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Abstract
Detailed information about the development of excitatory and inhibitory synapses on the genioglossal (GG) motoneuron 
may help to understand the mechanism of fine control of GG motoneuron firing and the coordinated tongue movement 
during postnatal development. For this, we investigated the development of γ-aminobutyric acid (GABA)-immunopositive 
(GABA +), glycine + (Gly +), and glutamate + (Glut +) axon terminals (boutons) on the somata of rat GG motoneurons at 
a postnatal day 2 (P2), P6 and P18 by retrograde labeling of GG motoneurons with horseradish peroxidase, electron micro-
scopic postembedding immunogold staining with GABA, Gly, and Glut antisera, and quantitative analysis. The number of 
boutons per GG motoneuron somata and the mean length of bouton apposition, measures of bouton size and synaptic cover-
ing percentage, were significantly increased from P2/P6 to P18. The number and fraction of GABA + only boutons of all 
boutons decreased significantly, whereas those of Gly + only boutons increased significantly from P2/P6 to P18, suggesting 
developmental switch from GABAergic to glycinergic synaptic transmission. The fraction of mixed GABA +/Gly + bou-
tons of all boutons was the highest among inhibitory bouton types throughout the postnatal development. The fractions of 
excitatory and inhibitory boutons of all boutons remained unchanged during postnatal development. These findings reveal 
a distinct developmental pattern of inhibitory synapses on the GG motoneurons different from that on spinal or trigeminal 
motoneurons, which may have an important role in the regulation of the precise and coordinated movements of the tongue 
during the maturation of the oral motor system.

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

Introduction

The precise pattern of excitatory and inhibitory synaptic 
inputs to the hypoglossal (HG) motoneurons encodes the 
timing of their motor output and, thus, plays a crucial role 
in the precise and coordinated tongue movement during 
oral behaviors, including respiration, chewing, sucking, and 
swallowing (Liu et al. 2003; Horner 2009). A subset of HG 

motoneurons, the genioglossal (GG) motoneurons, which 
innervate the primary tongue protrusor muscle genioglossus, 
are also involved in the maintenance of the upper airway 
patency during inspiration (Plowman et al. 1990).

Multiple authors have reported that the properties of the 
inhibitory and excitatory synapses onto the HG motoneuron 
change during postnatal development (Singer and Berger 
2000; Carrascal et al. 2005; Berger 2011). For example, the 
inhibitory synaptic transmission changes from GABAergic 
to glycinergic during postnatal development (Muller et al. 
2006; Gao et al. 2011). The expression, subunit composition 
and channel properties of the glycine receptor (GlyR) and 
the GABAAR receptor in the HG motoneurons also change 
during postnatal development (Singer and Berger 2000; 
Berger 2011; Muller et al. 2004, 2006). However, since 
the number and properties of the inhibitory synapses differ 
between the subregions of the hypoglossal nucleus (O’Brien 
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and Berger 2001), and most of the above studies were per-
formed on non-specific HG motoneurons which were not 
identified for their innervating tongue muscles, the interpret-
ability of their results is limited.

Information about the development of excitatory and 
inhibitory synapses on identified GG motoneurons may 
help to elucidate the mechanism underlying the fine con-
trol of GG motoneuron excitability, and hence the precise 
movement of the tongue during maturation of the oral motor 
function. Recently, we reported a distinct distribution pattern 
of excitatory and inhibitory synapses on the GG motoneu-
rons (Paik et al. 2019). As a follow-up, we here investigated 
the distribution of excitatory and inhibitory synapses on the 
rat GG motoneurons during postnatal development by ret-
rograde tracing of horseradish peroxidase, electron micro-
scopic postembedding immunogold staining using antisera 
against γ-amino butyric acid (GABA), glycine (Gly) and 
glutamate (Glut), and quantitative analysis.

Materials and methods

All experimental procedures were performed with the 
explicit approval by the Kyungpook National University 
Intramural Animal Care and Use Committee.

