
sanctuary. Furthermore, therapeutic maneu- 
vers designed to block the initial viremic 
phase of infection also ma37 result in preven- 
tion of neurologic disease and could be 
tested in this model. We have shown that 
AZT dramatically alters the onset and course 
of retrovirus-induced neurologic disease in a 
dose-dependent manner. AZT effectively 
crosses the placental barrier and ameliorates 
disease in offspring infected in utero when 
treatment is given during gestation to the 
pregnant female. AZT therapy also leads to 
significant improvement in animals infected 
during the neonatal period. Thus, the mu- 
rine neurotropic disease model permits rap- 
id, cost-effective, quantitative assessments of 
treatment strategies that may be relevant to 
the therapy of neurologic manifestations of 
human retrovirus infections. Because AZT 
alters the onset and course of disease due to 
transplacental and perinatal retrovirus infec- 
tion, we also can evaluate the efficacy of 
treatment during gestation and in the peri- 
natal period, an important issue because of 
the increasing prevalence of pediatric AIDS 
( 2 ) .  
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Divalent Cations Directly Affect the Conductance of 
Excised Patches of Rod Photoreceptor Membrane 

Phototransduction in rod cells is likely to involve an intracellular messenger system 
that links the absorption of light by rhodopsin to a change in membrane conductance. 
The direct effect of guanosine 3',5'-monophosphate (cGMP) on excised patches of rod 
outer segment membrane strongly supports a role for cGMP as an intracellular 
messenger in phototransduction. It is reported here that magnesium and calcium 
directly affect the conductance of excised patches of rod membrane in the absence of 
cGMP and that magnesium, applied to intact rod cells, blocks a component of the 
cellular light response. The divalent cation-suppressed conductance in excised patches 
showed outward rectification and cation-selective permeability resembling those of the 
light-suppressed conductance measured from the intact rod cell. The divalent cation- 
suppressed conductance was partly blocked by a concentration of the pharmacological 
agent L-cis-diltiazem that blocked all of the cGMP-activated conductance. Divalent 
cations may act, together with cGMP, as an intracellular messenger system that 
mediates the light response of the rod photoreceptor cell. 

F ESENKO e t  al. (1) REPORTED THAT 

guanosine 3',5'-monophosphate 
(cGMP) directly activates the con- 

ductance of excised patches of rod cell mem- 
brane (1-5). We report here that, in the 
absence of cGMP, the divalent cations mag- 
nesium and calcium directly suppress the 
conductance of excised patches of rod mem- 
brane. 

The effect of divalent cations on the rod 
membrane conductance was studied by ex- 
posing the intracellular side of inside-out, 
excised patches (6) to various bath concen- 
trations of ca2' and MgZ+ (7). Patches were 
obtained from solitary rod photoreceptor 
cells dissociated from the tiger salamander 
retina (4, 8). In most experiments, the bath 
and pipette contained a simple salt solution 
of 120 mM NaCI, 3 mM KCI, 1 mM Hepes, 
and 0.02 mM phenol red atpH 7.3. In other 
experiments we used a stock solution con- 
taining 108 mM NaCI, 16 mM glucose, 3 
mM KCI, 1 mM Hepes, 1 rnM NaHC03, 1 
mM sodium pyruvate, 0.5 mM NaH2P04, 
and 0.02 mM phenol red at p H  7.3. The 
pipette solution always contained an addi- 
tional 1 or 2 mM CaC12 and 1 or 2 mM 

front of a linear array of superfusion pipettes 
(diameter, 100 ym). Suction pipettes were 
made with a BB-CH pipette puller and 
Drummond 100-p,1 microcaps or Corning 
type 7740 capillary tubing; those having a 
final tio diameter of 1 to 2 fim were used 
immediately from the puller. 

