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Abstract

The capsular central amygdaloid (CeAC) nuclaaguires nociceptive specific

information from the brainstem and spinal cordthia parabrachio-amygdaloid (PBA)

pain pathway as well as via direct projections fiitwa spinal cord. It has been termed

as “nociceptive amygdala” for almost a decad®evious study indicated that

application of phorbol 12,13-diacetate (PDA) causeaked enhancement of synaptic

transmission of parabrachial input onto CeAC nuxleand the elevation of

intracellular ERK was involved. In the present studsing patch-clamp technique

and pharmacological methods, the role of ERK irulaiing neuronal excitability of

CeAC was examined. Short-term application of th&€Ri€tivator, PDA increased the

number of action potentials whereas the long-tepplieation decreased the spike

number. Beside, short-term PDA enhanced the sidg @irrent but long-term PDA

downsized it. In the meanwhile, long-term applicatof PDA also increased the first

spike latency. Protein Kinase C (PKC) inhibitordye@rythrine and GF109203X

abolished the effect of PDA in both time-scalespigation of U0126 had no effect

on short-term PDA however it reversed the effectised by long term PDA

application. The result suggested that (1) PKC—Epithway induced by PDA

regulated input-output function of neuronal exdiigb of CeAC in different

time-scales; (2) ERK activation enhanced the delaet of action potential (stongly



related to A-type potassium channel).

Keyword: central sensitization, neuronal excitability, amgigd ERK, potassium

channel, PDA, PKC.
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Introduction

Capsular central amygdaloid nucleus and Nociception

The amygdala is consisted with several anatonyieadt functionally distinct

nuclei. Capsular central amygdaloid nucleus (Celd€ated in central nucleus of

amygdala. Central nucleus not only receives notivenformation from the

brainstem and spinal cord via the parabrachio-amipid (PBA) pain pathway as

well as via direct projections from the spinal cdtdlso receives projection from

basal lateral nucleus (BLA) and lateral nucleus )Lwhich processes affective,

cognitive and polymodal information from thalamunsl @ortical areas (Shi and Davis

1999; LeDoux 2000; Stefanacci and Amaral 2000;eP2i@203). Recent studies

suggested that amygdala serve as a role in moulgllpéin perception. There was

reduction in opioid- and cannabinoid-induced amwitineption in rhesus monkeys

after bilateral lesions of the amygdaloid complbagning et al., 2001). Anothéar

vivo experiment using electrophysiological techniquelbmed with mechanical and

thermal noxious stimulation to record the respasfsamygdaloid neurons then

discovered that the lateral —capsular part of aralgd central nucleus (CeAC) had

the most responses to noxious stimulation. Sin&&C3&ay an crucial role in

regulating pain perception, it was termed as n@tice amygdala (Gauriau and

Bernard, 2002; Neugubauer et al., 2004). MoredVeugebauer et al. (2003, 2006)



described the plastic changes in the amygdalaeimibdel of arthritic pain

(Neugebauer et al., 2003; Neugebauer et al. 200&e meanwhile lkeda et al.

(2007) also provided intriguing novel informatiomoait pain mechanisms in the

amygdala in the mouse model of chronic neuropathic (spinal nerve ligation

model) The study described a pain-related synaptic pisin the lateral capsular

division (lkeda et al., 2007). Interestingly, Ikeetaal. (2007) used an identical

method to demonstrate synaptic plasticity changesrecreased neuronal excitability

in the amygdala in neuropathic pain that describebe arthritis pain model

(Neugebauer et al. 2003, Bird et. al. 2005). Thesalts indicated that mechanisms of

chronic neuropathic pain involved an N-methyl-D-asgte (NMDA) receptor

independent form of plasticity in the CeAC (lkedalk, 2007), whereas increased

NMDA receptor function was critical for plasticissociated with acute arthritic pain

(Bird et al., 2005; Li and Neugebauer 2004). MoerpCarrasquillo and Gereau

(2007) used the formalin test as a mouse modetiEigient inflammatory pain; it

was found that activation of ERK in the amygdalawacessarily sufficient to induce

long-lasting peripheral hypersensitivity to tacstemulation. Pharmacological

activation of ERK by PDA in the amygdala inducedipieeral hypersensitivity in the

absence of inflammation. Blockade of inflammatiadticed ERK activation by

U0126 significantly reduced long-lasting periphdrgbersensitivity associated with



persistent inflammation. In the meanwhile, Changle2011) used acid-induced

muscle pain model (AIMP) of mouse to further prdivat phosphorylated ERK in the

CeAC prominently was increasadd PBA—-CeAC synaptic transmission was

postsynaptically enhanced. Addition to thermal arethanical pain, neuropathic pain,

arthritis pain and inflammation induced pain andl &cduced muscle pain were

considered to be strongly related to CeAC. TheeefGeAC indeed played a crucial

role in regulation of pain-modulatory circuitry.

Central sensitization

The term “Central sensitization” was first brougptby Clifford Woolf in 1983

(Clifford, 1983). He demonstrated that a therm@lny in the periphery tissue was

able to cause an amplification of noxious and inmex stimuli evoked activities.

