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ABSTgACT High-voltage activated Ca channels in tiger salamander cone photoreceptors 
were studied with nystatin-permeabilized patch recordings in 3 mM Ca 2+ and 10 m M B a  2+. 
The majority of Ca channel current was dihydropyridine sensitive, suggesting a preponder- 
ance of L-type Ca channels. However, voltage-dependent, incomplete block (maximum 60%) 
by nifedipine (0.1-100 IzM) was evident in recordings of cones in tissue slice. In isolated 
cones, where the block was more potent, nifedipine (0.1-10 ~M) or nisoldipine (0.5-5 ~M) 
still failed to eliminate completely the Ca channel current. Nisoldipine was equally effective 
in blocking Ca channel current elicited in the presence of 10 mM Ba z+ (76% block) or 3 mM 
Ca 2+ (88% block). 15% of the Ba z+ current was reversibly blocked by 0~-conotoxin GVIA (1 
p.M). After enhancement  with 1 I*M Bay K 8644, t0-conotoxin GVIA blocked a greater propor- 
tion (22%) of Ba 2+ current than in control. After achieving partial block of the Ba 2+ current 
with nifedipine, concomitant application of t0-conotoxin GVIA produced no further block. 
The P-type Ca channel blocker, ~0-agatoxin IVA (200 nM), had variable and insignificant ef- 
fects. The current persisting in the presence of these blockers could be eliminated with Cd 2+ 
(100 ~M). These results indicate that photoreceptors express an L-type Ca channel having a 
distinguishing pharmacological profile similar to the ~m Ca channel subtype. The presence 
of additional Ca channel subtypes, resistant to the widely used L-, N-, and P-type Ca channel 
blockers, cannot, however, be ruled out. Key words: nifedipine * nisoldipine �9 presynaptic �9 
L-type Ca channel 

I N T R O D U C T I O N  

The impor tance  of  calcium as a regulator  of  a variety of  
cellular processes is firmly established. Voltage-gated 
calcium channels, referred to as Ca channels in this re- 
port,  provide a major  regulated avenue for calcium in- 
flux, making the study of these ion channels and their 
critical role in neurotransmission of  considerable inter- 
est. Typically, neuronal  presynaptic Ca channels are lo- 
cated at the distal ends of  axons, often render ing  these 
channels inaccessible for study via conventional voltage 
c lamp techniques. Within the vertebrate central ner- 
vous system, the pho torecep tor  output  synapse pro- 
vides a unique model  for the study of  presynaptic Ca 
channels (Attwell, 1990). Because these channels are 
located within or electrotonically near  the somal ( inner 
segment)  m e m b r a n e  of the photoreceptor ,  the study of 
presynaptic Ca channels by whole-cell voltage clamp 
methods  is possible. 

The increased use of  naturally occurr ing toxins in 
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pharmacological  investigations of  Ca channels has re- 
vealed several subtypes of  high voltage-activated (HVA) 1 
Ca channels in neural membranes  (Olivera et al., 
1994). Whereas biophysical criteria confirm numerous  
HVA subtypes (Nowycky et al., 1985a), this approach  
has not  kept  pace with the pharmacological  advances 
in this field. 

Photorecep tor  Ca channels have been considered to 
be of  the HVA subtype (Bader et al., 1982; Corey et al., 
1984; Maricq and Korenbrot ,  1988; Barnes and Hille, 
1989; Lasater and Witkovsky, 1991). Previous studies 
have used dihydropyridines to define the presence of 
L-type Ca channels in cones (Maricq and Korenbrot ,  
1988; Barnes and Hille, 1989) and 0~-conotoxin GVIA 
to define the lack of N-type Ca channels (Lasater and 
Witkovsky, 1991). However, rigorous pharmacological  
examinat ion of  the cone Ca channel  has not  been  per- 
formed.  The  purpose  of  the present  study was to inves- 
tigate in more  detail the pharmacology of  these Ca 
channels with nystatin-permeabilized patch recordings 
using cones in retinal slices and isolated cones, and us- 
ing Ba 2+ or Ca 2+ as charge carriers. This study comes at 

1Abbreviation used in this pap~ HVA, high voltage activated. 
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a t ime when  the role  o f  L-type Ca channe l s  at the cone  

p h o t o r e c e p t o r  o u t p u t  synapse faces a cha l lenge :  H i g h  

concen t r a t i ons  o f  d ihydropyr id ines  do no t  comple t e ly  

e l imina te  synaptic t ransmiss ion f r o m  pho to r ecep to r s ,  

and  an add i t iona l  c a l c ium-pe rmeab le  c h a n n e l  type 

(e.g., c G M P - g a t e d  channe ls )  has b e e n  p r o p o s e d  to 

play a role  at this synapse (Rieke a n d  Schwartz, 1994). 

To  establish w h e t h e r  mul t ip l e  Ca c h a n n e l  subtypes ex- 

ist at  this synapse, and  to def ine  m o d u l a t o r y  pathways 

that  i n f luence  p h o t o r e c e p t o r  Ca channe l s  and  synaptic 

t ransmiss ion (Barnes et  al., 1993; Kurenny  et  al., 1994), 

the  ident i ty  o f  the Ca channe l s  mus t  be  d e t e r m i n e d .  In 

this r e p o r t  we assess the  identif iabil i ty o f  the presynap- 

tic HVA Ca c h a n n e l  subtype involved in r egu la t ion  o f  

the c o n e  p h o t o r e c e p t o r  synapse. 

