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ABSTRACT

The goal of this study was to identify neurotransmitters in endings(p-endings) presynaptic to low-threshold mechanore-
ceptive vibrissa afferents in the laminae I11/1V of cat trigeminal caudal nucleus (Vc). Rapidly-adapting vibrissa afferents
were intra-axonally labeled after electrophysiological identification, and postembedding immunogold staining with antisera
against y-aminobutyric acid (GABA) and glycine was performed, followed by quantitative ultrastructural analysis of p-
endings presynaptic to the labeled vibrissa afferent terminals.

Sixteen p-endings, which are presynaptic to the HRP-labeled vibrissa afferent terminals, were analyzed in this study:
Eight p-endings (50%, 8/16) were immunopositive to GABA but immunonegative to glycine (GABA+ p-ending), and
remaining 8 p-endings (50%, 8/16) exhibited immunoreactivity to both GABA and glycine. Bouton volume of the p-endings
was not significantly different between the two groups. However, the p-endings differed from each other in relative content
of GABA and glycine.

These findings suggest that low-threshold mechanoreceptive information conveyed through vibrissa afferent at V¢ is

presynaptically modulated by GABA and/or glycine, and that degree of presynaptic modulation may differ among each
vibrissa afferent terminal.
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F7otehd ojede] MR AREAAAS (primary
afferent)-& E3) AFx}4173 74230 - (trigemina sensory nuclei)
Well $1X51e 231 AM 2e AT ARk
< ¥t (brainstem) 7FEel] WollE MlZELA o 2A A
EFE=3H 9 7| ow 4] o3l (subnucleus) o2 F-A]
o} o]= Akxpal A F7F23E (trigeminal principal sensory
nucleus)#} Arx}417d 2 4=3 (spinal trigeminal nucleus) © =2
27 FFE, AR A 2 v 459 (nucleus ordlis),
2718 (nucleus interpolaris) W #2] 3 (nucleus caudalis) &
2 AleEld (Olszewsid, 1950). o] % APl 2o 2
AREAAAGT FASE e Az o g
Adshs 54 ARl e dehde, =3 d3s
A7k 23407 Akelo] o] FolA e A ® 2t ofsiuict
TJel3 A2 B RAHRE Agshs 54 Wgwwu}
tjoFst zho]2 Llehdth (Bae & Yoshida, 2011). o|2]3t 3
EHzﬂ-zJ z-]i o 7 o_l;o]-m] o:]cﬂ_g] 7L7Lz4££o] 7L o].
e w54 gAne) 2% 417326 ket 32
AR M7 Az T Aelehs A A,

W) 4GS PR AAEAA] FAET A 3
BA AAAGEAQ glutamates Br]Eo 24 o] Fol| =
g (Maxwell et al., 1990a, b, 1993; Valtschanoff et a., 1992;
Broman et al., 1993; De Biasi et a., 1994), o] W] g3 o]Hd=
2 (presynaptic endings; p-ending)-> U547 Ed3} 4}
Alo] 4] (axoaxonic synapse)S 3 Aslar, Al AAA
2174 ZE ¢l y-aminobutyric acid (GABA) ¥ glycineg &
v]3to 24 o34 o] A (presynaptic inhibition) 7} ¥A] s,
Aspdos dEAZe) AFALERA L] 28YO
=4 A7AA 8] Ae] Alejheka FelA Sick(Aronin et
a., 1981; Lovik, 1981, 1983; Peng & Frank, 1989, b; Ribeiro-
Da-Silva & Cuello, 1990; Todd, 1990; Ribeiro-Da-Silva et d.,
1991; Todd et al., 1991; Doyle & Maxwell, 1994). =3t A=z}
AR Ze) 7 olaie aelm B4 FHhal ke A
2 o& p-ending?] ¢} ¥lx, GABA ¥ glycine?] 3-f 1]
&, 323 AR Ao|rk EAHTER Ao] B4 nww 6
¢lt} (Bae et al., 2005; Moon et al., 2008; Bae & Yoshida,
2011). o3k ToFat 2ol 52 UAEAIA FH] AR
FE B AEsta B33 offow At AE e
e Aoz, A ne] Azt Ao gle] p-endingel
oJgt Aol A= vl¢ FoF 24US £ AAE)

