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Abstract
Detailed information about the excitatory and inhibitory synapses on the hypoglossal motoneurons may help understand the 
neural mechanism for control of the hypoglossal motoneuron excitability and hence the precise and coordinated movements 
of the tongue during chewing, swallowing and licking. For this, we investigated the distribution of GABA-, glycine (Gly)- and 
glutamate (Glut)-immunopositive (+) axon terminals on the genioglossal (GG) motoneurons by retrograde tracing, electron 
microscopic immunohistochemistry, and quantitative analysis. Small GG motoneurons (< 400 μm2 in cross-sectional area) 
had fewer primary dendrites, significantly higher nuclear/cytoplasmic ratio, and smaller membrane area covered by synaptic 
boutons than large GG motoneurons (> 400 μm2). The fraction of inhibitory boutons (GABA + only, Gly + only, and mixed 
GABA +/Gly + boutons) of all boutons was significantly higher for small GG motoneurons than for large ones, whereas the 
fraction of Glut + boutons was significantly higher for large GG motoneurons than for small ones. Almost all boutons (> 95%) 
on both small and large GG motoneurons were GABA + , Gly + or Glut + . The frequency of mixed GABA +/Gly + boutons 
was the highest among inhibitory boutons types for both small and large GG motoneurons. These findings may elucidate the 
anatomical substrate for precise regulation of the motoneuron firing required for the fine movements of the tongue, and also 
suggest that the excitability of small and large GG motoneurons may be regulated differently.

Keywords Hypoglossal motoneuron · Excitatory · Inhibitory · Presynaptic axon terminal · Immunohistochemistry · 
Electron microscopy

Introduction

Motoneurons in the hypoglossal (HG) nucleus control the 
muscle activity of the tongue during respiration, chew-
ing, swallowing and licking (Sawczuk and Mosier 2001; 
Gestreau et al. 2005). The integration of excitatory and 
inhibitory synaptic inputs to HG motoneurons plays a cru-
cial role for the control of the coordinated movements of the 
tongue (Liu et al. 2003; Horner 2009). Thus, glutamatergic 

synapses to HG motoneurons drive the rhythmical activity of 
HG motoneurons that underlie oral motor functions (Shari-
fullina et al. 2005; Steenland et al. 2008), and increased 
inhibitory synaptic input to HG motoneurons during sleep 
induces alteration of their firing that can lead to obstructive 
sleep apnea (Scrima et al. 1982; Krol et al. 1984; Yamuy 
et al. 1999; Horner 2009). Blocking of postsynaptic  GABAA 
receptors on these motoneurons during hypercapnia also 
increases genioglossus muscle activity, leading to protru-
sion of the tongue (Morrison et al. 2003).

The HG motoneuron receives inhibitory synaptic input 
from 3 types of inhibitory synapses, pure GABAergic, pure 
glycinergic, and mixed GABA/glycinergic (Singer and 
Berger 2000; O’Brien and Berger 2001; Muller et al. 2006). 
Since the relevant postsynaptic receptors,  GABAAR and 
GlyR, differ in their channel kinetics, the relative propor-
tion of each type of inhibitory synapse on a motoneuron 
can influence its motor output and, consequently, the activ-
ity of the muscle innervated by it. Muller et al. (2004) have 
shown that the postsynaptic  GABAAR and GlyR co-cluster 
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at the majority of inhibitory synapses in the HG nucleus, 
suggesting that these are of the mixed type, but beyond that, 
detailed information on the distribution of excitatory and 
inhibitory synapses on the HG motoneurons, particularly on 
the genioglossal (GG) motoneurons that play a crucial role 
in maintaining airway patency during inspiration (Remmers 
et al. 1978), has been lacking.

To address this issue, we investigated the distribution of 
GABA-, Gly- and glutamate (Glut)-immunopositive axon 
terminals on the GG motoneurons by retrograde tracing, 
electron microscopic (EM) immunohistochemistry, and 
quantitative analysis. Since small and large motoneurons 
differ in the pattern of the synaptic input they receive (Des-
tombes et al. 1992; Simon et al. 1996; Bae et al. 2002), we 
further compared the distribution of excitatory and inhibi-
tory synapses on small vs. large GG motoneurons.

Materials and methods

All experimental procedures were reviewed and approved 
by the Kyungpook National University Intramural Animal 
Care and Use Committee.

