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Expression Patterns of P2X3 and Vesicular Glutamate Transporters
in Rat Trigeminal Ganglion Neurons and Their Changes
during Peripheral Inflammation

Yun Sook Kim', Jaehyun Hong”, Yi Sul Cho', Yong Chul Bae'

1Department of Anatomy and Neurobiology, School of Dentistry, Kyungpook National University

Abstract : Activation of purinergic receptor P2X3 expressed on the primary sensory neurons, induces the release
of glutamate from their central and peripheral afferents, which is involved in both acute and chronic pain. However,
little is known about the type of vesicular glutamate transporter (VGLUT) that is involved in the glutamate release
associated with P2X3 activation. To address this issue, we investigated the expression of P2X3, VGLUT1, and
VGLUT?2 in rat trigeminal ganglion neurons by immunofluorescence under the normal condition and following
inflammation induced by Complete Freund’s Adjuvant (CFA)-injection into the rat vibrissa pad. In addition, we
examined the ultrastructure of P2X3-immunopositive (+) central terminals by electron microscopy. P2X3 + neurons
were mostly small to medium-sized and frequently coexpressed VGLUT2, but rarely VGLUT1. In the CFA group,
which exhibited thermal hyperalgesia, there was a significant increase in the number of P2X3+, VGLUT2+, and
VGLUT2+/P2X3 + neurons compared with controls (P2X3 + neurons: 39.0% vs. 28.4%, VGLUT2+ neurons:
44.6% vs.34.9%,VGLUT2+/P2X3 + neurons: 33.8% vs. 22.5%, p<0.05). Conversely, the numbers of VGLUT1 +
and VGLUT1+/P2X3+ neurons did not significantly differ between the CFA group and controls (VGLUT1 +
neurons: 28.8% vs. 28.4%, VGLUT1 +/P2X3 + neurons: 0.6% vs. 0.5%). Additionally, P2X3 + axon terminals in the
trigeminal caudal nucleus frequently received an axoaxonic synapse from an axon terminal containing pleomorphic
vesicles, suggesting presynaptic modulation of P2X3-mediated sensory signals before synaptic transmission. These
results indicate that 1) VGLUT?2, rather than VGLUTI, is involved in glutamate release associated with P2X3
activation under acute and inflammatory pain conditions, and 2) P2X3 + primary afferents in the trigeminal caudal
nucleus are finely regulated by various presynaptic mechanisms.
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Purinergic ~87] P2X3%= ATPo|| 93] EA43}E= 77)
9] P2X £=&7] subunits = dh}Ql oFo]& Ado|th[1-3].
P2X3&= AR AT FRYAFE Y ZAY ST
o] ARANZoA F2 TAH, hFRE P2X3 HAY
A(+) A7 A= substance P(SP)¢} calcitonin gene-related
peptide (CGRP)E &3}A] k11, isolectin B4 (IB4)E &
Hst= B EAolTH4,5]. E3F P2X3+ ABAR= A
FED A AR 23R YFo g FAHH, ol
T TF AL okt n9jH g er HEEo| AE
t}h4,5].

2779 W AFLEL P2X37F F4, 934 € A
A S50l 7otk Huskgih(1-3]. ol & &9, 2Fe
dhateho]] P2X3 2HAIQ o,B-methylene ATPE U3}
5% uh$o] e, o] P2X3 A Y P2X3 QHEAIA
23 +Z 8 2E}o] E (antisense oligonucleotides) F{0] 9]
3 5 Whgo] A ETH6-8]. E3F A ol Zo] ATPE
YolFAlstE SA| §5 Aol FEEH9]. P2X3E 27
4] gt g4 FFo Bojgtha g A jleH (1], €%
4 T5[10,1113 AFEAE F52 Holes ERY[12,13]
oA ATP, P2X3 284, P2X3 A8HA| © P2X3 QAFeEAlA &
YurEE LEo|E Fojo WE PFEA A5 P2X3
7F 9 5ol 71ofghtha B E L giot.

