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Abstract

Motor pools comprise a heterogeneous population of motor neurons that innervate distinct
intramuscular targets. While the organization of motor neurons into motor pools has been well
described, the time course and mechanism of motor pool diversification into functionally distinct
classes remains unclear. y-Motor neurons (-MNs) and a-motor neurons (a-MNs) differ in size,
molecular identity, synaptic input and peripheral target. While a-MNs innervate extrafusal
skeletal muscle fibers to mediate muscle contraction, y-MNs innervate intrafusal fibers of the
muscle spindle, and regulate sensitivity of the muscle spindle in response to stretch. In this study,
we find that the secreted signaling molecule Whi7ais selectively expressed in »-MNs in the
mouse spinal cord by embryonic day 17.5 and continues to molecularly distinguish y,-from a-
MNs into the third postnatal week. Our data demonstrate that Wni7a is the earliest known 3-MN
marker, supporting a model of developmental divergence between a- and y-MNs at embryonic
stages. Furthermore, using Wht7a expression as an early marker of »-MN identity, we
demonstrate a previously unknown dependence of »-MNs on a muscle spindle-derived, GDNF-
independent signal during the first postnatal week.

Introduction

The precise temporal and spatial activation of different muscles is critical for the generation
of animal behavior. Motor neurons in the spinal cord play a fundamental role in coordinating
muscle activity by mediating the transfer of information from sensory neurons, long-range
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projection neurons, and interneurons to distinct muscle groups in the periphery (Kanning et
al., 2010). Motor neurons that innervate a single muscle group are arranged in the spinal
cord into units called motor pools (Romanes, 1951). Motor neurons within one motor pool
can be further subdivided into motor neuron classes that innervate distinct targets within the
muscle. a-Motor neurons (a-MNs) are the most abundant class of motor neurons within a
motor pool. They innervate extrafusal muscle fibers and are responsible for activating
skeletal muscle fibers to generate force. a-MNs can be further subdivided into fast fatigable,
fast fatigue-resistant and slow twitch motor neuron subtypes based on the contractile and
metabolic properties of the muscle fibers they innervate (Kanning et al., 2010). y-Motor
neurons (-MNSs), representing ~30% of motor neurons within a pool, innervate spindle
intrafusal muscle fibers, and function in the regulation and adjustment of proprioceptive
input to the CNS (Kuffler et al., 1951; Burke et al., 1977). During postnatal stages, y- and
a-MNs can be further distinguished based on their size and the amount of sensory input they
receive. »-MNs have small cell bodies and receive little proprioceptive sensory input,
whereas a-MNs are larger and most receive direct input from proprioceptive sensory
afferents (Kanning et al., 2010).

Recent studies have sought to identify molecular markers differentially expressed between
the various subpopulations of neurons within a motor pool. Molecular markers that
differentiate between fast and slow a-MNs have been described in postnatal development
(Chakkalakal et al., 2010; Enjin et al., 2010). However, while the presence of a distinct -
MN population during embryonic development has been inferred (Gould et al., 2008;
Sabharwal et al., 2011), there are no known markers capable of differentiating )~ and a-
MNs before postnatal stages. Given the absence of embryonic markers for )-MNs, the
developmental time course and mechanism by which these motor neurons obtain their
distinct class identities remain unclear. Also, recent studies have shown that the survival of
¥-MNs depends on the expression of GDNF by muscle spindles in the second postnatal
week (Shneider et al., 2009). However, due to the inability to distinguish - from a-MNs
during embryonic and neonatal development, it has been unclear whether muscle spindle-
derived signals might also play an earlier role during )-MN development. Here we show
that Whit7a expression marks y-MNs neurons at embryonic day 17.5 (E17.5), thereby
making it the earliest known »-MN marker. Using this marker we demonstrate that -MNs
depend on a muscle spindle-derived, GDNF-independent signal during early postnatal
development.

