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Abstract

The neuregulin (NRG) family of trophic factors is present in the central and peripheral nervous
systems and participates in the survival, proliferation and differentiation of many different cell
types including motoneurons. NRG1 was first characterized by its role in the formation of the
neuromuscular junction, and recently it was shown to play a crucial role in modulating
glutamatergic and cholinergic transmission in the central nervous system of adult rats. However,
little is known about NRG1's role in adult motor systems. Motoneurons receive dense
glutamatergic and cholinergic input. We hypothesized that NRG1 is present at synapses on phrenic
motoneurons. Confocal microscopy and 3D reconstruction techniques were used to determine the
distribution of NRG1 and its co-localization with these different neurotransmitter systems. We
found that NRGL1 puncta are present around retrogradely-labeled motoneurons, and are distributed
predominantly at motoneuron somata and primary dendrites. NRGL1 is exclusively present at
synaptic sites (identified using the presynaptic marker synaptophysin), comprising ~30% of all
synapses at phrenic motoneurons. Overall, NRG1-immunoreactivity is found predominantly at
cholinergic synapses (75 + 14% co-localize with the vesicular acetylcholine transporter VAChHT).
Nearly all (99 + 1%) VAChT-immunoreactive synapses expressed NRG1. NRG1 also is present at
a subset of glutamatergic synapses expressing the vesicular glutamate transporter (VGLUT) type 2
(~6%) and not those expressing VGLUT type 1. Overall, 26 £+ 6% of NRG1 synapses are
VGLUT2 immunoreactive. These findings provide the first evidence suggesting that NRG1 may
modulate synaptic activity in adult motor systems.
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INTRODUCTION

Neuregulins (NRG) are members of the larger epidermal growth factor (EGF) family of
trophic factors that activate receptor tyrosine kinases of the ErbB family (Trinidad et al.,
2000; Zhu et al., 1995). There are four known NRG genes (NRG 1-4), each with multiple
isoforms that display significant variability in their tissue expression (Buonanno and
Fischbach, 2001; Falls, 2003). Several components of the neuromuscular system express
NRG genes and their receptors. Spinal motoneurons express NRG1 and ErbB receptor
MRNA (Lindholm et al., 2002; Ricart et al., 2006). Schwann cells and muscle fibers express
NRG1 (mRNA and protein) as well as ErbB receptors at the neuromuscular junction (Jo et
al., 1995; Kerber et al., 2003; Zhu et al., 1995).
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A role for NRG1 in neuromotor control during embryonic development was first described
at the neuromuscular junction, where NRG1 regulates acetylcholine (ACh) receptor
expression (Jo et al., 1995; Loeb et al., 2002; Sandrock et al., 1997; Zhu et al., 1995). In
addition, it was shown that early motoneuron survival depends on NRG1, albeit through a
complex interplay with other trophic factors including neurotrophins (Ricart et al., 2006). In
the cerebellum, NRGL1 controls the expression of glutamatergic N-methyl D-aspartate
(NMDA) receptors (Ozaki et al., 1997; Ozaki et al., 2000) and at hippocampal interneurons,
it modulates both glutamatergic and cholinergic neurotransmission (Chang and Fischbach,
2006; Li et al., 2007; Zhong et al., 2008). Multiple studies have reported widespread
distribution of both glutamatergic and cholinergic synaptic inputs at motoneurons (Bae et
al., 1999; Herzog et al., 2004; Shigenaga et al., 2005), including phrenic motoneurons
(McCrimmon et al., 1989; Murphy et al., 1996; Tai and Goshgarian, 1996; Zhan et al.,
1989). However, there is very limited information regarding NRG1 in adult motor systems.
In the present study, we explored the hypothesis that NRGL1 is present at synaptic sites on
adult PhrMn using confocal microscopy and 3D reconstruction analyses. We report here that
NRGL1 is present at synapses on PhrMn, predominantly at cholinergic synapses present on
motoneuron somata and primary dendrites, with less abundant expression at glutamatergic
synapses. The characterization of NRG1 distribution and its association with specific
neurotransmitter systems are important first steps in elucidating the possible role of
neuregulin in the adult neuromuscular system.

A total of 14 adult male Sprague-Dawley rats (Colony 236, Harlan, Indianapolis, IN; 280 —
300 g initial body weight) were used in this study. All procedures were approved by the
Institutional Animal Care and Use Committee at Mayo Clinic and conducted in strict
accordance with the National Institutes of Health Guide for the Care and Use of Laboratory
Animals (NIH Publications No.80-23 revised 1996).

Phrenic Motoneuron Labeling and Tissue Processing

An intramuscular injection was performed to retrogradely label PhrMn, in accordance with
previously published techniques (Kinkead et al., 1998; Mantilla et al., 2009; Prakash et al.,
2000). Rats were anesthetized with a mixture of ketamine (90 mg/kg) and xylazine (10 mg/
kg) and, using a laparotomy to expose the diaphragm muscle, 2-3 pl of cholera toxin B
subunit (0.2% in distilled water; List Biological Laboratories) were injected into the sternal
and costal portions of the diaphragm at each of 6-8 sites. In some cases, Alexa 488-
conjugated cholera toxin B (Invitrogen Corp., Carlsbad, CA) was used (see section on
Immunohistochemistry below). After two to three days, rats were anesthetized with the same
anesthetic mixture of ketamine and xylazine and transcardially perfused with 4%
paraformaldehyde in 0.1M phosphate buffer solution (PBS; pH 7.6). The cervical spinal
cord was removed and post-fixed in 4% paraformaldehyde in 0.1 M PBS overnight. The
tissue was then transferred to 24% sucrose in 0.1M PBS for 24—72 hours before cryo-
sectioning. Using a Leica 2800E Frigocut Microtome Cryostat (Leica Microsystems,
Wetzlar, Germany), 50 or 100 pm thick longitudinal or transverse sections were obtained.
The sections were stored in 0.05M Tris-buffered saline (TBS: Tris; 0.15M NaCl; pH 7.5)
until ready for use.

