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Coexpression of Nav1.8 and VGLUTs in the Rat Trigeminal Ganglion
and Tooth Pulp
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Abstract : Voltage-gated sodium channel 1.8 (Nav1.8) is important for the generation and propagation of
action potentials in primary nociceptors. Nav1.8 is also involved in acute pain and inflammation-induced pain
hypersensitivity. However, it remains unclear whether Nav1.8-mediated nociceptive input is associated with distinct
vesicular glutamate transporters (VGLUTSs). To investigate this, we examined the coexpression of Nav1.8 with
VGLUT1 or VGLUT?2 in the rat trigeminal ganglion (TG) and tooth pulp using fluorescence immunohistochemistry.
Most Nav1.8-immunopositive (Nav1.8 +) neurons in the TG and Nav1.8 + nerve fibers in the tooth pulp
coexpressed VGLUT2, whereas coexpression with VGLUT1 was very rare. In addition, Nav1.8 + neurons in the TG
coexpressed substance P, calcitonin gene-related peptide, or isolectin B4, which are markers of nociceptive neurons,
but rarely coexpressed parvalbumin or neurofilament 200, which are expressed in relatively large-diameter sensory
neurons. Our findings suggest that Nav1.8 is mostly expressed in nociceptive neurons in the TG and nerve fibers
in the tooth pulp and is preferentially associated with VGLUT?2 rather than VGLUT1. The selective coexpression
of Nav1.8 and VGLUT?2 suggests that Nav1.8 + nociceptors may contribute to nociceptive transmission through
VGLUT2-dependent glutamatergic neurotransmission.
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Al F ZAAY 2 2719 AZA|Z A EEE [4.6-9],
o5 AFAZE RRE T2l Bolshes A= dEA Y
TH4,10,11]. 3F 9] FEAFHA A Fafiat=l gt vk
f5el wE A7182she 5443 Navl.8 ddzte] st
AE 24 A}, RREY T894 A3 (nociceptive
neuron)©j|4] Navl.80] 733} HdEE= Ao HuEg o
™ [10], A4 (neonatal) ZF ]| capsaicing F£oI3t & 3
9] F|¥ej417dof|lA Navl.8 mRNAZ} Zadith= Hu%
Qlth4]. ESH Navl.8 A£ul$-A (Navl.8-null mice)E ©|
|3 Aol A Navl.8 & Al 3 7|41 A=l Higt &
Z 92 (threshold)7} Z7F5Fa1[12,13], A1 A AAQIA} (nerve
growth factor, NGF) ¥ complete Freund’s adjuvant (CFA)
o 93 f-=H F35A 5337 (pain hypersensitivity)©] 2+
438114 [14,15], ¥ 55 (cold pain)= Zadtt=s Ba17) Q)
oH16]. °]# 3t A5 Navl.8°] 4 55 (acute pain) U
BE TN Fa3 IS ks A AR 1
2up YR Aol A AZEE Al FRE A A A A
Nav1.8 mRNA®] W@ o] Zr43}k1[6,17], Navl 8 A& B
HdojA 4174 $% (neuropathic pain)ofl tEk Fgo]
th BaEo[15], A7FEA F5o1A Navl.8e] 482 1
o] gkt

