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Kourennyi, Dmitri E. and Steven Barnes. Depolarization-induced nels was first described by Fenwick et al. (1982) in bovipe
calcium channel facilitation in rod photoreceptors is independent of §hromaffin cells. Numerous studies since then have indica
proteins and phosphorylatiod. Neurophysiol84: 133-138, 2000. g|heit not without controversy, that it is the voltage-depend¢nt
Depolarization-induced famh;atlonhof L-type Ca (;hanngls |ndrod phﬁj osphorylation of the channels by protein kinase A (PKg
toreceptors was investigated with nystatin-perforated and ruptu : - 1.

whole cell patch-clamp techniques in cells isolated from tiger tlai:gggntlsgl;ozr.tge phenAc\)Irtl:_(lalnon |nlcqr90£;‘g§f[f)|n Celli(Aréa J
salamander retina. Induction of facilitation was voltage depend al. ’ ,butsee lllos et al. » boupnikan C®

with a half-maximal effect seen at prepulse potentials neat mv. 1994), skeletal muscle (Sculptoreanu et al. 1993b), Car'%;
Reversal of facilitation was time dependent with fast20 ms) and muscle cells (Schouten and Morad 1989; Sculptoreanu ef al.
slow (r ~1 s) components at60 mV. Incubation of cells with 1993a; Tiaho et al. 1994, but see Foley and Pelzer 1994),
pertussis toxin or intracellular administration of guanosing53- neurons (Bourinet et al. 1994; but see Parri and Lansman 1

on the degree to which facilitation could be evoked, implying thgy many cases, the increase in peak Ca channel currert3
absence of a significant role for G proteins. Application of the phoﬁ'Ccompanied by a negative shift in channel activation. R @
phatase inhibitor okadaic acid or inclusion of ATP, to boost levels gfome of these L channels, it remains an open question asq
phosphorylation, or inclusion of'&denylylimidophosphate or inhib- whether the channel itself,or an intermediate G protein i

itors of protein kinase in the pipette, to reduce levels of phosphoR/- t for th tein  Ki f le. Dol
lation, had no effect on the development of facilitation, suggesti rget for the protein kinase (see, for example, Dolp

that phosphorylation has little or no role in this phenomenon. The$@96a,b; Garcia and Carbone 1996). It has also been suggestad
results show that the L-type Ca channels in rod photoreceptors, whifit intracellular calcium participates in facilitation either in|a&
appear to be composed af like subunits, undergo voltage-depen phosphorylation-independent manner (Bates and Gurney 1
dent facilitation in a manner that differs from some other L-type Car via a calcium-calmodulin-dependent kinase path
channels which undergo facilitation via phosphorylation or througfAnderson et al. 1994; Gurney et al. 1989).

G-protein-mediated inhibition. Some neuronal Ca channels, in particular the N and
subtypes, undergo voltage-dependent facilitation that is medg
ated by direct interactions betweg@y-subunits of GTP-bind- | »
INTRODUCTION ing proteins (G proteins) and the Ca channel (see Hille 19p8;

Vertebrate rod photoreceptors express noninactivating, higfemponi and Snutch 1998). G-protein subunits inhibit these (Ga

voltage-activated (HVA) calcium channels that are consideréfannels and may be driven off by large depolarizations,
to be of the L-type due to their dihydropyridine sensitivitaccounting for the facilitation. Cone photoreceptor Ca chanrjel$
(Kurenny et al. 1994). In cones, the L-type Ca channels havélRdergo reversible block by,-conotoxin GVIA, invoking | N
distinct pharmacological profile (Wilkinson and Barnes 1996properties of N-type Ca channels, but considered as well tq kg
most closely resembling that af,y-subunit-containing Ca & property of the incompletely characterizeg,-containing Ca

