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FA0]: pulpal afferent, Al¥A A4, A H20lAA| GABA
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g3ttt GABAS] A9 G9*H= F& p-ending®l
A ol FEEQl oW dEA TLNAE W
152 HhFig. 1A, 1C, 1D). 2FEAIE Y
< FA= WGA-HRPo|| oJsf &

oAl W7t wokom, AFAEI WA= 9L
E9 9 AFA 0] WAdoll Al S At ot =A T
Z=] 9t (Fig. 1B).

Figure 1. Electron micrographs of ultrathin sections incu-
bated with GABA antiserum (A, C, D) and with glutamate
antiserum (B) in the trigeminal nucleus oralis. The labeled

bouton (*), which is identified by electron dense TMB-
HRP reaction product, is presynaptic to dendritic shafts
(d1, d2) and receive axoaxonic synapse from pleomor-
phic vesicles containing endings (outlined by white dotted
line: p1, p2 in A, C, D). Gold particles for glutamate are
distributed densely over tooth pulp afferent terminals (B).
Gold particles for GABA are distributed densely over the
p-endings (A, C, D). Scale bar in D = 500 nm, which is
also applicable to A-C.



s
[e]

-

2121 A 393 A1

1

5
of

p—ending®] A2}

T4, p-ending

Chat T2
Korean J Oral Anatomy Vol. 39, no. 1 (2018) pp.9~17

1

T

St

S

olo} %]

T Mo R O O B I SRR U LA VI R e
o O o R g ﬂ%m'ﬂar.m,maﬂg%ﬂmmu%
- 3 o Gl A T SO O
o o E A oEn X% == ) o o =
T o & mOdumﬂoAﬂor;a?émadum‘_ﬁﬂe._ﬂmauan
o w5 AL%HEiﬂo__%L__mE_zT%uuéL._ﬂwﬂo%mg.ﬂw
TN W pXTwgrXgPpgds ke gW
w_ﬁ@r% R gZWeRERETHL S x5 n 6T B
T cal R TR i o
e e pduehIi®esla %yt Baydou 2
I < [~ v fani fo)
FEnP EnRfle,ISEEEER L EEIIEC
o N o g OF yn L &y oria i IR
= 0 2 pe B T =y o w0 < o X ooy o oo 3 md =
,.mmmﬂrurmm JWHMWVMMWOWEﬂaﬂ%ﬂ%ﬁﬁﬁwﬂﬂ‘
™R T X X om ® R KRR =gy X E W
~ 10 O_ [ ]LO (uf — _O_L 0 ,LI;OD e} o
© L Ex ﬂwﬁvﬁn%wfmﬂwm&%%ﬂowﬁm%ﬁﬁ@%wu
3 E SR amRE W = p < o
S ﬁomﬂmumaﬂﬁlﬂﬁﬁﬁ%mw%{%_%.&ﬂﬁm
IR - R I TG (- TR oo My £
A o de < T oA 8N = e 2R BT oo F o= 8
JEE ~ m@ﬂﬁau}_w_x_.uag, N B m e X T E [E} o £
ool X I~ I B om Mo & T mE o N g g5 7 o g 8
PR M W MUV TNE OTHE XS BT T L
Ao o & B M R N T ool o N © = XT A on o
=R YTERTEETR 2R 2228
e R T B - N - O
FEWETSdzapefasunie® Z2gEk
_ Pz g N gy GRRE X0 O T
T ss i dmipgoRonady g @M 0w T
T 2o T 5n B g % T oo X oo S o o
rA‘_yAO = 0 gp IoR K _.le oy ‘Dlwra‘lzx]ﬂ&ﬁﬁﬁ
TSN T s KRS o < — 2 T g uoﬂloo
T 42T E s ;ﬂmﬂﬂwmﬂwﬂpg%megﬁﬂ%m
1) 5 = XA
TR T8 G ow L w L EE
ﬁo_szg%%gwnﬂ,%4pjﬂ&§wﬂﬁ@ﬁoww
=l W S o 2SR 1 0 = > — ,
AM._MI_...WM%,DLW_.HL.MMWNNHMW/E‘H@CO__‘MﬁMOO_NﬂLWHWMU
. o pr o A L n oy N N T
T g o EtE 2w 2 BRI LR,
o3 < & - ﬁoﬂ;lG.Fc sl [ Y = PR nnw_.Otxdﬂwr
G Wﬂhﬁa_ﬂ_ﬂ%wmmﬂﬁoo_aNﬂmRiR%ﬁn oo
¢ EFZ2e =%  SEoP usr TTIEgihy %W
= ..“.I...,mﬁm__Llwr_.]ﬂuiHﬂo_#ﬂL%.wo#%o_uBﬂo_ue;%aWomL
° R TR R NN AN g S S N O S - el
o O g M o R I B g © T O T u
rd B> S WP NPT o oM T TN B e~

