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Substantia gelatinosa (SG) neurons receive synaptic inputs
from primary afferent A3- and C-fibers, where nociceptive
information is integrated and modulated by numerous neuro-
transmitters or neuromodulators. A number of studies were
dedicated to the molecular mechanism underlying the modu-
lation of excitability or synaptic plasticity in SG neurons and
revealed that second messengers, such as cAMP and ¢cGMP,
play an important role. Recently, cAMP and cGMP were
shown to downregulate each other in heart muscle cells.
However, involvement of the crosstalk between cAMP and
¢GMP in neurons is yet to be addressed. Therefore, we
investigated whether interaction between cAMP and cGMP
modulates synaptic plasticity in SG neurons using slice patch-
clamp recording from rats. Synaptic activity was measured
by excitatory post-synaptic currents (EPSCs) elicited by stim-
ulation onto dorsal root entry zone. Application of 1 mM of 8-
bromoadenosine 3,5-cyclic monophosphate (8-Br-cAMP) or
8-bromoguanosine 3,5-cyclic monophosphate (8-Br-cGMP)
for 15 minutes increased EPSCs, which were maintained for
30 minutes. However, simultaneous application of 8-Br-
cAMP and 8-Br-cGMP failed to increase EPSCs, which
suggested antagonistic cross-talk between two second mes-
sengers. Application of 3-isobutyl-1-methylxanthine (IBMX)
that prevents degradation of cAMP and cGMP by blocking
phosphodiesterase (PDE) increased EPSCs. Co-application
of cAMP/cGMP along with IBMX induced additional
increase in EPSCs. These results suggest that second messen-
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gers, c(AMP and cGMP, might contribute to development of
chronic pain through the mutual regulation of the signal
transduction.

Keywords: substantia gelatinosa, spinal cord slice, patch
clamp, cAMP, cGMP
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2= 744 (long-term potentiation or depression)°] 54
e Al 7o R siAsla glet. whebA] Al 7}
A IAA wESol Higt A7 eSS Y
A e Sl o] & 4 9t

Bliss= 3l=H(hippocampus) of|4] AWz E-go] 27|14 o
2 T F s ¥oFa o]F S5 7|9 /)it
Aoz slelsldck(Bliss et al., 1973; Bliss et al., 1993).
A Y2 7)AAd-& presynaptic terminalZH-E  glutamate’s-2]
Al7dAG=A o] fFE|x= Aol WH3AY postsynaptic Al
3ol EZAskE o] 72 e] FAdo] okt AEE Bl W
sfghogx Alze] ukgAle] debd dofube Ao ol
A et AR 71 B sk e R odefFl A7) Al
& 7kaAR lnkE 23ele], 50 ofy] FelellA i
i glovt, gl F5ARAE 72 HedHl
A 719 ol sg571#1¢] shsl LTP (long-term potentiation),
LTD (long-term depression)®] #doll4 Fgk o743}
= AR mlrigl Aejolrt. ol2gt Ar|7kAA Wik
sutel 4] olelollm T ofE] Sollx] FEE o
= AZ ARt Tl Sol7t As AgEHe A+
Z¥e] AW 71AAlo] WaERlck(Randic ef al., 1993; Willis,

1997, Moore et al., 2000; Pockett, 1994; Rygh et al., 2002).

