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ABSTRACT The  ability o f  the divalent  cations calcium, magnesium,  and  bar ium 
to pe rmea te  th rough  the cGMP-gated channel  of  catfish cone  ou te r  segments  was 
examined  by measur ing  permeabi l i ty  and  conduc tance  ratios u n d e r  bi ionic con- 
di t ions and  by measur ing  thei r  ability to block cur ren t  carr ied  by sodium when 
p resen ted  on the cytoplasmic or  extracel lular  side of  the channel .  Cur ren t  carr ied 
by divalent  cations in the absence of  monova len t  cations showed the typical recti- 
f ication pa t t e rn  observed from these channels  u n d e r  physiological  condi t ions  (an 
exponent ia l  increase in cur ren t  at bo th  positive and  negative voltages). With cal- 
cium as the reference  ion, the relative permeabi l i t ies  were Ca > Ba > Mg, and  the 
chord  conduc tance  ratios at +50 mV were in the o rde r  of  Ca ~ Mg > Ba. With ex- 
ternal sodium as the reference ion, the relative permeabil i t ies were Ca > Mg > Ba > 
Na with cho rd  conduc tance  ratios at + 30 mV in the o rde r  of  Na >>Ca = Mg > Ba. 
The  ability of  divalent  cations p resen ted  on the in t racel lular  side to block the so- 
d ium cur ren t  was in the  o rde r  Ca > Mg > Ba at +30 mV and  Ca > Ba > Mg at 
- 3 0  mV. Block by external  divalent  cations was also investigated. The  current-  
voltage relat ions showing block by in ternal  divalent  cations reveal no  anomalous  
mole  fraction behavior ,  suggesting little i o n - i o n  in terac t ion  within the pore.  An 
Eyring rate theory mode l  with two barr iers  and  a single b ind ing  site is sufficient to 
explain  bo th  these observations and  those for monova len t  cations, p red ic t ing  a 
s ingle-channel  conduc tance  u n d e r  physiological  condi t ions  of  2 pS and  an in- 
ward cur ren t  at - 3 0  mV carr ied  by 82% Na, 5% Mg, and  13% Ca. 

�9 I N T R O D U C T I O N  

T h e  cGMP-ga ted  c h a n n e l s  o f  r o d  a n d  cone  p h o t o r e c e p t o r s  a re  nonspec i f i c  ca t ion  
c h a n n e l s  tha t  pass b o t h  m o n o v a l e n t  a n d  d iva len t  ca t ions  ( F u r m a n  a n d  T a na ka ,  
1990; Menin i ,  1990; C o l a m a r t i n o ,  Men in i ,  a n d  To r r e ,  1991; Z i m m e r m a n  a n d  Bay- 
lor,  1992; P icones  a n d  K o r e n b r o t ,  1992; Haynes ,  1994, 1995). Whi l e  the  selectivity 
o f  r o d  a n d  c o n e  c h a n n e l s  for  m o n o v a l e n t  ca t ions  is n o t  very d i f fe ren t ,  t h e r e  is rea- 

Address correspondence to Dr. L. W. Haynes, Department of Medical Physiology, University of Calgary, 
3330 Hospital Drive NW, Calgary, Alberta T2N 4N1, Canada. 

J. GEN. PHYSIOL. @ The Rockefeller University Press �9 0022-1295/95/09/507/17 $2.00 
Volume 106 September 1995 507-523 

507 



508 T H E  J O U R N A L  O F  G E N E R A L  P H Y S I O L O G Y  �9 V O L U M E  106 �9 1 9 9 5  

son to expect  that  the cone channel  passes more  divalent current  than the rod 
channel.  In the absence of  divalent cations (Yau and Haynes, 1986), the channels 
of  both  rods (Haynes, Kay, and  Yau, 1986; Z i m m e r m a n  and Baylor, 1986) and 
cones (Haynes and  Yau, 1990a) are unblocked and the current-voltage relations re- 
tain only a slight outward rectification. Under  physiological conditions, the cur- 
rent-voltage relations obtained are quite different for channels f rom rods or f rom 
cones (cf. Fig. 1 of  Haynes and Yau, 1990b). Over the voltage range of  ---60 mV, the 
current  through the rod channel  strongly rectifies in the outward direction (Fes- 
enko, Kolesnikov, and Lyubarsky, 1985; Yau, Haynes, and Nakatani, 1986) such that 
the current  at positive potentials increases exponential ly while the current  at nega- 
tive potentials is nearly constant. The  current  through the cone channel  unde r  
identical conditions, on the o ther  hand,  increases exponential ly at both  positive 
and negative potentials (Haynes and Yau, 1985). In both  types of  channels, this rec- 
tification is due to vol tage-dependent  block of  the Na current  by pe rmean t  divalent 
cations, primarily Ca 2+ and Mg 2+. In the presence of divalent cations, the increase in 
current  at negative potentials through the cone channels must  be due to a relief of  
block. The  simplest mechanism by which this could come about  is if the rate of  per- 
meat ion of  the blocking ions increased at negative potentials (i.e., decreased 
strength of  block). This would suggest (Haynes, 1991) that the ratio of  divalent and 
monovalent  current  is greater  in the cone channel  than in the rod channel.  Exper- 
iments by Perry and McNaughton (1991) measur ing the dark current  and calcium 
loading of  cones have concluded that the fraction of  the dark current  carried by 
calcium enter ing a cone is indeed twice that of  the rod. Because calcium is known 
to play a crucial role in light adaptat ion (Matthews, Murphy, Fain, and Lamb, 1988; 
Nakatani and Yau, 1988a) and the control of  cGMP levels (e.g., Koch and Stryer, 
1988), this higher  permeabil i ty may have p rofound  consequences for the rate of  
light adaptat ion in the cone. 

