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SUMMARY

Motor neurons in the spinal cord are found grouped
in nuclear structures termed pools, whose position
is precisely orchestrated during development.
Despite the emerging role of pool organization
in the assembly of spinal circuits, little is known
about the morphogenetic programs underlying the
patterning of motor neuron subtypes. We applied
three-dimensional analysis of motor neuron position
to reveal the roles and contributions of cell adhesive
function by inactivating N-cadherin, catenin, and
afadin signaling. Our findings reveal that nuclear
organization of motor neurons is dependent on in-
side-out positioning, orchestrated by N-cadherin,
catenin, and afadin activities, controlling cell body
layering on the medio-lateral axis. In addition to this
lamination-like program, motor neurons undergo a
secondary, independent phase of organization. This
process results in segregation of motor neurons
along the dorso-ventral axis of the spinal cord,
does not require N-cadherin or afadin activity, and
can proceed even when medio-lateral positioning is
perturbed.

INTRODUCTION

The precise spatial organization of neuronal cell bodies in the
nervous system is an important determinant of identity, connec-
tivity, and function (Leone et al., 2008; Surmeli et al., 2011; Bikoff
et al., 2016; Oishi et al., 2016). In the central nervous system
(CNS), neurons are broadly arranged following two main anatom-
ical plans that involve laminar and nuclear organization (Ramon y
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Cajal, 1894). Distinct neuronal subtypes are often found in stereo-
typed positions that are predictive of their input-output connectiv-
ity patterns. Defining the mechanisms governing the positional
organization of neurons is an important step for understanding
the developmental processes responsible for the assembly and
function of neural circuits. The cellular and molecular underpin-
nings of neuronal positioning have been mostly studied in the
developing cortex, where signaling pathways controlling lamina-
tion and ordered distribution of neuronal populations have been
identified (Rakic, 1974; Hatten, 1999; Bielas and Gleeson, 2004;
Marin et al., 2010). By comparison, less is known about the devel-
opmental programs used in the generation of neuronal nuclei of
appropriate location, size, and cell type composition.

A striking example of nuclear organization in the CNS is
apparent in the positioning of limb-innervating motor neurons
in the lateral motor column (LMC) of the spinal cord. LMC neu-
rons are found clustered into discrete structures termed motor
pools, which occupy stereotyped positions in the ventral spinal
cord (Romanes, 1964; Vanderhorst and Holstege, 1997). Each
motor pool consists of a functionally coherent subset of motor
neurons whose location is linked to the position and identity of
its muscle target in the limb (McHanwell and Biscoe, 1981; Da-
sen and Jessell, 2009). The genesis of motor pools is believed
to involve processes that reflect the hierarchical organization
of LMC neurons, first in medial (m) and lateral (l) divisions and, ul-
timately, into motor pools (Landmesser, 2001). First, LMCm neu-
rons are generated from the motor neuron progenitor zone.
Then, later-born LMCI neurons migrate through LMCm neurons
to reach their final settling position in the lateral ventral horn (Hol-
lyday and Hamburger, 1977; Sockanathan and Jessell, 1998).
Last, defined subsets of motor neurons within each division coa-
lesce to form motor pools (Lin et al., 1998). The precise molecular
and cellular programs coordinating the ordered migration of mo-
tor neurons to the ventral horn and their sorting into motor pools
are not yet understood.
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To date, the main cell-surface molecules that have been
shown to be involved in motor neuron positional organization
are members of the classical cadherin family of adhesion mole-
cules (Price et al., 2002; Demireva et al., 2011; Bello et al., 2012;
Astick et al., 2014). Type Il cadherin combinatorial expression
defines motor pools at a molecular level, and manipulation of
cadherin profiles in chick embryos disrupts motor neuron orga-
nization (Price et al., 2002). In mouse embryos, inactivation of
N-cadherin, a type | cadherin expressed by all motor neurons,
as well as perturbation of all classical cadherin function through
B- and y-catenin elimination, have been shown to prevent divi-
sional segregation and pool clustering (Demireva et al., 2011).
However, the contributions of type | and type Il cadherins and
the nature of the morphogenetic events that lead to motor pool
formation are not clear. In addition, it cannot be excluded that
other signaling pathways might conspire with cadherins in the
control of motor neuron organization. Catenin adhesive signaling
has been shown to cooperate with nectins, a family of Ca®*-inde-
pendent adhesion molecules of the immunoglobulin superfamily,
via direct interaction with afadin (Mandai et al., 1997; Takai and
Nakanishi, 2003; Takai et al., 2008; Harris and Tepass, 2010).
Afadin is a cytosolic adaptor protein that controls nectin adhe-
sive function in similar ways as catenins regulate cadherin
activity. Cross-talk between nectin/afadin and cadherin/catenin
signaling is believed to be an important regulator of cell adhesive
function (Takai and Nakanishi, 2003). In the developing brain,
genetic elimination of afadin has been shown to impair synapse
formation and neuronal migration (Beaudoin et al., 2012; Gil-
Sanz et al., 2014; Yamamoto et al., 2013; Miyata et al., 2017).
A potential role for nectin/afadin signaling in motor neuron orga-
nization in the spinal cord has not been explored.