More importantly, the amplification was coupledato augmented flexion reflex

response (recorded by EMG). Since reflexes areatestlby a dorsal horn — ventral

horn reflex arc, it proves that somehow the cemteaVous system (CNS) must be

involved in these amplified signals of stimulatidhoreover, he also noted that the

injury on one side of paw was able to boost thetrea of reflex arc on the

contra-lateral side of the body. Because the injuaig occurred on the opposite of the

body, peripheral mechanisms were not likely thedaiate to mediate the outcome. It



indicated that the circuitry must have involved #figation of signaling in the CNS.

Such mechanisms could result in pain amplificationilar to what is seen in humans

following an injury or in chronic pain conditions.

In addition to central sensitization occurredlorsal horn of the spinal cord,

it is also important to note that central sensitization can occur in other CNS

regions as well. For instance, recent studies have shown that tlygdata plays a

crucial role in the sensitization of nociceptivepenses following pain induction

(Neugebauer et al., 2003; Kobert et. al 2010). ibager et al. (2003) described that

in the arthritis pain model, the activities of cteigroups of neurons in CeAC were

enhanced (bgxtracellular single-unit recordingsid there were hypersensitivity to

thermal and mechanical stimulations in periphettalsddition, it was found that

application of(R,9)-3,5-dihydroxyphenylglycine (DHPG), the mGIuR aggtnn the

central nucleus of mice was sufficient to inducegeeral hypersensitivity in the

absence of injurynd it is related to ERK activation (Kobert et @010) Other than

amygdala, another recent study has shown thaatasntromedial medulla (RVM)

in brainstem, shows plasticity in its responsegsaimful stimuli after peripheral injury.

This region not only sends descending fibers ineospinal cord that are able to

amplify nociceptive signals, it is also considetedbe involved in descending pain

modulation Carlson andHeinricher, 2007). Pharmacologically, the RVM imajor



target for cannabinoid and opioid analgesics (Walk@02) and it is possible that

these compounds suppress pain by attenuating teatsitization-like responses in

these neurons.

Central sensitization is influenced by comprehansauses. For instance, the

increased activity in glutamate receptors, inclgdimcreased NMDA and AMPA

receptor activity and group | mGluRs (mGIuR1/5) amnecial to the formation of

central sensitization (Willis, 2001; LatremoliemedaWoolf, 2009). In addition, many

of other molecular substrates which could be atgtvauring central sensitization,

such as PKA, PKC, CaMKIl alpha and ERK play a kalg in the scheme. Activation

of NMDA receptor and other Ca2+ channels increéisesntracellular Ca2+, so PKC

and CaMKII are phosphorylated, furthering the ation of ERK and MAPKSs (Ji

and Strichartz, 2004). Intracellular Ca2+ playswc@l role in generation of central

sensitization. It is now considered that the cascadctions take large part in

promoting the formation of central sensitizatidre ground reasons for chronic pain

and neuropathic pain (Yashpal et al., 1995; Malmle¢ral., 1997; Yashpal et al.,

2001).

In addition to these molecular targets, neurbas gignal central sensitization

have also been identified. These neurons are foulaanina | of the spinal cord and

they express the substance P receptor NK-1 (MaghHunt, 2004). Mantyh et al.



demonstrated that spinal administration of subgt&hconjugateded with saporin

(toxin) was able to ablate experimental hyperalyespre-clinical models showing

that these neurons are crucial for the full expogssf central sensitization.

Objectives

ERK was demonstrated in participation of synaplasticity in the model of

neuropathic, arthritis and acid induced muscle palvP) in CeAC by

pharmacological and electrophysiological technigié&e synaptic transmission of

PBA input onto neurons of the CeAC nucleus wasisagmtly increased in the

previous studies (Ikeda et al., 2003; Neugebauak,e2003; Neugebauer et al., 2004;

Ikeda et al., 2007; Chang et al., 2018y.using immunostaining technique , it was

found that the phosphorylated ERK (pERK) in CeAGwmnificantly increased in

the model of chronic pain induced by paw injectdriormalin as well as by direct

injection of PDA to CeAC (Carrasquillo et al.,200Moreover, PDA was proved to

facilitate the synaptic transmission of PBA inpatmneurons of the CeAC nucleus in

both AIMP models and normal mice, and pERK in CeR&s also significantly

increased in the AIMP models (Chang et al., 20Thgse studies indicate that (1) the

elevation of ERK plays a universal role in moduligtdifferent types of pain

perception (2) ERK is perhaps activated by PKCpathsince direct injection of



PDA induced the elevation of pERK.

In the present study, several issues relatecetodlle ERK in modulating

neuronal excitability were discussed:

Issue 1: The aspects about how activation of PKiGvwpay by PDA affects

the input-output function of neuronal excitalyilof CeAC.

Issue 2: The existence of PKC—ERK pathway in l&ijug the input-out

function of neuronal excitability.

Issue3d: The role of ERK in regulating the delaget of action potential

(A-type potassium channel).