Immunohistochemistry

The immunohistochemical procedures used were based on previously reported techniques
(Kinkead et al., 1998; Prakash et al., 2000; Zhan et al., 2000). Briefly, spinal cord sections
were blocked for one hour in 5-10% normal donkey serum in TBS containing 0.3% Triton
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X-100 (TBS-Tx), followed by incubation overnight (16—24 hours) with the appropriate
primary antibodies (see Table 1 and Primary Antibody Characterization section below) in
5% normal donkey serum TBS-Tx. After being washed three times in TBS (10-15 minutes
each), sections were incubated with FITC-, Cy3- and Cy5-labeled donkey secondary
antibodies (1gG; Jackson ImmunoResearch Laboratories, Inc. West Grove, PA) for two to
four hours. FITC-conjugated anti-goat antibody was used for detection of anti-cholera toxin
B in all cases, except for those where PhrMn were labeled directly with Alexa 488-
conjugated cholera toxin B. A Cy3-conjugated anti-rabbit antibody was used for detection of
NRG1. A Cy5-conjugated anti-mouse antibody was used for detection of anti-
synaptophysin, VGLUT1 and VGLUT2. VAChT was detected using a Cy5-conjugated anti-
goat antibody in sections where PhrMn were directly labeled with Alexa 488 conjugate.
Tissue sections were then washed three times in TBS before being mounted, air dried and
dehydrated in graded alcohol concentrations of 70%, 95%, and 100% (each for 5-15
minutes). Excess alcohol was removed by placing the slide in xylene for 5-15 minutes.
Sections were mounted using a DPX histochemical mounting solution (Fluka Chemical
Corp Milwaukee, WI) and cover-slipped. For all primary/secondary antibody pairs,
additional studies not including the primary antibody (blank) or alternately using Cy3- or
Cy5-conjugated secondary antibodies were conducted to confirm the specificity of
immunostaining. Blank sections were processed in parallel for all immunohistochemical
reactions and animals.

Primary Antibody Characterization

A complete list of primary antibodies used and the immunogens is provided in Table 1. The
anti-cholera toxin B antibody used to identify retrogradely labeled PhrMn was raised against
a highly purified form of this toxin derived from Vibrio cholera (Mekalanos et al.,
1978;Rappaport et al., 1974). The specificity of retrograde-labeling was confirmed by the
absence of staining in tissues of rats injected with vehicle (no toxin), as previously reported
(Mantilla et al., 2009). The staining pattern in the spinal cord of toxin injected rats revealed
immunoreactivity that was identical with previous descriptions (Kinkead et al.,
1998;Mantilla et al., 2009;Prakash et al., 2000;Prakash et al., 1993;1994).

The NRGL1 antibody (anti-neureguilin-1a/B1/2) was chosen to identify all NRG1 isoforms.
We confirmed that this antibody specifically recognizes a single protein band at ~50 kD in
immunophoretically-separated rat spinal cord tissue (Fig. 1), in agreement with the
manufacturer's technical information. All immunostaining in rat spinal cord was abolished
when 0.5 ml of the diluted primary antibody was preincubated with 8 pg of the immunizing
peptide (Fig. 1).

For identification of synaptic sites on PhrMn, we selected an anti-synaptophysin antibody
that specifically recognizes a region between amino acids 269 and 289 (Knaus and Betz,
1990) in the cytoplasmic domain of this integral membrane glycoprotein (~40 kD)
(Wiedenmann and Franke, 1985). The antiserum stains a single band of 38 kD molecular
weight on Western blot (manufacturer's technical information). The punctate
immunoreactivity pattern observed was identical to previous reports in rat spinal tissue
(Hellstrom et al., 1999; Herzog et al., 2004).

For identification of cholinergic synapses around PhrMn, we used an antibody to vesicular
acetylcholine transporter (VAChT). The antiserum stains a single band of 55 kD molecular
weight on Western blot (manufacturer's technical information). The staining pattern
identified by this antibody is identical to previous reports of cholinergic boutons distributed
proximally around motoneurons in the rat spinal cord (Hellstrom et al., 1999; Wilson et al.,
2004)
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Antibodies to VGLUT1 and VGLUT2 were used to identify glutamatergic synapses around
PhrMn. These antisera stain a single band (VGLUT1: 60 kD; VGLUT2: 56 kD molecular
weight) on Western blot (manufacturers' technical information). Staining of rat spinal tissue
produced a pattern of VGLUT1 and VGLUT2 immunoreactivity around motoneurons
identical to previous descriptions (Alvarez et al., 2004; Herzog et al., 2004)