A7 d 1t FRe AR ol EAste A BAZ
4 F324 AAFHFE e, ol= 71414, a4,
= 2 A7) A5 5 ohekst A=l s S5k o
3 AR glutamateE 2H|5Ho] 42 A
gt A2eit[14,15]. &S, FRAZE} H
FES A vt Ao ATP % P2X3 284
o,B-methylene ATPE A2|dte] P2X3 87|58 &4+
SHH AARZHABAZ Y] T2 d T4 A AHROlA glu-
tamate”} &H| =AY 0]9] Er]7} =Y, o]= P2X3 ¢
|70 9aff A== 34 9 WY 550l Tt 9FS
SHCH16,17]. 23U P2X3 BAI3) Alof| o® 7] 23 U
AAAAZBAEAA glutamate?} ZFHE o] 34 9 T F
Zoll Z1odsk=A1oll tishiAle 2 dEA A Eot

Vesicular glutamate transporter (VGLUT)+<= glutamate S
Ao HA st o)) Eulof Tofst= A RA X
A FFAAANA glutamate’d AFAG| S5 JTS
51, glutamate’d AIZA|ZO] X2t 2 AMG-E AL QlTH(18].
VGLUTY 37}4] isoform ¥ VGLUT13 VGLUT2+= t
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27 Ao| A VGLUTIZ VGLUT27F H3EE 1) AZA
39| 37],2) °]E2] SP, CGRP, IB42} neurofilament 200
S FEFA, 281 3) H-FE 9 ARz
A VGLUTE 2dsts AL AETY BARSA 5
o] Z7] tt=rkar B FHITH18,19]. o]2dt A7 AHES
VGLUT1Z VGLUT27} 2t7] ©hg 139 G447
AlzoA TddE AU AAR E3 VGLUT2 Haw
= 5ol3og 243 npeA Blox VGLUT27F 54 &
%, 834 2 AR Tl Todthe et FsEA
Zibso] HuErh[20,21]. 22U VGLUTI o3 H4A|
(+/-) i 454 2 AFHAE 55 sE2ElA 4
ARl B2 dke-S ®Heltky H1Eglon[21], VGLUTI
dEukeis AT 27)0 AMGSH] gl [22], HA2E
A (sensorymotor system)9|A] VGLUT1¢] & tjafjA=
B dElA A Pt

2 AFolA= 1) AFY ARAIE DA P2X3+ A17A
27} o 959 VGLUTE askar] Alshgion], 2)
33 9] vibrissa pad®] Complete Freund’s Adjuvant (CFA)
£ Fdsto] B2 954 T2 T &, AAMIEE A
Al3Z oA P2X3, VGLUT1 ¥ VGLUT29] W3 H3E 4
stglon, npAete 2 3) P2X3 87 Wi 55 HE7F H
£7|(brain stem) Y G}AFNA ojE FAoE HAGE=
A olast7] A, AR oA P2X3+ FF Al
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Ao AHEE APFEY Bs 9 XA AL FE
stw 554131321949 3] (Intramural Animal Care and Use
Committee, KNU2017-139)] 5-¢15to]] 2|l om, o=
=Y 2 A Y (National Institutes of Health)2] X&) u}et 4=
Y=}, 2 Ao A= Sprague-Dawley Al5-2 =3 213
(250~300 g) 127} & ARESIYloH, o] 52 AT 6mt,
W54 F5E SUT AP 22 2 30ty sl
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APEELS ketamine (40 mg/kg, 3 A 50 FAF, £
3HoF8Y, Seoul, Korea)¥} rompun (10 mg/kg, vl Z 2o},
Seoul, Korea) &30S 280 FA}sle] nlFslqitt. o]&



