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SUMMARY

1. Intact rod outer segments (r.o.s.) isolated from bovine retinas were used to
measure net Ca2+ fluxes using the optical Ca2+ indicator Arsenazo III. Ca2+ fluxes
were observed, which could change the internal Ca2+ content of isolated r.o.s. by as
much as 0 5 mM s-5.

2. The Ca2+ content of isolated intact r.o.s. was strongly dependent on the Na/Ca
ratio in the isolation medium, and could be made less than 01 mol Ca2+ mold1
rhodopsin (zero Ca2+ in isolation medium) or up to 7 mol Ca2+ mold1 rhodopsin (zero
Na+ in isolation medium).

3. Ca2+ efflux from r.o.s. rich in Ca2+ was observed only when Na+ was added to
the external medium (as opposed to any other alkali cation); in Ca2+-depleted r.o.s.
Ca2+ uptake required the presence of internal Na+ and was inhibited selectively by
external Na+. These results suggest that Na-Ca exchange across the plasma
membrane operated freely in both directions and controlled the internal Ca2+
concentration in r.o.s.

4. Na+-stimulated Ca2+ efflux depended on the external Na+ concentration in a
sigmoidal way. This suggests that the simultaneous binding of two Na ions is rate
limiting for transport.

5. In Ca2+-depleted r.o.s. and in the absence of external Na+, 1 mol Ca2+ mold1
rhodopsin (or 3 mM-total Ca2+) could be taken up within 1 min by intact r.o.s. at a
free external Ca2+ concentration of about 1 /tM.

6. Only part of the internal Ca2+ was available for Na-Ca exchange. The external
Na+ and K+ concentration as well as the temperature were factors controlling the
accessibility of internal Ca2+ to participate in Na-Ca exchange.

7. Ca2+ fluxes in r.o.s. with a permeabilized plasma membrane but intact disk
membranes were very similar to those observed in intact r.o.s.; Na-Ca exchange could
operate in both directions across the disk membrane.

8. In addition to Na-Ca exchange, leaky r.o.s. also showed a guanosine 3', 5'-cyclic
monophosphate (cyclic GMP)-induced Ca2+ release that was about I of the rate of
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Na-Ca exchange. Na-Ca exchange could release 1-5 mol Ca2+ mold1 rhodopsin from
disks as compared with a cyclic-GMP-induced release of 0-15 mol Ca2+ mo11
rhodopsin.

INTRODUCTION

Ca ions play an important role in the physiology of vertebrate rod photoreceptor
cells (for reviews, see Fain & Lisman, 1981; Kaupp & Schnetkamp, 1982; Korenbrot,
1985). Changes in the external Ca2+ concentration result in rapid and large changes
in a Na+ current flowing into the outer segment in the dark (Yau, McNaughton &
Hodgkin, 1981; Hodgkin, McNaughton, Nunn & Yau, 1984; MacLeish, Schwartz &
Tachibana, 1984), and in apparent changes in the range of cations able to carry the
dark current (Bastian & Fain, 1982; Woodruff, Fain & Bastian, 1982; Yau &
Nakatani, 1984 a; Hodgkin, McNaughton & Nunn, 1985). These effects are generally
thought to be mediated by changes in the intracellular Ca2+. The internal Caa2+
concentration has been proposed to control the light-sensitive conductance
(Yoshikami & Hagins, 1971), while it has been suggested that the internal Ca2+
concentration is controlled by Na-Ca exchange (Fain & Lisman, 1981; Schnetkamp,
1981).

Intact rod outer segments (r.o.s.) isolated from bovine retinas contain about
9 mM-total Ca2+, and the transport of Ca2+ through the plasma membrane takes place
by Na-Ca and Ca-Ca exchange (Schnetkamp, 1980). For rod cells in the toad retina,
Yau & Nakatani (1984b) have observed currents, which they attribute to electrogenic
Na-Ca exchange. These currents have properties very similar to Na-Ca exchange
measured in isolated bovine r.o.s. This study employs the optical Ca2+ indicator
Arsenazo III to investigate in more detail the kinetic and steady-state properties of
Na-Ca exchange in isolated r.o.s. The preservation of intact isolated r.o.s. and the
unambiguous measurement of Ca2+ fluxes in r.o.s. requires manipulation of the
internal and external ionic conditions in a rather unphysiological manner. The use

of Arsenazo III as Ca2+ indicator limits in particular the range of external Ca2+
concentrations that can be used. Nevertheless, the properties of Ca2+ fluxes through
the plasma membrane of r.o.s. under a wide range of internal and external ionic
conditions are consistent with the operation ofNa-Ca exchange; the direction of Ca2+
transport simply reflects the equilibrium conditions of the Na-Ca exchanger. No
evidence was found for a unidirectional Ca2+ pumping activity. Part of these results
have been presented previously in abstract form (Schnetkamp, 1984).

METHODS

Preparations
Bovine eyes were collected in a light-tight box from a local abbatoir. Retinas were dissected and

r.o.s. were isolated according to procedures described before (Schnetkamp, Klompmakers &
Daemen, 1979; Schnetkamp & Daemen, 1982; Schnetkamp & Kaupp, 1985). R.o.s. were isolated
with a sealed plasma membrane (intact r.o.s.) or with a plasma membrane leaky to small solutes
(Schnetkamp, 1981; Schnetkamp & Daemen, 1982); both r.o.s. preparations can be made Ca2+
enriched or Ca2+ depleted by varying the Na/Ca ratio in the isolation medium. The basic
constituents ofthe isolation medium are: 600 mM-sucrose, 5% (w/v) Ficoll 400, 10 mM-glucose, and
20 mm-Tris HCI at pH 7.4. The necessity and rationale for the different medium components has
been described elsewhere (Schnetkamp et al. 1979; Schnetkamp, 1979); they are required for the
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purification and preservation of a homogeneous population of intact r.o.s. under the various
manipulations imposed on r.o.s.

