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M = A3tE]o] CDI7F Yoldtim Adwd=lct” ubad w)-Ly 7L‘Er

F2olA = VDI 98l u|&A 3] o] FolZita &
%2 ]34 3l(inactivation) 7] AL ukxiele]EA 7] gt W AFE Eslo] N3 ZAFEZdA%E CDIV}F &
Pﬁ(voltage-dependent inactivation, VDI)'?3} Z+452]& A 7] b ia=Nn EJ_E]“ oY AE Aol CDIStE TR 2o
A (Ca’* dependent inactivation, CDI)*¥o] &+& =] 9}, =-A 9t & 4% E charge carrier® ZHEThAl H}-E-Oi o

FelEA HBA R A 2 HAske] Sl whet A7t RVML_ U°3 vl 24 3adol adz fA=A

D2 EA sk Aol MUz B4R AgtelA v HAES AL & 24 B2Ae] S} T%}aiu}“’m .
SAHHES L5 EAL BT BB v o] NG BHEZI £ VDI ofa] g4 A

CDI 7]

A& calmodulin (CaM)e] LY Z-FE 29 C-termi- 3tZ7)7)1 3ol CDIe| &3+
nalol] EABHE 1Q motitsh AgsHE Aol 23l o Folx ok AYEBAA 528 7 AR AZ A vpEH 7

4% AL WGAY SE 9 AE BEEL FAY £ FRE YU

BHEEel EMolv] 5YHe UY uEANUshaped ¥ Q7RG AREETol NG BEER v

inactivation) =4-g Holt} %7} charge carrierZ 5 mM B}ETHAl 5 mM % ﬁ--% A}
LY AFEZAE CDI7F F9 71Ade] Buset? %ﬂ?i*a‘ 7350l S7H8HE Helh ey o2 gt w4

AYAE = AA

L
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1. MIZE2] 2 (Cell isolation procedure)

Ehrliche} Elmslie'®2] ubl- A3kl Alslatict. A=
200 gm WH&]9] 47 F(sprague dawley rat)E vl slo] 3
A7l F ok AZwl Bz]H O(carotid bifurcation)el] A]
A7

NAAL

A

7 (superior cervical ganglion)& Ea|s}ich.
W34S 8 2402 AZ F I7CIA 147 B Ba
Lol Jolla ek elslgdvt. 10% fetal calf serumS HA7}t
sho] &4 Zgo] o o4 PR Kl & FAAF-
ATLgg gl 25 3 AU diA 4C
WAk aiell Haslgict.
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2. HI1M2&H J|=Z(Electrophysiological recording)

Whole cell configuration patch clamp techniqued A}-£-3}
o] ZFAFE 7153t} Coming 7740 §-2](LD. 0.9 mm,
O.D. 1.5 mm, Garer Glass Co)& A}-£3}o] puller P-97 (Sui-
ter Instrument Co., USA)E #|3}lo] 1~2 MQo] H+= A=+&
Ayl om W7 2 B & 8series resistance, R)S 3.52+
1.13 MQ (+S.D., n=70)0] e}, Za=]ate] HAL 80% ol
4 dFAdd HARY 7158 Hslo] AR (voltage
steps)2 pClamp software (Axon Instruments, USA)E & Q 3}
A= protocolg THE F AlZell 7t olw 7] 5F
A+ dlo]el& EPC-7 (List Electronics, Germany)] 4 pole
low pass Bessel filter& 7%} 12 bit A/D converter (Labma-
ster, Warner Instrument Corp, USA)E digitization % PCol|
AAstglch B8 A9 A-LoA APt
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3. 2 Z M (Solutions)

o

Ag goo] z4e e Bok BF AES] £
(<+$] mM): 140 TEA-Cl, 11 HEPES, 5 glucose, 1 MgCl, 5
BaCl; or CaCl,. A|ZW £ (x4 mM): 120 NMG-Cl, 10
TEA-Cl, 14 Creatine-POs, 6 MgCl,, 10 NMG-HEPES, 5 Tris-
ATP, 11 NMG,-EGTA, 2 Li;GDP- 3-S. ¥=5=3F u]|8A 3} &
e BT Slstel G Aol % ARE Adkel
32} LisGDP- 8-S& A}-8-3}93c).

