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1. Aol A ¥ £
A<= Sprague-Dawley F (200400 g, 3= 9. olgt nlo]o Ay 3
T)REE AolRAEE BEgtgdon® B A S5 TE Ay

3
< Aadsta Aogieted ddeEAdse] gl AU

Arez
2 S48 2 A4 5108 ol ster X E WAt AhLG5

do
[-'O
BN
D)
o
td
=
Y
)
rot

T) extracellular saline(ECS)ell H¥#stdth
%, diamond discE °©]&3ste] 500 ym FAe] FHEHES wWEAG. Fo}
HHUEL 2 ml 7 &4 &ox] 37 TR 3087 Mg A5 =
717 eAA 0w o daEHE goldlS ARgste]l Ao dd E
Al #2]3Fa2(1000 rpm, 5%), THA] HY
&stel poly-L-lysine 2 A" F7 Q/HEH &0l ARE3t
71 A7kA 3-5 Ceoll BstA . ECS + 140 NaCl, 3 KCI, 1 CaCl, , 1
MgCl, , 10 HEPES (in mM) &2 A% %3 NaOH= pH 7.3-7.4°]
HAAsAY. EF B4 £ Ca?t 9 Mg?'7t ¢l ECSel collagenase

IA(3 mg/ml, Roche)2} protease 1(0.25 mg/ml, Roche) & -4 % it}

2. 9 MXE 9AA FFEAL A4 v (Single cell
reverse transcription—polymerase chain reaction,

scRT-PCR)

EFA7F oF 20 pmm AA <] tips 7F patch pipetteS® H3iE MEE
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Fdsta AL AGE 3 Nk FHo WAT®. odAL wks
(reverse transcription, RT)< 37 ColA 1A17F &< 7=t RTSH
TEE 42 cDNAE 2 n¥ FExgEo= AFE3to PCRS 3 3etd

T2 E PCR F%E52 nested primers(Table 1)¢F 4 Al g5 At A 14+
I3 2 mM dNTPs, 0.2 uM "outer” primers, 4 ul GZA}F A& 1
ul platinum Tag DNA polymerase(Invitrogen)S 3 50 ul
S Sdo A AFEAJTE 95 TolA 5E7ke] 271 A & WA
B} 95 TolA 40%, -2 HA 55 CTolA 40%, A 72 TollA 40

o
rO
123
(L

"inner” primers, A 1x} ¥WES-9] A¥3E 5 ul & 75 /\}%é}ﬁii =y
EEIFS A 1A vE sdstA AAHAG 22 AHfvHE A=
ethidium bromide’} M ¥ 2% agarose geloll A 100V el Z 7oA 40+
¢ A71dE § A e A

3. A A EF B

8 9 £ 28T AolEAEE 4% paraformaldehyde
(Biosesang)°ll 10 &9 1174 % %3l phosphate buffered saline(PBS)Z=
10 &<k 33 AFRIYHY. AEES A2olA 1AZF E<t blocking
solutions(5% Normal Donkey Serum, 5% Fetal Bovine Serum, 2%
Bovine Serum Albumin)2. % @&t} 2 % 4 ColA goat polyclonal
anti-TRPM7 (1:1000; Abcam)®} ¥k-g-A|Zth thA] PBS®E 33 Ao U
3 Ao A 2417F F<et FITC-conjugated donkey anti-goat (1:200;
Jackson) ¢} WFEAIZTE PBS & A3 & o] FZA o] Vectashield
mounting media(Vector Laboratories)ES <@ ¥ ZXES A %3t

confocal microscope (LSM7 Carl Zeiss)® #3513t}
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tPI:;?::: LGE"EI ) Quter Primers Inner Primers EF,!;T%%
DSPP GCTGAGGTGACACCAAGCATT GGAAGGTGCTGGTTTGGATAAT
MM_012790
{452, 408 bo) ACTTTTGTTGCCCGTGCTG ACCTTCGGTTTCTAATCCCTGA
TRPC1 GCCAGCCCTTCAGAGAATAG TGGCATGATTTGGTCAGACA
MM_053558
(347197 bo) GCAGATTTCAATGGGACAGA GTTCCACCCCACACTGGTAG B
TRPCEG TCGAGTTGGGGATGCTTTAC TTTTGCTGAAGGCAAGAGGT
Mi_053559
{361, 200 bo) GGATCAATGCCTACAAAGGG CGAACGGCCTCATGATTATT
TRPV4 ACTGCACATCGCCATTGAAC GCTGCAAGCATTACGTGGA
MM_023970
(418, 372 _Iggj AGTCTTGGCAGCCATCATGAG GGCGAAAGACCGTCATTGTTA
TRPM3 TTCTCAACAGCATGCACTCC CACTTCATCCTGGCTGACAA MM 0011915
{365, 204 I}vgj GOGGGTGTATGTGAAGGTCT TGGTACAGGAGGGGTGTCTC 62
TRPM7T CATATGTCCTCCCCACCAAC AGCCACTTGGAATCCACAAC ¥ 0010563
(348, 205 _Igg] GTCCGGAGAGTCTICTGTCG TATATCCAGCAGCACCCACA 3

