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Abstract Increasing evidence shows that the homomeric

glycine receptor is expressed in axon terminals and is

involved in the presynaptic modulation of transmitter

release. However, little is known about the expression of

the glycine receptor, implicated in the presynaptic mod-

ulation of sensory transmission in the primary

somatosensory neurons and their central boutons. To

address this, we investigated the expression of glycine

receptor subunit alpha 3 (GlyRa3) in the neurons in the

trigeminal ganglion and axon terminals in the 1st relay

nucleus of the brainstem by light- and electron-micro-

scopic immunohistochemistry. Trigeminal primary sen-

sory neurons were GlyRa3-immunopositive/gephyrin-

immunonegative (indicating homomeric GlyR), whereas

GlyRa3/gephyrin immunoreactivity (indicating hetero-

meric GlyR) was observed in dendrites. GlyRa3
immunoreactivity was also found in the central boutons of

primary afferents but far from the presynaptic site and in

dendrites at subsynaptic sites. Boutons expressing

GlyRa3 contained small round vesicles, formed asym-

metric synapses with dendrites and were immunoreactive

for glutamate. These findings suggest that trigeminal

primary afferent boutons receive presynaptic modulation

via homomeric, extrasynaptic GlyRa3, and that different

subtypes of GlyR may be involved in pre- and postsy-

naptic inhibition.
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Abbreviations

GlyRa3 Glycine receptor subunit alpha 3

P-ending Pleomorphic vesicles-containing ending

GABA c-Aminobutyric acid

Gly Glycine

GlyR Glycine receptor

LM Light microscopy

EM Electron microscopy

TG Trigeminal ganglion

Vp Trigeminal principal nucleus

DAB 3,30-Diaminobenzidine

IR Immunoreactivity

Introduction

The axoaxonic synapses, established by pleomorphic

vesicles-containing endings (p-endings) onto primary sen-

sory afferent terminals in the spinal cord and brainstem, are

considered the morphological substrate of primary afferent

depolarization and presynaptic inhibition (Gray 1962;

Alvarez 1998). That presynaptic inhibition is mediated by

c-aminobutyric acid (GABA) and/or glycine (Gly) is sug-

gested by the expression of these neurotransmitters by the

presynaptic p-endings (Bae et al. 2000; Watson 2004; Bae

et al. 2005b; Moon et al. 2008). The role of GABA in the

presynaptic inhibition is confirmed with electrophysiology,

and further corroborated by the expression of GABAA

receptor in primary afferents (Désarmenien et al. 1984;
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Labrakakis et al. 2003; Witschi et al. 2011; Lorenzo et al.

2014). However, the role of Gly in presynaptic modulation

is made uncertain by the lack of conclusive evidence for

the glycine receptor (GlyR) in presynaptic axon terminals

(Mitchell et al. 1993; Todd et al. 1996; Lorenzo et al.

2014).

Functional glycine receptors comprise the heteromeric

GlyR, composed of a and b subunits, associated with the

anchoring protein gephyrin, and the homomeric GlyR,

composed of only a subunits (Lynch 2009). Recent studies

in many brain regions including neural circuits involved in

osmoregulation and auditory processing showed that

homomeric and heteromeric GlyR are expressed in distinct

axonal and somatodendritic compartments of neurons

(Deleuze et al. 2005; Hruskova et al. 2012): while homo-

meric GlyR is expressed in presynaptic axon terminals

(Turecek and Trussell 2002; Kubota et al. 2010; Hruskova

et al. 2012), and can be expressed at non-synaptic sites,

heteromeric GlyR is expressed at synaptic sites (Mitchell

et al. 1993; Todd et al. 1996; Deleuze et al. 2005; Tro-

janova et al. 2014; Lorenzo et al. 2014).

Aside from some recent reports that the GlyR subunit

GlyRa3 is selectively involved in the processing of

somatosensory information (Harvey et al. 2004; Lynch

2009), little is known about the expression of GlyR in

primary sensory neurons and their central boutons. Here,

we report for the first time the expression of GlyRa3, not
associated with gephyrin, in the trigeminal primary sensory

neurons, suggesting a novel presynaptic modulation of the

somatosensory primary afferents via extrasynaptic homo-

meric GlyR.

Materials and methods

Animals and tissue preparation

Ten male Sprague–Dawley rats, weighing 290–310 g, were

used for this study, including four for light microscopic

(LM) immunohistochemistry, three for electron micro-

scopic (EM) preembedding immunohistochemistry, and

three for EM postembedding immunohistochemistry. All

animal procedures were reviewed and approved by the

Kyungpook National University Intramural Animal Care

and Use Committee.

