Localization of glial cell marker proteins in the rat

mesencephalic trigeminal nucleus

Kota WATANABE?!D, Takeshi OGUCHI?), Sakura ONOUE?),

Shingo MAEDA*), Kazuyoshi HIGASHI* and Akira KAWATA* %)

Graduate School of Dentistry, Kanagawa Dental University,
82 Inaoka-cho, Yokosuka, Kanagawa 238-8580, Japan
’Department of Anatomy, Kanagawa Dental University,
82 Inaoka-cho, Yokosuka, Kanagawa 238-8580, Japan

3)College of Science and Engineering, Kanto Gakuin University,

1-50-1 Mutsuura-higashi, Kanazawa-ku, Yokohama, Kanagawa

236-8501, Japan
“"Department of Molecular Oral Histology and Embryology,

Kanagawa Dental University, 82 Inaoka-cho, Yokosuka,

Kanagawa 238-8580, Japan

Running title: Neuron-glia network involved in jaw movement

*Corresponding author: Akira KAWATA

Department of Molecular Oral Histology and Embryology,
Kanagawa Dental University,

82 Inaoka-cho, Yokosuka, Kanagawa 238-8580, Japan

TEL & FAX: 046-822-8846 e-mail: kawata@kdu.ac.jp



Abstract

Oral dyskinesia, defined as repetitive involuntary movements

appearing in the oral and maxillofacial region, is an oral function

abnormality that decreases the quality of life of patients. However, the

pathogenesis of oral dyskinesia remains unknown and the condition is

often difficult to treat. Since 2000, glial cells have attracted attention

as a target for therapeutic agents for Parkinson's disease, which is

characterized by the same involuntary movements as oral dyskinesia.

However, the distribution and role of glial cells in brainstem regions

such as the pons and the medulla oblongata, where many neurons

involved in oral and maxillofacial movements are located, have not

been studied in detail. Thus, this study performed immunohistochemical

analysis to investigate the localization of glial cell marker proteins in

the mesencephalic trigeminal nucleus (Me5), which is involved in the

control of jaw movement. To do so, the brainstem regions of rats were

removed and coronal sections were ©prepared, followed by

immunofluorescence staining for the glial cell markers glial fibrillary

acidic protein (GFAP), S100 protein, and neuron-glial antigen 2 (NG2),

which showed a large number of GFAP-, S100-, and NG2-positive cells

around neurons in the Me5. These results suggested that glial cell

marker-positive cells in the MeS5 secrete ATP and other signaling



molecules and are involved in jaw reflexes such as the mandibular

tensor and periodontal masseter reflexes, which regulate mandibular

movements. Future studies will evaluate the expression of these marker

molecules during postnatal development and investigate the effects of

glial cells on neural circuit formation in the Me5 in detail, to elucidate

the pathogenesis of oral dyskinesia and other oral dysfunctions.
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Introduction

Jaw movements such as chewing and sucking are established by the

peripheral jaw movement system based on excitatory and inhibitory

output from the central nervous system ! 2). The development of

treatments for oral dysfunction related to these activities requires the

elucidation of neural pathways, including postnatal development

plasticity. Oral dyskinesia is a symptom that is particularly difficult to

address in clinical dentistry. Adverse reactions to a number of the

drugs used to treat neurological disease are regarded as the cause of

oral dyskinesia’ however, many cases are idiopathic (unknown cause),

and almost all cases are difficult to treat 3). Thus, this study used rats

as model organisms to determine the role of glial cells in the neural

network controlling jaw movement, which has not been studied to date,

and to elucidate the cause of oral dysfunction, including oral

dyskinesia.

Unlike humans, rodents, including rats, have an immature cell

structure in the central nervous system at birth; thus, their peripheral

nerves subsequently grow from the sucking to chewing developmental

stages after the lactation period #-%). Therefore, rodents are considered

useful models to analyze jaw movement from the perspective of



embryology or growth and development.

“Glial cells” is the generic term to describe non-excitatory cells in

the cranial nervous system. These cells are classified as astrocytes,

oligodendrocytes, Schwann cells, and microglia. The function of glial

cells was traditionally thought to be related to nerve function,

including providing physical protection and substance metabolism in

the nervous system. However, the dynamics of glial cells are being

elucidated with the development of methods to measure intracellular

calcium levels. The findings suggest the involvement of glial cells in

many central phenomena of nerve function, including

neurotransmission and plasticity changes 7"'!). Previous studies on glial

cells have mainly focused on physiological changes in the culture

system; however, the elucidation of actual conditions in nerve tissue is

required.

