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Müllerian Inhibiting Substance (MIS, Anti-Müllerian hormone) is a gonadal hormone that contributes to the
subtle sex-biases in the nervous system. Mature neurons of both sexes also produce MIS, suggesting that MIS
may be a paracrine regulator of adult neural networks. We report here that murine hypoglossal motor
neurons produceMIS and its receptors, MISRII and bonemorphogenetic protein receptor 1A (BMPR1A, ALK3),
but differentially transport them, with only MIS being detectable in axons. The production of MIS and its
receptors were rapidly down regulated after axonal damage, which is a characteristic of genes involved in
mature neuronal function. MIS is a survival factor for embryonic spinal motor neurons, but the rate of cell loss
after hypoglossal nerve avulsion was normal in Mis−/− mice and was not attenuated by intraventricular
administration of MIS. These observations suggest that MIS may be involved in anterograde rather than
autocrine or retrograde regulation of neurons.
Department of Anatomy and
Dunedin 9054, New Zealand.

(I.S. McLennan).
anuscript.

l rights reserved.
© 2010 Elsevier Inc. All rights reserved.
Introduction

The development, maintenance and function of neurons are
controlled by multiple regulators, some of which serve different
functions as the neuronmatures (Glebova and Ginty, 2005). Müllerian
inhibiting substance (MIS) is a newly discovered regulator of neurons
(Lebeurrier et al., 2008; Wang et al., 2005, 2009) whose function in
the adult appears to be distinct from its role during development.

MIS (synonym, Anti-Müllerian hormone) is part of the classical
pathway for male differentiation. The Sertoli cells of the testes are
the only embryonic source of MIS (Teixeira et al., 2001; Wang et al.,
2009), with its initial action being to trigger the degeneration of the
uterine precursor (MacLaughlin and Donahoe, 2004). MIS continues
to be present in blood throughout male development (Lee et al.,
1996), with the brain being one of its targets (Wang et al., 2005,
2009). MIS promotes the survival of embryonic spinal motor neurons
(Wang et al., 2005), which leads to a subtle male bias in the number of
spinal motor neurons and in the exploratory behaviour of mice in an
open-field test (Wang et al., 2009). It is thus one of the factors that
contribute to the subtle sex-biases in the nervous system.

Mature neurons in both sexes express high levels of MIS receptors
(Lebeurrier, et al. 2008; Wang et al., 2005, 2009), suggesting that MIS
may regulate some aspect of the adult brain. The nature of this putative
function is unknown, but is likely to be divergent from its role in the
development of the brain, as the levels of MIS in the blood of men and
women are similar, and low compared to those of prepubertal boys (de
Vet et al., 2002; Lee et al., 1996). Furthermore, mature spinal motor
neurons in both sexes begin to produce MIS (Wang et al., 2005). This
late onset of neural production ofMISmay indicate that it is linked to a
property of neurons that only emerges once the neural networks in the
brain are both functional and are comparatively stable.

As neurons mature, their dependency on external survival factors
lessens, with the production of autocrine survival factors being one
of the suspected causes of this change. MIS is a potential candidate for
such a role, given that its neuronal expression is limited to mature
neurons (Wang et al., 2005; Wang et al., 2009), and given that the
neurons which produce it also express its unique type II receptor
(MISRII), and type I co-receptors (BMPR1A, BMPR1B; synonym ALK3,
ALK2) (Wang et al., 2005; Wang et al., 2009). In this paper, we have
tested this hypothesis by determining the effect of an avulsion injury
on the production of MIS and its receptors in hypoglossal neurons,
and by comparing the survival of avulsed motor neurons in Mis−/−

mice and mice treated with exogenous MIS.
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Materials and methods

Animals

The Mis+/+ and Mis−/− mice (Behringer et al., 1994; Wang
et al., 2009) were littermates produced from Mis+/−parents. The
Mis+/− colony was maintained and housed as previously described
(McLennan and Taylor-Jeffs, 2004; Wang et al., 2009). The University
of Otago Animal Ethics Committee approved all procedures.