Materials and Methods

Preparation of amygdala slices

The use of animals in this study was approvedHhey EthicalCommittee for

Animal Research of the National Taiwan UniversMale C57BL/6 mice at the age

of 4-9 weeks were used. Coronal brain slices (30Qpick) containing central

amygdala (CeAL), and capsular division (CeAC) anajgl neurons of the right

hemisphere were obtained from Male C57BL/6 micecesirthe hemispheric

lateralization described by Fu et al. (2008) asl welJi et al. (2010) previously.(Fu

and Neugebauer, 2008; Ji et al., 2010). The mice wecapitated and their brains

rapidly removed and placed in ice-cold artificiZbfe (ACSF), containing the

following (in mM): 119 NaCl, 2.5 KCI,1.3 MgS0O4, Z6NaHCO3, 1 NaH2PO4, 2.5

CaCl2, and 11 glucose, with the pH adjusted tdy.gassing with 95% 02/5% CO2.

All slices were cut using a vibroslicer (ZERO 1,K)Sand were kept in oxygenated

ACSF (95% 02/5% CO2) at room temperature (24 —2%6G)llow recovery for at

least 90 min before recording commenced. Slicesewgansferred to an

immersion-type recording chamber mounted on anguprimicroscope (BX50WI,

Olympus Optical) equipped with an infrared-diffetiah interference-contrast

microscopic video. The lateral nucleus of the adramygdala (CeAL), and capsular

division (CeAC) were clearly identified under lowagnification. The capsular



division appeared to be slightly brighter than otregions. The boundaries among

different amygdaloid nuclei were easily discernadar light microscopy.

Whole-cell Patch clamp recording

Neurons in the CeAL and CeAC were recorded unseral guidance with patch

pipettes pulled from borosilicate glass (1.5 mmeoutiameter, 0.32 mm wall

thickness; G150F-4, Warner Instruments). The patigettes had a resistance of

3-8MQ when filled with a solution consisting of the fmlNing (in mM): 131

K-gluconate, 20 KCI, 10 HEPES, 0.2 EGTA,8 NaCl, 24P 0.3 GTP, and 6.7

biocytin, with the pH adjusted to 7.2 by KOH ane tsmolarity to 300—305 mOsm.

Recordings were made at room temperature with ampatch 1D amplifier

(Molecular Devices). Neurons were recorded at -6¥. nwhile performing

current-clamp recordings, the input resistanRe) (was continuously monitored by

applying a current pulse of 30 pA and the bridge Wwalanced by adjusting thrs

compensation of the amplifier. Data were discardéen theRn varied by > 20%

from its original value during the recording. Theembrane potentialVn) of the

recorded neurons was clamped (or held) at -60 ni\Nsignals were low-pass filtered

at a corner frequency of 2 kHz and digitized akkHz using a Micro 1401 interface

(Cambridge Electronic Design)Data were collected using Signal software

(Cambridge Electronic Design). Neuronal excitapias measured by recording



action potentials generated by intracellular curiajections (100 ms) of increasing

magnitude (20 pA steps , -160pA to 200 pA) while tell was held at a starting

membrane potential of -60 mV.

Drug application

Drugs were applied by gravity-driven superfusidrih@ brain slice in the ACSF

( >2 ml/min). Solution flow into the recording chbher was controlled with a

three-way stopcocklhe chemicals used for the ACSF and internal smiutvere

purchased from Merck. Picrotoxin, kynurenic acidlycme, PDA, U0126,

chelerythrine, and GF109203X were purchased frongm&i PDA, U0126,

Chelerythrine and GF109203X were dissolved in DM8®tock solution. For U0126

administration, the slices were kept in U0126-cming oxygenated ACSF (95% 02/

5% CO2) at room temperature (24 —25°C) allowing tileatment for at least 120

minutes before recording commenced. Except for B0#iAugs were all added to the

ACSF and bath applied.

Data and statistical analyses.

Baseline of spike number was recorded at leashibObath in the base solution.

For PKC inhibitors, superfusion was administrated fO-min before recording. Data

were compiled and analyzed using OriginPro 8.0wat (OriginLab, Northampton,

MA, USA). Number of action potential are expresasdriginal tracesor as

10



meanstSEM. A pair two sampld test was used to compare responses before

(baseline) and after PDA application as well a$KC inhibitors and U0126. The

length of current injection in each frame were 160iirst spike latency and input

resistance were presented as the m®8BM. The criterion for significance was

<0.05.

11



Results

Identification of Capsular Central amygdaloid nearo

Before whole-cell patch clamp was commenced, ttaénbslices were placed

under light microscope without attachment filtende Capsular central amygdaloid

nucleus (CeAC) appeared to be brighter than ottgion with naked eyes (Figl-A2).

According to the previous study, CeAC can be caiegd as Type 1 and Type 2

neurons (Chang et al., 2011). CeAC neurons studidite present study were mostly

Typel neurons (Typel:Type2 = 26:2).Theses neuroowed prominent delay onset

in firing the first action potential with injectioof depolarizing current pulses and a

voltage sag with injection of hyperpolarizing cunrgoulses (Figl B). In the present

study, a prominent delay onset was defined as itisé feak of action potential

appeared over 0.1 second after injecting 20pA dejzihg current. Since the

prominent delay in onset of action potential cobélascribed to the expression of a

wild variety in amount of ion channels mediating ttast activated and inactivated

A-type potassium currentAjl, Ia could be the best candidate for delaying onset of

action potentials in neuronéSchoppa and Westbrook,1999; Shibata et al.,2000;

Burdakov et al.,2004).

