its perceived spatial position, without
any significant change in the retinal ar-
ray. This result implies that lateral inhibi-
tion at the retina has little to do with ev-
eryday perception of lightness. Certainly
the available theories that reduce light-
ness perception to lateral inhibition are
in error.

Another important implication also fol-
lows. If the perceived lightnesses of sur-
faces depend on their perceived location
in space, depth processing must occur
first and be followed by the determina-
tion of surface lightness. That is, process-
ing is initiated by a pattern of intensity
differences on the retina; then the ner-
vous system uses various depth cues to
construct a spatial model to fit the retinal
pattern. As this spatial model is com-
pleted, lightnesses are assigned to the
various surfaces in accord with the copla-
nar ratio principle.
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Ionochromic Behavior of Gecko Visual Pigments

Abstract. Digitonin extracts of the retina of Gekko gekko prepared to minimize the
presence of chloride ions show the photopigment to be at about 490 nanometers rather
than at 521 nanometers, the position found for the same pigment in situ. The addition
of chloride to the extract causes a bathochromic shift in spectral absorbance, the mag-
nitude of the shift being related to the concentration of chloride, within limits. The ef-
fectis a specific one, and of all the anions tested only bromide causes a similar batho-
chromic shift. The nature of the cation is not involved since the same action is produced
by the chlorides of sodium, lithium, potassium, rubidium, cesium, calcium, magnes-

ium, beryllium, lanthanum, and choline.

Proteins that respond selectively or
specifically to inorganic ions are of spe-
cial interest to biological scientists, espe-
cially if these proteins are derived from
excitable membrane systems. At this
time I wish to report the behavior of a vi-
sual pigment whose color is altered re-
versibly by certain specific inorganic an-
ions. This pigment, a retinal-based chro-
moprotein from the retina of Gekko
gekko, has a spectral absorbance maxi-
mum of 521 nm within the outer seg-
ments (/). In aqueous digitonin solution
the spectral maximum varies according
to particular physical and chemical con-
ditions of the extract. One of these condi-
tions is the inorganic ion composition.

The main effect is a chloride response
(Fig. 1) that can be elicited in the follow-
ing manner. The photopigment is extract-
ed out of the visual cells with 1 or 2 per-
cent digitonin made up either in tris-ma-
leate buffer (pH 7.2) or in borate buffer
(pH 8.8). Prior to extraction the isolated
retinas are washed once with distilled wa-
ter and placed in 4 percent potassium
alum for 3 to 6 hours at 5°C. The alum-
hardened retinas are washed twice with
double-distilled water and once with the
buffer, and then extracted with 0.1 to 0.2
ml of digitonin per retina. During these
operations the temperature is kept close
to 5°C. Extracts prepared in this manner
never have absorbance maxima (Ayy)
close to 521 nm, but instead the spectra
are located at shorter wavelengths. For
the extract represented in curve 1 (Fig.
1) the Ay, is at 487 nm, typical for this
procedure. The spectral absorbance is
not stabilized at this location, for on add-
ing a drop of the same buffer containing
NaCl 2) the spectrum shifts rapidly to-
ward 521 nm (curve 2, Fig. 1). This shift
is quantitatively related to the NaCl con-

centration, a definite shift appearing with
about 4 X 107°M NaCl and increasing in
magnitude up to about 2 X 1072M (Fig.
2). It seems likely, therefore, that the
photopigment extracted in the manner
described exists in a deficient state in
which its spectral absorbance lies some
25 to 30 nm toward lower wavelengths
from the normal 521-state. Addition of
NaCl repairs the deficiency but the Ay
never shifts beyond 521 nm. While in the
hypsochromic, deficient state the pig-
ment is still photosensitive and the shape
of the absorbance curve is that of a Dart-
nall nomogram type. The chloride shift is

" completed within the time required to

add the NaCl and to remeasure the spec-
tral maximum, and is reversed as quickly
by diluting the extract with chloride-free
buffer. This reversibility is best demon-
strated by adding NaCl to a concentra-
tion that causes a shift of only 5 to 10 nm
and then diluting. In this way the opera-
tion is kept within the steep, functional
portion of the curve in the inset (Fig. 2).