In this study, we established quantitative three-dimensional
analysis of motor neuron position to investigate the roles and
contributions of cell adhesive signaling in nuclear organization
in the spinal cord. Our analysis reveals that - and y-catenin ac-
tivity has a dual effect; along the medio-lateral axis, it selectively
controls LMCI neuronal inside-out migration, and along the
dorso-ventral axis, it controls columnar positioning as well as
the segregation of motor pools. We find that N-cadherin is
required for mediating LMCI neuronal migration and overall
columnar location but is dispensable for segregation of motor
neurons into pools on the dorso-ventral axis. We also identify
afadin as an important player in the control of motor neuron or-
ganization, selectively acting on the positioning of LMCI neurons.
Together, these findings support a model where motor neuron
nuclear organization is developmentally orchestrated using a
two-step process: first, an N-cadherin/catenin/afadin-depen-
dent radial phase that results in divisional lamination by control-
ling LMCI neuron position and a second, independent phase that
promotes clustering of motor pools along the dorso-ventral axis.

RESULTS

Previous studies analyzing motor neuron organization used
methods aimed at quantifying the intermixing of different
neuronal subtypes at a local level in the ventral horn, thus losing
information regarding possible changes in overall motor neuron
position in the spinal cord (Price et al., 2002; Demireva et al.,
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2011). To reveal the cellular and molecular mechanisms control-
ling motor pool formation, we elected to analyze motor neuron
position in the spinal cord in three dimensions (Stepien et al.,
2010; Bikoff et al., 2016).

We acquired images of consecutive transverse spinal cord sec-
tions from rostral lumbar levels and assigned Cartesian coordi-
nates to each motor neuron subtype identified using specific tran-
scription factor expression profiles (for details, see Supplemental
Experimental Procedures). To validate this approach, we analyzed
LMC divisional organization in embryonic day 13.5 (E13.5) mouse
embryos and plotted transverse and longitudinal projections
of cell body position coordinates to visualize motor neuron distri-
butions on the medio-lateral, dorso-ventral, and rostro-caudal
axes for three biological replicates (Figures 1 and S1). Medial
and lateral LMC neurons were always positioned in the same
area of the ventral horn, segregated from each other, as expected
by stereotyped positioning of motor neuron divisional subtypes
(Figures 1A-1C; Romanes, 1964; Vanderhorst and Holstege,
1997). Accordingly, the average settling positions of LMCm and
LMCI neurons were conserved across individuals (Figure 1D).
Distribution analysis confirmed that LMCm and LMCI neuron po-
sitions were reproducible (Figures 1E and 1F and data not shown).

Finally, we tested the variability in motor neuron subtype
position by comparing datasets from different embryos using
correlation analysis. We found that only datasets of motor neurons
sharing the same subtype identity were highly correlated with each
other (LMCm versus LMCm and LMCI versus LMCI, r > 0.9;
Figure 1G), whereas datasets belonging to motor neurons with
different divisional identity were poorly correlated (LMCm versus
LMCI and LMCI versus LMCm, r < 0.3; Figure 1G). Thus, these
experiments show that analysis of cell body position coordinates
is a reproducible method to precisely assess motor neuron spatial
organization in the embryonic spinal cord.

B- and y-Catenin Inactivation Impairs LMCI Medio-
lateral Positioning
Previous work, although clearly pointing to an important role for
N-cadherin and B- and y-catenin signaling in motor neuron orga-
nization, did not provide insights into their specific roles or the
precise nature of the positioning defects (Demireva et al.,
2011). Thus, we decided to apply three-dimensional positional
analysis to B- and y-catenin mutant embryos and eliminated cat-
enins from motor neurons by crossing olig2::Cre mice with con-
ditional B- and y-catenin alleles (8y“MN; Demireva et al., 2011).
First, we focused on motor neuron divisions and generated
datasets of cell body position coordinates for LMCm and LMCI
neurons. Transverse and longitudinal contour plots from control
and 8y?MN embryos revealed clear differences in medio-lateral
and dorso-ventral divisional organization (Figures 2A-2F). In
Bv“MN embryos, we observed an overlap in the distribution of
LMCm and LMCI neurons on the medio-lateral axis (Figures
2E-2H). Surprisingly, the medio-lateral distribution and average
position of LMCm neurons in control and 8y“N embryos was
not significantly different, whereas gy“"" LMCI neurons were
found in medial positions, causing intermixing with LMCm
neurons (Figures 2l and S2A). On the dorso-ventral axis, we
observed a ventral shift in the location of both LMCm and
LMCI neurons (Figures 2J-2L).
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Figure 1. Three-Dimensional Analysis of Motor Neuron Positions in the Developing Spinal Cord

For additional data examining LMC rostro-caudal positions, see Figure S1.

