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Barium delays the onset of rapid dark
adaptation in bullfrog cones. A. E. WAL-
TER, D . A. BOLNICK, AND A. J. SlLLMAN.

The late receptor potential of the excised, perfused
bullfrog retina was isolated tvith sodium aspartate. By
employing a three-flash technique, cone responses were
monitored without interference from rods. In cones
barium ions were found to delay the onset of rapid dark
adaptation, but the rate of recovery, once begun, was
unaffected. We propose that barium ions act directly
upon the enzyme system postulated to govern the onset of
rapid dark adaptation of cones. In addition, barium was
found to affect the amplitude of the rod receptor poten-
tial differently from that of cones, increasing the former
but decreasing the latter. The effect of barium upon pho-
toreceptor potential amplitude is discussed in terms of a
reduction in the potassium conductance of the photore-
ceptors and the mechanisms postulated for photoreceptor
excitation and rapid dark adaptation.

Low levels of barium ions (0.1 to 1.2 mM) have
been shown to increase the receptor potential
amplitude and to mimic dark adaptation in the
toad rod.' It was suggested that barium ions exert
their effect directly upon a nonphotochemical as-
pect of dark adaptation.1 In addition, inspection of
the data presented by Piccolino and Gerschenfeld2

reveals that high levels of barium ions (3 to 6 mM)
suppress the receptor potential amplitude of turtle
cones. Our own research has indicated that the
concentration of another divalent cation, calcium,

plays a role in rapid dark adaptation in bullfrog
cones.3 Thus the goals of this study were to
explore what effects barium might have on rapid
dark adaptation of cones and to further investigate
the effect of barium ions upon cone receptor po-
tential amplitude.

Materials and methods. The methods employed
here are essentially those described previously.3"5

In each experiment the late receptor potential of
an excised, perfused retina from a bullfrog (Rana
catesbeiana) was isolated by treatment with 10.0
mM sodium aspartate. In addition, control perfu-
sates contained 100.0 mM NaCl, 2.0 mM KC1,
5.0 mM glucose, 0.4 mM MgCl2, and 0.4 mM
CaCl2. The test solution differed from the control
only in that it contained 0.4 mM BaCl2. All perfu-
sion media were buffered at pH 7.8 with 20.0 mM
Tris-maleate.

Temperature was maintained at 18° ± 0.2° C by
a Lauda K-2/R water bath and monitored at the
level of the retina with a YSI Model 43 TD elec-
tronic thermometer. An IVAC Model 200 gravity
flow controller held the perfusion rate at 0.2 ml/
min. A Dynatron Model 276 event controller au-
tomatically regulated the time interval between
and the duration of each stimulus (a flash of white
light of 250 msec duration and 47 /xW/cm2 inten-
sity). Two chlorided silver electrodes, each posi-
tioned on opposite sides of the retina, carried re-
sponses to a capacitance-coupled amplifier (time
constant 0.5 sec). Responses were displayed on a
Tektronix Model 5112 oscilloscope, and perma-
nent records were made with a Grass kymograph
camera.

Results. A three-flash technique was employed
to monitor rapid dark adaptation of cones.3"5 Thus
the response to the first flash contains contribu-
tions from both rod and cone photo receptors. The
second stimulus, which follows the first by 10 sec,
elicits a pure and maximal cone response. The
third flash, given at intervals ranging from 1 to 10
sec following the second flash, evokes a response
reflecting the extent of cone recovery. To ensure
that the entire system recovers to the fully dark-
adapted state, a 2 min interval was employed be-
tween each tripartite set of flashes. In each exper-
iment cone rapid dark adaptation was determined
first with control Ringer, then 30 min after chang-
ing to barium Ringer, and finally 30 min after re-
turn to control Ringer.