A current-clamp experiment in which 15- 
pA current pulses-were applied to an excised 
patch of rod outer segment membrane is 
shown in Fig. 1A. Initially, the intracellular 
side of the membrane was exposed to a 
solution lacking divalent cations(9) and the 
conductance was high, as indicated by the 
small voltage deflection. The bathing solu- 
tion was then changed to one containing 1 
mM ca2+, and the conductance decreased 
two- to threefold. Changing the intracellular 
solution from 1 mM Ca2' to 1 mM Mg2* 
caused little further change (1 0). Figure 1A 
shows that both caZ+  and Mg2+ caused 
r a ~ i d  and reversible decreases in the patch 
membrane conductance in the absence of 
added cGIMP. The effects of divalent cations 
were observed in this patch for 12 cycles of 

MgC12, and the bath "lution contained the Laboratory of Neurobiology, Rockefeller University, 
Ca2' and Mg2' concentrations indicated. New York, NY 10021. 

The bath soluyion was varied moving the *Permmmt address: Department of Electrical En ineer 
patch pipette to appropriate positions in ing, University of Linkoeping, Linkoeping. su,e&n. - 
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divalent cation application and removal. The 
dix alent cation-suppressed conductance was 
ohsenred in more than 90% of patches from 
rod cells and in several. but not all, patches 
from other retinal neurons in a total of 80 
experiments In n hlch the patch was exclsed 
into a bath solution lacklng added Ca2'. 

The follo\vlng experiments describe ef- 
fects of Mg" rather than of Ca2+ because 
physiological le\ els of free M ~ ' +  (1 I )  exceed 
those of free ca2+ (12) in most cell tvpes, 
and the dn~alent cat~on-suppressed conduc- 
tance 1s thus more Iikel~~ to be set by hfg2+ 
than by ca2+  under phi~siological condl- 
tions. The dose-response relatlon of the 
dn~alent canon-suppressed conductance was 
exanlined under ;.bltage-clamp conditions 
by applying a slo\v voltage ramp (50 
m\7/sec) to an inside-out, excised patch of 
rod outer segment membrane exposed to 
various bath concentrations of Mi'+ (Fig. 
1B). Calciunl and cGlMP were not added to 
the bath solutions, and in order to avoid 
possible contamination with ~GLMP, this 
experiment \vas carried out with a superfk- 
sion apparatus that had never been exposed 
to cGLMP and with culture dishes containing " 
a loiv density of cells ( < 1  rod per square 
millimeter). The results obtained from ex- 
periments with 35 patches Indicated that 
di\ralent cations suppressed an average of 
60.0 t 29.3 pi4 at 50 mV and 9.8 2 6.2 pA 
at -50 mV (mean t SD'i. The free intracel- 
lular lug2+ concentratloll estimated for non- 
rod cells 1s benveen 0.2 1wl4 and 2 nu%f (1 I ) ,  
\veil within the range of Mg2+ concentra- 
tions that affect the divalent cation-sup- 
pressed conductance. 

The current-voltage (I73 cumes shoived 
ounvard rectification in 1Mg2+ concentra- 
tions beloiv 1 lilM (Fig. 1B). The ounvard 
rectification in the absence of added divalent 
cations wras similar in shape although less 
pronounced than that of the light-sup- 
pressed conductance of rod outer segments 
(13). M'hen the cume obtained in the pres- 
ence of 4 mM Mg" was subtracted from 
the others, however, the resulting family of 
IV cunres showed rectification that resem- 
bled that of the light-suppressed (13) and 
cGLMP-activated (1, 3, 4) conductances. The 
family of cunTes in Fig. 1B could not be 
made to overlap by simple scaling of the 
current. In addition, a nonscaling family of 
cunres was obtained after subtracting the 
cunre in the presence of 4 mnV1 1MgZ+ from 
the other curies. Such changes in the shape 
of the IV relation suggest that divalent 
cations do not simply alter the number of 
identical channels occupying a single open 
state. This is because each channel in a single 
open state \vould have the samc microscopic 
IV cun7e, and simply summiilg identical 
microscopic cunres \vould result in macro- 
scopic cunres \vith that same shape. Thus, 
although single-channel currents were not 
apparent at a resolution of 0.5 pA and 1 
kHz, aspects of the macroscopic currents 
suggest that it is unlikely that the simplest 
two-state mechanism for channel regulation 
mediates the divalent cation--suppressed 
conductance. 