Retrograde labeling of GG motoneurons

Experiments were performed on six male Sprague–Dawley 
rats weighing 290–310 g. The animals were anesthetized 
with sodium pentobarbital (40 mg/kg, i.p.), an incision was 
made on the skin of the neck below the jaw, and the digas-
tric, mylohyoid and geniohyoid muscles were spread apart to 
reach the genioglossus muscle. One to three μl horseradish 
peroxidase (HRP, type IV, Toyobo, Tokyo, Japan; 30% in 
saline) was injected into multiple sites of the right geni-
oglossus muscle with a 30-gauge needle glued to a Hamil-
ton syringe, the surgical wound was repaired, and the rats 
were allowed to recover. After 16–24 h, the rats were deeply 
anesthetized with sodium pentobarbital (80 mg/kg, i.p.) and 
perfused through the heart with 100 ml of heparinized nor-
mal saline, followed by 500 ml of freshly prepared fixative, 
containing 2.5% glutaraldehyde, 1% paraformaldehyde, and 
0.1% picric acid in phosphate buffer (PB; 0.1 M, pH 7.4).

Tissue preparation

The brain stem was removed, postfixed in the fixative 
used for perfusion for 2 h at 4 °C, and stored in PB. The 
60 µm-thick serial transverse sections of the relevant region 
of brainstem were cut with a Vibratome. Retrogradely trans-
ported HRP was visualized according to the tungstate/tetra-
methylbenzidine protocol of Weinberg and van Eyck (1991) 
and stabilized with diaminobenzidine in PB (0.25 mg/ml, pH 
6.0). Wet sections were examined under a light microscope 

and those containing HRP-labeled neurons in the ventral 
subdivision of the HG nucleus were further postfixed with 
0.5% osmium tetroxide in PB (pH 6.0) for 40 min, dehy-
drated in graded alcohols, flat embedded in Durcupan ACM 
(Fluka, Switzerland) between strips of Aclar plastic film 
(EMS, Hatfield, PA, USA), and cured for 48 h at 60 °C. 
Chips containing multiple HRP-labeled GG motoneurons 
with prominent nucleoli were cut out of the wafers and glued 
onto blank blocks with cyanoacrylate. Serial thin sections 
were collected on formvar-coated single slot nickel grids.

Postembedding immunogold staining

Postembedding immunogold staining for GABA, Gly and 
Glut was performed following the method previously pub-
lished from our laboratory (Paik et al. 2012a, b). Briefly, 
the grids were treated for 10 min in 1% periodic acid, to 
etch the resin, and for 15 min in 9% sodium periodate, to 
remove the osmium tetroxide. Sections were then washed in 
distilled water, transferred to tris-buffered saline containing 
0.1% triton X-100 (TBST; pH 7.4) for 10 min, and incubated 
in 2% human serum albumin (HSA) in TBST for 10 min, to 
block non-specific binding of the primary antibodies. The 
grids were further incubated with rabbit polyclonal antisera 
against GABA (GABA 990, 1:800), Gly (glycine 290, 1:280) 
or Glut (Glu 607; 1:1,000) in TBST, containing 2% HSA 
for 3 h at room temperature. To eliminate cross-reactivity, 
the diluted antisera were preadsorbed overnight with glu-
taraldehyde (G)-conjugated amino acids (500 μM Glut-G 
for GABA, 300 μM β-alanine-G and 200 μM GABA-G for 
Gly, 300 μM glutamine-G, 100 μM aspartate-G, and 200 μM 
β-alanine-G for Glut; Ottersen et al. 1986). After extensive 
rinsing in TBST, grids were incubated in goat anti-rabbit 
IgG antibody coupled to 15 nm gold particles (1:25 in TBST 
containing 0.05% polyethylene glycol; BioCell, Cardiff, UK) 
for 3 h at room temperature. After a rinse in distilled water, 
the grids were counterstained with uranyl acetate and lead 
citrate, and examined on a Hitachi H-7500 electron micro-
scope (Hitachi, Tokyo, Japan) at 80 kV accelerating voltage. 
Electron micrographs were taken using a DigitalMicrograph 
software driving a SC1000 camera (Gatan; Pleasanton, CA, 
USA) attached to the microscope. The images were saved as 
TIFF files, and brightness and contrast were adjusted with 
Photoshop 7.0 (Adobe Systems, San Jose, CA, USA).

Quantitative analysis

To measure the size of HRP-labeled GG motoneurons, 
light micrographs (× 400) were obtained from flat embed-
ded sections on a Zeiss Axioplan 2 microscope with an Exi 
digital camera (Q-imaging Inc., Surrey, CA), and saved as 
TIFF files. The cross-sectional areas of somata and nuclei 
of HRP-labeled GG motoneurons with visible nucleoli were 
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measured using a digitizing tablet and Image J software 
(v.1.45; NIH, Bethesda, MD, USA). Nuclear-cytoplasmic 
ratio (N/C ratio) was determined by dividing the area of the 
nucleus by the area of the soma.

