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Abstract

Spectral sensitivities of visual systems are specified as the reciprocals
of the intensities of light (quantum fluxes) needed at each wavelength
to elicit the same criterion amplitude of responses. This review
primarily considers the methods that have been developed for electro-
physiological determinations of criterion amplitudes of slow-wave
responses from single retinal cells. Traditional flash methods can
require tedious dark adaptations and may yield erroneous spectral
sensitivity curves which are not seen in such modifications as ramp
methods. Linear response methods involve interferometry, while con-
stant response methods involve manual or automatic adjustments of
continuous illumination to keep response amplitudes constant during
spectral scans. In DC or AC computerized constant response methods,
feedback to determine intensities at each wavelength is derived from
the response amplitudes themselves. Although all but traditional flash
methods have greater or lesser abilities to provide on-line determina-
tions of spectral sensitivities, computerized constant response meth-
ods are the most satisfactory due to flexibility, speed and maintenance
of a constant adaptation level.
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Introduction

The physiological study of color vision
necessarily requires the determination of
spectral sensitivity functions S(λ) of cells of
the visual system, beginning with photore-
ceptors. In turn, the spectral sensitivity of a
photoreceptor depends on the absorption
spectrum of its photopigment. According to
the Principle of Univariance (1), “…every
quantum that is effectively absorbed makes
an equal contribution towards vision”, inde-
pendent of the wavelength of the absorbed

light. This is not to say that all wavelengths
are equally absorbed; they most assuredly
are not. Therefore, the determination of a
spectral sensitivity function involves deter-
mining the number of quanta per second at
each wavelength that must fall upon a photo-
receptor (how intense a light must be at each
wavelength) to evoke an equal contribution
towards vision1. The spectral sensitivities
are then the reciprocals of these intensities.
Such a spectral sensitivity curve is schema-
tized in the bottom panel of Figure 1.

In electrophysiological studies, different

1 Based on an old tradition in psychophysics, electrophysiological measurements of spectral sensitivities of human subjects are
sometimes given in terms of the radiant energies instead of the quantum fluxes needed to elicit equal magnitudes of response.
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wavelengths are considered to make an equal
contribution towards vision when they elicit
the same magnitude of electrical response.
For the most part, the electrical responses
considered in this review will be graded
receptor (non-spiking) potentials recorded
intracellularly from photoreceptors and other
visual neurons, but optic nerve discharges
and electroretinograms (ERGs) will also be
considered.

Traditional flash methods

Traditionally, S(λ) functions of visual
neurons have been measured by flash meth-
ods, in which monochromatic light pulses
are presented to the dark-adapted eye while
responses are recorded by means of an elec-
trode. At their simplest, as schematized in
Figure 2A, log intensities are adjusted up or
down at each of a number of wavelengths
until the response amplitudes equal some
chosen criterion amplitude. This procedure
is not often used, since it can be difficult to
accurately judge amplitudes of response on-
line and it can be tedious and time consum-
ing to find just the right intensity at each
wavelength. Instead, a more usual approach
involves measuring curves of response am-
plitudes versus the logarithm of the intensity
(V/logI functions) at different wavelengths
across the spectrum (2,3) and calculating
S(λ) in terms of the intensity required for
some criterion response amplitude at each
wavelength. This is schematized in Figure 2B.
Response amplitudes are measured at a num-
ber of different log intensities for each wave-
length, and sigmoidal curves are drawn through
the points. The log intensities needed for any
chosen criterion response can then be read
from the sigmoidal curves by interpolation.