The rats were deeply anesthetized with sodium pento-

barbital (80 mg/kg, i.p.) and perfused intracardially with

100 ml of heparinized normal saline (4000 IU heparin/

liter, 0.9 % NaCl solution), followed by 500 ml of freshly

prepared fixative. For light microscopy, fixative was 4 %

paraformaldehyde in 0.1 M phosphate buffer, pH 7.4 (PB),

for preembedding immunohistochemistry, it was a mixture

of 4 % paraformaldehyde and 0.01 % glutaraldehyde in

PB, and for postembedding immunohistochemistry, it was

a mixture of 4 % paraformaldehyde and 0.5 % glu-

taraldehyde in PB. The trigeminal ganglion (TG), the

dorsal part of its sensory root (to exclude the motor fibers

in the ventral root which, separated from the sensory root,

passes beneath the TG), and the brainstem, including

trigeminal principal (Vp) and caudal (Vc) nuclei, were

dissected. The specimens were postfixed in the same fixa-

tive for 2 h at 4 �C, and cryoprotected in 30 % sucrose in

PB. Sections were cut on a freezing microtome at 40 lm
for LM or on a Vibratome at 60 lm for EM, and then

stored in PB at 4 �C.

LM immunohistochemistry

For LM immunoperoxidase staining, sections of TG and

brainstem, including Vp, were permeabilized with 50 %

ethanol for 30 min, blocked with 10 % normal donkey

serum (NDS; Jackson ImmunoResearch, West Groove,

PA) for 30 min, and incubated overnight in primary anti-

bodies in phosphate buffered saline (PBS; 0.01 M, pH 7.4):

rabbit anti-GlyRa3 antibody (1:100; Alomone Labs Ltd.,

Jerusalem, Israel), goat anti-GlyRa3 (1:100; Santa Cruz

Biotechnology, Santa Cruz, CA, USA) and mouse anti-

gephyrin antibody (1:300; Synaptic Systems, Göttingen,

Germany). After several rinses with PBS and incubation

with 2 % NDS for 10 min, sections were incubated with

biotinylated donkey anti-rabbit, donkey anti-goat or don-

key anti-mouse antibodies (1:200 in PBS; Jackson

ImmunoResearch), rinsed in PBS, and incubated with

ExtrAvidin peroxidase (1:5000 in PBS; Sigma-Aldrich, St.

Louis, MO). Immunoperoxidase was visualized by nickel-

intensified 3,30-diaminobenzidine (DAB), and sections

were then lightly counterstained with 1 % thionin. Light

micrographs were obtained with an Exi digital camera (Q-

imaging Inc., Surrey, CA) attached to a Zeiss Axioplan 2

microscope (Carl Zeiss, Göttingen, Germany), and saved as

TIFF files. Size analysis of TG neurons was performed on

sections immunostained with rabbit anti-GlyRa3 antibody:

The cross-sectional areas of a total of 880 GlyRa3-im-

munopositive (?) and 848 GlyRa3-immunonegative (-)

neurons with clearly visible nucleoli in the opthalmomax-

illary and mandibular areas of the TG in 15 sections from

the three TGs were measured in micrographs at 4009

original magnification using Image J software (http://ima

gej.nih.gov/ij/, RRID: nif-0000-30467, NIH, Bethesda,

MD, USA). Inter-animal variability in the cross-sectional

area of somata was not significant (one-way ANOVA,

p = 0.229), and the data could be pooled for analysis.
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EM preembedding immunohistochemistry

For EM, sections of brainstem, including Vp, Vc and dorsal

part of sensory root of the TG, were frozen on dry ice for

20 min, thawed in PBS to enhance penetration, and pre-

treated with 1 % sodium borohydride for 30 min to remove

glutaraldehyde. Sections were then blocked with 3 %

hydrogen peroxide for 10 min, to suppress endogenous

peroxidase, and with 10 % normal donkey serum (NDS)

for 30 min, to quench secondary antibody binding sites.