Table 1. List of Primers Used
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1. 47+ 23

I gotm AT B4 BEFY G
ALE Fa A 71AH) BeR 15-25 m FAe 7 Eo
N AMEEZ7I7F A= AEE FE5F3 T stretch-activated TRP channel
subfamily ¢} dentin sialophosphoprotein(DSPP)2] mRNA<®] #& S -z
sh7] 9l dAxE GHAL FFhEA AMRks EA4S 98 flol BARE
el AxEe =gt F309 R AEES DSPP o ¥4l

AT AEESS AotRAEVF ofd Ao®
FA3A Tt DSPP ¥F3-& HQl A EEW A& (stretch)ol] ol &] A3}y
Skl AR

rr
—
oy
)—U
-

to
o
fr
o
M
24
o
k
il
R
rx

2. 7] AA =8k TRP o2& =29 3t Single cell

A2 AAAL FREA AHAREEAIES] A7 TR Aol A LA 9
TRP #de Fx AEE #AZstAt. TRP 2@ 9] canonical subfamily
el TRPCl1%& 30.6%(n=11/36), TRPC6% 16.7%(n=5/30) A% #Z= A
o AR S7ER 9% A EF WSt wel S5 He sler o
2171 TRPM3(n=0/21)¢} TRPV4(10.3%,n=3/29)% A<l #2= A et
HxAoz  TRPM7  Withe]  AopEA| oA wHEH A
(86.2%,n=25/29) (Figure 1).

s



3. Aol B M Eol A9 TRPM7 W 3}ata 34

westely BHoR YopmAxe TRPMT wuld 2dg #asy

Aol A A vH70.0%, n=7/10, Fig.2D, 3}t

i), AotRAES] dR= AMEA gkt (Figure 2D, 3t 7).
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30.6% (36)
16.7% (30)
00.0% (21)
86.2% (29)

10.3% (29)

Figure 1. Single-cell RT-PCR analysis for stretch-activated TRP
channels expression

Typical gels from nine individual odontoblasts by single cell
RT-PCR showing expression of TRPC1, TRPC6, TRPM3, TRPM7,
TRPV4 and DSPP. Lane 10 is the RT-PCR result of dental pulp
extract used as the positive control. Predicted product sizes are 197
bp (TRPC1), 200 bp (TRPC6), 205 bp (TRPM7), 204 bp
(TRPM3), 372 bp (TRPV4), 408 bp (DSPP), respectively. Numbers
in parenthesis indicate the number of samples in each group. CTR:

control, DSPP: dentin sialophosphoprotein.

b ! -1
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Figure 2. Immunohistochemical analysis of TRPM7 expression in

odontoblasts.

A representative odontoblasts stained with antibody against TRPM7
(A) and a nucleus stained with 4,
6-diamidino-2-phenylindole(DAPI) (B) DIC image (C) and overlay
(D). Arrows indicate examples of TRPM7 expressing odontoblasts.
Arrowheads show odontoblasts without detection of TRPM7. Scale bar

indicates 20 pum.
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TRP o2& =% AEW vdd &84, st =9 War|gs &
HeA A Ao w d = AU
o] TRP ©o|ZF &9 &ol| #AAlo] olxal Ut Az i, WY
std B A7 st 5& AMEE 39 A= TRPC1'™
TRPC6'97F Ao oa &4 315 =(stretch-activated)  cation
channel(SAC)9 & AIA &tk TRPM79] 7] AIA= ¥
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TRPM7¢] 2H 2l 2o fto] o3 A3}