We previously investigated the morphology of neuron-glia

communication in the trigeminal motor nucleus, which is the main

component that forms the neural network for jaw movement. We

reported that some glial marker-positive cells in the trigeminal motor

nucleus may be involved in the neural network that controls masticatory

movement, particularly the jaw opening movement '2).



Therefore, this study observed the distribution of glial cells in the

mesencephalic trigeminal nucleus, which controls the mechanoreceptor

of the periodontal ligament and the muscle spindles of jaw closing,

which are the main components that form another neural network for

jaw movement '3). This study selected three types of glial cell markers;

namely, glial fibrillary acidic protein (GFAP), a cytoskeleton protein

that is an astrocyte-specific marker used in many studies to date '4-16);

S100 protein (S100), also a marker molecule for astrocytes and

oligodendrocytes '7> 18): and chondroitin sulfate proteoglycan

(neuron-glial antigen 2, NG2), a marker molecule for oligodendrocytes

19), We conducted immunohistochemical investigations of glial cell

localization in the mesencephalic trigeminal nucleus of the rat.



Materials and methods

1. Experimental animals

The experimental animals were 10 male Wistar rats weighing 250 to

350 g (8-12 week old; Clea Japan, Inc., Tokyo). Two of these rats were

used for Nissl staining; the remaining 8 rats were wused for

immunostaining. The animals were housed in a room with a 12-hour

light and dark cycle, room temperature of 20°C, and free access to water

and food. This study was approved by The Animal Care and Use

Committee of Kanagawa Dental University and was conducted in

compliance with established experimental animal guidelines (Approval

No.13-012). The test animals were handled ethically, pursuant to the

provisions of The Standards on the Care and Storage of Animal

Experiments (Prime Minister’s Office Advertisement No.6, March 27,

1980). The animals were put wunder deep anesthesia via the

intraperitoneal injection of sodium barbiturate (50 mg/kg), underwent

thoracotomy. After perfusion fixation using 0.1 M phosphate buffer (pH

7.4) with 4% paraformaldehyde, into the left ventricle, the brainstem

was removed, including the mesencephalic trigeminal nucleus area,

which was fixed overnight (4°C, 12 hours) in the same fixing solution.



2. Nissl staining and fluorescent Nissl staining with Neuro Trace green

The post-fixed brainstem was immersed in 0.1 M phosphate-buffered

saline (PBS) (pH 7.4) with 25% sucrose, then embedded with

Tissue-Tek O.C.T. Compound (Sakura Finetek Japan Co., Ltd., Tokyo).

Frozen coronal sections of the brainstem were prepared to 40 pm

thickness using a cryostat, classified into two groups, stained as

follows, and observed microscopically.

1) The group 1 sections were prepared with Nissl stain using a 1%

cresyl violet solution in a 95% ethanol aqueous solution. The sections

were dehydrated using ethanol and xylene, treated using a tissue

clearing technique, and sealed. The cell structure of the pontine

tegmentum area from the midbrain tegmentum, including the trigeminal

mesencephalic nucleus, was then observed under an optical microscope.

2) The group 2 sections were immersed in Neuro Trace green (Molecular

Probes, Oregon, USA ; 1: 500, 0.1 M PBS, pH 7.4, 4°C) for 30 minutes

and washed in 0.1 M PBS (room temperature) for 30 minutes. Each

section was then mounted on a glass slide and sealed and the same field

that was observed by optical microscopy was observed with a

fluorescence microscope. A BZ-8000 all-in-one fluorescence

microscope (Keyence Corporation, Tokyo) was used for the microscopic



observations, and both optical and fluorescence microscope images

were photographed.

3. Immunohistochemical analysis using GFAP, S100, and NG2

antibodies

After fixing the tissue in the same way as described in 2.,

40-pm-thick post-fixed brainstem frozen coronal serial sections were

prepared using a cryostat. The sections were divided into three groups,

and the sections from each group were immersed in rabbit anti-GFAP

antibodies (Shima Laboratories, Co., Ltd., Tokyo; 1: 500, 0.1 M PBS,

pH 7.4, 4°C), mouse anti-S100 antibodies (Chemicon, Pittsburgh, PA,

USA ; 1: 100, 0.1M PBS, pH 7.4, 4°C), or rabbit anti-NG2 antibodies

(Abcam, Tokyo ; 1: 100, 0.1M PBS, pH 7.4, 4°C) for 24 hours, then

immersed in biotinylated secondary antibodies (Dako, Glostrup,

Denmark ; 1: 500, 0.1 M PBS, pH 7.4, 4°C) for one hour, and then

immersed in Cy3-streptavidin (Sigma, Missouri, USA ; 1: 500, 0.1 M

PBS, pH 7.4, 4°C) for one hour. After immersion in the primary

antibodies, secondary antibodies, and fluorescently labeled streptavidin,

each section was washed with 0.1 M PBS (room temperature) for 1 hour.