In the previous paper,  I examined the permeat ion of monovalent  cations through 
the cGMP-gated channel  of  catfish cones (Haynes, 1995). This study extends that 
investigation to characterize the permeat ion  of  the divalent cations calcium, mag- 
nesium, and bar ium and will show that the relative permeabili t ies of  these ions are 
greater  than that of  sodium, but  that their relative conductances  are lower. These 
results are summarized in a model  of  ion permea t ion  using Eyring rate theory. 

This work has previously been  described briefly in abstract form (Haynes, 1991, 
1993, 1994). 

M E T H O D S  

The general methods, including correction for liquid junction potentials, leak subtraction, the 
construction of Eyring rate theory models, et cetera, have been described in the previous paper 
(Haynes, 1995). Only methods specific to experiments using divalent cations are described here. 

Solutions 

A number of different solutions were used in these experiments. For solutions containing divalent 
cations alone, each solution contained the chloride salt of the divalent cation together with 5 mM 
of the divalent cation salt of HEPES (pH 7.6). Mixtures of divalent and monovalent cations were 
made by the addition of the divalent cation chloride salt to the monovalent cation solution in the 
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absence of  chelators. Since the concentration of divalent cations was usually large, and always 
larger than the level of contaminating divalent cations in the monovalent cation solution, buffer- 
ing with EGTA was deemed unnecessary. In some experiments, the solution filling the pipette was 
replaced by perfusing the interior of the pipette using the 2PK+ pipette perfusion system (Adams 
and List, Westbury, NY). A fine quartz canula was inserted down the length of the pipette and at- 
tached to a pressure vessel filled with the perfusing solution. Because patches excised from cones 
are relatively fragile, application of  a vacuum to the pipette holder to initiate perfusion was not 
used. Instead, positive pressure was applied to the vessel containing the perfusate when required, 
causing solution flow through the cannula. Several minutes were required before replacement of  
the solution at the tip of  the pipette was complete. 

The activity coefficients of  the monovalent and divalent cations were calculated using the para- 
metric equations of  Pitzer and Mayorga (1973) and the activity of  a divalent cation is given accord- 
ing to the Guggenheim convention. The Hamed  rule for correcting ion activities in mixed solu- 
tions was not used since the correction coefficient was available only for calcium (Buffer, 1968). 
Failure to apply the Harned rule results in <1% overestimation of  the calcium concentration and, 
presumably, the other  divalent cations. Molarity and molality conversion was performed accord- 
ing to the formulas in Robinson and Stokes (1970). For convenience, all references to concentra- 
tion in this paper are to the concentration of  the solution as mixed. The actual ion activity is given 
in the text where appropriate and is used in all calculations. 

Data Analysis 

The permeability ratio of  divalent cation X ~+ at the intracellular surface with respect to monova- 
lent cation Y+ at the extracellular surface can be obtained by solving the Goldman-Hodgkin-Katz 
current equation (see Lewis, 1979, Appendix I), resulting in 

{ - F A V _  FD VRe v'] + l Kev 
Px2+ _ [ Y ' ] o  [e  RT + e  ~ / 

(1) 
4 [X 2+1 it. J 

where Px/Pv is the permeability ratio of divalent ion Xwith respect to monovalent ion Y, Vv.~ is the 
change in reversal potential, the subscripts i and o refer to the cytoplasmic and extraceUular sur- 
faces of the patch, respectively, and R, T, and Fhave their usual thermodynamic meaning. If iden- 
tical concentrations of a monovalent cation are present on both sides of a patch and the divalent 
cation is present on only one side of the patch, two other  solutions to the GHK equation are ob- 
tained. For divalent cations on the intracellular side, one obtains 

2FAVRe v ] 
Px2+ - [Y+] e -  /~---Y-- - 1 

Py+ 4 IX 2+] i 
(2) 

and for divalent cations present on the extracellular side of the patch, one obtains 

f 2FA VRe ) Px2+ - [y+] [e. ~ v 

Py+ 4 [ X  2+]o~ - 1 . 
(3) 

Conductances were measured at a fixed membrane potential to avoid any possible effects of  
voltage-dependent gating. All conductances were chord conductances, determined by dividing 
the current at a given voltage by the driving force. 

Throughout,  data are presented as mean +-- SD. All statistical tests use the Student's t test. 
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R E S U L T S  

Permeability and Conductance of Divalent Cations 

Permeabil i ty  and  c o n d u c t a n c e  ratios were d e t e r m i n e d  for  Ca, Mg, and  Ba u n d e r  bi- 
ionic condi t ions  with Ca as the extracel lular  cation. These  exper iments  were ex- 
t remely difficult to pe r fo rm successfully for  two reasons. First, calcium p romotes  
sealing o f  the patch  into a vesicle u p o n  excision. Second,  the very small uni tary  
c o n d u c t a n c e  o f  the channe l  u n d e r  these condi t ions  means  that  patches  with a 
large n u m b e r  o f  channels  mus t  be obta ined.  As a result, only five such exper iments  
could  be comple ted .  O n e  benef i t  o f  the h igh  concen t r a t ion  o f  divalent cations, 
however,  was very t ight  seals ( >  100 GO) o f  except ional  stability which m a d e  resolv- 
ing these small currents  m u c h  easier. Data f r o m  one  such expe r imen t  are shown in 
Fig. 1. In  this exper iment ,  80 mM Mg (24 mM activity) and  80 mM Ba (22 mM activ- 
ity) were tested against  40 mM Ca (14 mM activity). The  reversal potentials  were all 
nea r  zero. Because there  was a twofold difference in concen t r a t ion  be tween cal- 
c ium a nd  the o the r  ions, the o rde r  o f  the permeabi l i ty  ratios is Ca > Ba > Mg. The  
m e a n  permeabi l i ty  ratios for  Ca:Ba:Mg were 1.0 (n = 5), 0.78 + 0.14 (n = 2) and  
0.59 -+ 0.14 (n = 5). T h e  average c h o r d  c o n d u c t a n c e  ratios at + 5 0  mV were in the 
o rde r  C a ~ M g  > Ba (1.0:0.94 -+ 0.52:0.09 + 0.03). Calcium is probably  a bet ter  car- 
rier o f  cu r ren t  than  this measure  would  indicate,  because its concen t r a t i on  is only 
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FIGU~ 1. Current-voltage relation for divalent cations under biionic conditions. Ca, Mg, or Ba 
was present on the cytoplasmic side of the patch with activities of 14, 24, and 22 mM, respectively, 
and Ca was present on the extracellular side at an activity of 14 mM. The reversal potentials for Ca, 
Mg and Ba were 0, +2.9, and 0 mV, giving permeability ratios of 1:0.51:0.69. The conductance ratios 
at +60 mV were 1.0, 0.42, and 0.1, respectively. 
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half that of  the other  ions. It should also be noted  that recovery from exposure to 
barium was often incomplete,  for reasons that are not  clear. 

