of serotonin may also reflect discrete
effects at serotonin 1 or serotonin 2 re-
ceptors (Table 1). Synaptic excitation
but not inhibition by iontophoretically
applied serotonin is antagonized by
drugs such as cyproheptadine, bromo-
1.SD, methysergide, and cinanserin,
which are 40 to 400 times more potent at
serotonin 2 than at serotonin 1 receptors.
Lisuride, LSD, and metergoline, which
influence iontophoretic serotonin inhibi-
tion, are 15 to 200 times more potent at
serotonin 1 receptors than the peripheral
serotonin antagonists, which fail to in-
hibit serotonin. Metergoline, which
blocks both inhibition and excitation of
serotonin, displays low nanomolar K;
values for both types of receptors. Since
iontophoretic results are only qualita-
tive, one cannot establish numerical cor-
relations with drug affinities for receptor
binding sites or behavioral potencies.
The data suggest that serotonin inhibi-

tion and excitation are mediated by sero-
tonin 1 and serotonin 2 receptors, re-
spectively. The excitatory actions of ser-
otonin may reflect a facilitation of ex-
citatory influences of other substances
such as acetylcholine and glutamate (22).
Since the serotonin behavioral syndrome
appears to involve serotonin 2 receptors,
it may reflect excitatory synaptic actions
of central serotonin. The relationship
between serotonin 1 receptors and both
the serotonin cyclase and neural inhibi-
tion is less clear than the link of seroto-
nin 2 sites and excitation. A major prob-
lem in evaluating serotonin 1 receptor
binding, the serotonin-sensitive adenyl-
ate cyclase, and iontophoretic serotonin
inhibition is the lack of specific, high-
affinity antagonists. Whereas cyprohep-
tadine has nanomolar affinity for seroto-
nin 2 sites and a 500-fold predilection for
serotonin 2 over serotonin 1 receptors,
no such selective antagonist has yet been
described for serotonin 1 receptors, the
serotonin cyclase, or serotonin-mediated
inhibition.
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Rod-Cone Interaction in the Distal Human Retina

Abstract. During the rod-isolated phase of dark adaptation, b-wave implicit time
of the human cone electroretinogram increased exponentially with a time constant
corresponding to that for the regeneration of rhodopsin. In the presence of different
photopically equated short-wave backgrounds, cone b-wave implicit time varied
inversely with the scotopic brightness of the background. Taking into account the
origin of the b wave, these measurements support the idea of a rod effect on cone

function in the distal human retina.

Convergence of rod and cone signals
in the human visual pathway has been
suggested from both psychophysical and
electrophysiological studies. For exam-
ple, psychophysical measurements have
shown that a background light that is

e S

640 nm

_Ji
Q
o

20 msec

Fig. 1. Dark-adapted ERG’s from a normal
observer in response to the 640-nm stimulus
and a photopically matched 500-nm flash.
Each tracing begins at stimulus onset and is
an average of 16 responses. The lower re-
sponse is generated by cones alone, lacking
the slow b-wave component of the upper
response (arrow) characteristic of the rod
system. A pure cone ERG to the 640-nm
stimulus was seen also in a second normal
observer. The three remaining normal sub-
jects showed in addition a very late, small rod
oscillation to this stimulus (12).

above rod threshold, but below cone
threshold, can raise cone increment
threshold (7), elevate dark-adapted cone
threshold (2), and reduce the brightness
of cone-detected stimuli (3). Interaction
between rod- and cone-generated signals
has been observed electrophysiological-
ly in single-unit recordings from ganglion
cells and the optic nerve of the rhesus
monkey (4) and presumably occurs also
in human ganglion cells and optic nerves.
Intracellular recordings from the cat
have demonstrated that light stimulation
of both rods and cones produces a great-
er hyperpolarization of cones (5), cone-
type horizontal cells (5, 6), and cone
bipolars (7) than does stimulation of
cones alone. Electron microscopic stud-
ies have revealed gap junctions between
rod spherules and cone pedicles in hu-
mans (8, 9) and macaque monkeys (9,
10), raising the possibility of functional
confluence in the outer plexiform layer
of the retina. The present study demon-
strates that rod-cone interaction can be
detected in the b wave of the human
electroretinogram (ERG) and, therefore,
originates in the retina distal to ganglion
cells.
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Cone ERG’s were elicited from five
normal observers by a 48°, 640-nm flash
presented in Maxwellian view (/7). Pilot
studies in normal observers and in pa-
tients with congenital rod monochroma-
tism, congenital stationary night blind-
ness, and congenital dichromatism (12)
indicated that this stimulus could be used
toisolate a cone ERG generated predom-
inantly by the long-wavelength cones
(Fig. 1). Following a predominantly rod
bleach (/3), cone ERG’s were recorded
to this 640-nm stimulus subsequent to
psychophysical cone dark adaptation
(14). During this rod isolated phase of
dark adaptation, implicit time (time to
peak) of the cone b wave increased sys-
tematically (Fig. 2A). This increase in b-
wave implicit time corresponded to an
exponential function with a time con-
stant of 7.5 minutes, which was compa-
rable to that reported for the regenera-
tion of rhodopsin as measured with reti-
nal densitometry (I5).

