribu-
tions in the intermediate and dorsal regions [Fig.
3(D,E)]. In particular, the dorsal subgroup was
smaller, the intermediate subgroup larger, and the
separation between these two groups was diminished
[Fig. 3(D,E)]. To quantify these changes, we con-
ducted PCA of the contour maps of four control and
four mutant spinal cords (Supporting Information
Fig. S3). The first two principle components (PC1
and PC2) captured more than 81% of the total var-
iance in the eight images and clearly separated the
mutant from the control spinal cords [Fig. 3(F)].
ANOVA was conducted on each component sepa-
rately. Results indicated that the mean PC1 and PC2
for mutant and control are significantly different
(»p = 0.007 for PC1, p < 0.001 for PC2), thus, indicat-
ing a significant difference of the distribution patterns
in mutant and control V3 INs.

Overall, these results clearly demonstrate that
mutant V3 INs do not reach the deep dorsal horn
properly and that the organization of V3 INs in the
dorsal and intermediate regions is compromised.

Development of Axonal Projections in
Sim1 Control Spinal Cords

Projections from the V3 INs are predominantly com-
missural (Zhang et al., 2008). However, a careful
analysis of the V3 IN axon projections during devel-
opment has not been done. To characterize the pro-
jection pattern during normal development, we
performed retrograde labeling studies following uni-
lateral applications of BDA at L1 in control spinal
cords at E12.5, E14.5, and PO (Fig. 4). We counted
all double labeled (BDA-positive/tdTomato-positive)
cells rostral and caudal to the injection site to identify
all ascending and descending ipsilateral and commis-
sural V3 INs. We detected BDA/tdTomato double
labeled V3 INs at all ages examined [Fig 4(A,E,D)].
At E12.5, double labeled INs were predominantly
descending ipsilateral INs (dIINs; 81%), with
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descending contralateral (dCINs; 9%) and ascending
contralateral (aCINs; 10%) comprising a minority of
cells [Fig. 4(A-D)]. We observed no ascending ipsi-
lateral V3 INs (alINs). Note that all tdTomato-
positive cells at this stage were located in the ventral
region of the spinal cord [Fig. 4(D)].

By E14.5, commissural tdTomato-positive V3 INs
became prevalent, with the number of aCINs (49%)
and dCINs (25%) together exceeding that of dIINs
(25%) by nearly threefold. A few alINs (1%) also
appeared [Fig. 4(E-H)]. The descending tdTomato-
positive V3 INs were clustered in the ventromedial
region of the spinal cord, whereas ascending
tdTomato-positive V3 INs contributed to all three V3
IN subgroups [Fig. 4(H)].

By PO, commissural tdTomato-positive V3 INs
became predominant, comprising 97% of the total
number counted [Fig. 4(I-L)]. aCINs remained the
largest subpopulation (64%), with dCINs making up
33%, and alINs and dIINs together comprising only
3%. At PO, the distribution of different projection
phenotypes resembled that seen at E14.5: descending
tdTomato-positive V3 INs were located predomi-
nantly in the most ventral subgroup, whereas ascend-
ing tdTomato-positive V3 INs were distributed
among all three V3 IN subgroups [Fig. 4(L)].

Sim1 Regulates the Contralateral
Trajectory of V3 IN Commissural Axons

Sim1 reportedly functions in axon guidance in the
hypothalamus and other regions in the CNS. (Marion
et al., 2005; Schweitzer et al., 2013). Interestingly,
we observed that a tdTomato-positive axon tract
located in the dorsal region of the lateral funiculus
was greatly decreased in Sim/ mutants [Fig. 3(A,B);
arrowheads], suggesting that axon development was
altered by the loss of Sim/ in Siml expressing neu-
rons. To assess whether Siml is important for the
projections of V3 INs, we applied BDA at L1 in Sim/
mutant and control spinal cords, and quantified the
number of BDA/tdTomato positive INs rostral and
caudal to the injection site.