Materials and Methods

Mouse lines

Egr3~'~(Tourtellotte and Milbrandt, 1998), Gfral ~~(Enomoto et al., 1998), Gfral TLZ
(Enomoto et al., 2004), Hb9::GFP (Wichterle et al., 2002), /s/2.DTA (Yang et al., 2001),
Pva:Cre (Hippen-meyer et al., 2005), Reff™1€05 (Schuchardt et al., 1994), Ret“"®ER72 (Luo
et al., 2009), and Wnt7a~(Parr and McMahon, 1995) were described previously. Both male
and female mice were used in this study. /= 3 mice for all experiments.

Immunohistochemistry

Immunohistochemistry on 12 pm thick cryostat sections of spinal cord was performed as
previously described (Friese et al., 2009). The following antibodies were used: chick anti-g8
galactosi-dase (Abcam), goat anti-ChAT (Millipore), rabbit anti-ChAT (generously provided
by Susan Morton and Thomas Jessell, unpublished), mouse anti-Err3 (PPMX), rabbit anti-
GFP (Invitrogen), sheep anti-GFP (Biogenesis), guinea pig anti-Islet 1 (generously provided
by Susan Morton and Thomas Jessell, unpublished), mouse anti-NeuN (Millipore), and
rabbit anti-Pea3 (Peljto et al., 2010).
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Histochemistry

Slides for immunohistochemistry combined with /n situ hybridization for Wht7a (Agalliu et
al., 2009) or ChAT (Arber et al., 1999) were first processed for /n sifu hybridization as
described by Arber et al. (1999), omitting the Proteinase K degradation step. For Wnt7a in
situhybridizations, slides were left for two nights in developing solution and then washed
once in PBS before processing for immunohistochemistry.

Area measurements of motor neuron cell bodies

Results

Z-stacks of motor neurons were obtained on a Leica TCS SP5 confocal using 0.5 pm optical
sections. Briefly, the center of each ChAT-labeled motor neuron was approximated based on
the zplane where the nucleus appeared largest. The cross-sectional area of the cell was then
measured using Leica LAS software plug-in (Version 2.3.1 build 5194). We restricted our
analysis to ChAT-positive (ChAT ©N) motor neurons in the lateral motor column (LMC).

Wnt7ais expressed in y-MNs

Previous studies demonstrated that )~ and a-MNs acquire different molecular features
during early postnatal development (Friese et al., 2009; Shneider et al., 2009). To find
markers that label »-MNs during embryonic development, we analyzed candidates from an
independently performed microarray screen (Friese et al., 2009). We first used /n situ
hybridization to analyze transcript expression at postnatal stages when the identity of »-
MNs can most clearly be distinguished. At postnatal day 15 (P15), we found that Wnt7ais
expressed by a subset of cells in the ventral horn. To assess whether the Wht7a-positive
(Wnt7a°M cells are motor neurons, we correlated the expression of Wnt7a transcript with
that of the motor neuron marker choline acetyl-transferase (ChAT). Wnt7a9N cells were
scattered within the area of ventral ChATON motor neurons at all rostral-caudal levels of the
lumbar spinal cord (Fig. 1A-A"; data not shown). We analyzed whether Wnt7aand ChAT
expression overlapped and found that ~84% of Wnt7a°N cells colabeled with ChAT (n=114
of 136 lumbar LMC neurons; Fig. 1LA”,B-B"). Based on these findings we conclude that
the majority of Wnt7a°N cells are motor neurons.