Q7hopo] o] N Mol v & e BaAeke A
dol] AL AES] EAL 2T Poh (=Y mM):
150 methylamine chloride (MA-Cl), 10 NMG-HEPES, 15 glu-
cose and 10 NMG»-EGTA. Cs™o[L} Na™ th4Al MATE A&
& ol MATZL 2l SREsb $hste] 92 2
DS B AFUE B & A7 g el A

™ . 1nA

4 -2nA

Fig. 1. N-channels generate the majority of current carried by
MA”. (a) Calcium currents were recorded using MA" as the
permeant ion before and after 1 4M wCGVIA application. The
voltage step duration was 150 ms. Note the slowly deactivating
current at —80 mV that is lost after block by »CGVIA. (b) The
MA™ current-voltage (I-V) relationship measured from peak
current at each indicated voltage recorded before and after 1z
M oCGVIA. Same cell as in panel A.
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s B3t AFW §oo] @=BEEE 27t 300 mOsm
¥} 290 mOsmZ o] A&t

4. Data 24 (Data analysis)

PCZHE] AF dlo[e]Z A AYE 3 Igorpro software (Wa-
vemetrics, USA)E A &3lo] E-A8l9aL curve fittingS 9]
s}o] Marquardt-Levenberg algorithmg A}-83to] AF7]5&

7FAF 2 bl sl o] F R T EE(Y =Aviive + AeXp (—t/ 75) +
Aexp (—t r0)E EZ39rk; Asme: offset amplitude, As:
gl A58k amplitude, A WRE A G-gE2] amplitude,
rs =8 AT AR, e W E AT ARF

ulgg3he ekl il A

E 52 AET o] AF(end current, g E U ¥ 1-(Ien/
Ipeak)i ZAE . dlolElE meantSDE FABlglon &
AR FAE dotir] Hsle] Student t-testE A3t

F(peak current, Ipe)

2 I

1. N8 HR9| &2|(N-current isolation by @ -conotoxin
GVIA)

7} N ZHR790E dslr] HAste] N ZdgEEukd
Auld o2 AAlet= w-conotoxin GVIA (w-CgTx)(1 M)
+ A3l 28 o-CeTx Hel A, 39 A{7I5&

vl sto] K okch(Fig. 1).

w-CgTx Ax| A MAT-AE7} 794+178% (n=5) A5
oAtk o] B AR} 5 mM B’ g A-&atH A -CgTx
9] JAEHAE B3-S e AIN61+12%, n=6)2} YX|&
2o olUg B ATAY) ABGE & o0
MATAF] RS NY 2HAFUE 4T 4 I3
.

2. 17} YOI2(MA")0| B|&M3lol n|Xl= &3} (Effects
of monovalent cation permeation on Inactivation)
1) F-d M
Charge carrier2 5 mM Ba’' & A& A= AT —10
mVell A #AE g 0r}(Fig. 2a) MATE A% Ale HulA
F7F —20 mVellA] 29l chFig. 2b). g MAY ALE A
= A7t el A FA S slow activation)®] ¢ 3L, -2 &3k
A 3}(deactivation)Z H.¢lr}.

2) me HI%H%EP MEol AN U MBS AL

MA" & charge camrierz A& 4] 71SHE DEEe] A% Ao MAT-AFY} BEEE Ae Ao B -A R}
Ba” MA"
a b —
— \
-30 — -
10l 10
Olc:ﬁ: 1A 10
-20 n. - |1nA Fig. 2. Current-voltage relation-
= 0'—-'——-'—"‘-’__ - .
\——""’1 50 ms _38 ship of N-current. (a) Calcium
50ms  currents Jwere recorded using 5
mM Ba®* as the permeant ion.
80 mv | I -80mV g l 150 ms depolarizing pulses of