Sections were incubated in each primary antibody in PBS

overnight at 4 �C: rabbit anti-GlyRa3 (1:50; Alomone

Labs Ltd.), goat anti-GlyRa3 (1:50; Santa Cruz Biotech-

nology) and mouse anti-gephyrin (1:100; Synaptic Sys-

tems). For immunoperoxidase staining, the sections were

then rinsed in PBS for 15 min, incubated with 2 % NDS

for 10 min, and incubated for 2 h in the biotinylated sec-

ondary antibody (donkey anti-rabbit, donkey anti-goat or

donkey anti-mouse, 1:200; Jackson ImmunoResearch).

After rinsing, sections were incubated with ExtrAvidin

peroxidase (1:5000; Sigma-Aldrich) for 1 h and the

immunoperoxidase was visualized with DAB. Sec-

tions were further rinsed in PB, osmicated in osmium

tetroxide in PB (1 % for preembedding immunocyto-

chemistry; 0.5 % for postembedding immunocytochem-

istry) for 1 h. Sections were further dehydrated in graded

alcohols, flat-embedded in Durcupan ACM (Fluka, Buchs,

Switzerland) between strips of Aclar plastic film (EMS,

Hatfield, PA), and cured for 48 h at 58.5 �C. Small pieces

containing immunostaining for GlyRa3 or gephyrin in the

Vp, Vc and dorsal part of sensory root were cut out of

wafers and glued onto blank resin blocks with cyanoacry-

late. Thin sections were cut with a diamond knife, mounted

on formvar-coated single slot nickel grids, and stained with

uranyl acetate and lead citrate. Grids were examined on a

Hitachi H 7500 electron microscope (Hitachi, Tokyo,

Japan) at 80 kV accelerating voltage. Images were cap-

tured with Digital Micrograph software driving a cooled

CCD camera (SC1000; Gatan, Pleasanton, CA) attached to

the microscope, and saved as TIFF files.

The size of GlyRa3? axons was analyzed on sections

immunostained with the rabbit anti-GlyRa3 antibody: The

cross-sectional areas of a total of 560 GlyRa3? axons and

the thickness of their myelin sheath were measured in

micrographs at 10,0009 or 25,0009 original magnification

from nine sections of the dorsal part of the trigeminal

sensory root in three TGs using Image J (v 1.6, NIH,

Bethesda, MD). Correlation analysis with Fisher’s r-to-

z transformation for significance was used to test rela-

tionships between the cross-sectional area of the myeli-

nated axons and the thickness of their myelin sheath.

Significance was set at p\ 0.05. Inter-animal variability in

the proportion of each fiber type within the same group was

insignificant (Pearson Chi square test, p = 0.125), and the

data could be pooled per group for analysis. Immunopos-

itive fibers were grouped into unmyelinated, small myeli-

nated (\20 lm2 cross-sectional area, equivalent to\5 lm
in diameter), and large myelinated fibers ([20 lm2 cross-

sectional area, equivalent to[5 lm in diameter), corre-

sponding to C, Ad and Aa/b fibers, respectively, according

to previous studies which emphasized the correlation

between conduction velocity and axonal diameter in

myelinated axons (Debanne et al. 2011; Boron and Boul-

paep 2012).

We further analyzed the expression of GlyRa3 in the

boutons and dendrites in the Vp and Vc. We focused on the

Vp, because of its highest frequency of axoaxonic synap-

ses, associated with trigeminal primary sensory afferents,

among the trigeminal sensory nuclei, and because of its

dense input of peptidergic and non-peptidergic C afferents,

mechanoreceptive Ab afferents, and mainly Ad, pulpal

afferents (Bae et al. 1994; Sugimoto et al. 1997a, b; Bae

et al. 2003).

EM postembedding immunogold staining

Multiple sets of 3–4 serial sections from each resin block

containing sections performed with immunoperoxidase

staining for GlyRa3 were used for immunogold staining for

glutamate and glycine. Immunogold labeling was per-

formed as previously published by our laboratory (Bae

et al. 2002; Paik et al. 2007). Briefly, the grids were treated

in 1 % periodic acid for 10 min, to etch the resin, in 9 %

sodium periodate for 15 min, to remove the osmium

tetroxide, 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 primary antibodies. The grids were then incu-

bated with rabbit polyclonal antisera against glutamate

(Glut 607, 1:1000) and glycine (Gly 290, 1:280) in TBST

containing 2 % HSA for 2 h at room temperature. To

eliminate cross-reactivity, the diluted antisera were pread-

sorbed overnight with glutaraldehyde (G)-conjugated

amino acids (300 lM glutamine-G, 100 lM aspartate-G,

and 200 lM b-alanine-G for glutamate, 300 lM b-alanine-
G and 200 lM GABA-G for glycine, Ottersen et al. 1986).