channels (Williams et al. 1992), but this characterization hg8annel. In addition to conotoxin sensitivity, do photorecepfor
not been made as completely for rods. Antibodies directédype Ca channels also share features of G-protein-medigted
againsta,, subunits labeled cones, not rods, in mammalidacilitation with N-type channels? .
retina (Morgans 1999; Taylor and Morgans 1998), and it is Recently Kammermeier and Jones (1998) described fag
probable that rod Ca channels are composed of the ned@jion in L-type channels of thalamic neurons that is indepgn-
identified o, - subunits (Bech-Hansen et al. 1998; Strom et gliént of G proteins and phosphorylation. Similar to suggestig
1998). Caicium entry into rod photoreceptor terminals vidat direct conformational changes in the Ca channel prot
noninactivating L-type Ca channels provides for the COmin&mderhe the mechanism for the voltage-depe_ndent facilitatjon
ous release of the neurotransmitter glutamate in darkness, gh@mooth muscle L-type Ca channels (Kleppisch et al. 1994),
this release is graded by light over a narrow range of hypéhese authors concluded tha_t. no chemical modification was
polarization. necessary to produce the facilitated state of the channels.

Depolarization-induced facilitation of L-type calcium chan- Since the rod photoreceptor Ca channel has not been ppar
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macologically characterized and may be composed of noval

a4 ¢ subunits, we sought to characterize features of the-depo °
larization-induced facilitation of this L-type Ca channel. The 30
results presented below show that it is unlikely that the facil- °[
itation mechanism involves phosphorylation or G proteinsg ., 150
suggesting that facilitation is an intrinsic property of this C& 10 :
channel subtype. £ 150 -200 £
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METHODS 200

Larval tiger salamandersiAmbystoma tigrinum, were purchased -250 - C
from Kons Scientific (Germantown, WI). The animals were stored at
4°C and then decapitated and the head hemisected or pithed. Both
eyes were removed and placed in Ringer solution containing (in mMg
90 NaCl, 2.5 KCI, 3 CaCl 15 HEPES 15, and 1®-glucose (pH 7.6). =
After dissection of the cornea, iris, and lens, the retina was peeled 60
gently from the eyecup and mechanically triturated. The dissociated x . L 1
cells were allowed to settle in a 0.25-ml recording chamber. Whole 0 35 70
cell recordings were obtained form the inner segment of intact rod Time (ms) Y%
photoreceptors using both ruptured- and perforated-patch techniques.
All experiments were performed under room light and microscod® , ,
illumination (1-2 W ) and at room temperature (20—23°C). z 0r

Silicone-elastomer (Sylgard)-coated fire-polished patch pipettés
were pulled on a Kopf puller (model 730, Tujunga, CA) from_s 100
hematocrit glass tubes (VWR, West Chester, PA) and filled with a
solution containing (in mM): 95 CsCl, 3 MggI10 HEPES, and 1 5
EGTA (pH 7.2). Drugs were included in the pipette solution
during rupture-patch recording, or added to the superfusing soIE—
tion. For perforated-patch recordings, nystatin was dissolved f&
DMSO and included in the pipette solution (13@/ml). Three
superfusing solutions were modified from the Ringer solutiofrm 300 | )
described in the preceding text to contain (in mM): 5 Ba@&0 10 20 30
TEACI, and 15 CsCl; 10 BaGJ 50 TEACI, or 10 CsCl; or 10
BaCl,, 25 TEACI, and 10 CsClI; where for each solution, BaCl
replaced CaGlin an equimolar manner and TEACI and CsCl Fie.1. Rod photoreceptor L-type calcium channel curréntCa channel
replaced equimolar NaCl. The concentration of HEPES was jpurrent ina rod photoieceptor recorded_usmg nystatin perfo_rated-patchw
creased to 20 mM. In each series of experiments used for statisti%‘?f”i\t/%‘l’g”r"%‘;er ‘é"e'lt?hBﬁ‘a é"es ";‘_'g:‘dai‘rr%epﬁgr'ﬁirélTv‘;;:genﬂ\?Ot‘zrgl'(afnzrias;‘;g’i"r
analysis, the ionic _Condlt_lons were Identllcal. 1-(5-.Isgqum0|mylfance currents were digitally subtracted from the records. Leak current
sulfonyl)-2-methylpiperazine  (Iso-H-7), "&@denylylimidophos-  egtimated from linear fitting to thieV relation between-65 and—45 mV. B:
phate (AMP-PNP), guanosine’-®-(3-thiotriphosphate) (GTR- |.y relationship for the cell shown iA. —, product of the Boltzmann fit of the
-S), guanosine 50-(2-thiodiphosphate) (GDB-S), adenosine 5’ activation curve (shown i€) and a linear driving force reversing 482 mV
O-(2-thiodiphosphate) (ADB-S), and ATP were obtained from with g,,.. = 4.51 pS.C: activation curve for Ca channel currents recorded
Sigma (St. Louis, MO). Okadaic acid was obtained from L@he rod shown irA with V,5 = —20.6 mV and s= 3.7 mV. D: effect of
Services Corp. (Woburn, MA) and RBI (Natick, MA). Bay K 8644ca|_cium channel blockers. In a _different cell, the N-channel blocke_o_no—
was obtained from ICN Biochemicals (Cleveland, OH). PKI 5—21xin GVIA (0.5 uM, o) exerted little effect on Ca channel current elicited b
was obtained from Peninsula Laboratories, (Belmont, CA). steps to 0 mV, vyhlle subsequent application of the L—cha}nnel blocker nifg