-60

-44 (na)

variable amplitude (from —60 mV
to 60 mV) were given from a
holding potential of —80 mV. The
number next to the current trace
shows the voltage at which the
current was recorded. (b) Calcium
currents were recorded using me-
thylamine (MA") as the permeant
ion. Same 150 ms voltage protocol
was used as in A. The number
next to the current trace shows
the voltage at which the current
was recorded. (c) The I-V relation-
ship measured from peak currents
recorded in either 5 mM Ba’" or
MA".
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HEEE AgEo 10 mV FEFH Aol chFig. 2¢). v
ZhA MAT-A 9] wlEAE BY) Ysto] Qrlele At
< Ba''ol] 3] 10 mV HEFH Ak AL
B’ AFE —10 mV, MA'-HFE 20 mVE 5% F
AEFAFHA nZARAEE vwstgch Ba'-AF
curve fitting A| whg 2|Fe<rel =@l Aeedee] o
ZF 18 A ¥l (7=201.7+85.5 ms, 2.9+0.3 s), MA"-A
e AR oA =& HEke JHAE 1Y A
584 F(r=34+1.1 s, n=5) & 2%} 283 B’ -A
ol MAT-A R el B2 SARCR 3t Holr}
819l cHp > 0.34)(Fig. 3a).

AME 8 A 7€ HE 52 < ART ASE

e £ N

Hu

a
g
o
5
[&]
©
(]
N
T
£
o
P4
~10 -20
—-80mv
b o8- ' n=11
0.6 l
c
S
g
g 0.4 1 -
©
£
0.2 +
0 — , - ,
Ba MA

Fig. 3. Fast N-channel inactivation is absent during monovalent
cation permeation. (a) Calcium currents were normalized to the
peak to compare the time course of inactivation during per-
meation by 5 mM, Ba®* and 150 mM MA*. 5-sec depolarizing
pulses were applied to voltages generating peak current (in-
dicated on voltage protocol). (b) Inactivation was calculated as
1-(Iena/Ipeax) and was compared in the same cells when either
Ba’" or MA" permeated the channels (***: p<0.001). Igna was
measured at the end of the 5 sec voltage step.

TE=  FH A =

r

ol

Ng ZSSZ2 27t L0I22&d HIgds

ol7bsla M| BAFAEE 1 —(edlra)Z Bl 25T 5 mM
B oA 64L11% (m=1D¢] M BAAHES Bl Wbl
MA'Z A3} A& B|SARA I} 2949% =1D)E &
stgon ol EAHCE §98191thp<0.001)(Fig. 3b).

3. =2l H|gAM3l A|E$ H|m(Comparison of slow in-
activation T in MA" and Ba®")

B Ao n|gAsE blasly] ete] MATAAE
Ba’'oll ul&| 10 mV 239 Ak Agsisieh. 2 b
g %37 Sistol 4744 Adghell A Ba' 3 MA" <]
=l v 8AI3 ARG5S vlasloch. I A3} Ba ol H]4)
10 mV #E55 At A9 MAT-A FulolE1 & Agshe
7ol =8 njZ2A43} ARSI AZ A GX ek 2
B2 MA' oA Ba' ol vl 10 mV FEFHE Hete A
fote BdAol AFHTh w3 MAT, Ba®" EFollA
Hgte] ARFAGE L2l u|PA S ARG} st
Z

4397Ql VDI 7143 R 24 Bk 4)

4. U8l d|& A 3l(U-shape inactivation)

MA'-HFolA] W2 WEA ARl glolAE g
918k & prepulse-postpulse protocol& Ab-&3slod 7+ A
2 WE48E BRIk B AR E Hoi
Bol Aol W43} Ao H b e
£ oA RT Akl vlBAs Zashe A8
o W84S 2o W MA Rl AL postpulse-%
7} prepulse- A Ht} =A) vJel) = facilitation 814k 0

"y

S
o b ol e et

LR

6000

o MA’
M B

m

E

S

c

0o

2 30001

[&]

(0]

R=

z

2

[72]