The quantitative analysis of GABA + , Gly + and 
Glut + boutons was performed on eleven small (< 400 μm2 
in cross-sectional area) and thirteen large (> 400 μm2, this 
value was chosen because of the apparent significant dif-
ference in the number of primary dendrites and N/C ratio 
between GG motoneurons with cross-sectional area below 
and above that value) HRP-labeled GG motoneurons in sec-
tions with visible nucleoli from 6 rats. Electron micrographs 
(× 25,000) were taken along the entire somatic membrane 
in a series of thin sections incubated with GABA, Gly or 
Glut. To assess the immunoreactivity for GABA and Gly, 
the gold particle density, measured as the number of gold 
particles per µm2, of each bouton was compared with that 
of its postsynaptic soma. Boutons were considered GABA- 
and/or Gly-immunopositive if the gold particle density for 
the respective antigen over the vesicle-containing areas of 
the bouton was at least five times the particle density in 
the corresponding postsynaptic region (this is the routinely 
used standard for distinguishing metabolic from transmitter 
GABA and glycine in axon terminals, Bae et al. 2002; Paik 
et al. 2012b). To assess the immunoreactivity for Glut, gold 
particle density of each bouton was compared to the average 
tissue density in 15–30 randomly selected areas adjacent to 
the somata of GG motoneurons and their apposing boutons 
(2 µm2 each, a total area of 30–60 µm2 per section). Bou-
tons containing gold particles at a density larger than the 
mean + 2.576 S.D. of the average tissue density (significant 
difference at a 99% confidence level) were considered Glut-
immunopositive. The immunogold labeling for GABA, gly-
cine, and glutamate over mitochondrial and nuclear profiles 
was excluded from the analysis.

Measurements of boutons were also performed on elec-
tron micrographs (× 25,000) taken along the entire somatic 
membrane in a single section of GG motoneurons with visi-
ble nucleoli, using a digitizing tablet and NIH image (v.1.45; 
NIH, Bethesda, MD, USA). A total of 156 boutons on 11 
small GG motoneurons and 506 boutons on 13 large GG 
motoneurons were analyzed. The following parameters were 
recorded for each GG motoneuron: (1) perimeter and num-
ber of boutons apposing the somatic membrane, (2) mean 
length of bouton apposition, and (3) fraction of somatic 
membrane covered by boutons (synaptic covering percent-
age: total length of bouton apposition/perimeter × 100). Sta-
tistical analysis for differences between small and large GG 
motoneurons was performed by unpaired Student’s t test. 
One caveat of the resulting numbers is that they can be used 
with confidence only for comparative purposes: we chose 
to not use a stereological approach, to simplify the analy-
sis, and because in our experience, the number of boutons 

apposing the GG motoneuron somata and synaptic covering 
percentage are useful proxies in analyzing the differences in 
synaptic input between small and large GG motoneurons.

Antibody characterization

The antisera (a kind gift from Dr. Ottersen at the Centre 
for Molecular Biology and Neuroscience, University of 
Oslo, Norway) were raised according to the procedure of 
Storm-Mathisen et al. (1983), except that GABA, Gly and 
Glut were conjugated to bovine serum albumin with glu-
taraldehyde and formaldehyde instead of glutaraldehyde 
alone. They were characterized by spot-testing (Ottersen 
and Storm-Mathisen 1984; Kolston et al. 1992) and have 
been used routinely in our previous work (Paik et al. 2007, 
2012a, b). Their specificity was confirmed on test sections 
consisting of “sandwiches” of rat brain macromolecule-glut-
araldehyde complexes of amino acids including GABA, Gly 
and Glut (Ottersen 1989; Paik et al. 2007). Omission of the 
primary antisera or replacement with normal rabbit serum or 
preadsorption of the diluted anti-GABA serum with 200 μM 
GABA-G, the anti-Gly serum with 300 μM Gly-G, and the 
anti-Glut serum with 300 μM Glut-G, also abolished the 
specific immunostaining.

Results

At light microscopic (LM) examination, HRP-labeled GG 
motoneurons of various sizes (119.7–1243.1 µm2 in cross-
sectional area) were dense in the ventral and ventrolateral 
subdivisions of the HG nucleus (Fig. 1). Small GG moto-
neurons (< 400 μm2 in cross-sectional area) had fewer pri-
mary dendrites and significantly higher nuclear/cytoplasmic 
ratio than large ones (> 400 μm2: 0.32 ± 0.06 vs. 0.20 ± 0.03, 
p < 0.001).