Hypoglossal avulsion

Seventy- to 90-day-old mice were anesthetized as previously
described (Wang et al., 2007), their ventral neck surface shaved and a
1 cm midline incision made. The left hypoglossal nerve was exposed,
cleared of connective tissue and pulled using constant traction until
the separation from the brainstem (avulsion) occurred, removing
approximately 1 cm of nerve. The wound was closed with sutures.

Axonal transport

The transport of MIS and MISRII in motor axons was examined
by ligating either the hypoglossal or sciatic nerve at two sites, as
Fig. 1. MIS and its receptors are down regulated by avulsion (A–C). The levels of MIS (A),
sections illustrate 3-day-post avulsion. day 0, 1 and 7 sections are illustrated in Fig. S3, tog
nuclei are indicated with arrowheads, with arrows pointing to the right nucleus (arrows), wh
Longitudinal sections (D–E) and cross sections (F and G) of ligated sciatic nerves (E–G) and h
(G) antibody. The MIS immunoreactivity was mainly observed at the proximal portion of the
arrows point to the immunoreactivity of MIS in the axons. The scale bars=100 μm (D) and 2
(H–I). The data is the ratio of the number of neurons in the avulsed nucleus, relative to the
circles); Mis−/− males (light blue circles); Mis+/+ females (deep pink triangles) and Mi
(I) Infusion of rhMIS to the left ventricle of malemice did not alter the extent of neuronal loss
of 5 ng/ml (0.8 ng/day), 50 ng/ml (8 ng/day) and 5 μg/ml (800 ng/day), based on a turnove
previously described (Jiang et al., 2000a; Russell et al., 2000; Wang
et al., 2007). Proteins being transported down the axon accumulate
at the proximal ligation, whereas retrogradely transported proteins
accumulate at the distal ligation. Individual nerves were either
sectioned transversely or longitudinally, to enable Schwann cell and
axonal processes to be unambiguously distinguished (Jiang et al.,
2000a; Russell et al., 2000; Wang et al., 2007). The transported
proteins were detected by immunohistochemistry, using anti-MIS
and anti-MISRII antibodies, with an anti-neurofilament antibody
(Sigma) used as an axonal marker and as a positive control for axonal
transport.
Intraventricular administration of MIS

An anaesthetized male mouse was placed in a stereotaxic ap-
paratus and a hole was drilled through the skull using a dental drill at
a position 0.22 mm posterior and 1 mm lateral to bregma. A 2.5 mm,
30 G cannula was inserted, secured to the skull with superglue and
used to administer 0.8, 8 or 800 ng/day of MIS or vehicle into the left
lateral ventricle over 15 days (see also legend of Fig. 1). The cannula
was connected to a micro-osmotic pump (ALZET model 1002; 0.23±
0.02 μl/h), and the pump was inserted under the skin between the
scapulae. The MIS was full length140 kDa rhMIS from Chinese
MISRII (B) and BMPR1A (C) protein were reduced in avulsed nuclei of male mice. The
ether with measurements of the respective mRNA levels. The left avulsed hypoglossal
ich serves as an internal control. MIS protein was transported by motor neurons (D–G).
ypoglossal nerves (D) frommale mice were stained with anti-MIS (D–F) or control IgG
ligated nerves and trace level of MIS immunoreactivity at distal areas (see Fig. S4). The
5 μm (E–G). The rate and extent of neuronal loss after avulsion were not affected by MIS
contralateral nucleus. (H) The time course of neuronal loss: Mis+/+ males (dark blue

s−/− females (light pink triangles). The four groups were not significantly different.
after 15 days. The doses were designed to produce a concentration ofMISwithin the CSF
r rate of 160 μl/day (Johanson, et al., 2008).
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hamster ovary cells (Ragin et al., 1992), with its potency verified as
previously described (Wang et al., 2005). MIS is stable in osmotic
pumps (Parry et al., 1992).

Hypoglossal nuclei mRNA

Avulsed and non-avulsed motor neurons were collected by laser
microdissection, and the mRNA levels were examined by qPCR as
previously described (Wang et al., 2005) (see also Supplementary
Methods).