Glutamate= 4173712 EZQl TEA ABHAGEZDZA]
T AL7|A Fo% ITE o, ARAGEEAR W=
E]7] Ao vesicular glutamate transporter (VGLUT)®]| ]3]
AHA A3 (synaptic vesicle) WH2 Y9 TH18]. VGLUT
= VGLUTI, VGLUT?2, Z18]311 VGLUT3<9] A 7}A] o}3
o2 YHY, gl fE9 glutamatergic A3 A 3EE VGLUTI
E= VGLUT2E ¢dstH, 0|52 glutamatergic A7 A
2| A #AI A} (marken)2 F-88HA AREETH18]. &
A ZY A Z A 3 (primary sensory neuron)©|4 VGLUT1
2 F2 & 3719 7|1A5EA A A E (mechanoreceptive
neuron)o| Al WA =M, VGLUT2E & AAL 71 27
9] S EAAFAZAA HAE o] A2 O E TH T
< YehdTh(19-21]. VGLUT1 +/— vk 45 9 414
&4 A 55 B PERh3o] A4 nheaet o)zt glont,
VGLUT2+/— k-2 AAEY SN B4 vhe-
20] Hgl @ A= gt wh-o] Zagit22]. 3t FE e
AAA AAMEZNA VGLUT2E AAG nfLAE o] &3
Aol A= VGLUT2 244 71413 9 ¥ 2= gt &

)

o, g54 F5uEol sk,
Al dlAgdo] gaston, W o] dE(cold
allodynia)®} & £z}l (hyperalgesia)©] A= ATH23].
olef3t ATk YHLZAAAAZAN VGLUT29] I3 of
M= glutamatergic A3 A go] 54 FZHETE o2} A5
A 9 A7 Bols £ e TE A,

Z]4= (tooth pulp)oll E3Zdt= A9 RS C&
Ad 5Z8/d 47 (nociceptive nerve fibers)E, &7
o] frafl A=l vizdetA whEstEE BxAFA Y F5 71
HE A7 B 83 2 mdoj2425]. AT AT
of 2, Agtel @54 AolH Navl 89 @alo] 27}
s1of Navi 8ol A4 W) 954 55 7160 $a8 g
& ¥ 7i540) 9hgo] HIHSATH2628). Eak BH A}
2 2404 VGLUT1Z VGLUT2 25 23 = [29-31],
CFAE Agof Y8ty 35S =359 VGLUT2 "%
X AAHSIE 2745 VGLUT2 ee] whlagol 271
2th[29.31]. VGLUTY] H&FE glutamate®] W&EF} &
o] gleuz[32], A4 A5 Al VGLUT2Y] Id F719
w2} glutamate®] W&0| 715, o]2 8 VGLUT2 ©j
N EF4 F5HRe] dojd & IS Ae=w Azdd 3
< Aol W2, HRAF A AFGAEA 26°C o5t
3 & B35t F A= o8 EA3}= = transient receptor
potential melastatin 8 (TRPM8)2 VGLUT2¢} & s}A]
Tk VGLUT1ZH= 38&sH] o= Ao g WaFH29]. o
+ TRPMS "7} ¥ E2Z+o VGLUT2 &&3 glutamatergic
A7 -Eo] HAT 4 Qe AlARRTE T2y Navl 85 '
Hoh= ABAEY glutamatergic A7 -AEo] od o}F <
VGLUT7} #ofsh=A= B&sHA| gt o]o] & AtollAle=
olFBFUG7 M-S ol &ste] AF| A4 A Navl.8+
AAAZLL 2)429] Navl.8+ AAAG|A VGLUTI &
VGLUT29}9] 8 pare BAshirh. o] Srjehaiodel
oAl Navl.8 W7} 2t AEAL 7|1 ddl= o 583
GAE AT Aol

Mz A U
1. 4888

ATEY HS 9 HX = AEHTn FEAESHY
3] (Intramural Animal Care and Committee)2] $¢1-& wo
st & AFolxe Fatand 2A4E Sl Alsol
340~370 g8l A 313 (Sprague-Dawley rat, 10~11 &)
32l AL