Currents were recorded using an Axopatch-1B amplifier, TLH"S (1t0’t*'(\)/l' S\‘;"d box) S“pprgzset?] the c:;rret_nt su?;tant}u(a]g;ér:a channel
interface, and BASIC-FASTLAB software running on a 386 comg frent &t » MV was increased by the appication of bay 4ANLL 2) in

o™ ] - nother cell. In these experiments, the superfusion solution contained (in 1

puter. Facilitation was induced by a depolarizing prepulse to 100 §ig5c|, 50 TEACI, and 15 CsCl.
120 mV for 50 ms. Membrane currents were averaged over the last
2‘750 nr}nSVOfV\zlg_nnlse;:lLtr?agcjecS{Jtrergi tfsrorzga? ?k?eldgr?d pgfteiﬂgat':g? pourlsect?ﬁ channels activate (usually betweeB0 and 0 mV) as if there were
IR . - - s -a-finear driving force, a prudent approximation that yields a va
g:glrméz?olﬁlgvsvisrllblethceurl?rntea:‘;tlff:ﬁi(i?tigﬂdiﬁfji%ir?y g:: gﬁgg'vgr dla'escription of channel activation, but one that assigns an artifac
+128 mV. Howgver, sincge facilitation is removged atelegative poteé(?versdal potentiettl ds;Jbstantli_a lly me rlf ne(ig_ati;/e d tgan rt]he v?lues
. : . e : erved or expected for nonlinear, fully-activated Ca channel curre
tials with a bi-exponential time course having fast~<20 ms) and ﬁseee Fig. 18or example). The Boltzmann equation {9, . AL +

slow (r =1 s) components, it is likely that such measurement near t Y VY d to fi S st
end of the test pulse underestimates the degree to which facilitatiofPl(Vo.s — V)/sI}) was used to fit activation curves, whegeis a

occurred since some of the effect would have decayed during the ffgpductance due to calcium channels estimated from the slope o
20-23 ms of the test pulse. Activation curves were constructed frgfly activated, linear part of the-V relationship,V, s is the half-

normalized

G

0omyv

Time (min)

series resistance and leak corredtatrelationships after division by activation potential, ands is the slope factor. Statistical data arg

the driving force. Leak correction was performed by subtracting a liféesented as means SE. The absence of error bars in some grap
fit to thel-V relation near-60 mV (typically from—70 to —50 mV). indicates that either only one cell was viable at the time of record
Activation curves were then constructed by dividing thé relation ~ or that the error bars are smaller than the symbols. Statistical sig
by a line fit to the relatively linear portion of theV relation just icance of facilitation was estimated using paired one-tailed Stude
positive to 0 mV. This approach treats the voltage range over whittest unless otherwise indicated.
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RESULTS 35.4 = 5.6% (h= 30, P < 0.0005) in perforated-patch andl
L-type calcium channels are present in photoreceptors felégrﬁinlgssfa% (n=7,0.01< P < 0.025) in ruptured-patch