12



PDA modulates input-output function of neuronaliteglity in different time scales.

Whole-cell patch recordings were made in coromainbslices from the right

hemisphere, because accumulating evidence sugg#sedain-related amygdala

functions were lateralized to the right hemisph@arrasquillo and Gereau, 2007,

2008; Ji and Neugebauer, 2009fter successfully switched into whole-cell

configuration, action potential was generated bgdiintracellular current injection.

Each frame of injection lasted for 100ms. The ietlular injection of

hyperpolarizing and depolarizing current pulseseneom 20pA to 200pA in 20pA

steps (n=8 neurons).

Baseline of action potential was recorded aftepliagtion of 10-min base

solution containing picrotoxin, strychnine, and kyenic acid (PSK) to block primary

synaptic transmission. PDA is a type of phorbokesa well-known and effective

PKC activator. It was applied to examine the rdlé®KC and the possible effect of

downstream pathway, such as the cascade reactlanad by ERK (Robertson et al.,

1999; Yuan et al., 2002; Carrasquillo and Gere@07® The hypothesis in the present

study was that 5-min PDA would induce rapid effecPKC and 20-min PDA would

be able to activate its downstream cascade reactiah as ERK. Since the

consideration of number of action potential was tiest direct method to inspect

input-output function of neuronal excitability, tlepike number was conducted in

13



three perspectives in the present study: firskespumber with depolarizing current

injection pulse from 20pA to 200pA in 20pA stepscaend, spike number induced by

80pA current injection; third, spike number induckeg 120pA current injection.

These parameters were chosen simply because tleeeeindividual varieties among

neurons. Some neuron tend to fire action potemtitd smaller intensity of current

injection such as 20pA, others tend to fire actaential with larger intensity of

current injection such as 80pA. Not to mentionddeinistration of certain drugs was

able to influence the firing condition. Generalpesking, at the level of 80pA current

injection, CeAC neurons were able to fire actiorteptial and in most cases, and

adaptation of action potential appeared at thd lelv&20pA current injection. All the

scale bars were adjusted to the same module titdeeithe comparison of different

data.

From the perspective of spike number on 20pA-20@pAent injection, 5-min

PDA (1.5uM) prominently increased input-output ftioe (Fig. 2-A, 2-B1, red

diamond). Spike number significantly increased wstmin PDA (Fig. 2-A, 2-B2,

p=0.00196,Pair two sample t-tekt Besides, on 80pA and 120pA current injection

with5-min PDA application, clear tendencies in eligan of spike number (Fig.2-C1,

C2) were also existed. On the other hand, inpuytdutunction was significantly

decreased (Fig.2-B2»=0.01068 with 20-min application of PDA. Likewise, on

14



80pA and 120pA current injection with 20-min PDAp#pation, spike number was

decreased, especially on 80pA current injectiory.@=C1, Pair two sample t-test,

p=0.00139. These data suggested that the effect of PDAddmeidivided at least in

2 categories, short-term and long term. The shonteffect (5-min PDA) generally

increased input-out function of neuronal excitéapikvhereas the long term effect

(20-min PDA) decreased it. Since the aim of presamy was to understand the role

of ERK, long term effect the effect of 5-min PDA st spike latency and input

resistance were not discussed. With 20-min PDAiegpbn, the first spike latency

was significant increasedéir two sample t-test, p<0.00R1lt was possible that

20-min PDA activated the ERK/MAPK pathway which anbhed the function of

A-type potassium channel (Schrader, 2005), causiagise of first spike latency and

the decline of spike number. There was no sigmifigifference in input resistance

between baseline and 20-min PDA.

Moreover, hyperpolarized activated cation curf@)twere also measured as sag

size to conduct the role of, in CeAC. The { is caused by the activation of

hyperpolarization-activated and cyclic nucleotidgegl (HCN) channels which

belong to the superfamily of voltage-gated potassahannels (Kv). HCN channels

are sometimes referred to as “pacemaker channelsiuse they help to generate

rhythmic activity within groups of heart and bragells (Luthi et al., 1998).y1

15



mediates repetitive firing in neurons and cardiagoaytes (Accili et al., 2002;

Robinson, 2003). In addition, roles af in the regulation of resting membrane

potential (Lupica et al., 2001), membrane inputistasce (Magee et al.,1998),

synaptic plasticity (Beaumont et al., 2000), anddiiic integration (Berger et al.,

2001) have been reported (Poolos et al., 2002)edising evidence implicateg ih

activity-dependent changes of neuronal excitab{lBgaumont et al., 2002; Welie et

al., 2004, and in certain pathological conditions such akeppy or neuropathic pain

(Shah et al., 1998; Chaplan t al., 2003). It haanlreported that, was also found in

the BLA in rats (Womble and Moises, 1993). In tmesent study, 5-min PDA had no

significant effect on sag size but 20-min PDA siigaintly reduced the sa@ig. 2-E

Pair two sample t-test, p=0.0448juggesting the role of PKC downstream pathway

in Ih

Effect of Chelerythrine —PDA on capsular centralygaialoid neuron

Chelerythrine is a potent, selective and cell paite protein kinase C inhibitor

that binds to the catalytic domain of PKC. It isledst 100-fold more selective for

PKCs than for other kinases (Herbert et al., 19980 et al., 1998) and is broadly

applied on pharmacological experiments. Here, Citlene (3M, applied by

superfusion) was administrated 10-min before PDgliagtion to examine the role of

PKC and its possible effect to ERK. It was worthie® that PKC inhibition did not
16



necessarily indicate to complete ERK suppressitie. isue about ERK involvement

was awaited to be discussed.