Labeling of genioglossal motoneurons

Three male Sprague–Dawley rats at each of postnatal days 2 
(P2), P6 and P18 were anesthetized with sodium pentobarbi-
tal (40 mg/kg, i.p.). An incision was made on the skin of the 
neck, and the digastric, mylohyoid, and geniohyoid muscles 
were spread apart to expose the genioglossus muscle. A total 
of three–five μl of 10% horseradish peroxidase (HRP, type 
IV, Toyobo, Japan; in normal saline) was injected into multi-
ple sites on the right genioglossus muscle with a 30 G needle 
glued to a Hamilton micro-syringe. After 20–24 h, the rats 
were anesthetized with sodium pentobarbital (80 mg/kg, i.p.) 
and perfused transcardially with 100 ml of heparinized nor-
mal saline, followed by 500 ml of 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 brainstem was removed, post-fixed in the same fixative 
for 2 h at 4 °C, and stored in PB. Sixty-µm-thick serial trans-
verse sections were prepared with a Vibratome. Retrogradely 
transported HRP was visualized according to the tungstate/
tetramethylbenzidine protocol and further treated with 
0.25 mg/ml diaminobenzidine in PB, as previously described 
(Weinberg and Eyck 1991; Park et al. 2018,2019a). Wet sec-
tions were examined under a light microscope, and sections 

containing multiple HRP-labeled neurons in the hypoglos-
sal nucleus were selected, post-fixed with 0.5% osmium 
tetroxide in PB (pH 6.0) for 40 min, dehydrated in graded 
alcohols, flat-embedded in Durcupan ACM (Fluka, Swit-
zerland), and cured for 48 h at 60 °C. Light micrographs 
(400 ×) of the HRP-labeled GG motoneurons at each devel-
opmental age were captured with a digital camera attached 
to the Zeiss Axioplan 2 microscope, and saved as TIFF files. 
The cross-sectional areas of the somata of the HRP-labeled 
motoneurons in a plane where the nucleolus is prominent 
were measured using a digitizing tablet and Image J software 
(NIH, Bethesda, MD).

Chips containing HRP-labeled GG motoneurons with 
prominent nucleoli were cut and glued onto blank blocks 
with cyanoacrylate. Serial thin sections were collected on 
formvar-coated single slot nickel grids. Grids were exam-
ined on Hitach H-7500 electron microscope (Hitachi, Tokyo, 
Japan) at 80 kV accelerating voltage. Electron micrographs 
were acquired by a cooled CCD camera (SC1000 Orius; 
Gatan, Pleasanton, CA, USA) attached to the electron micro-
scope and saved as TIFF files. The brightness and contrast 
of the images were adjusted in Adobe Photoshop 7.0 (Adobe 
systems Inc., San Jose, CA).

Postembedding immunogold staining for GABA, 
glycine, and glutamate

Postembedding immunogold labeling for GABA, Gly, and 
Glut was performed as previously described (Paik et al. 
2019; Bae et al. 2018; Park et al. 2019b). Briefly, the grids 
were treated for 10 min in 1% periodic acid and for 15 min 
in 9% sodium periodate. Sections were 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 (HAS, in TBST) for 10 min. The 
grids were further incubated with anti-GABA (GABA 990, 
1:800), anti-Gly (glycine 290, 1:280), and anti-Glut (Glut 
607, 1:1000) antisera. To eliminate cross reactivity, the 
antisera were pre-adsorbed overnight with glutaraldehyde-
conjugated amino acids as previously described (Paik et al. 
2019; Ottersen et al. 1986). After extensive rinse in TBST, 
grids were incubated for 3 h in goat anti-rabbit IgG coupled 
to 15-nm gold particles (1:25 in TBST). After rinse in dis-
tilled water, the grids were stained with uranyl acetate and 
lead citrate.

The antisera (a kind gift from Dr. Ottersen at the Centre 
for Molecular Biology and Neuroscience, University of 
Oslo, Norway) were raised against GABA, Gly or Glut 
conjugated to bovine serum albumin with glutaraldehyde 
and formaldehyde (Kolston et  al. 1992; Broman et  al. 
1993). They were characterized by spot-testing (Ottersen 
and Storm-Mathisen 1984) and have been used routinely 
in our previous work (Paik et al. 2019; Bae et al. 2018; 
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Park et al. 2019b). 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.