—_



’\E‘?E.JEE_ sodium pentobarbital 80mg/kg)S B W F
Afsto] ZA mhAIZ] £, 100 mL 2] sutgio] ZokH AYe] 4
H4(0.85% NaCl €92} 500 mLe] 4% paraformaldehyde
2H(PFA; in 0.1 M phosphate buffer, pH 7.4) 2.2 71174
2 NS AR R Aot A A4S A T
59U D] 4°ColA 2417 B SRR DRE &
2]2 0.1 M phosphate buffer (PB)Z A2t & 30% sucrose
(in 0.1 M PB, pH 7.4)°]| gof 4°Cof|x] st F<F HAAAZ
o o2 F24H7E ]85t 30 um FAZ HHS A
A% 5,01 M PBE Al&sta 22 f A9 IFHS =
o]7] §lafl HAHE 50% AEZol 308 FeF wHEAIH &
H-S5 0.01 M phosphate-buffered saline (PBS; pH 7.4) 2.2 &
2] &g pAIRE £, B 50l vhe5 Hastetr] sl 10%
normal donkey serum (NDS; Jackson ImmunoResearch, West
Grove, PA, USA)°l| 3027+ BH-3-AIZTH o] AAF3HA| 8-
(in PBS, pH 7.4)°14] 16A17t 5<F BREAIH T & Ag oA
AMEE 93 A Y EARE rabbit anti-Nav1.8 (1: 1500,
Chemicon International, Billerica, MA, USA) &&* 1}
guinea pig anti-substance P (SP; 1:1000, Chemicon Interna-
tional), mouse anti-calcitonin gene-related peptide (CGRP;
1:1000, Abcam, Cambridge, MA, USA), biotinylated-
isolectin B4 (B-IB4; 3.5 ug/mL, Sigma-Aldrich, St. Louis,
MO, USA), mouse anti-parvalbumin (PV; 1:1000, Sigma-
Aldrich), mouse anti-neurofilament 200 (NF200; 1 : 100,000,
Sigma-Aldrich), guinea pig anti-VGLUT1 (1 : 1000, Synap-
tic Systems, Géttingen, Germany), =+ guinea pig anti-
VGLUT?2 (1:500, Frontier Institute Co., Ltd., Hokkaido,
Japan)E AF o] ket 2gste] AgteTt hed A
H& 001 M PBSE 33| 42413t th& 2% NDSe]| 3087t
HH-8-A]7]31, donkey Cy3-conjugated T== FITC-conjugated
secondary antibodies (1 : 200, Jackson ImmunoResearch)&
IS GH oA 3AZE B BRSAIRTE B-1B49] B3 A
2 93 A+ streptavidin-Alexa Fluor 488 (1 : 800, Molecular
Probes, Grand Island, NY, USA)¢] 3A|7F F9F Hk-8-314 Tt
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FFAnF e

o] ’ﬂ%‘O‘fﬂ] HC’ o A ZAoA FFHARE % | ‘_r"°‘°}7ﬂ
WEEE= ABAZE AGYE ABAZZ A5t £4]
of ARg-sk3iTt. 3wt 9] AF oA Ee FS 670 AT
oA ZF AARAT 67119 v|A% dHS Addste] F 36%
9] AMRS EG3ITh. AP Zeiss Axioplan 2 microscope
(Carl Zeiss, Gottingen, Germany)©l| £2H8 EXi digital cam-
era (Q-Imaging Inc., Surrey, CA, USA)E ARE3}o] 2001] Hj
£-(1360 % 1036 pixels)2 G35} TIFF T 2 ARSI Tt
o|FRFUAP A, 7 Aol et Welepy ABMES
245} o 59 FUH oIS AH5H7] 919} Image] soft-
ware (NIH, Bethesda, MD, USA)S AM-51%th Q& o]u] %]
£ grayscale o|H|X| 2 HSHE & BAZ flsf H7|<t tiu|E
UHE 71208 25 HAYS AFA LS wHs}]
43t FA|&= 0~2559] grayscale HYolA 100~12022 4
Qi 9, 7 AUE RN TLRES 42T 7, 30}
oA 9 SAS o8t B REHAE AL

fct.
2 o
31H 9] APl A Ao A Navl.8 HYYAAHHS (Navl.8+)
< ARAZ W AL MEAAA BEE.
Navl.8+ AANZE BE ALY 27 37|9eH, =2 Al