To shorten the experimental time, a sim-
plification of this method is based on the
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Figure 1 - Schematic illustration of constant-response methods. A shows a schematic
response of the photoreceptor to wavelength and intensity changes. At the beginning, the
wavelength is set to 300 nm, and the wedge density is stepped down until the response
reaches the criterion amplitude. Then the wavelength is stepped up to the next value, the
response departs plus/minus from the criterion amplitude, and the wedge density is
stepped in the appropriate direction until the response again reaches the criterion ampli-
tude. This process continues until all wavelengths have been tested. B illustrates the
wedge density changes with time that correspond to the response changes in A. The
quantum fluxes necessary to elicit criterion responses at each wavelength are calculated
from the wedge densities in B, and the spectral sensitivity in C is calculated as the
reciprocal of these quantum fluxes.
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Flash and interferometric methods
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Figure 2 - Schematic illustra-
tions of flash and interfero-
metric, linear-response meth-
ods. In A-D, the three points
or curves represent the re-
sponse amplitudes at three
different wavelengths, λ1, λ2
and λ3, with the criterion re-
sponse amplitude elicited by
three different intensities I1,
I2 and I3. In A, intensity is in-
creased or  decreased (as
shown by arrows) until the re-
sponse at each wavelength
equals the criterion response
amplitude. In B, complete V/
logI curves are measured at
three different wavelengths,
and s igmoidal  curves are
drawn through the points. The
intensities needed at each of
the wavelengths to elicit the
criterion response are then de-
termined by interpolation of
the sigmoidal curves. Parallel
curves indicate that the Prin-
ciple of Univariance holds. In
D, one complete V/logI curve
is measured and fitted with a
sigmoidal curve. This sigmoi-
dal curve is then slid along the
intensity axis to coincide with
response amplitudes meas-
ured at only one intensity at
each wavelength. As in B, the
intensity needed for a criterion
response is found by interpo-
lation. In the ramp method in
C, the intensity starts at its
lowest value at each wave-
length and then is increased
continuously until the ampli-
tude of response reaches the
criterion amplitude. Finally,
the steps involved in the inter-
ferometric, l inear-response
method are shown in E. Both
response and intensity are re-
corded during scanning of the
interferometer, and the ampli-
tudes versus time are con-
verted by the Fast Fourier
Transform to amplitudes ver-
sus wavelength. The intensities are corrected for the spectral sensitivity of the photomultiplier and are converted into quantum fluxes.
Dividing the response by the intensity yields the spectral sensitivity, which may need to be corrected for the photoreceptor frequency
response (since wavelengths are coded as frequencies in the interferogram).
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finding that V/logI functions of most photo-
receptors are parallel across the spectrum (as
schematized in Figure 2B), consistent with
the Principle of Univariance (1). Conse-
quently, it can be sufficient to measure a V/
logI function at one monochromatic wave-
length and the response to only one intensity
at all other wavelengths. As schematized in
Figure 2D, construction of the S(λ) function
in this way is done by interpolation from the
response measured at each wavelength, us-
ing the V/logI curve to determine the inten-
sity that would have been required for a
criterion response amplitude at that wave-
length. It is desirable to elicit nearly constant
amplitudes of response by delivering ap-
proximately equal-brightness flashes at all
wavelengths, thereby reducing the amount
of interpolation needed from V/logI func-
tions (4,5). However, non-parallel V/logI
functions have been found for small but not
large response amplitudes for some photore-
ceptors in dragonfly median ocelli (6), and
the sensitivities of these ocelli can change
from a maximum in the green to a maximum
in the UV with increasing levels of illumina-
tion, a reverse Purkinje shift (7). These cells
clearly do not follow the Principle of
Univariance.

The flash methods cited above present
three drawbacks: first, for conventional meas-
urements from dark-adapted eyes, data col-
lection is lengthy due to the need to dark
adapt the receptor between successive flash
presentations. Second, the dark-adapted re-
sponses of photoreceptors to light flashes of
constant intensity and duration can vary con-
siderably from one flash to another. This
often results in S(λ) functions with double
and triple peaks, which earlier were some-
times erroneously attributed to electrical cou-
pling between photoreceptors or to the exist-
ence of more than one pigment in a photore-
ceptor cell (8-11). In addition, in dark-adapt-
ed cells there can sometimes be adaptational
or facilitatory effects of one flash upon the
response to a following flash so that even a

train of equal intensity flashes of one wave-
length may not elicit equal amplitude re-
sponses (12,13). Third, results for a cell are
not available immediately since they depend
on calculations that cannot be done on-line.

A number of variations of the flash
method have been developed to avoid some
of the above drawbacks. For example, to
determine spectral sensitivities of light-a-
dapted UV receptors in flies, Hardie and
Kirschfeld (14) scanned wavelengths with
continuous, low intensity light and then
scanned intensity ranges in discrete steps
with a continuous light. Off-line, they digi-
tized the continuous voltage responses with
a graphic tablet and averaged 5 to 40 such
scans of each type. Then, using the V/logI
curve elicited by the discrete steps of light,
they were able to determine the spectral
sensitivities as in the flash methods described
above, from the voltages measured during
the wavelength scans.