¥~ and a-MNs differ in their relative abundance and cell size (Burke et al., 1977). »-MNs
are small and comprise ~30% of all motor neurons, while the remainder are presumed to be
mainly large a-type MNs (Friese et al., 2009; Shneider et al., 2009). To determine whether
Wnit72°N cells in the ventral spinal cord are »-MNs, we first analyzed the fraction of motor
neurons (ChATON) that coexpressed Wnt7a. We found that at P15, ~22% of all motor
neurons expressed Wnt7a (n=114 of 526 ChATON motor neurons) and that Wnt7a2N motor
neurons were distinctly smaller than the corresponding Wnt7a9FF fraction (Wnt7a@N- 395 +
194 um?; Wnt7a9FF: 676 + 254 um?; + SD), consistent with their identity as »-MNs. To
further characterize Wnt7a®N motor neurons, we used several specific molecular markers
known to distinguish 5~ from a-MNs at postnatal stages. The orphan nuclear hormone
receptor Err3 is initially expressed broadly in motor neurons and then becomes restricted to
7-MNs by about P14 (Friese et al., 2009). Another selective marker, the GDNF receptor
Gfral becomes gradually restricted to »-MNSs during the first three postnatal weeks,
however, while it labels 89% of »-MNs at P21, it remains weakly expressed in large a-MNs
(Shneider et al., 2009). We assessed the status of Err3 expression in Wnt7a®N motor
neurons and found that, at P15, 90% of Wnt7a°N motor neurons expressed Err3 (7= 103 of
114 ChATON Wit 7a°N motor neurons; Fig. 1C-C”). Conversely ~75% of ChRATON/Err3ON
motor neurons expressed Wnt7a (n= 103 of 138 ChATON/Err3°N motor neurons). Using
LacZ immunocytochemistry on a Gfral.LacZ knock-in line (Eno-moto et al., 2004), we
also found partial coexpression of Wnt7a9N with LacZ at P21 (Fig. 10-D"). In addition to
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assessing markers that are restricted to )-MNs, we probed those that are excluded from »-
MNSs. »-MNs express no or very low levels of the nuclear neuronal protein NeuN (Friese et
al., 2009; Shneider et al., 2009), and downregulate the Hb9..GFP transgene, which drives
expression of GFP in motor neurons and ventral interneurons (Wichterle et al., 2002;
Shneider et al., 2009). Analysis of these negative markers showed that from P5 to P21,
Wnit72°N cells excluded both NeuN (Fig. 1£-£"; and data not shown) and Hb9::GFP (Fig.
1F-F"; and data not shown). Together, these data demonstrate that Wnt7ais a novel marker
of »-MNs in the early postnatal mouse spinal cord.

Wnt7a is the earliest known marker for y-MNs

To determine whether Wrni7a may serve as a marker of embryonic »-MNs, we analyzed the
pattern of Wnt7aexpression in the developing mouse embryo. At E9.5, Whi7ais expressed
in a gradient along the dorsal-ventral axis of the ventricular zone (Agalliu et al., 2009). In
E15.5 Hb9:GFP spinal cords, Wnt7a®N cells were restricted to the ventricular region (Fig. 2
A-A"), and 1 d later, we observed Wnt7a@N cells in the ventral spinal cord, as well as some
remaining cells in the ventricular region (Fig. 28,8”). Interestingly, at this stage, ventral
Whit7a expression was limited to cells expressing Hb9::GFP at a relatively low level (Fig. 2
B”). Only weak expression of Wnt7awas observed in the ventricular zone at E17.5, while
Whit7a and Hb9::GFP were expressed in two distinct and intermingled cell populations in
the ventral motor nucleus, which we denote as Hb9::GFP OFF/ Wnt7a9N and Hb9::GFPON/
Whnit7a9FF cells (Fig. 2C,C’,E,F). To determine whether Hb9::GFPOFF/ nt 720N cells
correspond to »-MNs at this stage, we took a genetic approach and tested the expression of
Wht7ain Gfral mutant mice (Enomoto et al., 1998) in which 30% of motor neurons
(presumed to be »~-MNs) are lost by E17.5 (Gould et al., 2008). We intercrossed
Gfra1"mice with the Hb9:GFP transgenic line and showed that at E17.5 Hb9::GFPOFF/
Whnit7aPN cells were absent, while Hb9::GFPON/ Wnt7a9FF cells persisted (Fig. 2D,0'). This
finding suggests that Hb9::GFPOFF/ Wnt7a9N status can be used to identify »-MNs at E17.5.

In addition to GfraI™* mice, we also examined mice deficient in the GDNF receptor, Ret.
In E16.5 Ret mutant embryos, almost all muscle spindles are devoid of motor input,
suggesting that 7-MNs are lost at this stage (Gould et al., 2008). We analyzed E17.5 Ret
mutant mice (RefCeERTZ4) and found that 90% of Wnt7aPN cells were lost (control =156
Wnt7aON cells; RetCreERTZ~= 18 Wint7aPN cells; Fig. 2G,H), while putative CARATON a-
MNSs persisted (Fig. 2G’,H’). Together these data provide further evidence that Wnt7a°V
cells at E17.5 are putative -MNs.