The immunohistochemically prepared sections were then immersed in



Neuro Trace green (1: 500, 0.1 M PBS, pH 7.4, 4°C) for 30 minutes and

washed with 0.1 M PBS (room temperature) for 30 minutes. Each

section was then mounted on a glass slide and sealed using a mounting

medium. Finally, the cell structure of the mesencephalic trigeminal

nucleus area was observed with a fluorescence microscope.
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Results

1. Nissl staining and fluorescent Nissl staining images using Neuro

Trace green

Observation of the cell structure of Nissl-stained coronal sections of

the brainstem area of rats, including the mesencephalic trigeminal

nucleus, revealed relatively large neuronal aggregates rich in Nissl

substances in the ventromedial part of the brachium conjunctivum

(superior cerebellar peduncle) of the pontine tegmentum area from the

midbrain tegmentum of the brainstem in the experimental animals.

Furthermore, the locus ceruleus, a group of noradrenalinergic neurons,

was observed in a group of medium to small neurons on the medial side

of the mesencephalic trigeminal nucleus (Fig. la). However, labeling

the same site with Neuro Trace green showed groups of neurons such as

those in the mesencephalic trigeminal nucleus and locus ceruleus under

fluorescence microscopy (Fig. 1b).

2. Distribution of GFAP-positive cells

Immunofluorescence staining with GFAP antibodies of coronal

sections of the pontine tegmentum area from the midbrain tegmentum,

including the mesencephalic trigeminal nucleus revealed a large number

-11 -
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of GFAP-positive cells with protrusions in the mesencephalic

trigeminal nucleus and locus ceruleus. The GFAP immunopositive

findings, in particular, showed a strongly positive image around the

nerve cell bodies within the mesencephalic nucleus and the vascular

walls peripheral to the mesencephalic nucleus. GFAP-positive cells

were also observed among the ependymal cells lining the fourth

ventricle (Fig. 2).

3. Distribution of S100 positive cells

Immunofluorescence staining with S100 antibodies of coronal

sections including the mesencephalic trigeminal nucleus in the same

manner as GFAP revealed a large number of S100-positive cells in the

mesencephalic trigeminal nucleus and locus ceruleus, nearly the same

as observed for GFAP. Positive cells were also observed around the

nerve cell bodies within the mesencephalic nucleus and around the

vascular walls peripheral to the mesencephalic nucleus, similar to the

GFAP-immunopositive findings. Moreover, although the signal was

weaker than that of GFAP, S100 positive cells were also observed in the

ependymal cells lining the ventricles (Fig. 3).

-12 -



4. Distribution of NG2-positive cells

Immunofluorescence staining using NG2 antibodies revealed a large

number of NG2-positive cells in the mesencephalic trigeminal nucleus

and locus ceruleus, similar to both GFAP and S100, and strongly

positive findings around the nerve cell bodies in the mesencephalic

nucleus. However, unlike the GFAP and S100 protein findings, there

were no positive findings around the vascular walls peripheral to the

mesencephalic nucleus; however, as seen with GFAP and S100,

NG2-positive cells were observed among the ependymal cells lining the

fourth ventricle (Fig. 4).
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Discussion

1. Nissl stain and fluorescent Nissl stain images using Neuro Trace

green

Nissl staining is a standard histology method used to visualize

neurons in the brain and spinal cord. The Nissl substance comprises

ribosomal RNA derived from the rough endoplasmic reticulum in the

perikaryon and dendrites, which is redistributed in the nerve cell body

if the nerve is damaged or regenerating. Therefore, it also serves as a

marker for the physiological condition of the neuron. Neuro Trace

green, which was also used in this study, binds selectively to the Nissl

substance, characteristic of neurons based on the findings. Thus, Neuro

Trace green can also be used similarly to other histological Nissl stain

reagents such as toluidine blue and cresyl violet and is a useful

counterstaining reagent in immunofluorescent antibody analyses such

as those used in the present study.