At EM examination, HRP-labeled GG motoneurons were 
readily identifiable by the presence of crystalline or rod-
shape deposits of HRP reaction product in the cytoplasm 
(Fig. 2). A total of 156 boutons apposing 11 small GG moto-
neurons (13.4 ± 2.9 boutons per motoneuron) and 506 bou-
tons apposing 13 large GG motoneurons (38.9 ± 9.7 boutons 
per motoneuron) were analyzed. In a single section of a GG 
motoneuron, the number of boutons per GG motoneuron, the 
mean length of total bouton apposition, and the fraction of 
somatic membrane covered by boutons (synaptic covering 
percentage) were significantly higher for large GG motoneu-
rons than for small GG motoneurons (Table 1). The majority 
(8/13) of large GG motoneurons but none of the small ones 
were contacted by boutons characterized by round vesicles 
and long subsynaptic cisterns (C boutons, Fig. 3).

Based on the immunogold staining for GABA, Gly 
and Glut on serial thin sections, the boutons apposing 
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somata of the GG motoneurons could be categorized as 
(1) immunopositive for GABA only (GABA + only), (2) 
immunopositive for Gly only (Gly + only), (3) immunopo-
sitive for both GABA and Gly (mixed GABA +/Gly +), (4) 
immunopositive for glutamate (Glut +), and (5) immunon-
egative for GABA, Gly or Glut (immunonegative bouton, 
Figs. 3, 4 and 5). The gold particle density for GABA 
in GABA + boutons (GABA + only and mixed GABA +/
Gly + boutons) and for Gly in Gly + boutons (Gly + only 

and mixed GABA +/Gly + boutons) were 5.6–58.2 times 
and 5.0–22.9 times the background density, respec-
tively. The gold particle density for Glut in Glut + bou-
tons was 1.0–25.3 times average tissue density (Fig. 6). 
GABA + and/or Gly + boutons contained vesicles of vari-
ous shape and showed, in favorable sections, synaptic con-
tacts of symmetric type, whereas Glut + boutons contained 
round vesicles and showed asymmetric synaptic contacts.

Fig. 1  Light micrographs showing HRP-labeled genioglossal (GG) 
motoneurons (a, b) and a histogram showing their size distribution 
(c). a, b HRP-labeled GG motoneurons are found in the ventrolateral 

subdivision of the hypoglossal nucleus (XII, outlined by a dashed 
line). b is an enlargement of the boxed area in a. “n” is the number of 
neurons analyzed. Scale bars = 200 µm in a and 50 µm in b 

Fig. 2  Electron micrographs 
showing small (a) and large (b) 
genioglossal (GG) motoneurons 
labeled with retrogradely trans-
ported HRP (arrowheads). Note 
the apparent higher nuclear/
cytoplasmic ratio in the small 
GG motoneuron comparted to 
the large one. Scale bar = 5 µm 
(applies also to a)

Table 1  Quantitative data 
(Mean ± SD) for boutons 
apposing somata of genioglossal 
(GG) motoneurons

a Indicates statistically significant difference between small and large GG motoneurons (unpaired t test, 
p < 0.05)

Parameters Small GG motoneurons Large GG motoneurons

Number of motoneurons examined 11 13
Cross-sectional area of motoneurons (µm2) 252.1 ± 71.6a 637.6 ± 128.8
Perimeter (µm) 51.2 ± 6.7a 76.4 ± 13.6
Number of boutons/motoneuron 13.4 ± 2.9a 38.9 ± 9.7
Length of boutons apposition (µm) 1.0 ± 0.2a 1.3 ± 0.2
Synaptic covering (%) 26.5 ± 5.7a 67.8 ± 13.5
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The quantitative data for each bouton type are presented 
in Table 2 and Figs. 7, 8. Almost all (> 95%) boutons appos-
ing GG motoneurons were GABA-, Gly- or Glut-immuno-
positive. The fraction of mixed GABA +/Gly + boutons of 
all boutons was the highest among the three inhibitory bou-
ton types (GABA + only, Gly + only and mixed GABA +/
Gly + boutons) for both small and large GG motoneurons. 
Each bouton type also showed significant differences 
between small and large GG motoneurons: (1) the frac-
tion of inhibitory boutons (GABA and/or Gly + boutons: 
GABA + only, Gly + only and mixed GABA +/Gly + bou-
tons) of all boutons was significantly higher for small GG 
motoneurons than for large ones, whereas the fraction of 
excitatory boutons (Glut +) was significantly higher for large 
GG motoneurons than for small ones, (2) the fraction of 
Gly + only boutons was significantly higher and the frac-
tion of GABA + only boutons was significantly lower for 
large GG motoneurons than for small ones, and (3) the mean 
length of bouton apposition and synaptic covering percent-
age of all immunopositive bouton types were significantly 
higher for large GG motoneurons than for small ones.