A novel requirement for a muscle spindle-derived signal in early postnatal y-MN
development

The expression of Wht7ain »-MNs at late embryonic and early postnatal stages enabled us
to explore the role for muscle spindle-derived signals in early »-MN development. We
assessed the status of Wnt7ain Pva:Cre; /s/2:DTA mutant mice, in which genetic
elimination of pro-prioceptive sensory neurons leads to a failure in spindle differentiation
(Hippen-meyer et al., 2002). In these mice, 98% of »-MNs are lost by the second postnatal
week (Friese et al., 2009), and accordingly we saw an absence of Wnt7a°N motor neurons at
P15 (Fig. 3C,F). We probed for Wht7aexpression in neonatal and early postnatal Pva..Cre;
/s/2: DTA mutant mice and found a complete absence of Wni7aexpression at PO (Fig.
3A,D) and P4 (Fig. 3 B,E). Because this may reflect abnormal »-MN differentiation or
alternatively, an absence of -MNs, we screened for expression of NeuN and CAAT. In P4
control mice, NeuNOFF/crATON -MNs intermingled with NeuNON/CRATON a-MNs
(79%; n=224 of 285 ChA 79N motor neurons; Fig. 3J-J"). In contrast, Pva..Cre; Is/2:DTA
mutant mice lacked NeuNOFF/crATON »-MNs while NeuNON/ CAATON a-MNs (96%; n =
181 of 189 CRATPN motor neurons; Fig. 3K-K") persisted. These results suggest that a
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muscle spindle-derived signal is required for the development of Wnt7a°N »-MNs in the
first postnatal week.

To assure that the absence of Wnt7a9N putative »-MNs in Pva..Cre; /s/2:DTA mutant mice
is not due to the absence of central proprioceptive input, we analyzed the status of y»-MNs in
the cutaneous maximus (Cm) motor pool. Although these neurons normally do not receive
proprioceptive input, Friese et al. (2009) showed that »-MNs are present in this motor pool
at P15. We identified Cm motor neurons at PO using Islet1ON/Pea3®N status (Vrieseling and
Avrber, 2006), and found that in wild type mice Wnt7a°V y-MNs are present in the Cm
motor pool (Fig. 3L-L"). These findings suggest that the selective absence of Wnt7a%N -
MNs in Pva..Cre; /s/2.DTA mice is not due to the loss of central proprioceptive input to
motor neurons.

What is the identity of the signal controlling early »-MN survival? Shneider et al. (2009)
showed that in the second post-natal week, -MN survival depends on muscle spindle-
derived GDNF. Egr3is a transcription factor required for normal muscle spindle
development and in its absence, muscle spindles degenerate during the first two postnatal
weeks (Tourtellotte et al., 2001). GDNF fails to be expressed by muscle spindles of £gr3*
mice (Shneider et al., 2009). We analyzed £gr3 spinal cords and found that there is a
complete absence of Wnit7asignal in motor neurons by P15 (Fig. 3/), consistent with the
previous demonstration that »-MNs depend on muscle spindle derived GDNF for survival at
this stage (Shneider et al., 2009). To test whether GDNF is similarly required for 3-MN
survival shortly after birth, we analyzed PO and P5 £gr3~ mice and found that Wnt7aON
cells are still present (Fig. 3G,H ). Together these results demonstrate that independent of
spindle-derived GDNF, a signal from the muscle spindle is required for the emergence of
Wnt7a°N »-MNs in the spinal cord.