In the presence of backgrounds of

different wavelength but equal photopic
brightness (/6), cone b-wave implicit
time was least at 450 nm, increased to-
ward 410 and 500 nm, and remained
stable for background wavelengths
greater than 500 nm (Fig. 2B). The varia-
tion in b-wave implicit time for back-
ground wavelengths less than 520 nm
followed the variation in scotopic bright-
ness of the background (/7). For photop-
ically matched backgrounds above 500
nm, the data approximated a horizontal
line and showed an average b-wave im-
plicit time shorter than that seen for
complete dark adaptation (Fig. 2A), sug-
gesting an adaptational effect on the cone
b wave mediated by cones and not by
rods (18). The shorter b-wave implicit
times for backgrounds below 520 than
for those above 500 nm (Fig. 2B) raises
the possibility that rod and cone adapta-
tional effects on cone b-wave implicit
time are additive (19).

Computer analysis of the waveform
change in the cone ERG during the rod

e Cone ERG to A=640 nm :

I -~ Background retinal i2.88
e illuminance in scotopic s
{ \\ trolands j 5
/ \ =
\ < 2
P ¢

\
? 9 2.4§
?\ ¢ 4 i ]l o
\ i S

2.0

L L L L n L P o

S46t o Cone ERG to A= 640 nm 38

2 & —~=- Rhodopsin regeneration [

el Y |

£60F N\ T 42y

.; [ \\t\ } /

% Lj *\\}\ [ //
i 46

E54t \}\% . f

2 L -

g F I

LA . . . =B

4 12 20 28 410

Time in dark (minutes)

450 490 530 570 610

Wavelength of photopically matched backgrounds (nm)

Fig. 2. (A) Means (filled circles) and standard errors based on five normal observers for cone b-
wave implicit times during dark adaptation. Curve (dashed line) is an exponential function with
a time constant of 7.5 minutes (15). (B) Means (filled circles) and standard errors based on four
normal observers for cone b-wave implicit times as a function of background wavelength. A
fifth observer showed the same trends but was not tested at all wavelengths. Curve (dashed
lines) and right-hand ordinate identify the scotopic retinal illuminance of backgrounds of
wavelength less than 520 nm (I7). For the backgrounds above 500 nm, this dashed curve
continues to fall (not illustrated).
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Fig. 3. (A) Cone ERG’s to a 640-nm stimulus from a normal observer obtained at 2 minutes in
the dark (R,) either superimposed on (R;, R,) or subtracted from (R; — R,) responses (R;)
obtained at later times in the dark. Each tracing begins at stimulus onset and is an average of
eight responses. (B) Cone ERG’s to a 640-nm stimulus from a normal observer obtained in the
presence of a 450-nm background (R;) either superimposed on or subtracted from responses
(Ry) obtained in the presence of backgrounds of longer wavelength. Each tracing begins at
stimulus onset and is an average of 64 responses.
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phase of dark adaptation (Fig. 3A) re-
vealed a subcomponent of the response
whose amplitude depended on rod func-
tion. When the response to the 640-nm
stimulus obtained at 2 minutes was sub-
tracted from those obtained to the same
stimulus at 4, 12, and 24 minutes, the
“‘difference’’ waveform increased in am-
plitude but remained fixed in implicit
time with time in the dark. Computer
subtractions of the cone ERG obtained
in the presence of the 450-nm back-
ground from those obtained in the pres-
ence of photopically matched back-
grounds of longer wavelengths that were
progressively dimmer for the rods (Fig.
3B) showed a similar result. These analy-
ses indicated that these variations in
cone b-wave implicit time were due to
amplitude changes of a late subcompo-
nent of the response.