In the view of spike number on 20pA-200pA curraméction, effect of 5-min

and 20-min PDA were both abolished by Chelerythrir&y. 3-A,3-B).The spike

number was neither prominently increased nor deeckaAt the level of 80pA and

120pA current injection, there were not any crueiécts on spike number after PDA

application, indicating that the input-output funatwas inhibited by Chelerythrine in

both time scales. It suggested that the elevati@piie number was caused by rapid

PKC effect and the long-term decline was causeBKg mediated reaction, pointing

out the possible existence of PKC-ERK pathway enrttatter of modulating input-out

function. However, first spike latency was sigrafitly increased with 20-min PDA

(Fig.3-D1, Pair two sample t-test, p=0.00161)ndicating the enhancement of

A-current. It was possible that Chelerythrine int@td about 75% of PKC activity in

the concentration level of micro-molar (Herbertagt 1990). In addition, effect of

20-min PDA alone on first spike latency was poi&ing. 2-D1,Pair two sample t-test,

p<0.000). After long term application of PDA, small amowftPKC activated the

downstream pathway. Once the downstream pathwayaatasated, PKC inhibition

no longer applied, causing the further delay owdedction potential. There was no

significant difference on input resistance with €fgthrine and addition of 20-min

17



PDA. Moreover, there is no significant change aREXA administration in sag sizes

caused byilcurrent (Fig. 3-E)

Effect of GF109203X —PDA on capsular central amygidaneuron

GF109203X is a potent and selective PKC inhihitothe concentration level of

nano-molar and also a PKA inhibitor in the concatidn level of micro-molar

(Chernova et al., 2007). Here, GF109203X/\M3 applied by superfusion) was

administrated to confirm the short-term and longrteffects of PKC as well as PKA

to a greater degree. GF109203X inhibited the effetdng-term PDA (Fig. 4-A1,A2).

It also inhibited short-term effect of PDA (Fig.4tBn=6) except for the level of

80pA and 100pA current injection. On the averagmiver of total action potential,

GF109203X was able to abolish the effect of bothib-and 20-min PDA (Fig 4-B2).

The average number of action potential was neithereased nor decreased with

5-min and 20-min PDA administration. Moreover, imetlevel of 120pA current

injection, the effect of PDA was also abolishedwdger, 20-min PDA significantly

reduced the spike number in the level of 80pA auriajection Pair two sample

t-test, p=0.1211)It was possible that except for inhibiting PK@erte was selective

effect of GF109203X which changed the tonic envinent of neurons and affected

the baseline of spike number, causing an error dta danalysis. There was no
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significant effect on the first spike latency amgut resistance with 20-min PDA.

Moreover, there is no significant change after PAgininistration in sag sizes caused

by Iy current (Fig. 4-E).

Effect of U0126—PDA on capsular central amygdaloédiron

U0126 is avery selective and highly potent infoibiof Mitogen-Activated

ProteinKinase (MAPK) cascade by inhibiting its immediatpstream activators,

MEK1land MEK2. It inhibits both active and inactifer of MEK1and 2, preventing

the activation of ERK. U0126 (1) was added in oxygenated ACSF allowing the

treatment going on brain slices for at least 120utes before recording commenced.

Theoretically, U0126 should not change the restib-min PDA because it did not

affect the function of PKC. The spike number shaiilli somehow increase. Besides,

without PKC inhibition, 20-min PDA should be abtedecrease the spike number and

to increase the first spike latency (Fig. 2). Tlypdthesis here in the U0126—PDA

protocol was to examine the existence of PKC—ERW\ay activated by PDA.

From the view of spike number on 20pA-200pA cotrenjection, both

5-min and 20-min PDA significantly increased thputroutput function of neuronal

excitability (Fig. 5-A,B,Pair two sample t-test, p<0.0001, nx7Moreover, in the

level of 80pA and 120pA current injection, thereravalso tendencies in elevation of

19



the spike number with both 5-min and 20-min PDA lejapion. Especially in the

level of 120pA injection, 5-min PDA significantiyngéreased the number of action

potential Pair two sample t-test, p=0.43R8urthermore, 20-min PDA significantly

decreased the first spike laten@air two sample t-test, p<0.0001Hor 20-min PDA

application, U0126 not only reversed the effectirgut-output function of neuronal

excitability but also the first spike latency, segting the existence of PKC—ERK

pathway activated by PDA in modulating neuronalitkdlity. Moreover, the reverse

condition of first spike latency also indicated tlode of ERK to enhance A-current.