WA 934 53 AU 98 A8ZE Complete
Freund’s Adjuvant (CFA, Sigma-Aldrich, St Louis, MO)<}
AR HTE FU3 v|&2 4L E3-8H (40 ML)‘Q‘ g
T ol A2 ERE0 pLE AF SHER Sgo] 9
A3t gshEefo]l FYsIATE U T 1Y, 397 444 o]
A AF7)1E o8t &d FUTE AX| A 10cm Eof
7 Folo FHYsiA d A= 71, F
0]7|7}A] 8] Al7F(head withdrawal latency)S

| Jsto]
Z ut E=5W,122A8
F-Xé'é}‘iiﬂ, 7+ SEY 58 1HH 28 33 Zste] BAgS
AHEsElTt. B3, o REAS WR8H] {18l 1429 cut-off
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Urethane (1.2 g/kg, i.p., Sigma-Aldrich)& AME-3te] AF
FES 4A AARHAR ok, FAAI A2" 2 EdF
WS F35td 100 mLY] Flatdo] -8 A EsE F¢
sfol Bekg AAT 2, 400 mLe] THAL AFgI] B
Hg Aec B RBAAS JAH ARUAEE 4

AL, AU A A H1S Agsisl
o] % T’j?‘rié of AREEH ATt FUE LM (4°C)oflA] <F 2
o $13S At BTN 25 AFE
2 4% paraformaldehyde (PFA, in 0.1 M phos-
phate buffer (PB, pH 7.4)) 831, HAH8 % BAL 913 A}

I'

P2X3 (omitted)

VGLUT1 (omitted)

P2X3%t VGLUT22| & 163

83 1N 19 PFAQ} 0.01% glutaraldehyde 3+ (in
PB, pH 7 4)& AR&5H3ith o] 24& PB (pH 74 = Al A
Tk 52 A AR 5 Qe 27 242 Hase) 9
8to] 30% sucrose -§-H ol F-o] 4°CollA] oF 24417k F<t
MANZT o] F ALY FANE AL FALHIE A
&3t 30 um FAY HHS ARSHRL, AR A
£ Y3lA+= Vibratome (Vibratome 3000, The Vibratome
Company, St. Louis, MO)2 ARE31] 50 um 57412 2HS
Rlzrakict.

HAFFAA L A 2E ¥ A4 A5ttt

# AEE 8ol 57| Slsf dHES 50%
gkl A 308 ¢t HAAR
ered saline (PBS, pH 7.4)__
Aok A9
mal donkey serum (NDS, Jackson ImmunoResearch, West
Groove, PA)°JlA] 3027+ ¥H-&-315iTt. o] 5 AP E2 o 2tA|
YAFAE FH|5to] oF 16A17F FeF HHSAIZT o] Aol
A AFE YAFHAE rabbit anti-P2X3 (1: 1000; Alomone
Labs, Jerusalem, Israel), goat anti-VGLUT1 (1 : 300; Frontier
Institute Co. Ltd., Hokkaido, Japan) -2 guinea pig anti-
VGLUT?2 (1 :200; Frontier Institute Co. Ltd.)o|Tt}. o]%&

0.01 M PBSE 1084 33] A& & 29% NDSo| 30£7F &t

% (0.01 M phosphate-buff-
5227 391 A3 35 7

VGLUT1 VGLUT2

VGLUT2 (omitted)

Fig. 1. Immunofluorescent staining for P2X3, VGLUT1, and VGLUT?2 in the trigeminal ganglion neurons (A). The P2X3, VGLUT1, and
VGLUT2 immunostaining was abolished by the omission of each primary antibody (B). Scale bar =50 um.
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S8 b, OIRFANA 3AZF B WAL, AL of
AL
2} fluorescein isothiocyanate (FITC)-conjugated donkey

Cyanine 3 (Cy3)-conjugated donkey anti-rabbit
anti-goat -2 FITC-conjugated donkey anti-guinea pig
(1:200; Jackson ImmunoResearch)®] &3§eHo|ct, o|& A
HES At F38 sTolE flofl =23 3, FF BE
99| Vectashield (Vector Laboratories, Burlingame, CA)E
Apgto] Wafsiict. Awe] WS A3l Babeln|F (Zeiss
Axioplan 2, Carl Zeiss, Gottingen, Germany)= ARSI
T, 242 93t ojulAlL eken)Ae] R T Yt
2H(Q-Imaging Inc., Surrey, CA)S AR5 Tt