At E14.5 (Fig. 5), we detected BDA/tdTomato
double-labeled V3 INs contralateral to the BDA
application site in both mutant and control spinal
cords [Fig. 5(A-F)]. Assessment of the dorsoventral
distribution of tdTomato-positive V3 INs labeled ret-
rogradely from L1 revealed a lack of BDA-labeled
dorsal V3 INs in mutant spinal cords, consistent with
the migration defects described above [Fig. 5(G,H)].
The axons of mutant and control tdTomato-positive
V3 INs projected comparable distances from L1,
however, the number of tdTomato-positive V3 CINs

Developmental Neurobiology
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Figure 4 Axonal projections of V3 INs during development. A—D: Projection profiles of V3 INs
at E12.5. TdTom (red) and BDA (green) double-labeled V3 INs were detected in transverse sec-
tions (A). Histograms (n = 4) show the number of tdTom/BDA double-labeled V3 INs projecting
ipsilaterally (B) or contralaterally (C) to BDA application site. 0 on the X-axis (approximately L1)
marks tracer application site. Negative numbers represent distance of the position of soma of
BDA ™" neuron rostral to the application site (Descending projection, Blue), and positive numbers
indicate distances caudal to that injection site (Ascending neurons, Orange). D: position of soma of
V3 IN in transverse sections that project caudally (blue) or rostrally (orange). Schematic spinal
cord indicates the application site of BDA (green) at L1 region. E-H: Projection profiles of V3 INs
at E14.5. E: transverse section of the lumbar spinal cord with double-labeled V3 INs. F, G : Histo-
grams (n = 4) of tdTom"/BDA™ V3 INs projecting ipsilateral (F) or contralateral (G) axons, both
classified as descending (blue) or ascending (orange). H: the approximate soma positions of BDA™*
V3 INs. I-L: Projection profiles of V3 INs at P0. I: transverse section of the lumbar spinal cord
with double-labeled V3 INs. G,K : Histograms (n = 4) of tdTom/BDA double-labeled V3 INs that
project caudally or rostrally and locate ipsilateral (G) or contralateral (K) to BDA application site
(L1). L: soma position of V3 INs that project caudally (blue) or rostrally (orange). Scale bar = 50
pum for large images, 25 pum for higher magnification smaller images.

decreased in the mutant spinal cord, especially those
with short-range axons [Fig. 5(I,J)]. The number of
dCINs and aCINs projecting to L1 in mutant cords
decreased (dCINs: control = 60.2 * 3.5, n = 5; muta-

=453+39, n=3; p=0.006; aCINs: con-
trol=118 £4.9, n=>5; mutant =78.7 =5.12, n=13;
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p <0.001) [Fig. 5(K)]. This difference is unlikely to
be due to other factors such as tissue health, since
there was no significant difference in the number or
projection distances of the ipsilaterally projecting
tdTomato-positive V3 INs between the mutant and
control mice (data not shown).
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We observed similar phenotypes at PO: BDA-
labeled V3 INs were present in all spinal cords exam-
ined [Fig. 6(A—F)], but there was a lack of dorsal V3
CINs and a substantial decrease in the number of
ventral V3 aCINs projecting to L1 from all levels in
the Sim/ mutant spinal cords [Fig. 6(G,H)]. We next
assessed the dorsoventral distribution of V3 INs
labeled from L1, and observed a lack of BDA-labeled
V3 INs in the dorsal region and a substantial decrease
in the number of ventral V3 aCINs in the mutant
[Fig. 6(G,H)]. The decrease in the number of double
labeled V3 INs was seen at all levels of the spinal
cord assessed, although mutant and control V3 INs
still projected comparable distances from L1, except
for the very small population of nonventral (interme-

diate + dorsal) dCINs [Fig. 6(1,J)]. Statistical analysis
showed that the number of mutant V3 aCINs was
reduced by 47% (control = 194.7 = 7.0, n = 4; muta-
nt=91.8 4.8, n=4; p<0.001) and the number of
mutant V3 dCINs was reduced by 45% (con-
trol=107 £5.2, n=4; mutant =47.8 = 3.4, n=4;
p <0.001) [Fig. 6(K)]. Taken together, these results
show that Sim1 is crucial for V3 INs to establish their
proper contralateral projection patterns.