M E T H O D S  

Two cone preparations were used in this study: retinal slices and 
isolated cells. Slices were made according to the methods of Wer- 
blin (1978). Larval tiger salamanders were killed by decapitation, 
the eyes were removed, and the anterior portion of the eye was 
cut away. A 1 mm by 1 mm piece of the eyecup was cut free and 
set, ganglion cell side down, upon a filter (Millipore Corp., Bed- 
ford, MA). After the cells adhered to the filter, the sclera was re- 
moved under saline, and the tissue and filter were chopped with 
a razor blade into 150-1xm slices. These were rotated through 90 ~ 
to allow viewing of the retinal cross-section under a microscope 
(model UM-2; Diaphot, Nikon, Inc., Melville, NY) equipped with 
a • immersion objective (Carl Zeiss, Inc., Thornwood, NY). 
Isolated cone photoreceptors retaining outer segments were ob- 
tained from retinas with trituration after treatment with papain 
(0.5 mg/ml, 15 nfin, 20~ and were visualized in a Nikon Dia- 
phot microscope. In both forms, the cones were recorded from 
under constant, bright microscope illumination, except during 
applications of dihydropyridines. Patch electrodes, coated with 
Sylgard (Dow Corning, Midland, MI) and fire polished to resis- 
tances of 2.5-6 Mohm, were filled with a solution containing (in 
mM) 100 CsCI, 3.5 MgClz, l.5 ATP Na z, 10 HEPES, and 1 EGTA, 
pH 7.2, and sonicated with 150 Ixg/ml nystatin (Korn et al., 
1991). Before back-filling with this solution, the pipette tip was 
briefly dipped in filtered, nystatin-free solution. Whole-cell ac- 
cess, .judged by the appearance of membrane capacitance cur- 
rents with time constants reflecting access resistances in the 10- 
30 Mohm range, typically occurred within 5 rain, and the series 
resistance was compensated by 40-90% (Axopatch 1D and Axo- 
patch 200). Cones had capacitances ranging from 6 to 48 pF 
(16.5 -+ 9.2 pF, mean -+ SEM, n = 70), similar to values reported 
previously for cones in slices (26 -+ 9 pF; Merchant and Barnes, 
1991) and enzymatically isolated cones (20 -+ 10 pF; Barnes and 
Hille, 1989). Filtered signals were digitized with an interface (In- 
dec Systems, Sunnyvale, CA) for storage in a 386 computer run- 
ning BASIC-FASTLAB acquisition software. 

For cell isolation, the bathing solution contained (in mM) 90 
NaCI, 2.5 KCI, 3 CaCI~, 10 HEPES, and 8 d-glucose at pH 7.6. To 
isolate Ca channel currents, the bath contained (in mM) 10 
TEABr, 65 NaCI, 5 CsC1, 10 HEPES, 10 BaCle, 2.5 KC1, and 8 glu- 
cose at pH 7.6. Experiments using a Ca external solution con- 
rained the following (in raM): 10 TEAC1, 75 NaCI, 5 CsC1, 10 

HEPES, 3 CaClz, 2.5 KC1, and 8 glucose at pH 7.6. Ca channel ag- 
onists and antagonists were diluted in external bathing solution 
from concentrated stocks and applied via gravity-driven bath flow 
with suction pump removal. Complete or massive block of the 
peak Ca channel current could be rapidly achieved with the diva- 
lent cation cadmium (100 o~M). Nifedipine and Bay K 8644 were 
diluted from 100-mM or 10-mM stocks, respectively, in DMSO. 
DMSO as high as 0.1% was found not to affect Ba 2+ currents 
when applied alone to six cells. A 10-mM stock of nisoldipine was 
made up in 95% ethanol and diluted in Ba e+ or Ca 2+ external so- 
lution (Rieke and Schwartz, 1994), or prepared at 10-raM stock 
in DMSO. Cytochrome c (0.01% wt/vol), which did not affect Ca 
channel currents when applied alone (n = 4), was used in con- 
junction with t0-agatoxin IVA. Chemicals were obtained from 
Sigma Chemical Co. (St. Louis, MO) with the exceptions of nisol- 
dipine, which was a gift of Miles Inc. (Kankakee, IL), and aga- 
toxin IVA, which was obtained from Peptides International Inc. 
(Louisville, KY) and Research Biochemicals International (Nat- 
ick, MA). 

Block was judged to have reached steady state when current 
magnitudes, in response to repeated, equivalent depolarizing 
steps, overlapped for at least five repetitions (usually 15 s). Per- 
centage block was defined as [1 - (Itc~t)/(I~ . . . . . .  i)] " 100, and was 
assessed at the peak of the control I-V relation. Cadmium-sub- 
tracted current magnitudes were usually averaged over the last 
20-30 ms of each voltage step. An exception to this was made in 
slices where the voltage dependence of nifedipine block was most 
evident during the transient phase of the evoked current (see 
Fig. 1). All statistical data are presented as mean _+ SEM unless 
otherwise noted and analyzed using an independent Student's t 
test where appropriate. Statistical significance was considered 
with P < 0.05. 