A
FA 259 AasEe Iy I5AEY TRPM7 AHZ S7H7171%
AT H Aol okl TRPM7S A4 o= A8 Zebrafish
EdWol7 HEFo kg sk A= TRPM7 ¢ 7IAIA 2 9885
Srdeta Jop®. ARt WEte] wE AE Yy wWakel Axu A%
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a2 98e s A AL AAeH, A ok A} ]
AA AZe) s4724 A8 ave AS ZHstn Uk Boed
Arol A E o A TRPM72] W2 TRPM70] ol A xe] dA 3o
N AAE A M RA dEe @ Aolghs AR AAET gz

¢

A o2 TRPCl, TRPC6, TRPV4i= A2 o] Aolm A Lo vt g
Het. AolmAEo) o] TRPC1, TRPC6, TRPV4S] =}5 7 <1 23

o

A9l Aste o}z WEalx g} AFo o A= o]eF=
o] A ARl e wE Aol Azl 7| AA T dgk A ¥
Hl 12+ TRPM7, TRPC1, TRPC6, TRPV4 ¢ 7]%5 2 daAe] 3t o

A ARE AT & Aoz AZtEtr TRPC1, TRPC692F TRPVA42]

Faztgol 49 2 FaeEr] FES 2435t v Aol R
w 7] wFo] A AstolA Aol A 3Ee] TRPC1, TRPC6, TRPV4e]

AL olm AL A TRPVI, TRPV2, TRPV4, TRPM3¢9 &=AZ =
SAT. A%et AF oA RBedt AolmAlxe JHAA TR Ea
24N AFE3 H dFolA= TRPM3Y A4l BEaA 3o
TRPV42] wj$- Algtel ddS Azadnt 2 A9 md 33 AJolrA
oA TRPV1Z TRPV2S #&sHA] kglow, o]zfgh A¥A Ao]=
AE ] Aol WY Alojtt.
H AT ARyt AolRAE VAR 7Fe] heAS A
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- ABSTRACT -

Single cell RT-PCR and
immunocytochemical detection of
mechanosensitive transient receptor
potential channels

in acutely 1solated rat odontoblasts

Sang-hoon Baek, D.D.S., M.S.D.

Major in Neurobiology,
Department of Dentistry, Graduate School,
Seoul National University
(Directed by Professor Seog Bae Oh, D.D.S.,
M.S.,Ph.D.)

Objective: Hydrostatic force applied tooth pulp has long been

suspected to be the direct cause of dental pain. However, the
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molecular and cellular identity of the transducer of the mechanical
force in teeth is not clear. Growing number of literature suggested
that odontoblasts, secondary to its primary role as formation of tooth
structure, might function as a cellular mechanical transducer in teeth.
Design: In order to determine whether odontoblasts could play a
crucial role in tranduction of hydrostatic force applied to dental pulp
into electrical impulses, current study investigated the expression of
stretch—activated transient receptor (TRP) channels in acutely isolated
odontoblasts from adult rats by single cell reverse transcriptase
polymerase chain reaction and immunocytochemical analysis.

Results: As the results, expression of TRPMT7(melastatin 7) was
observed in majority(87%) of odontoblasts while mRNAs for
TRPCl1(canonical 6) and TRPV4(vanilloid 4) were detected in small
subpopulation of odotoblasts. TRPM3(melastin 3) was not detected in
our experimental set-up. Immunocytochemical analysis further
revealed TRPM7 expression at protein level.

Conclusion: Expression of the mechanosensitive TRP channels
provides additional evidence that supports the sensory roles of
odontoblasts. Given that TRPM7 is a mechanosensitive ion channel
with a kinase activity that play a role in Mg?" homeostasis, it is
possible that TRPM7 expressed in odontoblasts might play a central

role in mineralization during dentin formation.

Keywords: TRP channels, Odontoblasts, TRPM7, Single cell RT-PCR,

Dental Pain, Mineralization
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-©- Sham(m)
2.5 - |ON-CC|(10)

2.0-
1.54

1.0

Threshold (g)

0.5-

0.0

I I
pre 4h 1d 3 7d 14d 21d 28
Time
Figure 1. Chronic constriction injury to the rat infraorbital

nerve(ION-CCI) caused orofacial hypersensitivity to mechanical
stimuli

Sensitivity to von Frey filament stimulation in both sides of the
vibrissa pad area was tested in rats with unilateral sham or CCI-ION
operations before and at designated times after the injury. Data
presented are the MeanstSEM from eight (sham and CCI-ION) in

each group.
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A. HCN1 B. HCN2

e * Il Sham 1.5m I Il Sham
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e er .. LB
HCN 1 HCN 2 K
o —— “
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relative expression
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Figure 2. Western blot analysis for examining HCN 1,2 protein
levels in trigeminal ganglion samples collected from ION-CCI
rats.