Quantitative analysis

Twelve, 10, and 13 GG motoneurons from P2, P6, and P18 
rats, respectively, with larger than the average size somata 
in each of the age groups (> 400 µm2 in cross-sectional area 
for P2, > 500 µm2 for P6, > 650 µm2 for P18) were selected 
for electron microscopic analysis. Electrophysiological stud-
ies reported that rat hypoglossal motoneurons mature and 
their inhibitory synaptic transmission changes greatly during 
the first 3 postnatal weeks (Singer and Berger 2000; Berger 
2011). Thus, we analyzed GG motoneurons at neonatal 
(P2), intermediate (P6) and juvenile (P18) stages. Electron 
micrographs (25,000 ×) were taken along the entire somatic 
membrane in series of thin sections incubated with GABA, 
Gly and Glut antisera. To assess the immunoreactivity for 
GABA and Gly, we compared the density of gold particles 
within the immunoreactive boutons with that of their post-
synaptic somata (background density). Boutons were con-
sidered immunopositive if the gold particle density over 
the vesicle-containing areas of the boutons was at least five 
times higher than the particle density in the corresponding 
postsynaptic region [this standard is used routinely for dis-
tinguishing the metabolic from the transmitter GABA and 
Gly in axon terminals; (Paik et al. 2019; Park et al. 2019b)]. 
To assess the immunoreactivity for Glut, gold particle den-
sity of each bouton was compared with the average tissue 
density in 10–15 randomly-selected areas adjacent to the 
somata of genioglossal motoneurons (2 µm2 each, a total 
area of 20–30 µm2 per section). Boutons containing gold 
particles at a density > average tissue density + 2.576 stand-
ard deviation (SD, significant difference at 99% confidence 
level) were considered Glut-immunopositive (Paik et al. 
2019; Park et al. 2016). Measurements were performed on 
electron micrographs using a digitizing tablet and Image J 
software.

The following parameters were recorded for each somata: 
(1) perimeter and number of boutons apposing the somatic 
membrane, (2) mean length of bouton apposition, (3) frac-
tion of somatic membrane covered by boutons (synaptic 
covering percentage), (4) number of boutons per 100 µm2 
of somatic membrane surface area (packing density). Sta-
tistical analysis for differences among each age groups was 
performed by analysis of variance (ANOVA); mean values 
were compared using Scheffe’s F test. Significance was set 
at p < 0.05.

Results

GG motoneurons during postnatal development

At light microscopic examination, HRP-labeled GG 
motoneurons were observed in the ventral and ventro-
lateral subdivisions of the hypoglossal nucleus (Fig. 1). 
The size distribution of the HRP-labeled GG motoneu-
rons during postnatal development is summarized in 
Fig. 2. The average size of the GG motoneuron somata 
increased significantly from P2 to P18 (cross-sectional 
area, mean ± SD: 362.0 ± 77.5 µm2 at P2, 491.1 ± 112.1 
µm2 at P6, 619.6 ± 167.4 µm2 at P18, p = 0.0000).

Presynaptic boutons on the GG motoneurons 
during postnatal development

At electron microscopic examination, the somata of the 
GG motoneurons, identified by the presence of retro-
gradely transported HRP in the cytoplasm (Fig. 1), were 
contacted by numerous boutons. A total of 188, 185, and 
391 of these boutons on 12 somata in P2, 10 somata in 
P6, and 13 somata in P18, respectively, were analyzed 
(Table 1). The number of boutons per GG motoneuron 
somata, the mean length of boutons apposition (reflecting 
the bouton size and synaptic strength), and the synaptic 
covering percentage (the fraction of somatic membrane 
covered by boutons) were significantly higher from P2/P6 
to P18. The packing density (number of boutons per 100 
µm2 somatic membrane) was unchanged between the three 
postnatal stages. No degenerative changes of boutons, such 
as darkening of the axoplasm or clumping of the synaptic 
vesicles were observed.

GABA +, Gly +, and Glut + boutons on the GG 
motoneurons during postnatal development

Based on the immunogold staining for GABA, Gly, and 
Glut on serial thin sections, the boutons apposing somata 
of GG motoneurons could be categorized as (1) immuno-
positive for GABA only (GABA + only, Figs. 3a–c and 5c, 
d), (2) immunopositive for Gly only (Gly + only, Fig. 5a, 
b), (3) immunopositive for both GABA and Gly (mixed 
GABA +/Gly + , Figs. 3d–i, 4 and 5), (4) immunoposi-
tive for Glut (Glut + , Fig. 4), and (5) immunonegative for 
GABA, Gly or Glut (GABA-/Gly-/Glut- bouton). In the 
immunopositive boutons, gold particles were denser over 
vesicle clusters and mitochondria than over organelle-free 
areas. Gold particle densities for GABA in GABA + bou-
tons and for Gly in Gly + boutons were 5.0–41.7 times 
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and 5.0–31.7 times higher, respectively, than the respec-
tive background density (the density over the postsynap-
tic somatic compartment). Gold particle density for Glut 
was 1.1–27.5 times higher than the average tissue den-
sity + 2.576SD (Fig. 7).