Some gamma motoneurons in the lower cervical spinal 
cord have been reported to express GABA (Ito et al. 2008), 
which prompted us to test whether small GG motoneu-
rons also contain GABA. Gold particle density for GABA 
in small GG motoneurons, large GG motoneurons, and 
GABA + boutons (apposing small GG motoneurons) was 
1.1–3.3 times, 1.0–1.9 times, and 5.6–29.0 times, respec-
tively, the particle density for GABA in boutons containing 
round vesicles and forming asymmetric synapses (back-
ground density in presumed excitatory synaptic boutons). 
Some small GG motoneurons (2/10), but none large GG 
motoneurons showed gold particle density three times higher 
than the background density (this cutoff value was used for 
distinguishing between GABA-immunopositive and GABA-
immunonegative profiles by Sutherland et al. 2002). How-
ever, the particle density for GABA was much lower in both 
small and large GG motoneurons than in GABA + boutons 
(Fig. 9). These findings suggest that some small GG moto-
neurons may contain low levels of GABA, similar to that in 
the gamma motoneurons in the upper cervical spinal cord 
reported by Ito et al. (2008).

Fig. 3  Electron micrographs of 
adjacent thin sections incu-
bated with antisera against 
GABA (a), glycine (Gly; b) 
and glutamate (Glut; c), and a 
section without immunogold 
staining (d, e), showing a C 
bouton (asterisk) making a 
synapse with a soma (S) of a 
large genioglossal motoneuron. 
The C bouton that is associated 
with a large subsynaptic cistern 
contains round vesicles and is 
immunopositive for glutamate 
but not for GABA or glycine. 
Retrogradely transported HRP 
labeling is present in the soma 
but out of view of this area. The 
arrowhead in d points to a dense 
core vesicle and the arrow in e 
points to a subsynaptic cistern. 
e is an enlargement of the boxed 
area in d to show the subsynap-
tic cistern more clearly. Scale 
bar = 500 nm (applies also to 
a–c)
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Discussion

In the present study we report that: (1) the distribution 
pattern and morphological features of synapses onto small 
and large GG motoneurons are different, and (2) the fre-
quency of mixed GABA +/Gly + boutons is the highest 
among the inhibitory bouton types in both small and large 
GG motoneurons. These findings may represent the ana-
tomical substrate for the precise control of the movements 
of the tongue, and suggest that the excitability of small 
and large GG motoneurons may be regulated by different 
mechanisms.

Distribution of synapses onto small vs. large GG 
motoneurons

Small GG motoneurons had fewer primary dendrites, a 
significantly higher nuclear/cytoplasmic ratio, and much 
smaller synaptic covering percentage than large ones. In 
addition, C boutons, characterized by round vesicles and a 
large subsynaptic cisterns (Conradi 1969), frequently made 
contacts with large GG motoneurons and never with small 
ones. The distinctive features of small GG motoneurons 
described above, which are contrasted with those of large 
ones, are analogous to those of spinal and trigeminal gamma 
motoneurons (Destombes et al. 1992; Simon et al. 1996; Bae 

Fig. 4  Electron micrographs of 
pairs of adjacent thin sections 
incubated with antisera against 
GABA (a, c, e) and glycine 
(Gly; b, d, f) showing boutons 
(asterisks) making synapses 
(arrowheads) with somata (S) 
of large genioglossal motoneu-
rons. Examples include boutons 
immunopositive for GABA 
alone (GABA + only bouton: 
a, b), glycine alone (Gly + only 
bouton: c, d), and for both 
GABA and glycine (mixed 
GABA +/Gly + bouton: e, f). 
Retrogradely transported HRP 
labeling is present in the soma 
but out of view in this area. 
Scale bars = 500 nm in b, d, f 
(applies to a, c, e, respectively)
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et al. 2002). Considering the paucity of muscle spindles in 
the rat genioglossus muscle (O’Reilly and FitzGerald 1990), 
a few small GG motoneurons may be gamma motoneurons 
that innervate intrafusal fibers and are involved in the reflex 
activation of alpha motoneurons, whereas the majority of 
small GG motoneurons are likely to be alpha motoneurons 
that innervate extrafusal fibers. The size of the neuronal 
soma is correlated with the axonal size, conduction veloc-
ity, and amount of axoplasm, which in turn is determined by 
the diameter and the degree of branching of the axon (Law-
son and Waddell 1991; Barret et al. 2009; Debanne et al. 
2011; Park et al. 2016). Compared to large motoneurons, 
small motoneurons have smaller degree of axonal branch-
ing because they innervate fewer muscle fibers (Hall 2004; 
Berkowitz 2012) and are more likely to be involved in the 
control of precise movements (Brull 2014) and in maintain-
ing the muscle tone (Buttner-ennever 2007). The function of 
the small GG motoneurons may thus be analogous to that of 
the small motoneurons innervating non-twitch muscle fibers 
in the extraocular muscles (Bach-Y-Rita et al. 1977; Buttner-
ennever 2007).