2. Distributions of GFAP-, S100-, and NG2-positive cells

This study 1investigated the localizations of the glial cell

(particularly astrocyte) markers GFAP and S100, as well as the

oligodendrocyte marker molecule NG2 '4-19),

-14 -



GFAP 1is a cytoskeleton protein (intermediate filament) with a
molecular weight of approximately 50 k that is found specifically in
astrocytes. GFAP expression is increased in neurological disorders
such as brain injury, dementia, prion disease, and multiple sclerosis 2%
21, Experiments measuring ATP in an astrocyte-specific culture system
showed that GFAP-positive cells (astrocytes) can release ATP 22), ATP
is a neurotransmitter; moreover, there are seven types of ion channel
P2X receptors and eight types of G-protein coupled P2Y receptors
distributed as ATP receptors on neurons 22),

S100 is a calcium-binding protein with a molecular weight of
approximately 10 k that is found in astrocytes in the central nervous
system, similar to GFAP. It is also found in Schwann and satellite

24) Clinically,

(ganglion cells) cells in the peripheral nervous system 23
S100 is a marker for glioma 23-2%), Sakatani et al. 2°) reported that S100
was secreted by hippocampal neurons with increased neuronal activity
due to the administration of kainic acid and that the secreted S100 acted
as a signal transducer from astrocytes to neurons and regulated
neuronal activity.

NG2-positive cells, generally called oligodendrocyte progenitor

cells. are considered to be glial progenitor cells that differentiate into

-15-



30), However, the possibility that

oligodendrocytes and astrocytes
NG2-positive cells can also differentiate into inhibitory neurons, as
well as oligodendrocytes and astrocytes, has recently been proposed’
moreover, the possibility that these cells are also involved in neuron
support and synaptic transmission as glial cells has also been reported
31). NG2 is a type of neuroglycan involved in neural circuit formation
and neurotransmission. NG2 also acts to control cell substratum
interactions when melanoma cells differentiate and migrate in the
basement membrane of the endothelium. However, studies have also
suggested that NG2 inhibits neurite outgrowth and collapse of the nerve
growth cone in axon regeneration *2-3%). Thus, NG2-positive cells are
abundant in the adult brain and differentiate into various cells and
serve various functions. They are now categorized as a fourth type of
cell separate from nerve cells, astrocytes, and oligodendrocytes 3?9).
The results of this study revealed a large number of cells expressing
the glial cell marker molecules GFAP, S100, and NG2 around nerve cell
bodies in the mesencephalic trigeminal nucleus. Thus, as previously
reported, these glial cell marker molecule-positive cells located in the

mesencephalic trigeminal nucleus may be involved in the neural

network controlling jaw movement, by secreting signal transducers

-16 -



such as ATP and by differentiating into inhibitory neurons 22> 39 In
1999, Araque et al. *%) proposed the concept of the tripartite synapse,
whereby glia and neurons each express neurotransmitter receptors while
also releasing transmitters, indicating that brain function was no longer
considered to be simply a circuit created by neurons but rather that the
brain may be produced from a more extensive circuit created by glial
cells and neurons. In other words, this tripartite synapse adds the
presence of synapses between the astrocytes peripheral to the synapses
created by presynaptic neurons and postsynaptic neurons. If we
consider the processing of information in the brain while also
considering the presence of these kinds of synapses, the brain function
originally considered to operate on a circuit created only by neurons
would be a much more complex and profound system. Furthermore,
since 2001, glial cells have attracted attention as a target for
therapeutic agents for Parkinson’s disease, which is characterized by
the same involuntary movements as oral dyskinesia #!-44),

These results suggest that there is the tripartite synapse between the
neurons in the mesencephalic trigeminal nucleus and the surrounding

GFAP- or S100-immunopositive astrocytes, and that this synapse may

control jaw movement. In addition, NG2-immunopositive glia in the

-17-



periphery of neurons in the mesencephalic trigeminal nucleus cannot be

identified by the results of this study. However, if they differentiate

into astrocytes, they may form tripartite synapse. Alternatively, if they

differentiate into inhibitory neurons, they may release

neurotransmitters such as glycine to suppress the activity of the

mesencephalic trigeminal nucleus. In addition, the GFAP- and

S100-immunopositive cells observed surrounding the blood vessels in

the periphery of the mesencephalic trigeminal nucleus were thought to

be astrocytes that probably form the blood-brain barrier. On the other

hand, NG2-positive cells were not observed around blood vessels,

suggesting that they are not involved in the formation of the

blood-brain barrier. Moreover, it has been reported that there is also a

neural network between the locus ceruleus and the mesencephalic

trigeminal nucleus*’). Therefore, it has been suggested that glial

marker-positive cells in the locus ceruleus are also involved in the

regulation of this neural network.