The present studies demonstrate that
rod function can influence cone function
as monitored in the temporal aspects of
the cone b wave. Since the b wave
recorded at the cornea as a transretinal
potential reflects current flow distal to
the ganglion cell layer of the retina (20),
the results support the idea that rod-cone
interaction must exist in the distal human
retina.

MICHAEL A. SANDBERG
ELioT L. BERSON
Marc H. EFFRON
Berman-Gund Laboratory for the Study
of Retinal Degenerations, Harvard
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Color and Luminance: Independent Frequency Shifts

Abstract. Simultaneous opposite spatial frequency shifts can be obtained in
chrominance and luminance channels. The chrominance shift cannot be transferred
interocularly. Chrominance and luminance channels seem to perform similar but

independent spatial frequency analyses.

One task in vision research is that of
determining to what extent visual dimen-
sions such as spatial frequency, lumi-
nance, and color are processed in the
same or in separate channels, We report
that a spatial frequency shift (/) can be
induced with chromatically defined grat-
ings and that this shift can occur inde-
pendently of a luminance-induced shift;
this result implies that spatial frequency
is analyzed separately in chrominance
and luminance channels.

Investigations of color channels have
shown that some effects can be obtained
with chromatically defined stimuli,
whereas others cannot (2, 3). While it is
known that color information can be
used in spatial frequency analysis, chro-
minance and luminance channels have
never been clearly dissociated. Virsu
and Haapsalo (¢) induced color-based
spatial frequency shifts, but their grat-
ings contained both luminance and chro-
minance differences, and so the effect
may have been mediated by a channel in
which the two are linked. Such a linkage
appears possible as some form-color ef-
fects require both luminance and chromi-
nance contrast (5). Stromeyer et al. (6)
showed that exposure to sinusoidal vio-
let gratings elevates the threshold for
violet but not red gratings, again showing

SCIENCE, VOL. 212, 15 MAY 1981

that color can be used in spatial frequen-
cy analysis, but not conclusively show-
ing independence of color from lumi-
nance.

Much previous work has shown that
color-related effects do not transfer in-
terocularly, thus implying that chromi-
nance channels are driven monocularly
(7). However, there is some indication
that the relation between chrominance
channels and ocular dominance is com-
plex (8). We examine this problem with

Fig. 1. Schematic representa-
tion of the adapting stimuli
used in experiments 1 and 2.
The black-white gratings are

represented on the left, and
the red-green gratings on the
right. The relative locations of
high and low spatial frequen-

cies are reversed. The test
gratings were of intermediate
equal frequencies, similarly
arranged above and below a
central fixation point.

respect to the chromatic spatial frequen-
¢y shift.

In the two experiments, observers
were exposed to red-green or black-
white square-wave gratings like those
used by Blakemore and Sutton (1) to
induce a spatial frequency shift. The
stimuli were generated by computer on a
color television monitor (9).

We used red-green gratings in order to
eliminate the operation of luminance
channels and thereby isolate chromi-
nance channels. This aim can be
achieved only indirectly, however, and
there is no general agreement as to the
appropriate psychophysical technique
(10). Some researchers opt for luminance
matching by heterochromatic flicker
photometry or the minimal distinct bor-
der technique; others use brightness
matching. We used a combination of
these techniques to approximately
equate red and green (/1). Because we
could not be certain that we were not
activating luminance channels, we used
an opposing aftereffects paradigm to en-
sure that no residual luminance differ-
ences in the color stimuli could mediate a
frequency shift in a luminance channel.

Accordingly, observers were adapted
to alternate presentations of red-green
and black-white gratings in which the
former were arranged so that the upper
grating was of higher spatial frequency
than the lower, and the reverse was true
for the latter (Fig. 1). Thus, if there is a
residual luminance difference in the
chromatic gratings, any resulting lumi-
nance-based frequency shift with the
chromatic test would be overwhelmed
by the shift in the opposite direction
generated by the achromatic gratings. A
color-based frequency shift is therefore
direct evidence of an independent chro-
minance channel.

" Observers sat 2.5 m from the display,
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