AA|ZAAE EEA HEFHJ g2 Navl 8+ A7
M3 (779+12%)= VGLUT2¢} 2433}t .on, VGLUTI
I FLEst= Navl.8+ AFAZE =54 #FEHIG
(23%12%, Table 1, Fig. 1). Navl 8+ AAA|ZE 24
LA AN Z] FEXZC] SP, CGRP E+= 1B49} &3,
O HwA 2 A9 AAAHA ZA LHEE= PV E

Table 1. Frequency (mean + standard deviation, %) of Nav1.8-immunopositive (+) neurons coexpressing VGLUT1, VGLUT?2, or neuronal

markers.

VGLUT1 +/ VGLUT2+/ SP+/ CGRP+/ IB4+/ PV+/ NF200 +/
Navl.8+ Navl.8+ Navl.8+ Navl.8+ Navl.8+ Navl.8+ Navl.8+
23+1.2 T79+1.2 19.5+7.7 284+54 66.7+2.1 03102 49+15
(31/1402) (1314/1688) (381/1875) (495/1729) (1108/1672) (3/1200) (66/1412)

Peptidergic nociceptive neurons: SP and CGRP; non-peptidergic nociceptive neuron: IB4; relatively large-diameter sensory neurons: parvalbumin (PV) and

NF200) in the rat trigeminal ganglion (n=3).



VGLUT1

Fig. 1. Double immunofluorescent staining for Nav1.8 (A and B, red) and VGLUTI1 (A, green) or VGLUT2 (B, green) in the trigeminal
ganglion. Nav1.8-immunopositive (+) neurons mostly coexpressed VGLUT2 but rarely VGLUT1. Arrowheads indicate Nav1.8 + neurons

that express VGLUT1 (A) or VGLUT?2 (B). Scale bar =100 pum.

£ NF2003H= =54 34dstth(Table 1, Fig. 2). E3t
AFY Aot X0 Navl 8+ AR f= AZH A
(radicular pulp)ofl A Thd-E o]Fo] F3sIU ZAE A9
FABIA Fkot, X T ]4=(coronal pulp) 2] FA1 5]l A
£ WI¥istA A5t e, A B A]4=2] = E (peripheral
region of the coronal pulp)olA+& FH$5HA EA|3I% T}
U Navl.8+ ABHf= AoHHEAE AbolE ALt Aot
AT Y= F3stAch(Fig. 3). AT Aol HEE o
FE29] Navl.8+ A4+ VGLUT29 3dstg o,
VGLUT1ZH= EE7 3885t 3ith(Fig. 4).

2%

il

Aol F8 Avte= ohga Zo 1) AF Y] A4
A Navl.8+ AlBAIZS] th=7F VGLUT2 (9F 77.9%)
59 o, VGLUT1Y Zardsls A2t nfj$ =
TH(OF 2.3%). 2) B9 Aol A Navl8+ AFHG
= Ao TP A FHA BEFGoH, fEE
VGLUT2¢} 3&stqit. o] 2 gt Aakzs FHMHE ol A
Navl .8+ 52484 XHAE7F VGLUT2 &4 glutama-
tergic A AGE 3l 2 Aol BAT 4= IS AAL