Confocal Imaging

Spinal cord sections were imaged using an Olympus Fluoview 300 laser scanning confocal
microscope (Olympus America Inc., Melville, NY, USA) mounted on an upright Olympus
BX50WI microscope equipped with argon (488 nm), green HeNe (543 nm) and red HeNe
(633 nm) lasers. Three-dimensional imaging techniques have been previously reported
(Prakash et al., 2000; Prakash et al., 1993; 1994; Sieck et al., 1999; Zhan et al., 2000). All
images were acquired at 12-bit resolution in an array of 1024x768 pixels. For analyses of
NRGL1 distribution, labeled samples were imaged using 40x oil immersion lens (NA 1.35)
with a step size of 1 um. Hence, each voxel corresponded to 0.5 x 0.5 x 1 um. For analyses
of NRGL1 co-localization with specific synaptic markers, labeled samples were imaged using
a 60x oil immersion lens (NA 1.4) with a step size of 0.75 um (voxel dimensions: 0.33 x
0.33 x 0.75 um). Simultaneous two- or three-color imaging was performed using a dichroic
mirror beam splitter that allows transmission of 555-615 nm (reflects 480-555 and 615-800
nm) and appropriate band pass emission filters (495-535 nm, 575-630 nm and 645 nm long
pass for FITC/Alexa 488, Cy3 and Cy5, respectively). In all cases, laser illumination was
done sequentially for the imaging of each optical slice. Confocal aperture was set optimally
for each lens and the empirically-calculated point spread function was used to set the step
size, as previously reported (Prakash et al., 1993; 1994; Sieck et al., 1999). Laser intensity
and photomultiplier settings were adjusted to maintain black level on the blank sections (no
primary antibody) to less than 10% of the dynamic range and to prevent saturation. All
PhrMn were visualized in the rostrocaudal direction using Fluoview software version 5.0
(Olympus). Only PhrMn with visible nuclei that were not cut during spinal cord sectioning
were sampled for synaptic distribution or co-localization analyses. Registration was verified
empirically using multi-wavelength micro-bead calibration techniques similar to previous
reports (Prakash et al., 2000; Prakash et al., 1993; 1994; Sieck et al., 1999; Zhan et al.,
2000).

Synaptic Distribution Analyses

Confocal image stacks were analyzed using Metamorph Imaging Software version 7.6
(Universal Imaging Corporation, Downingtown, PA, USA). After identifying an individual
PhrMn, only NRG1-immunoreactive puncta present within 2.5 um of the PhrMn were
counted. After thresholding, all NRG1 puncta located in proximity to the PhrMn soma were
counted separately from those located on PhrMn dendrites. If the puncta appeared to belong
to more than one motoneuron dendrite, they were counted for both. The volume of NRG1
puncta was calculated in 3D using a comprehensive image analysis software, Analyze 9.0
(Biomedical Imaging Resource, Mayo Foundation). Semi-major and semi-minor axis
diameters (in longitudinal sections) were recorded for the soma of each neuron and used to
calculate somal surface area and volume assuming a prolate spheroid (Prakash et al., 1993;
1994). Primary dendrite width (measured ~15 um from the soma) and dendrite length were
recorded and used to calculate primary dendritic surface area assuming a cylinder (Prakash
et al., 2000; Zhan et al., 2000). In order to compare across neurons of different sizes, the
density of NRG1-immunoreactive puncta was obtained by normalizing counts to the surface
area of each motoneuron compartment. A total of 9 animals were used for analysis of NRG1
distribution. Most studies (n=6 animals) were conducted in 50 um spinal cord sections to
optimize imaging of PhrMn somata and primary dendrites. Additional studies (n=3 animals)
were conducted in thick (100 um) longitudinal sections to obtain more detailed analyses of
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dendritic arborization. Localization of NRG1 was classified into one of three motoneuron
compartments: soma, primary dendrites, or secondary/higher order dendrites.

Co-localization Analyses

Confocal image stacks were manually thresholded (in 12-bit) using MetaMorph software. A
count function was performed in 3D by creating a dilation shell of 2.5 um around individual
PhrMn and including all NRG1 present within the shell. The intersection between each
NRG1 puncta and a synaptic bouton identified by synaptophysin, VAChT, VGLUT1 or
VGLUT2 was measured. Individual synapses were considered as displaying co-localization
if NRG1 and the synaptic marker were present within the same anatomical structure and had
at least 50% intersection. Animals were used in as many analyses as possible provided that a
sufficient sample of spinal cord sections containing retrogradely labeled PhrMn could be
evaluated per animal (~15 motoneurons). A total of 11 animals were used in co-localization
studies (6 of these were also used in the NRG1 distribution analyses above): 4 for
synaptophysin, 5 for VAChT, 3 for VGLUTL, and 4 for VGLUT2.

Statistical Analysis

All statistical analyses were conducted using JMP 8.0 (SAS Institute Inc, Cary, NC). Data
are reported as mean =+ standard deviation (SD), unless otherwise specified. All data
represent the grand sample means per animal for all of their motoneurons. For instance,
proportions of synapses displaying co-localization were calculated per motoneuron and all
motoneuron proportions were averaged per animal. One-way ANOVA was used to
determine differences between NRG1 distribution around the soma, primary and more distal
dendrites. Pearson’s correlation coefficient was used in comparisons of motoneuron size and
NRG1 synaptic density at the different motoneuron compartments. In all cases, a p < 0.05
was considered significant.

Photomicrograph Production

Using Fluoview software, all confocal images were stored as 12-bit multi-TIFF files. For the
purposes of image production, each multicolor confocal stack was separated into individual
colors (channels) in Metamorph and, if indicated in the Figure legend, a maximum
projection was produced for each individual channel in Metamorph. Individual images were
exported into Adobe Photoshop (version 7.0) as TIFF and then down-converted into 8-bit
for presentation only. Each channel was pseudocolored in Adobe Photoshop by changing the
color gamut (RGB). Only brightness and contrast levels were adjusted linearly if needed to
facilitate presentation of multiple colors.