Furthermore, 20-min PDA also significantly increcidke input resistancééir two

sample t-test, p=0.0233In addition, 5-min PDA had no significant effemh sag

sizes but 20-min PDA significantly increases thgss@ig. 5-E Pair two sample

t-test, p=0.04747)The result is in contrast to the control set (ZidPSK and PDA)

where the sag sizes significant decreases. Ittésasting that application of U0126

not only reverses the outcome in both spike nunainer spike latency £), but also

reverses the outcome ip, kuggesting that there is a strong relation batwbese

channels, possibly modulated by the same mechanism.
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Discussion

In the present study, we show that PKC activait@neases neuronal excitability

in short-term scale whereas decreases neuronaakity in long-term scale. In

addition, the decline of input-output function aéumonal excitability are caused by

the activation of PKC—ERK pathway.

PKC activation by PDA regulates the neuronal exality in different time scale

PDA has been shown to enhance glutamate releasany synapses (Malenka

et al., 1986; Shapira et al., 1987; Parfitt and idaw, 1993; Capogna et al., 1997,

Hori et al., 1999; Francis et al., 2002; Lou ef 2008). Central nucleus of amygdala

which including CeAC are predominantly composeddiBAergic neuron (Ciocchi,

2010). Therefore, application of kyneurenic acigigrotoxin and glycine in the

present study allows us to study the effect of P&@ivation on voltage-gated ion

channel of CeAC. The result indicates that actoratof PKC at initial stages

enhances the function of voltage-gated ion chanokelSeAC. The enhancement is

abolished by 2 different PKC inhibitors, Chelerytier and GF109203X. However

Chelerythrine and GF109203X suppress the effedP@A application in different

patterns. Chelerythrine reduces the spike numbee reffectively and postpones the

adaptation of action potential. Furthermore, itmegses the delay onset of action

potential less effectively with long-term PDA. Ohet other hand, GF109203X
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reduces the spike number less effectively and st i@ effect to adaption of action

potential. In the mean while, it suppresses thaydehset of action potential more

effectively. The differences between two PKC intoks are probably due to (1) the

selective effects of different inhibitors since riheare different targets of PKC

inhibitors. (2) The concentration level of PKC ibitor: Chelerythrine inhibits about

75% of PKC activities in the concentration levehoitro-molar (Herbert et al., 1990).

It is possible that after long-term applicationRIDA, it activates certain downstream

pathway and partially enhances the delay onsettajrapotential. On the other hand,

in the concentration level of micro-molar, GF10920&cts as PKA inhibitor as well

(Chernova et al., 2007). It is sensible that th&espiumber can be slightly increased

by the co-inhibition of PKC and PKA. Hence, PKCiwation plays a comprehensive

role in regulating neuronal excitability. Previostidy reported that superfusion of

another type of phorbel ester (PMA, by whole-calkgh clamp) alone increases

action potential firing in 7 neurons whereas int@i action potential firing in 5

neurons in CeAC (Li et al, 2011). Although accogdiio Li et al. (2011), the time

scale was not the one of the parameters being dmresi, it is possible that the

differential results were due the time occasion levhiecording commenced.

Furthermore, another previous study (Hu et al. 2@@8icates that PKC activation by

immediate PMA suppresses the transient outwardestrof A-type potassium
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channels and enhances the neuronal excitabilidpieal horn neurons. It gives rise to

the picture for the involvement of A-type potassichannel in regulating neuronal

excitability of CeAC.

ERK activation by PDA decreases neuronal excitgbili

In the present study, we show that U0126 effeltiveverses the effect of ERK

activation by PDA. The spike number was signifibanicreased and the first spike

latency was significantly decreased with U0126 kwd)-term PDA activation. Our

result suggests that ERK activation decreasesnjeat-output function of neuronal

excitability in the absence of primary synapticngmission. ERKs play important

roles both in nociception and modulation of A-typetassium current (Hu et al.,

2003a,b). It is able to modulate A-type potassiument in dorsal horn neuron and in

strong connection with Kv.4.2 (Schrafer et al., 20Blu et al., 2006). Inhibition of

ERK signaling by PD98059 decreases neuronal exiifyaénd cannot be reversed by

PMA in dorsal horn neurons (Hu et al., 2003a,b).atidition, inhibition of ERK

signaling by PD98059 also reduces sustained patassutward currents in dorsal

horn neurons (Hu et al., 2003a,b). It gives risthtopicture that in addition to A-type

current, sustained potassium current may be ancthatidate for ERK to modulate

neuronal excitability. Theoretically, the neuroeakitability will be increased if the
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sustained potassium current is decreased. Theratitial outcome between CeAC
and dorsal horn neurons is possiblely caused byhé€lkelective effect of drugs. The
target of PD98059 is MEK1 whereas the targets 0126 are both MEK1/2. Besides,
PDA is chosen over PMA in the present study. (2trkiLaf primary synaptic
transmission: kyneurenic acid blocks most of thetaghatergic current. Both
ionotropic and metabotropic glutamate receptorsbémeked, left out the remaining
voltage-gated CA channels. Intracellular &a was not sufficient to evoke the
additional effect with or without ERK.