552 dynamicgl o7 AL ] tigt ARE A
2k oohdel £kl whE AEHQ] TSR] T
PE Tl AE S5 AHoE W3zl AFe]
7198 el ofsled zAEAte] AAR Fo|= uhiF o R
oo T whdES, 52l (hyperalgesia)e] WA
2 A 71"e Hg AL 7R (LTP, LD k4]
7 olsfielle =3o] o]FolA, ol tigt 7|HoE NMDA
Alete] A=A ARSIl erd (Randic, 1996; Sandkuhler
et al., 1997; Ikeda et al., 1999), Willis 5-& =hE=
o] wqlole} Aztsjoix]= FFA FHREAe] A2 7}
aAFe] Heigdo] g2 AAksksdek(Willis, 1997). =3t
Sandkuhler, Svendsen 55 ¥3F}l oj2] o t=lEo] 26
Hol|Ale] LTP T4z LTD &Ate] F37 2 (central sensiti-
zation) & -, "H 555 fisle 71Aez sAskIcH
(Sandkuhler et al., 2000; Rygh et al. 2002). L&} =<
oA A FRaAe LT SRSl sl thokt
el AP 7kA(LTP, LTD, No plasticity)e] 2.3.5]
ot ofof thl A2 o] HX|H| gkom, AR kA ok
H7 Hae F5HEAE 7|HelA dojuh= LTPEA
glutamateol] ]38k AW & A|Zo] EAJs= NMDA, non-
NMDA 2|3 metabotropic glutamate <842 243},
AqkelEy Ca¥' ol eBEE B3 Ca¥'e #9, thekl Al
] AZAL7]A - PKC, CaMKIIL, PKA, PKG NO - &5
off &3l o|HA|M oleidl Hito] FFA Foletar ¥
sk th(Svendsen et al., 1997; Willis, 1997).

HA7HA] dedAl wlol] o5 sfiwl 59 Al kA
L AT Ca¥e) Fxol oFEHow 1 wiakgo] AAw

o}, AlZd Ca¥e] FE7F FAT oA 2 AAE
LTP &4 Hol=r] o]= AlZW protein kinaseso] 2
A3} 5lo] Qlals} uk-gol 2ls) wiako] AA = vl Ca™
o] Fxrt HAAAHoE Gl =wl 238 LTDAAS
HolEd] o= AlZW BRlAks} ukgo] st ogt A
o2 oA gt} oot HEE AL kALY Z]He
gk 7= oheksHAl olHAlew 23k ARAIE A2 7
aAoll F83)F olRfolr}, Az 23} AAlE AHA 7}
&AJo] uleks AAsledl cAMP2} cGMP7}F T4 &
A=, cAMPY 739 mletE=lo]e] plasticityoll Lo F
83 AL ok oA ok oy Hagel] ofshd
cAMP?| A2 F7h= dlmlellA] LTPE Bolvhar ode#]
Uom cAMPE 55ROl QlolA F83h T dlod
hyperalgesia 5= -ishe UAE  ®31E 9l rh(Hoeger-
Bement et al.; 2003; Parada et al., 2005). cGMP Z3} A|
W 7ol ke = 22k AFAE G o E NO
of o5l &3} = oful] A= cGMPE= PKGE 243t
slo] AW 7RaAdel oJdkE Tk cGMPe 7193 sl
Aol 2Hg3le] LTP s sk, =3k F5ol 3lo]
Al hyperalgesias st 583 dE sl A=
424 ItK(Tao et al., 2000; Tegeder, 2004; Feil et al.,
2005; Kang et al., 2009). sFx|uk, 22k #=dA|e] 747+e] 7]
5 o arof| disle] B Bar} 9lovt, a5 7] crosstalk
of tigt A= A9 gl AAe|t

upebA] oful delile A 547 AL FrellA
¥4l 221 AEAQ]l cAMPS} cGMP7} A< Al 7}
ZAol] ofwdl oJeFE A, AW TkaeAel| e =
ol 7 23 AGATE A2 A=} ofudt ke T
A5 HAeAAS o]&3t AY] AT S o]&sld
ofrgtrt. A FFAH2 TR ellA A2 AlsAdd
Al(cAMP, cGMP)7F2] crosstalk 7|35 TF43lo] g5 2
T AL A2 7RaA AR ALSAHEA el 7] x
Aol A5E Algskaat skt