13

it

o

7}

Fo]

o

ol

p—ending®] T]AG-

ol
=

g, ol & dFolA el Aapel 43

(dorsomedia) 2o =2

o}



MRHIZYUESOIA 214024 S41

Ol

Aol @3l Aol 435S GABA
ZAPAto] A3 (axoaxonic synapse)©] A3 A7
2 19629 Gray™o] 2lsjiAlelct. o]#|71x] 9]
AFEol sl Aol T2 dAEA
ZAsh= Aol HdFTL2 GABAS 417
GEAR Abghy A Qo GABA
glycine¥} H7 ti2Q1 A4 ofm] At A3
=40t} HE7]9] AR A Ao e A3k
FHo] GABAS et Aol dF gt A
olF 1 Qlth= B s} WPt
(supratrigeminal nucleus)A]
FEA173EEol GABAE a3t

T 91-gel

PO

> r
40 o mt w2 oM

o,
o 1%
bt H:ll
ot
o g
)

ol

r

H o do 2 1o o
&

A
2o
X
o
re
o
llo o
_Ol

30 o o @ R oo
Tong & 2% oo

i_4

o

ki

i

i)

N

_{R I"_E,
2y AU
ool
it
A=)
o

o .&
= o
2 -
M,

ZPN R
S o
b

re
e
tlo

ol

ok

rlr

2
oM,

R
gl
it
M
i

[®)]
>
oo
>
wt
Jo
2
ol
ofN
i)
1o
N

N

b el QA

bies
i) =
lo 1z
LS
4n 4

A7 A&
parabrachial nucleus)*Vo]u} Axp41 7 21 50
HE fEHd 7HsAdel dlom FEst 79
| 915te] o 7 A7t Bag A
= Q7

Mo

—~

o ®Z ot 1% M
o o
N,

AL 2

o] =22 20189 % FR e ESAE)
ol Yoz AT A W
179l (No. NRF-2017R1A2B2003561).

ﬂd

]
)
4
)
rid,

14

FrEd

1.

Shigenaga Y, Suemune S, Nishimura M, Nishimori
T, Sato H, Ishidori H, Yoshida A, Tsuru K, Tsuiki Y,
Dateoka Y, Nasution ID and Hosoi M: Topographic
representation of lower and upper teeth within the
trigeminal sensory nuclei of adult cat as demonstrat-
ed by the transganglionic transport of horseradish
peroxidase. J] Comp Neurol 251: 299-316, 1986. doi:
10.1002/cne.902510303.

Shigenaga Y, Mitsuhiro Y, Yoshida A, Cao CQ and
Tsuru H: Morphology of single mesencephalic trigem-
inal neurons innervating masseter muscle of the cat.
Brain Res 445: 392-399, 1988. doi: 10.1016/0006-
8993(88)91206-1.

Shigenaga Y, Yoshida A, Mitsuhiro H, Tsuru K and
Doe K: Morphological and functional properties of
trigeminal nucleus oralis neurons projecting to the tri-
geminal motor nucleus of the cat. Brain Res 416: 143-
149, 1988. doi: 10.1016/0006-8993(88)90732-9.

Yoshida A, Hasuda K, Dostrovsky JO, Bae YC,
Takemura M, Shigenaga Y and Sessle BJ: Two major
types of premotoneurons in the feline trigeminal nu-
cleus oralis neurons as demonstrated by intracellular
stianing with HRP. J Comp Neurol 347: 495-514,
1994. doi: 10.1002/cne.903470403.

Sugimoto T, He YF, Funahashi M and Ichikawa H:
Induction of immediate-early genes c-fos and zif268
in the subnucleus oralis by noxious tooth pulp stim-
ulation. Brain Res 794: 353-358, 1998. doi: 10.1016/
S0006-8993(98)00333-3.