Immunohistochemistry

Avulsed mice were killed by cardiac perfusion with 4% parafor-
maldehyde and their hypoglossal nuclei were sectioned in a cryostat
at a thickness of 30 μm and floated in PBS. The sections were washed
in 0.1 M glycine followed by PBS and then sequentially incubated
with; either goat anti-MISRII, goat anti-MIS or goat anti-ALK3/
BMPR1A (R & D Systems) at 4 °C for 48 h; a biotinylated donkey
anti-Ig antibody (Sigma-Aldrich); methanol/H2O2 to inactivate endog-
enous peroxidises; streptavidin–biotinylated horseradish peroxidase
complex (Amersham Biosciences), after which the immunoreactivity
was visualized using 3-amino-9-ethylcarbamide (AEC; Sigma-Aldrich)
as the chromogen. The anti-MISRII antibody precipitates a single band
of appropriate size from the spinal cord (Wang et al., 2005), and the
anti-MISRII and anti-MIS antibodies do not stain the brains from
their respective null-mutantmice (Mis−/− andMISRII−/−) (Wanget al.,
2005; Wang et al., 2009). Sections were also incubated with non-
immune IgG (Sigma-Aldrich) as a further control for non-specific
binding.

Motor neuron cell counts

The numbers of motor neurons in the ipsilateral and contralateral
nuclei were estimated using the Fractionator (Gundersen et al., 1988),
with the counting particle being the nucleolus (see also Supplemen-
tary Methods).

Results

The murine hypoglossal nucleus is not sexually-dimorphic

The number of spinal motor neurons has a subtle male-bias, which
develops under the influence of testicular MIS (Wang et al., 2009). A
similar bias was, however, not present in the hypoglossal nucleus,
where the numbers ofmotor neuronswere indistinguishable between
male and female mice (Fig. S1). Similarly, the number of hypoglossal
motor neurons in Mis−/− and Mis+/+ mice were not significantly
different (Fig. S1). This makes the hypoglossal nucleus an attractive
model in which to study the actions of MIS in the mature nervous
system, as MIS has minimal or no effect on its development.

Hypoglossal motor neurons express MIS and its receptors

MISRII and BMPR1A mRNA were readily detectable by real-time
PCR in laser micro-dissected hypoglossal nuclei. The MISRII mRNA
was 64% more abundant than BMPR1A mRNA (Fig. S2A), which
contrasts with spinalmotor neuronswhere the abundance of MISRII is
ten-fold greater than BMPR1A and the other type-I, TGFβ-superfamily
receptors (Wang et al., 2005; Wang et al., 2007). Significant levels of
MIS mRNA was also present in the hypoglossal nucleus, but with an
abundance that was lower than for its receptors (Fig. S2A).

MISRII-lineage tracing and immunohistochemistry were used to
determine which cell types in the hypoglossal nuclei expressed MIS
and MISRII. Antibodies to MISRII, BMPR1A and MIS selectively
stained the neurons of the hypoglossal nucleus, with no detectable
stain being associated with other cell types (Fig. S3A–C). Similarly,
all neurons in the MISRII-Cre+ve, LacZ+ve mice were lacZ positive,
providing further confirmation that hypoglossal neurons express
MISRII (Fig. S2B).
Axon damage down-regulates the expression of MIS and its receptors

The genes that control the repair and growth of axons are up
regulated when a nerve is cut, whereas those associated with mature
synaptic function are down regulated (Armstrong et al., 1991;
Mesnard et al., 2010). Immature neurons do not express significant
levels of MIS, suggesting that neuronal MIS may relate to mature
function, rather than axonal growth. We therefore examined the
effect of avulsion on the levels of MIS and its receptors. The levels of
MIS, MISRII and BMPR1AmRNAs (Fig. S3D–F) and protein (Figs. 1A–C;
S3A–C) fell rapidly, to below 50% of the starting values within 1 day
of axonal damage. The levels did not decline further during the next
2 days, although immunohistochemical staining of neurons suggested
that further down regulation occurred at longer time points. This
could not be quantified by qPCR as extensive death of avulsed neurons
occurs after the 3rd day (Fig. 1H).
MIS-deficiency does not exacerbate avulsion-induced death