R E S U L T S  

Dihydropyridine Sensitivity of the Ca Channel Current 

We charac te r i zed  a Ca c h a n n e l  subtype in cones  by us- 

ing  the d ihydropyr id ine  antagonis t ,  n i fed ip ine ,  at sev- 

eral  concen t r a t i ons  in re t inal  slices b a t h e d  in 10 mM 

Ba z+. Bar ium cur ren ts  exh ib i t ed  a m o d e s t  t rans ient  

c o m p o n e n t ,  apparen t ly  because  o f  c o n t a m i n a t i o n  f rom 

cur ren ts  in o t h e r  types o f  channe l s  (Barnes and  De- 

sch~nes, 1992). U p  to 60% of  the peak  Ca channe l  cur- 

r en t  was b locked  in a v o l t a g e - d e p e n d e n t  m a n n e r  by 

n i f ed ip ine  (0.1-100 ~M).  Even at 10-100 IxM, concen-  

trat ions shown to affect  o t h e r  types o f  ion channe l s  

(Jones  a n d J a c o b s ,  1990), a c o m p o n e n t  o f  Ca c h a n n e l  

cu r r en t  was resistant  to block. Fig. 1 A shows Ca chan-  

nel  cur ren t s  evoked  by test depola r iza t ions  to - 5  mV in 

con t ro l  and  in the p r e sence  o f  n i fed ip ine  and  Cd z+, 

T h e  c o m p l e t e  I -V  re la t ions  u n d e r  these condi t ions  are 

shown in Fig. 1 B. V o l t a g e - d e p e n d e n t  b lock was ev iden t  

when  cur ren ts  were  tested in 10 p~M ni fed ip ine ,  with 

the  greates t  d e g r e e  o f  b lock  o f  the inward c u r r e n t  

evoked  f rom a h o l d i n g  po ten t ia l  o f  - 4 0  inV. 

Concen t r a t i on - r e sponse  data  were  p o o l e d  f rom 43 
n i fed ip ine - t rea ted  cells in re t inal  slices, for  th ree  hold-  

ing potent ia ls ,  as shown in Fig. 1 C. Marked  voltage- 
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FIGURE 1. Nifedipine 
actions are dose and 
voltage dependent. (A) 
Leak-subtracted Ba 2+ 
currents from a cone 
in a retinal slice elic- 
ited during steps to - 5  
mV from a holding po- 
tential of -60 mV in 
control, nifedipine (10 
and 100 ~M), and 
Cd 2+ (100 ~M). Scale 
bars, 30 ms and 150 
pA. (B) Current-volt- 
age relations from the 
same cell in A, in con- 

trol, nifedipine (10 and 100 tzM), and Cd 2+ (100 IzM). These leak-corrected data were generated from holding potentials of -40  (closed 
symb0/s) and -80 mV (open symbols). (C) Pooled nifedipine concentration-response data from 43 cones in slices. Data are means _+ SEM 
with 9-17 observations per point. Half-maximal block occurred at 3.5, 1, and 0.4 IxM for holding potentials of -80, -60, and -40  mV, re- 
spectively. Note that at the 100 txM nifedipine concentration, significant Ba 2§ current remains unblocked. 

d e p e n d e n t  i nh ib i t i on  of  the Ba z+ c u r r e n t  by n i f ed ip ine  

was ev ident  at 1 ~M. T h e  par t icular ly  s t rong block at 
1 IxM that  occur red  in  cells he ld  at - 4 0  mV could  have 
b e e n  due,  at least in  part,  to c o m p r o m i s e d  m e m b r a n e  
voltage cont ro l  of  cones  in slices. 

In  s u b s e q u e n t  expe r imen t s  with isolated cone  photo-  

receptors ,  where  voltage con t ro l  was be t te r  a n d  where  
p e n e t r a t i o n  of  n i f ed ip ine  was n o t  an  issue, we observed 
less t rans ience  in  the cont ro l  b a r i u m  currents .  We 

f o u n d  in isolated cones  that  10 IxM n i fed ip ine  antago-  
n ized  a greater  p r o p o r t i o n  of the  con t ro l  c u r r e n t  
(64.6 + 3.3%, n = 12) than  in  record ings  in slices 
(36.1 + 6.1%, n = 17) when  cells were he ld  at - 6 0  mV 

(P = 0.02, i n d e p e n d e n t  t test). The r e  was, however,  n o  
di f ference at 1 txM n i f ed ip ine  (P = 0.45). 

High  sensitivity to d ihydropyr id ines  is cons ide red  di- 

agnost ic  for L-type Ca channe l s  (Hille, 1992). In  car- 
diac, smooth  muscle,  a n d  bra in  cells, d ihydropyr id ines ,  
i nc l ud i ng  n i fed ip ine ,  block L-type Ca channe l s  at  sub- 

m i c r o m o l a r  c o n c e n t r a t i o n s  (Janis a n d  Triggle,  1991). 
Fig. 2 illustrates that in isolated cones,  where  bo th  

m e m b r a n e  potent ia l  a n d  concen t r a t i ons  of  n i f ed ip ine  
are con t ro l l ed  more  reliably, 0.1 IxM n i fed ip ine  pro- 
duc e d  modes t  bu t  vo l t age -dependen t  block of  the peak  
Ba z+ cur ren t .  In  six such e•  the average 

block ( taken at the peak of  the I -V re la t ion)  was 49.7 _+ 
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tions from the cell in A. Voltage dependence of nifedipine block is most evident near the peak. Data for control 
sponses are provided from -60 mV holding potential for clarity. 
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FIGURE 2, Low con- 
centrations of nifedi- 
pine induce modest vol- 
tage-dependent block 
of Ca channel cur- 
rents in isolated cones. 
(A) Leak-corrected cu- 
rent records demon- 
strafing voltage-depen- 
dent block of the peak 
Ca channel current by 
0.1 I~M nifedipine in 
an isolated cone. Con- 
trol sweeps at the hold- 
ing potentials indi- 
cated were similar, 
and the record oh- 
wined from -60 mV is 
shown for clarity. (B) 
Current-voltage rela- 
and Cd 2+ (100 ~tM) re- 
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FIGURE 3. Nisoldipine is a potent but incomplete blocker of Ca 
channel currents. (A) Leak-corrected current-voltage relation 
from an isolated cone in control (10 mM Ba z+, open circles), nisol- 
dipine (5 ~M, closed circles), and Cd 2+ (100 IxM, closed triangle~). 
Note that the nisoldipine-resistant current fiaction was abolished 
in Cd '~+. (B) Time course of current block by nisoldipine. Peak 
current was elicited every 3 s with voltage steps from -60 to -10 
mV and plotted against time. When steady-state block was achieved 
(horizontal bar indicates drug application), Cd ~§ was added and 
blocked the remaining current. Full recovery from nisoldipine 
block was not observed in six cells tested. Current records taken 
before (control), at peak nisoldipine block, and in Cd '~+ are shown 
in the inset (scale bars, 40 ms and 50 pA). 