Further studies are needed to assess the expression of glial cell

markers and tripartite synapse-related marker molecules in postnatal

development, as examined in this study, as well detailed examinations

of the effect of glial cells on the formation of neural circuits in the

- 18-



mesencephalic trigeminal nucleus and link the findings to the

identification of the cause of oral dysfunction, including oral

dyskinesia.

Conclusion

The results of this study observed localization using glial cell

markers to investigate the relationship between neurons and glial cells

in the mesencephalic trigeminal nucleus, which is involved in the

formation of the neural network controlling jaw movement. Moreover, a

large number of glial cell marker molecule-positive cells were observed

around the nerve cell bodies in the mesencephalic trigeminal nucleus.

Previous studies have reported that glial cells not only provide physical

protection and substance metabolism in the nervous system but are also

involved in information transmission in neural networks. Therefore, the

mesencephalic trigeminal nucleus glial marker-positive cells found in

this study may also be similarly involved in the neural network

controlling jaw movement. Further research is needed to establish

treatments for oral dysfunctions such as oral dyskinesia, which often

have unknown etiology.
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Figure legends

Figure 1 Nissl staining image

The brainstem area of rats, including the Me5, revealed relatively

large neuronal aggregates rich in Nissl substances in the ventromedial

part of the BC of the pontine tegmentum area from the midbrain

tegmentum of the brainstem (a, b).

a: Nissl staining image of the pontine tegmentum area including the

MeS5.

b: Fluorescent Nissl staining image with Neuro Trace green of the

pontine tegmentum area including the MeS5.

Mo5: trigeminal motor nucleus, Me5: mesencephalic trigeminal

nucleus, BC: brachium conjunctivum

scale bars = 300 um

Figure 2 Distribution of GFAP-positive cells in the mesencephalic

trigeminal nucleus and surrounding area

A large number of GFAP-positive cells are visible in the Me5 and

LC. Strongly positive GFAP images are especially visible around the

nerve cell bodies in the mesencephalic nucleus and around the vascular
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walls peripheral to the mesencephalic nucleus. GFAP positivity is also

visible in the ependymal cells lining the fourth ventricle (arrowhead).

a: Neuro Trace green (green), b: GFAP (red), c¢c: merge

GFAP: glial fibrillary acidic protein, MeS5: trigeminal mesencephalic

nucleus, LC: locus ceruleus, *: blood vessel

scale bars = 100 um

Figure 3 Distribution of S100 protein-positive «cells in the

mesencephalic trigeminal nucleus and surrounding area

S100 positivity is visible in the Me5 and around the nerve cell bodies

and vascular walls in the LC, as seen with GFAP. Although the signal is

weaker than that of GFAP, S100 positivity is also visible in the

ependymal cells lining the ventricle (arrowhead).

a: Neuro Trace green (green), b: S100 (red), c: merge

Me5: mesencephalic trigeminal nucleus, LC: locus ceruleus, GFAP:

glial fibrillary acidic protein, *: blood vessel

scale bars = 100 pm
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Figure 4 Distribution of NG2-positive cells in the trigeminal

mesencephalic nucleus and surrounding area

A large number of NG2 positive cells are visible in the Me5 and LC,

with particularly strongly positive findings around the nerve cell body

in the mesencephalic nucleus. However, unlike GFAP and S100, almost

no positive findings are visible in the vascular walls. The ependymal

cells lining the fourth ventricle are positive for NG2, as seen with

GFAP and S100 (arrowhead)

a: Neuro Trace green (green), b: NG2 (red), c¢c: merge

NG2: neuron-glial antigen 2, Me5: mesencephalic trigeminal nucleus,

LC: locus ceruleus, *: blood vessel

scale bars = 100 um
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Table 1 Summary of immunostaining results

Immunofluorescence staining using for GFAP, S100, and NG2 antibodies revealed positive signals for all
marker proteins in the mesencephalic trigeminal nucleus and locus ceruleus. Ependymal cells on the same
sections also showed positive signals for all markers. In addition, immunopositive images for GFAP and
S100 were observed in the vessel wall around the mesencephalic trigeminal nucleus, but almost negative
image for NG2 was observed.

+: positive, —/-: almost negative

neuronal periphery (Me5) locus ceruleus vascular periphery ependymal cell
GFAP + + + +
S100 + + + +
NG2 + + —/+ +

Table 1
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