Ca2+-enriched (5-7 mol Ca2+ mol-P rhodopsin) r.o.s. were prepared by isolation in standard
medium containing 1 mM-CaCl2, 0-2 mM-EDTA and zero NaCl. Ca2+-depleted (less than 01 mol
Ca2+ mol-' rhodopsin) r.o.s. were prepared by isolation in standard medium containing 50 mM-NaCl
and 0 5 mM-EGTA. An intermediate Ca2+ content (2-3 mol Ca2+ mol-P rhodopsin) was obtained
with an isolation medium containing 0-6 mM-CaCl2, 0-1 mM-EDTA and 50 mM-NaCl. The Ca2+
content was measured with Arsenazo III after solubilization of r.o.s. in 01 % (v/v) Triton X-100 (see
below). The rhodopsin concentration was measured by difference spectroscopy in the detergent
ammonyx LO (1 % (v/v)), using a molar extinction coefficient of 40000 at 500 nm. The Ca2+ content
(converted from mol Ca2+ mol-P rhodopsin to total Ca2+ concentration in mM) is probably somewhat
over-estimated due to the presence of opsin in the preparations. The rhodopsin concentration
in r.o.s. was assumed to be 3 mm (Daemen, 1973).
For the preparation of leaky r.o.s., retinas were freshly dissected and placed overnight at -20 0C

prior to the isolation procedure. It should be emphasized that the frozen retinas commercially
available in the U.S.A. (American Stores, Hormel, Lawson) are not suitable. The specific ion
permeabilities observed in leaky r.o.s. (e.g. Na-Ca exchange described in this paper) are lost in leaky
r.o.s. prepared from these retinas, whereas the disk membranes become very leaky to H+ and small
alkali cations such as Li+.
Experiments were performed within 6 h after the end of the isolation procedure. During this

period the properties of Na-Ca exchange in r.o.s. did not change. The isolation procedure and all
experimental procedures were carried out in darkness or under dim red illumination.

Ca2+ measurements
Ca2+ fluxes in r.o.s. were monitored with the Ca2+-indicating dye Arsenazo III. The Ca2+

contamination present in the dye was reduced by passage over a standard 200 mesh cation exchange
column (H+ form). The Arsenazo Ca2+ assay was calibrated by adding known amounts of Ca2+ or
the chelators EDTA or EGTA to the cuvette. This assay allowed the detection of changes in total
Ca2+ in the cuvette by as little as 001 /M when the dual-wave-length mode was used (see below).
The presence of intact r.o.s. did not affect the absorption changes when a known amount of Cai+
was added to the cuvette unless the Ca2+ ionophore A23187 was present. In the presence of A23187,
Ca2+ buffering by intracellular components of r.o.s. was significant (see Fig. 8). In earlier
experiments Arsenazo III spectra in the presence of r.o.s. were recorded in the split-beam mode
of an Aminco DW2 spectrophotometer. Small changes in the light-scattering properties of the
suspension during the course of an experiment were corrected by adjusting the beam balance at
750 nm. At this wave-length, absorption was due completely to light scattering. The Arsenazo III
concentration used was 40 ,m. In later experiments dual-wave-length recordings were made with
an SLM-Aminco DW2C spectrophotometer. The wave-length pair was 650 and 750 nm, and the
band width was 3 nm. The Arsenazo III concentration in these experiments was 110 #M and the
starting Ca2+ concentration was such that less than 10% of the dye was bound to Ca2+. In this way
the absorption changes induced by Na+-stimulated Ca2+ release in r.o.s. were linear with the amount
of Ca2+ released.

Na+-stimulated Ca2+ release was initiated by adding small amounts of concentrated stock
solutions of different Na salts to a suspension of r.o.s. Corrections were made for the small amounts
of Ca2+ contamination introduced with the different salts, and for the small changes in sensitivity
of Arsenazo III for Ca2+ caused by changes in ionic strength. These corrections were determined
from Arsenazo spectra without r.o.s. present. Different ionophores (FCCP, valinomycin, gramicidin,
A23187) were added from concentrated stock solutions (1 mM) in ethanol or methanol. Additions
of ethanol or methanol had no effect. None of the above procedures affected the integrity of the
plasma membrane or the homogeneity of r.o.s. as judged by the criteria described earlier
(Schnetkamp, 1979; Schnetkamp & Daemen, 1982).

Nucleotide analysis by high-pressure liquid chromatography
Small solutes were extracted from r.o.s. with 60% methanol at -20°C according to Donofrio,

Colman, Hutton, Daoud, Lampkin & Dyminski (1978). The rhodopsin concentration in the r.o.s.
suspension used for the extraction was about 200 /M. The denatured proteins were sedimented in
a Brinkman table-top centrifuge (2 min at 12000 revs min-') and the methanol evaporated under
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N2. The samples were injected onto an Ultrasil AX 10,um (4-6 x 250 mm) column and eluted
following the procedure of Liebes, Kuo, Krigel, Pelle & Silber (1981). Identification and quanti-
fication was done by applying samples of known nucleotide composition to the column. Amounts
of the different nucleotides were converted into over-all concentrations in r.o.s. by assuming that
the rhodopsin concentration in r.o.s. was 3 mm (Daemen, 1973).

Abbreviations
EGTA, ethyleneglycol-bis-(fl-aminoethylether)N,N'-tetraacetic acid; EDTA, ethylenediamine

tetraacetic acid; HEPES, N-2-hydroxyethylpiperazine-N'-ethanesulphonic acid; cyclic GMP,
guanosine-3',5'-cyclic monophosphate; GTP, guanosine-5'-triphosphate; ATP, adenosine-5'-
triphosphate; FCCP, carbonylcyanide p-trifluoromethoxyphenylhydrazone.