We did not detect any local variation in the rostro-caudal dis-
tribution of motor neurons, with LMCI neurons from gy“MN em-
bryos consistently being found in the medial position at all levels
analyzed (Figures 2E and 2F). To provide an overall assessment
of divisional organization in catenin mutants, we used correla-
tion analysis. LMCI neuron positions of 8y“N and control em-
bryos were no longer correlated (3y“M" versus control LMCI,
r < 0.1; Figure 2M). In contrast, LMCm neuron positions were still
partially correlated despite the ventral shift of the whole motor
column in By*™N mutant embryos (8y?MN versus control
LMCm, r = 0.58; Figure 2M). Accordingly, datasets from LMCm
neurons of 8y?MN and control embryos were still highly corre-
lated when only medio-lateral coordinates were considered
(8y*MN versus control LMCm, r > 0.9, gv*™N versus control
LMCI, r < 0.3; Figure S2B).

Thus, three-dimensional analysis uncovers that elimination
of B- and y-catenin function disrupts divisional organization
in two ways: on the medio-lateral axis by preventing lateral
positioning of LMCI neurons and on the dorso-ventral
axis by shifting ventrally the location of the whole column
(Figure 2N).

A) Motor neuron organization in an E13.5 control embryo at lumbar spinal level. Isl1/2*, LMCm neurons; Hb9", LMCI neurons; Isl1/2*, Hb9*, MMC neurons.
B) Digitally reconstructed distribution of LMC neurons at L1-L3, shown as a transverse projection.

C) Transverse contour density plots of LMCm (green) and LMCI (red) neurons.

D) Medio-lateral and dorso-ventral positions (mean position + SD) of LMCm (green) and LMCI (red) neurons (#1, O; #2, [1; #3, A).

E and F) Boxplots showing distributions of LMCm (green) and LMCI (red) neurons along medio-lateral (E) and dorso-ventral (F) axes.

G) Correlation analysis of LMC positional coordinates. The scale bar indicates correlation values.

B- and y-Catenin Inactivation Perturbs Medio-lateral

and Dorso-ventral Pool Organization

To examine how B- and y-catenin signaling affects motor neuron
subtype position within divisions, we next studied the organiza-
tion of motor pools (Figures 3A and 3B). We first assessed the ef-
fect of B- and y-catenin inactivation on the positioning of pools
that normally reside in different LMC divisions by analyzing the
medio-lateral segregation of medial (hamstring, H) from lateral
pools (rectus femoris/tensor fasciae latae, R/T; De Marco Garcia
and Jessell, 2008).

In control embryos, H neurons were found clearly separated
from R/T neurons, respectively, in medial and lateral positions
(Figures 3C and 3E). In gy*™N embryos, H and R/T pools
were no longer segregated and occupied largely overlapping
areas (Figures 3D and 3F). Distribution and average positional
analyses on the medio-lateral axis showed that, consistent
with the LMCI phenotype, lateral R/T neurons were found
in medial position (Figures 3G-3l). We next assessed the
dorso-ventral organization of motor neurons by analyzing
the segregation of dorsal (vasti, V) from ventral pools (H and
R/T). Contour, density, and average position analyses showed
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Figure 2. Catenin Inactivation Perturbs Medio-lateral and Dorso-ventral Motor Neuron Organization

(A and B) Organization of Isl1/2* medial and Hb9™ lateral LMC neurons at lumbar spinal levels in E13.5 control (A) and gy*"™ (B) embryos.

(C and D) Transverse contour density plots of LMCm (green) and LMCI (red) neurons in control (C) and 8y“™" (D) embryos.

(E and F) Longitudinal contour density plots of LMCm (green) and LMCI (red) neurons in control (E) and 8y*™N (F) embryos.

(G and H) Medio-lateral density plots of LMCm (green) and LMCI (red) neurons in control (G) and 8y“™" (H) embryos.

(I) Average medio-lateral position of LMCm (green) and LMCI (red) neurons in control and gy*"N embryos (mean = SD; differences significant for LMCI neurons;
t test, p < 0.001).

(J) Average dorso-ventral position of LMCm (green) and LMCI (red) neurons in control and 8y
LMCI neurons; t test: LMCm, p < 0.01; LMCI, p < 0.001).

(K and L) Dorso-ventral density plots of LMCm (green) and LMCI (red) neurons in control (K) and 8y“"™ (L) embryos.

(M) Correlation analysis of LMC neuron positional coordinates in control and By AMN embryos. The scale bar indicates correlation values.
(N) Average medio-lateral and dorso-ventral positions of LMCm (green) and LMCI (red) neurons in control and 8y“™" embryos (mean).
For additional data regarding LMC organization in 8y*N embryos, see Figure S2.

AMN embryos (mean + SD; differences significant for LMCm and

N-Cadherin Does Not Affect Dorso-ventral Pool
Segregation

Previous motor neuron mixing analysis suggested that the
defects of N-cadherin mutants phenocopied the ones observed
in B- and y-catenin mutants, albeit less severely (Demireva et al.,

that segregation of pools on the dorso-ventral axis is lost in
By“MN embryos (Figures 3J-3L and S2C-S2F). Thus, the data
indicate that B- and y-catenin inactivation disrupts motor pool
segregation both on the medio-lateral and the dorso-ventral
axes.
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Figure 3. Catenin Inactivation Disrupts Medio-lateral and Dorso-ventral Pool Segregation

(A and B) Organization of H (Nkx6.1%), R/T (Nkx6.2*), and V (Er81*) motor pools in E13.5 control (A) and 8y*™" (B) embryos. The motor neuron area is delimited by
a dashed line.