24 Sol4e AZsH] st
A AT BAFFGHL SPE BHANA IAY
A EE o)A WAGAE A%

SR =, T_* 2|5kl 853t 4
Astel AHS 2P P2X3 Ei] | tEt peptide
(APRO16AG0440, Alomone Labs, 4.8 ug/mL)2} VGLUT2
Ao 3t peptide (GO7B-VGLUT2-AG, Frontier Insti-
tute Co. Ltd, 10 pg/mL)=2 S2H] & (preadsorption) gt 23},
Z+ Aol 9—]5]' 5old Houkgol] AlRhdE BEsilt &
Ui} ZL oHPAS Alela WAzATTES 1y

HRgol vehb hteS Bastel, At
ARle) Sl e AFATHFig. 1.

A7 Aol A P2X3+ AIFAIEZL}, P2X3 + AIBA|E 5
VGLUT1 T+ VGLUT27} Ha == AFA 0] 420} T
A& SAst7] St 3uta] 9] 4bAtAIZ A AHo A 2008)
o] HJj-&(857.14 X 652.94 um, 1360 X 1036 pixels)E 127%2]
AR ESstTh AlZdo] 7h2d A|skar FeHA
ZE = ABAEZE ST ANGsIlew, S Al
AAZ B7)= A 255 3AZlA 100~120 A=EE Z
ZJ3}o] Imagel software (v1.38, NIH, Bethesda, MD)E ©|
&sto] AT A A2 A °l 500 um” ©]3}S 2
2 AAAEZE, 500 pm’ O]"" 1000 pm® 0|3}8 F7+37] Al
AAE, T2 1000 um” o)A-E 2 AAA| 22 BFsigrh
AR 279 25 AR FolA P2X3+ AZA|E
9} P2X3+ AIAANEZ Z VGLUTI ¥ VGLUT27F 23 =
ARBMZ =5 AFEAs7] S8, 24 9] 3ute] AF 4
A7 Ao A 8 Aulishe AFAZ7E X5k G99
A 200819] HH-&(857.14 X 652.94 um, 1360 X 1036 pixels)
22479 ARl B 55k, b4 At e g £
ok AT g zo A EAgE HA ABAE F P2X3+
A 7N EZ 9] H]-&Ff (proportion)T} P2X3+ AZFANE F
VGLUT! & VGLUT2E Wdsk= AAA| L] gz

VGLUT1

s

VGLUT2

Fig. 2. Double immunofluorescent staining for P2X3 and VGLUT]1 (A) or VGLUT2 (B) in the trigeminal ganglion. P2X3+ neurons rarely co-
expressed VGLUT]1 but frequently coexpressed VGLUT2. Arrowheads in B indicate P2X3+ neurons that coexpress VGLUT2. Scale bar =50 um.



mean+SD 2 FA|5}9.20, Student’s r-test=
A Fo4E "S5 (p<0.05)3+3i .
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AT E BARHSENL 91T BE WS Ao
A RS A8 W A HES Solsk 5] 93
al

AUES Sofoloto]A QoA 2087 FZEAY & 34 3
o3t o] % 0.01 M PBSE A& IS Al ths, 1%
NaBH,oll 302%F, 3% H20:0 1027+ Bh-3-st5ict. 342

H|Eo| & 935 43}s}7] $J3 10% NDSOl| 3027t §h&-
5, AR}EA|Q rabbit anti-P2X3 (1: 1000; Alomone Labs)
oA oF 16417t 53t BHSF%IT). ©]%,0.01 M PBSZ A3
3}al, 2% NDSOJA] o|xFg}A| 21 Biotin-conjugated