RESULTS

Na+-stimulated Ca2+ efflux
Na+-stimulated Ca2+ efflux from r.o.s. can be studied most accurately in intact

r.o.s., enriched in Ca2+ to unphysiologically high levels. When intact r.o.s. are
suspended in a solution containing sucrose and some inert buffer, addition of Na+ to
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Fig. 1. Na+-stimulated Ca2+ efflux in Ca2+-enriched intact r.o.s. Intact r.o.s. were
suspended in 600 mM-sucrose, 20 mM-HEPES, 8-8 mM-arginine, 2-5 mM-KCl, 5 /SM-FCCP,
40 /,M-Arsenazo III (pH = 7-4). The over-all rhodopsin concentration in the suspension
was 4-8 tM. Ca2+ efflux was started by addition of the indicated NaCl concentrations (in
mM) at time zero. The data were corrected for the small changes in Ca2+ sensitivity of
Arsenazo III caused by the differences in ionic strength. Split-beam measurements were
made ofA650-A750. Absorption changes were converted to Ca2+ release in mol Ca2+ mol-'
rhodopsin by back-titration with EGTA or EDTA. The occupancy ofArsenazo III by Ca2+
varied from 20 to 42 %. Temperature = 25 'C.

the medium causes the release of part of the internal Ca2+ by Na-Ca exchange
(Schnetkamp, 1980). The use of the optical Ca2+ indicator Arsenazo III allows a
precise analysis ofNa-Ca exchange and the data shown in Fig. 1 illustrate the typical
pattern of Na+-stimulated Ca2+ efflux in intact Ca +-enriched r.o.s. Ca2+-enriched
intact r.o.s. contained about 7 mol Ca2+ mol-1 rhodopsin (21 mM-total Ca2+). The rate
ofCa2+ leakage from Ca2+-enriched intact r.o.s. was very slow, even when subsequent
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addition of the Ca2+ ionophore A23187 caused a nearly complete discharge of internal
Ca2+ into the external medium (not shown). Addition of Na+ to the medium greatly
enhanced the rate of Ca2+ efflux. At Na+ concentrations greater than 10 mm, Ca2+
efflux appeared to have two components; a fast phase lasted about 30 s and subsided
in a persistent slow phase. At 50 mM-Na+ the initial efflux rate was more than 400
times the leakage rate. Addition of 50 mM-K+, choline+ or tetramethylammonium+
did not increase the leakage rate, while 50 mM-Li+ increased it slightly (see Fig. 4).
In all cases chloride salts were used. The addition of 50 mM-Na+ caused within 5 min
the release of 60-70 % of the total amount of internal Ca2+ present in Ca2+-enriched
r.o.s. (at 25 TC and in the presence of 2 mM-K+), while lower Na+ concentrations
caused the release of less Ca2+. This suggests that the external Na+ concentration
controls both the rate of Ca2+ efflux and the amount of Ca2+ released. The limited
amount of release is probably not due to equilibrium conditions of Na-Ca exchange
(i.e. the rise in external free Ca2+; external Ca2+ was buffered by Arsenazo III
preventing large changes in the external free Ca2+ concentration). A similarly
incomplete Ca2+ release (as measured with 45Ca) has been observed when the external
medium contains a large excess of the Ca2+ chelator EGTA (Schnetkamp, 1980).
Under these conditions a complete Ca2+ release would be expected.

In the above experiments the electrogenic protonophore FCCP (Benz & McLaughlin,
1983) was present. At the concentrations used (2-5 #M) FCCP was the dominant
conductance in r.o.s. membranes. Both the interior of r.o.s. and the external medium
are heavily buffered with respect to protons. Under these conditions FCCP is expected
to clamp the membrane potential to the prevailing Nernst potential for protons, i.e.
r.o.s. membranes are electrically shunted in the presence of FCCP (as demonstrated
elsewhere, Schnetkamp, 1985b). Na-Ca exchange in other systems has been reported
to be electrogenic, that is more than two Na ions are exchanged for each Ca2+ (Baker
& McNaughton, 1976; Blaustein, 1977; Pitts, 1979; Reeves & Sutko, 1980; Philipson
& Nishimoto, 1980). Therefore, the effect of different ionophores on the rate and
amount of Na-Ca exchange was investigated (Fig. 2). The presence of FCCP increased
the rate of Na-Ca exchange, but not the amount of Ca2+ released. This result is
qualitatively consistent with the notion that Na-Ca exchange in r.o.s. operates
electrogenically (FCCP relieves the back-pressure effect of the Na-Ca exchange
current). Na-Ca exchange in the absence of FCCP could be either due to electroneutral
Na-Ca exchange or to the electrical shunting by conductance(s) endogenous to r.o.s.
In a separate experiment, gramicidin was added. Gramicidin forms channels in
bilayer membranes, which are relatively non-selective for alkali cations and protons
(Hladky & Haydon, 1972; Myers & Haydon, 1972). When added to r.o.s., gramicidin
acted as observed in bilayer membranes; it caused rapid transport of alkali cations
across the membrane (Schnetkamp, 1985 a). Addition of gramicidin to a suspension
of intact r.o.s. caused a reduction in the rate of Na+-stimulated Ca2+ efflux. This result
is consistent with a rapid rise of internal Na+ competing with internal Ca2+ for
occupation of common internal sites of the Na-Ca exchanger, as observed in other
systems (Blaustein & Russell, 1975; Reeves & Sutko, 1983). Gramicidin did not cause
a reduction in the amount of Ca2+ released. Apparently, the amount of Ca2+ released
is a function of the external Na+ concentration rather than of the Na+ gradient (cf.
Fig. 1). It should be noted that these experiments can only analyse the total internal
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Fig. 2. Effect of different ionophores on Na+-stimulated Ca2+ efflux in Ca2+-enriched intact
rKo.s. Intact r.o.s. were suspended in 600 mm-sucrose, 20 mm-HEPES, 88 mm-arginine,
40seM-Arsenazo III (pH = 74). The rhodopsin concentration in the suspension was5msbm.
Ca2a efflux was initiated by the addition of 50 mm-NaCl.ionophores were present as
indicated. Other conditions were as described in the legend of Fig. 1.

Ca2+ content of rno.s. and not the free internal Ca2+ concentration nor the
compartmentalization of internal Can2+(ytosolic or intradiskal). The large majority
of internalCa2n in intact bovine r.o.s. is bound to intradiskal binding sites in
equilibrium with a free Ca2+concentration of 10-20 /tm (Schnetkamp, 1979; Schnet-
kamp & Kaupp, 1985).

In addition to the effects of FCCP and gramicidin, Na-Ca exchange was affected
by K+ concentration as well. The Na-Ca exchanger in other systems possesses a
non-selective alkali cation site that is not involved directly in transport but must be
occupied before transport can occur. The effect of this site is most clearly noted for
Ca-Ca exchange, which is stimulated by alkali cations (Blaustein & Russell, 1975;
Philipson & Nishimoto, 1981; Slaughter, Sutko & Reeves, 1983). Ca-Ca exchange in
ro.s. does not require the presence of alkali cations, but K+ has complex effects on
both the rate and amount of Ca-Ca exchange (Schnetkamp, 1980). K+ increased both
the rate and the amount of Ca2+ release stimulated by addition of 50 mm-external
Na+ (Fig. 2). The optimum K+ concentration for this effect was 2-2-5 mm. Increasing
the K+ concentration further has a slightly inhibitory effect on Na-Ca exchange, but
prolonged exposure to high K+ has deleterious effects (Schnetkamp, 1979, 1980).