Representative Western blot bands were shown on top of each bar
graph summarizing respective Western blot data. For sample loading
normalization, band density ratio of HCN 1,2 to actin were taken
within each sample before cross-sample comparisons between the
injury side and non-injury side. Data are presented as the
means+*SEM from experiments in each group. Significance levels were

displayed as : *P<0.05 compared with non-injury side.
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HCN blocker (i.p. injection) + cAMP

. H? .
30 1 \T\ *

-

st/
\@-____/

At

cAMP (Naive-vibrissa pad injection)

}_

\\,

: 10 4 . - Vehicle (8)

-O— 1 ug cAMP (8)

A 10 g cAMP + Vehicle (8)
4T 10 g cAMP + 5 mg ZD7288 (8}

Air-puff Thresholds (psi)
]
Air-puff Thresholds (psi)

@ 1040 AN ) - 10419 cAMP + 10 mg 207268 ()
04, ; s = ; ; 0 T T T T g
pre 30 60 90 120 150 pre 30 60 90 120 150
Time (min) Time (min)
(a) (b)

Figure 3. Time course of the mechanical(air-puff) pain
thresholds in naive model.

(a) Effects of target injection of cAMP on naive model. Taget
injection of 1(n=8), 10(n=8) pg of cAMP downregulate the facial
mechanical pain threshold in naive model. p<0.05 compared with
those in the vehicle group. (b) Target injection of the 5 mg, 10 mg
ZD7283(HCN antagonist) after injection of 10 pg cAMP reduced the

allodynia effect. p<0.05 compared with those in the vehicle group.
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PGE, (Naive-vibrissa pad injection) HCN blocker (i.p. injection) + PGE
.p. 3

40

2
i =
[ @
it 2
= A s
o ]
] £
-

£
=
= &
2 < vehicts (8) E _
L O 1ngres, i) o < 190 ng PGE, ~ Vanicis (8]
< 100 ng PGE, + 5 mg ZD7288 (8

@ 100 0g PGE; (8] < AD- e ngreE,» Sy o
- 100 ng FGE, + 10 mg ZDT288 5}
L T T T T 1 [1] T T T T 1
pre a0 &0 90 120 150 pre k"] 60 30 120 150
Time (min) Time (min}
(a) (b)

Figure 4. Time course of the mechanical(air-puff) pain
thresholds in naive model.

(a) Effects of target injection of PGEZ2 on naive model. Taget
injection of 10(n=8), 100(n=8) ng of PGE2 downregulate the facial
mechanical pain threshold in naive model. p<0.05 compared with
those in the vehicle group. (b) Target injection of the 5 mg, 10 mg
ZD7283(HCN antagonist) after injection of 100 ng PGE2 reduced the

allodynia effect. p<0.05 compared with those in the vehicle group.
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EP4 antagonist (ION 4days-vibrissa pad injection)

40 - | L vehicia (8} .
+ - S0 g AH23848 (8] %

4 100 ug aHz3848 {5 4 _‘_

10 4

Air-puff Thresholds {psi)
8
|

O—0—0—0—0—0—0

‘D =T T T T T T T T 1
pre 30 &0 0 120 150 180 240 240

Time {min)

Figure 5. Time course of the mechanical(air-puff) pain
thresholds in ION-CCI model.

Effects of target injection of AH23848 on ION-CCI model. Taget
injection of 50(n=8), 100(n=8) pg of AH23848(EP4 antagonist)
upregulate the facial mechanical pain threshold in ION-CCI model. p

<0.05 compared with those in the vehicle group.
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- ABSTRACT -

The Role of
Hyperpolarization—activated cyclic
nucleotide—-gated channels in

trigeminal neuropathic pain

Sang-hoon Baek, D.D.S., M.S.D.

Major in Neurobiology,
Department of Dentistry, Graduate School,
Seoul National University

(Directed by Professor Seog Bae Oh, D.D.S., M.S.Ph.D.)

Neuropathic pain caused by the malfunctional nervous system is
characterized by spontaneous pain, thermal hyperalgesia and
mechanical allodynia. Neuropathic pain in the orofacial area arises
from the trigeminal nervous system that governs the orofacial region,

with continuous pain occurring without any remaining evidence of
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tissue damage.