HS &

P2X32t VGLUT22| & 165
oA 2417 F¢t BES-3FY Tt 0] 3 ExtraAvidin peroxidase
(1:5000; Sigma-Aldrich) €o| A 1A]7}F ¥-&
tensified 3,3-diaminobenzidine tetrahydrochloride® AR
Sho] HAHES-S A5 Tt ©]F 1% osmium tetroxide (in
0.1M PB, pH 7.4) &Aof| A 1AIZF 52 A4S 3F oh3, Al
4 22 g4 BHLS AR M, propylene oxideZ X3+
IS AA Durcupan ACM (Fluka, Buchs, Switzerland)
o= mojstel 59°CAA 48417 Bt Asksherk. HokE
HHolA BARAE At o2 SHHIAE ]85t
Z block 91 F23t £, 60 nm F7 9] ﬁizmg»w 3
Aste] formvar film A2 AT ST grid Yol &

t}. Uranyl acetate E3M-N7} 0.3% lead citrate2 O]T%j
AN 3 b, FaEAAE R 7 (H-7500, Hitachi High

3 nikel-in-
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donkey anti-rabbit (1 : 200; Jackson ImmunoResearch) -2} Technologies, Tokyo, Japan)2.2 &3t 48 93t
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Fig. 3. P2X3+ neurons that coexpress VGLUT1 or VGLUT?2 in the trigeminal ganglion. A, B: Size distribution (cross-sectional area, pm %)
of P2X3+ neurons that coexpressed VGLUT1 (A) or VGLUT2 (B) in the trlgemmal ganglion. C, D: Frequency of small- (<500 p,m in
cross-sectional area), medium- (500~1000-um ) and large-sized (> 1000 pm ) P2X3+ neurons that coexpressed VGLUT1 (VGLUT1+/

P2X3+, C) or VGLUT2 (VGLUT2+/P2X3+, D).
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1. MRMMAE MAMZOA P2X32F VGLUT 3=

AARAIZA A A P2X3, VGLUT1 ¥ VGLUT2 HYYA
RS2 AN 2 AEAA FgtEo] HAE T, o
e FEEA A9 S 548 AY
3tk o AR = Z}tﬂjl (52.6%, <500 um” in cross-sec-
tional area)$} £7+37](34.0%, 500~1000 um*)2] A ZA|Z
oA F= FEEUeH, E3719] ABAE(13.4%, > 1000
um?) NN 7+E FEEYTH(E 7] £E: 125.6~1891 4 pm’
in cross-sectional area, Figs. 2, 3). 22]9] 34 &4 4 &
3 Aol f8=E ATPY 23) P2X37F &39S of &
HHEl = glutamate 240 #oJsk= VGLUTY #3& £4
317] 918f, P2X39 VGLUT1 & VGLUT29] ti3t 0%
HAFFHS APoto] oot 22 2AE At 2 &
9] P2X3+ AIAANZ7} VGLUT2 (20.5%)E drastgo
M, VGLUT1& H&sk= P2X3+ ABAZE A9 2w
2] k9FtH0.8%). VGLUT2E 2-237](16.9%)9+ 273
71(3.3%)%} P2X3+ AZFM|ZAM F2 FAE o (Figs.
2,3).
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2. CFA Z2l0ll oJ3t B54 E52 LiEhlE SE2Y

AP FEL] Y2 vibrissa pad 599 13l=2]o] CFAS
FUT -, FlolA A 2% & A=E 75t} S]ut-EA]
7He 2Aslo 2 J2A E20] S Q=X BHlstg)
A deE FU 2o B8 CFA 9 $ 19%
3 uHk-g-ATto] F-oJ8tA sk en (p<0.05), CFA

17hA] |45 ATh(Fig. 4).
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P2X32t VGLUTS| ‘i3t
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B dFoAE CFA 2 A4 E
EE 3Asto] MAAIHAE AF AN EfA P2X3, VGLUTI
4 VGLUT29 &S vl 434t AxpaZ Ao
A AERLAE Aust= Il SR stz AA AFA
Z % P2X3+, VGLUT2+, 181 VGLUT2+/P2X3 +
A AN Zo MBSO CFATLAA =22 vls) §9
A Ehth(P2X3+ AAANE: 39.0£1.3% vs. 28.4+
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Head Withdrawal Latency (sec)
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pre 1 3 4
Postoperative Days

Fig. 4. Behavioral assay showing the production of thermal hyper-
algesia (decrease in the head withdrawal latency) following the injec-
tion of CFA into the rat vibrissa pad. Significant thermal hyperalge-
sia was evident from 1 day following CFA injection and persisted for
4 days. *p<0.05 compared with control rats (saline-injected rats).