Accessibility of internal Ca2+ to exchange with external Na+
Measurements of 45Ca---40Ca exchange in isolated bovine r.o.s. (Schnetkamp, 1980)
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Fig. 3. Effect of temperature on Na+-stimulated Ca2+ efflux in Ca2+-enriched intact r.o.s.
Ca2+ efflux was initiated by the addition of 50 mM-NaCl at the indicated temperature.
Other conditions were as described in the legend of Fig. 1.

or 44Ca-40Ca exchange in r.o.s. in the toad retina (Schr6der & Fain, 1984) show that
only part of the internal Ca2+ is available for rapid exchange and that the size of the
accessible Ca2+ pool is dependent on the ionic composition of the external medium.
The data shown in Figs. 1 and 2 suggest that only part of the total intracellular Ca2+
pool in r.o.s. could participate in rapid Na-Ca exchange as both Na+ and K+ could
affect the size of this accessible pool. Another way to influence the accessibility of
the internal Ca2+ pool to rapid Na-Ca exchange is illustrated in Fig. 3. The relative
rate (the fraction of Ca2+ released with respect to the total Ca2+ release) was not
greatly affected by lowering the temperature by 25 0C, but the amount of Ca2+
accessible to rapid release was greatly reduced. This result could be interpreted as
some sort of on/off regulation of Na-Ca exchange. The Ca2+ content of r.o.s. was not
affected by temperature.

Analysis of the rate of Na+-stimulated Ca2+ efflux
In this section the initial rate of Na-Ca exchange in intact r.o.s. is analysed.

Fig. 4 shows the dependence of Na+-stimulated Ca2+ efflux on the external Na+
concentration. R.o.s. membranes were electrically shunted by inclusion of the
protonophore FCCP. In addition, the effect of 2 mM-K+ on the rate of Na-Ca
exchange was investigated. To ensure control of both the internal and external K+
concentration, the experiment was carried out under a K+ clamp (with the K+
ionophore valinomycin and the protonophore FCCP present).
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Fig. 4. Dependence of Na Ca exchange on the external Nat concentration in Ca2t-enriched
intact r.o.s. Intact r.o.s. were suspended in 600 mM-sucrose, 30 mM-HEPES, 13-2 mM-
arginine, 2 mM-KCl (Fig. 4Bonly), 110 4uM-Arsenazo III, 2-5 ,tM-FCCP, 2-5 /LM-valinomycin
(pH = 7 4). The rhodopsin concentration in the suspension was 3-5 /LM. At time zero NaCI
or LiCi (dashed line) was added to the indicated final concentration (in mM) and Ca2+
release was monitored in the dual-wave-length mode by the increase in A650-A750. The
calibration bar applies to the case where 50 mM-NaCl or LiCl was added; the sensitivity
of Arsenazo III to Ca2+ increased by about 2000 when no NaCl was added. The occupancy
of Arsenazo III by Ca2+ varied from 1000 to 1600. Temperature =26°0C. t OD is
1 absorbance unit.

K+ (at 2 mM) had marked effects on the rate and pattern of Na-Ca exchange and
the direction of this effect depended on the external Na+ concentration. At Na±
concentrations lower than 15 mM, the rate of Na-Ca exchange was inhibited by the
presence of 2 mM-K±, whereas at Na+ concentrations greater than 15 mM both the
rate and amount of Na-Ca exchange were increased by 2 mM-K± (compare Fig. 4A
and B). As a result, plots of the initial rate of Na-Ca exchange against the external
Na+ concentration showed distinctly different shapes, both displaying a prominent
sigmoidicity (Fig. 5). This indicates that more than one Na+ is transported against
each Ca2+, as is commonly observed for Na-Ca exchange. In ten different preparations,
the relation between the initial rate of Na-Ca exchange and the external Na+
concentration was always sigmoidal, and the degree of sigmoidicity varied in a
systematic fashion with the presence of K±, FCCP or valinomycin.
The data were analysed according to the Michaelis-Menten equation (Dixon &

Webb, 1964):

v= (Na+)n
V [1 + (Na+)/K]n'
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where v is the observed rate, V is the maximal rate, (Na+) is the external Na+
concentration, K is the dissociation constant of the Na-Ca exchanger for Na+, and
the exponent n is the number of Na ions that determines the rate ofNa-Ca exchange.
This Michaelis-Menten equation is derived from a model in which sequential binding
of more than one Na+ is required for Ca2+ efflux. The Na-Ca exchange rates in the
presence of 2 mM-K+ could be reasonably well fitted when n was equal to 2 and K

0
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Fig. 5. Dependence of the initial rate ofNa-Ca exchange on the external Na+ concentration.
The data shown in Fig. 4 were used for this plot. 0 represent Ca2+ release when 2 mM-KCl
was present; * represent Ca2+ release without KCL. The continuous lines were calculated
according to the Michaelis-Menten equations given in the text. The parameters were used
as indicated.

was between 25 and 30 mm (Fig. 5, continuous line through open symbols). A much
less satisfactory fit was obtained, when n was assumed to be 3 (not shown). These
results are quite similar to those obtained for the Na-Ca exchanger in heart
sarcolemma (Kadoma, Froelich, Reeves & Sutko, 1982; Reeves & Sutko, 1983). The
Na-Ca exchange rates in the absence of K+ gave a better fit, when n was equal to
3 and K was 8 mm (Fig. 5 continuous line through filled symbols).
The rate of Na-Ca exchange at 50 mM-Na+ (2 mm-K+ present) ranged between 4

and 6 x 106 Ca2+ outer segment -1 s-1. In the Michaelis-Menten model this observed
rate represents a maximal rate V of 107 Ca2+ outer segment -1 sol.