To determine whether these axon projection
defects were specific to the upper lumbar region, we
performed BDA labeling at L5 at PO (Fig. 7). Similar
to the case for V3 INs projecting to L1, the number
of ventral V3 aCINs and dCINs projecting to L5 in
the mutant animals decreased relative to controls

Developmental Neurobiology
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confidence intervals.

[Fig. 7(A—C)]. Nonventral BDA labeled V3s did not
appear very different between mutant and control ani-
mals, however [Fig. 7(D)]. Taken as a whole (ventral
and nonventral combined), V3 dCINs decreased by
52% (control = 99.5 = 5.0, n = 5; mutant = 51.3 = 4.1,
n=73; p=3.08 E — 12), while there was no significant
change in the number of V3 aCINs [Fig. 7(E)]. We
note that the V3 aCINs labeled from L5 are mainly
from the sacral region, which did not have a dorsal
population and, therefore, did not exhibit the same
migration defects (data not shown).

Given these observed deficits in the V3 CIN axon
projections to L1 and L5 in the mutant spinal cord, we
asked whether this phenotype might be due to fewer
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V3 INs projecting axons across the midline. We
observed no obvious difference in the thickness of the
tdTomato-positive axon bundle in the ventral commis-
sure in control versus mutant spinal cords [Fig.
8(A,B)]. We applied BDA to the midline of the upper
lumbar region of mutant and control spinal cords at PO
[Fig. 8(C,D)] to assess the total commissural V3 INs.
The proportion of tdTomato/BDA doubled-labeled
V3 INs, which made up around 10% of all crossing
axons, did not differ between Sim/ mutant (n = 3) and
control (n =4) spinal cords [Fig. 8(E)]. This suggests
that the loss of Sim1 does not alter midline crossing,
but rather affects the longitudinal growth of axons
once they have crossed the midline.
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trol (white, n = 4) cords. ***: p < 0.001. Error bars show Poisson rate confidence intervals.
DISCUSSION Postmitotic Development of V3 INs

To assess the function of the transcription factor
Sim1 in developing spinal V3 INs, we systematically
characterized the localization and axonal projection
profile of V3 INs during the embryonic and perinatal
periods. We compared these features in V3 INs
expressing Siml and in V3 INs in which Siml
expression was genetically ablated. Our findings
demonstrate that Sim1 is necessary for establishing
the proper positional topography of V3 INs and regu-
lates the contralateral longitudinal projection of V3
IN commissural axons.

V3 INs emerge from the p3 progenitor domain of the
developing neural tube between E9.5 and EI11.5
(Briscoe et al., 1999; Zhang et al., 2008; Carcagno
et al., 2014). As early as E12.5, a dorsal and lateral
migratory stream of V3 INs can be observed. At
E14.5, V3 INs in the lower thoracic and upper lumbar
region of control embryos continue to migrate dorso-
laterally and separate into subgroups that attain their
final positions by PO. Based on their anatomical loca-
tions, we have defined these subgroups as ventral,
intermediate, and dorsal. These subgroups remain
anatomically distinct after postnatal development in

Developmental Neurobiology
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Figure 8 Sim/ mutant V3 INs display normal midline crossing. A, B: Ventral commissures of
V3 INs from 30 pum transverse sections of Sim/ control (A) and mutant (B) spinal cords at E12.5,
enlarged to show tdTomato positive projections across the ventral midline. Scale bar = 100 pm. C,
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mutant (D) spinal cords subjected to midline dextran application. Scale bar = 100 pm for large
images, 40 um for higher magnification images (inset). CC, central canal; Arrows point double-
labeled cells. E: Quantification indicates no significant differences in the number of V3 INs across
the midline between mutant (black, n = 3) and control (white, n = 4) spinal cords.

the mature spinal cord (Borowska et al., 2013). Func-
tionally, V3 INs in the different subgroups likely par-
ticipate differentially in spinal networks, as they
exhibit distinct electrophysiological and morphologi-
cal properties (Borowska et al., 2013).