After extensive rinsing in TBST, grids were incubated for

3 h in goat anti-rabbit IgG coupled to 15 nm gold particles

(1:25 in TBST containing 0.05 % polyethylene glycol;

BioCell, Cardiff, UK). After a rinse in distilled water, the

grids were counterstained with uranyl acetate and lead

citrate and examined and images were captured as above.

To assess the immunoreactivity for glutamate, gold particle

density (number of gold particles per lm2) over each

GlyRa3? boutonwas compared to the average tissue density
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in 5–10 randomly-selected areas adjacent to the

GlyRa3? bouton (2 lm2 each, a total area of 10–20 lm2 per

section). Boutons containing gold particles at a den-

sity[2.576 SD of the average tissue density (99 % confi-

dence level) were considered glutamate-immunopositive

(Shigenaga et al. 2005; Paik et al. 2011, 2012a). To assess the

immunoreactivity for glycine, gold particle density of the

p-endings forming axoaxonic synapses with GlyRa3? bou-

tons and that of the axon terminal forming axodendritic

synapses with GlyRa3? dendrites was compared with the

gold particle density of presumed excitatory boutons con-

taining round vesicles and forming asymmetrical synaptic

contact with dendrites. P-endings forming axoaxonic synap-

ses or axon terminals forming axodendritic synapses were

considered glycine-immunopositive if the gold particle den-

sity for glycine over the vesicle-containing areas was at least

five times higher than that in the excitatory boutons.

Antibodies and immunohistochemical controls

The antibody against GlyRa3 (Alomone Labs Ltd., Cat.

No. AGR-003, lot AN-01) is a polyclonal antibody raised

against a peptide corresponding to amino acids 355–368

(KNKTEAFALEKFYR) of the second intracellular loop of

rat GlyRa3. We performed a Blast search against the

NCBI’s GenBank and found that the antigen is homologous

to GlyRa3, and not to any other peptide in the database.

The antibody against gephyrin (Synaptic Systems, Cat. No.

147-021, clone mAb7a, lot 147021/15) is a monoclonal

antibody raised against the N-terminus of gephyrin, sur-

rounding phospho-serines 268 and 270. It has been exten-

sively characterized in previous studies (Kneussel et al.

1999; Javdani et al. 2015; Fekete et al. 2015).

To test the specificity of the rabbit anti-GlyRa3 and

mouse anti-gephyrin antibodies in sections of TG and Vp,

(1) we performed preadsorption with the immunizing

peptide (GlyRa3: Alomone Labs Ltd., AG-01): 10 lg of

anti-GlyRa3 antibody was incubated with 1, 5 or 10 lg/ml

of the immunizing peptide for 2 h at room temperature,

centrifugated at 15,000 rpm for 10 min, and the super-

natant was used for preadsorption. Preadsorption with 1 or

5 lg/ml of the immunizing peptide reduced the GlyRa3-
immunoreactivity, and preadsorption with 10 lg/ml com-

pletely abolished it (Fig. 1). (2) We compared the expres-

sion pattern of GlyRa3 in TG neurons, sensory root of the

TG, and boutons and dendrites in Vp, in sections

immunostained with rabbit anti-GlyRa3 antibody (Alo-

mone) to that in sections immunostained with goat anti-

GlyRa3 antibody (Santa Cruz Biotechnology), which was

extensively characterized, using GlyRa3-/- mice (Haver-

kamp et al. 2003). The expression pattern with the two

antibodies was identical. (3) We processed sections

according to the same immunostaining protocols, except

that the primary or secondary antisera were omitted or

replaced by normal serum. Omission or substitution of the

antisera completely abolished the immunostaining. (4) The

specificity of immunostaining was also confirmed by the

consistency of immunostaining in the same boutons or

dendrites in adjacent serial thin sections.

The rabbit polyclonal antisera against glutamate (Glut

607, 1:1000) and glycine (Gly 290, 1:280), a gift from Dr.

Ole P. Ottersen at the University of Oslo, have been used

routinely in our previous works (Bae et al. 2000, 2002;

Paik et al. 2012b). They were raised according to the

procedure of Storm-Mathisen et al. (1983), except that the

amino acids were conjugated to bovine serum albumin by

glutaraldehyde and formaldehyde instead of glutaraldehyde

alone, and extensively characterized (Broman et al. 1993;

Matsubara et al. 1996; Takumi et al. 1999). Their speci-

ficity was confirmed on test sections of ‘sandwiches’ of rat

brain macromolecule-glutaraldehyde complexes of differ-

ent amino acids, including GABA, glycine, and glutamate

(Zhang and Ottersen 1992; Bae et al. 2000; Paik et al.