8.3%, 21.4 _+ 5.2%, and  21.8 -+ 5.6% for  cells he ld  at 
- 4 0 ,  - 6 0 ,  and  - 8 0  mV, respectively. C o m p a r e d  with 
cones in slices held  at - 6 0  mV, significantly m o r e  block 
was observed in isolated cones t reated with 0.1 IxM nife- 
dipine (P = 0.04, i n d e p e n d e n t  t test). 

We verified the actions o f  n i fedipine  by using a sec- 
ond  d ihydropyr id ine  antagonist ,  nisoldipine,  on  Ca 
channe l  currents  in isolated cones.  Fig. 3 illustrates the 
cur ren t -vo l tage  relat ion and  time course  o f  block in an 
expe r imen t  where  nisoldipine (5 txM), u p o n  reach ing  

a steady state, incomple te ly  b locked the Ba 2+ current .  
The  r emain ing  cu r ren t  was abol ished with 100 p,M 
Cd 2+. In  six ceils, nisoldipine (5 jxM) blocked 76.2 -+ 
8.1% of  the cont ro l  Ba 2+ current ,  which was signifi- 
candy  m o r e  (P = 0.02, t test) than  nifedipine (46.1 +- 
2.9%, n = 5) used at the same concen t ra t ion  (see Fig. 
8). Fig. 3 B also shows that, unlike nifedipine,  reversal 
o f  nisoldipine block was slow and  incomple te  over the 
time scale tested. Since some d ihydropyr id ine  effects 
seem sensitive to the type o f  solvent used (Wu et al., 
1992a; Wu et al., 1992b), we c o m p a r e d  the magn i tude  
o f  nisoldipine block when  e thanol  was used to solubi- 
lize the drug,  as descr ibed above, with that  when  
DMSO was used. F rom the same ho ld ing  potent ial  
( - 6 0  mV), 5 txM nisoldipine (solubilized in DMSO) 
p r o d u c e d  88.8 -+ 1.6% block (n = 4), which was indis- 
t inguishable (P = 0.27) f rom the exper iments  in which 
e thanol  had been  used. 

Comple te  block of  cone  Ca channels  by 5 #,M nisol- 
dipine was recently r epor ted  when Ca 2+ (3 mM) was 
used as the charge  carrier  (Rieke and  Schwartz, 1994). 
In  addi t ion to using Ba 2+, we assessed nisoldipine block 
of  cone  Ca channels  using a CaZ+-containing (3 mM) 
external  solution. Fig. 4 shows data f rom two such ex- 
periments .  In Fig. 4 A, the cur ren t -vo l tage  relations re- 
veal a small, CdZ+-sensitive cu r ren t  that  persisted after 
bath appl icat ion o f  nisoldipine. In a different  cone  
shown in Fig. 4 B, the t ime course o f  d ihydropyr id ine  
block is illustrated with peak cu r ren t  plot ted against 
t ime u n d e r  the condi t ions  indicated.  Typically, a small 
cu r ren t  r ema ined  after steady-state block was reached,  
which was complete ly  abol ished in Cd ~)+. In nine cells 
tested, 88.0 _+ 3.2% of  the cont ro l  Ca 2+ cur ren t  (in 3 
mM Ca 2+) was b locked  by nisoldipine,  with the remain-  
ing cur ren t  abol ished in Cd 2+ (100 ix.M). This degree  
o f  nisoldipine block was no t  significantly different  f rom 
exper iments  p e r f o r m e d  in 10 mM external  Ba z+ (P = 
0.16, t test). Thus,  dihydropyridine-resistant ,  Cd')+-sen - 
sitive cu r ren t  was consistently observed in cones, and  
this was i n d e p e n d e n t  o f  the charge  carr ier  or  the chan- 
nel antagonist .  Note,  however, that  these observations 
do no t  necessarily imply the presence  o f  an addit ional  
Ca channe l  type, as discussed below. 

Conotoxin GVIA Sensitivity of the Ca Channel Current 

From the p reced ing  results it is evident  that  even high 
concen t ra t ions  o f  d ihydropyr id ine  antagonists  fail to 
abolish complete ly  the Cd2+-sensitive peak  Ca channe l  
cu r ren t  in cone  pho torecep tors .  This suggests that  ad- 
dit ional Ca channe l  subtypes could  cont r ibute  to the 
total inward cu r ren t  observed u n d e r  ou r  r ecord ing  
condit ions.  To character ize these addit ional  cu r ren t  
components ,  we used the Ca channel  antagonist, c0-cono- 
toxin GVIA, a pept ide  toxin whose b locking  actions de- 
fine the presence  o f  N-type Ca channels  (Olivera et al., 
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Charge cartier does not influence nisoldipine block. FIGURE 4. 
(A) Leak-subtracted current-voltage relations from an isolated 
cone recorded in 3 mM external Ca 2+. The nisoldipine-insensitive 
current was abolished in Cd 2+. (B) Time course of nisoldipine 
block is illustrated in another cell where the record was not inter- 
rupted to obtain I-V relations. Peak current was elicited every 4 s 
with voltage steps from -60 to 0 mV and plotted against time. As 
observed with Ba2+-containing media, steady-state nisoldipine 
block remained incomplete when Ca 2+ was the charge cartier. Ni- 
soldipine inhibition of the current recovered very slowly. Leak-cor- 
rected current records taken before, at peak block, and in Cd 2+ 
(average of five sweeps) are shown in the inset (scale bars, 30 ms 
and 50 pA). 