(C and D) Transverse contour density plots of H (green), R/T (red), and V (blue) motor pools in control (C) and 8y“MN (D) embryos.

(E and F) Longitudinal contour density plots of H (green, medial) and R/T (red, lateral) neurons in control (E) and 8y“M" (F) embryos.

(G and H) Medio-lateral density plots of H (green, medial) and R/T (red, lateral) neurons in control (G) and 8y?™" (H) embryos.

() Average medio-lateral position of H (green, medial) and R/T (red, lateral) neurons in control and 8y“"N embryos (mean + SD; differences significant
for H neurons; t test, p < 0.01).

(legend continued on next page)
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2011). We next asked whether N-cadherin elimination recapitu-
lates the B- and y-catenin inactivation phenotypes using the
three-dimensional position assay. Thus, we eliminated N-cad-
herin from motor neurons by crossing an olig2::Cre driver line
with mice carrying floxed N-cadherin alleles (N“MN; Demireva
et al., 2011).

The analysis revealed defects in the positioning of LMC neu-
rons in N“MN embryos (Figures 4A-4C). Divisional distribution
on the medio-lateral axis showed that elimination of N-cadherin
selectively impairs lateral positioning of LMCI neurons (Figures
4D and S5A and S5B). On the dorso-ventral axis, all LMC neu-
rons in N“MN embryos were found in more ventral positions (Fig-
ures 4E and S5C and S5E). However, although the medio-lateral
defect in N“MN embryos only partially recapitulates the one
observed in By*M" embryos, the dorso-ventral phenotype is
nearly indistinguishable (Figures 4D and 4E).

We next looked at motor pool organization (Figures 4F and
4G). Analysis of medio-lateral distribution of medial (H) and
lateral (R/T) pools confirmed that elimination of N-cadherin spe-
cifically impairs LMCI neuron subtype positioning (Figures S3A-
S3H). Surprisingly, on the dorso-ventral axis, transverse contour
analysis indicated that, despite the ventral shift in columnar loca-
tion, motor pool segregation in the absence of N-cadherin func-
tion was not completely eroded, as observed in 8y*M" embryos
(Figures 4F and 4G and 3B and 3D). Density and average position
analyses on the dorso-ventral axis confirmed that segregation of
motor pool subtypes was mostly preserved (Figures 41 and 4J).
As a consequence, the average distance between dorsal and
ventral pools in N*MY embryos was not significantly different
from control embryos, as opposed to gy*M" embryos (Fig-
ure 4H). Thus, three-dimensional positional analysis reveals
that N-cadherin elimination, although accounting entirely for
the columnar positioning defect and partially for the LMCI me-
dio-lateral phenotype, does not recapitulate the dorso-ventral
motor pool mixing phenotype of - and y-catenin mutants.

Motor Neuron Generation, Differentiation, and

Columnar Organization in Afadin Mutant Embryos

The limited effect on dorso-ventral pool segregation observed
after N-cadherin elimination suggests the involvement of addi-
tional catenin-dependent effectors. Type |l cadherins are
obvious candidates because motor neuron subtypes can be
distinguished by their combinatorial expression, and manipula-
tions that equalize type Il cadherin profiles disrupt motor pool
segregation in chick spinal cord (Price et al., 2002). However,
genetic mouse models where type Il cadherins have been elim-
inated either individually or in combination exhibit no defect
in motor neuron positioning (C.D. and N.Z., unpublished data).
Thus, we next asked whether catenins might regulate dorso-
ventral motor neuron sorting by engaging the activity of nectins.
To start studying a possible involvement of nectin signaling, we
decided to focus on afadin, an intracellular transducer molecule

that is necessary for nectin-mediated adhesive function (Takai
and Nakanishi, 2003).

Afadin mRNA and protein are expressed in motor neurons
throughout the developmental period encompassing their gen-
eration, migration, and final positioning in the ventral horn of
the spinal cord (Figures 5A and 5B and S4A and S4B). Because
afadin constitutive inactivation results in gross developmental
defects and abortion by E10.5 because of its essential roles
during gastrulation, we targeted afadin deletion to motor
neurons by using a conditional approach (lkeda et al., 1999). Afa-
din heterozygous mutants are indistinguishable from wild-type
mice; thus, we crossed mice carrying one copy of a constitutive
mutant allele (afadin™) and one copy of a floxed allele (afadin™
with the olig2::Cre driver line to restrict recombination to motor
neuron progenitors and generated afadin®™™ mice (afadin™;
olig2::Cre*'~; Beaudoin et al., 2012; Dessaud et al., 2007).