RESULTS

Labeling of PhrMn by Intramuscular Injection

As expected based on previous extensive experience with the retrograde labeling technique
(Kinkead et al., 1998; Mantilla et al., 2009; Prakash et al., 2000), PhrMn labeling by cholera
toxin B was robust, allowing individual PhrMn to be easily identified. PhrMn were clustered
in a rostrocaudal column in the gray matter of the cervical spinal cord, and the soma and
primary dendrites were clearly visible. In order to obtain detailed information on higher
order dendrites, 100 um longitudinal sections were used. Using these sections, second and
third order branches were discernible with occasional visualization of more distal dendrites.
The size and distribution of PhrMn were consistent with previous reports (Lindsay et al.,
1991; Prakash et al., 2000; Prakash et al., 1993; 1994). In 301 retrogradely labeled PhrMn
(n=6 animals), average soma surface area was 1,996 + 530 um? and average soma volume
was 8,311 # 3,427 um3. The average diameter for primary dendrites was 4.3 + 0.7 pm.
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NRG1 Presence at Spinal Cord Motoneuron Synapses

NRG1 immunoreactivity had a punctate appearance, and was visible only in the ventral horn
of the cervical spinal cord (Fig. 2 A). NRG1 puncta were found surrounding the soma and
primary dendrites of large neurons in Rexed's laminae VIl and IX (Fig. 2 B). NRG1-
immunoreactive puncta were found surrounding the rostrocaudal column of retrogradely
labeled PhrMn, but were not restricted to PhrMn (Fig. 3). NRG1 puncta were generally
oblong, with an average volume (390 puncta, n=3 animals) of 9.7 + 5.3 um3 and an average
maximal diameter of 2.6 £ 0.8 um. These dimensions are consistent with the size of synaptic
terminals previously identified using electron microscopy techniques (Ellenberger et al.,
1990;Tai and Goshgarian, 1996).

In order to evaluate whether NRG1 puncta were synaptic sites, we examined the co-
localization of NRG1 with synaptophysin in the vicinity of identified motoneurons (Fig. 4).
Consistent with previous reports (Hellstrom et al., 1999;Herzog et al., 2004), synaptophysin-
immunoreactive synaptic boutons were widely distributed throughout the gray matter of the
spinal cord. All NRG1-containing puncta surrounding PhrMn (within 2.5 um of soma or
dendrites) co-localized with synaptophysin-immunoreactive boutons (99 motoneurons, n=4
animals). Although NRG1 and synaptophysin immunoreactivity showed only partial spatial
(3-D) overlap, they were clearly present in the same anatomical structure in all cases.
Consistent with the more disperse appearance of NRG1-immunoreactive synapses at PhrMn,
most synaptophysin-labeled boutons did not co-localize with NRG1. Overall, 28 + 3% of
synapses on the soma or primary dendrites of PhrMn co-expressed NRG1.

NRG1 Synapses at PhrMn Soma and Primary Dendrites

The distribution of NRG1 synapses was examined using 50 um longitudinal sections
containing retrogradely-labeled PhrMn (301 motoneurons, n=6 animals). Overall, 25 + 9
NRG1-containing synapses were present at PhrMn somata, with an average density of 0.012
+0.001 synapses/um2. The number of NRG1-immunoreactive synapses correlated with
soma surface area (Fig. 5 A), such that larger PhrMn have more NRG1-containing synapses
on their somata than smaller motoneurons (p < 0.05).

NRG1 was also found around PhrMn dendrites. NRG1 synapse counts were limited to
motoneurons with dendrites that could be uniquely identified within a motoneuron cluster.
On average, there were 7 = 1 NRG1-containing synapses at PhrMn primary dendrites, with a
density of 0.022 + 0.001 synapses/um? (304 primary dendrites at 121 motoneurons; n =6
animals). Similar to the results at the soma, the number of NRG1-immunoreactive synapses
also correlated with dendritic surface area (Fig. 5 B). The density of NRG1 synapses at
primary dendrites was significantly higher than at the soma of PhrMn (p<0.001).

In 50 um sections, the close apposition of PhrMn within a cluster would frequently preclude
detailed analyses of NRG1 distribution along the dendritic tree. We were able to obtain more
detailed analysis of NRG1 synapses surrounding secondary and other higher order dendritic
branches by analyzing confocal images of individual PhrMn obtained from 100 um
longitudinal sections (Fig. 6). There were relatively few NRG1 synapses at secondary and
higher order dendrites (Fig. 6 A). Thus, three compartments were analyzed for NRG1
distribution within 2.5 um of 26 reconstructed motoneurons (h=3 animals): soma, primary
dendrites, and distal dendrites. Approximately half of NRG1-immunoreactive synapses were
found around the primary dendrites of a PhrMn, and over 90% were found at the soma and
primary dendrites (Fig. 6 B). These results are consistent with the distribution of NRG1
synapses around proximal areas of motoneurons in Rexed's laminae V11 and 1X (Fig. 2).
There was a statistically significant difference in the proportion of NRG1-immunoreactive
synapses along the different regions of the motoneuron (p<0.001), with a significantly lower
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proportion of NRG1 synapses at distal dendrites compared to the soma or primary dendrites
of PhrMn (p<0.05).