=2
sk 2Aate] 5AS ANt

=2 ric

1

Ir o o
2

Navl.8& ZAYU F7F 27]9] W2AZAZA oA &
AEH, 53] FAFEAAANFA LN w2 E02 U
& voltage-gated sodium channel2 €& It}[4-6,10].
Navl.8 Z&uteAE o] 83k dto] mEH, Navl .82 54
%% (acute pain), 53 ¥ 55 (acute cold pain) ¥ I35A4 &
% (inflammatory pain)of| #ojsh= Aoz dA Sltt 4 &
501, Navl 8 A&Enke 2o A= f8) 71418 A= et &
= A7} 718k [12], 41732341 A} (nerve growth factor,
NGF)°l 93fl =¥ & $227 (hyperalgesia)©] Z2-5F%
oH15]. 3 {8 ¥ A 9 AL Aol 71AA A=
of gt RE&-= Zr45to], Navl 8o] 71413, @ 9 ¥ 52t
FoJsl= AS R B EQTH[16]. Diphtheria toxin A (DTA)
£ ©]83to] Navl 8 Id AZABAZE Aoz AA
3 Houk-oA (Navl 8-DTA mice)S thALO.2 3 ALo]A
%=[14], Nav1.8-DTA h9-2= B 5 7I5= A8t
I AYA 71AH A= f3 E A=olle Ao vk
st o, ol 71AA gt @ Aol gk vkg-o] @A 3
Aastelon, 434 ATl i f=HE 55 I WFF
T Zastgint olgdt A= Navl 8ol 94 55, 9% 2
% R 454 F50l T8 IS ks AS AlARRT

VGLUT= glutamateS A2 43X (synaptic vesicle) 2
% (transport)3l= TR 2 A slutamatergic Al A gl &
£23F 9ghZ g[18]. VGLUT1Z VGLUT2& F5A17% A ol
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Fig. 2. Histochemical characterization of Nav1.8-immunopositive (+ ) neurons in the trigeminal ganglion. Double immunofluorescent stain-
ing for Nav1.8 (A~E, red) and markers (A~E, green) of peptidergic nociceptive neurons, SP (A) and CGRP (B); non-peptidergic nociceptive
neurons, IB4 (C); and relatively large-diameter sensory neurons, PV (D) and NF200 (E). Nav1.8 + neurons coexpressed SP, CGRP, or IB4, but
rarely PV or NF200. Arrowheads indicate Nav1.8+ neurons coexpressing SP(A), CGRP (B), IB4 (C), or NF200 (E). Scale bar =100 pm.
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Fig. 3. Fluorescent micrographs showing the distribution of Nav1.8-immunopositive (+ ) axons in the rat molar pulp. Most Nav1.8 + axons in
the radicular (A) and central coronal (B) regions of the molar pulp were observed in bundles and traveled toward the peripheral regions of the
cervical and coronal pulp. Nav1.8 + axons were often observed in the peripheral regions of the cervical (C) and coronal pulp (D, E), where they
formed a subodontoblastic plexus and extended into the odontoblast layers. Panel E is an example of beaded Nav1.8 + axons in the coronal

pulp. Scale bars =50 um.

A A ZiEE Hol|w, A= T 7|54 EAT
w0} Itk VGLUT1-S F¥RAZ AT A4 Hol| A i
572 2 ABAZA TAEM, VGLUT2= ZAY 5
2t 2719 AZAZA BEETH?20,33.34]. HFFE A
VGLUT12 Ap AYX]|71 A& 487] (low threshold mecha-
noreceptor) = 1-3-7ZHAI 7 Al X (proprioceptive neuron)
7t FAMEE FolA EEEH, VGLUT2= Ad%t C 2
FEAAABA|Z7F BALEE GoolA TAETH19.21,35].
VGLUT1 ©]| 3 &A (heterozygote) FF-2= T2 1 3
9 WPt glovh22], nhe-29] FREAIFE ARA Zo
A VGLUT2E ez AEAT] nhe2ois 94
% 4 454 F5vlo] Haste AR HuEIr[23].
E3F Navl 8 Hdst= AAAZ A VGLUT2E A3

° 2 AAS Vglur2”,Navl 8-Cre if-A= G4 52 9 o
4 50l FastsiTh36]. o7t AT I Navl 8&
HAste AFAZ7F S o VGLUT2 9&3 gluta-
matergic A1 HE0] Navl 8 Wi7l} 544 55 % 954 &5
Talof] TAE 4= 32 AR