A S ke AT 10-142 ¥ 317 (Sprague-
Dawley rat)s 50% CO,Z w3t AjollA 712 oz 3
AJAZE. 8 (lumbar segment)?} §<(thoracic segment)
AHFHE wloll] 502 A gt ol &Gl (artificial
cerebrospinal fluid, aCSF(mM); NaCl 126, KCI 3, CaClI2
2.5, MgSO, 1.5, NaHCO, 26.2, NaH,PO, 1, glucose 10,
pH 74pl At 7% dvld Aokl HE:T AA=
(laminectomy)E sled Aabe gt & A4 oy
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(L5, 614 0.5 emA= Aol AHE dgiet. 24 A=
7](Vibratome, Campen, 752M, UK)2] stageol] 7 <=7k
HHAE o] gslo] Helgt HHS 1A agar blockS
2 HE WA Zhdol] gt HElx] gEE dgict. ol
od2l aCSFE ¥¢] #H3e| &x5 7153 YUsas =33}
Arh(<4°C). A Fxx 2 2n Zde] APE=s
ZA (1~0.5)= 3F 350 unrd A3l At 32°CollA 5%
CO,, 95% O,% ¥315 aCSFoll4] 1X]7} o)Ak 3]8A]7] &
dAn)7d Qo AT 7|5 AHE FAch A WFAE
e e 2Ao|R] =S AT Foll 5% CO, 95%
0,2 23k5 aCSFg AEHoz E3lch Alx vh gl
ofg] #E shiz mol 1 EE AlZolA 500 um 1ol
2§ H23 ks do] m3lsle] = Y-ube HE

AHg3igie,

HAedH A 14 9 AFIE

Normaski DICH-= ©|-83led 318 7 d=]73 (Olympus,
BX50WI, Japan)stoll4l SG neurons 2H15}AcH(Edwards
et al,1989). =3t dzal=e 2ol A F e 3 =l
Z22] Ao} glzAfolol] IhFelo] sEmA HASg A
Al g Qe FEe 24 A (3.2 mm)yE Algel Alze}
ASE A ASE Aol H2AZ F Al A
Al Axol] A5 HZAZIE AL wet FHe G
W57 $l5ked S CCD 7h|2HINC300A, Takenaka sys-
tem, Japan)s- ©|-8<} videomicroscopy Slollx] A|3)513

A=~ borosilicate -F-2] capillary (Kimax 51, Kimble,
USA)E- Narishige puller (PP-83; Narishige, Tokyo, Japan)
o2 Ak, A9 AdE 3-4MQ H=EE Skt A
= W& K-gluconate 123 mM; KCl 14 mM; sodium glu-
conate 2mM; EGTA 1mM; HEPES 10mM; pH 7.3
(adjusted with KOH)2} 72 2A4S Z= AlZ o 8
o7 At Alzrp 22 Hol| Foil7] wiel] A5 W
o °FH(positive pressureye 7FslaA Aol HZslar A
3ol Zoml Sjb= 78] giga-seale FASIct.

wbdet 4 9 AF{718-2 EPC-9 Aty AleF+
7](HEKA, Lambrecht, Germany)s A}-&3fo] 4335}t
Pulse & Pulsefit (HEKA, Germany)ys ©]-&3lo] dzi<]
Al wEs WAL dofxl A7AlSe] A, F
A g AlEE sigleh BE 752 A2(22°CpilA 3t
ot A4 3] F-(dorsal root entry zoneys A=
sF7] 918k, theta-f2] #=(Clark Electromedical Instru-
ments, England)yg ©]$3lo] bipolar A5 Al=slAet.
o] AS& dnl7 shllA A=Tgoll A7 F S8+
Aof dAsl] A== St A=57](WPL, USAYE
Eote] A= AFE 7lekaem o] Aol osl ikl
SG neuron®] A= i THA AWAS AHF-(evoked
EPSCs)s 7|53k, WA Aol s EAske] &

o AY2E 712l SG neuron=he- AlElEGAc. 2wl
© 2= eEPSCE HAA]7]7] 93t A2 143 7H4
o2 AAAF 1.5 279 AFE HEEE Yol

7ehgiet,

==

GEHE

Aol 220] BE oF5-> Sjoma Aldrich (Sigma-Aldrich
Corp, St. Louis, MO, USApIH 7J8I$3L, stock solution
o2 ukgo] 20°Cel Bt F Ay g HF TR
3|43lo] AL831rt. cAMP2F cGMP] =4 analogue
9l 8-Bromoadenosine 3,5-cyclic monophosphate (8-Br-
cAMP)¢} 8-Bromoguanosine 3,5-cyclic monophosphate
(8-Br-cGMP)?] #F #5+ 1 mMe|3laL, phosphodiesterase
inhibitord] 3-isobutyl-1-methylxanthine (IBMX)2] %% &
=5 20 uMe] et