1994). Fig. 5 il lustrates part ial  b lock of  Ca c h a n n e l  cur- 
r e n t  by 1 o~M c o n o t o x i n  GVIA in  a cone  b a t h e d  in 10 
mM Ba 2+, a n d  the almost  total abol i t ion  of the remain-  
ing  inward  c u r r e n t  in the p resence  of  100 wM Cd 2+. In  
10 isolated cone  pho torecep tors ,  1 v.M c o n o t o x i n  
GVIA reversibly i nh ib i t ed  the Ca c h a n n e l  c u r r e n t  by 

15.4 + 2.9%. Reversibility also ru led  ou t  c h a n n e l  run-  
down as a mis taken  i n t e rp re t a t i on  of  c u r r e n t  block. 
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FIGURE 5. Block of Ca channel currents by conotoxin GVIA. (A) 
Ba 2+ currents recorded from an isolated cone at 0 mV in the pres- 
ence and absence of 1 p.M conotoxin GVIA (CgTx). Holding po- 
tential was -60 mV. (B) Leak-subtracted I-V relations for the data 
in A, including one obtained in 100 ~M cadmium. 

Agatoxin Sensitivity of the Ca Channel Current 

To reveal add i t iona l  Ca c h a n n e l  subtypes, we used  the 

P-channe l  b locker  t0-agatoxin IVA, which we f o u n d  to 
variably reduce  Ba 2+ c u r r e n t  in cone  pho to recep to r s  
(3.9 + 4.8%, n = 9; see Fig. 8). The  c o n c e n t r a t i o n  used  
(200 nM) is cons ide red  to be sa tura t ing  for this class of 

c h a n n e l  (Mintz et al., 1992; Mintz  a nd  Bean,  1993). 
W h e n  inh ib i to ry  effects of  agatoxin  IVA were detected,  
they were always reversible (six of  n i n e  cells). 

Dihydropyridines and Conotoxin GVIA Interact with the 
Same Channels 

The  evidence  p re sen t ed  so far conven t iona l ly  suggests 
the p resence  of  L- a n d  N-type Ca channe l s  in cones. To  
establish the specificity of  c ono t ox i n  GVIA act ion on  

the HVA Ca c h a n n e l  cur ren t ,  we used  the dihydropyri-  
d ine  agonis t  Bay K 8644, which has b e e n  shown to in- 
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Fmum~ 6. Block of Bay K 
8644-enhanced Ca channel 
currents by conotoxin GVIA. 
(A) Ba 2+ currents recorded 
from an isolated cone at -10 
mV in control, 1 I~M Bay K 
8644, then with 1 ixM con()- 
toxin GVIA added to the Bay 
K, and finally in 100 I~M 
Cd 2+. Drugs were applied in 
the order given above, and 
the holding potential was 
-60 mV. The first 22 ms and 
last 4 ms of each 110 ms depo- 
larization are shown. (B) 
Leak-corrected I-V relations 
are shown from the data in A 
for control (open squares), 1 
IxM Bay K 8644 (closed circles), 
lp~M Bay K 8644 plus 1 
I~Mconotoxin GVIA (closed 
squares), and 100 ttM Cd 2+ 
(dashed line). 

crease the burst time of  L-type Ca channels (Nowycky 
et al., 1985b). In doing so, Bay K enhances current elic- 
ited during depolarizing voltage steps and also pro- 
longs the tail currents. Fig. 6 presents the manifestation 
of  these actions in cone photoreceptors.  Bay K 8644 (1 
~M) increased the peak Ca channel current about 
fourfold and increased the time constant of  tail current 
deactivation from <2  ms to >5  ms. In addition, activa- 
tion midpoints were typically shifted in the hyperpolar- 
izing direction in the presence of  the dihydropyridine 
agonist ( - 7 . 7  - 1.8 mV, n = 6). The effect of cono- 
toxin GVIA on the Bay K-prolonged tail current, a de- 
fined and isolated componen t  of L-type Ca channel ac- 
tivity, has been examined previously (Plummer et al., 
1989; Regan et al., 1991). In the presence of Bay K 
8644, conotoxin GVIA blocked a disproportionately 
large amount  of current. In the experiment shown, 
conotoxin GVIA blocked almost the same amount  of  
current in the presence of  Bay K 8644 (65 pA) as was 
present in control (80 pA). Overall, Bay K 8644 in- 
creased current elicited by the depolarizing test step by 
413 + 67% (n = 8). Conotoxin GVIA (1 IJ.M) blocked a 
slightly greater proport ion of  current (22.7 -+ 4.2%, 
n = 8) in Bay K 8644-treated cells than in control 
(15.4 _+ 2.9%, n = 10, P = 0.16, t test). If conotoxin 
GVIA blocked specifically the Bay K-insensitive current 
component ,  we would have expected a 4% blocking ef- 
ficiency (15%/413%) in the presence of  Bay K. Since 
conotoxin GVIA block was slightly greater in the pres- 
ence of  Bay K than in control, these data suggest that 
conotoxin GVIA was in fact blocking the Bay K-enhanced 
current. 