Ca2+ uptake in Ca2+-depleted r.o.s. by reverse Na-Ca exchange
Intact r.o.s. were isolated under more physiological conditions in a medium that

included 50 mM-NaCl and 05 mm-CaCl2. Under these conditions r.o.s. contained
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Fig. 6. Ca2+ uptake and Ca2+ release in intact 'normal' Ca2+ r.o.s. Intact r.o.s. were
suspended in 600 mm-sucrose, 30mm-HEPES, 132 mm-arginine, 2,um-FCCP, I10 #mM-
Arsenazo III (pH = 7 4). The rhodopsin concentration in the suspension was 3-2 Itm. Ca2+
fluxes were monitored in the dual-wave-length mode (A650-A750) and the occupancy of
Arsenazo III with Ca2+ was less than 5% (free Ca2+ concentration was less than I /Zm).
Na+-stimulated Ca2+ release was initiated by adding 50 mm-NaCl (2 mm-KCI present). Ca2+
uptake was started by addition of 8 ,#m-Ca2+ with or without 2 mm-KCI as indicated. After
a little less than 4 min 10 mm-NaCl or 2 ,um-A23187 was added as indicated.
Temperature = 26 'C.

2-3 mol Ca2+ mol-I rhodopsin. After resuspension in the inert sucrose medium r.o.s.
released Ca2+ upon addition of Na+, and also accumulated Ca2+ upon addition ofCa2+
(Fig. 6). The rate of Na+-stimulated Ca2+ release was similar to that observed in
Ca2+-enriched r.o.s. (3 9 x 106 Ca2+ outer segment-' s-1 after addition of50 mm-NaCI).
Ca2+ uptake was initiated by adding 8 /tm-Ca2+ to the r.o.s. suspension at time zero

(the absorption change due to Ca2+ addition is not shown). The suspension now
contained 100 #m-free Arsenazo III and 10 #um-Ca2+-Arsenazo III. The dissociation
constant for the Arsenazo-Ca2+ complex is about 3 Im under these conditions
(Kaupp, Schnetkamp &r Junge, 1979) and, accordingly, the free external Ca2+
concentration was about 0-3 #m. Ca2+ uptake was stimulated by addition of K+
(optimum K+ concentration 2-2-5 mm). The initial rate of uptake was 3-3 X 105 Ca2+
outer segment-' s-1, and uptake amounted to 1 1 mol Ca2+ mol-I rhodopsin after
5 min. Subsequent addition of 10 mm-Na+ caused a Ca2+ efflux that reversed the
preceding Ca2+ uptake. In a separate sample, addition of the Ca2+ ionophore A23187

20~~~~2

caused a large and fast release of Ca +.
The mechanism underlying the Ca2+ uptake by intact r.o.s. was investigated in
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Fig. 7. Ca2+ uptake in Ca2+-depleted intact r.o.s. Intact r.o.s. were suspended in
600 mM-sucrose, 30 mM-HEPES, 13-2 mM-arginine, 40 puM-Arsenazo III, 50 ,#M-EDTA,
5 ,uM-FCCP, 2-5 mM-KCl (pH = 7 4). The rhodopsin concentration in the suspension was
6-0 #M. EDTA was added to the suspension to prevent uptake of Ca2+ present as
contamination in the Arsenazo. To initiate Ca2+ uptake by r.o.s., Ca2+ was added at time
zero to give about 50% occupancy of the Arsenazo with Ca2+ (about 68 /SM-total Ca2+:
50,UM to chelate the EDTA, 15,uM-Ca2+ chelated to Arsenazo, and 3/uM-free Ca2+). *:
no further addition to the suspension medium. Chloride salts were present as indicated.
Gramicidin was present at 2 /UM (O. *, E). Ca2+ uptake was measured in the split-beam
mode by recording spectra of Arsenazo III plus r.o.s. at the indicated times.
Temperature = 26 'C.

detail with the preparation of Ca2+-depleted r.o.s. The experiment shown in Fig. 7
examined whether Ca2+ uptake in Ca2+-depleted r.o.s. occurred by reverse Na-Ca
exchange. Uptake ofCa2+ was strongly inhibited when Na+ was added to the medium,
whereas addition of either K+, Li+, or trimethylamine+ had little effect. This result
is consistent with Ca2+ uptake via reverse Na-Ca exchange in view of the competition
between Na+ and Ca2+ for common sites on the Na-Ca exchanger. Such competition
has been observed for Na-Ca exchangers in other systems as well (Blaustein &
Russell, 1975; Reeves & Sutko, 1983). The maximal rate of uptake amounted to
7.4 x 105 Ca2+ outer segment-' s-1, and 2-3 mol Ca2+ mol1 rhodopsin was taken up
in 10 min. The initial rate was observed at a free Ca2+ concentration of about 3 /LM.

If Ca2+ uptake occurred via reverse Na-Ca exchange, it should be abolished when
intracellular Na+ is allowed to leak out by the ionophore gramicidin, especially when
the outward movement of Na+ is electrically compensated by an inward movement
of alkali cations or protons. Ca2+ uptake in Ca2+-depleted r.o.s. was abolished when
gramicidin was present and the external medium contained either 20 mM-K+,

2-2
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Fig. 8. Ca2+ uptake in Ca2+-depleted intact r.o.s. with and without A23187. Experimental
conditions are as described in the legend of Fig. 7. At 10 min 2-5 /tM-A23187 was added.