2012b). Test sections were incubated in the same drops of

Fig. 1 Light micrographs showing specificity of immunostaining for

GlyRa3 (a, b) and gephyrin (c, d) in the trigeminal ganglion (TG; a,
b) and trigeminal principal nucleus (Vp; c, d). Immunostaining was

completely abolished by preadsorption with the corresponding

blocking peptide (10 lg/ml: b), or by omission of the primary

antibody (d). Scale bars 50 lm
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glutamate and glycine antisera as the tissue sections, and

the respective conjugates in the test sections were selec-

tively labeled. Furthermore, omission or replacement of the

primary antisera with normal rabbit serum or preadsorption

of the diluted anti-glutamate serum with 300 lM Glut-G

and anti-glycine serum with 300 lM Gly-G abolished the

specific immunostaining, confirming the selectivity of the

antisera.

Results

At LM, the immunoperoxidase staining for GlyRa3 in TG

was observed in neurons of all sizes. In contrast, TG

neurons were negative for gephyrin (Fig. 2). Immunore-

activity (IR) of GlyRa3 and gephyrin was completely

abolished by preadsorption with the corresponding block-

ing peptide or by omission of the primary antibody

Fig. 2 Light micrographs

showing immunoperoxidase

staining for GlyRa3 (a with a

rabbit anti-GlyRa3 antibody;

b with a goat anti-GlyRa3
antibody) and gephyrin (c) in
the TG, and size distribution of

GlyRa3? neurons (d). TG
neurons of all sizes are

immunostained for GlyRa3, but
not for gephyrin. Scale

bar 50 lm

Fig. 3 Light micrographs showing immunoperoxidase staining for

GlyRa3 (a, b) and gephyrin (c, d) in the sensory root of the trigeminal

ganglion (a, c) and trigeminal principal nucleus (Vp: b, d). GlyRa3-

immunoreactivity (IR) is observed in nerve fibers in the sensory root

and in Vp, whereas gephyrin-IR is observed in the Vp, but not in the

sensory root. Scale bars 50 lm
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(Fig. 1b, d). GlyRa3- IR was also observed both in the

sensory root of the TG and Vp, whereas gephyrin-IR was

observed in the Vp but not in the sensory root (Fig. 3).

At EM, electron-dense immunoreaction product, coding

for GlyRa3, seemed to be associated with microtubules and

sometimes spread into the adjacent axoplasm, but remained

Fig. 4 GlyRa3-positive (?) fibers in the sensory root of the

trigeminal ganglion. a, b Electron micrographs showing GlyRa3? -

large myelinated (double arrows) and unmyelinated (arrowhead)

fibers. c, d Stacked histograms showing the fraction (c) and size

distribution (d) of the GlyRa3? unmyelinated, small myelinated, and

large myelinated fibers. Most GlyRa3? fibers are small myelinated

(*67 %:\20 lm2 in cross-sectional area, equivalent to\5 lm in

diameter, left to the dotted line) and unmyelinated (17 %). e His-

togram showing the thickness of myelin sheath of the

GlyRa3? myelinated fibers. The average thickness of the myelin

sheath of GlyRa3? fibers with *20 lm2 cross-sectional area is

0.7 lm. f Correlation between the thickness of the myelin sheath and

the cross-sectional area of the GlyRa3? myelinated fibers. r correla-

tion coefficient. Scale bars 500 nm
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within the axons. GlyRa3-immunoreactivity (IR) was

observed mostly in small myelinated (\20 lm2 in cross-

sectional area, equivalent to\5 lm in diameter, corre-

sponding to Ad fibers: 66.6 %), but also large myelinated

([20 lm2 in cross-sectional area, corresponding to Ab
fibers: 16.4 %), and unmyelinated (17.0 %, Fig. 4). We

also classified the myelinated fibers, based on the thickness

on their myelin with a cutoff thickness of 0.7 lm, which

was the average myelin thickness of myelinated fibers with

cross-sectional area of 20 lm2. The fractions of small

(\0.7 lm in myelin thickness, 64.5 %) and large

([0.7 lm, 18.6 %) were similar to those classified based

on cross-sectional area. In addition, the cross-sectional area

of the GlyRa3? myelinated fibers was positively corre-

lated with their myelin thickness (Fig. 4e, f). Gephyrin-

immunopositive (?) fibers were not observed.