The  permeability and conductance ratios of  Ca, Ba, and Mg with respect to extra- 
cellular Na unde r  biionic conditions were also de termined (Fig. 2). Because the di- 
valent cations carry so little current,  correct ion for the leakage current  can be diffi- 
cult. Indeed,  the measured permeability ratios were highly variable, which might at 
first be taken to indicate that these values are unreliable. This variability, however, 
is seen from different patches during the course of  a day's experiments and far ex- 
ceeds the variability seen under  similar experimental  conditions with monovalent  
cations (Haynes, 1995). This and later experiments suggest that this variability may 
be physiologically significant. Only those experiments where the current  carried by 
divalent cations clearly exceeded that of  the leakage current  and where the leakage 
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FIGURE 2. Current-voltage relation for divalent cations vs sodium under  biionic conditions. 120 
mM Na or 80 mM Ca or Mg were present on the cytoplasmic side of the patch (activities of 92, 23, 
and 24 raM, respectively), and 120 mM Na (92 mM activity) was present  on the extracellular side. 
The reversal potentials for Na, Ca, and  Mg were 0, - 44 ,  and  - 19 mV, giving permeabili ty ratios of 
1:36:6. The conductance ratios at +30 mV were 1.0, 0.022, and 0.021, respectively. The inset shows 
the current-voltage relations with Ca and Mg at a 20-fold higher  gain. Only portions of the currents 
in Ca and Mg near  their reversal potentials are shown. 
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current  in the second determinat ion was the same as in the first de terminat ion 
were used. In all cases, the currents in the presence of  divalent cations were re- 
corded at a higher  gain (typically 5- to 10-fold higher)  to facilitate analysis. From 
the relative flatness of  the current-voltage relation at positive potentials in Fig. 2, 
one might  expect  that  de te rmin ing  the reversal potential  would be difficult, but  
this flatness is an artifact o f  compressing the vertical scale of  the small currents. 
The  currents, in fact, increased exponential ly with voltage at both  positive and neg- 
ative potentials, yielding easily identifiable reversal potentials (see Fig. 2, inset). 
When tested against 120 mM sodium, 80 mM concentrat ions of  all three divalent 
cations p roduced  strongly negative reversal potentials, indicating that  the divalent 
cations all had greater  permeabil i ty than sodium. The  permeabil i ty ratios were in 
the order  Ca > Ba > Mg > Na in the ratio of  87 +- 63 (n = 9):26 -+ 15 (n = 3):14 --- 
11 (n = 3):1 (n = 10). All of  the divalent cations had much  lower conductances 
than sodium. The chord conductance ratios at +30 mV were in the order  Na >> Ca = 
Mg > Ba (1:0.016 _+ 0.007:0.016 + 0.005:0.012 _+ 0.006). 

Block of Sodium Current by Divalent Cations from the Internal Side 

The  low conductance  suppor ted  by divalent cations suggests that  information 
about  the location and depth  of  the ion binding site might  be obtained by treating 
the divalent cation as an (effectively) i m p e r m e a n t  blocker of  the sodium current.  
As an example,  block of  the sodium current  by calcium is shown in Fig. 3. Very sim- 
ilar results were obtained for magnesium and barium. When divalent cations (0-6.4 
mM) were added  to the solution bathing the cytoplasmic side of  the patch, the out- 
ward current  was blocked to a greater  degree  than the inward current,  resulting in 
an inward rectification of  the current-voltage relation. At the higher  concentra-  
tions, there was always a small shift in the reversal potential  toward more  negative 
values. As with the biionic sodium-calcium experiments ,  this again suggests a per- 
meability ratio >1 for Ca with respect  to Na and will be explored in more  detail be- 
low. No increase in current  at low concentrat ions of  Ca, Mg, or  Ba was observed, 
but  values <50  ~M were not  tested. Such an increase might  be expected  if the 
channel  was occupied by more  than one ion at a t ime and if there was a significant 
degree  of  interaction between these ions. 