The quantitative data on each of the immunopositive bou-
ton types are presented in Table 2 and Figs. 6 and 7. Almost 
all (> 98%) boutons were immunopositive for GABA, Gly 
or Glut.

The number of GABA + only boutons decreased sig-
nificantly; whereas those of Gly + only boutons and mixed 
GABA +/Gly + boutons increased significantly from P2/P6 
to P18. The numbers of inhibitory boutons (GABA + and/
or Gly + boutons) and excitatory boutons (Glut + boutons) 
increased significantly from P2 to P18 and from P2/P6 to 
P18, respectively.

The fractions of inhibitory and excitatory boutons of all 
boutons were not changed from P2 to P18. However, the frac-
tion of inhibitory bouton types was significantly changed dur-
ing postnatal development. Thus, the fraction of GABA + only 
boutons decreased significantly from P2 to P18; whereas that 
of Gly + only boutons increased significantly from P2/P6 to 
P18. The fraction of mixed GABA +/Gly + boutons increased 

significantly from P2 to P6/P18 and was the highest among all 
inhibitory bouton types from P2 to P18.

The mean lengths of bouton apposition, which is asso-
ciated with bouton size, of mixed GABA +/Gly + boutons 
increased significantly from P2/P6 to P19; whereas those of 
GABA + only and Gly + only boutons was not significantly 
changed during postnatal development.

The synaptic covering percentage of GABA + only bou-
tons decreased significantly, whereas those of Gly + only 
boutons and mixed GABA +/Gly + boutons increased sig-
nificantly from P2/P6 to P18.

The packing density of GABA + only boutons decreased 
significantly from P2 to P18; whereas that of Gly + only 
boutons increased significantly from P2/P6 to P18. Those 
of mixed GABA +/Gly + boutons, inhibitory and excitatory 
boutons were not changed during postnatal development.

Discussion

The present study revealed that (1) the formation of new 
synapses onto the somata of rat GG motoneurons occurred 
primarily during the 2nd and 3rd postnatal weeks, (2) the 

Fig. 1   Light (a–c) and electron (d–f) micrographs showing horserad-
ish peroxidase (HRP)-labeled genioglossal (GG) motoneurons in the 
hypoglossal nucleus at postnatal days 2 (P2, a, d), 6 (P6, b, e) and 
18 (P18, c, f). a–c HRP-labeled GG motoneurons in the ventral and 
ventrolateral regions of the hypoglossal nucleus. The GG motoneu-

rons are small and close together at P2, and larger and farther apart at 
P18. d–f Retrogradely-transported HRP (arrowheads) in the somata 
of GG motoneurons. The hypoglossal nucleus in a–c and the somata 
of GG motoneurons in d–f are outlined with a dashed line. Scale 
bar = 100 µm in c (also applies to a, b); 5 µm in f (also applies to d, e)
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number and fraction of GABA + only boutons decreased; 
whereas those of Gly + only boutons increased during the 
2nd and 3rd postnatal weeks, and (3) the fraction of mixed 
GABA +/Gly + boutons of all boutons was consistently the 
highest among all inhibitory bouton types during the post-
natal development.

The distinctive developmental pattern of inhibitory syn-
apses onto the GG motoneurons may provide a window into 
understanding the mechanism of control of the precise and 
coordinated movements of the tongue during the maturation 
of the oral motor system.