2--p = '\f
A=

1% ol

BEe] F4e 249 91X, A, B, A7 2 27
o) 55 B¢ Axehe 7)ol 2E<t wnw wlo oja}
", o2 g AdA ) ANTHRE AL ToFel e

A dAEAA S AR AR e F=4 ], S
nEl; 2] A 3~4=(laminae lll/IV) o2 FALEW, 2z} o}3)
= dASA73E T pending Bt 234417 Aelel] o] o
A= AF kol Hi T:‘rE ek epz), 7t olslH 2 dab
EA17 0] ARy 52 A=) AR nH T2 2
o]7} gtk Al o) O‘j}azﬂ Sk} (Bae et ., 2000, 2005; Moon
et al., 2008; Paik et a., 2010). =3t F Lol Ak}l A E7E
oA AAAZNAATARE HALse dAEA1H F Lo
gk Ao H Aol = GABA £ glycineo] Fefd 7 o]
2= ¥ 37} gledel (Moon et al., 2008). 12} AFxFA1 7 mre]
oA AR Hsle A ] AAN = oJuldt AAAD
EA o] sl Aol HaiM ARl v} gl

o] AFelr = HYxA I G B3l Aol
W] GABAS} glycineoll Hdt A&A 2A& Aoy,

eI

AT AR AATH RS A AE
A7} Fatatel A o2 AR AE Dol olw T 4]
AR F40] Qe A, 22T o5 Aol AT
o A7) YAD Aol S WA TFEA Sl )
o AFerozs A elelA 714e) dhal & o 2ol
SEEERE

® QTsl BAY mE APFEE) BE Y A A%
2] 93] (Intramural Animal Care and Use
Committeg) 2] 2914 Wbolr] zls)3leict. A% oF 3.5kge)
228} 319Fe] S sodium pentobarbital (40 mg/kg, 1.V.)= A
Alu}# 83 pancuronium bromide (0.07 mg/kg)S A= F=A}
sho] Tl AR F, ATEFINE ol gske] 5] olat
ets = 35~5.0%2 A5 AdFEES AAE
o A7 D HE o] g3le] AH2E 37~38°CE 43P, 3F
5ol W ¥e] 224 (brainstem pulsation)& WA 3}7]
$aiA oF=A 7]%-(bilateral pneumothorax)S- 343t >
4ol S 82 (cigerna drainage) Al Zth EE2S HAY T

A AF2] (stereotaxic apparatus) 2. 1A 3ked % E<5=w (occipital
bone), =} (parietal bone), I} (temporal bone)e] U2
E AN & 5554 24 (occipitd cortex), 4+ et
(tentorium of cerebellum), A>]2] 71& X (lateral part of
cerebellum)s FYFZe] oz Fste] 0 oFE
o (inferior colliculus of mesencephalon)2] mz] Zo 2 XE]
st Aok I0mm Ax HE% ol HE7]E =EAF

o},
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2. &t =AM L] HRP ¢! (intra-axonal HRP injection)

0.3M KCI 2 0.05M Tris buffere] -£-3l38F 3.0% horsera-
dish peroxidase (HRP) &% (pH 7.6; Toyobo, Japan)-&- 27
0.7~1.0ume] Lo] 7R wle]==3]9 (beveled micro-
pipette)ell = H 7 =g (capillary action)& o83k A3
& AW 715 9 HRP 9418 A|s)8ld= 2M potassium
citrate g5 A o] Al mle| 23S A3}
Arapx 74 2 4=2 (spinal trigeminal tract)S %9k o™, high
amplificationol| Al 915 el 7] 918 %717 (condenser)
= #2171 72} low amplificationsl] A A9]2 Vehy7] 9
s 2 H&A|Z] 2719] oscilloscope (Nihonkoden, Ve-10,
Jepan) & A1g-3tel BEAE W % 7153}sich. Stepping
microdrive (Narishige, Japan) 2 A1-&-3sled AFx}A173 57173
7919) olol A AaA Hpzg BEAA A0 s
o= o]EslHA] FhEtAw$ &4tz 2] DC potential shift
s} 484 (receptive field)el] 1-Fe] 7 AIA vhehis
235709 (action potential)®] o) ols) 4t el Ak1H
7% 2Helshgich(Nakagawaet dl., 1997). Tofo] 5 5o
A7 Wl AlE & 2 1%kl gl A=
Z1AA A=l 3 A7 v 54 F3te] 11%e]
49l AAARE AV ez gelsta, oA
Moz FA W Akle] o] Foix & o 10~15nA°] A{E
7}ste] 3~687F HRP 4948 o] 2AL% (iontophoresis) 5143