NRG1 Co-localization with Cholinergic Synapses

The appearance of NRG1 synapses was similar to previous descriptions of cholinergic
synapses on motoneurons (Hellstrom et al., 2003; Herzog et al., 2004). The vesicular
acetylcholine transporter VAChT was used to determine co-localization of NRG1 with
cholinergic synapses (Fig. 7). VAChT is mainly located on the membrane of cholinergic
synaptic vesicles where it functions to accumulate acetylcholine (Erickson et al., 1994).
Consistent with previous reports of VAChT distribution in the spinal cord ventral horn
(Hellstrom et al., 2003; Herzog et al., 2004), VAChT-containing synapses were disperse
around motoneurons and found predominantly around motoneuron somata and primary
dendrites (Fig. 7 A). NRG1- and VAChT-immunoreactive boutons clearly belonged to the
same anatomical structure (Fig. 7 B), with NRGL1 partially intersecting and encasing
VAChT. Overall, 75 + 14 % of NRGL1 synapses within 2.5 um of a PhrMn, were present at
VAChT-immunoreactive synaptic sites (71 motoneurons, n=5 animals). In addition, nearly
all (99 + 1%) VAChT synaptic boutons at PhrMn co-expressed NRGL1.

NRG1 Co-localization with Glutamatergic Synapses

In the present study, we used the vesicular glutamate transporters VGLUT1 and VGLUT2 to
identify glutamatergic synapses at motoneurons. The appearance and distribution of
glutamatergic boutons around PhrMn was similar to that reported in previous studies in the
spinal cord ventral horn (Herzog et al., 2004; Oliveira et al., 2003), and in agreement with
these previous reports, VGLUT2 appeared more abundant than VGLUTZ. In addition, both
VGLUT1- and VGLUT2-immunoreactive boutons appeared to be smaller yet more
abundant than VAChT- or NRG1-containing synapses. In 64 motoneurons (n=3 animals),
we found no evidence of NRG1 co-localization with VGLUT1 (Fig. 8 A). VGLUT2-
immunoreactive boutons showed partial intersection with NRG1 such that 26 + 6% of
NRG1-containing synapses were present at glutamatergic sites labeled by VGLUT-2 (69
motoneurons, n=4 animals; Fig. 8 B). Overall, only ~6 % of glutamatergic synapses within
2.5 um of PhrMn soma and dendrites co-localized with NRG1.

DISCUSSION

The distribution of NRG1 synapses around motoneurons and the association of NRG1 with
specific neurotransmitter systems provide important information necessary to elucidate the
possible role of NRG1 in the adult neuromuscular system. To the best of our knowledge, this
is the first study to show that NRG1 is found in synapses present around motoneurons in the
ventral horn of the spinal cord and specifically at PhrMn. The majority of NRG1 was
distributed at the soma and primary dendrites of PhrMn with very few NRG1-
immunoreactive synapses in the more distal dendritic areas. We also found that NRG1 is
associated predominantly with cholinergic synaptic terminals, and a subset of glutamatergic
terminals. In previous studies, NRG1 was found to play an important role in the
development and regulation of cholinergic neurotransmission at the neuromuscular junction
(Jo etal., 1995; Loeb et al., 2002; Sandrock et al., 1997; Zhu et al., 1995) and in the
hippocampus (Chang and Fischbach, 2006; Zhong et al., 2008). In addition, NRG1 was
reported to be important for glutamatergic neurotransmission in the cerebellum (Ozaki et al.,
1997; Ozaki et al., 2000) and hippocampus (Li et al., 2007). Although these studies
highlighted the importance of NRGL1 in the development of cholinergic and glutamatergic
synapses, NRG1 expression in the adult neuromuscular system had not been previously
characterized.
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Using immunohistochemical methods and 3D confocal microscopy, we found that NRG1 is
present at synapses on large neurons in the spinal cord ventral horn. Although only 60-70%
of the PhrMn present in the rat are labeled by intramuscular cholera toxin injection (Mantilla
et al., 2009), we expect that both unlabeled PhrMn and other motoneurons also have NRG1
surrounding them. In fact, NRG1 was present exclusively in Rexed's laminae VIl and IX
(Fig. 2 A), predominantly around the soma and primary dendrites of motoneurons.

Synaptic Localization of NRG1

NRG1 has widespread distribution in the adult brain with mRNA expression in many
different areas including the hippocampus, dorsolateral prefrontal cortex and cerebellum
(Law et al., 2004). Previous studies examining synaptic effects of NRG1 have not
consistently determined NRG1 localization at specific CNS synapses. In the cerebellum,
NRG1 was shown to be concentrated at synapses between mossy fibers and cerebellar
granule cells (Ozaki et al., 2000). Although NRG1 plays an important role in regulating
glutamatergic and cholinergic transmission in the hippocampus (Chang and Fischbach,
2006; Li et al., 2007), it is not clear where NRGL1 is located at these synapses.
Immunohistochemical staining in the hippocampus and prefrontal cortex suggests primarily
labeling of neurons (e.g., interneurons, pyramidal and granule cells) and axonal fibers
(Bernstein et al., 2006), but not specifically synaptic sites. Since synapses have been shown
using scanning electron microscopy to be 0.5-2.2 um in length and 0.5-1.5 um in width
(Ellenberger et al., 1990; Tai and Goshgarian, 1996), we specifically examined NRG1
distribution within 2.5 um of identified, retrogradely labeled PhrMn. We found that, in
agreement with our hypothesis, NRG1 expression is present at synapses labeled with
synaptophysin. Indeed, all NRG1 was found to co-localize with synaptophysin-labeled
boutons (Fig. 4). Furthermore, NRG1 synapses comprised ~28% of the total synaptic sites
on PhrMn soma or primary dendrites.