We found that afadin was effectively eliminated from spinal
motor neurons in afadin“”" embryos (Figures 5C-5F). We first
evaluated whether afadin elimination has an effect on motor
neuron generation and subtype identity. Motor neuron columnar
subtypes were distinguished using transcription factor expres-
sion profiles (Dasen et al., 2008). The total number of neurons
generated was similar in control and afadin“N embryos, and
we did not observe significant differences in the numbers of
LMC and MMC neurons (Figures 5G-5I). Similarly, we did not
detect any differences in the generation, differentiation, and
overall organization of motor columns at thoracic levels (Figures
5J-5L and data not shown).

Afadin Function Is Required for Motor Neuron Divisional
and Pool Organization

Next we assessed whether divisional and pool organization is
affected by the loss of afadin. In E13.5 afadin“™" embryos, we
detected intermixing of medial and lateral LMC neurons as well
as defects in the clustering and segregation of motor pools (Fig-
ures 6A-6D and 6F-6l). However, we observed no changes in the
numbers of motor neurons allocated to the lateral and medial di-
vision or to the pool subtypes analyzed (Figures 6E and 6J).
Thus, afadin elimination does not interfere with the acquisition
of motor neuron divisional and pool identities but selectively
abolishes their positional organization.

Afadin Elimination Selectively Impairs LMCI Neuron
Positioning

We then used three-dimensional position analysis to assess
motor neuron organization defects in afadin®” embryos in
more detail. At a divisional level, we observed a perturbation in
the segregation of LMCm and LMCI neurons (Figures 7A and
7B). Medio-lateral distribution and average position analyses
indicated that afadin inactivation selectively impairs the ability
of LMCI neurons to settle laterally to LMCm neurons (Figures
7C and 7D and S5A and S5B). On the dorso-ventral axis, we

(J and K) Dorso-ventral density plots of H (green, ventral), R/T (red, ventral), and V (blue, dorsal) neurons in control (J) and 8y*"" (K) embryos.

(L) Average dorso-ventral position of H (green), R/T (red), and V (blue) neurons in control and 8y

and V neurons; t test: H, p < 0.05; R/T and V, p < 0.001).
For additional data regarding pool organization in gy<""
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807 A V-H control versus N*MN and gy“MN p < 0.001; for R/T
neurons p < 0.001: control versus NN and gy4MN
p < 0.001; for H neurons p < 0.01: control versus
NAMN and gv4MN b < 0.01; one-way ANOVA and post
E hoc Tukey’s HSD test).
[] For additional data regarding motor neuron organi-
40 - zation in N“MN embryos, see Figure S3.
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Figure 5. Afadin Expression and Motor Neuron Generation in Developing Spinal Cord

(A and B) Afadin mRNA (A) and protein (B) expression in E13.5 lumbar spinal cord.

(C—F) Afadin expression in E13.5 lumbar spinal cord in control (C and D) and afadin“™N (E and F) embryos. FoxP1 identifies LMC neurons.
(G and H) Segregation of Lhx3* MMC and FoxP1* LMC neurons in E13.5 lumbar spinal cord of control (G) and afadin“™" (H) embryos.

(legend continued on next page)

1688 Cell Reports 22, 1681-1694, February 13, 2018



control

m
8
Isl1/2 Hb9

n
8
o0

#MN/100 pm

8
1o

LMCm LMCI

200

(.
Nkx6.1 Nkx6.2 Er81

#MN/100 um
g
1

Er81 6.1 6.2

observed a subtle ventral shift in columnar location (Figures S5C
and S5E). To provide a quantitative assessment of divisional or-
ganization in afadin mutants, we used correlation analysis (Fig-
ure S5D). We found that LMCm neuron positions of afadin“™N
and control embryos were highly correlated (afadin®™ versus
control LMCm, r = 0.91), indicating that the overall spatial orga-

nization of these neurons is not affected by afadin elimination. In

afadin AMN

Figure 6. Perturbed Divisional and Pool

Organization in Afadin Mutants

(A-D) Isl1/2* medial and Hb9" lateral LMC neurons
at L2/L3 in E13.5 control (A and C) and afadin“MN
(B and D) embryos.

(E) Number of LMCm and LMCI neurons in E13.5
lumbar spinal cord of control (C) and afadin“V" (@)
embryos. Motor neurons/100 um, mean + SD.

(F-1) Motor pools at L2/L3 in E13.5 control (F and H)
and afadin®™ (G and I) embryos. Nkx6.1*, Erg1*
adductor/gracilis (A/G) neurons; Er81*, Nkx6.1~
V neurons; Nkx6.2* R/T neurons; Nkx6.1*, Er81~
H neurons.

(J) Number of Er81*, Nkx6.1*, and Nkx6.2* motor
neurons in E13.5 lumbar spinal cord of control
(©) and afadin“MN (@) embryos. Motor neurons/
100 um, mean + SD.

contrast, correlation of LMCI neuron posi-
tions of afadin®™" and control embryos
was reduced (afadin®™N versus control
LMCI, r = 0.65). Thus, the data indicate
that afadin has a specific function in con-
trolling the medio-lateral settling position
of LMCI neurons.