Discussion

In the control of motor behavior, y- and a-MNs have distinct functions that are reflected at
the level of specific postnatal anatomical and molecular features. To further delineate the
time course and mechanisms underlying - and a-MN diversification, we searched for
markers that labeled these distinct motor neuron classes early during development. In this
study, we found that Wnit7ais expressed in »-MNs by E17.5, suggesting that these distinct
motor neuron classes acquire different molecular identities before birth. We used Wnt7a
expression as a marker to assess the role of target muscle spindles in »-MN development
and found that »-MNs depend on a GDNF-independent muscle spindle-derived signal in the
early postnatal period, revealing a novel target-derived trophic factor in »-MN development.

The organization of motor neurons in the developing spinal cord is a highly regulated
process. A cascade of intrinsic specification events and peripheral signals subdivides motor
neurons into motor pools, each innervating a single muscle group (Lin et al., 1998; Jessell,
2000). One such peripheral signal, GDNF, has been shown to control the expression of the
motor pool marker Pea3 both before and after motor neurons innervate their muscle targets
(Haase et al., 2002; Livet et al., 2002). Evidence for a molecular distinction of »- and a-MN
classes has come from the identification of class-specific markers during the second postna-
tal week (Friese et al., 2009; Shneider et al., 2009). In the present study, we found that
Whit7a faithfully marks »-MNs throughout postnatal development. Notably, we also found
that Whnt7a specifically labels a subset of motor neurons at E17.5, well before the selective
expression of Err3 and Gfral in »-MNs. In E17.5 Gfra and Ret mutant mice, which lack
¥-MNs, the Whit7a signal was lost, confirming that Wni7a is a marker of late embryonic -y-
MNs.

J Neurosci. Author manuscript; available in PMC 2012 December 20.
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What is the function of Wni7ain »-MNs? We analyzed Winit7a mutant mice, but detected
neither changes in the proportion and molecular identity of - and a-MNs nor in the
synaptic input onto »-MNs (S. Ashrafi and J. A. Kallschmidt, unpublished observation). We
did however find that the size of both motor neuron classes was significantly reduced in
Whit7a mutants, which might be attributed to the wider distribution of Wnt7a expression
during earlier stages of motor neuron development (Agalliu et al., 2009). We asked whether
the expression of potential Wnt7areceptors might provide any clue toward the function of
Wht7ain »-MNs and found that the Wnit7areceptor Frizzled 5 is expressed in muscle
spindle capsules (S. Ashrafi and J. A. Kallschmidt, unpublished observation). However, we
could not detect any defects in the innervation of intrafusal muscle spindles in Wnt7a mutant
mice. Thus, although the identification of a secreted signaling molecule as an embryonic -
MN marker is intriguing, the specific function of Wni7ain »-MNs remains unclear.

What are the mechanisms that drive the diversification of y-and a-MNs? Previous studies
have shown that putative nascent y-MNs are selectively dependent on GDNF signaling
during embryonic development. In the absence of GDNF trophic support, nascent »-MNs
are lost during the normal period of programmed motor neuron cell death between E13.5
and E16.5 (Gould et al., 2008). Since the first molecular signs of muscle spindle
differentiation are only observed by E15.5 (Hippenmeyer et al., 2002), this suggests that the
initial specification of »-MNs most likely occurs independently of the target spindle. During
later postnatal development, GDNF produced by the target spindle is required for )-MN
survival (Shneider et al., 2009). However, because markers to identify »-MNs during early
postnatal development have not been available, it has been unclear whether muscle spindle-
derived GDNF or other trophic signals may be required for early »-MN differentiation. Here
we found that »-MN development in the first postnatal week depends on a muscle spindle-
derived signal. Shneider et al. (2009) showed that spindle-derived GDNF is not limiting in
the first postnatal week suggesting that the early spindle dependence of -MNs is related to
a target-derived factor other than GDNF. Consistent with this, we found that in P5 Egr3
mutant mice, in which muscle spindles are present but lack GDNF (Shneider et al., 2009),
¥-MNs persist. Together these data suggest that a trophic signaling factor other than GDNF
may be the source for the signal for »-MN differentiation during the early postnatal period.
Support for this hypothesis is provided by a recent report demonstrating that distinct
neurotrophic signaling pathways can operate to regulate the survival of subsets of motor
neurons within a motor pool (Lamballe et al., 2011).