Diffraction limits of optical fluorescence microscopy preclude unequivocal ascertainment of
the pre- vs. post-synaptic localization of NRG1 on motoneurons (XY resolution ~ 0.3 um).
At the neuromuscular junction it is thought that motoneuron-derived NRG1 acts on skeletal
muscle fibers to increase expression and clustering of cholinergic receptors (Jo et al., 1995;
Loeb et al., 2002; Sandrock et al., 1997; Zhu et al., 1995). However, the pre- vs. post-
synaptic localization of NRG1 at the neuromuscular junction is not clear (Goodearl et al.,
1995; Jaworski and Burden, 2006). It is not clear if NRGL1 is presynaptic at hippocampus or
cerebellar synapses, but a postsynaptic effect is usually reported (Chang and Fischbach,
2006; Ozaki et al., 2000). In addition, based on the co-localization of NRG1 with
presynaptic elements such as the neurotransmitter transporters VAChT and VGLUT?2, it is
possible that NRG1 is presynaptic at PhrMn. Nonetheless, future studies using higher
resolution techniques such as immuno-electron microscopy are needed to specifically
determine the localization of NRG1 within synapses on adult motoneurons, including
PhrMn.

Distribution of NRG1 Synapses

Based on the disperse appearance of NRG1 within Rexed's laminae VIII and IX (Fig. 2),
NRG1-expressing synaptic sites seem to surround the soma and proximal dendrites of
motoneurons. In PhrMn, we directly examined the distribution of NRG1 synapses along the
different motoneuron compartments using thick longitudinal spinal cord sections (Fig. 6). To
date, detailed analyses of the distribution of NRG1 or other trophic factors on motoneurons
have not been reported. Although synaptic NRG1 was reported in the cerebellum (Ozaki et
al., 2000), these investigators did not determine the relationship between synapses
expressing NRG1 and their localization along the dendritic tree. In the present study, we
found that NRG1 is located predominantly at synapses on the soma and primary dendrites of
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PhrMn (>90% of NRG1 synapses), with a significantly higher density of NRG1 synapses at
primary dendrites than at the soma. The proximal distribution of NRG1 synapses suggests
an important role in regulating motoneuron excitability, since motoneuron modeling studies
report that synaptic inputs at primary dendrites and soma exert a disproportionately larger
influence on motoneuron output (Cushing et al., 2005;Vieira and Kohn, 2007). Consistent
with a general role of NRG1 in regulating motoneuron excitability, the number of NRG1-
immunoreactive sites at the soma and primary dendrites of PhrMn changed proportionately
with motoneuron size (i.e., surface area; Fig. 5). Future studies must address whether NRG1
modulates the expression or function of specific neurotransmitter receptors that would
regulate motoneuron excitability, especially since NRGL1 is known to regulate both
cholinergic and glutamatergic transmission in other CNS regions (Chang and Fischbach,
2006;Li et al., 2007;0zaki et al., 1997).

To date, there is insufficient information regarding the specific distribution of
neurotransmitter or trophic factor inputs onto motoneurons (Mantilla and Sieck, 2008). In
particular, methods providing detailed anatomical information on dendritic arborization of
motoneurons (in 3D) have not been combined with immunohistochemical localization of
specific neurotransmitters or trophic factor inputs. In one series of studies, Shigenaga and
colleagues completed detailed EM analyses of excitatory and inhibitory synaptic bouton
distribution along the dendritic tree of a very small sample of motoneurons involved in the
control of jaw movements (n=4 masseter motoneurons and n=2 jaw opening motoneurons).
Only a subset of primary, intermediate or distal dendrites were examined for synaptic
localization since their methods did not allow comprehensive analyses nor 3D
reconstructions of dendritic trees. Glutamatergic inputs were found to be more abundant
around distal and intermediate dendrites rather than the primary dendrites or soma (Bae et
al., 1999; Shigenaga et al., 2005). In other investigations, cholinergic inputs on motoneurons
were described as being restricted to proximal neuronal compartments, but detailed analyses
of synaptic distribution were not conducted (Hellstrom et al., 1999; Miles et al., 2007;
Zagoraiou et al., 2009).

A method such as that developed in the present study for analysis of NRG1 distribution on
motoneurons may be potentially useful in obtaining quantitative information regarding the
distribution of other synaptic inputs (e.g., specific neurotransmitter systems). However,
limitations of the retrograde labeling technique may impair the ability to properly visualize
distal dendrites and hence analyze synaptic distribution around them. The use of more robust
labeling techniques (i.e., based on intracellular injection) could overcome such limitations.

NRG1 Co-Expression with Neurotransmitter Inputs on Motoneurons

Multiple studies have reported widespread distribution of both glutamatergic and cholinergic
synaptic inputs on motoneurons (Bae et al., 1999; Herzog et al., 2004; Landry et al., 2004;
Shigenaga et al., 2005), including PhrMn (McCrimmon et al., 1989; Murphy et al., 1996;
Tai and Goshgarian, 1996; Zhan et al., 1989). Synaptic inputs to PhrMn also consist of
serotonin, GABA, glycine, substance P, and various opioid peptides (Zhan et al., 1989). In
the present study, we found a strong association between cholinergic synaptic inputs and
NRG1 expression at PhrMn. Approximately 75% of NRG1 synapses co-expressed VAChT,
and essentially all cholinergic synapses at PhrMn co-expressed NRG1. We also found that
~25% of NRG1 synapses co-expressed VGLUT2 (none co-expressed VGLUTL1), but overall
only ~6% of glutamatergic synapses at the PhrMn soma or primary dendrites co-expressed
NRGL1. Thus, all NRG1-immunoreactive synapses on PhrMn could be accounted for by
VAChKT and VGLUT?2 synaptic sites. Although we did not conduct the multi-labeling
experiments necessary to exclude any synaptic co-localization of VAChT and VGLUT?2,
these different neurotransmitter inputs have distinct morphology (Fig. 7; and Fig. 8).
Furthermore, previous studies suggest there is no co-localization between VAChHT,
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VGLUT1 or VGLUT?2 around putative spinal motoneurons (Herzog et al., 2004; Oliveira et
al., 2003). The association of NRG1 expression with specific neurotransmitter synapses
suggests an important role for NRG1 in the development or maintenance and regulation of
these synapses in the adult, subjects that future studies should address directly.