Futhermore, | is conducted in sag sizes, 20-min PDA applicatadone
suppresses the Whereas U0126 with 20-min PDA facilitates thdtlis surprising
that the tendency im, lis in consistent with those in spike number amst fspike
latency. It is possible that in addition to Kv.4l2), the functional target of PKC-ERK
pathway includes HCN channel. On the other hands known that there are two
substrates act in regulating the function of HCIdrutel: proton and P}RBiel et al.,
2009). Proton is excluded in the discussion siheeetis no particular manipulation of
protons in the present study. Pligleavage to IP3 and DAG) acts as an allosteric
activator from the intracellular site that facitéa channel activation by shifting rest
membrane potential toward more positive potentidlsa result, PIP2 adjusts HCN
channel opening to a voltage range relevant fompthesiological role ot}, channels.
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PIP2-mediated regulation of HCN channels may bphysiological significance for
the function in neuronal circuits, as enzymaticrddgtion of phospholipids reduces
channel activation and slows down firing frequetyneurons (Cerbai et al., 1999;
Qu et al., 2001; Robinson et al., 1997). The pectalso leads to another possible
candidate responsible for the reduction of spikenlber in the present study.
Especially that a similar mechanism for PIP2 motiltaof gating was identified in
voltage-gated and inwardly rectifying Kkhannels (Baukrowitz et al., 1998; Huang et
al., 1998; Oliver et al., 2004; Shyng and Nich@898).

In conclusion, there are three types of voltageeddent K currents which
might be the possible in regulating the neuronaltekility in CeAC in the present
study: (1) transient A-type currehf], responsible for the delay onset of action
potential, (2) sustained delayed rectifier curdgftfesponsible for the change in rest
membrane potential (Akins et al., 1993; Gold etE)96; McFarlane et al., 1991;
Everill et al., 1998, Xu, 2006) and (3) hyperpatad activated currenk.j, mainly
responsible for pace-making activity and compreivehgaffect the neuronal
properties. Long-term application of PDA decreaedneuronal excitability (spike
number| ,latency! ,sag size, ). PKC inhibition abolishes both short and long term
effect. Furthermore, application of U0126 revetseslong-term outcome (spike
number! ,latency| ,sag siz€ ) and has no effect on short-term PDA, indicatirey th
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PKC-ERK pathway is existed (Cheng et al, 2011).tRerchange in neuronal
excitability, it is possible that PKC—ERK activatity PDA modifies the property of
voltage-dependent K+ channels, A-type and sustale& rectifier type (Fig 6),
enhancing the function of voltage-gated potassibannels, so that neuronal

excitability is generally decreased.
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Figl. Identification of capsular central amygdalomturon (CeAC)Al: Presumed

CeAC area is right next to basal-lateral nucleusABof amygdale. A2: Coronal

acute brain slices containing central nucleus abd 8f amygdale. CeAC appeared

to be lighter than other region under light micagse (without filter lens). B.

Representative examples of action potentials, dswbafter at least 10-minute bath

application of base solution (picrotoxin, stryclhi@iand kynurenic acid). Prominent

delay onset of action potential was generated hgclimg proper intensity of

depolarizing current pulse and the voltage sagsewgenerated by injecting

hyperpolarizing current pulses. Current injectiomydnd 120pA would generally

cause adaptation of action potential.
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Fig2. Effect of PDA on capsular central amygdaloglron.A1-A3 Representatives

of action potentials recorded with base solutidar(oxin, strychnine, and kynurenic

acid, PSK, 5-min and 20-min PDA application, getexddy depolarizing and

hyperpolarizing current pulse injectiat?Q, 80, +120pA).B1: 5-min PDA

increased the spike number whereas 20-min PDA dsedethe input-output function

of neuronal excitability (generated by differenteinsity of current injection from

20pA- 200pA with 20pA interval, n=8). Symbols shal\enean +SE) number of

spikes per 100 ms calculated from recording traketson potential adaptation

appeared around 80-120pA current injection with RpAlication (red diamond and

blue triangle). B2: Summary of changes in actioteptal firing with 5-min and

20-min PDA. 5-min PDA significantly increas@@air two sample t-test, p=0.00196)

the spike number in contrast to 20-min PDA appiwafPair two sample t-test,
42



p=0.01068).C1, C2: Summary of spike number on 80pA and 12€yrkent injection

with PSK and 20-min PDA respectively. 20-min PD4rsficant decreased the spike

number on 80pA current injectioD1: 20-min PDA significantly increased the first

spike latencyPair two sample t-test, p<0.00Q1)2: Input resistance with

application of base solution and 20-min PDA appiocra There was the tendency on

decline of input resistance. E1: Representativesagftraces produced by

hyperpolarizing current with PSK, 5-min PDA and @ PDA application

respectively (generated by hyperpolarizing curngjeiction, -120pA).The size of sag

were smaller after application of PDA. E2: Summairgag size changes. 20-min

PDA significantly reduced the size of S@pir two sample t-test, p=0.0448)
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Fig3. Effect of Chelerythrine —PDA on capsular cehimygdaloid neuronA1-A3

Representatives of action potentials recorded $ftmin Chelerythrine, 5-min PDA

and 20-min PDA application, generated by depolagznd hyperpolarizing current

pulse injection£20, +80, £120pA).B1: Chelerythrine inhibited the effect of RD

Spike number was neither increased nor decrease@r@ed by different intensity of

current injection from 20pA- 200pA with 20pA intedy n=5). It also postponed the

occurrence action potential adaptation. Symbolsvelkdadmean £SE) number of

spikes per 100 ms calculated from recording traB8sSummary of changes in

action potential firing with 10-min Chelerythringsmin and 20min PDA application.