Because the net conductance of the es- 
cised patch is the sum of the conductance of 
the excised membranc and of the seal be- 
tween the pipette and membranc, we tested 

Fig. 1. (A) The effect of bath Mg2+ A Ca o 
and Ca2+ on the conductance of an 
inside-out, excised patch of rod 
outer segment membrane. Under d 

B 

current-clamp conditions, 15-PA, 
800-msec current pulses were ap- 
plied to the membrane (current, I). 

for possible effects of divalent cations on the 
seal conductance at the pipette-membrane 
interface. This was done b$ measuring the 
conductance of cell-attached patches in 
\vhlch the seal was exposed to a bath solu- 
tion containing a loiv concentratlon of diva- 
lent cations, while the intracellular face of 
the membrane was exposed to the cyto- 
plasm. I11 about 90% of the cases, the con- 
ductance of the cell-attached patch ivas loiv 
when measured in bathing media contain- 
ing 0.1 or 0.05 1m1f and CaZ+. In 
about half of the cases.- the conductance 
Increased after exclsion and consequent ex- 
posure of the intracellular membrane face to 
the bath solutlon (Fig. 1C). Thus, although 
we cannot rule out the possibility that the 
seal conductance IS, to some extent, modu- 
lated by divalent cations (14), it is unllkelir 
that the seal is the major site of divalent 
cation action. 

The permeability selectivity of the diva- 
lent cation-suppressed conductance for 
mono\alent cations and anions was exani- 
lned bv measuring the conductance of an 
excised patch ~n the presence and absence 
of 2 nul4 Mg2+ in low or high NaCl concen- 
trations (Flg. 2A) The upper palr of cunres 
~n Pig 2A (S~rmmetr~c) shot1 the I V  rela- 
tions of a patch exposed to the intracellular 
hfgZ' concentrations ~ndlcated to the rlght 
of each cunTe These cumes mere obtained 
\vith standard monovalent ion concentra- 
tlons, 120 mM Na+, 3 I<+, and 123 
mM C1-, In both the bath and the plpette 
The lower pair of cumes ~n Flg. 2A nas 
recorded from the same patch at the sanie 
Mg2+ concentrations, but w t h  the bath 
Nat and C1- concentrations reduced to 34 
and 37 1m1.1, respectively (15). Reducing the 
bath NaCl concentratlon shifted the reversal 
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The resulting Loltage (V) deflec- 
tions are in\erseh~ proportional to gzL 
the patch conductance The evperi E ~ G  
ments were carried out with stock I 1 
solutions The pipette contained 2 
mM Mg2+ and 2 inhf Ca2+. The 
bath contained the ~ g ~ +  and Ca2+ 20 pA -- Exc~sed 

concentrations indicated in milli 
molar units above the Loltage -50 mV 
record (0 )  Current-~oltage rela 

50 mV tion of the divalent cation-sup- 

REPORTS 1675 

pressed conductance under oltage- 
clamp condtions The pipette solu- -20 pA -- 

tion contained 1 m M  Mg2+ and 2 
ml4 Ca2+ The bath solution lacked 
added Ca2+ and contained the 
Mg2+ concentration ind~cated to the right of each curve (C) Current voltage relation of 
an evcised atch compared with that of a cell-attached patch A suction pipette containing 
2 micl Mgg and 2 nr*l Ca2+ stock solution was sealed against a rod cell rnaintarned in a 
bath solution containing 0 05 mM Mg2+ and 0 05 mM Ca2+ The cune labeled 
"Attached" was recorded with the pipette attached to the cell, and the cune labeled 
"Excised" was recorded after withdrawal of the pipette from the cell 