The frequency of excitatory synapses was significantly 
higher for the large GG motoneurons than for the small 
ones, whereas that of inhibitory synapses was significantly 
higher for the small GG motoneurons than for the large 
ones. Gly + only boutons were significantly more frequent 
than GABA + only boutons onto large GG motoneurons, 
whereas the reverse was true about the two types of bou-
tons onto the small GG motoneurons. The functional sig-
nificance of these distribution patterns remains unclear. 
The existence of two kinds of GG motoneurons, small and 
large, with their distinct morphology and patterns of syn-
aptic input, in addition to the paucity of muscle spindles in 

Fig. 5  Electron micrographs of adjacent thin sections incubated with 
antisera against GABA (a), glycine (Gly; b) and glutamate (Glut; c) 
showing boutons making synapses (arrowheads) with the soma (S) of 
a small genioglossal motoneuron. One of the boutons is immunoposi-
tive for GABA alone (GABA + only bouton: asterisk) and the other is 

immunopositive for glutamate (Glut + bouton: double asterisk). The 
arrow in a indicates reaction product of retrogradely transported HRP 
in the cytoplasm of the postsynaptic neuron. Scale bar = 500 nm in c 
(applies to a, b)

Fig. 6  Density of gold particles (mean ± standard error) over GABA-, 
glycine- and glutamate-immunopositive (+) and immunonegative (−) 
boutons apposing somata of small and large genioglossal (GG) moto-
neurons. Numbers within or over bars indicate the number of boutons 
examined for each bouton type. “n” indicates the total number of bou-
tons examined (156 boutons for 11 small GG motoneurons and 506 
boutons for 13 large GG motoneurons). Asterisks indicate statistically 
significant differences in gold particle density between immunoposi-
tive- and immunonegative-boutons (unpaired t test, p < 0.001)
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the genioglossus muscle (O’Reilly and FitzGerald 1990), 
may reflect a mechanism of control of the rat genioglos-
sus muscle different from that of the jaw-closing (JC) and 
limb muscles.

The frequency of inhibitory boutons (GABA + and/or 
Gly + boutons) onto large GG motoneurons was lower than 
that onto JC alpha motoneurons (Bae et al. 2002), which may 
correlate to the electrophysiological differences between HG 
and JC motoneurons, where IPSPs are induced in JC moto-
neurons in the jaw opening phase during cortically induced 
fictive masticatory movement (Kubo et al. 1981; Chandler 
and Goldberg 1982; Goldberg et al. 1982), but not in HG 

motoneurons during cortically induced fictive tongue move-
ment (Sahara et al. 1988).

GABA +, Gly +, and Glut + synapses onto GG 
motoneurons

Almost all (> 95%) boutons onto both small and large 
GG motoneurons were immunopositive for GABA, Gly 
or Glut, suggesting that the excitability of the GG moto-
neurons is regulated primarily by the three amino acid 
transmitters, analogous to the trigeminal and spinal moto-
neurons (Ornung et al. 1998; Shigenaga et al. 2005; Paik 

Table 2  Quantitative data 
(Mean ± SD) for GABA + , 
Gly + , and Glut + boutons 
apposing somata of genioglossal 
(GG) motoneurons

Numbers in parentheses indicate the total number of boutons apposing 11 small and 13 large GG motoneu-
rons
GABA + and/or Gly + boutons indicate GABA + only, Gly + only and mixed GABA +/Gly + boutons
a Indicates statistically significant difference between small and large GG motoneurons (unpaired t test, 
p < 0.05)

Parameter Small GG motoneurons Large GG motoneurons

Number of motoneurons examined 11 13
Number of total boutons examined 156 506
GABA + only boutons
 Number/motoneuron (total) 1.5 ± 1.8 (17)a 1.3 ± 1.4 (17)
 Percentage of all bouton profiles 10.8 ± 10.3a 3.5 ± 3.6
 Length of boutons apposition (µm) 0.8 ± 0.3a 1.2 ± 0.4
 Percentage of synaptic covering 2.5 ± 2.9 1.7 ± 1.6