A EA

=Tt AT Afololl BAIFCRE frofdl Aozt &
A Sl=A] ofH-= paired - non-paired t-tests A]3P3}
of glolslolowmd ol 95% o] FEoE I O =EE
FPgsigict. A Age A Ak + ITAHS.EM)
2 34519

2 o

cAMPol 93t A4 olmF AAAEY AJP2FAHF
9 37| F7t

A Ao A I N5 ARSI WAs=
AP T(EPSCYE 715 slodom ofwl] whAlsh= Ay
25770 AAe] 25 FAske] vl Askedr o
g Aol 27178 2= control values- 9
o 1087k 1 271 715351, 1mM 8-Br-cAMP

15870 Askeich. 1 A3} EPSCe| 7] F713ks
] E3F} washout ©]Fo|= EPSCY =77} x|&do =z

slo] oF 150%°] 7k A=lE A= 2 4
A7k 30 o)A A<%=EE long term change® 2.3
(Fig. 1, n=7). 22} & A7k cAMP A== oF& &
o FQllluk EPSCO 7] F7F =gl ew, washout
o] Foll+= control value?} AR HES-5 2. grh(data not
shown). 7|5 &9l 7|5H=9 =3 & WP} s
2 ¢kgfom] cAMP washout ©]% th2 AH7|H E4]9
Wbt kA edoket

ol fo nu o o

cGMPol| 2| & A4 ol A AN EY AJ2FAF
o =27 F7}
E7L0 2704 1 mM 8-Br-cGMPE 15327k %] x]3 7
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Fig. 1. Modulation of synaptic plasticity by 8-Br-cAMP in spinal
substantia gelatinosa neurons. EPSCs were recorded for 10 min-
utes and normalized to 100%. Application of 8-Br-cAMP (1 pM),
a membrane permeable analogue of cAMP, for 15 minutes induced
a gradual increase in EPSCs, which lasted for 30 minutes. Dots are
averaged EPSCs collected from 7 different cells.
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Fig. 2. Modulation of synaptic plasticity by 8-Br-cGMP in spinal
substantia gelatinosa neurons. EPSCs were recorded for 10 min-
utes and normalized to 100%. Application of 8-Br-cGMP (1 pM),
a membrane permeable analogue of cGMP, for 15 minutes induced
a gradual increase in EPSCs, which lasted for 30 minutes. Dots are
averaged EPSCs collected from 7 different cells.

} EPSCO| 7= F7Fekelem] =3 washout o] Ff
= EPSCO| 7|7} AEH o2 Foksle] o 170%0] &
71 AR FREH 2 R AR 30 o)A RIS
%]+ long term change® ®.Ach(Fig. 2, n=7). L&}
= A7k cGMP AA& o Fof sotolut EPSCe
A7) 57 =9, washout ©]Fol|= control value
o} fARRE HR-2- R.gich(data not shown). 7]5-g<F 7]
AT A Z w3yl A=A dgkon, «GMP
washout ©|% th& #H7|F 549 Wyl 3=|x] Ak
ot webi] cAMP, cGMP= ZHt 153 o4 AAehd A

1
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Fig. 3. Failure of synaptic plasticity by co-application of 8-Br-
cAMP/8-Br-cGMP (1:1) in spinal substantia gelatinosa neurons.
EPSCs were recorded for 10 minutes and normalized to 100%. Sta-
tistically significant changes in amplitudes of EPSCs were not
observed for 30 minutes after simultaneous application of 8-Br-
cAMP/8-Br-cGMP (1 uM/1 uM) for 15 minutes. Dots are aver-
aged EPSCs collected from 7 different cells.

1 mM 8-Br-cAMP$} 1 mM 8-Br-cGMP2| F 4| A X oj
o3t A4 olm A AAA XL A Y& AF 27]) Hst

$] AlgellA EPSCY v+ Z7HIFHE F <= 1 mM
8-Br-cAMP2} 1 mM 8-Br-cGMPE EAol] 1587} 2|5}
ml EPSCE] Hkge| BAACE frofslr] %= ol o
7k S7HeF120%yF A= ck(Fig. 3, n=7). =3k F
OF5-S Foldl: Elelxm & Wb} wEER] gl o]
23t Adhe 7] obs #Rgo] A AR Tk v
EpliR|al 7 ofEo] gAlo] FoiEw] 2 MbSE AR A
ole Al ZRET|Fe] Slgo AAREE olek 2 Al
SAGA A5G 7"l A7 AWz TiaAel] A8
7sAde] Slet. o] & SJdl v AgellA HsH Al
725 Lol iz} slirt.