Synapse formation and size of the GG motoneurons

The timeframe and rate of synapse formation during post-
natal development are different in different regions and 
neuronal populations of the CNS (Vaughn 1989; Sanes 
et al. 2012). For example, the new synapse formation is dra-
matically increased during the first 10 postnatal days in the 
mouse olfactory bulb (Hinds and Hinds 1976) but during 
postnatal days 10–30 in the cat visual cortex (Cragg 1975). 
During the same timeframe, the process of new synapse 
formation is accompanied by a parallel process of synap-
tic pruning, by which inappropriately formed synapses are 
deleted (Hashimoto and Kano 2013; Vonhoff and Keshishian 
2017). In the present study, the number of boutons on the 
somata of GG motoneurons increased dramatically during 
the 2nd and 3rd postnatal weeks, a critical period for the 
hypoglossal motoneuron development (Gao et al. 2011), and 
at variance with the time frame for synapse formation on 
the somata of the jaw-closing motoneurons (JC, P2–P31) 
and jaw-opening motoneurons (JO, P2–P11) (Paik et al. 
2007,2012) which show dramatic increase of bouton number 
from neonatal period, even though all three classes are moto-
neurons of the oral motor system. Regulatory programs for 
myogenesis and synaptogenesis in tongue and masticatory 
muscles are different, which is thought to depend on their 
different embryonic origin, i.e., tongue muscle from somite 
and masticatory muscle from branchial arch (Yamane 2005). 
It is also possible to assume that the different time course 
for postnatal synapse formation between GG and mastica-
tory motoneurons may be associated with different origin 
of their innervating muscles. Degenerative changes during 
early postnatal development, characteristic of boutons on 
somata of the spinal motoneurons (Ronnevi 1977, 1979), 
were not observed in boutons apposing GG motoneurons 
from P2 to P18, analogous to our findings in the JC and JO 
motoneurons (Paik et al. 2007, 2012). Given that the total 
number of synapses in the hypoglossal nucleus decreases 
after P20 (O’Kusky 1998), the process of pruning of syn-
apses on the GG motoneuron somata likely begins after P18.

The fraction of Glut + boutons of all boutons on the GG 
motoneurons remained unchanged, but their mean length (a 

Fig. 2   Distribution of cross-sectional areas (µm2) of somata of geni-
oglossal motoneurons at postnatal days 2 (P2), P6 and P18. During 
development, large motoneurons become larger whereas small moto-
neurons remain unchanged. Dashed line is a reference for the cross-
sectional area of the smallest somata at P2. “n =” is the total number 
of motoneurons measured at each age

Table 1   Quantitative data (mean ± SD) for boutons apposing somata 
of genioglossal motoneurons during postnatal development

1 Indicates statistically significant difference between P2/P6 and P18 
(one-way ANOVA, Scheffe’s, p < 0.05)

Parameter P2 P6 P18

Number of motoneurons 
examined

12 10 13

Number of boutons per 
motoneuron1

(number of total boutons 
examined)

15.7 ± 4.2
(188)

18.5 ± 4.7
(185)

30.1 ± 8.5
(391)

Length of bouton apposition 
(µm)1

0.7 ± 0.1 0.8 ± 0.1 1.1 ± 0.1

Synaptic covering percentage 
(%)1

22.2 ± 4.9 26.8 ± 5.3 50.8 ± 12.8

Packing density 37.4 ± 8.2 31.4 ± 5.6 33.0 ± 10.5
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proxy for bouton size and, thus, synaptic strength) increased 
from P2 to P18, analogous to what we found about JC and 
JO motoneurons (Paik et al. 2012, 2011). The expression of 
various subunits of the postsynaptic Glut receptors in the 
hypoglossal nucleus changes during postnatal development 
(Whitney et al. 2000; Oshima et al. 2002; Wong-Riley and 
Liu 2005; Liu and Wong-Riley 2005, 2010), and so does 
the frequency of the presynaptic vesicular glutamate trans-
porter 1 (VGLUT1)- and VGLUT2-immunopositive boutons 

(Pang et al. 2006). Given that the response of motoneurons 
to glutamate changes during early postnatal development 
(Gao et al. 2011; Nagata et al. 2016), the observation that the 
fraction of Glut + boutons of all boutons remains the same 
raises an assumption that the developmental change in the 
glutamatergic synaptic transmission onto the GG motoneu-
rons may be due to changes in the functional properties of 
the pre- and/or postsynaptic elements of the synapse, rather 
than in their overall number. However, it should be also 

Fig. 3   Electron micrographs of adjacent thin sections incubated with 
antisera against GABA (a, d, g), glycine (Gly; b, e, h), and glutamate 
(Glut; c, f, i) showing boutons on somata (S) of genioglossal moto-
neurons at postnatal day 2 (P2; a–f) and P6 (g–i). Examples include 
boutons immunopositive for GABA alone (GABA + only bouton; 

a–c) and for both GABA and glycine (mixed GABA +/Gly + boutons; 
d–f, g–i). Boutons are outlined by a dashed line. Arrowheads indicate 
synapses. Arrows indicate retrogradely-transported HRP in somata of 
GG motoneurons. Scale bars = 500  nm in c (also applies to a, b), f 
(also applies to d, e) and i (also applies to g, h)
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noted that there is a limitation to understand glutamatergic 
transmission onto GG motoneurons by examining gluta-
matergic synapses only on their somata because vast major-
ity of glutamatergic synapses are on dendrites and/or spines.