The dorsal-lateral migration trajectory exhibited
by V3 INs is not common in the spinal cord, where
most INs migrate ventrally and/or laterally from the
midline (Moran-Rivard et al., 2001; Saueressig et al.,
1999; Lundfald et al., 2007). However, sympathetic
preganglionic neurons also undergo dorsolateral
migration during postmitotic development, an activ-
ity mediated in part by Reelin-related pathways (Yip
et al., 2009).

Although V3 INs are predominantly commissural
INs (CINs), a small contingent of ipsilaterally projec-
ting V3 INs (V3 IINs) is also present in postnatal spi-
nal cords (Zhang et al.,, 2008). Here, we further
confirmed that V3 IINs are present during early
embryonic stages, and that they are predominantly
dIINs. Indeed, our retrograde labeling studies in the
E12.5 mouse spinal cord revealed that most labeled
V3 INs were dIINs. The fact that we observed a sub-
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stantial number of V3 IN axons in the ventral com-
missure as early as E11.5 (Zhang et al., 2008)
without detecting many retrogradely labeled V3
CINs at E12.5, suggests a delay in the longitudinal
growth of commissural axons after midline-crossing.
V3 dIINs were still detected at E14.5 and PO; how-
ever, the proportion and total number of V3 IINs had
decreased by birth. One explanation for our observa-
tion of fewer V3 IINs at PO may be that during devel-
opment the V3 dIIN axons fail to elongate as fast as
the spinal cord grows longitudinally (Nissen et al.,
2005), as has been seen for certain populations of
central sensory axons (Eide and Glover, 1995), or
that the axons retract, becoming too short to be
detected by our retrograde labeling procedure. How-
ever, we cannot rule out the possibility that some V3
[INs die or that they lose an ipsilateral branch of an
originally bifurcated axon, and these possibilities
remain to be tested.

Although the dIIN population of V3 INs changed
during development, the V3 CIN projection profile at
E14.5 was similar to the profile of CINs previously
described (Nissen et al., 2005), which comprises both



dCINs and aCINs. More specifically, all dorsal and
most intermediate V3 CINs were aCINs, whereas
ventral V3 CINs comprised both aCINs and dCINs.
These projection patterns were maintained until at
least PO.

Sim1 Function in the Spinal Cord

Siml, as a member of the bHLH/PAS family, plays
an important role in regulating the embryonic devel-
opment and postnatal functions of many cell types
including neurons in the CNS (Kewley et al., 2004).
In particular, Siml1 is critical for the proper formation
and organization of the mamillothalamic and mamil-
lotegmental tracts in the mouse (Marion et al., 2005)
and of the thalamospinal tracts in zebrafish (Schweit-
zer et al., 2013). In addition, Sim1 has been impli-
cated in regulating neuronal migration within the
supraoptic and paraventricular nuclei in the mouse
hypothalamus (Xu and Fan, 2007). Our -current
experiments indicate that Sim/ regulates the topologi-
cal positioning of V3 spinal INs in the lower thoracic
and upper lumbar regions as well as the growth of
their axons.