In contrast, however, conotoxin GVIA had a less obvi- 

ous effect on the Bay K-slowed tail current. For exam- 
ple, for the cell illustrated in Fig. 6, a single exponen- 
tial was fit to the control tail current (1.4 _+ 0.5 ms, 
measured in response to five test voltages) while two ex- 
ponentials were used in Bay K (1.1 -+ 0.3 and 5.3 -+ 1.4 
ms, six test voltages). The fast time constant reflects an 
upper  limit for unmodified channel deactivation, 
which may be faster but cannot  be accurately resolved 
because of the limited speed of  the voltage clamp. 
Conotoxin GVIA reduced the fast tail current compo- 
nent  (time constant of 1.7 _+ 0.1 ms, four test poten- 
tials) more than the Bay K-slowed tail current compo- 
nent in this cell. In four of six cells tested in this manner 
with Bay K and conotoxin GVIA in combination, block 
of slow tail current was difficult to detect, whereas, in two 
other cells, reduction of the slow tail current was evident. 

Further experiments showed that the blocking ac- 
tions of  dihydropyridines and conotoxin GVIA are not 
additive. Fig. 7 provides an example of an experiment 
where two Ca channel blockers, nifedipine (1 IxM) and 
conotoxin GVIA (1 IxM), as well as Cd 2+ (100 ~M), 
were used in combination. As this figure illustrates, the 
simultaneous application of nifedipine and conotoxin 
GVIA resulted in no further suppression of the peak 
current, which was completely abolished in Cd ~+. How- 
ever, conotoxin GVIA applied alone reversibly inhib- 
ited the current. In seven experiments performed in 
this manner,  conotoxin GVIA actually increased cur- 
rent by 0.6 +- 7.0% in the presence of  nifedipine, 
whereas, either before application of  nifedipine or af- 
ter washing out the effects nifedipine, conotoxin GVIA 
applied alone blocked 15.4 _+ 2.9% of the current (P < 
0.03, t test). Although agatoxin IVA by itself inhibited 
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Block of Ca channel currents by nifedipine and cono- 
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lated cone at 0 mV in the presence and absence of 1 p,M nife- 
dipine and 1 ~M nifedipine plus 1 ~M conotoxin GVIA (CgTx). 
Holding potential was - 6 0  mV. (B) Current records from the 

same cell before and during application of 1 ~M conotoxin GVIA 
in the absence of nifedipine. Current records in A and Bwere leak 

subtracted; the dashed line represents the zero current level. (C) 
Peak current amplitudes were evoked with steps from - 6 0  to 0 mV 
every 3 s and plotted against time to illustrate the time course of 
nifedipine, conotoxin GVIA, and Cd ~+ block in the cell shown in A 
and B. The effects of  Ca channel antagonists were fully reversible. 

cu r ren t  in six o f  n ine  cells tested (see above),  when  ap- 
pl ied in comb ina t i on  with n i fedipine  and  cono tox in  
GVIA, there  was never a r educ t ion  observed (increase 
o f  4.5 _ 13.1%, n = 4, data  no t  shown).  

Fig. 8 summarizes  the results o f  Ca channe l  b lockade  
by the antagonists  used in this study in isolated cones  
ba thed  in 10 mM Ba 2+ and  he ld  at - 6 0  inV. These  data  
unde r sco re  the inability o f  the two d ihydropyr id ine  an- 
tagonists, used at several concent ra t ions ,  to an tagonize  
comple te ly  the Ca channe l  cur rents  in cones.  Poo led  
data  f rom exper iments  us ing cono tox in  GVIA and  aga- 
toxin IVA are also shown, as are the effects o f  cono-  
toxin GVIA appl ied  in the p resence  o f  nifedipine.  

0 . I  I 5 10 0 ,5  5 I I / I  0 ,2  

Co chonnol antogonlst concentration (#M) 

FIGURE 8. Summary of Ca channel antagonist effects on isolated 
cone Ba '2+ currents. Inhibitory actions of each Ca channel antago- 
nist on control current are shown. In the case of conotoxin GVIA 
application to nifedipine-treated cells, control current was taken as 
current remaining after nifedipine block. Numbers in parentheses 
represent the number of cells in each group. Holding potential 
was -60  mV in each case. Values were averaged from currents 
evoked at the peak of the current-voltage relation for each cell 
(typically measured at values of -10 to + 10 mV). 

D I S C U S S I O N  

This study sough t  to character ize the calcium cur ren t  
o f  cone  pho to r ecep to r s  using pharmaco log ica l  tools 
appl ied to isolated cells and  cells in retinal slices. T h e  
principal  f inding o f  this study is that  the cone  Ca chan- 
nel is an atypical L-type channel ,  as charac ter ized  by in- 
comple te  block o f  cu r ren t  at diagnost ic  ( submicromo-  
lar) concen t ra t ions  o f  d ihydropyr id ine  antagonists.  We 
conf i rmed  that  whole-cell Ca channe l  cu r r en t  is en- 
tirely o f  the HVA type, as no  low vol tage-act ivated cur- 
ren t  was evident  when  m o r e  negative ho ld ing  poten-  
tials were used (Barnes and  Hille, 1989). W h e n  tested 
in Ba 2+- or  Ca2+-containing media ,  we conf i rmed  that  
the majority o f  the Ca channe l  cu r ren t  was carr ied in 
dihydropyridine-sensi t ive Ca channels  (Maricq and  Ko- 
renbrot ,  1988; Barnes and  Hille, 1989; Lasater a n d  Wit- 
kovsky, 1991; Rieke and  Schwartz, 1994), which sug- 
gests convent ional ly  that  the major  Ca channe l  subtype 
in cones is L-type. However,  ~ 20% o f  the HVA cu r ren t  
was resistant to h igh concen t ra t ions  (5 ~zM) o f  nisol- 
dipine,  and  ~ 4 0 %  was resistant to yet h ighe r  concen-  
trations (100 ~M) of  nifedipine.  The  resistant cu r ren t  
cou ld  be b locked  with Cd 2+ (100 p~M), specifying it as a 
Ca channe l  current ,  and  we discuss below the likeli- 
h o o d  that  it truly represents  an addi t ional  Ca channe l  
subtype in cone  pho torecep tors .  