Phosphodiesterase X}%+ $- 8-Br-cGMP/8-Br-cAMP ratio
1:1)0ll & A P& kA o] st

CAMP2} cGMP2| A|ZW AlZHY A=A 7} EAE
& Hslsl= ®4 phosphodiesterase (PDEYE =}clal &
cAMP2} cGMPE AA|shd 7t ob5o] w3+ Asksl=
a7} ARkEle] glom g AMAgHRe] SUbE AR
T ezt 7T = Qo wekA] o] F ERIsh] Slsk
o] PDE #[5HAIQl 3-isobutyl-1-methylxanthine (IBMX) 20
uMe 5i7F AARs dA1=el EPSCe] 7k 3k
T Aem(eF 140%), ©] =74 8-Br-cGMP/8-Br-
cAMP (1:1)5 1587t AAsk4 EPSCY 27|+ o1& 5
7FE RAIL(CF 170%) ol2dt AW 7k A17E 733l
ufe} 2EH 07 Frlele] S0 ol FRlEw A A
Arh(Fig. 4, n=7).
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Fig. 4. Modulation of synaptic plasticity by IBMX and co-applica-
tion of 8-Br-cGMP/8-Br-cAMP (1:1) in spinal substantia gelatinosa
neurons. EPSCs were recorded for 10 minutes and normalized to
100%. Application of 3-isobutyl-1-methylxanthine (IBMX, 20 uM,
5 minutes) that prevents CAMP/cGMP from degradation by inhibi-
tion of phosphodiesterase increased EPSCs. Co-application of 8-Br-
cAMP/8-Br-cGMP (1 uM/1 pM) for 15 minutes in the presence of
IBMX induced additional increase in EPSCs, which lasted for 30
minutes. Dots are averaged EPSCs collected from 7 different cells.
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=
=

|

oll Qle] FHL2 Hg FTAL TRaAelA] Al

= FEX9} ol9} =lH crosstalk 71 Tfgsled thek
3 Helz AL wEEe] DA el He Az
AL szl = Aolh o] AFE EdA A A
72 Azlah, 1) cAMP EE cGMPE 27+ A4 B3
A 58S AATE A Bl A 52 6
T Ade ZE 2ol glod Azel mvls AsE
28-S 75 glom, 3) o]elat cAMPSl cGMPY] AbE
728280 PDE7} F938F 33 3 o 4 gict. o
Ae] Azta e A 5ol sl Aol 23 A

—

55 2451 WA 248 A e Aew A,
= A

T ARoL FEA 24 T AAY dA I
A8 FFE T RS ALgc(Kumazawa er dl.,
1978; Light et al., 1979). 24 olwAA L= T2 As9}t
C Al 2 E7bd o] AlEHel 377k A4S} A
W2E o]FaL(Light et al, 1979; Sugiura et al., 1989;
Yoshimura et al., 1989), HZollA 7}8ll%l szl 1t
S S (Woolf et al., 1983). Aot ae 2 YA
T oAl gl W TR AARAEEH 52 =4
=4ol| &Jsfe] o T4 Y AL TkaeAde] =4 o
(Yoshimura et al., 1990; Cerne et al., 1992). Tz =7

o

¢

I'UN

‘

p

=

o] =4tEw dxHE CAE v Ao R Satslar, o]
e W A olwAA|xe]
AFoE o B 555 WA FHed olE #7l
(hyperalgesia)o|2kaL gkc}(Torebjork ef al., 1992; Woolf
et al., 1994). a7t AZAIZe} A4 ofwAAE Alo]
o] AYE Zgo] AP Shgol oEH oz Wale AW
& 7o) iR F2Fmle] ZHE oldfshe @47t =
ok A ol A o] Al TRl et A F sl
mlol|a] 7193} 55 ke Al 7k 4 long-
term potentiation (LTP)o] &< ol A| o] AJylofA]
= A=l om(Bliss e al., 1993; Randic et al., 1993)
AAE 22 SRS BFels CARE A7|F e
AF3lGe At IR E A olmA Ao} 7>
297t A73A 2] SHAR} C-fiber evoked potential
o] F7k== LTPE sttt (Rygh ef al., 1999). °]
3 -2 LTP7L 5HA 555 AlEslaL fAlske 714 o]
m, o] 7[H& wiE olseh F2Fmle] FkElw ukA
To= dwsAY AR vhs AZeloh