The production of both MIS and its receptors by hypoglossal
neurons raised the possibility that MIS is an autocrine survival factor
for mature neurons. If so, then MIS-deficient neurons may die more
rapidly after avulsion, due to the absence of this putative survival
mechanism. This did not occur (Fig. 1H). There was a minimal loss of
neurons during the few days post avulsion in all mice, after which a
rapid loss of neurons occurred in Mis+/+ and Mis−/− mice, of both
sexes. This loss was largely complete after 15 days in all mice, with a
lesser decline over the next few days (Fig. 1H). A small number of
neurons did not die after avulsion, and these may be interneurons
located within the hypoglossal nucleus. There was no sex or MIS
genotype bias to the number of neurons surviving.

The effect of endogenous MIS should diminish over time, due to
the down regulation of MIS production (Fig. S3). We therefore per-
fused the brains of avulsed mice with exogenous rhMIS to determine
whether elevated levels of MIS sustained the avulsed neurons.
Exogenous MIS had no effect on the number of neurons that survived
15 days after avulsion (Fig. 1I). The MIS recovered from the pumps at
the end of the experiment retained approximately 70% of the initial
MIS activity, in a bioassay based on the survival of embryonic motor
neurons in vitro.
MISRII is not anterogradely transported

The growth factor receptors are transported into the axon, which
is the largest component of motor neurons (Jiang et al., 2000b).
Consequently, an avulsion potentially limits the ability of a neuron to
respond to survival factors, due to the loss of receptors. We therefore
determined whether MIS and MISRII were transported into motor
axons, using the double ligation technique. MIS accumulated at the
proximal tie on the hypoglossal nerve, indicating that it is transported
down motor axons (Fig. 1D–G, S4). The anti-MIS stain appeared to be
axonal. It had a similar appearance and distribution to the anti-
neurofilament stain observed in adjacent sections, and in cross-
section, it was distinct from the hollow appearance of Schwann cells
(see (Jiang et al., 2000a; Russell et al., 2000)).

In marked contrast to MIS, and other receptors studied by us (Jiang
et al., 2000a; Russell et al., 2000; Wang et al., 2007), no MISRII could
be detected within the ligated or non-ligated nerves.
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Discussion

Hypoglossal motor neurons from adult mice expressed both MIS
and its receptors, whereas the glia and other cells associated with
them did not (Fig. S2)(see also (Wang et al., 2005; Wang et al., 2009).
This implicates MIS as a regulator of mature neurons. A priori, this
could involve autocrine regulation, injury responses and anterograde
or retrograde regulation of neuronal networks. As discussed below,
several of these possibilities can be excluding, with the evidence
pointing to MIS being involved in some aspect of anterograde
regulation.

MIS differs from classical regulators

The framework for the understanding of neuronal regulators
has been greatly influenced by the historic study of target-derived
(retrograde) factors, such as nerve growth factor (NGF). In almost
all respects, the neurobiology of MIS differs from NGF, and related
molecules. Target-derived regulators are transported up the axon,
whereas MIS was transported in the opposite direction, namely down
the axon. Similarly, the receptors for NGF and other such factors are
transported down the axon (Curtis et al., 1998), whereas MISRII was
not (Fig. 1, S4). This suggests that motor neurons are unresponsive to
MIS in their periphery. Furthermore, the differential transport of MIS
and MISRII argues against autocrine (self) regulation, as this requires
MIS and its receptors to collocate within a neuron.

MIS does not attenuate axonal injuries

MIS is a physiological survival factor for embryonic lumbar spinal
motor neurons (Wang et al., 2005, 2009). Thus, the presence of MIS
receptors in mature motor neurons raised the possibility that MIS is a
survival factor at all stages of the life cycle. Classical survival factors
provide defense against peripheral injuries, and their receptors are
consequently upregulated when axons are severed (Armstrong et al.,
1991; Mesnard et al., 2010). In complete contrast to this, MIS and
MISRII were down-regulated after avulsion (Fig. 1, S3) and neither
endogenous nor exogenous MIS influenced avulsion-induced loss of
neurons (Fig. 1). Hence, MIS is not protective against a severe axonal
injury.