Gly + only boutons
 Number/motoneuron (total) 0.8 ± 0.6 (7)a 4.8 ± 3.3 (62)
 Percentage of all bouton profiles 6.1 ± 4.2a 12.6 ± 7.7
 Length of boutons apposition (µm) 0.9 ± 0.4a 1.4 ± 0.4
 Percentage of synaptic covering 1.1 ± 1.2a 8.7 ± 5.6

mixed GABA +/Gly + boutons
 Number/motoneuron (total) 5.8 ± 1.9 (64)a 10.6 ± 3.3 (138)
 Percentage of all bouton profiles 40.4 ± 7.2a 28.3 ± 9.9
 Length of boutons apposition (µm) 1.0 ± 0.3a 1.3 ± 0.2
 Percentage of synaptic covering 10.6 ± 3.3a 18.3 ± 7.9

GABA + and/or Gly + boutons
 Number/motoneuron (total) 8.0 ± 2.8 (88)a 16.7 ± 3.7 (217)
 Percentage of all bouton profiles 55.9 ± 10.4a 44.4 ± 10.9
 Length of boutons apposition (µm) 1.0 ± 0.2a 1.3 ± 0.2
 Percentage of synaptic covering 14.5 ± 4.2a 28.7 ± 9.4

Glut + boutons
 Number/motoneuron (total) 5.5 ± 1.6 (61)a 20.5 ± 9.0 (266)
 Percentage of all bouton profiles 39.4 ± 9.1a 51.1 ± 12.0
 Length of boutons apposition (µm) 1.0 ± 0.2a 1.4 ± 0.2
 Percentage of synaptic covering 10.9 ± 3.9a 35.9 ± 10.4

GABA–/Gly–/Glut– boutons
 Number/motoneuron (total) 0.6 ± 0.8 (7)a 1.8 ± 0.9 (23)
 Percentage of all bouton profiles 4.8 ± 6.8 4.6 ± 2.5
 Length of boutons apposition (µm) 0.8 ± 0.3 1.4 ± 0.6
 Percentage of synaptic covering 1.1 ± 1.5a 3.1 ± 1.9
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et al. 2012a). However, we also observed that GABA +, 
Gly + and Glut + boutons frequently contained dense core 
vesicles, known to be organelles for storage and release of 
neuropeptides and amines (Fried et al. 1985; Alvarez et al. 
1993). That neuropeptides and amines are known to coexist 
with amino acid transmitters (Johnson 1994; Dal Bo et al. 

2004) and can be expressed in premotoneurons that provide 
synaptic input to HG motoneurons (Henry and Manaker 
1998; Rekling et al. 2000; Richardson and Gatti 2004; Zhou 
et al. 2014), raises the possibility that neuropeptides and/or 
amines are co-released with GABA + , Gly + and Glut + from 
boutons onto the GG motoneurons, providing a much more 
complex mechanism of regulation of the GG motoneurons’ 
excitability than currently accepted.

The relative amount of GABA and Gly in mixed 
GABA +/Gly + boutons varied considerably, implying that 
the ratio of GABA to Gly may be different for individual 
mixed GABA +/Gly + boutons. We made an analogous 
observation for the terminals onto jaw-opening (JO) and JC 
motoneurons and onto the trigeminal mesencephalic neu-
rons (Paik et al. 2007, 2012a, b). Since  GABAAR-mediated 
current has slow decay time and GlyR-mediated current has 
fast decay time (Jonas et al. 1998; Singer and Berger 2000; 
Nabekura et al. 2004), the release of various amounts of 
GABA and Gly from individual mixed GABA +/Gly + bou-
tons can be involved in the fine temporal regulation of the 
postsynaptic membrane conductance (Rekling et al. 2000; 
Lu et al. 2008) or the precise shaping of the postsynaptic 
current (Jonas et al. 1998; Russier et al. 2002), in addition to 
strengthening of the postsynaptic inhibition by GABA and 
Gly corelease (Russier et al. 2002).

The frequency of mixed GABA +/Gly + boutons onto 
both small and large GG motoneurons was the highest 
among the three inhibitory bouton types. This is consist-
ent with the results of an earlier immunohistochemical 
study in the hypoglossal nucleus, showing that the mixed 
 GABAA-glycine is a prominent type of inhibitory synapse, 
but is in contrast with another observation that Gly + only 
boutons are the most frequent type of bouton onto JC and 
JO motoneurons (Bae et al. 2002) and spinal motoneurons 
(Ornung et al. 1996). It is tempting to speculate that this 
reflects the more precise regulation of the postsynaptic neu-
ron firing by mixed GABA +/Gly + boutons required for the 
fine movements of the tongue, compared to the relatively 
crude movements of the jaw or the limbs.