Next, we asked whether afadin inac-
tivation has an effect on motor pool orga-
nization. Consistent with the divisional
data, the pool position analysis indicated
that afadin inactivation selectively impairs
the ability of motor neurons with a lateral
identity (R/T) to settle past motor neurons
with a medial identity (H; Figures 7E-7G).
In addition, a subtle lateral shift in the
position of the H neurons was evident in
afadin®™ embryos (Figure 7G). However,
when we compared the position of H
neurons within the divisions, we found
that the H pool was still contained within
the LMCm area, suggesting that afadin
mutant embryos may also present de-
fects in intradivisional medio-lateral pool
organization (Figure 7H).

We also analyzed the segregation and
clustering of dorsal (V) and ventral (H and
R/T) motor pools. Transverse contour density plots indicated
that the relative dorso-ventral organization of motor pools is not
affected by afadin inactivation (Figures 71 and 7J and S5H). Ana-
lyses of dorso-ventral distribution and average position did not
reveal significant differences between control and afadin mutants
(Figures 7K and 7L and S5F and S5G). As a consequence, the
average dorso-ventral distance between pools is not changed

(I) Number of MMC and LMC neurons found in E13.5 lumbar spinal cord of control (C) and afadin

AMN (@) embryos. Motor neurons/100 pm, mean + SD.

(J and K) pSMAD*, nNOS* preganglionic column (PGC) neurons in E13.5 thoracic spinal cord of control (J) and afadin“™N (K) embryos.
(L) Number of HMC and PGC neurons in E13.5 thoracic spinal cord of control (C) and afadin“™™ (@) embryos. Motor neurons/100 ym, mean + SD.
For additional data regarding afadin and nectin expression in developing spinal cord, see Figure S4.
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(A and B) Transverse (A) and longitudinal (B) con-

tour density plots of LMCm (green) and LMCI (red)
s neurons in E13.5 afadin“™™ embryos.
(C) Boxplots showing the distribution of LMCm
(green) and LMCI (red) neurons along the medio-
lateral axis in control and afadin“™" embryos.
(D) Average medio-lateral position of LMCm (green)
and LMCI (red) neurons in control and afadin“"V
embryos (mean + SD; differences significant for
LMCI neurons; t test, p < 0.01).
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(E and F) Transverse (E) and longitudinal (F) contour
density plots of H (green, medial) and R/T (red,
lateral) motor neurons in E13.5 afadin“™" embryos.
(G) Boxplots showing the distribution of H (green)
and R/T (red) neurons along the medio-lateral axis
in control and afadin“™" embryos.

(H) Transverse contour density plots of H (green)
motor neuron and LMCm (gray) neuron areas in
afadin“MN and control embryos, respectively.

(I and J) Transverse contour plots of R/T (red,
ventral) and V (blue, dorsal) motor neurons () and H
(green, ventral) and V (blue, dorsal) neurons (J) in
control and afadin“"™ embryos.

(K) Box-plots showing distributions of H (green,
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afadin“N embryos.
(L) Average dorso-ventral position of H (green), R/T
(red), and V (blue) neurons in control and afadin?™N
embryos (mean + SD).
(M) Average distance between dorso-ventral posi-
tions of V-R/T (Hl) and V-H (A) pools in control and
afadin“™N embryos (mean + SD).
For additional data regarding motor neuron orga-
nization and cadherin/catenin expression and
function in afadin“™" embryos, see Figures S5 and
S6.
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inafadin“”N embryos (Figure 7M). These data indicate that afadin
signaling specifically controls motor neuron segregation on the
medio-lateral axis by regulating LMCI positioning but is not
required for motor neuron organization on the dorso-ventral axis.

Next we asked whether afadin is required for cadherin/catenin
expression and function. First, we examined the consequences
of afadin elimination on the expression of N-cadherin and
B-catenin and did not detect any changes in motor neuron
area and in motor neuron progenitor zone of afadin®N embryos
(Figures S6A-S6L). Second, to test N-cadherin function, we moni-
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the absence of catenin function (Demireva
et al., 2011). However, we did not observe
any significant difference in N-cadherin-
enhanced neurite outgrowth and branching between control
and afadin“N motor neurons (Figures S6M-S6R). Altogether,
these experiments indicate that motor neurons do not require
afadin activity either for expression of N-cadherin/catenin or for
functional interaction with an N-cadherin substrate.

ctrl  af s

DISCUSSION

The positioning of newly born neurons is a tightly regulated pro-
cess that is critical for the assembly of the nervous system. In the



spinal cord, nuclear organization of motor neurons into pools is
an elaborated morphogenetic feature at the basis of the wiring
of spinal sensory motor circuits (Surmeli et al., 2011; Hinckley
et al., 2015; Bikoff et al., 2016). The events controlling motor
neuron positioning during development have yet to be clearly
defined. Previous studies identified cadherin/catenin adhesive
signaling as an important regulator of motor neuron organization
but did not provide insights into the molecular and cellular events
leading to precise positioning (Price et al., 2002; Demireva et al.,
2011). Here, by taking advantage of three-dimensional positional
analysis, we uncovered that N-cadherin, via B- and y-catenin
signaling, has a dual role in motor neuron organization. First, it
controls columnar dorso-ventral position in the ventral horn.
Second, it participates in directing the medio-lateral position of
LMCI neurons and divisional segregation. Surprisingly, the data
reveal that N-cadherin activity is dispensable for motor pool
segregation on the dorso-ventral axis, indicating the existence
of other catenin-interacting effectors controlling these events.