o o] Qloja L T84 Yin-Yang theory(w-%F
o] Epll whE AlsAd A3 2o} AiH AlsALEA
24 cAMPe} cGMPS] 7ls-Aolct. 22 HBdAle] 7o)
7150l Histe] B B o) Qlot 2E 7ke] crosstalkel]
gk A7 A9 gl AAolnt. ey Al ZelA I
A= cyclic nucleotide (cAMP, cGMP)I| <&l F7F=v}
a5 AR AL-E Adshe dAE IASIIEH(Yoo er
al., 1998). AAL AZoA I, Af+= cGMP2} cAMP 7+
Zhof| o) F7k=|Aak 7t 5] uhe-E A7t W&

NO, etc mAch, etc

Synaptic Plasticity

Fig. 5. Schematic diagram of modulation of synaptic plasticity by
crosstalk between second messengers, cAMP and ¢cGMP. Each of
cAMP and cGMP may induce hypersensitive nociception by mod-
ulating synaptic plasticity. However, co-application of cAMP and
c¢GMP antagonizes each other by activation of degradation
enzyme, phosphodiesterase (PDE). Therefore, simultaneous acti-
vation of both cAMP and ¢cGMP may interfere with synaptic plas-
ticity and inhibition of PDE may result in increase of synaptic
potentiation. This mechanism might contribute to the modulation
of nociception in spinal cord. NO: nitric oxide, mAch: metabotro-
pic acetylcholine receptor, PKA, PKC, PKE, PKG: protein kinase
A, C, E, G respectively.



88  Tae-Hyung Kim, Gehoon Chung, Seok-Beom Park, Won-Young Chey, Sung Jun Jung, Joong Soo Kim, and Seog Bae Oh

A2 Akl A 7HAIAL Qlet. olelel Axke A2
A3} Azl Sl zlel7) glxlul Al DA
g WHollA ol A7z A AX7le}. o]efdl A
oAl Wen T ool &oll ZA3N] AlsAdgAo] whE
Al7dubeke] AJAuleko] AR S W EY I (Wen et al.
2006), Nishiyama5-2 AlAA|Zo] ER|sl= Ca’'o] %2
7} cAMP/cGMP ratioel] w2} ZA = o] Al7A|Ze] A3
wlgko] welxlcky ¥ 1slgick(Nishiyama er al., 2003;
Henley er al., 2004). o]21gt A4 A2 7R 2w
ol e £ 7 deE JHEy o Mas glgl
ok a2 ol olollA Eelgt wlef oshd, 27kl Al
SAAE LTPE ATV, M2 g<Eshe 73-Foll 27t
o] 285 Asled Mbge] 238} A AleR|A H
£ ol3d 24 F2E /A Y AeE Alsdr) Fig
S5 Alxd qlalskaiel 234 AEAl cAMP, cGMPel| u}
g} Az 7lade) wieke] AAHE EAFow gzl o
Heoleh Az Ca''e] F5=E S7ksh LTD7F AlebA=
23]8] APeriiAde] WAEHA| o Fke] glond old
oigk S|4 =gte] glowm ol A XA cAMP/
cGMP ratioZ ©] Ftol tigh 2H714S AT + gle
2]z} 7] =l (Fig. 5).
olggt AE T wwl 7] 23 AAlE 55
ol QlojA] 83k g she mek F 23k A}
FA3t se Adellie MR AlsAYARE 24t
FoRAE sl S Yuldt oA A4 55
2 oA Mz AlsAd #s AT
HEEa glor] olo AR Al FREA
of wigt AlEE 3 7|2 ApsEA 2 9
shsro] 71AS Ag gpel =9
B2 7]HollA AW
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