The  concentrat ion of  divalent cation required to p roduce  50% of  the maximal 
block (/s was de te rmined  by plott ing the fractional block of  conductance  (de- 
fined as [ Gunb|ocke d - -  Gblocked]//Gunblocked) at --+ 30 mV as a function of  the divalent cat- 
ion concentra t ion and fitting with the Hill relation. While the values derived f rom 
the Hill equat ion have no theoretical significance, they do provide a basis for com- 
parison with data f rom rod channels. Such a plot  for calcium, derived f rom the 
data in Fig. 3 A is shown in Fig. 3 B. The  mean  K1/~'s and Hill coefficients for Ca, 
Mg, and Ba are shown in Table I. The  efficacy of  block by these divalent cations at 
+30 mV ranked in the order  Ca > Mg > Ba, whereas at - 3 0  mV, the rank order  
was Ca > Ba > Mg. In all cases, the values for K1/2were lower at positive potentials 
than at negative potentials. In all cases except  for Mg at +30 mV, the mean  Hill co- 
efficients were not  significandy different f rom 1, suggesting that  the binding of  a 
single divalent cation may be sufficient to block the channel.  For all of  these ions, 
the values for Kl/2were quite variable f rom patch to patch, even in the same prepa- 
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FIGURE 3. Block of sodium current by intracellular calcium. (A) Typical current-voltage relations 
showing block by calcium. 120 mM Na was present on both sides of the patch, with 0.05, 0.1, 0.2, 0.4, 
0.8, 1.6, 3.2, or 6.4 mM Ca added on the cytoplasmic side of the patch. (B) Fractional block of the 
conductance by Ca at +30 mV (�9 and -30  mV ([]). The solid lines were derived from the Hill rela- 
tion with apparent K1/2's and Hill coefficients of 630 ~M and 0.84 (+30 mV) and 747 wM and 1.13 
( -30 mV). Note that the values for the abscissa and K1/2's are in concentration rather than activity 
to facilitate comparison with previous work. (C) Fractional block of the current by Ca at +30 mV. 
Data from 11 different patches (different symbol for each patch). The concentration of Ca has been 
normalized by the value of KI/2 in each experiment. The solid line is derived from the Hill relation 
with a Kx/~ of 1 and a Hill coefficient of 1.15 (the mean value). The shape of the curve was invariant 
with respect to K1/2 and showed no deviation at low concentrations. (D) Fractional block as a func- 
tion of voltage. Symbols: 0.05 (�9 0.1 ([]), 0.2 (a),  0.4 (V), 0.8 (~), 1.6 ('A-), 3.2 (+) and 6.4 (• 
mM Ca. The lack of a monotonic relation indicates that calcium is a permeant blocker, not imper- 
meant as required for a meaningful interpretation of~ in Woodhull's equation for fractional block. 

ra t ion.  This  degree  of  variability suggests the p resence  of  i nhomogene i ty ,  possibly 
as a resul t  of  m o d u l a t i o n  of  the c h a n n e l  by phosphory la t i on  or  o the r  mechan i sms .  
The  shape  of  the f ract ional  b lock re la t ion  was invar ian t  regardless of  the value of  
K1/2 (Fig. 3 C), however.  

For  all th ree  d iva lent  cat ions tested, b lock by d iva lent  cat ions f rom the cytoplas- 

mic side of  the  c h a n n e l  was grea ter  at positive potent ia ls  t han  at negat ive po ten -  
tials, cons i s ten t  with a b lock ing  m e c h a n i s m  in  which d iva lent  cat ions e n t e r  a n d  
t rans ient ly  b lock the pore .  Block was never  comple te ,  regardless of  how positive the 
po ten t ia l  became,  cons is ten t  with the small b u t  f ini te  permeabi l i ty  of  d ivalent  cat- 
ions t h r o u g h  the channe l .  This  can  be clearly seen in  Fig. 3 D where  the f ract ional  
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T A B L E  I 

Concentration-dependence of Block by Divalent Cations from the Intracellular Side 

Ion  

+ 3 0  mV - 3 0  mV 

K1/2 nn KI/~ n H n 

/xM /.LM 

Ca 319 -+ 154 1.15 -+ 0.20 624 + 231 1.11 -- 0.29 10 

Mg 410 -+ 107 1.24 -+ 0.20* 1236 -+ 351 0.98 + 0.19 7 

Ba 589 -- 145 0.96 -+ 0.14 639 -+ 107 1.05 - 0.27 4 

All values given as m e a n  - SD for  the  n u m b e r  o f  expe r imen t s  (n). Dissociat ion cons tan ts  (K]/~) a n d  Hill coef- 

ficients (nn) f rom the Hill relat ion.  

* Significantly d i f ferent  f rom 1.0 at  p < 0.05. 

block is plot ted as a function of  voltage. For an impe rmean t  blocker, one  would ex- 
pect  a monotonical ly  increasing fractional block with depolarization, but  this is 
clearly not  the case. As a consequence of  this, the fraction of  the voltage drop 
crossed by a blocking ion to reach its b inding site would be overestimated. 

Block by Ca and Mgfrom the Extracellular Side 

Under  physiological conditions, the net  current  through these channels is inward 
and the channels are blocked by extracellular calcium and by intracellular and ex- 
tracellular magnesium.  The  fact that patches f rom rods or cones fail to form in the 
outside-out configuration has, until now, precluded examinat ion of  block by extra- 
cellular divalent cations in excised patches where the composi t ion of  the solutions 
can be closely controlled. One  way a round  this p rob lem is to perfuse the interior of  
the pipette,  replacing the original divalent-free solution with one containing mag- 
nesium or calcium. 

Perfusion of  the pipette presents several problems.  First, only a single perfusate 
can be used (see Methods) and  therefore  the exper iments  were not  reversible. Sec- 
ond, rep lacement  of  the pipet te  solution depends  upon  diffusion of  the ions into 
and out  of  the tip of  the electrode, which may be a slow and incomplete  process. 
For this reason, 6.4 mM Ca or Mg was used since this concentrat ion of  these ions 
appears  to maximally block the channel  when applied to the intracellular side of  
the channel  (Fig. 3). Current-voltage relations were obtained dur ing the course of  
pipette perfusion, but  were not  used until the shift in the reversal potential  was 
complete.  Once  the reversal potential  was stable, current-voltage relations were ob- 
tained to de te rmine  the conductance  ratios of  blocked to unblocked current  at 
+_ 30 mV. 