Inhibitory bouton types on the GG motoneurons 
during development

During the postnatal weeks 2 and 3, the number and the frac-
tion of GABA + only boutons decreased by ~ 80% and ~ 90%; 
whereas at the same time, those of Gly + only boutons 
increased ~ 380% and ~ 260%, respectively. This corroborates 
the observation by Muller et al. (2006) of decreased density 
of GABA + puncta, and a concomitant increased density of 
Gly + puncta in the hypoglossal nucleus during postnatal 
development. The density of Gly receptor (GlyR) and the 
amplitude of glycinergic mIPSC also increased, and the den-
sity of GABAAR decreased (Muller et al. 2006, 2004). Taken 
together, these findings suggest that the inhibitory synapses 
on the GG motoneurons shift from GABAergic to glycin-
ergic during postnatal development, consistent with the 
analogous switch in the spinal ventral horn and brain stem 
auditory nucleus (Gao et al. 2001; Nabekura et al. 2004).

That no degenerative changes were observed in 
GABA + only boutons suggests that the dramatic decrease 
of the number of GABA + only boutons from P6 to P18 is 
due to a switch to Gly + only boutons or mixed GABA +/
Gly + boutons via an increase in the Gly content with or 
without a decrease of GABA content. Such switch of the 
neurotransmitter phenotype has been reported before, 
including stimulus-mediated neurotransmitter switch from 
dopaminergic to somatostatinergic in the hypothalamus 
(Dulcis et al. 2013; Meng et al. 2018), from noradrenergic 
to cholinergic for the sympathetic neurons (Habecker et al. 

1995; Apostolova and Dechant 2009), etc. Since GABA and 
Gly are loaded into synaptic vesicles by the same vesicular 
inhibitory amino acid transporter (VIAAT) (Wojcik et al. 
2006), a change in the uptake rate of VIAAT for cytosolic 
GABA or Gly (Aubrey 2016) can easily induce a phenotypic 
switch from GABA + boutons to Gly + or mixed GABA +/
Gly + boutons during the postnatal development.

The fraction of mixed GABA +/Gly + boutons 
was the highest among inhibitory bouton types 
during postanal development

GABAAR and GlyR have different channel kinetics: GABAe-
rgic miniature inhibitory postsynaptic current (mIPSC) 
decays slowly; whereas, glycinergic mIPSC decays early and 
fast. In the present study, the mixed GABA +/Gly + boutons 
contained various ratios of GABA to Gly, analogous to some 
recent findings in the spinal cord, where the GABA/Gly co-
releasing boutons invoke a large variety of mixed mIPSC 
(Aubrey and Supplisson 2018). This suggests that every 
mixed GABA +/Gly + bouton may release a different ratio 
of GABA to Gly thus contributing to the precise control of 
the timing of the GG motoneuron firing. The GG premotor 
neurons in the brain stem reticular formation project to JO 
and/or facial motoneurons, and are, thus, involved in the 
protrusion of the tongue and, at the same time, in jaw open-
ing and/or lip lowering (Travers et al. 2005; Stanek et al. 
2014). It is, thus, reasonable to assume that the majority 
of mixed GABA +/Gly + boutons on GG motoneurons arise 
from heterogenous premotor neurons and serve to fine tune 
the GG motoneuron inhibition that underlies the coordinated 
tongue movement during multiple oral behaviors.