In addition, we identified afadin as an important player in motor
neuron organization. Afadin elimination has a selective role in the
control of LMCI medio-lateral settling, confirming that LMCI
neuron inside-out positioning is a key step in controlling motor
neuron segregation on the medio-lateral axis and proper layering
of divisional subtypes. In contrast, loss of afadin function has no
effect on dorso-ventral motor neuron positioning, indicating that
nectins do not participate in this aspect of motor pool organiza-
tion. Altogether, the data support a model where nuclear struc-
ture of motor neurons is first initiated by inside-out radial migra-
tion, orchestrated by N-cadherin/catenin and afadin activities,
controlling the settling of LMCI neurons past LMCm neurons,
and is then completed by a second, independent phase that pro-
motes dorso-ventral patterning of motor pools.

Lamination and Nuclear Organization of Spinal Motor
Neurons
Precise control of neurogenesis and migration is used during
development as a strategy to position neuronal subtypes into
specific coordinates. In the developing cortex, inside-out posi-
tioning of neurons tightly links neuronal birth date and migratory
pattern, controlling the laminar organization of neurons (Hatten,
1999; Marin et al., 2010). Neurons exiting the cell cycle at early
time points populate deep cortical layers, whereas neurons
generated at later times settle in superficial layers. In contrast,
less is known about the mechanisms controlling nuclear organi-
zation; however, experimental evidence points to a multi-step
process that involves switching between distinct migration
modes (Kawauchi et al., 2006; Watanabe and Murakami, 2009;
Shi et al., 2017). Limb-innervating motor neurons display prom-
inent nuclear organization and are positioned into discrete clus-
ters, termed pools, that are found at precise coordinates in the
spinal cord (Dasen and Jessell, 2009). Previous work indicated
that motor neurons migrate radially away from the progenitor
zone during development (Leber and Sanes, 1995). Indeed,
radial migration is supposed to be at the basis of medio-lateral
organization of motor neuron divisions.

Our findings indicate that inactivation of either N-cadherin,
B- and y-catenin, or afadin has a specific effect on the medio-
lateral positioning of LMCI neurons, which are found in medial

locations normally occupied by LMCm neurons whose position
is unaffected. These data show for the first time that inside-out
radial migration is a key step for layering of motor neuron divi-
sions and that N-cadherin/catenin and afadin functions are
prominent regulators of this process. Analyses of N-cadherin
and B- and ry-catenin mutants revealed an additional role for
N-cadherin/catenin signaling in the control of columnar dorso-
ventral positioning. However, despite the dramatic ventral shift
in LMC neuron location evident in N-cadherin mutants, the rela-
tive positioning and segregation of motor pools on the dorso-
ventral axis is mostly spared. Altogether, these data imply that
other B- and y-catenin-dependent effectors are in charge of con-
trolling dorso-ventral pool clustering. On the dorso-ventral axis,
the positioning and segregation of motor neurons are unaffected
by elimination of afadin. Afadin is an essential determinant of
nectin function; thus, these data suggest that nectin adhesive
recognition is not required for dorso-ventral segregation of motor
pools (Takai and Nakanishi, 2003; Takai et al., 2008).

What is regulating motor pool segregation on the dorso-
ventral axis? Type Il cadherins exhibit complex combinatorial
patterns of expression in several areas of the developing nervous
system, including motor neurons in the spinal cord, leading to
the hypothesis that this family of molecules might be used to
generate an adhesive code responsible for controlling cell-cell
recognition during development (Suzuki et al., 1997; Redies,
2000; Krishna-K et al., 2011; Hirano and Takeichi, 2012).
However, attempts to resolve the contributions of type Il cad-
herins to the control of motor neuron organization have been
confounded by the complexity of their expression profiles and
adhesive preferences. To date, there is no mouse genetic evi-
dence that elimination of type Il cadherins affects motor neuron
positioning (Demireva et al., 2011). Recent work in retina and
hippocampal circuits suggests that redundancy in heterophilic
adhesive recognition of subsets of type Il cadherins may mask
the contribution of individual members of the family, implying
that joint inactivation of selected subsets might be necessary
to eliminate their function (Duan et al., 2014; Basu et al., 2017).