In Siml mutants, V3 INs are still generated in the
ventromedial region from the p3 progenitor domain
of the developing spinal cord, and they maintain a
predominantly excitatory (glutamatergic), commis-
sural phenotype as in the wild type. Although our
quantification revealed that the total numbers of
V3 INs were slightly greater in the Siml mutants,
which may reflect a role for Sim1 in the regulation of
apoptosis (Xu and Fan, 2007), the V3 INs in the Sim/
mutant were abnormally distributed, with increased
numbers of intermediate V3 INs coming at the
expense of the dorsal V3 subgroup. Correlated with
these changes, the dorsal and intermediate subgroups
of V3 INs were loosely organized in the Sim/ mutant
spinal cord, suggesting that Sim1 is important for the
migration and topological organization of V3 INs.
Although the change in the V3 dorsoventral distribu-
tion may be due to a delay in migration of V3 INs in
the Siml mutant, it is more likely that Siml is an
important regulator of signaling by guidance mole-
cules. Xu and Fan (2007) revealed that Plexin C1
could be a downstream molecular factor regulated by
Sim1 in the hypothalamus. The precise expression
pattern of Plexin C1 has not been described in the
developing mouse spinal cord, but it would not be
surprising if Plexins, Neuropilins, and their ligands
the Semaphorins, many of which are expressed in the
spinal cord (Raper, 2000; Zou et al., 2000), are
involved in the aggregation and migration defects
seen in Sim/ mutant V3 INs.
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In addition to V3 IN migration defects, Siml
mutant mice exhibited aberrant projections of com-
missural axons, with a significant decrease in the
number of contralaterally-projecting V3 INs. This
was surprising given that there were few defects in
the ability of V3 CIN axons to cross the midline, sug-
gesting that the defects were rather related to the pro-
jection once crossed.

One explanation for this observation is that Siml
may regulate the expression of a guidance receptor,
as has been demonstrated for many bHLH transcrip-
tion factors (Meijer et al., 2012). Interestingly, Sim1
has been shown to regulate the expression of Rig-1/
Robo3, and signaling through the Robo/Slit complex
governs axon guidance in neurons in the mouse mam-
millary body and zebrafish hypothalamus (Marion
et al., 2005; Schweitzer et al., 2013). In both cases,
loss of Siml leads to the upregulation of Robo3,
which changes the sensitivity of the mutant neurons
to repellent proteins and directs the mutant axons
aberrantly towards the midline. In the spinal cord,
many commissural axons upregulate Rig-1/Robo3
prior to midline crossing. On crossing they then
upregulate the expression of Robol and Robo2, ini-
tiating a repulsive cue (Mambetisaeva et al., 2005;
Reeber et al., 2008; Jaworski et al., 2010). In our cur-
rent study, we observed no obvious deficiency in V3
IN axon midline crossing, but rather clear defects in
their subsequent longitudinal extension. Thus, Siml
may regulate Slit-Robo signaling in V3 IN axons
after midline crossing directly, or affect Slit-Robo
dependent nonsense-mediated mRNA decay (NMD).
Recently, Colak et al. (2013) showed that Robo3.2 in
the growth cone is regulated by activation of NMD
pathways in the floor plate, and that this in turn
affects the projection of commissural axons after
midline crossing. Other guidance factors may also be
involved in directing the longitudinal extension of
V3 IN axons after midline crossing, including Netrin,
‘Whnts, and Shh, all of which have differential distribu-
tions along the longitudinal axis (Lyuksyutova et al.,
2003; Bourikas et al., 2005; Okada, 2006; Domanit-
skaya et al., 2010; Yam et al., 2013). These possibil-
ities remain to be tested.

In summary, our current study has systematically
studied the spatial and temporal development of
V3 INs in the lower thoracic and upper lumbar spinal
cord, and the role for Siml during these processes.
Originating from the most ventral progenitor domain,
V3 INs migrate into three distinct subgroups along
the dorsoventral axis. Siml1 is a critical factor neces-
sary for the development of these subgroups and the
appropriate targeting of their axonal projections.
Loss of Sim1 leads to a loss of dorsal V3 INs with an
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increase in the number of intermediate V3 INs. At
the same time, longitudinal extension of the contra-
lateral axons of V3 INs is reduced. These Siml-
regulated events may involve molecular pathways
that function after V3 IN axons cross the midline,
and may be crucial for V3 INs to correctly integrate
into spinal networks and to help produce robust and
balanced motor outputs.

J.P.F is a Tier 2 Canada Research Chair in Mechanisms
of Brain Repair. We thank Dr. Martyn Goulding for gener-
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