The fraction of mixed GABA +/Gly + boutons was the 
highest among inhibitory bouton types during postnatal 

Fig. 4   Electron micrographs of adjacent thin sections incubated with 
antisera against GABA (a), glycine (b), and glutamate (c) on somata 
(S) of genioglossal motoneurons at postnatal day 18 (P18). Examples 
include boutons immunopositive for both GABA and glycine (mixed 

GABA +/Gly + bouton; “1”) and immunonegative for both GABA 
and glycine but immunopositive for glutamate (Glut + bouton; “2”). 
Boutons are outlined by a dashed line. Arrowheads indicate synapses. 
Scale bar = 500 nm



896	 Brain Structure and Function (2021) 226:889–900

1 3

development, as well as in the adult (Paik et al. 2019). This 
is at variance with the electrophysiological finding that dur-
ing postnatal development, the fraction of mixed mIPSC in 
the hypoglossal nucleus decreased and become inconspicu-
ous; whereas that of the glycinergic mIPSC increased and 
become the most prominent among all mIPSC types (Muller 
et al. 2006; Gao et al. 2011). Other discrepancies involv-
ing presynaptic input from mixed GABA +/Gly + boutons 
include that only a small fraction of neurons that receive 
both GABAergic and glycinergic inputs exhibit mixed 
mIPSC (Inquimbert et al. 2007), and that although neurons 
in the anteroventral cochlear nucleus receive input from 
mixed GABA +/Gly + boutons, evoked IPSC are predomi-
nantly glycinergic (Lim et al. 2000). One way to reconcile 
these discrepancies is suggested by studies showing that, in 
the hypoglossal nucleus, spinal cord, and brain stem auditory 

nucleus, GABA in the mixed GABA +/Gly + boutons can act 
on presynaptic GABAAR and is, thus, involved in the feed-
back regulation of neurotransmitter release (Lim et al. 2000; 
Chery and Koninck 2000; O’Brien et al. 2004). At the same 
time, GABA released from mixed GABA +/Gly + boutons 
acts on postsynaptic GlyR to accelerate glycinergic transmis-
sion, shorten decay time of glycinergic mIPSC, and narrow 
the time window for effective inhibition (Lu et al. 2008). 
The precise regulation of glycinergic currents by GABA 
from mixed GABA +/Gly + boutons on the GG motoneu-
rons made possible by this mechanism may be the basis for 
the precise regulation of the movements of the tongue in 
various oral behaviors.
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for helpful discussion and careful reading of the manuscript. We also 

Fig. 5   Electron micrographs of adjacent thin sections incubated 
with antisera against GABA (a, c) and glycine (b, d) on the somata 
(S) of genioglossal motoneurons at postnatal day 18 (P18). Exam-
ples include a bouton immunopositive for glycine alone (Gly + only 
bouton, “1” in a, b), a bouton immunopositive for GABA alone 

(GABA + only bouton, “2” in c, d), and boutons immunopositive for 
both GABA and glycine (mixed GABA +/Gly + boutons, “2 in A, B, 
and “1” in c, d). Boutons are outlined by a dashed line. Arrowheads 
indicate synapses. Scale bar in d = 500 nm (also applies to a–c)
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Table 2   Quantitative data 
(mean ± SD) for GABA +, 
Gly + and Glut + boutons 
apposing somata of genioglossal 
motoneurons during postnatal 
development

1 Indicates statistically significant difference between P2/P6 and P18 (one-way ANOVA, Scheffe’s, p < 0.05)
2 Indicates statistically significant difference among P2, P6 and P18 (one-way ANOVA, Scheffe’s, p < 0.05)
3 Indicates statistically significant difference between P2 and P6/P18 (one-way ANOVA, Scheffe’s, p < 0.05)
4 Indicates statistically significant difference between P2 and P18 (one-way ANOVA, Scheffe’s, p < 0.05)

Parameters P2 P6 P18

Number of motoneurons examined 12 10 13
Number of total boutons examined 188 185 391
GABA + only boutons
 Total number of boutons 36 23 6
 Number/motoneuron1 3.0 ± 1.2 2.3 ± 1.3 0.5 ± 0.5
 Proportion of all bouton profiles (%)2 20.0 ± 7.5 12.5 ± 5.9 1.3 ± 1.5
 Length of bouton apposition (µm) 0.7 ± 0.2 0.8 ± 0.3 0.8 ± 0.3
 Synaptic covering percentage (%)1 3.8 ± 2.0 3.1 ± 2.2 0.4 ± 0.7
 Packing density2 7.1 ± 2.7 4.0 ± 2.2 0.4 ± 0.7