T T T
-20-10  -10 0 010 1020

mvV

Fig. 4. Comparison of slow inactivation T in MA" and Ba’".
The voltage-dependence of slow inactivation is not affected by
MA™. Slow inactivation r from exponential fitting is shown in
Ba’* and MA™. The MA™ data is 10 mV hyperpolarized to that
in Ba®" to account for surface charge effects.
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2+

a Ba
k. +60 mV

=70 mvV f

""" 10 mV| 1nA

10 200 ms
| B
60,
-10 mV
=80
~60 -20 20
—e—Peak |
-~ Post |
PR e W
" ...... ..
- .
8- -.,____' ..... . .
_3 _
nA

60 mV

b MA
[\ +60 mV
-7omvl |
+10 mV
-20 mV <5 2nA
200 ms
-20 mV

-80

—eo—Peak |
& Post |

Fig. 5. Activation and deactivation is slower with MA™ than with Ba’*. 500 ms depolarizing pulses of variable amplitude were
given from a holding potential of —80 mV to induce inactivation. This prepulse step followed by a second pulse (postpulse) to the
voltage giving maximal mward current (=10 mV in Ba®" and —20 mV in MA™) to assay inactivation. Data are shown for a single

cell exposed to either Ba>"

(a) or MA™ (b). The prepulse voltage is indicated next to its corresponding current. Current-voltage (I-V)

curves are shown with currents measured at the peak current during prepulse (@) and postpulse (m). The data points are averages
of two protocols with prepulse voltages given in ascending and descendmg order. This was done to compensate for slow changes

in current amplitude (e.g. rundown) during these long protocols. With Ba’*

postpulse current shows facilitation.

Qele] UY wmBAS o7} B TRHA ok}
(Fig. 5).

I

e

Cox9} Dunlap¥-& wWo}g] 7+7-A17 (chick sensory neuron)
ol| A 17} ¢Fo]-2&-& charge carrier2 AR A] whE H]ﬂ/”ﬁ]-
Aol 249 BYL TEL of ANE N 2%
B4z CDIZ FAsE 2AZ i
A RPN FES ASD B APl
carrier® Ah& A] whE ©

MA™Z charge
] ]
9} 17} kol St A MBAHHAE

Spoll Aesiehs B =R AARE 2

243 BT

, the I-V curve shows U-type inactivation but with MA™,

o CDIZ AW 4% glou} Ak A4
Batgich MAT A
£ Al =" uEA s AR =3t gigicke e AA,
L8l u|#A3}t A7t oF 40 mV H 9ol AX A Wit
Sgom, 4, =3 vEAY el w37} gk A
AZRe &Ad + Yt

Cox$} Dunlap”e fE&F |24 §+_7<4 oF 2ol Uz mok
o] 17} kol F3 Ale &A4EE B o+ CDIg:
Bitsle daFdat B4 —‘%EJ«I 27} oFol& F344
Z dxskch $-2l+ prepulse-postpulse
2 53} Ad% U¥ VDI 7]

Fol W e

a

protbcol% %}I%s}oq 17} oko)

Ao EAleteA dolnzA sk aEV UM w84
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3= Wkl A E3l i postpulse-A 2] facilitationZH
A% £ 99lek. Cox9} Dunlap”e] APAI}eAE ¢
ATFellAAY 17F ol F3 A N& 2] 228437}
=Rk Ao A olutE o3 7l g3
3}= Il facilitationo] VeSS 715Ad-S AL
t}. & postpulser} Q17}E FollE v o,
gl W o N F27F ol s &elA X3l o
ME FAE G 7] vfFol facilitation §4Fo] Kol Aol o}
7} 2t 2 slolok Folo| Aol ZHHF facili-
tation FAro 2 Qg MA™ 53} A] whE njgAs} Ao
shed VDI 7)ol 3 AR ERA Stolrslst ojzisich
aHBE 23 MAT 53 A —80 mV9] 3143 ek(holding
potential)o] otvizt & o FEFH THFAGE ALt
2ZASE 7537 F UY 2430} Al BEE =
A AR5 He AdE Aok & Aot