¢

1827 A= A F, FES 3|t oF 4litero]
Palay’s 374 9} (1.0% paraformaldehyde, 1.0% glutaraldehyde
and 0.2 M CaCl, in 0.1 M phosphate buffer, pH 7.2~7.4)-&
HAAE B8 BF AT, HE7E AT F 4°CY
Y A el 2417k <t F3A4 (post-fixation)& A3 33
o}. 21=4 3 7] (TPl 1000; The Vibratome Co., $t. Louis, MO)
2 80um $719] 3%t %AW & 3§47 %, CoCl-intensi-
fied 3,3-diaminobenzidine tetrahydrochloride(DAB) ¥F-$-2- A]
3 3}9d o} (Adams, 1977). Abx}Al A me] s A 3~ 4304
HRPol| o]3f A5 SAte] opg Bol= AHUES 3¢ 0.1
M phosphate buffer2 Z33] 4|23 o)L, 2% 0sO, &4 ol
AgeA 3087t FuAT F AL oekEER Z4A,
epon 2 IS AX AEZE 43 EEhol=Feks 9l
A 58°Cell A 48A17F 52t A EAIF

4. TS SUXIHIHM (Postembedding immunogold
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< Ho7] 913te] 1=]=% 1% periodic acidel] 107+ Wt
S Al Z ). =3 osmium tetroxideE A As17] ¢35k 9% so-
dium periodateel] 15%-7F uF-g-A|Zich A H-2 7t wkg- Abo]u}
o Z=F42 A3’ 5], TBST (tris-buffered saline containing
0.1% triton X-100; pH 7.4) ¥}-& 9ol 1087k Tt} o] %
TBSTel] 435 2% human serum albumin (HSA; pH 7.4)]]
108-7F ¥r-e-x]71 5 TBST(containing 2% HSA, pH 7.4)=
343t 3} A rabbit anti-GABA (1:800) 2 rabbit anti-gly-
cine(1:280)e] 22|17t §<t Al2el|A] uF-§-AlZ ) o] % TBST
2 AT 28=E 16nm 27 o] FYA7T AdtEl goat anti-
rabbit 1gG (BioCell Co., Cardiff, UK)Z TBST (containing
0.05% polyethylene glycol; pH 7.4)o] 1:25u]&-= 3|43 &
Hol 3A7F FF HESAFAS SRR A F 2=
uranyl acetate2} lead citrate= 3493} t}.

3} GABA (rabbit anti-GABA) %! 3} glycine (rabbit anti-
glycine) 232 w=do] L2 thehe] QE|E upAL(Dr.
O. P. Ottersen, Oslo Univ., Norway) 2 5-E] 7] &1t} Al8-3}
Aot 42k FEAS A2sr] A, axpkeE wAE] 913
o 3% 7+ Y& olu|xAbm} glutaraldehyde(G)e] 23t
E3} 9T 5, 3 GABA 842 glutamate-G (500uM)
¢} 3} glycine 832 GABA-G (200uM) % B-aanine-G
(300uM)s} 16 A17F 52t HESA7] 3 A}-51%EH (Ottersen
eta., 1986). 3HA| SeolA& A3 A} dAp FEAE A9
gt Hoduke, vy &R (normal rabbit serum)o. = o x| gk
HAnkS, 183 343 3 GABA 83%& GABA-G(200
uM)e} 3} glycine 8 A& glycine-G (300uM) ¢} m)2] ¥k-S-A|
7] preadsorption testE Al gt 7 foll = So]A wHul-3-o]
veh Al 5 Felsisdt