L-Type Ca Channels Account for the Majority of Cone Ca 
Channel Current 

Previous studies have shown that  Ca channels  in verte- 
brate  pho to recep to r s  are sensitive to d ihydropyr id ine  
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agonists and antagonists (Maricq and Korenbrot,  1988; 
Barnes and Hille, 1989; Lasater and Witkovsky, 1991; 
Rieke and Schwartz, 1994). The present study extends 
these observations by examining the inhibitory effects 
of  dihydropyridine antagonists in cones over a broad 
range of concentrations, at several membrane  poten- 
tials, and in circumstances where Ca channel  current  
was carried by Ba 2+ or Ca z+. These experiments show 
that block by nifedipine occurs at lower concentrations 
as the holding potential becomes more  depolarized, a 
hallmark of the voltage-dependent Ca channel  interac- 
tions described for dihydropyridines (Bean, 1984; 
Hille, 1992). However, cone L-type channels exhibit 
atypical dihydropyridine pharmacology in that they are 
much less sensitive to L-type channel  blockers than the 
prototypical cardiac or smooth muscle Ca channel  
(Janis and Triggle, 1991). In addition, only minimal 
differences in blocking efficacies were noted for nisol- 
dipine in 3 mM Ca 2+ and 10 m M B a  2+, allowing exten- 
sion of  our  interpretations to a wider range of  existing 
experimental  reports concerning photoreceptor  Ca 
channels and calcium-dependent synaptic transmission. 

When probed  with the Ca channel  blocker conotoxin 
GVIA to define pharmacologically the presence of N 
channels (Nowycky et al., 1985b), we found that ,--~15% 
of  the peak cone Ca channel  current  was sensitive to 
this toxin. By some criteria, this suggests that cone pho- 
toreceptors express N-type Ca channels, but  we reject 
this conclusion for several reasons: 

(a) Unlike other  neuronal  cell types where the ac- 
tions of  conotoxin GVIA have been irreversible, the ef- 
fects of  conotoxin GVIA in our  hands were completely 
reversible. Previous studies have shown that, in some 
instances, conotoxin GV1A can reversibly inhibit L-type 
Ca channel  currents (Aosaki and Kasai, 1989; Mynlieff 
and Beam, 1992; Wang et al., 1992), while others have 
indicated that N-type channels can also be reversibly 
blocked by conotoxin GVIA (Plummer et al., 1989; 
Boland et al., 1994). The potency and reversibility of 
conotoxin GVIA block of  N-type Ca channels is, in 
some cell types, a function of  the divalent cation type 
and its concentrat ion (Boland et al., 1994; Elmslie et 
al., 1994). Increased divalent concentrations speed the 
rate of  conotoxin GVIA dissociation, similar to what we 
observed during current  recovery from nisoldipine 
block in the presence of  3 mM Ca 2+ or 10 mM Ba 2+. 

(b) When Bay K 8644 increased Ca channel  current  
during test depolarizations by several hundred  percent,  
conotoxin GVIA blocked a greater proport ion of Ca 
channel current  than it had in control. This indicates 
either that conotoxin GVIA blocked Bay K-activated 
L-type Ca channels or that Bay K activated another  type 
of  Ca channel  in cones that is sensitive to conotoxin 
GVIA. Since it is unprecedented  that dihydropyridine 
agonists activate channels other  than L-type, we prefer 

the former  interpretation. It should be noted, however, 
that conotoxin GVIA did not  consistently affect to the 
expected degree the Bay K-enhanced  tail currents, a 
current  component  conventionally defined as carried 
in L-type Ca channels (Plummer et al., 1989; Regan et 
al., 1991; Mintz, 1994). Some variability observed in the 
tail current  block could have been accounted for by in- 
adequate temporal resolution of the fast component  of 
Ca channel  deactivation, but clamp speed should have 
been fast enough to resolve the Bay K-slowed tail cur- 
rent. The use of higher  concentrations of conotoxin 
GVIA (10 ~M, as used by Williams et al., 1992) might 
help resolve this seemingly paradoxical observation. 

(c) The appearance of  "inactivation" during treat- 
ment  with dihydropyridines might be interpreted to 
mean that inactivating N-type Ca channels were re- 
vealed when the L-type Ca channels were blocked. On 
the other  hand, the slow inactivation could reflect time- 
and voltage-dependent block of  L-type Ca channels by 
dihydropyridines during the test step (Bean, 1984; 
Hille, 1992). 

Distinct Ca channel  populations could have been re- 
vealed during block of the test current  with application 
of several blockers at the same time. Application of 
nifedipine and conotoxin GVIA (or nifedipine, cono- 
toxin GVIA, and agatoxin IVA) was made at high con- 
centrations to several cells. Nifedipine occluded the 
conotoxin GVIA effect since none of  the nifedipine- 
insensitive current  was inhibited by conotoxin GVIA 
under  these conditions. This result is at variance with 
the notion that conotoxin GVIA sensitivity implies the 
presence of N-type channels, but  is consistent with the 
pharmacological profile of  the expressed D-class L-type 
Ca channel  (eqD subunit functionally expressed in oo- 
cytes with OtZb and [3z subunits; Williams et al., 1992). 
This clone, reversibly sensitive to conotoxin GVIA and 
agatoxin IVA, is thus a good candidate for the type of  
Ca channel  in cones. 