Fig. 7  Scatterplots of normalized values of gold particle density 
(gold particle density in bouton/background density) for GABA and 
glycine in boutons apposing somata of small and large genioglossal 
(GG) motoneurons. Background density was averaged from 15 to 30 
randomly sampled 2  μm2 square fields within the cytoplasm of the 
postsynaptic neuron. Dashed lines indicate the values below which 
the boutons were considered immunonegative for the respective anti-
gen. “n =” indicates the total number of boutons examined (156 bou-
tons for 11 small GG motoneurons and 506 boutons for 13 large GG 
motoneurons)

Fig. 8  Fraction (mean ± SD, %) 
of each immunopositive bouton 
type of all boutons apposing 
the somata of small and large 
genioglossal (GG) motoneu-
rons. GABA + and/or Gly + bou-
tons indicate GABA + only, 
Gly + only and mixed GABA +/
Gly + boutons. The fractions of 
each immunopositive bouton 
type were significantly differ-
ent between small and large 
GG motoneurons (asterisks, 
unpaired t test, p < 0.05)
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The predominance of mixed GABA +/Gly + synapses 
onto GG motoneurons in the adult rat in the present study 
agrees with the report that postsynaptic  GABAAR and GlyR 
co-cluster at the majority of inhibitory synapses onto the 
HG motoneurons in the adult mouse (Muller et al. 2004). 
However, it is in contrast to the finding, with light micros-
copy, that the frequency of GAD65 +/GlyT2 + presynaptic 
clusters is lower than that of the GlyT2 + clusters alone in 
the HG motoneurons of juvenile mice (Muller et al. 2006). 
This can be a true difference between juvenile and adult HG 
motoneurons, but can also be due to species differences or 
specific limitations of light vs. electron microscopy.

Source of synaptic input onto GG motoneuron

GG motoneurons receive afferent projections from several 
pontomedullary areas, including the medullary reticular 
formation, the trigeminal sensory nuclei, the solitary tract 

nucleus, and the pontine areas surrounding the trigeminal 
motor nucleus, which are associated with complex oral 
motor functions such as respiration, chewing, swallowing, 
and licking (Shepherd and Koch 1990; Peters et al. 1991; 
Fay and Norgren 1997; Chamberlin et al. 2007; Stanek et al. 
2014; Travers 2015). Studies combining retrograde tracing 
and immunohistochemistry showed that HG motoneurons 
receive projections from glutamatergic premotoneurons, 
expressing vesicular glutamate transporter (VGLUT) 2, 
mainly in the medullary reticular formation (particularly its 
intermediate part), and partly in the Kölliker-Fuse nucleus 
(Travers et  al. 2005; Yokota et  al. 2011; Stanek et  al. 
2014), and from glutamatergic premotoneurons expressing 
VGLUT1 in the trigeminal mesencephalic nucleus (Zhang 
et al. 2003; Pang et al. 2006). HG motoneurons also receive 
projections from GABAergic and glycinergic premotoneu-
rons in the pontomedullary reticular formation, supratrigem-
inal and trigeminal sensory nuclei, and the area near the 

Fig. 9  Electron micrographs of thin sections incubated with anti-
serum against GABA showing gold particles coding for GABA in 
a small GG motoneuron (a, b) and a GABA + bouton contacting it 
(a, c), and a histogram (d) showing normalized values of gold par-
ticle density for GABA in 10 small GG motoneurons, 10 large GG 
motoneurons, and 10 GABA + boutons. The gold particle density for 
GABA is much lower in GG motoneurons than in GABA + boutons. 

“0” is the particle density for GABA in boutons containing round ves-
icles and forming asymmetric synapses (background density in pre-
sumed excitatory synaptic boutons). Note that two of the small GG 
motoneurons show gold particle density for GABA 3 times higher 
than background. The motoneuron in a and the GABA + bouton in C 
are outlined with a dashed line. b and c are enlargements of the boxed 
areas in a. Scale bar = 5 µm in a and 500 nm in b, c 
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HG nucleus, including the nucleus of Roller (Li et al. 1997; 
Travers et al. 2005; Engelhardt et al. 2010; van Brederode 
et al. 2011). Despite this progress, however, the sources of 
GABAergic, glycinergic or glutamatergic input to the GG 
motoneurons remain poorly understood and warrant further 
investigation.
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