The  addition of  6.4 mM Ca to the extracellular side of  the channel  p roduced  sub- 
stantial block of  the sodium current,  together  with a shift of  the reversal potential  
f rom 0 mV towards more  positive values (Fig. 4 A). This shift in reversal potential  is 
consistent with a C a / N a  permeabil i ty ratio >1.  In 19 determinat ions f rom 5 
patches, the average reversal potential  was 19.8 __ 3.9 mV. Using the mean  reversal 
potential,  Eq. 3 yields a permeabil i ty ratio of  Ca to Na of  49.5. The  mean  conduc- 
tance ratio (b locked /unb locked  current)  at +30 and - 3 0  mV in these five patches 
was 0.036 -+ 0.012 and  0.019 + 0.010, respectively. The  addition of  6.4 mM Ca to the 
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FIGURE 4. Block of sodium current by 
calcium. (A) Block by Ca from the ex- 
tracellular side. The reversal potential 
was 0 mV at the beginning of the exper- 
iment with Ca-free 120 mM Na solution 
on both sides of the patch. The pipette 
solution was replaced by perfusion with 
120 mM Na and 6.4 mM Ca (Cao), shift- 
ing the reversal potential to 17.4 mV 
and suppressing the conductance at • 
mV to 4.7 and 3.5%, respectively, of the 
unblocked conductance. Subsequent 
replacement of the bath solution with 
120 mM Na and 6.4 Ca (Cat/o) shifted 
the reversal potential to 0 mV and fur- 
ther reduced the conductance at +30 
mV to 1.7 and 2.3%, respectively. (B) 
Block by Ca from the intracellular side 
(cat). Different patch from A. In this 
experiment, only the bath solution was 
replaced. The reversal potential shifted 
from 0 to -12.9 mV and the conduc- 
tance at -+30 mVwas reduced to 8.2 and 
0.6%, respectively, of the unblocked 
current. 

cytoplasmic side of  the pa tch  as well as the extracel lu lar  side r e d u c e d  the conduc -  
tance  rat io at +30  a n d  - 3 0  mV still f u r the r  to 0.025 - 0.016 a n d  0.022 + 0.008, 
respectively. The  reversal po ten t i a l  u n d e r  these symmetr ical  cond i t i ons  r e t u r n e d  to 
0 mV. 

To  facilitate compar i son ,  Fig. 4 B shows an  e x p e r i m e n t  similar  to that  in  Fig. 3 in  

which 6.4 mM Ca was added  on  only  the in t race l lu la r  side. As with add i t i on  of  cal- 
c ium on  the ext race l lu lar  side, this also p r o d u c e d  a shift in the reversal po ten t ia l  
b u t  towards negat ive values a n d  of  lesser magn i tude .  In  five patches,  the m e a n  re- 
versal po ten t ia l  was - 11.9 - 2.9 mV. Us ing  the m e a n  reversal potent ia l ,  Eq. 2 yields 
a permeabi l i ty  rat io of  Ca to Na of  20.6, a factor  of  4 lower t han  that  o b t a i n e d  f rom 

the b i ion ic  sod ium-ca lc ium ex pe r i me n t s  in  Fig. 2. Ca lc ium at the in t race l lu la r  side 
was also less effective at b lock ing  sod ium c u r r e n t  t han  ext racel lu lar  calcium. In  
seven patches,  the c o n d u c t a n c e  ratios at +30  a n d  - 3 0  mV were 0.058 +- 0.020 a n d  
0.094 - 0.037, respectively. Not  unexpec ted ly ,  the shape of  the current-vol tage re- 
la t ions for b lock f rom the two sides was different ,  i nd ica t ing  a degree  of  asymmetry 
wi thin  the channe l .  
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Results  s imi lar  to those  o f  ca lc ium were  o b t a i n e d  with m a g n e s i u m  (Fig. 5).  T h e  
a d d i t i o n  o f  6.4 m M  Mg to the  ex t r ace l lu l a r  s ide o f  the  c h a n n e l  sh i f ted  the  reversal  
po t en t i a l  f r o m  0 mV towards  sl ightly m o r e  posi t ive values (Fig. 5 A). In  n ine  de te r -  
m i n a t i o n s  f r o m  f o u r  pa tches ,  the  average  reversal  p o t e n t i a l  was 5.2 --+ 1.8 mV. Us- 
ing  the  m e a n  reversal  po ten t i a l ,  Eq. 3 yields a p e r m e a b i l i t y  ra t io  o f  Mg to N a  o f  6.6. 
T h e  m e a n  c o n d u c t a n c e  ra t io  ( b l o c k e d / u n b l o c k e d  c u r r e n t )  a t  + 30 a n d  - 3 0  mV in 
these  fou r  pa t ches  was 0.085 _+ 0.067 a n d  0.062 -+ 0.051, respect ively.  T h e  a d d i t i o n  
o f  6.4 m M  Mg to the  cy top lasmic  s ide o f  the  p a t c h  as well as the  ex t r ace l l u l a r  s ide 
r e d u c e d  the  c o n d u c t a n c e  ra t io  at  + 3 0  a n d  - 3 0  mV still f u r t h e r  to 0.029 +- 0.016 
a n d  0.028 - 0.030 (n = 2), respectively,  a n d  r e t u r n e d  the  reversal  po ten t i a l  to 0 inV. 