Sugimoto T, He YF, Xiao C and Ichikawa H: c-fos in-
duction in the subnucleus oralis following trigeminal
nerve stimulation. Brain Res 783: 158-162, 1998. doi:
10.1016/S0006-8993(97)01176-1.

Oakden EL and Boissonade FM: Fos expression in
the ferret trigeminal nuclear complex following tooth
pulp stimulation. Neurosci 84: 1197-1208, 1998. doi:
10.1016/S0306-4522(97)00550-2.

Broman J, Anderson S and Ottersen OP: Enrichment
of glutamate-like immunoreactivityin primary afferent
terminals throughout the spinal cord dorsal horn. Eur
J Neurosci 5: 1050-1061, 1993. doi: 10.1111/5.1460-



CHStT gt atal2] A 393 A=

10.

11.

12.

14.

16.

9568.1993.tb00958.x.
Valtschanoff JG, Phend KD, Bernardi PS, Weinberg

RJ and Rustioni A: Amino acid immucocytochemistry
of primary afferent terminals in the rat dorsal horn.
J Comp Neurol 346: 237-252, 1994. doi: 10.1002/
¢ne.903460205.

Ornung G, Ragnarson B, Grant G, Ottersen OP,
Strom-Mathisen J and Ulfhake B: Ia boutons to CCN
neurons and motoneurons are enriched with gluta-
mate-like immunoreactivity. Neuroreport 6: 1975-
1980, 1995. doi: 10.1097/00001756-199510010-
00006.

Bae YC, Thn HJ, Park MJ, Ottersen OP, Moritani
M, Yoshida A and Shigenaga Y: Identification of
signal substances in synapses made between pri-
mary afferents and their associated axon terminals
in the rat trigeminal sensory nuclei. J] Comp Neu-
rol 418: 299-309, 2000. doi: 10.1002/(SICI)1096-
9861(20000313)418:3<299::AID-CNE5>3.0.CO;2-1.

Clements JR, Magnusson KR, Hautman J and Beitz
AlJ: Rat tooth pulp projections to spinal trigeminal
subnucleus caudalis are glutamate-like immuno-
reactive. J] Comp Neurol 309: 281-288, 1991. doi:
10.1002/cne.903090209.

. Mesulam MM: Tetramethyl benzidine for horseradish

peroxidase neurohistochemistry: a non-carcinogenic
blue reaction product with superior sensitivity for visu-
alizing neural afferents and efferents. J Histochem Cy-
tochem 26: 106-117, 1978. doi: 10.1177/26.2.24068.
Weinberg RJ and Van Eyck SL: A tetramethylbenzi-
dine/tungstate reaction for horseradish peroxidase his-
tochemistry. J Histochem Cytochem 39: 1143-1148,
1991. doi: 10.1177/39.8.1906909.

. Storm-Mathisen J, Leknes AK, Bore A, Vaaland JL,

Edminson P, Haug FMS and Ottersen OP: First visu-
alization of glutamate and GABA in neurons by im-
munocytochemistry. Nature 301: 517-520, 1983. doi:
10.1038/301517a0.

Kolston J, Osen KK, Hackney CM, Ottersen OP
and Storm-Mathisen J: An atlas of glycine- and GA-
BA-like immunoreactivity and colocalization in the

cochlear nuclear complex of the guinea pig. Ant Em-

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Korean J Oral Anatomy Vol. 39, no. 1 (2018) pp.9~17

bryol 186: 443-465, 1992. doi: 10.1007/BF00185459.

Ottersen OP, Storm-Mathisen J, Madsen S, Skumlien
S and Stromhaug J: Evaluation of the immunocyto-
chemical method of amino acids. Med Biol 64: 147-
158, 1986.

Kristensen K, Olsson Y and Sjostrand J: Axonal up-
take and retrograde transport of exogenous proteins in
the hypoglossal nerve. Brain Res 32: 399-406, 1971.
doi: 10.1016/0006-8993(71)90332-5.

La Vail JH and La Vail MM: Retrograde axonal trans-
port in the central nervous system. Science 176: 1416-
1417, 1972. doi: 10.1126/science.176.4042.1416.

Ganser AL, Kirschner DA and Willinger M: Ganglio-
side localization on myelinated nerve fibres by cholera
toxin binding. J Neurocytol 12: 921-938, 1983. doi:
10.1007/BF01153342.