Another variation, in which results are
immediately available but which does not
rely on square-shaped flashes, is the ramp
method (15), shown in the flow chart of
Figure 2C. At each wavelength, a shutter
opens and a stepper motor-driven wedge
rapidly increases the intensity (1 log unit in
65 ms) until the recorded response reaches a
criterion amplitude, as detected by an analog
comparator. The shutter then closes, a modi-
fied pocket calculator (HP 25) records the
wavelength and wedge setting, computes the
quantum flux from prestored calibrations,
and outputs the wavelength and computed
sensitivity to an X-Y plotter or storage oscil-
loscope. The wedge is then reset to maxi-
mum density, and the wavelength advanced
for the next measurement. A spectral sensi-
tivity function takes about one minute to
measure and shows none of the spurious
peaks found with the flash method (11).

Linear-response methods

In electrophysiological measurements,
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there can sometimes be a linear relationship
between stimulus intensities and response
amplitudes for small modulations of the
stimulus, particularly for flicker of a con-
stant illumination (16,17). In the linear range
of response, the response magnitudes are
then proportional to the number of quanta
which are effectively absorbed. Thus, spec-
tral sensitivities can be determined simply in
terms of relative amplitudes of response at
different wavelengths, since these amplitudes
are inversely proportional to the intensities
which would have been needed to obtain a
constant amplitude of response.

The computerized Fourier interferomet-
ric method of Gemperlein and colleagues
(18-23) appears to be the only application of
the linear response method. In the interfero-
metric method, schematized in Figure 2E, a
continuously scanning Michelson interfer-
ometer generates stimulus and response in-
terferograms in a range of wavelengths which
are frequency coded. By means of the
Fast Fourier Transform (FFT), the ampli-
tudes as a function of frequency are resolved
into amplitudes as functions of wavelength.
After appropriate corrections, the spectral
sensitivities are determined by dividing the
response amplitudes by the stimulus ampli-
tudes (22). Complete spectral sensitivities
for 40 wavelengths in the range of 300 to 700
nm can be determined in 7 to 16 s. One
complication of this method is that response
amplitudes within the frequency bands of
the interferogram may depend not only upon
wavelength but also upon the frequency re-
sponse of the cell. The dependence of ampli-
tudes on frequencies has proven small for
the frequencies used (4-8 Hz) and the photo-
receptors tested (21), but the method does
require that the frequency responses be meas-
ured separately using, for example, sinu-
soidally modulated light. Nonlinearities in
response, if any, show up at second and
higher harmonics of the frequencies in the
interferograms and can either be ignored or
used for further system description (22).

Constant-response methods

Methods which measure S(λ) during con-
tinuous illumination (14,22) eliminate sensi-
tivity variations introduced by changes in
the adaptation state as is also the case for
constant-response methods. In constant-re-
sponse methods, illumination is also con-
tinuous and the light intensity at each wave-
length is adjusted until the response (AC or
DC) matches a criterion amplitude. Perhaps
the simplest of such methods is the color
substitution method used by Neitz and Jacobs
(24). These authors interleaved test and ref-
erence flickering beams (with dark periods
between the light flashes) and manually
changed the setting of a neutral density wedge
in the test beam until the averaged periodic
responses (ERGs) were judged to be nearly
zero. Spectral sensitivity data took 45 to 60
min to collect and, as in the flash methods,
were analyzed off-line. Gribakin (25) devel-
oped a more rapid color substitution method
for ERGs and intracellular recordings in
which test and reference beams alternated
without intervening dark periods, and in
which wavelengths were scanned with a
motor-driven monochromator. During the
spectral scans, any AC responses at the flicker
frequency were detected by a phase-sensi-
tive amplifier and fed back to vary the cur-
rent through the test lamp until the AC re-
sponses were minimized. The quantum fluxes
from the monochromator, measured with a
constant quantum sensitivity photometer
(l<600 nm), and the monochromator wave-
length (position) were recorded on-line with
an X-Y recorder in the form of an inverted
spectral sensitivity curve. As with other AC
methods (see below), this method is insensi-
tive to drifts in resting potentials of cells. Its
chief disadvantage is the difficulty of obtain-
ing sufficiently clean switching between ref-
erence and test lights so that no spurious
transients in responses are generated, a prob-
lem obviated by the intervening dark periods
in the method of Neitz and Jacobs (24).
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Other AC constant-response methods
have involved flicker of only the test beam.
Padmos and Norren (26) chopped the light
beam and amplified the fundamental of the
recorded human ERG with a vector voltme-
ter and fed its output back to a neutral den-
sity wedge controlled by a servo motor. The
maximum velocity of the wedge was adjust-
able to avoid feedback oscillations. Each
wavelength was determined by an interfer-
ence filter that was combined with neutral
density filters to transmit a constant energy.
The log spectral sensitivities, based on radi-
ant energies in the psychophysical tradition,
could then be plotted on-line with an X-Y
recorder in terms of the wedge density (rota-
tion) for minimal ERG versus wavelength
(position of the filter wheel). For 19 interfer-
ence filters, a spectral sensitivity took about
5 min to measure.