Figure 1 shows typical rod photoreceptor Ca channel barium
currents recorded using perforated-patch whole ce_zll tecﬁacilitation is voltage dependent
nigues. Ca channel currents were activated at potentials posi-
tive to —40 mV and reached a maximum amplitude at about The extent to which Ca channel current was facilitatgd
—10 mV. Application of nifedipine, a blocker of L-type chan-depended on conditioning depolarization. Such a dependgncs
nels, suppressed the Ca channel current (FiY, While Bay K  could be described well by a Boltzmann function (Fig.) 3In
8644, an L-type channel agonist, caused a dramatic increasthiige cells recorded from with the permeabilized patch te¢h-
current magnitude (Fig. 1E). The blocker of N-type calciurhique, the prepulse amplitude causing 50% of the maximpym
channels w-conotoxin GVIA, generally produced a slight defacilitation amount was-30.5+ 16.3 mV and the slope factor
crease in Ca channel current, although in some cells no effa@s +26.5= 6.0 mV.
was seen (Fig. 1D). These data, taken together with the non-
inactivating nature and high activation threshold of Ca channgime-dependent removal of facilitation
current, indicate that rods express an L-type calcium channel. o |
It should be noted that these properties of calcium channels infhe facilitation of Ca channel current was gradually elini-
rod photoreceptors appear generally similar to those in cofpted with an increase in the gap period between a prepulse{an
photoreceptors of this same species, although the block &ytest pulse (Fig. 3B). In the same cells, described in
w-conotoxin GVIA is greater in cones (Wilkinson and BarneBreceding text, in which the voltage-dependence of facilitatip

s

1996). was established, the time-dependent process appeared togh
double exponential with time constants of 226 and 835+ | &

Facilitation of Ca channel current 40|0 ms (n= 3). Note the large standard error in some of thes%
values. g

Ca channel current could be increased, or facilitated, by 3
application of a strong depolarizing voltage prepulse (Fig. 2).; pe calcium channels are facilitated 5
The average increase in the maximum conductance after 3/ =
prepulse to 100 mV was 22F% 5.9% (n= 16, 0.001< P < Application of the nonselective calcium channel blockgks
0.01) in perforated-patch recordings and 2%.@.6% (n= 13, cadmium, eliminated Ca channel current and the facilitaeg

P < 0.001) in ruptured-patch recordings. No significant changemponent to an extent that quantitative analysis was im
in the half activation potential was observed in either c&gg: sible (Fig. 4A). The L-type channel blocker nifedipineyli)

was 0.60* 0.46 mV (n= 16, 0.2< P < 0.3) in perforated- suppressed Ca channel current dramatically and made faci
patch recordings and 0.61 0.66 mV (n= 13, 0.3< P < 0.4) tion less significant than in control (Ca channel current
in ruptured-patch recordings. The slope factor also did nimicreased after the prepulse by 34:915.5%,n = 5, 0.05<
change significantly (increase of 2:31.9%, 0.2< P < 0.3 P < 0.1, see Fig. 4B). The L-type channel agonist Bay K 86
and 7.0+ 2.5%, 0.01< P < 0.02, respectively). We also (0.5-1uM) increased Ca channel current substantially and
calculated the percentage increase in peak Ca channel curmeot, affect the degree of facilitation (21.82 4.2%,n = 8,

measured at a potential usually betwee?0 and 0 mV, to be 0.001< P < 0.005, see Fig. 4C). The effects @fconotoxin