T h e  a d d i t i o n  o f  6.4 m M  Mg o n  on ly  the  i n t r ace l l u l a r  s ide (Fig. 5 B) sh i f ted  the  
reversal  p o t e n t i a l  towards  negat ive  values.  T h e  m a g n i t u d e  o f  this shif t  was g r e a t e r  
t han  for  ex t r ace l l u l a r  m a g n e s i u m .  In  t h r e e  pa tches ,  the  m e a n  reversal  p o t e n t i a l  
was - 1 1 . 3  +_ 5.1 mV. Us ing  the  m e a n  reversal  po ten t i a l ,  Eq. 2 yields a p e r m e a b i l i t y  
ra t io  o f  Mg to N a  o f  18.7, very s imi lar  to tha t  o b t a i n e d  f rom the  b i ion ic  sod ium-  
m a g n e s i u m  e x p e r i m e n t s .  M a g n e s i u m  at  the  i n t r ace l l u l a r  s ide  is as effective a 
b l o c k e r  o f  s o d i u m  c u r r e n t  as ex t r ace l lu l a r  m a g n e s i u m .  T h e  c o n d u c t a n c e  rat ios  at  
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FIGURE 5. Block of sodium cur- 
rent by magnesium. (A) Block by 
Mg from the extraceUular side. 
The reversal potential was 0 mV 
at the beginning of the experi- 
ment with Mg-free I20 mM Na 
solution on both sides of the 
patch. The pipette soludon was 
replaced by perfusion with 120 
mM Na and 6.4 mM Mg (Mgo), 
shifting the reversal potential to 
+4 mV and suppressing the 
conductance at ---30 mV to 13 
and 11%, respectively, of the un- 
blocked conductance. Subse- 
quent replacement of the bath 
solution with 120 mM Na and 6.4 
mM Mg (Mgl/o) shifted the re- 
versal potential to 0 mV and fur- 
ther reduced the conductance at 
-+30 mV to 4.1 and 5%, respec- 
tively. (B) Block by Mg from the 
intracellular side (Mgl). Differ- 
ent patch from A. In this experi- 
ment, only the bath solution was 
replaced. The reversal potential 
shifted from 0 to -13.5 mV and 
the conductance at -+30 mV was 
reduced to 4 and 16%, respec- 
tively, of the unblocked current. 
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+30 and - 3 0  mV were 0.055 -+ 0.056 and 0.137 + 0.036, respectively. As with cal- 
cium, the shape of  the current-voltage relations for block from the two sides were 
quite different, again indicating asymmetry within the channel. 

D I S C U S S I O N  

Although there have been several studies of  block by divalent cations of  the rod 
channel  (Colamartino et al., 1990; Zimmerman and Baylor, 1992; Tanaka and Fur- 
man, 1993), this is the first systematic investigation of  permeat ion and block of  the 
cone channel.  Making a comparison with rods is difficult because the results ob- 
tained by various investigators differ f rom each other.  The efficacy of  block of  the 
cone channel  by divalent cations at positive potentials as found here  are similar to 
those of  Zimmerman and Baylor (1992) and Tanaka and Furman (1993) in the rod 
channel,  who both found that Ca > Mg (+30 and +80 mV, respectively), but  are 
different f rom those of  Colamartino et al. (1991) who found Mg > Ba > Ca (+60 
mV). At negative potentials, Zimmerman and Baylor (1992) and Tanaka and Fur- 
man (1993) both found Mg > Ca ( - 3 0  and - 8 0  mV, respectively) and Colamar- 
tino et al. (1991) found Ba > Ca > Mg, all of  which are different f rom the results in 
cones (Ca > Ba > Mg). Thus, it would appear  that the ability of  divalent cations to 
block the channel  f rom the intracellular side is similar in rods and cones at positive 
voltages, but  different at the physiologically important  negative voltages. The  con- 
ditions used by Zimmerman and Baylor (1992) to study the rod channel  were most 
similar to those used here. They found that calcium applied to the cytoplasmic face 
of  the channel  had an apparent  dissociation constant of  ,-,400 wM at - 3 0  mV and 
~1 .4  mM at +30 mV, as compared  with ~-,620 IxM at - 3 0  m V a n d  ~320 ~M at +30 
mV found here  for the cone channel. Comparing their results with those presented 
here,  two things are immediately apparent.  The  first is that the voltage dependence  
of  the apparent  dissociation constant is reversed and reduced in the cone channel  
as compared  with the rod channel,  and the second is that the cone has a lower af- 
finity for calcium in the physiologically relevant voltage range near  - 3 0  mV. If this 
lower affinity holds true for externally applied calcium, then the lower affinity of  
the cone channel  (which probably reflects a faster unbinding rate of  the ion from 
its site) leads to the conclusion that the cone channel  should have a higher  influx 
of  calcium relative to sodium than the rod channel  since the time calcium spends 
bound  to its site is reduced.  This supports the findings of  Perry and McNaughton 
(1991) that the fraction of  inward current  carried by calcium is higher  in the cone 
than in the rod. Because the cone also has a smaller cytoplasmic volume than does 
the rod, this would lead to more  rapid changes in the concentrat ion of  intracellular 
calcium (Nakatani and Yau, 1989). 

One of  the remarkable findings of  the experiments presented here  is the variabil- 
ity of  the permeability ratios and of  the apparent  dissociation constants for block of  
the sodium current  by divalent cations presented at the intracellular side of  the 
channel.  This is not  true for monovalent  cation permeability ratios (Haynes, 1995). 
In some sense, the intracellular side of  the channel  seems to be "fuzzy" in its prop- 
erties with respect to divalent cations. One possibility is that modulat ion of  the 
channel,  perhaps by phosphorylation or some other  mechanism, may predomi- 
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nantly affect the cytoplasmic side of  the pore. This could represent  a physiological 
mechanism whereby the ratio of  Na to Ca in the dark current  could be changed, 
possibly during light adaptation. 