ity. Thus, the dl\ alent cation-suppressed brane. The reversal potential for the divalent potential of the divalent cation-suppressed 
conductance an average of +30 .7  i 7 lnV 
(n = 15 patches). This shift indicated that 
the divalent cation-suppressed conductance 
was much nlore ~ermeable to  mono\alent 
cations than to anions because the reversal 
potential shifted ton ard the electrochemical 
equilibrium potential for Na+ ( + 3 3  mV) 
rather than toward that for C 1  ( - 33 mV) . 
The permeability selectivinr of the cGMP- 
activated conductance was conl~ared  with 
that of the divalent cation-suppressed con- 
ductance by the same experimental protocol 
as in Fig. 2A (Fig. 2B). The reversal poten- 
tial of the cGMP-activated conductallce was 
shifted by +29.2 i 3.3 m i r  (n  = 5 patch- 
es), as expected from a previous report ( I )  
that indicated that the ~G~IP-ac t iva ted  con- 
ductance had cationic permeability selectiv- 

-50 mV Symmetric KEA, j, 
/-- 
I 

-/-59=- I 50 m~ ,, O 

__-- - 

Low [Na+lbath 

10 PA t/// 
.50 mV ye 50 mV 

Symmetr~c 
>-A High [Na'] 

and cGMP-activated conductances were 
nearly indistinguishable in terms of their 
relative permeabilities to cations and anions. 
Silnilar cation selectivity has also been ob- 
served for the light-suppressed conductallce 
of the intact rod cell (12, 16). 

The relative permeabilities of the patch 
membrane to N a t  and I<+ were exanlined 
by exchanging I<+ for Na+ in the bath 
solution. The lolver pair of cun-es in Fig. 2C 
(Symmetric) shows the patch lllelllbrane 
conductance nleasured in the presence and 
absence of 2 1m2 ~ g ' +  with 120 rmM Na+ 
and 3 11uM I(+ in both the bath and pipette. 
The upper pair of cunres was taken from the 
sanle patch with the same Mg2+ concentra- 
tions, but with 3 n f i  Na+ and 120 mM I(+ 
exposed to the intracellular side of the mem- 

cGMP (uM) 

, 90 

symmetric '/ O 
High [Na/, 

cGMP (114 
/ 90 

-50 mV 

High [Na'] 

Fig. 2. (A) The monovalcnt cationic and monovalent anionic permeability of the divalcnt cation- 
suppressed conductancc. The uppcr pair of I V  cumcs (Symmetric) show the reversal potential of the 
divalcnt cation-suppressed conductance in the presence of the standard monovalent ion concentrations 
indicated below. The lower pair of I V  cuwes ( l o ~ [ N a ' ] ~ , , ~ )  show the reversal potential in the same 
patch, but after reducing the Na+ and C I  concentrations exposed to the intracellular side of the 
membrane to 34 mM and 37 IIUM, respectively. Experiments in all parts of this figire were with simple 
salt solutions with 2 nuM Mg2+ and 2 IM CaZ+ in the pipette solution. lMillimolar concentrations of 
Na', K+, and C I  were (bathlpipcttc) 1201120, 313, and 1231123, respectively, for symmetric cunc 
pairs and 341120, 313, and 371123, respectively, for l o ~ [ N a ' ] ~ , , ~  cunc pairs. (8) The mono\dcnt 
cationic and monovalent anionic pcrmeabilih of the cGMP-activated conductance. The upper pair of 
I V  curves (Symmetric) show the reversal potential of the cGMP-activated conductance in the presence 
of symmetric monovalent ion concentrations. The samc patch was used to obtain the lower pair of 
cun7cs ( l o ~ / N a + ] ~ , , ~ )  at-tcr lowering the bath Na' to 34 &I and the bath C I  to 37 mM. The bath 
solution contained 1 mM MgZ+. (C) The relative permeability of the divalent cation-suppressed 
conductance to Na' and K+.  The low& pair o f N  curves (Symmetric) were in the presence of standard 
ion concentrations. The uppcr pair of cumes (low[Na+]bath) were from the samc patch after reducing 
the bath Na' conccntration to 3 nuM by re lacin Na+ with K+.  (D) The relative permeability of the P " cGMP-activated conductance to Na+ and K . The bath solution contained 1 mMMg2+. The lower air 
o f i V  cumes (Symmetric) were in the absence or presence of 90 yn? cGMP in the bath with rtan8ard 
ion concentrations. The uppcr pair ofIV curves (labeled l o ~ [ N a + ] ~ , , ~ )  were from the samc patch after 
reducing the bath Na+ conccntration to 3 n N  by replacing Na+ with K+.  