2 A7ollA Navl.8+ AAFAMEE] oF 77.9%+= VGLUT2
o} et on, o= TRPMS + AAAIAA ZoA B
I VGLUT2 3E&dE (Y 18%)Eth =UTH29]. EgH
Navl.8+ AFNZ= S48 4FANZY FAAQ] SP
(19.5%), CGRP (28.4%), = 1B4 (66.7%) %t ZdA 3}, 5
B A AN o] AFATet YX|shTh[14,37-39].
AN AN SP+ ABAES] 93%+= CGRPE 3%
gt BA[4018 ejshd, & dAtolA #EE SP+/

ot

el



XA E D X0l A Nav1.82F VGLUTsS| 3B 265

VGLUT2

Fig. 4. Double immunofluorescent staining for Nav1.8 (A and B, red) and VGLUT1 (A, green) or VGLUT2 (B, green) in the peripheral region
of the rat dental pulp. The majority of Nav1.8 + fibers coexpressed VGLUT?2 but rarely VGLUT 1. Arrowheads indicate Nav1.8 + nerve fibers

coexpressing VGLUT?2. Scale bars =20 um.

Navl 8+ % CGRP+/Navl 8+ AZNZEL FEE /)
o] ek 3, VGLUT2 + AIAAE SA] Hme] A4
A CGRP ®= [B42 T4Fst= Aoz &#A 9lo[20],
Navl.83 §AFSH Hd 54 Bl o]4gt dak= C 82
T8/34173 M Zof| A Navl.83 VGLUT27} A & =H,
VGLUT2 &J&% glutamate &°] Navl.g8 7] 55 A&
Ago] #old 5= S-S Hste 225 FAE AA
tsh:]-

Aol BESE ABHG R R 3} 4T

of WHSSHE C W AS BZ4-8A A S0l o, AL
o SelE AR AR o)A iz Faysie)

7F A5 FHEE 28 7oA B2 27HAE 4%
th4142]. 2 AFo)A Navl 8+ AAMGE A49 A2
FoA AJF7A FHsIH oM, AZFET X TFof A
B ‘?e‘Ei EESHAT 6] XM% Aol FHE OM

?_:—]

- & FHEIE 3 A=) A9} 5
Mo Zag @15;% 3 Zojghe Fesky ZAE AA
Zolch B3 A4 FHEY] Navl 8+ ABHRF= O
£ VGLUT2¢ 3@ sk ¥hd, VGLUT1 %] 33rd-
o] TAE R ekt E3] Navl 83} VGLUT2E A444
T4 RO (varicosity) F-9]ol| A 7eHA FLEsIH .o, o]
A9 34 2 454 55 AsAG)A Navl 8+ A7

>~rﬁlf
0
o M 4z

nﬁ: rlr

F2EE VGLUT2 9&7 glutamate’} WEE 7542 Al
ARt &, 8l Aol sl Navl 8+ AZBH[7F 243t
= A AH(axon reflex)E &3l 24174 VGLUT2
OJE4 glutamate”} WEEo F5 429 FFoly =
2} (peripheral sensitization)]| 7]o& 7H5/d o] i},

2 A4 Navl8+ AANZL| oF 80%= VGLUTI
(2.3%) = VGLUT2 (77.9%) 5 &Ld 3R 21, oF 20%9]
A= VGLUTI1 VGLUT29] & o] THaE] x| akqrct. ula)
Al o5 AZBAIZAA glutamateE HEH=A], W&
o3t 7|Mo] Trolalex)= WakslA] ok A Navl §+
A A Eo| A= VGLUT37} glutamate2] XA wWh&of
g 7hsAdel Yom[43], B Ca¥t AEH 2 Y&
= tE 714 53l glutamate’t HEE 7HAE QUTH44].
3, o]5 AlAFA|Eo| A= glutamate ©] 29| %= aspartatelLt
nitric oxide®} Z-2> thE ABAEEE Ee= AH2EEZ 0]

Nav1.8 tj7i 52t Al s ol ToAd 7Hs = Qlth45 46].
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