A 150 B

100

IGKBO|

Fic. 2. Depolarization-induced facilitation
of rod calcium channelsA: example of Ca
channel current recorded using the perforatefl
patch configuration at-40 and at 0 mV. Ca
channel current increased in amplitude when|a
voltage prepulse te-120 mV preceded the test
step. B: |-V relations of Ca channel current
without ©, Gmax = 1.41 pS.Vy5 = 14.9 mV,

s = 6.1 mV) and with @, g,,., = 2.05 pS,
Vos = 15.2 mV,s = 6.1 mV) the prepulse.
Leak current was subtracted after estimation s
a linear fit to the-V relation between-70 and
—50 mV. —, fits to thel-V relations for the
control and facilitated currents, which were cal
culated as the product of the Boltzmann fit o}
the activation curve (not shown) and a lineg
driving force reversing at-30 and+34 mV,
respectively. The cell shown was superfused
with the 10 mM BaC}, 25 mM TEACI, 10
CsCl containing Ringer solution.
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A 15 r ‘ » 1 1 . T phenomenon (Fig. 5). However, many intracellular procesges,
in particular some involving G proteins and phosphorylatidgn,
5 are membrane delimited. Therefore we used pertussis tgxin
g 1or ] (PTX) to block membrane delimited PTX-sensitive G proteir]s.
£ Figure 5 shows that facilitation still occurred in rods dissogi-
2 ated from retinas pretreated with fg/ml PTX for 4 h. On
g osr i average, with perforated-patch recordings from cells treated
B with 0.3 ug/ml PTX for 1-2 days, 3.g/ml PTX overnight, or
= 0oL ] 5 pg/ml PTX for 4 h, Ca channel current was increased affer
s the prepulse by 41.2 8.0% (n= 12, P < 0.0005).
The failure of PTX to block facilitation suggested that this
05 ‘ J , J [ , 1 J effect was independent of PTX-sensitive G proteins. To further
40 20 0 20 40 60 80 100 120 140  address the issue of the G-protein involvement in facilitatign,
Vorepuse (MV) we activated G proteins with 1 mM GT#S or locked G
proteins in their inactive form using 2 mM GDBS in the
B2 ‘ ‘ ' ’ pipette solution. In both cases, the facilitation persisted, [Ca
ol | channel current being increased by 2381.5% (n = 2, -
s 0.01< P < 0.025) and 37.8- 14.6% (n= 6, 0.01< P < |g
% osl | 0.025), respectively, suggesting a G-protein-independeﬁt
= mechanism (Fig. 5). The amount of facilitation seen witt
$ o6l | GTP+y-S in the pipette was not significantly different from
g control (0.8< P < 0.9; Student’s unpairetitest).
g 0.4 -+
; 02 - % ng _EOEUOI, mg I L"_’\ ca”
£ 100k 100 \( |
0.0 . L . 1 L g -200 200
0 200 400 600 800 1000 300 L 300
Time after prepulse (ms)
Fic. 3. Voltage and time dependence of Ca channel facilitathanthe B 100- Control 100 Nifedipine
degree of facilite}tion produced in a rod' as a fqnction of the prepulse voI_tagg. J J
The data were fit to a Boltzmann function having a voltage for half-maximaf 4|
effect at+51 mV and a slope factor of 12 mV (—8B: the degree of facilitation £
as a function of gap duration between the prepulse and the test pulse in the

same rod. The data were fit to a double-exponential function with time 100 -

constants of 61 and 1,024 ms having relative contributions of 0.62 and 0.38,
respectively (—). In botA andB, the degree of facilitation was evaluated asC 100 -
(If = 1)/1,, wherel; andl, are the amplitudes of Ca channel current after leaky [
subtraction with and without the prepulse, respectively. This value was th I
normalized to the maximum value obtained in the sefiesets: examples of ¢
the raw current recorded at the voltages or times indicated <., The 3
recordings shown were performed with perforated-patch techniques, and the-300 -
rod was superfused with the 10 mM Bg(25 mM TEACI, 10 CsCl containing
Ringer solution. 100 - Control 100

nf8p

-100
-200 [

w-conotoxin GVIA

g
GVIA were minor on both the Ca channel current and thg _102 [
degree of facilitation (39.1% 12.2%,n = 4, 0.02< P < 0.05, £
see Fig. 4D). These results show that it was L-type calciufh L
channels that were facilitated in rod photoreceptors by depo-
larization. pre
B
hold L . i
G proteins are not involved 0 70 140 0 70 140