cation-suppressed conductance shifted an 
average of - 10.6 i 1.6 lnV (n  = 1 0  patch- 
es) under cond~tions where the electrochem- 
ical equilibriuln potential for sodium 
(ENa) = 9 6  mM and EK = -96 mir, indi- 
cating that the divalent catioll-suppressed 
conductance was slightly more permeable to  
K+ than to Na+.  We then examined the 
relative permeabilities to  Na+ and I<+ of the 
cGI21P-activated conductance (Fig. 2D).  
The lower pair of IV cunTes (Symmetric) 
was obtained with 120 mM Na+ and 3 nlrM 
I(+ in both the bath and pipette, and the 
uppcr pair of cunres was obtained with 3 
mM Na+ and 120 IIUM I<+ in the bathing 
medium. Exchanging the bath Na+ for I(+ 
resulted in a shift of 2.5 i 2.9 mV in = 5 
patches) in the reversal potential of the 
cGI21P-activated conductance, indicating - 
that, consistent with a previous report ( I ) ,  
the cGMP-activated conductance was slight- 
lv nlore permeable to  Na+ than to I(+. 
&though;here are clear similarities in terms 
of IV relations and roughly equal (although 
possibly not identical) Na+ : I<+ permeabil- 
ity ratios, it is not yet clear whether the 
conductances controlled bv divalent cations 
and by cGMP arise from the same or  direr- 
ent underl~ing molecule o r  molecules. 

We furthercornpared the divalent cation- 
suppressed and cGMP-activated conduc- 
tances by measuring their sensitivities to  the 
pharmacological agent I.-cis-diltiazem. Cur- 
rent-voltage cunres were measured from an 
inside-out patch under the following bath- 
ing conditions: (i) without added hfg2+, (ii) 
in the presence of 20  pAf L-cis-diltiazem 
without added hTg2+, and (iii) in the pres- 
ence of 2 mM &Ig'+ (Fig. 3A). I.-cis-Diltia- 
zem blocked more than 50% of the divalent 
cation-suppressed conductallce in this ex- 
periment O n  alerage, 25% of the di\alent 
cation-suppressed conductallce was blocked 
bv 20 ~1.1 I -62s-diltiazem in the 1 7  patches 
examined. Similar results were obtained in 
six experiments examining the effect of 30 
~ ! 4  I.-cis-diltiazem on the divalent cation- 
suppressed conductance. The etfect of L-czs- 
diltiazem on the cGhIP-activated conduc- 
tance of the same patch illustrated in Fig. 3A 
is shown in Fig. 3B. The three cunres were 
obtained in (i) the presence of 90 w.1 
cGlMP, (ii) the absence of cGMP, and (iii) 
the presence of 20  p&f L-cis-diltiazem plus 
90 cGMP, with 1 mM ~ g ' +  present in 
each bath solution. C o m ~ l e t e  block of the 
cCMP-act11 ated conductance, as expected 
fro111 a pre\ ious report ( 4 ) ,  was obsen.ed in 
a total of 48 patches In some experiments, 
I -62s-diltiazem complete117 blocked the 
cGMP-activated conductallce measured 111 