That the 30 min interval employed between
changeover of perfusates was sufficient to allow
accurate monitoring of rapid dark adaptation is
shown by Fig. 1. This figure depicts the time
course of the effect of addition or removal of
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Fig. 1. Effect of barium on receptor potential amplitude. Open circles, Responses of the rods;
filled circles, responses of the cones. Changeover from control to experimental perfusate and
back is indicated by the arrows. A 3 min adaptation interval was employed between each pair
of stimuli to allow for full recovery. Results are of a typical experiment. Barium ion concentra-
tion was 0.4 mM.

barium ions on photoreceptor potential ampli-
tude. The maximum cone response is represented
by the filled circles and the amplitude of rod re-
sponse, computed by subtracting the maximum
cone response from the response to the first flash,
is illustrated by the open circles. Note that in both
cases the effect has plateaued within 30 min. It is
very interesting that the effect of barium was not
the same in the cones as it was in the rods. In fact,
barium decreased the amplitude of the cone re-
ceptor potential but increased the amplitude of
the rod receptor potential. These findings corre-
late well with the effect of barium ions upon the
turtle cone2 and the toad rod.'

Inspection of Fig. 2 reveals the dramatic effect
of barium ions in delaying the onset of rapid dark
adaptation of cones. In control perfusate (open
circles) the recovery of amplitude was approxi-
mately 34% of maximum 1 sec following the sec-
ond flash. Within 5 sec after the second stimulus,
recovery was nearly complete. In contrast, the
presence of barium ions (filled circles) shifted the
entire recovery curve to the right, and recovery of
amplitude did not reach 34% of maximum until 2
sec had elapsed between the second and third
stimulus. Thus there was a delay in the onset of
recovery, but the rate of recovery, once begun,
was unaffected. Since it was consistently observed
that the effect of barium ions upon cone rapid dark
adaptation was fully reversible, the data obtained

prior to and after monitoring the effect of barium
were averaged. The control recovery curve repre-
sents this average.

Discussion. The results depicted in Figs. 1 and
2 clearly indicate that barium has profound effects
upon the bullfrog retina treated with sodium as-
partate. It is doubtful that the effects of barium are
mediated through an interaction of the photore-
ceptors with the more proximal neurons, since the
presence of sodium aspartate suppresses the elec-
trical activity of the bipolar and horizontal cells.6'7

Although barium ions are known to suppress the
Muller cells,8 the effects of the ions observed in
the present study are not the result of an action
exerted on these glial elements. The reason for
this is that slow reversal of such suppression just
begins 1 hr after the retina is returned to control
Ringer,8 whereas in this study, employing the
same system, we find that the effects of barium
ions on the photoreceptors are fully reversed 30
min after the retina is returned to control Ringer.
We conclude therefore that barium ions act di-
rectly upon the photoreceptors to produce the
delay in the onset of rapid dark adaptation of cones
and the changes in rod and cone receptor potential
amplitude.

Certainly it is provocative that in the presence
of barium ions the receptor potential amplitude of
the rods increases but that of the cones decreases.
Since barium ions are known to decrease the po-
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tassium conductance of other excitable cells,9l 10 it
is possible that the potassium conductance of the
photoreceptors is also reduced. Although the po-
tassium conductance of the cones has not been
measured, it is assumed that there is a continuous
outward potassium current which leads to hy-
perpolarization when light excites the cone and
inactivates the inward sodium current.11 There-
fore it is conceivable that barium ions, through a
blockage of potassium conductance, produce a de-
crease in cone hyperpolarization and so reduce the
receptor potential amplitude of cones.

Interestingly, it has been proposed that barium
ions cause a reduction in the potassium conduc-
tance of rods.' However, despite the fact that a
diminished potassium conductance accounts for
the observed depolarization in the resting mem-
brane potential of rods, the change in membrane
potential cannot fully explain the increase in rod
receptor potential amplitude.1 Thus the action of
barium ions upon the rods must involve more than
a reduction in potassium conductance.1

Perhaps the ability of barium ions to affect the
receptor potential amplitude of rods differently
from that of cones is best interpreted in terms of
the mechanisms proposed for photoreceptor exci-
tation and rapid dark adaptation. For the rods it is
postulated that a stimulus of light allows the sac-
cules to release a blocking substance which then
diffuses through the cytoplasm to the sodium
channels.12 To maintain both a constant store of
blocking agent within the saccules and a reduced
level of this agent in the cytoplasm, it is suggested
that some form of retrieval mechanism exists in
the saccule.12 Brown and Flaming1 postulate that
barium impedes the reaccumulation of the block-
ing substance, thereby increasing the amount de-
livered to the sodium channels following a light
stimulus. This hypothesis predicts that a larger
hyperpolarization should result and certainly is in
accord with the increase in rod receptor potential
amplitude observed in both their study and ours.