20 mM-Li+, or 20 mM-trimethylamine+. Trimethylamine is an intrinsically permeant
'cation' due to the fact that the neutral form readily crosses biological membranes
in a similar manner as observed for NH3 (Roos & Boron, 1981; see below). The Na+
efflux is electrically compensated by a proton influx (both Na+ and proton flux via
gramicidin). The net effect is an exchange between internal Na+ and protonated
trimethylamine. Taken together, the properties of Ca2+ uptake in r.o.s. such as
stimulation by K+, inhibition by external Na+, and dependence on internal Na+
suggest that Ca2+ uptake reflects reverse Na-Ca exchange.
The experiments described to this point suggest that the Na-Ca exchanger in

isolated r.o.s. freely operates in both directions and that Ca2+ movements in r.o.s.
are controlled by Na+. To illustrate this point the direction of Ca2+ movements
through the Na-Ca exchanger is compared with those through the Ca-H exchanger
A23187 (Fig. 8). In the presence of A23187 the free Ca2+ concentration in r.o.s. is
clamped to that in the external medium (Schnetkamp, 1979; Kaupp, Schnetkamp
& Junge, 1981; Schnetkamp & Kaupp, 1985). Under these conditions Ca2+ uptake
and release is dependent only on the properties of Ca2+ binding sites in r.o.s. For the
present argument it suffices to note that Ca2+ binding is strongly affected by permeant
electrolytes such as salts of weak bases (the mechanism for this is described in detail
elsewhere, Schnetkamp, 1985a). During the first 10 min of the incubation Ca2+
transport proceeded via transporters native to r.o.s. (Fig. 8). Ca2+ uptake was inhibited
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Fig. 9. Na+-stimulated Ca2+ release in Ca2+-enriched leaky r.o.s. Leaky r.o.s. were
suspended in 300 mM-sucrose, 30 mM-HEPES, 13M2 mM-arginine, 2 mM-KCl, 11l1UM-
Arsenazo III, 2 ,cSM-FCCP, 2 /LM-valinomycin (pH = 7 4). The rhodopsin concentration in
the suspension was 780 4M. External Ca2+ was titrated with 20 /M-EDTA until the
occupancy of Arsenazo III with Ca2+ was 8%. Maximal Ca2+ release increased this
occupancy to 16%. Ca2+ release was monitored in the dual-wave-length mode (A650-A750).
The sensitivity of the Arsenazo towards Ca2+ was decreased by 20% when Na+ was
increased from zero to 50 mM. Temperature = 26 0C. 1 OD is 1 absorbance unit.

by Na+, whereas trimethylamine had little effect. After 10 mmn the addition of
285 /M-A23187 caused a rapid redistribution of Ca2+ according to the equilibrium
conditions of the ionophore. This illustrates two points. First, the concentration of
A23187 used was amply sufficient to overcome the Ca2+ fluxes (and the equilibrium
conditions) maintained by the Na-Cha exchanger. Secondly, the equilibrium conditions
for A23187 are easily distinguished from those of the Na-Ca exchanger. The addition
of A23187 caused a further uptake of 1*7 mol Ca2+ mold rhodopsin when trimethyl-
amine was not present; 1'5 mol Ca2+ mo1d rhodopsin was released when trimethyl-
amine was present.

Na-Ca exchange in leaky r.o.s.
Na+-stimulated Ca2+ efflux was also observed in leaky r.o.s. (Fig. 9). The pattern

was very similar to intact r.o.s.; a fast efflux phase lasted about 15 s and subsided
into a much slower efflux phase. The selectivity for Na+ as compared with Li+ or K+
was the same as noted for intact r.o.s. Neither Li+ nor K+ stimulated CaS+ efflux
from leaky r.o.s., although K+ (2 mM) had similar effects on Na-Ca exchange in leaky
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Fig. 10. Comparison ofNa+-induced and cyclic-GMP-induced Ca2+ release in Ca2+-enriched
leaky r.o.s. Experimental conditions were as described in the legend of Fig. 9. Ca2+ efflux
was initiated by addition of 50 mM-NaCl or 250 /sM-cyclic GMP as indicated. Cyclic-
GMP-induced Ca2+ release required the presence of alkali cations. Therefore, 50 mM-KCl
was added to the cuvette, in which cyclic-GMP-induced Ca2+ release was measured. KCl
by itself did not cause Ca2+ release.

r.o.s. as noted above for intact r.o.s. (Fig. 4). The initial rate at 50 mm-Na+ ranged
between 2 and 4 x 106 Ca2+ outer segment-' s-1, which is comparable with that
observed in intact r.o.s. The initial rate of Na-Ca exchange depended in a sigmoidal
way on the external Na+ concentration, although a precise kinetic analysis was more
difficult in leaky r.o.s. because of the non-linear nature of the initial absorption
changes.

Ca2+ uptake in Ca2+-depleted leaky r.o.s. was compared with that observed in intact
r.o.s. Results similar to those shown in Figs. 7 and 8 were obtained when using leaky
r.o.s. (not shown).
Leaky r.o.s., but not intact r.o.s., showed a cyclic-GMP-induced Ca2+ release in

addition to Na-Ca exchange. This cyclic-GMP-induced Ca2+ release is similar to that
described by others (Caretta & Cavaggioni, 1983; Kaupp & Koch, 1984). The
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experiment illustrated in Fig. 10 compared the Na+-induced Ca2+ release with the
cyclic-GMP-induced Ca2+ release. The initial rates were 2 x 106 and 105 Ca2+ outer
segment-1 s-1 for Na+- and cyclic-GMP-induced Ca2+ release, respectively, while the
amount of Ca2+ released was 1-5 and 0-15 mol Ca2+ mol-1 rhodopsin, respectively.

Metabolic requirements of Ca2+ fluxes
The Ca2+ fluxes in intact r.o.s. described in this study and in previous studies

(Schnetkamp, 1979, 1980) can be accounted for by Na-Ca exchange operating in both
directions or operating as Ca-Ca exchange. When Na-Ca exchange was prevented
from operating, evidence for a Ca2+ pump in r.o.s. was not obtained. This might be
caused by insufficient high-energy phosphates to fuel such a pump. However,
Ca2+-enriched intact r.o.s. did contain sufficient high-energy phosphates as judged
from methanol extracts analysed by high-pressure liquid chromatography. Intact
r.o.s. contained about 3 mM-high-energy phosphates, 1.10+0-38 mM-ATP,
0-76+ 0-15 mM-GTP, 0-95 + 0-51 mM-phosphocreatine (average + standard deviation
from six different preparations). These values for the ATP and GTP content are com-
parable with those obtained from frozen sections of rabbit and monkey retinas
(Berger, DeVries, Carter, Schulz, Passonneau, Lowry & Ferendelli, 1980), and with
those obtained from frog r.o.s. preparations that contain part of the inner segment
and show normal photocurrents (Biernbaum & Bownds, 1985). The above values are
over-all concentrations based on a rhodopsin concentration of 3 mm in r.o.s. The
cytoplasmic space occupies probably only half of the total r.o.s. volume, and,
accordingly, the cytoplasmic concentrations were probably twice as high. Incuba-
tions for 30 min under conditions that permitted either Na-Ca exchange (high Na+,
low Ca2+) or Ca-Ca exchange did not cause a significant drop in ATP or GTP levels
(not shown). Incubation for 30 min with the mitochondrial uncoupler FCCP
(frequently used in this study to short-circuit r.o.s. membranes) had no significant
effect on ATP and GTP levels. Another indicator for 'metabolic health' commonly
used is the ATP/ADP and GTP/GDP ratio. Typically, very little ADP or GDP was
extracted by the methanol extraction procedure (less than 0 05 mM). However, after
a 5 min exposure to low Ca2+ in the dark as much as 0 5 mM-ADP and 0 35 mM-GDP
could be extracted despite the fact that the ATP and GTP levels did not change. One
possible explanation for these preliminary results is that most of the ADP and GDP
was normally bound (e.g. to the G-protein and the so-called '48K' protein, cf.
Godchaux & Zimmerman, 1979; Fung & Stryer, 1980; Zuckerman, Buzdygon &
Liebman, 1984) and apparently released at low Ca2+.