Time {ms) Time (ms)

One well-defined intracellular mechanisms by which cal-
cium channels can be facilitated in a voltage-dependent mannetc. 4.  L-type calcium channels are facilitatett. Ccf* (20 uM) reduced

i indi i a channel current and the facilitation effe®: L-type channel blocker
IS throth the unbmdlng of G proteins from the Channel%ﬁfedipine (1 M) reduced Ca channel current and the facilitation effext.

While this mechanism has been demons,trated mOSt,ClearlyL!Q/pe channel activator Bay K 8644 (38M) increased Ca channel curren
the case of N-type Ca channels (for reviews, see Hille 199hd revealed facilitation as seen from Ca channel current amplitude and
Zamponi and Snutch 1998), we sought to test a role for @rrent amplitude and duratioB: N-channel blocket-conotoxin GVIA (0.5

proteins in the facilitation of rod L channels. uM) slightly suppressed Ca channel current and did not affect its facilitati
; ; ; s Il data are from perforated-patch recordinifoq = 60 MV, Vjepuss100
As described in the preceding text, facilitation occurreg Vi = —20 mV (A, C, andD) or 0 mV ). The rods shown i this figure

equally with perforated- and ruptured-patch recordings, castifigre recorded from in the 10 mM BaGR5 mM TEACI, 10 CsCl containing
doubt on whether any soluble messengers have a role in tRisger solution.
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60 ductance increased by 474 39.5, 24.7+ 9.2, 25.6+ 5.4,
M Perforated patch 43.7 = 9.8, and 28.9+ 13.8%, respectively).

L Ruptured patch

DISCUSSION

tein-coupled nor phosphorylation-dependent mechanisms|arg
involved in voltage-dependent facilitation of L-type calciu
channels in rod photoreceptors. It remains a possibility that
G-protein- or phosphorylation-dependent mechanisms, unaf-
fected by the drugs used presently, mediate aspects of|thq
process of facilitation or its removal. Sinc@neof our ma-
nipulations of the intracellular milieu affected facilitation, we
further doubt a role for a soluble messenger system. We
suggest that the likely mechanism responsible for facilitatipn
may be via a direct voltage-dependent conformational change

Fic. 5. Facilitation persists in the absence of G-protein modulatieft: of the channels, similar to. that suggested for L-.Channels
control levels of facilitation for ruptured- (+ 16) and perforated-patch @~ SMooth muscle and thalamic neurons (Kammermeier and Jgn

We interpret these findings to indicate that neither G—plo—

Facilitation, %

3

g
-
PTX
GTP+-S
GDP-B-S

@S>

13) recording conditions, expressed in terms of a change in maximum cd®98; Kleppisch et al. 1994). o
d_uctar?ceh(ﬁa) alg_d Eeeg Ca;] Chanlnel Currerﬁ_?(l)'-f A\{If;rage V?tlues and SE ar_etbl L-type calcium channels are represented by a numbe gf
given Iﬂ.t et_ext [o} t: Ca channel current still facilitates after tregtment wit| ifferent a SubunitSZ a Skeletal muscle o Cal’diaC, =
pertussis toxin (PTX; 0.3-hg/ml, 4—48 hn = 12, see text for details), 1 mM smooth mljscle brainjy 1S (I(<idney brain) (re)vielvcve(d in Dun g,_
guanosine 5'-O-(3-thiotriphosphate) (GH5; n = 2), or 2 mM guanosine ) 1D ! )
5'-0-(2-thiodiphosphate) (GDB-S, n = 6). In this series of experiments, the lap et al. 1995), andy, (rod photoreceptors) (Bech-Hansepo
5 mM BaCl,, 50 mM TEACI, 15 CsCl superfusion solution was used. et al. 1998; Strom et al. 1998). Calcium channels in bgtg
o _ salamander cones (Wilkinson and Barnes 1996) and rpds
Phosphorylation is not involved (present study) share a similar pharmacological profile, e gg
: I sensitivity to both dihydropyridines and-conotoxin GVIA, | =
Phospho_rylat|on-deper_1dent facilitation he_ls been sh(_)wn h ayp Ltype Ca channels, suggesting that this may e
L-type calcium channels in several preparations (Artalejo et @haracteristic o, Ca channels. The voltage-dependent fas
1990, 1992; but see Albillos et al. 1996; Doupnik and PUfjjitation of putativea,, channels in cerebellar granule cellsZ.