In the Vp, the trigeminal principal nucleus in the brain-

stem, the immunostaining for GlyRa3 was in boutons, some

receiving axoaxonic synapses, and some not (Fig. 5).

GlyRa3-immunoreactivity (IR) was also observed in den-

drites receiving synapses from axon terminals containing

round, oval and/or flattened vesicles (Fig. 6). Gephyrin-IR

was not observed in boutons (Fig. 7a, b), suggesting homo-

meric GlyR expression in boutons, however, both GlyRa3-
IR and gephyrin-IR were observed in dendrites, suggesting

heteromericGlyR expression in dendrites (Figs. 6a, b, 7c, d).

The expression pattern of GlyRa3 in the boutons and den-

drites in the Vc was similar to that in the Vp.

Fig. 5 Electron micrographs of

GlyRa3-immunopositive (?)

boutons (asterisks), which

receive axoaxonic synaptic

contacts from endings that

contain pleomorphic vesicles

(p1, p2) and form glomeruli

with multiple postsynaptic

dendrites (a d1–d4), or contact

single dendrites (b–d d) in the

trigeminal principal nucleus.

GlyRa3-immunoreactivity

(arrows) is localized near the

plasma membrane away from

the synapses. Note that

GlyRa3? boutons contain

round vesicles. The

GlyRa3? boutons and

p-endings are outlined with a

dashed line, arrowheads

indicate synapses. Scale

bars 500 nm
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The immunostaining for GlyRa3 in boutons was in the

form of small patches near the plasma membrane away from

synapses, whereas in dendrites, both GlyRa3-IR and

gephyrin-IR were clustered at the subsynaptic zone. The

GlyRa3? boutons contained small clear round vesicles,made

asymmetric synaptic contacts with dendrites, and immunos-

tained for glutamate, suggesting that they are excitatory

(Fig. 8a, b). They frequently received axoaxonic synapses

fromsmall presynaptic endings,which containedpleomorphic

vesicles, and immunostained for glycine (Fig. 8c, d). Theaxon

terminals forming symmetric synapses with GlyRa3?/ge-

phyrin? dendrites were also glycine? (Fig. 8e, f).

Discussion

Themain findings of the present study are that (1) GlyRa3, but
not gephyrin, is expressed in trigeminal primary sensory neu-

rons and their central boutons, whereas GlyRa3 and gephyrin
are co-expressed in dendrites in the brainstem, and (2) GlyRa3
is localized away from the synapse in boutons and at subsy-

naptic sites in dendrites. These findings provide a morpholog-

ical support for the notion that primary somatosensory afferent

boutons receive glycine-mediated presynaptic modulation via

extrasynaptic, homomeric GlyRa3. They also suggest that

different subtypes of GlyR (homomeric vs. heteromeric)

mediate the pre- and postsynaptic glycinergic inhibition.

Expression of GlyRa3, but not gephyrin,
in the primary sensory neurons and central boutons

Consistent with previous studies in the spinal cord (Mitchell

et al. 1993; Todd et al. 1995; Lorenzo et al. 2014), gephyrin-

IR was not observed in the central boutons. However,

GlyRa3-IRwas observed in the primary sensory neurons and

central boutons, suggesting that they express homomeric

GlyR. Homomeric GlyR has also been shown in axon ter-

minals in the hippocampus, the auditory nucleus, and the

supraoptic nucleus (Sassoe-Pognetto et al. 1994; Turecek

and Trussell 2001, 2002; Deleuze et al. 2005; Kubota et al.

2010). Conversely, dendrites were immunostained for both

GlyRa3 and gephyrin, indicating that they express hetero-

meric GlyR and suggesting that while homomeric GlyRa3
may be involved in presynaptic modulation in boutons,

heteromeric GlyRa3 may be involved in postsynaptic inhi-

bition in dendrites. This supports the electrophysiological

observations of large glycine-gated channel conductance,

consistent with homomeric GlyR, in the presynaptic termi-

nals, but small channel conductance, consistent with het-

eromeric GlyR, in the somatodendritic compartment of

spinal- and brainstem neurons (Takahashi et al. 1992;

Turecek and Trussell 2002; Beato and Sivilotti 2007; Lynch

2009). It is also consistent with studies of the hypothalamic

and auditory neurons, showing differential distribution of

homomeric and heteromeric GlyR in the axonal and

Fig. 6 Electron micrographs of GlyRa3-immunopositive (?) den-

drites (d) that receive synaptic contacts from axon terminals (AT) in

the trigeminal principal nucleus. GlyRa3-immunoreactivity (arrows)

is localized to the subsynaptic area. The axon terminals are outlined

with a dashed line, arrowhead indicates synapse. Scale bars 500 nm
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somatodendritic compartments, respectively (Deleuze et al.