the absence of divalent cations. The results 
in Fig. 3 further suggest that the divalent 
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Fig. 3. (A) Kesistance~of the diva- A 
lent cation-suppressed conduc- 
tance to blockade by L-cis-diltiazem. 
The IV curves in (A) and ( R )  were 
recorded from an inside-out, ex- 
cised-patch of rod outer-segment 
membrane with simple salt solu- 
tions in both the bath and pipette, .50:mV 

and with an additional 1 mlMMgZ+ 
and 2 d Ca2+ in the pipette. 
Exposure of the intracellular side of 
the patch to 2 mAf Mg2+ sup- 
pressed muc11 of the outwardly rec- 

I/ 
tifying conductance that was re- 
corded in the absence of Mg2+. 
Exposure of the patch to a bath solution lacking 
added Mg2+ and containing 20 L-cis-diltia- 
zem blocked only a component of the conduc- 
tance, leaving a substantial component un- 
blocked. (B) Blockade of the cGMP-activated 

cation-suppressed conductance did not arise 
from cont&inant cGMP because concen- 
tratlons of I<-czs-diltiazem that were sufficient 
to block all of the cG1MP-activated conduc- 
tance blocked onlv Dart of the divalent cat- 

, I  

ion-suppressed conductance. Interestingly, 
the light-suppressed conductance of the in- 
tact rod cell lvas also only partly blocked by 
20 to 200 p l4  L-cis-diltiazem (4) .  

The presence of a conductance in excised 
patcheiof rod membrane that is sensitive to 
physiological concentrations of Mg2+ led us 
to test the possibility that the cellular light 
response might also be sensitive to Mg2+. 
We recorded light responses from a voltage- 
clamped, dark-adapted rod cell in the pres- 
ence of either 1 or 6 mM extracellular Mg" 
(Fig. 4 ) .  The light responses were recorded 
under voltage-clamp conditions by means of 
the intracellular dialysis o r  whole-cell patch- 
clamp technique lvith an intracellular solu- 
tion containing 90 IM potassium aspartate, 
20 i& sucrose, 1 0  nu14 NaH2P04,  4 
1MgCl2, 1 mA4 disodium salt of adenosine 
5'-triphosphate, and 0.05 nlM EGTA titrat- 
ed to  p H  7.3 with I<OH (4). The holding 
potential lvas approximately 1 0  mV more 
hyperpolarized than the dark-adapted rest- 
ing potential. The left record of Fig. 4 shows 

6 m M  Mg2+ 

n 
dL _JL 2 

s r i  
10 sec 

Fig. 4. The eEect of Mg2+ on the light rcsponse 
of an intact rod cell. The current records rvere 
obtained from a dark-adapted rod cell with thc 
intracellular dialysis (or whole-cell patch-clamp) 
technique. Suprasaturating light flashes rvere 
used. The record on the left was obtained in the 
presence of 1 m1.I extracellular Mg2+. Changing 
the superfusion solution to one co~ltaining 6 mM 
Mg2+ resulted in a dcerease in the holding current 
and an approximately cqual decrease in the light 
rcsponse amplitude (middle trace). The light rc- 
sponse in the right record alas after returning to 
the original sui;erfusion solution contain& 1 
mM Mg2+. 

0 ~ g "  plus r0 /> ;ity:;;ci* 

, O  cGMP 

90 pMcGMP plus 
50 mV 20 ~ M L - c i s -  

dilt~azem 

conductance by 1,-cis-diltiazem. These IV cumes ductance. This conductance was blocked by 20 
were obtained from the same patch as those in pM I.-cis-diltiazem to levels below those recorded 
(A). Exposure of the intracellular side of the in the absence of cGMP. Each cunre in (B) was 
membrane to a bath solution containing 90 pM recorded with 1 I& Mg2+ in the bath solution. 
cGMP resulted in an outwardly rectiljing con- 