DISCUSSION

Na-Ca exchange was found to be the dominant Ca2+ transporter in the plasma
membrane of isolated intact bovine r.o.s. This preparation allows precise measure-
ments of the properties of the Na-Ca exchanger and four aspects, reported in this
study, are noteworthy:

1. Na-Ca exchange can change the total internal Ca2+ concentration by as much
as 0 5 mm s'- at observed rates of 5 x 106 Ca2+ outer segment-' s-1.

2. Within 30 s Na-Ca exchange can cause the release of as much as 7-5 mM-total
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Ca2" (Fig. 1) or the uptake of as much as 2 mM-total Ca2+ (Fig. 7). The large majority
of this Ca2+ is bound to Ca2+ buffer sites inside disks in equilibrium with free internal
Ca2+ concentrations in the micromolar range (Schnetkamp, 1979; Schnetkamp &
Kaupp, 1985). Disk membranes contain at least two pathways to account for rapid
transport ofCa2+ across the disk membrane: Na-Ca exchange (Schnetkamp, Daemen
& Bonting, 1977; Biernbaum & Bownds, 1985; Fig. 9), and a cyclic-GMP-dependent
pathway (Caretta & Cavaggioni, 1983; Kaupp & Koch, 1984; Fig. 9).

3. Na-Ca exchange could occur in both directions (Ca2+ uptake and Ca2+ release),
and in r.o.s. with widely varying internal Ca2+ levels (Figs. 1, 6 and 7). Ca2+ fluxes
through the Na-Ca exchanger appeared to flow freely according to the prevailing
gradients for Na+ and Ca2+.

4. Ca2+ storage in isolated r.o.s. is compartmentalized. Not all Ca2+ is accessible
to Na-Ca exchange (Figs. 2 and 3) or, in leaky r.o.s., to the cyclic-GMP-dependent
pathway (Fig. 9). This suggests the presence of different Ca2+ pools, perhaps reflecting
different types of disks. These results cannot be accounted for by the properties of
Ca2+ binding sites, since all internal Ca2+ in r.o.s. is freely accessible and exchangeable
in the presence of the ionophore A23187 (Schnetkamp, 1979; Caretta & Cavaggioni,
1983; Kaupp & Koch, 1984; Schnetkamp & Kaupp, 1985).
The above results were obtained with isolated intact r.o.s. exposed to rather

unphysiological conditions. Several observations are consistent with the notion that
Na-Ca exchange similarly operates in the outer segments ofphysiologically functional
rod cells both in the dark as well as in the light. The rapid changes of the dark current
in functioning rod cells upon changes of the external Na/Ca ratio are consistent with
the notion that the internal Ca2+ concentration in these cells is controlled by Na-Ca
exchange (Fain & Lisman, 1981; Hodgkin et al. 1984; Yau & Nakatani, 1984a).
Similarly, the Na+ dependence of the light-induced Ca2+ release from r.o.s. in the
retina suggests that this Ca2+ release is mediated by Na-Ca exchange (Yoshikami,
George & Hagins, 1980; Gold & Korenbrot, 1980). In isolated r.o.s. the maximal Ca2+
flux through the plasma membrane by Na-Ca exchange amounted to 26 pmol
cm-2 s-'; among the highest Ca2+ fluxes reported for biological systems (Kaupp &
Schnetkamp, 1982). Yau & Nakatani (1984b) recently reported a maximal current
of 30 pA in illuminated toad rod outer segments, which the authors attribute to
electrogenic Na-Ca exchange operating at a stoicheiometry of 3 Na/Ca. If the
dimensions of a toad rod outer segment are taken to be 6-5 x 60,um (Hodgkin et al.
1984) a Ca2+ flux of 25 pmol cm-2 s-1 can be calculated. It appears that the maximal
Ca2+ flux of Na-Ca exchange is quite similar in isolated bovine r.o.s. as compared
with functioning toad r.o.s. when expressed per unit of surface area. These numbers
show that the maximal capacity ofNa-Ca exchange is about two orders of magnitude
larger as compared with the light-induced Ca2+ efflux observed from r.o.s. in the
functioning rod cell (Yoshikami et al. 1980; Gold & Korenbrot, 1980).

Ca2+ fluxes through a conductance mechanism were not detected at the low
external Ca2+ concentrations (ftM) typical for the experiments in this study. Na+ and
K+ fluxes through a conductance mechanism were observed in the preparation of
isolated intact r.o.s., but Ca2+ fluxes through a conductance mechanism were only
detected at high (20 mM) external Ca2+ concentrations (Schnetkamp, 1985b). Under
physiological conditions part of the dark current through the light-sensitive con-
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ductance may be carried by Ca2+ (Hodgkin et al. 1984). The maximal Caa2+ flux through
the Na-Ca exchanger would be of comparable magnitude as that due to a Ca2+ current
of 60 pA. The Ca2+ flux through the Na-Ca exchanger would be difficult to detect
in current measurements, if it was due to electroneutral Ca-Ca exchange or to reverse
Na-Ca exchange.