AARAuA 7732 7R 80kvellM oAt
(Hitachi H-7500, Japan) o = FHaslsict. EabAdxsin] 4oz
HRPo| A% 5% 2 0|5}k Q43 7145715} wlwA] 54}
TEE 3= H9E BE A5, AA d4548H
& Fod F Q3hate] (W4 15000
Q13hul&: 25,000x) A FHE F, 24 Apale] mAFD
& FA(75m)E 3
24 AHg Fake w3 Pendingd] FUAH L (F
S Image J software® A1g-sle] 41503} A5}
+ pending®] WAL A% F p-endingsd AHA| (mito-
chondria) g A|918F AR &xsle] $E3be FUAe] 48
Fotgezx AbEslsiet Pendingd] 47 9=g $A3
zubds AAe] 243372 = (mean tissue density) =
s Aol A oF 2um? -6 sgehs 9 10249 S
Tkl 2 AEgt 3 gl umd) 3 FYAF 2 AR
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Fig. 1. Electron micrographs of HRP-labeled vibrissa afferent terminals that made contacts with presynaptic endings(p-endings) and postsynaptic
dendrites(d) in laminae I11/1V of cat trigeminal caudal nucleus. Postembedding immunogold staining against GABA or glycine(Gly) on adjacent
ultrathin sections specifically labeled the p-endings(p) that made contacts with the HRP-labeled vibrissa afferent terminals (asterisks). A, B: Two
p-endings (pl, p2) were immunopositive for both GABA and glycine. C, D: A p-ending (p) showed immunoreactivity only for GABA. Scale bar

in D, 500 nm (also appliesto A-C).

kot GABA 32 glycined] o3&t p-endingsi &3AF 2
=7t A FUAFE Y 22 SR HEE Hele A,
ook uhe-S w9l p-endinge 2 A °)s}elc}. P-endingy
2] GABA =2 glycines] gt =FFAFd = (normalized
gold particle density)= p-endingsH] &4AF U5 =23
FUAEER YgoeH AREskla B4 unpared stu-

dent’s t-test (P< 0.05) % A}-4-3}<3}.

eran 4§ B, B2 AAENAA S



KimYSet al. : Presynaptic Endings of Vibrissa Afferent Terminals 13

I GABA
Glycine

Normalized values of gold particle density

Both GABA + and Gly+ (n==8)

GABA+ (n=8)

Fig. 2. Histogram showing normalized values (mean+ SD) of gold
particle density relative to mean tissue density for GABA and glycine
(Gly) in endings (p-endings) presynaptic to the vibrissa afferent ter-
minalsin laminae 111/1V of cat trigeminal caudal nucleus. A dotted line
indicates a cutoff value for immunopositivity. The normalized values
for GABA and glycine in GABA-immunopositive (+) p-endings were
4.1+0.4 for GABA and 0.7+0.3 for glycine. In both GABA+ and
Gly+ p-endings, the values were 2.8+1.1 for GABA and 3.1+1.0
for glycine.

Table 1. Frequency (%) of occurrence and volume (um?) of GABA-
and/or glycine (Gly)-immunopositive (+) endings (p-endings) presy-
naptic to the vibrissa afferent terminalsin cat trigeminal caudal nucleus

Immunoreactivity of p-endings  Proportion (%) Volume (umd)
Both GABA + and Gly+ 50.0(8/16) 0.38+0.18
GABA+ 50.0(8/16) 0.32+0.19
Gly+ 0.0(0/16) -
Immunonegative 0.0(0/16) -

Values in parentheses denote the number of immunopositive p-endings per
total p-endings examined.
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A AN el FAAAS. LNFUS Do
s 52 22 glycines]] djsle] Wk
W& B3Ed], 53 glycme"ﬂ HA PSS Bolx 7
< B GABAe| sy = HFAdN-E-S B3ut(Fig. D).
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Fig. 3. Scatterplot showing normalized values of gold particle density
relative to mean tissue density for GABA and glycine in individual
endings (p-endings) presynaptic to the vibrissa afferent terminals in
the cat trigeminal caudal nucleus. Normalized values denote relative
GABA and glycine content in p-endings. Dotted lines indicate cutoff
values for immunopositivity.