Several studies show that acetylcholine plays an important role in the integration of
excitatory drive to motoneurons (Miles et al., 2007; Zagoraiou et al., 2009). Cholinergic
projections to PhrMn from raphe nuclei appear to be predominantly nicotinic (Dehkordi et
al., 2004), and NRG1 is known to modulate nicotinic acetylcholine receptor (nAChR)
expression at neuromuscular junctions (Jo et al., 1995; Loeb et al., 2002; Sandrock et al.,
1997) and a7-nAChR-mediated currents in the hippocampus (Chang and Fischbach, 2006;
Zhong et al., 2008). Other cholinergic inputs to motoneurons, classically described as large
“C boutons”, contact the soma and proximal dendrites (Borges and Iversen, 1986; Hellstrom
etal., 1999; Herzog et al., 2004; Ichikawa et al., 1997) and resemble NRG1 puncta
described in the present study. These C boutons are known to be associated with
postsynaptic muscarinic M2 receptors (Hellstrom et al., 2003; Muennich and Fyffe, 2004)
and the voltage-gated potassium channel subunit K,,2.1, with delayed rectifier properties
(Wilson et al., 2004), and may thus modulate motoneuron excitability. C boutons are
thought to originate from an intraspinal source (Hellstrom et al., 2003), with a recent study
suggesting that a small cluster of spinal cholinergic interneurons, VO¢ neurons, are the sole
source of C bouton inputs to motoneurons (Zagoraiou et al., 2009). C bouton inputs to
motoneurons reportedly increase motoneuron excitability during rhythmic motor behaviors
(Miles et al., 2007; Zagoraiou et al., 2009). The similar morphology and close association of
NRG1 with cholinergic synaptic inputs on PhrMn suggests that NRG1 could play an
important role in the development of C bouton synapses. Specific information regarding the
co-localization of NRG1 with a7-nAChR and/or M2 AChR will be important to understand
the role of NRG1 at motoneurons.

In the present study, the transporters VGLUT1 and VGLUT2 were used to identify
glutamatergic inputs on PhrMn. We found that NRG1 is associated with a small, yet
centrally-located subset of glutamatergic terminals expressing VGLUT2 (~6% of
glutamatergic inputs on soma or primary dendrites of PhrMn; Fig. 8 B). Most glutamatergic
inputs on jaw motoneurons were found to be around distal and intermediate dendrites rather
than the primary dendrites or soma (Bae et al., 1999;Shigenaga et al., 2005), but these
investigators did not differentiate VGLUT1 vs. VGLUT2 terminals. Even though both
VGLUT1 and VGLUT?2 share 79% amino acid identity in rat (Bai et al., 2001), their
expression patterns differ in various areas of the nervous system (Alvarez et al.,
2004;Herzog et al., 2004;Herzog et al., 2006;Oliveira et al., 2003). In particular, VGLUT2 is
more abundant in laminae VIII and IX of the spinal cord (Alvarez et al., 2004;Oliveira et al.,
2003), suggesting a specific role of VGLUT2 at motoneurons. However, not much is known
about the potentially different roles of these two transporters in glutamatergic transmission.
Regardless, NRG1 was shown to control the expression of different glutamatergic NMDA
receptor subunits during the development of mossy fiber-granule cell synapses in the
cerebellum (Ozaki et al., 1997;0zaki et al., 2000). In the hippocampus, NRG1 signaling via
postsynaptic ErbB4 receptors was reported to be critical for enhanced glutamatergic
transmission (Li et al., 2007). Of note, glutamatergic NMDA receptors are necessary for the
long-term facilitation of phrenic motor output induced by intermittent hypoxia (McGuire et
al., 2008;McGuire et al., 2005), suggesting that NRG1 may play an important role in the
integration of excitatory drive to motoneurons.

In summary, we found that NRG1 is present at cholinergic and glutamatergic synapses on
PhrMn in the ventral horn of the spinal cord. Furthermore, NRG1 is distributed
predominantly at the soma and primary dendrites rather than higher order dendrites. The
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characterization of NRG1 distribution and its association with specific neurotransmitter
pathways is a crucial step in determining the role of NRG1 signaling in adult neuromuscular
systems.
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Figure 1.

Neuregulin-1 (NRG1) immunodetection

A. The NRG1 antibody (anti-neureguilin-10/B1/2) recognizes a single protein band at ~50
kD in immunophoretically-separated rat spinal cord tissue (columns 1 and 2) and phrenic
nerve (column 3), but not diaphragm muscle or undifferentiated NSC-34 cells (a neuronal
hybrid cell line).

B. Single confocal slices of rat spinal cord tissue show immunohistochemical control for
NRG1 immunostaining in rat spinal cord. NRG1 immunoreactivity was abolished when the
diluted primary antibody was preincubated with immunizing peptide. Bar: 50 um.
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Figure 2.

Neuregulin-1 expression in the cervical spinal cord.