One possible explanation for the surprisingly strong 
occlusion by nifedipine of the effects of conotoxin 
GVIA is that cones could express different Ca channel 
phenotypes with varying characteristics of L- and N-type 
Ca channels. For example, suppose that alp-like chan- 
nels, weakly sensitive to conotoxin GVIA and potently 
sensitive to dihydropyridines, coexist with a population 
of ale-like L-type channels, which are conotoxin GVIA 
insensitive and, for the sake of this argument,  less sensi- 
tive to dihydropyridines than the eqD-like channels. It 
would then be feasible that nifedipine, which causes a 
40% block at 1 p.M, could completely occlude the ac- 
tions of  conotoxin GVIA, and that, in the presence of 
Bay K, conotoxin GV1A would exhibit a greater degree 
of  block than in control. These possibilities offer rea- 
sonable explanations as molecular biological techniques 
have identified several additional Ca channels, some of 
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which have yet to be characterized pharmacologically 
(Snutch et al., 1990; Sather et al., 1993). These addi- 
tional Ca channels may represent  channels with phar- 
macological profiles common to several previously 
characterized Ca channels. Indeed,  pharmacological 
overlap between P-, Q-, and O-type Ca channels has 
been extensively documented  (Olivera et al., 1994), 
and the molecular diversity of L-type Ca channels is 
well known (Tsien et al., 1991). Nevertheless, it re- 
mains possible that these channels in cone photorecep-  
tors retain features of  L-, N-, and P-type Ca channels, 
and that an appropriate pharmacological,  physiologi- 
cal, or  molecular biological "classification" is not  yet 
available. These results emphasize the limitations in de- 
fining Ca channel  subtypes with existing Ca channel  
ligands, particularly in neurons of lower vertebrates 
(Olivera et al., 1994). 

Species differences remain a significant contr ibutor  
to this discussion because conotoxin GVIA was found 
to be without effect when tested on the Ca channel  cur- 
rent  in turtle cone photoreceptors  (Lasater and Wit- 
kovsky, 1991). In addition, the recording methods 
themselves may play a role in affecting the populat ion 
of  Ca channels seen in cone cells. For example, this 
study used perforated-patch techniques to study photo- 
receptor  Ca channel  pharmacology, and it remains a 
possibility that some Ca channel  subtypes could be 
more  susceptible to washout than others, an effect that 
would alter the subtype repertoire  whether  one used 
ruptured- or permeabilized-patch techniques. Owing 
especially to the intact cytosol of these permeabilized 
cones, it remains possible that the effects of dihydro- 
pyridines, particularly at high concentrations,  were me- 
diated in part via interactions with other  cellular func- 
tions, such as those involving calmodulin, cAMP phos- 
phodiesterase, or protein kinase C, among a host of 
other  possibilities (Zernig, 1990). 

Dihydropyridine-resistant Ca Channel Current 

It was also evident from our  results that a propor t ion of  
cone HVA Ca channel  current  was insensitive to nife- 
dipine and nisoldipine, even when these antagonists 
were applied at high nonspecific concentrations, after 

ample time had elapsed to exclude very slow actions of  
the antagonists, and when the blockers were tested 
from several holding potentials. The  insensitivity of  this 
current  to these antagonists could be due to their lack 
of  efficacy in cone photoreceptors ,  although, for exam- 
ple, nisoldipine shows very high efficacy in L-type Ca 
channel  block compared  with other  dihydropyridine 
antagonists in other  preparations (Janis et al., 1987). 
Thus, while our  data do not  exclude the possibility of  
an additional dihydropyridine-resistant HVA Ca chan- 
nel componen t  in cone photoreceptors ,  a more parsi- 
monious explanation is that dihydropyridines are not  
fully efficacious in this cell type, and that even at con- 
centrations shown to be saturating or nonspecific else- 
where, significant Ca channel  current  remains. This ob- 
servation underscores what may be a distinguishing fea- 
ture of  the cone photoreceptor  L-type Ca channel. 

The presence of  dihydropyridine-resistant Ca current  
in cones has relevance to questions about  the presynap- 
tic mechanisms of  calcium-dependent neurotransmis- 
sion at this synapse. In contrast to the repor t  of Rieke 
and Schwartz (1994), we find that dihydropyridine Ca 
channel  antagonists do not  eliminate cone Ca channel  
current  entirely, whether  elicited under  conditions of 
high Ba 2+ (10 mM) or physiological Ca 2+ (3 mM). 
There  are subtle differences in the techniques used in 
these studies; for example, Rieke and Schwartz (1994) 
used voltage ramps to measure Ca current-voltage rela- 
tions and included niflumic acid in the perfusing saline 
to inhibit Ca-activated Cl-current, al though this drug 
may have weak effects on the calcium current  itself 
(Barnes and Desch~nes, 1992). It is unlikely that the 
voltage-dependent,  dihydropyridine-resistant current  
we report  is carried in cGMP-gated channels, which are 
not  activated by depolarization. Our  observation that 

20% of the calcium current  in isolated cones persists 
in the presence of high concentrations of  dihydropyr- 
idines (and that even more persists in the semi-intact 
preparation, the retinal slice), may provide an alterna- 
tive explanation for observed synaptic transmission in 
the presence of  high nisoldipine concentrations at this 
synapse (Rieke and Schwartz, 1994). 
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