p-endingsllx] GABAJ)] w3t 29z = (gold particle den-
sity)= =4 ‘o%“"z}“‘i(mean tissue density)ol] ®]s] oF
32~4.9v] =2 uby, glycinedl] st FUAEEE 229
TFUALE =] 03~09HHi*1 glycineel ehsfr= HE
Auke-& Wit} (Fig. 2, Table1). Y} x] 87) p-ending (50%,
8/16)=-2 GABA % glycinesl| d&}ed ﬂ?fﬂ o okgure. o
293t} (both GABA+ and Gly+): o] 52 GABA°| 3t
A =E 2AHFFHAL = vls) oF 1.5~3.8u =Sk
o, w3k glycinel] W& FYAEEE 2AFAFUAE
=8 17~45u 24 glycineo = WHejekgnlE-S BT
(Fig. 2, Table 1).

o] p-endingS-2] AAL 0.17~0.63um® WA, JHF
2 2F3xl7) 0.35+0.18umle] gtk GABARLS 4351
p-endings} GABA ¢} glycine %= -3} p-ending7lel]

felgh FAH e Aol gl Aoz yehget (unpared
t-test, P< 0.05; Table 1).

7+ p-endingS-2] GABA 2 glycines] o3t mZ&Zeix4
= (normalized gold particle density)S &<l3t Az}, 7+ p-
endingsH] GABA$} glycine2] A g2 7247] M= o
£ Aoz vehdot(Fig. 3).
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Fol4d s UAENAI} Axste p-endingEe
GABA 4 glycines 33t gl 2 p-endings2
GABA®RHE 34317y} GABA<) glycine =58 383
VN Aoz FRENen, F AR v & M2 fAks)
At =3 o] F Ake] p-endings Abolell = 23 A1 <]
Z}o] 7} Ho|#] ¢kgkor}, 7t p-ending 2 GABAS} glycine
of Bz A FeFe] Mz d2ue AL B ojHd
AIEL T dxEAIA o] AR me ¥
o] 2xpil7 oz AAAZAATARE AP FHANA
YAEAA TR 247) M2 g ez Ao g
= AAHgte

MR AF o7 BAMEE ARABAATEES &
3] p-endings#te] ZAfAte] 14 (axoaxonic synapse)S 53l
22417 oz o) ZAAA R A ] A4 o] KA ] (presynaptic
modulation) S Wr=t} (Lovick, 1981, 1983; Bae et al., 2000,
2005; Moon et al., 2008). ¢] p-endings5-< 7] A=) A3217
ALdEA GABA 22 glycines she Hloz 43A
sler, titk9] p-endingE2 GABAS} glycine =52 ¥
Al 3k ol Aoz eelA qloh(Bae & Yoshida,
2011). €& To, H452® (spina dorsal horn) -2 Akx}
AT N A 3~42 02 Alel= 7H7Ha 7S 0] GABA
o} glycine =55 i3k p-endings?t 4= vlE&S A
B, s =417 (har follicle afferent)-2 2¢F 67~80%
(Sutherland et al., 2002; Watson et a., 2002), w}-2%]-2-3] ¥
Bo =217 (rapidly-adapting cutaneous afferents)2 73~
95% (Sutherland et al., 2002; Watson, 2003) o]}, =3t Az}
AARF7N oz BALsE ok 2R EA175E
3= p-endings =3+ oo} (83%)7F GABA<} glycine

i

REE gt Zow wyH 3 ¢ok(Moon et a., 2008).
vl o] 5 7|2 B oAl GABARES 38381 p-ending
= o