2005; Hruskova et al. 2012).

In the present study, the GlyRa3? boutons contained

clear round vesicles, formed asymmetrical synaptic con-

tacts with dendrites, and were immunostained for gluta-

mate, suggesting that they are excitatory. In addition, they

usually established synaptic contacts with multiple den-

drites and axonal endings, and formed glomeruli, analo-

gous to the A and C afferent terminals in the spinal dorsal

horn (Ribeiro-da-Silva and Coimbra 1982; Alvarez et al.

1992) and trigeminal sensory nuclei (Bae et al. 1994,

2005a). In addition, a previous study showed that the axon

terminals of excitatory local circuit neurons in the brain-

stem are rarely involved in axoaxonic synapses (Paik et al.

2009). Considering these present and previous findings, we

assumed that most GlyRa3? central boutons are of pri-

mary afferent origin.

In the present study, the fraction of small-sized

GlyRa3? somata was 4 %, but that of unmyelinated axons

was 17 %. Also, only 44 % of the GlyRa3? somata were

small- and medium-sized, but 84 % of the GlyRa3? axons

were unmyelinated or small myelinated. This suggests that

large GlyRa3? somata may have small axons. This is

supported by a recent study in TG, showing that most

medium-sized neurons (400–800 lm2) have unmyelinated

axons, and that while only a third of the CGRP? somata

are medium- or large-sized ([400 lm2), 97 % of the

CGRP? axons are unmyelinated (Bae et al. 2015).

In contrast with the size distribution of dorsal root

ganglion neurons, which has one peak for the small, and

one peak for the large neurons (Harper and Lawson 1985),

the TG neurons had a single peak of size distribution

(Wotherspoon and Priestley 1999; Ichikawa et al. 2003;

Triner 2013), the low fraction of large cells being

Fig. 7 Electron micrographs of

boutons (a, b) and dendrites (c,
d) immunostained for gephyrin

in the trigeminal principal

nucleus. a, b Gephyrin

immunoreactivity is not

observed in boutons (asterisk)

containing round vesicles and/or

forming asymmetrical synaptic

contacts with dendrites (d). c,
d Gephyrin-immunoreactivity

(arrows) is localized to the

subsynaptic area of dendrites

(d), which receive synapses

from axon terminals (AT),

containing a mixture of round,

oval, and flattened vesicles.

Axon terminals are outlined

with a dashed line, arrowheads

indicate synapses. Scale

bars 500 nm
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presumably due to the lack of large proprioceptive neurons

in the TG (Shigenaga et al. 1988).

Extrasynaptic GlyRa3 on the central boutons

It has been shown before in many brain regions that

functional homomeric GlyR in axon terminals such as

calyx terminals is localized to extrasynaptic sites, which

are involved in the modulation of glutamate release

(Turecek and Trussell 2002; Kubota et al. 2010; Hruskova

et al. 2012; Trojanova et al. 2014; Xiong et al. 2014). In the

present study, GlyR-IR in boutons was near the plasma

membrane away from synaptic sites, and rarely at axoax-

onic contacts by p-endings, whereas in dendrites, it was at

Fig. 8 Electron micrographs of

adjacent thin sections of the

trigeminal principal nucleus,

simultaneously stained for

GlyRa3 with

immunoperoxidase, and with

immunogold for glutamate (a,
b) or glycine (c–f). a, b A

GlyRa3? bouton (asterisk)

containing round vesicles and

forming synapses with dendrites

(d1, d2), is glutamate-

immunopositive. c, d A

GlyRa3? bouton (asterisk)

receives a synapse from a

glycine? presynaptic ending

(p), and establishes a synaptic

contact with a dendrite (d). e,
f A GlyRa3? dendrite receives

a synapse from a glycine? axon

terminal (AT). Axon terminals

are outlined with a dashed line,

arrows indicate immunostaining

for GlyRa3, arrowheads
indicate synapses. Scale

bars 500 nm
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synaptic sites, showing that homomeric GlyR is at

extrasynaptic sites of boutons, and that heteromeric GlyR is

at synaptic sites in dendrites.