Unlike the rods, the saccules of the cones are
exposed to the extracellular fluid13 and it is advo-
cated that the source of the blocking agent is the
extracellular fluid.12 In addition, it is proposed
that following excitation a conformational change
occurs in the membrane of the outer segment, so
that the blocker gains access to the sodium chan-
nels. 12 Since a temperature study showed that the
kinetics of cone rapid dark adaptation, following
onset of recovery, are independent of tempera-
ture, Sillman et al.5 suggested that a sodium chan-
nel inactivator exerts its effect not by entering the
cone cytoplasm but rather by binding to the ex-
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Fig. 2. Time course of adaptation of the cone re-
sponse as affected by 0.4 mM barium ion treat-
ment. The amplitude of the second cone response
as a percentage of the first (maximum) cone re-
sponse is shown. Open circles, Mean values ob-
tained with control Ringer; filled circles, mean
values obtained with 0.4 mM barium Ringer.
Error bars indicate the range. Data are from three
experiments conducted on retinas from three
frogs.

terior surface of the cone saccules. Rapid dark
adaptation, then, entails the enzymatic removal of
the inactivator followed by passive redistribution
of the substance into the extracellular fluid. In
terms of the mechanism envisioned for rapid dark
adaptation of cones there is no means for barium
ions to induce the accumulation of the sodium
channel inactivator once it has left the membrane.
Thus barium would not be expected to increase
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the hyperpolarization of cones. This proposal to-
gether with the suggestion that barium ions re-
duce the potassium efflux in cones predicts that
the receptor potential amplitude of cones should
decline in the presence of barium. Such a decrease
is noted in this study and elsewhere.2

Also consistent with this interpretation is our
present finding that barium ions delay the onset of
rapid dark adaptation but that the rate of recovery,
once begun, is unaffected. The onset of this
adaptation process is highly temperature-sensitive
and therefore may represent an enzymatic process
which removes the blocking agent or the inhibi-
tory substance from the sodium channels.5 It is not
unreasonable that barium may act directly on this
proposed enzymatic process so as to impede the
removal of the sodium channel inactivator. Such a
possibility is not remote since barium is known to
affect enzyme systems.14' 15 Because the onset of
the adaptation process in rods is also postulated to
be governed by the enzymatic removal of an inac-
tivator from the sodium channels,5 we anticipate
that barium ions will increase the latency of the
recovery process in rods as well. Research in our
laboratory is currently under way to test this hy-
pothesis.
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An estimate of image quality in the rat eye.
AUSTIN HUGHES AND HEINZ WASSLE.*

The point spread function on the optic axis of the rat eye
is indirectly estimated to increase from a half-height
width no greater than 12.5' to not less than 36' after
dilation of a 0.33 mm pupil diameter to 3.0 mm.

A modulation transfer function (MTF) curve is
not available for the rat. The following mea-
surements provide an estimate of the minimum
spatial frequency at which image contrast disap-
pears close to the optic axis of the rat eye.

Methods. Observations were made on the eyes
of five D.A. rats of between 115 and 130 days of
age (215 to 230 gm weight). The animals were
anesthetized by the intraperitoneal injection of
1 cc of 25% urethane solution and mounted in a
head holder. Saline irrigation was employed in-
stead of a contact lens. At first, the natural pupil
was used, but later it was dilated by atropine. The
apparatus of Fig. 1 is essentially that of Wassle.' A
grating of transparent and opaque bands was
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