14%, VGLUT2+ AZAAE: 44.6+1.0% vs. 34.9%0.1%,
VGLUT2+/P2X3+ A AN E: 33.843.0% vs. 22.5+£2.0%,
p<0.05). 12} AA| ABAE F VGLUT1 + A A2t
VGLUTI1 +/P2X3+ AlZA|320] wiB 8.6 CFALY 2
Atolofl foJet kol 7h QIATH(VGLUT1 + A A Z: 28 8+
0.0% vs. 284+0.7%, VGLUT1 +/P2X3 + A AA|E: 0.6+
0.7% vs.0.5+0.5%, Figs. 5, 6).
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ZE TRote SASUERE AFS e At AT 7

U2k

il
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Fig. 5. Double immunofluorescent staining for P2X3 and VGLUT1 (A, B) or VGLUT2 (C, D) in the trigeminal ganglion in control (A,
C) and CFA-induced inflamed (B, D) rats exhibiting thermal hyperalgesia. P2X3+ neurons rarely coexpressed VGLUT1 but frequently
VGLUT?2. The number of VGLUT2+/P2X3+ neurons increased in CFA-induced rats compared with controls. Arrowheads in C, D indicate

P2X3+ neurons that coexpress VGLUT?2. Scale bar =50 pum.
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Fig. 6. Histogram showing the fraction (%) of P2X3+, VGLUT1+,
VGLUT2+, VGLUT1+/P2X3+ and VGLUT2+/P2X3+ neurons in
the trigeminal ganglion in control and CFA induced inflamed rats.
The fractions of P2X3+, VGLUT2+ and VGLUT2+/P2X3+ neu-
rons, but not of VGLUT1+ and VGLUT1+/P2X3+ neurons, were
significantly increased in the CFA-induced inflamed rats compared
with controls (n =3 rats per group). *p <0.05.
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Fig. 7. Electron micrographs showing P2X3+ axon terminals in the trigeminal caudal nucleus. A, B: P2X3+ axon terminal (asterisk) con-
tained clear round vesicles and was presynaptic to small-sized dendrites (d1, d2) in an asymmetric fashion. It was also occasionally presyn-
aptic to dendritic spine (ds in B). The P2X3+ axon terminal frequently received an axoaxonic synapse from a presynaptic ending containing
pleomorphic vesicles (pl in A, B) in a symmetric fashion. The arrow indicates the immunoreactive product for P2X3. Arrowheads indicate

the site of synapse. Scale bar =500 nm
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glutamate transporters (VGLUTs)2] 53 tisiA= AL &4&A AR &oh. B A7 AE= A 247 3FHY

vibrissa pado]l CFAE 5l T2 €5 552 8% &, 4414 A AA A Zof| A P2X3, VGLUTI @ VGLUT2
o HES U FANE LR 2AIG Y. B, AR S ARSS P2X3 WYY (+) TF ABETLY 27|
AF2E BESAT P2X3+ AN E= F2 AW 27|01, VGLUTIES VGLUT2E 37 dastsit.
CFA A g2 A& tj=27] H]3l] P2X3+, VGLUT2+ ¥ VGLUT2+/P2X3+ AAANEZL] =7} §9l51A F7}3t% et
R 2, VGLUT1+ 2 VGLUT1+/P2X3+ AN Z9 = CFAZT} 22 Afolof 23 20| & HolA| gfslrt.
E3 AR AT Ho| A P2X3+ ZAELL thokst FEo AXE Ziete HAEUEHE 24 7 A YAS §
gtk of At D) 54 R 454 55 AHolA P2X3 /dsket #HE glutamate 2] o= VGLUT27F 2o
3tH, 2) AR mE oA P2X3+ AFAAB AR Tt GAolA 71- A3 FustA 22E T4
o] th= A& AlALRtt.
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