Chelerythrineefficaciously inhibited the effect of PDA in botimie scales. C1, C2:

Summary of spike number on 80pA and 120pA curmgettion with Chelerythrine

and 20-min PDA respectively. Chelerythrine inhiditee effect of 20-min PDA in
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both circumstance®1: 20-min PDA significantly increased the firsilgplatency

(Pair two sample t-test, p=0.0016D)2: Input resistance with Chelerythrine and

20-min PDA application. There was no crucial charffe Representatives of sag

traces produced by hyperpolarizing current withmii@-Chelerythrine, 5-min PDA

and 20-min PDA application in turn respectivelyrgeated by hyperpolarizing

current injection, -120pA). E2: Summary of sag siranges. There is no significant

changes in sag size. However, the current with A is more hyperpolarized.
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Fig4. Effect of GF109203X —PDA on capsular censnalygdaloid neuronAl, A2
Representatives of action potentials recorded #ftmin GF109203X and additional

20-min PDA application, generated by depolarizing hyperpolarizing current pulse
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injection ¢20, +80, £120pA). 20-min PDA did not significantly changes tiction

potential firing pattern. B1: GF109203X generalipibited the effect of PDA

(generated by different intensity of current injectfrom 20pA- 200pA with 20pA

interval, n=6). Symbols showed (mean +SE) humbepdées per 100 ms calculated

from recording traces. B2: Summary of changes flmagotential firing with 10-min

GF109203X, 5-min and 20min PDA application. GF1(®2e@fficaciously inhibited

the effect of PDA in both time scales. C1, C2: Suannof spike number on 80pA and

120pA current injection with GF109203X and 20-mibArespectively. GF109203X

inhibited the effect of 20-min PDA in both circurastes except for 20-min PDA

application on 80pA current injectigRair two sample t-test, p=0.0121D1.:

GF109203X successfully inhibited the effect of 2+fDA. The first spike latency

was not decreased. D2: Input resistance with GRIB22nd 20-min PDA

application. There was no crucial change. E1: Repratives of sag traces produced

by hyperpolarizing current with 10-min GF109203Xmin PDA and 20-min PDA

application in turn respectively (generated by mgpéarizing current injection,

-120pA). E2: Summary of sag size changes. Theme sgnificant change in sag size.

However, the current traces with 5-min and 20-niARpplication are more

hyperpolarized.
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Fig. 5 Effect of U0126—PDA on capsular central adglgid neuronAl, A2

Representatives of action potentials recorded Wih26 and additional 20-min PDA

application, generated by depolarizing and hypemmhg current pulse injectiort (

20, 180, +120pA).B1: U0126 reversed the effect of 20-min P@@nerated by

different intensity of current injection from 20p200pA with 20pA interval, n=7).

The spike number was increased with 20-min PDAieapbn (Pair two sample t-test,

p<0.0001) The effect of 5-min PDA was not changed by U0IR6ke number

significantly increased with 5-min PD@Rair two sample t-test, p<0.00013ymbols

showed (mean +SE) number of spikes per 100 mslaédcufrom recording traces.

B2: Summary of changes in action potential firinghwJ0126 and 20min PDA

application. 20-min PDA increased the spike numBér.C2: Summary of spike

number on 80pA and 120pA current injection with @6Xand 20-min PDA

respectively. 5-min PDA significantly increased ke number on 120pA current

injection. (Pair two sample t-test, p=0.0436&)1: U0126 reversed the effect of

20-min PDA in first spike latency. The latency v&gnificantly decreased

GF109203X successfully inhibited the effect offaby PDA. The first spike latency

was not decreasd@air two sample t-test, p<0.00Q1)2: Input resistance was

significant increased with and 20-min PDA applioat{Pair two sample t-test,

p=0.0233) It was in contrast to the tendency downward \&pplication of 20-min
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PDA alone. E1: Representatives of sag traces peatlog hyperpolarizing current
with U0126, additional 5-min PDA and 20-min PDA &pation respectively
(generated by hyperpolarizing current injectior20fA).The size of sag were smaller
after application of PDA. E2: Summary of sag siaanges. 20-min PDA

significantly increased the size of d&air two sample t-test, p=0.04747)
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Fig.6
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Fig.6 Diagram of rationale indicating PKC—ERK patiyvactivated by PDAERK
activation was able to enhance the function of petyype potassium channel or
sustained delayed rectifier current. ERK activatigriong-term PDA significantly
induced the decline of spike number as well asiieeof first spike latency. PKC
blockade eliminated the effect of PDA in both skertn and long-term scale. On the
other hand, ERK inhibition by U0126 significanthyduced the rise of spike number

as well as the decline of first spike latency.
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