Smakman and Pijpker (27) used a similar
chopped light beam but employed analog
integration during light-on and light-off to
filter the noise in their intracellular responses
and to obtain a peak-to-peak voltage for
feedback control of a neutral density wedge
that was controlled by a servo motor. Servo
stability was obtained by an adjustable digi-
tal integrator of the peak-to-peak signal and
by proportional-derivative control of the
servo motor. In their experiments, each wave-
length was set by an interference filter that
was combined with neutral density filters to
transmit a constant quantum flux. On-line
plots of wedge position vs wavelength then
gave the spectral sensitivities. The spectral
sensitivity that they illustrated with 7 wave-
lengths required 140 s (but could have been
measured more rapidly).

In addition to AC constant-response meth-
ods, DC constant-response methods have
also been used. In these, the DC response
itself is fed back to control the light intensity.
The first worker to use the DC constant-
response method for measuring spectral sen-
sitivities was Franceschini (28,29), who used
a hard-wired analog system. Feedback sta-

bility for the servo motor that controlled a
neutral density wedge was obtained with a
settling time of about 0.1 s. Although re-
sponse data for 20 wavelengths (set by inter-
ference filters rotated into the light beam by
a stepper motor) could be collected within as
little as 20 s, the quantum flux for each
combination of wavelength and measured
neutral density still had to be calibrated off-
line after the experiment.

Yamada and Yasui (30) used a white
light source filtered by interference filters
and a fast, piezoelectric photomodulator to
control the intensity through proportional-
integral-derivative (PID) feedback, manu-
ally adjustable for stability. Because of the
speed of the modulator, Yamada and Yasui
were able to determine both AC and DC
sensitivities by adding a triangular wave and
a DC voltage to set the criterion response
amplitude. The AC and DC intensities of the
monochromatic light on the eye were moni-
tored with a photocell whose output was
corrected off-line to give quantum fluxes.

Computer-based constant-response
methods

The widespread development of micro-
computer-based laboratory interfaces over
the last 10 years has provided another way to
obtain rapid, on-line determinations of spec-
tral sensitivities. In the apparatus of Djupsund
et al. (31), designed to measure photorecep-
tor adaptation, the low pass filtered, digi-
tized voltage response of a cell controlled
the intensity of a 555 nm, green LED (inten-
sity was linear with LED current) through a
PID transfer function calculated by a micro-
computer. Although the measuring system
was fast, the wavelength of the LED could
not be changed and so the apparatus could
not measure spectral sensitivities. A more
recent modification that uses a xenon lamp
and a fast, servo-controlled neutral density
wedge to control intensity can be used to
measure spectral sensitivities (32).
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Another computer-based method is the
DC constant-response method of de Souza et
al. (33) and Menzel et al. (11). In this single-
beam method, shown schematically in Fig-
ure 1, a computer controls stepping motors
that drive a monochromator and a neutral
density wedge. The computer steps the spec-
trum from ultraviolet to red or vice-versa.
After each wavelength change, the response
abruptly changes, and the computer uses the
sign of a comparator to step the wedge den-
sity up or down until the photoreceptor re-
sponse crosses a constant criterion value.
This method, like the ramp method (15),
thus finds intensities which elicit response
amplitudes which bracket a criterion value
to within the resolution of the wedge; so-
phisticated servo methods to stably control
response amplitudes are not necessary. Hun-
dreds of S(λ) functions have been obtained
with this method in many insect species
(11,34) and more recently in turtle retinal
cells (de Souza JM, Zana Y, DeVoe RD and
Ventura DF, unpublished data).

The advantages of such computerized
constant-response methods for intracellular
recordings are: 1) on-line presentations of
S(λ), which are calculated at the end of each
spectral scan from the wedge positions using
prestored calibration corrections, 2) greater
number of sampled points (101 wavelength
values can be tested in 20 s as opposed to
about 20 wavelength values in 5 min in the
flash methods), 3) greater speed of data col-
lection, and consequently the possibility of
several on-line repetitions to confirm the
data before losing the cell, and 4) mainte-
nance of the cell’s adaptation level, since
illumination is both continuous and of nearly
constant brightness.