far)

1994), skeletal muscle (Sculptoreanu et al. 1993b), cardi@€yr and Lansman 1996) has properties consistent with th
muscle cells (Schouten and Morad 1989; Sculptoreanu et &..qq photoreceptors.

1993a; Tiaho et al. 1994, but see Foley and Pelzer 1994), and
neurons (Bourinet et al. 1994). We checked this possibility in
rod photoreceptors with special interest since earlier work had
shown that another type of rod ion channel, a voltage-gated

potassium channel, was regulated by phosphorylation (Kureg- ,, 1
nyi and Barnes 1997). <

Figure 6 summarizes the results of a battery of tests design%
to define the role of phosphorylation. When phosphorylatiaa
was favored and dephosphorylation suppressed by extracellljfarzo
application of 0.5-1uM okadaic acid in perforated-patch
recordings, depolarizations still increased the maximum con-
ductance reversibly by 33.6 11.4% (n= 8, 0.02< P <
0.025), an amount statistically indistinguishable from that in o
control (0.3< P < 0.4, unpaired-test). There was no signif-
icant shift in the half activation potentia¥/§ s = 0.11+ 0.70
mV, 0.8< P < 0.9). In ruptured-patch mode, the inclusion of
1 uM okadaic acid together with 1.8 mM ATP in the pipette
(n = 3) also resulted in facilitation similar to that seen during
control ruptured-patch experiments (maximum conductance
increase of 27.7 5.6%, 0.02< P < 0.05;V, ;= 0.21+ 0.28
mV, 0.5< P < 0.6). FiG. 6. Favoring or suppressing conditions suitable for protein phosphor-
An additional approach taken to address the problem wasytaion do not affect facilitation. Okadaic acid (0.52M; n = 8) by itself or
suppress phosphorylation. We included in the patch pipefgdaic acid (luM) together with 1.8 mM ATP in the pipette (a 3) led to |
. . . no change in the level of facilitation of maximum Ca channel conductance. The
either 1O_OMM H-7 _(a concentratlor_l that would likely block specific protein kinase A (PKA) inhibitor, PKI 5-24 (IM), applied with (n=
both cyclic nucleotide dependent kinases and PK&; 2), 1 4) and without 1 mM ATP (n= 3) did not change facilitation. 1-(5-isoquino-
1M PKI 5-24 (PKA inhibitor) with fi = 4) and without 1 mM linylsulfonyl)-2-methylpiperazine  (Iso-H-7), ~ 5’-adenylylimidophospha
ATP (n = 3), 0.5 mM AMP-PNP (nonmetabolizable analog off T, ) T orotei kinase inhibitor 1.(5-soai]
ATP, n = 14)’ .Or 2 mM ADPg-S (tO .Suppress adenylyl IinyIstjIfonyl)—’2—methylpiperazir?e (H-7) (p10ﬁLM; n = 2) also failed to alger
cyclase,n = 2) in ruptured-patch experiments. In all casesaciiitation. In this series of experiments, the 10 mM Bg@6 mM TEACI, 10
facilitation persisted at the control level (the maximum COrescl superfusion solution was used.
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Okadaic acid
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PKI + ATP

PKI - ATP
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The molecular structures responsible for G-protein-medpoLpHin, A.C. Reply.Trends Neuroscl9: 384-385, 1996b.