Trojanowski JQ: Time of arrival of wheat germ ag-
glutinin-HRP conjugates in superior colliculus after
intraocular injections in the rat. Brain Res 267: 365-
370, 1983. doi: 10.1016/0006-8993(83)90891-0.

Scott SA, Patel N and Levine JM: Lectin binding
identifies a subpopulation of neurons in chick dor-
sal root ganglia. J Neurosci 10: 336-345, 1990. doi:
10.1523/JNEUROSCI.10-01-00336.1990.

Robertson B and Arvidsson J: Transganglionic trans-
port of wheat germ agglutinin-HRP and cholerag-
enoid-HRP in rat trigeminal primary sensory neurons.
Brain Res 348: 44-51, 1985. doi: 10.1016/0006-
8993(85)90357-9.

Robertson B and Grant G: A comparison between
wheat germ agglutinin-and choleragenoid-horseradish
peroxidase as anterogradely transported markers in
central branches of primary sensory neurones in the
rat with some observations in the cat. Neurosci 14:
895-905, 1985. doi: 10.1016/0306-4522(85)90152-6.
Weinberg RJ, Tracey DJ and Rustioni A: Extracel-
lular labeling of unmyelinated dorsal root termi-
nals after WGA-HRP injections in spinal ganglia.
Brain Res 523: 351-355, 1990. doi: 10.1016/0006-
8993(90)91513-G.

Curtis DR, Phillis JW and Watkins JC: Chemical ex-
citation of spinal neurons. Nature 183: 611-612, 1959.

15



FUZHOIM 214R2 S

Ol

27.

28.

29.

30.

31.

32.

33.

34.

35.

16

doi: 10.1038/183611a0.

Willcockson WS, Chung JM, Hori Y, Lee KH and
Willis WD: Effects of iontophoretically released
amino acids and amines on primate spinothalamic
tract cells. J Neurosci 4: 732-740, 1984. doi: 10.1523/
JNEUROSCI.04-03-00732.1984.

Todd AJ and Spike RC: The localization of classical
transmitters and neuropeptides within neurons in lam-
inae I-III of the mammalian spinal dorsal horn. Prog
Neurobiol 41: 609-645, 1993. doi: 10.1016/0301-
0082(93)90045-T.

Clements JR and Beitz AJ: An electron microscopic
description of glutamate-like immunoreactive axon
terminals in the rat principal sensory and spinal tri-
geminal nuclei. J] Comp Neurol 309: 271-280, 1991.
doi: 10.1002/cne.903090208.

Iliakis B, Anderson NL, Irish PS, Henry MA and
Westrum LE: Electron microscopy of immunoreac-
tivity patterns for glutamate and gamma-aminobu-
tyric acid in synaptic glomeruli of the feline spinal
trigeminal nucleus (Subnucleus Caudalis). J Comp
Neurol 366: 465-477, 1996. doi: 10.1002/(SICI)1096-
9861(19960311)366:3<465::AID-CNE7>3.0.CO;2-2
MR AARTEA NS, AL, pp. 267-272,
1992.

Gray EG: A morphological basis for pre-syn-
aptic inhibition. Nature 193: 82-83, 1962. doi:
10.1038/193082a0.

Barber RP, Vaughn JE, Saito K, McLaughlin BJ and
Roberts E: GABAergic terminals are presynaptic to
primary afferent terminals in the substantia gelatinosa
of the rat spinal cord. Brain Res 141: 35-55, 1978. doi:
10.1016/0006-8993(78)90615-7.

Todd AJ and McKenzie J: GABA-immunoreactive
neurons in the dorsal horn of the rat spinal cord.
Neurosci 31: 799-806, 1989. doi: 10.1016/0306-
4522(89)90442-9.

Maxwell DJ, Christie WM, Short AD and Brown AG:
Direct observations of synapses between GABA-im-
munoreactive boutons and muscle afferent terminals
in lamina VI of the cat's spinal cord. Brain Res 530:
215-222, 1990. doi: 10.1016/0006-8993(90)91285-0.

36.

37.

38.

39.

40.

41.

42.