the response to a saturating light flash ob- 
tained in the presence of 1 rnM Mg2 t. The 
baseline current of approximately -70 pA 
recorded in the dark lvas transiently sup- 
pressed by a saturating light flash. The mid- 
dle record was obtained inmediately after 
exposing the cell to  6 mM Mg2'. Elevated 
Mg" decreased the baseline current and 
light response amplitudes by approximately 
equal amounts (35 pA) and increased the 
plateau light-response duration by about 2.5 
seconds. Previously reported voltage record- 
ing from rods in the intact toad retina did 
not reveal an effect of hTg2+ (17), possibly 
because of countereffects on voltage-depen- 
dent conductances. The effects of &Ig2+ 
were, in large part, reversible (Fig. 4, right 
trace). The results in Fig. 4 s h o ~ v  that the 
phototransduction mechanism contains a di- 
valent cation-sensitive site, perhaps the 
cG1MP-activated conductance (3) ,  the diva- 
lent catio~l-suppressed conductance, or an 
as yet unidentified site. Although the result 
is consistent ~ v i t h  the presence of the diva- 
lent cation-suppressed conductance in the 
intact cell, it does not directly demonstrate 
the conductance. 

The results in Fig. 1 show that divalent 
cations directly suppressed a conductance in 
excised patches of rod cell membrane in the 
absence of cG1MP. The divalent cation-sup- 
pressed conductance lvas sensitive to  con- 
centrations of Mg2+ over the standard phys- 
iological range. The divalent cation-sup- 
pressed conductance \\.as large considering 
the small area of the patch membrane. The 

that underlies the cellular light response. 
This raises the possibility that changes in 
intracellular free &Ig'+ could be significant 
in the control of visual transduction. 

Although lve have focused on  the etfects 
of ~ g '  t, both Ca2 and &Ig2+ can affect the 
conductance of excised patches. Light-de- 
pendent control of the membrane conduc- 
tance by either divalent cation ~vill depend, 
in large part, on the background activities of 
divalent cations as well as of cGlMP and on  
the polarity of the activity change. In the 
case of Ca", one of the original candidates 
for the intracellular messenger mediating the 
light response (18), there are indications 
that the act i1 . i~ of Ca2' decreases during 
the light response (12, 13, 19), ~vhich, by 
the mechanism described here, would lead 
to a conductance increase. In the case of 
Mg2+, although steady light is known to 
affect the total &Ig' content of the rod 
outer segment (20), little is known about 
the effect of light on free intracellular Mg2+. 
The obsen~ation that the rod membrane 
conductance is sensitive to a number of 
agents suggests that several factors should 
be considered in a quantitative description 
of the light-regulated conductance change in 
the outer segment. Our  present picture of 
phototransduction is one of dual control of 
the rod outer-segment conductance by 
cGMP and by divalent cations. Parallel in- 
tracellular pathways might provide the cell 
lvith an increased flexibility for responding 
to a wide range of light conditions. 

current dens~ty induced by changing from 
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The Visual Cycle Operates via an Isomerase Acting 
on All-trans Retinol in the Pigment Epithelium 

Thirty years have elapsed since Wald and his colleagues showed that 11-cis retinal was 
isomerized t o  all-tvans when rhodopsin was bleached, yet little has been understood 
about the reverse process that generates 11-cis retinal for rhodopsin regeneration. I t  is 
not known whether the isomerization is enzyme-mediated, whether it occurs in the 
pigment epithelium o r  in the retina, o r  whether retinal, retinol, o r  a retinyl ester is the 
vitamin A compound that is isomerized. Radiolabeled all-tvans retinol and high- 
performance liquid chromatography have now been used to  demonstrate the existence 
of an eye-specific, membrane-bound enzyme (retinol isomerase) that converts all-trans 
t o  11-cis retinol in the dark. Retinol isomerase is concentrated in the pigment 
epithelium; this localization clarifies the role of this tissue in rhodopsin regeneration 
and explains the need t o  transfer all-tvans retinol from the rod outer segments to  the 
pigment epithelium during the visual cycle. 