The question arises whether  there is only a single binding site or multiple sites. 
For monovalent  cations, permeat ion can be described by a single-site Eyring 
model. Multiple sites would be an immediate consequence of  multiple occupancy 
of  the channel. Multiple occupancy of the channel  would be demonstrated by con- 
centrat ion-dependent  permeability ratios, anomalous mole fraction behavior, con- 
ductance-concentrat ion relations with multiple dissociation constants or blockers 
with values for ~ (the apparent  fraction of the membrane  voltage crossed by a 
charged blocker to reach its binding site) exceeding 1. Anomalous mole fraction 
behavior between lithium and sodium has not  been observed for the cone channel  
(Haynes, 1995), nor  has it been observed for block by calcium. Tanaka and Furman 
(1993) observed an anomalous mole-fraction-like effect in the block of  the rod 
channel  by calcium. They concluded that there were two sites with very different af- 
finities, the high affinity site outside the membrane  voltage drop which affected 
gating and the low affinity site within the membrane  voltage drop which blocked 
the channel. Thus, only single occupancy was required. The very low concentra- 
tions of divalent cations used by Tanaka and Furman (1993) were not  used here  
because the small effect that they repor ted would be easily obscured by small varia- 
tions in the seal resistance that typically occur in cone patches. In the experiments 
presented here, the concentrat ion dependence  of  the fractional block by divalent 
cations showed only a single dissociation constant and in all cases except  one  (Mg 
at +30 mV), the mean Hill coefficients were not  significantly different from 1. In 
preliminary experiments (Stotz and Haynes, 1995), impermeant  organic cations 
block sodium current  through the cone channel  and give values for ~ < 1. These 
observations are consistent with single occupancy of  the channel. It must be con- 
cluded that the failure of  these experiments to show multiple occupancy of the 
cone channel  do not  rule out  a multi-ion channel,  but  nei ther  do they provide any 
evidence for multiple occupancy. 

Eyring Rate Theory Models 

In the previous paper  (Haynes, 1995), I presented an Eyring model for monovalent  
cation permeat ion using two barriers and a single site. This model,  with slight mod- 
ifications, also provided and adequate fit to the divalent cation data. Significantly 
better  fits were not  obtained using a more  complicated model  consisting of  three 
barriers and two binding sites. Three  such two-site models were tested: a single- 
occupancy model,  a double-occupancy model  without ion- ion interaction and a 
double-occupancy model  with ion- ion interaction. One assumption underlying 
these models is that change in current  observed upon substituting or adding diva- 
lent cations is solely due to the permeat ion process ra ther  than a reduction of  the 
open  probability of  the channel. The addition of  Ca 2+ can, however, alter the open 
probability of  the rod channel  (Sesti, Straforini, Lamb, and Torre,  1994) via a cal- 
modul in-dependent  interaction (Hsu and Molday, 1993; Gordon,  Downing-Park, 
and Zimmerman,  1994). However, such effects occur only at low concentrations of  
cGMP, not  at the saturating concentrations used in this study, nor  have they been 
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demonstrated in cone channels. Thus, it should be safe to assume that only perme- 
ation effects are being modeled.  

The  large degree of  variability in the dissociation constants for block by calcium 
and magnesium and for their permeability ratios precluded fitting all of  the data. 
Instead, a representative set of  current-voltage relations at different concentrations 
of  divalent cation obtained from a single patch and with dissociation constants near  
the mean values was selected. The current-voltage relations at 6.4 mM divalent cat- 
ion concentrat ion (intracellular, extracellular or both) were used from the remain- 
der  of  the patches studied since this concentrat ion is sufficient to very nearly satu- 
rate the block. A total of  511 data points for divalent cations, obtained by sampling 
the current-voltage relations at 10-mV increments, were used in the fitting process. 
These were added to the data set used in the previous paper  (Haynes, 1995) for a 
total of  2,478 data points and all eight ions were fitted simultaneously. 

Of  the four models tested, the single-site, two-barrier  model  provided fits as 
good as the more  complicated two-site, three-barr ie r  models. Of  the later, the sin- 
gle-occupancy model  provided the best fit, followed by the multiple-occupancy 
without ion- ion interaction model.  The multiple-occupancy model  with ion- ion  
interaction converged to ei ther 0 or infinite interaction energy, indicating that the 
data were insufficient to determine the energies of  interaction (if any). The energy 
profile of  the single-site model  and the current-voltage relations that it predicts are 
shown in Fig. 6. The two barriers are located at ~29  and 94% of  the way across the 
electric field drop from the cytoplasmic surface. The single binding site is located 
at N61% across. The parameters for the energies of  the barriers and binding sites 
for the various ions are given in Table II. The  currents predicted by the model  are 
all in reasonable agreement  with those observed for block by Ca (Fig. 6, G-E) or Mg 
(Fig. 6, F-H).  Moreover, the model  predicts the shift in the reversal potential with 
increasing concentrat ions of  Ca and predicts only a small shift for Mg, both in 
agreement  with the observations. The  model  does, however, produce a less pro- 
nounced  outward rectification than that observed under  conditions of  block by in- 

T A B L E  I I  

Parameters for a Three-Barrier, Two-Site Eyring Model 

Ion Peak 1 Well 1 Peak 2 

Li 5.96 - 8 . 0 4  5.68 

Na 6.57 - 6 . 9 6  5.03 

K 6.11 - 7 . 0 2  5.47 

Rb 6.50 - 7 . 6 2  5.21 

Cs 6.39 - 7.87 6.05 

NH4 5.49 - 7.97 4.30 

Ca 5.08 - 14.72 2.33 

Mg 6.27 -14 .16  3.62 

Distance 0.29 0.61 0.94 

Surface charge  (cytoplasmic side): 0.022 C m -~. Surface charge (extracel lular  side): 
0.0032 C m-~. Energies  in units  of kT; distance is in fraction of  the electric field d rop  (0 
at cytoplasmic side). The conventions and s tandard state used here  are those described 
by Alvarez et  al. (1992). 
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tracellular divalent cations. Note that the current-voltage relations predicted for 
the monovalent  cations are not  shown, because they are indistinguishable from 
those shown in the previous paper  (Haynes, 1995). 