Maxwell DJ, Christie WM and Somogyi P: Synap-
tic connections of GABA-containing boutons in the
lateral cervical nucleus of the cat: an ultrastructural
study employing pre- and post-embedding immunocy-
tochemical methods. Neurosci 33: 169-184, 1989. doi:
10.1016/0306-4522(89)90319-9.

Basbaum Al, Glazer EJ and Oertel W: Immunore-
active glutamic acid decarboxylase in the trigeminal
nucleus caudalis of the cat: a light- and electron-mi-
croscopic analysis. Somatosens Res 4: 77-94, 1986.
doi: 10.3109/07367228609144599.

Almond JR, Westrum LE and Henry MA: Post-em-
bedding immunogold labeling of gamma-amino-
butyric acid in lamina II of the spinal trigeminal
subnucleus pars oralis. I. A quantitative study.
Synapse 24: 39-47, 1996. doi: 10.1002/(SICI)1098-
2396(199609)24:1<39::AID-SYN5>3.0.CO;2-H

Dumba JS and Irish PS: Electron microscopic anal-
ysis of gamma-aminobutyric acid and glycine co-
localization in rat trigeminal subnucleus caudalis.
Brain Res 806: 16-25, 1998. doi: 10.1016/S0006-
8993(98)00688-X.

Bae YC, Nakagawa S, Yasuda K, Yabuta NH, Yoshida
A, Pil PK, Moritani M, Chen K, Nagase Y, Takemura
M and Shigenaga Y: Electron microscopic observa-
tion of synaptic connections of jaw-muscle spindle
and periodontal afferent terminals in the trigeminal
motor and supratrigeminal nuclei in the cat. J] Comp
Neurol 374: 421-435, 1996. doi: 10.1002/(SICI)1096-
9861(19961021)374:3<421::AID-CNE7>3.0.CO;2-3

Yoshida A, Chen K, Moritani M, Yabuta NH, Nagase
Y, Takemura M and Shigenaga Y: Organization of
the descending projections from the parabrachial
nucleus to the trigeminal sensory nuclear complex
and spinal dorsal horn in the rat. ] Comp Neu-
rol 383: 94-111, 1997. doi: 10.1002/(SICI)1096-
9861(19970623)383:1<94::AID-CNE8>3.0.CO;2-G.

Zhang J, Luo P and Pendlebury WW: Light and elec-
tron microscopic observations of a direct projection
from mesencephalic trigeminal nucleus neurons to hy-
poglossal motoneurons in the rat. Brain Res 917: 67-
80, 2001. doi: 10.1016/S0006-8993(01)02911-0.



CHStT gt atal2] A 393 A=

Korean J Oral Anatomy Vol. 39, no. 1 (2018) pp.9~17

ABSTRACT

Postembedding Immunocytochemical Analysis of Tooth Pulp

Afferent Terminals in the Trigeminal Nucleus Oralis

Jae Youn Son', Hye Min Han', Tae Heon Kim®, Yong Chul Bae'

'Department of Anatomy and Neurobiology, School of Dentistry, Kyungpook National University,
’Department of Dental Hygiene, Taegu Science University

Trigeminal nucleus oralis (Vo) receiving nociceptive information from the dental pulp is involved in reflex-
ive jaw movement. However, little information is available regarding the neurotransmitters which are involved
in the transmission and processing of pulpal nociceptive information in the Vo. To address this issue, we labeled
afferents of rat upper molar pulps using retrograde wheat germ agglutinin-conjugated horseradish peroxidase
(WGA-HRP) tracing, performed postembedding immunocytochemistry with glutamate and GABA antisera,
and ultrastructural analysis. The labeled pulpal afferent terminals in the Vo contained many spherical synaptic
vesicles (45-55 nm in diameter). They frequently made asymmetrical synaptic contacts with the middle or distal
parts of dendrites rather than the soma or proximal part of dendrites. They received synapse from pleomorphic
vesicles containing presynaptic endings. Gold particles labeling the glutamate were densely distributed in the
afferent terminals of the tooth pulp but were sparse in the presynaptic endings. On the other hand, gold particles
labeling GABA were densely distributed in the presynaptic endings, but sparse in the afferent terminals of the
tooth pulp. These findings indicate that tooth pulp afferent terminals use glutamate as a neurotransmitter in the

Vo and they are controlled by presynaptic endings that use GABA as a neurotransmitter.

Keywords: pulpal afferent, synaptic connectivity, presynaptic inhibition, GABA
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