T HE ISOMERIZATION OF K ~ L - t ~ a n s  
retinoids to the 1 1-czs configuration 
is essential for visual pigment regen- 

eration in the eye ( I ) .  h "retinal isomerase" 
originally reported by Hubbard (2) appar- 
ently acted by photoisomerization of an 
artifactually generated protonated Schiff 
base conlposed of all-tfrans retinal and phos- 
phatidylethanolamine (3). Furthermore, this 
obsenation is probably not physiologically 
significant, because exposure to potentially 

isomerizing light does not influence the 
course of dark adaptation in vertebrates (4). 
Although it had been suggested that the 
isornerization may not be enzyme-mediated, 
recent data by the same authors that ap- 
peared since the present work was submitted 
demonstrate a retinol-specific isomerase in 
pigment epithelium (5). Here we have stud- 
ied frogs and rats because the visual cycle has 
been extensively investigated in these ani- 
mals (6, 7). We present evidence that both 

species possess an eye-specific, membrane- 
bound enzyme that converts all-t~ans to 11- 
ck retinol in the dark and therefore fulfills 
the primary requirement for an isomerase 
that plays a central role in dark adaptation. 
Although earlier evidence suggested other- 
wise (6, 8, 91, this isomerase is concentrated 
in the pigment epithelium. 

We centrifuged homogenates of com- 
bined retina, pigment epithelium, and cho- 
roid from light- or dark-adapted frogs at 
7008 to pellet the nuclei and unbroken cells, 
then incubated the supernatants in darkness 
with all-tmns ['Hlretinol. After 3 hours, we 
extracted the mixture and found that the 
major radiolabeled vitamin A com~ound 
(excluding all-t~ans retinol) was 11-czs reti- 
no1 (Table 1). The very low levels of radio- 
activity associated with 11-cis retinyl palmi- 
tate confirm in vitro studies (9) and are also 
consistent with the very slolv appearance of 
labeled 11-cis retinyl palmitate in the eyes of 
living frogs injected with all-tvans ~ ~ H ] r e t -  
inol (9). The higher proportion of retinyl 
ester formed by the 7008 pellet indicates 
that there was some enrichment of the ester 
synthase in this fraction. Our subsequent 
experiments focused on the formation of 11- 
cis- retinol by the 70Qg supernatant with 
protein concentrations of 0.3 to 11.8 mgl 
ml. 

A typical set of data is shown in Fig. 1. 
The high-performance llquid chromatogra- 
phy (HPLC) tracing from the absorbance 
detector (Fig. 1, top) shows that the endog- 
enous retinil isomers extracted from the 
incubation mixture are mainly 11-cis (0.52 
nmol) and all-t~ans (0.24 nmol), with a 
small amount of 13-cis 10.03 nn~ol'i but no 
detectable 9-cis (in other experiments, traces 
of the 9 4 s  isomer were variablv present). 
The radioactivity profile (Fig. ' 1; center) 
sholvs a prominent peak (25% of the total 
extracted radiolabeled retinol isomers) that 
coelutes with 11-cis retinol and a smaller 
peak (8% of the total radiolabel) that co- 
elutes with 13-czs retinol. The trut~cated peak 
(59% of the radioactivity) coelutes with the 
all-t~ans retinol substrate (Fig. 1, bottom). 
We did not identic the remaining peaks, 
but ohsewed them cons~stentlv in most ex- 
periments. 

To confirm the identitles of the labeled 
presumptive 11-cis and 13-czs retinols, they 
&ere collected from the column, oxidized t" 
the aldehydes with activated manganese di- 
oxide (10, l l ) ,  and mixed with unlabeled 
authentic 1 1-cis, 13-cis, and all-tmns retinal. 
Analysis by HPLC (10) showed that the 
oxidation procedure had yielded the corre- 
sponding labeled 1 1-cis and 13-cis retinal 
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