In summary, we propose a model in which multiple muscle-derived signals influence 3-MN
development. Putative »-MNs are first distinguished by a requirement for GDNF during the
period of programmed cell death, when muscle spindles have not yet been induced by
proprioceptor-derived signals (Gould et al., 2008). The mechanism that controls this initial
specification of »-MNs is not understood, but our finding of Wnt7aas an embryonic marker
of fusimotor identity offers a means to explore this early motor neuron subclass distinction.
»-MNs then innervate nascent intrafusal muscle fibers and during early postnatal
development require a non-GDNF, spindle-derived trophic signal. At 2 weeks postnatal, -
MNs respond to GDNF, now supplied by the muscle spindle (Shneider et al., 2009), after
which »-MNs are independent of GDNF (Gould et al., 2008).
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Figure 1.

Wnt7Ais a »-MN marker. A-A”, Wnt7a°N cells (A) are located within the ChAT ON motor
nucleus (A") in the lateral ventral horn of P15 mouse spinal cord. A”, Magnification of
boxed region in A and A" showing colabeling of Wnt7awith a subset of ChAT ©N cells. B—
B”, Small ChAT N/Wnt72°N cells are interspersed with large ChAT ON/Wnit7a9FF cells at
P15. C—C”, Small ChAT M ,:7:°N cells express Err3 (arrows) at P15. D-D”, Small
Wnit72°N cells express LacZ (arrow) in P21 Gfral:1.acZ reporter mice. E-E”, Wnt7aN
cells exclude NeuN at P21. F—F ", Wnt7a°N cells exclude Hb9::GFP at P21. Split and
merged channels shown for B—F”. Scale bars: A-A”, 100 um; B—-F”, 20 um.
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Figure2.

Wnit7A is expressed in embryonic »-MNs. A-A”, Wnt7ais expressed in the ventricular
zone (arrow) and is absent from the ventral motor neuron region in E15.5 Hb9:.GFP mice
(A, A"). A”, Magnified boxed region in A. B-B”, At E16.5, Hb9::GFP LW Wnt729N cells
are interspersed with Hb9::GFP N Wnit7a9FF cells in the ventral spinal cord. Wnt7a
labeling is also present in the ventricular zone (B, B"). B”, High magnification of boxed
region in B. C, C’, E, F, Wnt7a°N cells are localized throughout the motor neuron nucleus
of E17.5 Hb9:GFP mice and are segregated from Hb9::GFP YV cells. E, Split and merged
channels of C’. D, D”, Wnt7a°N cells are absent from the ventral spinal cord of E17.5

Gfral™"; Hb9:GFP mice (D), while Hb9::GFP ON/Wnt7aCFF cells persist (D). G, H’,
Wnit7a°N cells in the motor nucleus of E17.5 control mice (G). RefCeERTZ mice lack
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Whnit7a°N cells at E17.5 (H ). ChATON cells in control (G”) and RefCERTZ mice (H”).
Split and merged channels shown for A”, B”, E, and F. Scale bars: A-H’, 100 zm.
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Figure 3.

A-C, A spindle-derived GDNF-independent signal is required for »-MN development.
Wnit72°N putative »~-MNs are localized within the motor neuron nucleus of PO (A), P4 (B),
and P15 (C) control mice. D, Wnit7alabeling is eliminated in PO (D), P4 (E), and P15
(F ) Pva.Cre; /s/2: DTA mutant mice. G-, Wnt7aPN 7-MNs are localized within the
ventral spinal cord of PO (G) and P5 (H ) £gr3“mice, but are lost at P15 (I ). J-J-, In
control mice, NeuN 9“/ChATON »-MNs (arrows in J”) intermingle with NeuN ©V/
ChATON a-MNs at P4. K—K”, NeuN 9F/ChATON »-MNs are absent in P4 Pva..Cre;
/s/2:DTA mice. L-L”, In PO wild type mice, Wnt7a°N putative y-MNs (arrow) are
localized within the Cm motor pool, identified by coexpression of Isletl and Pea3. Scale

bar: A-L”, 100 um.
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