The functional properties of receptors expressed on the

neuronal cell membrane differ according to their subcel-

lular location. Thus, GlyR expressed at extrasynaptic sites

in axon terminals is slowly and tonically activated via

paracrine release or spillover of glycine from adjacent

glycine? boutons or non-neuronal cells (Turecek and

Trussell 2001; Muller et al. 2008; Kopp-Scheinpflug et al.

2008). The subsequent opening of GlyR induces efflux of

Cl-, due to the high intracellular [Cl-] in the presynaptic

boutons (Kim and Trussell 2009; Chu et al. 2012), causing

depolarization and an increase in Ca2? concentration

(Turecek and Trussell 2001; Price and Trussell 2006;

Huang and Trussell 2008), and subsequent modulation of

neurotransmitter release (Chu et al. 2012). In contrast,

heteromeric GlyR, clustered at subsynaptic sites of the

somatodendritic compartment, are rapidly and transiently

activated by glycine released into the synaptic cleft, fol-

lowed by a rapid clearing from the synapse (Singer and

Berger 2000; Legendre 2001; Muller et al. 2008; Hruskova

et al. 2012). Therefore, the extrasynaptic GlyRa3 in bou-

tons may be involved in the slow, tonic modulation of

glutamate release, whereas the synaptic GlyRa3 in den-

drites may be involved in fast, phasic inhibitory response of

the postsynaptic neuron.

In the present study, the immunostaining for GlyRa3 in

dendrites was dense and covered large irregular territories in

the cytoplasm, partly adjacent to the postsynaptic mem-

brane, and partly to the outer membranes of mitochondria.

We interpret this to indicate a large amount of GlyRa3 in the
subsynaptic area, but we cannot exclude that it may also be

caused by an artifactual diffusion ofDAB.On the other hand,

the GlyRa3-IR in boutons was weak and in the form of small

patches, indicating relatively small amounts of GlyRa3.
Boutons, compared to dendrites, have smaller size and sur-

face area and thus may have higher input resistance and

lower capacitance, so that small ion influxes into a bouton

can result in large changes in the membrane potential. Fur-

thermore, homomeric GlyR has larger channel conductance

(Bormann et al. 1993; Handford et al. 1996) and slower

deactivation and desensitization rates than heteromericGlyR

(Legendre 2002;Mohammadi et al. 2003). Because of that, it

is conceivable that small amounts of GlyRa3 can efficiently
modulate glutamate release from boutons. Administration of

strychnine and L-type Ca2? channel blockers inhibits accu-

mulation of GlyR at the postsynaptic membrane of spinal

neurons, suggesting that Ca2? influx may induce accumu-

lation of GlyR at synaptic sites (Levi et al. 1998; Kirsch and

Betz 1998). If this is applicable to the GlyRa3? boutons,

activation of a small amount of extrasynaptic GlyR may

induce accumulation of GlyR to the extrasynaptic sites,

which in turn, may induce large GlyR-mediated currents that

are sufficient for the effective modulation of glutamate

release from the bouton.

At present, the source for glycine necessary for the

activation of extrasynaptic GlyR in boutons is unknown.

One such source may be glycine spillover from the glyci-

ne? p-ending, presynaptic to the GlyRa3? bouton, or

from adjacent glycine? axon terminals. Another is the

paracrine release of glycine (or the glycine receptor agonist

taurine) from surrounding astrocytes (Hussy et al. 1997;

Kopp-Scheinpflug et al. 2008).

GlyRa3 was expressed in trigeminal neurons of all sizes

and in fibers of all types, suggesting a role of GlyRa3 in

presynaptic modulation of Ad- and C-fiber-mediated

nociception, as well as Ab-fiber-mediated mechanorecep-

tion. That most GlyRa3? fibers were unmyelinated and

small myelinated suggests a predominant role of GlyRa3 in
nociception. This is corroborated by recent reports that

inhibition of GlyRa3 by prostaglandin E2-induced receptor

phosphorylation, induces central pain sensitization during

inflammation (Harvey et al. 2004, 2009). Also, cannabi-

noids suppress inflammatory pain by selectively potenti-

ating GlyRa3-mediated glycinergic currents (Xiong et al.

2012). These results implicate homomeric GlyRa3 in

boutons, as well as heteromeric GlyRa3 in dendrites, in the

mechanism of central pain hypersensitivity during

inflammation.
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