Motor neurons are responsive to a wide range of survival factors,
and some factors may only protect against specific insults. For
example, endogenous interleukin-6 (IL6) regulates local immune
responses in the brain after viral injury and reduces viral-induced
death of motor neurons (Pavelko et al., 2003), but has little effect on
axotomy-induced death (Galiano et al., 2001). Similarly, the survival
effects of endogenous vascular endothelial growth factor appear to be
part of a wider defense against hypoxia, which includes stimulation of
capillary growth, as well as promotion of motor neuron survival
(Lambrechts et al., 2003; Vande Velde and Cleveland, 2005). We
therefore do not exclude MIS being part of the defense system of
mature hypoglossal motor neurons, particularly as MIS protects
striatal and cortical neurons against NMDA-induced excitotoxicity
(Lebeurrier et al., 2008).

MIS as an anterograde regulator

Neuronal networks are stabilized and regulated by anterograde
signals, which modulate neurotransmission and provide protection
against anterograde toxins. The observations relating to MIS are
broadly consistent with it having such a role. MIS is produced by
multiple neurons (Wang et al., 2009), and in hypoglossal neurons it
was transported down the axon, whereas its receptors are located in
the cell bodies and dendritic trees (Fig. 1, S2,4). As noted above, MIS
protects at least some neurons from excitotoxicity (Lebeurrier et al.,
2008), which is the main anterograde toxin. Furthermore, genes
involved in neurotransmission and dendritic function are down
regulated by axon damage (Armstrong et al., 1991; Mesnard et al.,
2010), which was the case for both MIS and MISRII (Fig. 1, S3). This
evidence is indirect and not definitive, but nevertheless collectively
provides a rationale for MIS to be studied as a putative anterograde
regulator of neuronal networks, using electrophysiology and other
means.

MIS may differentially regulate neurons

All neurons express MIS receptors, but this does not necessarily
imply that MIS has the same action on all neurons. The GDNF
receptors, Ret and GFRα1, are also ubiquitously expressed by spinal
motor neurons, but only a specific sub-population of spinal motor
neurons die when Ret or GFRα1 are conditionally inactivated inmotor
neurons (Gould et al., 2008). The hypoglossal nucleus did not exhibit a
MIS dependent male bias (Fig. S1), which contrasts with lumbar
spinal motor neurons (Wang et al., 2005; Wang et al., 2009). This
suggests that MIS is not a physiological survival factor for embryonic
hypoglossal motor neurons, and raises the possibility that MIS serves
as a different function in hypoglossal and spinal motor neurons.
Hypoglossal and spinal motor neurons have significant commonali-
ties, but hypoglossal motor neurons are involved in respiration and
mastication, whereas spinal motor neurons control movement
and stance. Their pattern of use is therefore different and they can
be differentially affected in some forms of motor neuron disease
(Rowland, 2010).

One of the differences between spinal and hypoglossal neurons is
their relative level of BMPR1A and MISRII. BMPR1A is also a receptor
for the BMPs (Shi and Massague, 2003; Teixeira et al., 2001), and MIS
and the BMPs are thus likely to have a common downstream action.
Consistent with this, MIS and BMP6 have similar action on motor
neurons in vitro (Wang et al., 2005, 2007). The comparative high
levels of BMPR1A in hypoglossal neurons (cf (Wang et al., 2005) vs
Fig. S2) may indicate that these neurons are more dependent on BMPs
than MIS, whereas the spinal motor neurons may be the converse.

Conclusion

In conclusion, hypoglossal motor neurons produceMIS andMISRII,
implicating MIS as a regulator of mature neurons. The current study
provides evidence against neuronally-produced MIS having either
an autocrine or classical retrograde action. The intracellular location
of MIS and MISRII are consistent with MIS being a regulator of
anterograde mechanisms, although further proof of this will require
multiple studies, using a variety of techniques.

Supplementarymaterials related to this article can be found online
at doi:10.1016/j.expneurol.2010.12.019.
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