MA™ £33 A =8 2843 ol =g A3} 3
sk AF-HYG F4HS MATZ X% A, 27} ko] &

2+

H8%  H WYY 78 NE ZLES2Y 20t L0IRAEL HI&-s

o] EAN(5 mM Ba'") & ajel] njslo] AF o2 o]lFH B
2 3435 ol AR dldEE ot =3 24
3t Ay AAEHA B2 dgoldh =8l A3 kol
gl 2 AFAEEA o3t A EA N AF
o) A|(voltage dependent inhibition of N-current)el] 4] F&
A 5 ggolct. Ayl 2 mM GDP-5SE A
Z gMo] ALslo] G-proteing "N E dlo] Aot}
At EA N A JAZIA S Heken® o3 714
off oz =zl A3t ot A ohetz P73t 2
7} kol &£A Al NE FE A3} o A R8s
£ 7holl FalA = 35 A7t Ags]ojof & Zlo[ch

1. 27} 20| =4 HE dHlZEM3ol FeHHypoth-
esized mechanism for divalent cation dependent
fast inactivation)

B ATE E3lo] Zgo] whE w|FA 3} ARl 7o}

AL AAolut Erddh 71 A A<l CDI 71 A& E3}

-
L0

Fig. 6. The increase of inactivation is
better correlated with external Ca™
concentration than peak current in-
crease. Inactivation was measured using
the 500 ms prepulse-50 ms postpulse
protocol described in fig. 5. (a) A plot

Log peak | (nA)

of inactivation vs. external Ca’" con-
centration (left). The smooth line is a
fit to a single site-binding isotherm
with a maximal inactivation of 0.69
and an ICs of 3.6 mM. A plot of in-
activation vs. peak current amplitude
(right). The smooth line is a fit to a
single site-binding isotherm with a
maximal inactivation of 0.56 and an
ICs0 of 0.39 mM (n=21). (b} A plot of
inactivation vs. external Ba’'concen-
tration (left). The smooth line is a fit
to a single site-binding isotherm with
maximal inactivation of 044 and ICs
of 23 mM. A plot of inactivation vs.
peak current amplitude (right). The
smooth line is a fit to a single site-

Ca
a 10- 1.0 1
0.8 0.8
A
c
S
2
3
(0]
£
0 T T 1 0
0.1 1, 10 100 0.1
Log[Ca™ |, (mM)
Ba*'
b 1.0- & 10
0.8 0.8
c
£ 0.6 0.6
2
b3 A
£ 04- 44
A
0.2 R :
A
0 T T 1 0
0.1 1 .10 100 0.1
Log[Ba™ ], (mM)

Log peak | (nA)

binding isotherm with a maximal in-
activation of 041 and an ICs of 0.36
mM (n= 22).

- 101 -



stEd M7 3 M23 2006

of oAt vk A& Halskch N F2e W S g

2 B84 3} Patil 5'V0] A|QH3E preferential intermediate A0 A7}

closed state model?] U nv[&-A3 rdg 2 Adalzld 7 7 A#iEl o=
Tol N9 T2 u3AE S7vle & Ag4aE 4 AR AEY &
el fietel el 230l A6 AFEAS AP, W old Ao
AES Bt S0l ek MBAE Feke  ololth A WA

Cc

Fast compontent

Fast compontent
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©
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Amplitude (fraction of total)
ca® e Ba”
0.6 '—\ 0.6 1
. { -
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30

-{n:

U AsAdfe =78 vz
mojsldong nBAE Yste] AHE

Ao 2 7FEHATHFg. 6). 1 =T

(site 1)= 27} ko] o] # g} ]