2 4~ 17%e) E3R8lae 23E AlAst e o] A7
Al AAIZE AR mE Y Al 3~4F o FASHE whE
A58 aFol R EAA I AAs= pendingEs
712 B3Ee] Avte] u]s] GABATS 3§51 p-ending
Hlgo] Ao 3, GABASL glycine =75 3
sk pending®] W& Aoz e S Ml o
2L v g2 Ao HE olutw 4R UAEA
YT FAG S T v AR B
= p-endingsell &l Alejd 4 9leond, w3t U3}
ARSI ARt @A ek FAbsle oleHE 1
Alelefre] B2 4 loke 7S AlXsR ok

3 o] dFo A= GABATHS -3t p-endings} GABA
<} glycine ®+5 -3k p-ending Aol f-2]3 A4
o] ztel7h ghiet. ' =719 F (sizeprinciple)' ol wh=m, &
Ao A I Fde] IHT AAALEAL] EulEk

7} WA 3 A o] )} (Pierce & Mendell, 1993; Pierce &

o

S

Lewin, 1994). &, A M ] Z45 T3k
tic vesicle)7} w@om, s o]
(active zoen area) o] Fv= %9
A8t FAgEe] AH Al 3
A7 = (synaptic strength) & Aoz vepd 4 9]
Al #etar & 4= Qo o] H o] Aol whaH, 18ko| g
A QA FE Ashs pendinge] AHe A
F248 o} F7h2kalel] wls) mel el A S w94
AAE A Aoz velyte} (Nakagawa et a., 1997; Moon
et a., 2008; Paik et d., 2010). o]= ©}& o}312] p-ending?]
wuleps) vl A A7 me] 99 pendinge] #rlE 4
QoA ARG EAL] o] AriHoz He »F
¢ ek o]sl vl¥e), GABARHE i3 Telw
GABAS} glycine 758 @43 pending A5t Afo]o] 37
Aol F2l7 2fel7}b ke AL F pending 3] 4l
AALELL] Fueo] A= vk £EE vepict
Iy o] dellA 2 pendinge] 3= GABASL
glycinee] ~}ei= ghege] M2 Hsit. o= p-endingel| A
v 4= ole AAAEEAS] S fAslEElE vl
= AAAGEAY e 235 GABAS} glycine ke A=
o2 vE&d Fojgl= AE A|ARsHEL GABAS) glycineo] <]
g AFolA A= AR o] FA17 e AR E AAIER= 7}
7 71249 AR A EGEA oo P-endingsel| A Y2k
TA Aoz Bu|El= GABAS 7% GABA, 22 GABA;
FEAE 53 gAI7|H o] de] HelEeA| A glnt ol E &
o] GABA, #8371 A3t dxEA17d5 T 4o
0] (Cl") =2 Z=7}A]7]a, primary afferent depolarization
(PAD)& wHAH oz gutgto zx] AxSAIAY R 2o
2 (Ca)e) flEe AT o, Ao o e YAEAAF
o] AAERHFS FaATE AF A S st
o2z ¢lv}(Curtis et al., 1981; Edwards et al., 1989; Max-
well et a., 1990b; Cattaert & El Manira, 1999; Watson et d.,
2005). =3 GABAg 4447} &A)3}=ichd, inwardly recti-
fying potassium channel (GIRK 3-2 Kir3)e] &Al3}= of7|
AlA A A7 o] 34 9] (inhibitory postsynaptic potential)
= AJ A3}z (Dutar & Nicoll, 1988; Liischer et al., 1997), vol-
tage-activated Ca?* channel & A gto 24 A AAGEA 9]
a7t 2FAgety 98l A ik (Scholz & Miller, 1991; Mintz
& Bean, 1993; Amico et al., 1995; Poncer et al., 1997). 3+,
gephyrine]gk= glycine =84 A A AL AAEA7F
oM AR oderes ik glow (Todd et a.,
1995), o]l p-endings} YA ST 2 AA o] FAI7AL
o]9] AbzZ}edA] (synaptic triad)S E3) p-endingse] #w|3F
glycinee] dx}E4174EdE B34 ok AA dAel$4l
73ell 283 Aeolghe 7HA o] Al7]H7= 3t} (Bae &
Yoshida, 2011). Zgjv} &x}7}#] p-endingse] En]3}=

¥
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