Afadin Signaling and Divisional Organization in the
Spinal Cord

Our analysis reveals that the events involved in medio-lateral
divisional organization closely resemble the ones controlling
cortical lamination, suggesting that the same signaling systems
may be used in the developing spinal cord. Precise control of
cell adhesive interactions is critical for cortical development,
regulating the proliferation of neuronal progenitors, stability of
the radial glia scaffold, and migration of post-mitotic neurons
(Bielas and Gleeson, 2004). The classical cadherin and nectin
families of adhesion molecules are key components of the ma-
chinery that controls the assembly and maintenance of several
types of cell junctions, with catenins and afadin interaction regu-
lating the cross-talk between these molecules (Takai et al., 2008;
Hirano and Takeichi, 2012). To date, many members of the cad-
herin/catenin and nectin/afadin signaling systems have been
shown to play important roles during cortical development. Elim-
ination of B-catenin in cortical progenitors results in migratory
defects in late-born cortical neurons, and severe cortical lamina-
tion phenotypes are also observed in N-cadherin and afadin
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mutant mice (Machon et al., 2003; Kadowaki et al., 2007; Gil-
Sanz et al., 2014; Yamamoto et al.,, 2015). Moreover, acute
disruption of N-cadherin as well as nectin and afadin functions
in cortical neurons perturbs radial migration (Jossin and Cooper
2011; Martinez-Garay et al., 2016). Recent evidence indicates
that nectin-based adhesion controls radial migration by acting
in concert with reelin and N-cadherin (Gil-Sanz et al., 2013).
Interestingly, reelin signaling has also been shown to be involved
in spinal motor neuron migration, and, in particular, divisional
segregation defects have been observed after perturbation of
Reelin-Dab1 signaling (Yip et al., 2003; Palmesino et al., 2010).

Our findings complement and extend these studies, indicating
that interplay by cadherin/catenin and nectin/afadin signaling is
a conserved developmental mechanism that controls neuronal
positioning not only during the assembly of laminar structures,
as exemplified in the cortex, but also of nuclear ones. The precise
mechanism behind afadin function in motor neurons and its rela-
tionship with cadherin/catenin signaling needs to be further ad-
dressed. Our data indicate that afadin is not required for N-cad-
herin/catenin function in motor neurons, suggesting that it might
regulate the migration of LMCI neurons by transducing nectin ac-
tivity. Nectins are not strongly expressed in the spinal cord during
development, indicating the possibility that afadin could control
migration in a nectin-independent manner (Figures S4C-S4F;
Miyata et al., 2009). Altogether, our data support a key role for afa-
din and catenin adhesive signaling in lamination of motor neuron
divisions, highlighting their role as conserved regulators of in-
side-out migration in the developing nervous system. Thus, it
will be interesting in the future to test whether a similar develop-
mental logic and mechanisms are used in the morphogenesis of
other spatially ordered structures in the nervous system.

EXPERIMENTAL PROCEDURES

Immunohistochemistry

Embryonic spinal cords were fixed with 4% paraformaldehyde for 90 min,
cryoprotected by equilibration with 30% sucrose, frozen in optimum cutting
temperature compound (Tissue-Tek), and sectioned using a Leica cryostat.
Sections were processed as described previously, and images were acquired
on a Zeiss LSM 800 confocal microscope (Demireva et al., 2011).

In Situ Hybridization

In situ hybridization was performed on 16-um cryostat sections using digoxi-
genin (DIG)-labeled probes (Demireva et al., 2011). Afadin probes were gener-
ated using the following sequences: forward, 5'-CTCTGCAGCTTCAAGCCTT
GTTACAAAATTAC-3'; reverse, 5 —GACAGATGTTATCTTAGCTGCTGTTCCA
GATG-3'.

Neurite Outgrowth Assay

Motor neurons were dissociated from E10.5 control (afadin fl/+; olig2::Cre+/— ;
rosa-Isi-tdTomato fi/+) or afadin®”N (afadin fl/—; olig2::Cre+/— ; rosa-Isi-
tdTomato fl/+) embryos and plated on dishes coated with laminin (Sigma)
or N-cadherin (R&D Systems). Motor neurons were cultured for 16-20 hr.
Neurite length and branching of tdTomato* neurons were determined using
Imaged (NIH).

Three-Dimensional Analysis of Motor Neuron Subtype Positioning

Motor neuron positions were acquired using the “spots” function of the imag-
ing software Imaris (Bitplane) to assign x and y coordinates. Coordinates were
expressed relative to the midpoint of the spinal cord midline, defined as posi-
tions x = 0, y = 0. To account for experimental variations in spinal cord size,
orientation, and shape, sections were normalized to a standardized spinal
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cord whose dimensions where empirically calculated at E13.5 (midline to
the lateral edge = 365 pum, midpoint of the midline to the ventral edge =
340 um). The rostro-caudal coordinates (z axis) were obtained by tracking
the order of histological sections. Motor neuron x,y coordinates were accord-
ingly arranged on a z axis consisting of 16 um bins. We aligned datasets on the
z axis by acquiring coordinates starting from the section (z = 0) where either the
first IsI1/2* motor neuron (for divisional analysis) or Nkx6.1" motor neuron (for
pool analysis) appeared and progressed caudally for 512 pm (for a maximum
of 33 sections, 16 um each), covering approximately the rostral half of the lum-
bar spinal cord. See Table S1 for genotypes, number of embryos, and number
of sections per embryo analyzed.

Statistical Analysis

Positional datasets were analyzed using custom scripts in “R project” (R Foun-
dation for Statistical Computing, Vienna, Austria, 2005). For details, see Sup-
plemental Experimental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
six figures, and one table and can be found with this article online at https://
doi.org/10.1016/j.celrep.2018.01.059.
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