However, DC constant-response meth-
ods cannot be applied to the investigation of
S(λ) in cells without sustained tonic re-
sponses, since these methods are based on
maintaining the DC response at or around a
criterion level throughout a spectral run. For
such cells, AC constant-response methods

must be used instead. Of the existing AC
constant-response methods (24-27,30), only
Gribakin’s method provides on-line presen-
tations of S(λ), but is limited to wavelengths
less than 600 nm (because of the rhodamine
dye used in his constant quantum sensitivity
photodetector). This has led us to develop a
computerized, single-beam, AC constant-re-
sponse method (35), which is also schema-
tized in Figure 1. Flicker (8-50 Hz) is pro-
duced either by a shutter (100% modulation)
or by modulation of a xenon lamp current
(40% maximum modulation). The elicited
receptor potential is periodic and varies in
amplitude over the spectrum. The system is
designed to measure the peak-to-peak re-
sponse voltage (PPV) and to determine when
it crosses a pre-set criterion value. Wave-
lengths are scanned from 300 to 700 nm, or
vice-versa, in 4-nm steps. At each wave-
length the periodic response is digitized at
1000 samples/s and smoothed by averaging
16 consecutive samples; then the peak-to-
peak amplitude of the smoothed samples is
found and compared to the criterion. If they
are unequal, the wedge is stepped to a denser
or a less dense position depending on the
sign of the difference. After the criterion
value has been crossed, the wedge position
corresponding to the closest match is re-
corded. The method is applicable to any type
of visual cell which has a response with a
strong phasic component, or to mass re-
sponses such as the ERGs or visual evoked
potentials (VEPs). In addition, it can be used
to measure S(λ) of spectrally opponent neu-
rons (the spectral opponency must first be
determined by flash methods, however, since
the AC method is insensitive to phases of
responses).

Discussion

Most rapid, computer-based methods of
measuring spectral sensitivities have been
AC or DC constant-response methods (the
exception is Fourier interferometry based on
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linear responses; this method also requires
measurements of cell frequency responses
(22)). The choice of an AC or a DC method
depends in part on whether the electrophysi-
ological responses of interest have sustained
tonic components, in which case either AC or
DC methods may be used, or whether the
responses have primarily phasic response com-
ponents, in which case AC methods alone are
satisfactory. Examples of tonic responses are
receptor potentials of photoreceptors; phasic
responses include ERGs and responses of
higher-order retinal neurons, such as lamina
monopolar cells in insects and amacrine cells
in vertebrate retinas.

Baseline instabilities, which are frequent
in intracellular recordings due to movement
of the animal, muscle contractions or other
unwanted events, affect the DC constant-
response method because they cause fluc-
tuations which are falsely interpreted as sen-
sitivity changes. The AC constant-response
method has the advantage of being relatively
independent of baseline shifts, since the cri-
terion is a peak-to-peak amplitude rather
than a voltage level. As a consequence, the
AC constant-response method can produce
stable S(λ) curves even under some kinds of
unstable recording conditions. On the other
hand, spectral scanning with the DC con-
stant-response method is quicker, since it is
only necessary to reach the criterion before
stepping to the next wavelength. In order to
reach the criterion in the AC constant-re-
sponse method, it is frequently necessary to
measure the peak-to-peak response a num-
ber of times: the program measures peak-to-
peak amplitude at each successive wedge
position, and this operation is repeated as

many times as needed to reach the criterion.
This makes it slower than the DC method.
Both constant-response methods have the
important advantage that the light adaptation
of the cell is maintained nearly constant
during the experiment, since keeping re-
sponses close to the criterion at all wave-
lengths implies stimuli of nearly constant
brightness, assuming that the Principle of
Univariance (1) is valid.

Finally, computer control of light sources
and computer digitization of recorded elec-
trophysiological responses mean that almost
all aspects of stimulation and analysis can be
handled in software; there is minimal need
for special purpose electronics (32,35). This
can be an advantage because any later modi-
fications that might need to be made in stimu-
lus or in analysis procedures can often be
made more easily in software than in hard-
ware. Thus, computerized constant-response
methods can often use “off-the-shelf” elec-
tronic components, reducing the problems
of assembling the physical parts of a system
to measure spectral sensitivities. Shifting
much of the development to writing soft-
ware can, of course, be a difficulty in itself,
but even these difficulties can now be miti-
gated with current high-level programming
tools such as LabView (National Instru-
ments), SuperScope (GW Instruments), or
Visual Basic (Microsoft). In essence, it is
possible today to assemble a system to meas-
ure spectral sensitivities by developing the
preparation and the necessary optics with
motorized control of stimulus parameters,
and then connecting them together into a
system via a computerized laboratory inter-
face.References
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