Properties of Na-Ca exchange in different systems
Na-Ca exchange has been described in a number of other systems. Some of its

properties as have emerged from studies on squid axon (Baker & McNaughton, 1976;
Blaustein, 1977) and cardiac sarcolemma vesicles (Pitts, 1979; Philipson & Nishimoto,
1980; Trosper & Philipson, 1983; Reeves & Sutko, 1983; Slaughter et al. 1983; Reeves
& Hale, 1984) will be summarized and compared with findings on Na-Ca exchange
in bovine r.o.s. as reported in this and previous studies (Schnetkamp, 1979, 1980):

1. Na-Ca exchange and Ca-Ca exchange have comparable transport rates and are
most likely two transport modes of the same transporter. In all three systems Na-Ca
exchange can operate freely in both directions as measured by Ca2+ influx and Ca2+
efflux; Na+ is the only alkali cation that can promote counter-transport with Ca2+,
and Na+ and Ca2+ compete for common sites on the Na-Ca exchanger.

2. Na-Ca exchange operates passively (i.e. it is not activated) in the direction set
by the prevailing electrochemical gradients of Na+ and Ca2+. Na-Ca exchange does
not operate as a unidirectional Ca2+ pump. Ca-Ca exchange without net flux
component has been demonstrated under steady-state conditions.

3. Most divalent and trivalent cations inhibit both Na-Ca and Ca-Ca exchange,
although only Sr'+ and (sometimes) Ba2+ (as opposed to Mg'+, Mni+ and La3+) can
replace Ca2+ in actual transport.

4. Both in squid axons and in sarcolemma vesicles Ca-Ca exchange is activated
by alkali cations such as Li+ and K+. In r.o.s. Ca-Ca exchange does not require alkali
cations; both Na-Ca exchange and Ca-Ca exchange are affected in a complex way
by K+, but not by Li+.

5. Na-Ca exchange depends on the membrane potential in a direction consistent
with the notion that more than 2 Na+ are exchanged against each Ca2+. Although
external Ca2+ appears to compete with 2 Na+ for common binding sites, probably
3 Na+ are transported against each Ca2+ (evidence for this is reviewed recently by
Reeves & Hale, 1984).

Kinetics of Na+-stimulated Ca2+ efflux
When Ca2+ efflux is accompanied by the uptake of more than 2 Na+ polarization

of the plasma membrane will inhibit the rate of Ca2+ efflux. This back-pressure effect
will be relieved by electrically shunting the membrane. The observation that the rate
of Na+-stimulated Caa2+ efflux was enhanced by the protonophore FCCP (Fig. 2) is
qualitatively consistent with the notion that Na-Ca exchange in r.o.s. is electrogenic,
but does not prove this point or imply that electrogenicity is obligatory.
Another approach to assess the number of Na+ transported against each Ca2+ is

to analyse the dependence of the initial rate of Na-Ca exchange on the external Na+
concentration (Figs. 4 and 5). When external K+ (2 mM) was present the data were
consistent with a model in which the binding of 2 Na+ was required for Ca2+ efflux
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to occur (actual transport could involve 3 Na+ but the binding of 2 Na+ is rate
limiting). In this analysis a Michaelis-Menten equation was used (Fig. 5). This
equation is derived from a model in which Na+ binding is sequential and with the
same binding constant. The sigmoidal dependence of the initial rate of Na-Ca
exchange on the external Na+ concentration suggests that at least two of the binding
constants are not dissimilar. The dissociation constant of the Na-Ca exchanger for
Na+ was 30 mm. The value for the dissociation constant of Na-Ca exchange for Na+
in r.o.s. is comparable with that obtained for Na-Ca exchange in sarcolemma vesicles
(Philipson & Nishimoto, 1981; Kadoma et al. 1982; Reeves & Sutko, 1983), but is
lower than that reported for squid axon. In the latter system the dissociation
constants depend on the presence of ATP in the axon, 50-60 mm in the presence of
ATP and 100-120 mm in its absence (Baker & McNaughton, 1976; Blaustein, 1977).
Yau & Nakatani (1984b) have determined a stoicheiometry of 3 Na/Ca for Na-Ca

exchange in toad rods. Their calculation is based on a comparison of an inward Ca2+
current that loads the cell with Ca2+ with a Na+-dependent outward current removing
Ca2+ from the cell, thought to be Na-Ca exchange. This calculation ignores the
possibility that substantial Ca2+ loading occurs not only by a Ca2+ current through
the light-sensitive conductance, but also by reverse Na-Ca exchange. In this study,
Ca2+ uptake via reverse Na-Ca exchange could increase the Ca2+ content of r.o.s. by
as much as 2 mm in 30 s (Fig. 8). If reverse Na-Ca exchange in toad rods occurs at
a similar rate as forward Na-Ca exchange (Na+-stimulated Ca2+ efflux), then the
maximal Ca2+ influx through the Na-Ca exchanger could be equivalent to the flux
of a Ca2+ current of 60 pA.

Na-Ca exchange in leaky r.o.s.

Ca2+ transport across the disk membrane was studied in r.o.s. with a plasma
membrane leaky to small solutes. Ca2+-enriched and Ca2+-depleted leaky r.o.s. were
prepared following the same principles as found for intact r.o.s. This suggests that
Ca2+ transport across the disk membrane is also mediated by Na-Ca exchange. Na-Ca
exchange operated in both forward and reverse mode. The rate of Na-Ca exchange
in leaky r.o.s. was of comparable magnitude as observed in intact r.o.s. when
expressed in number of Ca2+ outer segment-' s-1. This is a peculiar coincidence
considering that in intact r.o.s. the plasma membrane was rate limiting and in leaky
r.o.s. the disk membrane was rate limiting. The observation that cyclic-GMP-induced
Ca2+ release was only observed in leaky r.o.s. and not in intact r.o.s. is consistent with
a proper assessment of the rate-limiting barrier in both preparations. The most
obvious way to interpret these results is that both the disk and plasma membrane
contain a very similar Na-Ca exchanger. Most of the internal Ca2+ in intact r.o.s. is
stored in the disks (Schnetkamp, 1979; Schnetkamp & Kaupp, 1985), and it is
peculiar that Na+-stimulated Ca2+ efflux in intact r.o.s. never showed a lag phase
indicating the time required for Na+ to cross the plasma membrane and for Na-Ca
exchange to transport Ca2+ from the intradiskal space to the cytoplasmic space.
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