It i1s well known that various pathologic changes in the peripheral
and central nervous system are involved in neuropathic pain. Among
the several causes of the neuropathic pain, the importance of
hyperpolarization-activated cyclic nucleotide-gated(HCN) channel has
been suggested by previous research.

In this study, I have sought to find the role of HCN channels in
trigeminal neuropathic pain, and to find the relationship between HCN
channels and PGE2-EP4 inflammation pathway.

I used chronic constriction of infraorbital nerve to mimic orofacial
neuropathic pain in rats. Western blot analysis revealed the increased
expression of HCN1 and HCNZ2 in trigeminal ganglion after chronic
constriction injury. Behavioral tests showed mechanical allodynia
when HCN channel activity was upregulated by cAMP. In the
presence of HCN blocker ZD7288, the emergence mechanical allodynia
by cAMP was antagonized. Injection of prostaglandin E2 lowered the
pain threshold, which was blocked in the presence of HCN blocker
ZD7288. The antagonistic effect of ZD7288 on PGE2-mediated
allodynia was not effective in the presence of AH23848(EP4
antagonist).

Therefore, HCN channels are key mediators in trigeminal neuropathic
pain, and are also involved in the prostaglandin-mediated

inflammatory pain via PGE2-EP4 signaling.

Keywords @ hyperpolarization—activated cyclic nucleotide—gated
channel(HCN), neuropathic pain, trigeminal system, mechanical

allodynia, prostaglandin
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- ABSTRACT -

The Role of Ion Channels

in Oromaxillofacial Pain

Sang-hoon Baek, D.D.S., M.S.D.

Major in Neurobiology,
Department of Dentistry, Graduate School,
Seoul National University
(Directed by Professor Seog Bae Oh,
D.D.S.,, M.S., Ph.D.)

It is not easy to make a diagnosis and treat the oromaxillofacial
pain because the related clinical symptoms are various and complex.
It is known that painful stimuli is transduced into neuronal signals
by the respective receptors for each stimuli which exist in nociceptive
neurons. Therefore it is important to know which ion channels are

expressed and how they function in the nociceptive neurons to
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understand the mechanism of painful symptoms. In this study, we
validated the molecular existence of ion channels which may be
related to dental hypersensitivity or trigeminal neuropathic pain, and
investigated the functions expression of these ion channels.
Hydrostatic force applied tooth pulp has long been suspected to be
the direct cause of dental pain. In order to determine whether
odontoblasts could play a crucial role in transducing hydrostatic force
applied to dental pulp into eletrical impulses, current study
investigated the expression of stretch—activated transient receptor
(TRP) channels in acutely isolated odontoblasts from adult rats by
single cell reverse transcriptase polymerase chain reaction and
immunocytochemical analysis. As the results, expression of
TRPMT7(melastatin  7) was observed in the majority(87%) of
odontoblasts ~ while mRNAs for TRPCl(canonical 6) and
TRPVA4(vanilloid 4) were detected in small subpopulations of
odotoblasts. TRPM3(melastin 3) was not detected in our experimental
set-up. Immunocytochemical analysis further revealed TRPM7
expression at protein level.

Next, neuropathic pain in the orofacial area arises from the damaged
trigeminal nervous system that governs the orofacial region, with
continuous pain occurring without any evidence of tissue damage. It
1s well known that various pathologic changes in the peripheral and
central nervous system are involved in neuropathic pain. Among the
several causes of the neuropathic pain, the importance of

hyperpolarization—-activated cyclic nucleotide-gated(HCN) channel has
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been suggested by previous research. To investigate if HCN channels
are also involved in neuropathic pain of trigeminal area, we did
behavioral tests on rats after inducing neuropathic pain in the
trigeminal area with chronic constriction of the infraorbital nerve.
Western blot analysis revealed the increased expression of HCN1 and
HCNZ2Z in trigeminal ganglion after chronic constriction injury. We
validated that HCN channels are involved in trigeminal neuropathic
pain, and further identified that HCN channels are involved in

prostaglandin—-mediated inflammatory pain via PGE2-EP4 signaling.

Key words : transient receptor potential ion channel, odontoblasts,
hyperpolarization—activated cyclic nucleotide-gated(HCN) channels,

neuropathic pain, trigeminal nerve
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