Fig. 7. Effects of changing external
divalent cation concentration on
inactivation of Ca’" channel. (a)
Calcium channel currents were re-
corded in 5 mM, 10 mM and 30
mM Ca’* (left) and Ba®* (rlght)
leferent cells were used for Ca>"
and Ba’*. 5-sec depolarizing pulses
were given from a holding po-
tential of —80 mV to the poten-
tials that generated peak current.
Current traces were normalized to
the peak current. (b, ¢) The para-
meters of fast and slow compo-
nents of inactivation were obta-
ined from double exponential fits
to currents generated during 5-sec
voltage steps. Only the amplitude
(b) and the 7 (c) of fast compo-
nent of inactivation were shown.
Amplitude and 7 of fast compo-
nents of inactivation were compa-
red for different concentrations of
Ca’" (left) and Ba’* (right). Kru-
skal-Wallis test was used to test
significant differences (*p<0.05, **p
<0.001). The number of cells test-
ed is indicated in the bar graph
in panels (b, c).
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ojof UY H|&A 37} doludrt. Site 12 ZAw3} vl &
FARY g e AR Kol I olfE ZH, vHE
S5ollA] whE v]EA3E Aol AEEE vk 17} gl
< T3 Ale g vgAs ARl &AEY] wjifolth
i A AR Gite 2+ Zwoll tHellAk dalde B
& AL ZIFHd. 2 o+ 5 mM ALE Aol 2
% vHE EFol4 wBAL B4l Sl 5 mM ol 4
o] Zge ALY dole ZErE YEHOE nEAYs3)
7t F7Vslsi7) wl ol ch(Fig. 7).

Selectivity filteroll = Z<53 vlgo] 25 Ags
uf] ol] site 18] TR Z = selectivity filterE 7+
2 2 2ol Zgre] AYRAE NG E29 AT
ol $Jx]st= domain II, S5-H5¢) o] L&A} o]
B} 2 EF-hand motife} U X|sl= F$)o]tl. o] siteo|
olF ol A N FE FHE/} WH3kohe A2
o] site7} ZHgEol AR ete FAHE od AR ). EF-hand
motif & 7R & whiA L Zrgpoll wlsle] ol Y mbE
A% (affinity) S 714 A2 dZEHY o)yy EAL
site 29] £23 A4 F9] shjo|r}?”

T A7 EH Agge e ol AR
ek B3t AR E A& ol ¥k Ax Ay Qe
ABEge] HEH AT7HE AEstedof 27F ol
Aol B el WAL RAolch

E ATAHE A okl NY F29 WE w3y
35 Qdstol AZe] Ll 27} ofol o] Hasty o]z
gk 27} oFel X oEA 71H-E 7|Ee ¢eH CDIY VDI
oF sbds] o J1AdE Al
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Divalent Cation-dependent Inactivation of N-type
Calcium Channel in Rat Sympathetic Neurons

Yongsook Goo

Department of Physiology, Chungbuk National University School of Medicine, Cheongju, Korea

Experiments from several groups including ours have demonstrated that Ca?" can enhance the inactivation
of N-type calcium channels. However, it is not clear if this effect can be ascribed to a “classic” Ca®* -
dependent inactivation (CDI) mechanism. One method that has been used to demonstrate CD! of L-type
calcium channels is to alter the intracellular and extracellular concentration of Ca*. In this paper we replaced
the external divalent cation to monovalent ion (MA™) to test CDI. In the previous paper, we could separate
fast (z ~150 ms) and slow (7 ~2,500 ms) components of inactivation in both Ba®" and Ca®* using 5-sec
voltage step. Lowering the external divalent cation concentration to zero abolished fast inactivation with re—
latively litile effect on slow inactivation. Slow inactivation z correspond very well with provided the MA™ data
is shifted 10 mV hyperpolarized and slow inactivation z decreases with depolarization voltage in both MA™
and 8a”*, which consistent with a classical voltage dependent inactivation (VDI) mechanism. These results
combined with those of our previous paper lead us to hypothesize that external divalent cations are required
to produce fast N-channel inactivation and this divalent cation-dependent inactivation is a different me-

chanism from classic CDI or VDI.

Key Words: N-type caicium channel, Ca’*-dependent inactivation, voltage~dependent inactivation, divalent

cation—dependent inactivation
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