Having fitted the model  to data from both mono- and divalent cations, it is now 
possible to calculate the individual components  of  the current  under  physiological 
conditions. The  "physiological conditions" chosen were those of  Haynes and Yau 
(1985) in their paper  first describing the properties of  the channel  in excised 
patches. With an extracellular solution of  (in millmolar) 110 NaC1, 2.5 KCI, 1.0 
CaC12 and 1.6 MgC12 and an intracellular solution of  12.5 NaCI, 100 KCI, and 1.6 
MgC12, the model  predicts the current-voltage relation shown in Fig. 6 B. In this fig- 
ure, the solid line is the prediction of  the model,  while the circles are derived from 
the data of  Haynes and Yau (1985) scaled so that the currents at +40 mV are equal. 
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T he  f o r m  o f  the current-vol tage relat ion is in reasonable  qualitative a g r e e m e n t  
with the  exper imenta l  da ta  in tha t  the cu r r en t  increases exponent ia l ly  at bo th  posi- 
tive a nd  negative potentials.  It is also in reasonable  quanti tat ive agreement .  Al- 
t h o u g h  it predicts  less c u r r e n t  at s t rongly positive potentials  than  actually observed,  
it does  a very g o o d  j o b  at negative potentials.  Haynes  and  Yau (1985) f o u n d  a ratio 
o f  ne t  cur rents  at + 4 0  a nd  - 4 0  mV o f  ~-,2.7 whereas the mode l  predicts  a ratio o f  
~2 .9 .  At - 3 0  mV, the m o d e l  predicts  a ne t  (inward) cu r r en t  o f  - 6 0  fA, giving a 
c o n d u c t a n c e  o f  2 pS. T he  c o n d u c t a n c e  o f  the rod  channe l  as m e a s u r e d  by noise 
analysis u n d e r  similar condi t ions  is ,'-~0.1 pS (reviewed in Yau and  Baylor, 1989), 
~20- fo ld  lower. T he  ne t  inward cu r r en t  at - 3 0  mV is compr i sed  o f  the ne t  cur rents  
fo r  each  ion: - 6 2  fA Na, - 10 fA Ca, - 4  fA Mg and  + 16 fA tC O f  the - 7 6  fA carr ied 
by the influx o f  cations, the ratio o f  INa:Ica:IMs is 0.82:0.13:0.05. W h e n  m e a s u r e d  as 
the fract ion o f  the - 6 0  fA ne t  current ,  the p r o p o r t i o n  carr ied by Ca rises to 17%. 
This value is p robab ly  slightly unde re s t ima ted  because  the m o d e l  predicts  less cur- 
r en t  than  observed.  It is, however,  in reasonable  a g r e e m e n t  with the estimate o f  
21% ob ta ined  by Perry and  M c N a u g h t o n  (1991) and  h ighe r  than  that  in rods 
(~15%,  Nakatani  a nd  Yau, 1988b). This, t oge the r  with the h ighe r  conduc t ance ,  
fu r the r  suppor t s  the idea that  the rate o f  ca lc ium influx into cones  is h ighe r  than  in 
rods. This larger  influx o f  calc ium into the smaller  cytoplasmic vo lume o f  the cone  
c oup l e d  with the necessarily faster rate o f  effiux via the N a / C a - K  e x c h a n g e r  serves 
to make  the rate o f  l ight adap ta t ion  in cones  faster than  in rods. 
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FIGURE 6. (opposite) Two-barrier, one-site Eyring model and predicted currents. (A) Schematic di- 
agram of the model. The energy of each barrier and binding site are given in values of kT. The posi- 
tion of each peak or binding site is plotted as the fraction of the voltage drop crossed by an ion mov- 
ing from the cytoplasmic side (0) to the extracellular side (1) of the channel. See Table II for the 
exact values. Each line represents a different ion. The tight grouping of the two sets of lines repre- 
senting monovalent cations and divalent cations, respectively, reflects the similar behaviour of ions 
in each of these two classes. (B) Predicted current-voltage relation under physiological conditions 
with (in millimolar) 110 NaC1, 2.5 KC1, 1.6 MgCI2, 1.0 CaCI~ extracellularly and 12.5 NaCI, 100 KCI, 
1.6 MgCI2 intracellularly. The line shows the prediction of the model using the parameters obtained 
by fitting the data in G--H. The circles are derived from the data of Haynes and Yau (1985) and 
scaled to match the current predicted by the model at +40 mV. (C) Current-voltage relations pre- 
dicted for block by 0 (O), 0.05 (El), 0.1 (A), 0.2 (V), 0.4 (O), 0.8 (Or), 1.6 (+), 3.2 (X) and 6.4 (*) 
mM internal Ca. (D) Block by internal 6.4 mM Ca. (E) Block by 6.4 mM external Ca. (F) Current- 
voltage relations predicted for block by 0 (O), 0.05 (El), 0.1 (A), 0.2 (~7), 0.4 (O), 0.8 ('~), 1.6 (+) 
and 3.2 (X) mM internal Mg. (G) Block by internal 6.4 mM Mg. (/4) Block by external 6.4 mM Mg. 
For C and F, each symbol represents a different concentration in the same patch; data in the two 
plots from different patches. For D, E, G, and H, each symbol represents data from a different patch. 
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