A. Montage of maximum intensity projections from multiple confocal image stacks obtained
from a transverse section of the spinal cord (C4-C5). The NRG1 immunoreactivity (black)
is punctate on the perimeter of large neurons in Rexed's laminae VI1I and IX of the ventral
horn of the spinal cord. The background was set to permit visualization of the gray matter in
the spinal cord (orientation: dorsal is at the top of the image). This pattern of NRG1
immunoreactivity is suggestive of its presence on the surface of motoneurons. Bar: 100 pum.
B. Maximum intensity projection of three confocal slices containing the neuron marked by
asterisk in A. The gray level scheme was inverted to optimize visualization of NRG1 in this
figure. Note that NRG1 puncta are found predominantly at the soma and primary dendrites
of large neurons, likely motoneurons. Bar: 25 pm.
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Figure 3.

NRG1 expression in the phrenic motor nucleus.

Maximum intensity projection of three confocal slices showing a longitudinal section at
~C3-4 (orientation: rostral, top; medial, left). Phrenic motoneurons (PhrMn) were
retrogradely labeled by cholera toxin B (CTB; red) injected into the diaphragm muscle (see
Methods). NRG1 (green) was widely distributed on PhrMn and other large neurons in the
cervical ventral horn. Bar: 100 um.
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Figure 4.

NRG1-immunoreactivity at synaptic sites on PhrMn.

Maximum intensity projections of three consecutive confocal slices show presence of large
number of synaptic sites labeled by synaptophysin (red; A) within 2.5 pm of the soma of a
single retrogradely-labeled PhrMn (blue); relatively larger, yet more disperse, NRG1 puncta
(green; B); and localization of NRG1 at synaptophysin-immunoreactive synaptic sites (C).
Bar: 10 um.
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Figure 5.
Density of NRG1-containing synapses at phrenic motoneurons.

A. The number of NRG1 synapses at PhrMn soma correlates with soma surface area (r2 =
0.45, p<0.01). Spearman's p is 0.62 (p<0.0001).

B. The number of NRG1 synapses at the primary dendrites of PhrMn also correlates with
primary dendrite surface area (r2 = 0.38, p<0.01). Spearman's p is 0.66 (p<0.0001).
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Figure 6.
Distribution of NRG1-containing synapses along motoneuron compartments.

A. Maximum intensity projection of 73 slices obtained from a 100 pm longitudinal section
at C4 shows multiple NRG1-immunoreactive synapses (green) at a retrogradely labeled
PhrMn (red). The background level was set to allow visualization of distal dendritic
branches resulting in increased noise in the projection of this thick confocal stack. Also note
that some NRG1-immunoreactive synapses may falsely appear to be within the motoneuron.
The number of NRG1-expressing synaptic sites is greatest at the soma and primary
dendrites. Bar: 50 um

B. Camera lucida drawing of the motoneuron shown in A. The average (= SD) percentage of
NRG1-immunoreactive synapses at the soma, primary dendrites and distal dendrites (i.e.,
secondary and higher order) for 26 PhrMn (n=3 animals) is indicated.
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Figure 7.

Localization of NRG1 immunoreactivity at cholinergic synapses.

A. Maximum intensity projection of three consecutive confocal slices showing a
retrogradely labeled PhrMn (blue), synapses labeled by NRG1 (green), and the vesicular
acetylcholine transporter VAChT (red). Areas of co-localization that appear yellow
designate the intersection between the VACHhT- and NRG1-immunoreactivity. Bar: 20 pm.
B. Orthogonal projections of a single synapse (identified by an asterisk in A) showing co-
localization of NRG1 and VACHT in 3D. NRG1 and VAChT partially intersect and they are
clearly present at the same anatomical structure.
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Figure 8.
Localization of NRG1 immunoreactivity at glutamatergic synapses.

A. Maximum intensity projection of two consecutive confocal slices showing a retrogradely
labeled PhrMn (blue), synapses labeled by NRG1 (green), and the vesicular glutamate
transporter VGLUT1 (red). There are no areas of intersection between VGLUT1- and
NRG1-immunoreactivity. Bar: 20 pm.

B. Maximum intensity projection of two consecutive confocal slices showing a retrogradely
labeled PhrMn (blue), synapses labeled by NRG1 (green), and VGLUT2 (red). Areas of co-
localization that appear yellow designate the intersection between the VGLUT2- and NRG1-
immunoreactivity. Overall, ~25% of the NRG1 immunoreactive synapses at PhrMn are
associated with VGLUT?2 expression. Bar: 20 pm.
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Antigen Immunogen Manufacturer/Species Dilution used
Cholera Toxin B | Highly purified B-subunit isolated from Vibrio List Biologicals (Campbell, CA) 1:500
cholerae Inaba 569B Goat polyclonal, Lot# 7023A5
NRG-1 o/p1/2 Peptide at C-terminus of the human NRG-1 Santa Cruz Biotechnologies (Santa Cruz, CA) 1:400
isoform HRG-a (a.a. 620-640) Rabbit polyclonal, sc-348, Lot# G1808
Synaptophysin Vesicular fraction of bovine brain Chemicon/Millipore (Billerica, MA) 1:400
Mouse monoclonal MAB 5258, clone SY 38
Lot# LV1414366
VAChT Peptide at the N-terminus of human VAChHT (a.a. Santa Cruz Biotechnologies (Santa Cruz, CA) 1:100
1-33) Goat polyclonal, sc-7717, Lot# D0307
VGLUT1 Strep-Tag fusion protein of rat VGLUT 1 (a.a. Synaptic Systems (Germany) 1:400
456 - 560). Mouse monoclonal, clone 317D5, Lot# LV1417804
VGLUT2 Recombinant protein from rat VGLUT2 Millipore (Billerica, MA) 1:400

Mouse monoclonal MAB5504, Lot# LV11616024

NRG: neuregulin; VAChT: Vesicular Acetylcholine Transporter, VGLUT:

Vesicular Glutamate Transporter
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