The chloride effect appears to be inde-
pendent of the nature of the cation
coupled with the chloride, and I have ob-
tained the same shift in the presence of
sodium, potassium, lithium, rubidium,
cesium, calcium, magnesium, beryllium,
cadmium, and lanthanum. Even the or-
ganic chloride, choline chloride, pro-
duced the same bathochromic shift. Of
the anions tested (bromide, phosphate,
borate, thiocyanate, nitrate, sulfate, fluo-
ride, and iodide) only bromide elicited
the same response as chloride. The ef-
fect is anion-specific and the behavior to-
ward the halides suggests some role for
ion size. The small fluoride ion is inert as
is the large iodide ion, while the inter-
mediate chloride and bromide ions are
the active ones (Figs. 1 and 3).
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Fig. 1 (top left). The chloride shift. (Curve
1) Spectral absorbance of an extract made up
in 1 percent digitonin, with tris-maleate buffer
(pH 7.2). (Curve 2) Spectral absorbance after
adding NaCl to give a concentration of
7.97 X 107°M NaCl; temperature, 3.6°C.
Curve 2 has been corrected for dilution by
the addition of NacCl, the dilution factor be-
ing computed from weighings made before
and after adding the NaCl. Fig. 2 (left).
The chloride shift—quantitative aspects.
(Curve 1) The pigment in the hypsochromic
state. (Curves 2 to 6) After successive ad-
ditions of NaCl to give 2.70 x 107*M, 8.25 x
10*M, 1.81 x 10°M, 1.04 x 1072M, and
3.75 x 107'M, respectively. Curves 2 to 6
have been corrected for dilutions. (Inset) The
bathochromic displacement of the spectral
maximum (in nanometers) as a function of log
NaCl molarity. The data for the inset are
derived from curves 2 to 6 and from other
similar experiments. Temperature, 3.6°C. The

Fig. 3 (top right). Specificity of the chloride shift. Curve 1

(solid line), the pigment in the hypsochromic state; curve 1 (X), after the addition of NaF to give 7.40 x 107*M; and curve 1 (open circles), after
the addition of Nal to give 7.70 X 107°M. (Curve 2) After the addition of NaBr to give 1.03 x 10~'M. All curves have been normalized with
maxima at 100 percent. Temperature, 3.3°C. Extract in borate buffer.

In attempting to interpret these results
it is easier to eliminate certain ideas than
to suggest definite mechanisms that may
be involved. The concentrations of chlo-
ride and bromide required to produce an
effect and the high degree of anion speci-
ficity eliminate such factors as ionic
strength, lyotropic effects, and chaotrop-
ic actions (3). Nothing is known about
the composition or structure of the gecko
521-pigment or how it may differ from
the usual rhodopsins in which I have
failed to find a chloride effect. If pig-
ment-521 is like other visual pigments in
having 1l-cis retinal bound to a free
amino group of opsin as a protonated
Schiff base and if a secondary interaction
occurs between the m-electron system of
the retinylidene chain and certain nega-
tively charged groups of the opsin ¢),
then the chloride shift can be conceived
as an electrostatic action whereby chlo-
ride ions, loosely bound at specific an-
ion-binding sites of the opsin, perturb the
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secondary charge interaction. This per-
turbation could be a direct influence on
the secondary charge field itself or it
could be an effect involving a con-
formational change of the opsin at a re-
gion removed from the chromophore.
An interesting feature of this ionochro-
mic action is the magnitude (25 to 30 nm)
of the shift, being as large as the natural
displacements of many visual pigments
occurring in vertebrates. To date [ have
failed to obtain any comparable behavior
with the rhodopsins of frog, fishes, and
other vertebrates but I have found it in
Gecko stentor as well as the Tokay
gecko. Recognizing how inaccessible is
the chromophore of vertebrate rhodop-
sins to reagents, Hubbard and Sperling
@) turned to squid retinochrome which
was found to be reversibly changed in
color by such factors as pH, aging, and
cysteine. Among vertebrate visual pig-
ments that have been extracted the
gecko pigments appear to be unusual. In

addition to the ionochromic behavior de-
scribed here, I may mention the revers-
ible thermochromic and thiochromic re-
sponses that are already known for these
photopigments (5, 6). Further studies of
these gecko pigments will probably re-
veal additional interesting properties.
FREDERICK CRESCITELLI
Department of Biology,
University of California,
Los Angeles 90024
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