Gly + only boutons
 Total number of boutons 10 9 44
 Number/motoneuron1 0.8 ± 0.8 0.9 ± 1.0 3.4 ± 1.0
 Proportion of all bouton profiles (%)1 5.5 ± 5.4 4.5 ± 5.0 11.5 ± 2.7
 Length of bouton apposition (µm) 0.9 ± 0.3 0.8 ± 0.2 1.0 ± 0.3
 Synaptic covering percentage (%)1 1.4 ± 1.3 1.4 ± 1.8 4.5 ± 3.3
 Packing density1 1.6 ± 2.1 1.5 ± 1.4 3.7 ± 1.7

Mixed GABA +/Gly + boutons
 Total number of boutons 41 60 132
 Number/motoneuron1 3.4 ± 1.8 6.0 ± 1.8 10.2 ± 4.9
 Proportion of all bouton profiles (%)3 21.3 ± 7.3 33.1 ± 8.4 32.6 ± 8.2
 Length of bouton apposition (µm)1 0.7 ± 0.1 0.8 ± 0.2 1.1 ± 0.2
 Synaptic covering percentage (%)1 4.8 ± 2.1 9.3 ± 3.2 17.4 ± 9.9
 Packing density 8.2 ± 3.9 11.1 ± 4.5 11.7 ± 5.1

GABA + and/or Gly + boutons
 Total number of boutons 87 92 182
 Number/motoneuron4 7.3 ± 2.5 9.2 ± 3.0 14.0 ± 5.8
 Proportion of all bouton profiles (%) 46.7 ± 9.7 50.1 ± 12.5 45.4 ± 8.0
 Length of bouton apposition (µm)1 0.7 ± 0.1 0.8 ± 0.2 1.0 ± 0.2
 Synaptic covering percentage (%)1 10.0 ± 3.3 13.6 ± 5.3 22.3 ± 11.4
 Packing density 16.0 ± 4.3 15.1 ± 5.2 16.2 ± 6.8

Glut + boutons
 Total number of boutons 99 91 207
 Number/motoneuron1 8.3 ± 2.8 9.1 ± 3.4 15.9 ± 3.9
 Proportion of all bouton profiles (%) 52.2 ± 10.1 49.1 ± 12.5 54.2 ± 8.1
 Length of bouton apposition (µm)2 0.7 ± 0.1 0.8 ± 0.1 1.2 ± 0.2
 Synaptic covering percentage (%)1 11.8 ± 4.0 12.9 ± 3.5 27.9 ± 3.8
 Packing density 20.9 ± 8.3 15.6 ± 5.1 17.0 ± 5.9

GABA −/Gly −/Glut − boutons
 Total number of boutons 2 2 2
 Number/motoneuron 0.2 ± 0.4 0.2 ± 0.4 0.2 ± 0.4
 Proportion of all bouton profiles (%) 1.1 ± 2.5 0.8 ± 1.7 0.4 ± 1.1
 Length of bouton apposition (µm)1 0.8 ± 0.2 0.8 ± 0.2 1.1 ± 0.3
 Synaptic covering percentage (%) 0.6 ± 0.9 0.2 ± 0.5 0.5 ± 1.1
 Packing density 0.6 ± 1.1 0.3 ± 0.8 0.3 ± 0.7
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Fig. 6   Distribution of excitatory and inhibitory boutons apposing 
somata of genioglossal (GG) motoneurons at different stages of post-
natal development. a–c Percentages of each immunopositive bouton 
type of all boutons. “None” indicates boutons immunonegative for 

GABA, glycine, or glutamate. d Mean ± SD of each immunopositive 
bouton type. “GABA + and/or Gly +” indicates the sum of all inhibi-
tory boutons. ***p < 0.001; **p < 0.01; *p < 0.05 (one-way ANOVA, 
Scheffe’s test)

Fig. 7   Scatterplots of the normalized values of gold particle den-
sity relative to background density (gold particle density in bouton/
background density) for GABA (abscissa) and glycine (ordinate) in 
boutons apposing somata of genioglossal (GG) motoneurons at post-
natal days 2 (P2: a), P6 (b), and P18 (c). A bouton was considered 
immunopositive when the gold particle density over vesicle areas of 

the bouton was five times (dashed line) higher than the background 
density (gold particle density in the cytoplasm of the postsynaptic 
neurons). Note that the mixed GABA +/Gly + boutons have different 
ratios of GABA to glycine. A dot indicates a bouton apposing somata 
of GG motoneuron
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