ated, voltage-dependent facilitation @f , and a,5 channels Doupnik CA anD Pun RYK. G-protein activation mediates prepulse facilitaf

: tion of C&* channel currents in bovine chromaffin cellsViembr Biol140:
(P/Q and N types, respectively), as well as samgchannels 4756, 1994,

(pOSSIbly R type) offer §_pe9ulat|ons into the problem of G\Z')UNLAP K, Lueske JI, AND TURNER TJ. Exocytotic C&" channels in mam

protein-independent facilitation. For these channel types, thenajian central neurongrends Neurosci8: 89-98, 1995.

domain I-1l cytoplasmic linker has been identified as the pr@enwick EM, MarTy A, anD NEHER E. Sodium and calcium channels in

tein region responsible for binding G-protein subunits (re-bovine chromaffin cellsJ Physiol (Lond)331: 599—-635, 1982.

viewed in Zamponi and Snutch 1998). Furthermore binding BfLe¥ CF anp PeLzer DJ. Voltage-dependent recruitment of Lacurrent

syntaxin to synaptic N-type channels modulates G_protein_facnltatlon |.n isolated ventricular myocytes from guinea-pig heaRhysiol

dependent facilitation (Stanley and Mirotznik 1997). It may bg (-0"9477: 88P, 1994. : Lo .
. . ) 8ARC|A AG AND CarBONE E. Calcium-current facilitation of in chromaffin

expected that analogous cytoplasmic regions of the G-proteingg|s Trends Neurosci9: 383-384, 1996.

independent channels, such as those in rods, impart equivateiey AM, CHarneT P, Pre JM, anD NARGEOT. J. Augmentation of cardiac

channel modulatory function in the absence of cytoplasmiccalcium current by flash photolysis of intracellular caged-Canolecules.

molecules such as G proteins or syntaxin, in a manner indeNature341: 65-68, 1989. _

pendent of protein phosphorylation. HiLLe B. Modulation of ion channels by G-protein coupled receptdrends

: : .1 Neuroscil7: 531-535, 1994.
. The m0|eCUIar mechanisms reSPOHSIbIe for L-Channel,faclq_AMMERMElER PJ anD Jones SW. Facilitation of L-type calcium current in
itation in rod photoreceptors remain unclear, and a solution tGnhajamic neurons) Neurophysiol79: 410—417, 1998.
this problem will likely require combined electrophysiologicalKierriscH T, PepersenK, STRUBING C, BossEDOENECKE E, FLOCKERZI V,
biochemical, and molecular biological approaches. The preserfoFrMANN F, AND HESCHELERJ. Double-pulse facilitation of smooth musclq

_ . DFMANN F, AN : smooth
results offer evidence that the L-type Ca channels in photore:Subunit C&" channels expressed in CHO ceMBO J13: 2502-2507,

ceptors are unique with respect to the faciIitatc.)ry.prc_)perties Q@leENN'Y DE, MoRoz LL, TURNER RW, SHARKEY KA, AND BARNES S. Mod-
Qya-, Q1 0y, andaqe-like Ca channels. This finding fur  ulation of ion channels in rod photoreceptors by nitric oxideuron 13:
thers the functional distinctions being drawn between the315-324, 1994.

classes of L-type Ca channels (e@lF L-type Ca channels as KURENNYI DE anD BARNES S. Regulation of M-like potassium current, | by

compared Witho C) calcium-dependent phosphorylation in rod photoreceptans.J Physiol
c- Cell Physiol272: C1844-C1853, 1997.

MoRraGans C. Calcium channel heterogeneity among cone populations in

This work was supported by the Medical Research Council (MRC) of tree shrew retinaEur J Neuroscill: 2989—2993, 1999.

Canada and the Johansen Research Fund of the Fight for Sight reseasgiki HR anD LANSMAN JB. Multiple components of Ga channel facilitation

division of Prevent Blindness America. in cerebellar granule cells: expression of facilitation during developmen
culture.J Neuroscil6: 4890-4902, 1996.
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