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Abstract-The spectral properties of photopigments are often inferred from physiological measures 
of spectrai sensitivity. From these measures pigments have recently been inferred with properties not 
corresponding to those of any pigment measured by s~trophotomet~. It is proposed that in all 
these cases the properties of single pigments are not being measured: rather, they are pseud~pi~euts 
resulting from a specific form of neural interaction involving several reaI, known, photopi~ents. These 
pseudo-pigments were accepted as being related to single, but unusual. pigments largely because they 
obeyed the commonly accepted but incomplete criteria for identifying single pigments. Starting from 
the essential features of a pseudo-pigment, an analysis is developed; the conclusion is that pseudo-pig 
ments can be resolved into standard photopigments, as identified by spectrophotometry, and that 
these interact in a specified form. A method is described for identifying the number and us of 
the photopigments involved in any physiological spectral sensitivity function, as well as certain details 
of the physiological interactions involved. 

(1) I~-fRODUCTION 

Attempts have been made to infer the spectral proper- 
ties of photopi~ents from the responses of cetls at 
various levels of the visual. system Assorted criteria 
are used to determine whether the responses can be 
said to be driven by a single photopigment. If the 
responses meet these criteria, their spectral sensitivity 
is taken as equivalent to that of the photopigment. 
Using this approach several “new” photopigments 
have been identified from the responses of S-units and 
ganglion cells in the retinae of various cyprinid fish. 

To choose a specific example, the absorption spec- 
tra of individual cones in goldfish have been 
measured by microspectrophotometry (Marks, 1963, 
1965; Liebman and Entine, 1964; Harosi and Mac- 
Nichol, 1974). The cone photopi~~ts have their 
r,, respectively at about 455, 530 and 625 nm, and 
the spectra of all three are approximately as broad 
as those of other known photopigments. Records of 
the responses of single cones in the retina of the 
closely related carp have largely confirmed the spectro- 
photometric findings (Tomita, Kaneko, Murakami 
and Pautler, 1967). 

However experiments on cells other than the receg 
tom have produced contradictory findings. Thus, 
Spekreijse, Wagner and Wolbarsht (1972) concluded, 
from the spectral sensitivities of gold&h ganglion 
ceils, that the long-waveleugth pigment peaks at 
65Onm and has a narrow spectrum. Several other 
reports have inferred the existeuce of a fourth, ex- 
tremely narrow, pigment in addition to the three first 
described by Marks: Rushton (1965) and Nah and 
Rushton (1966a,b,c) reported one at 680-69Onm in 
the tenth, Witkovsky (1967) presented some evidence 
for one at 660 run in carp, and Daw and Beauchamp 
(1972) reported one at 670 mu in goldfish. 

’ Address correspondence to L. Sirovich at The Rocke- 
feller University, New York, NY 10021, U.S.A. 

In spite of the disagreement with spectrophoto- 
metric findings the physiological data were accepted 
as correct estimates of photopi~~t spectra because 
the responses met certain criteria. For example, the 
response vs log intensity curves for the various test 
wavelengths were parallel, or the relative spectral sen- 
sitivity curves were unchanged by chromatic adap- 
tation. 

It has been suggested that these unusual pigments 
are all the result of interactions among responses de- 
rived from two or more of the directly measured pig- 
ments (Abramov, 1972; Sirovich, Abramov, Gordon 
and Levine, 1973). This paper analyzes the above 
suggestion and explores, in quite general fashion, the 
adequacy of the commonly used criteria; the conclu- 
sions are then specifically applied to some of the 
examples cited earlier. 

Before we present a thorough and rigorous analysis 
of the problem we will give an informaI summary 
of our reasoning about and approach to, the unusual 
spectral sensitivities described above. In this summary 
we intend to stress the ideas at the cost of precision, 
but we will indicate where each part is dealt with 
in detail. 

We consider data for which the response vs log 
intensity curves, for the various wavelengths, are par- 
allel to each other (see Fig. 1). What are the implica- 
tions of this? Assume first that the responses are in- 
deed all due to a singIe photopigment. Let R charac- 
terize the response of the cell to a fIash of monochro- 
matic light of quantal intensity I and frequency v. 
R is some function of the Iight absorbed by the photo- 
pigment at the given wavelength: 

E = R((lA(v)h (l*l) 

where .4(v) denotes the effective fraction of incident 
quanta absorbed by the photopigment. For each 
stimulus, me intensity is simply scaled by some con- 
stant whose value depends only on v; since we usually 
deal with the logarithm of this product, each curve 
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Fig. I. Response vs log intensity (quantum basis) functions 
from a single fiber in the lateral eye of the horseshoe crab. 
.!.imu~~. Stimuli were monochromatic lights: the wave- 
length is indicated next to each curve. (a) The response 
measure is frequency of spike firing (in adrians) in the in- 
itial portion of the response immediately following light 
onset. The same curve was slid along the abscissa to fit 
any given set of points. (b) The Identical set of records 
as m the first graph, except that the response measure is 
latency from light onset to first spike. The same curve has 
been drawn through any set of points. (Unpublished data 

of C. H. Graham and H. K. Hartline. 1933.) 

is merely translated along the logarithmic abscissa by 
an amount given by log A(V). In fact, the functional 
form (1.1) is both necessary and sufficient to give par- 
allel response vs log I curves. (See Section 2, equation 
(2.4) and related treatment, for details.) 

We now extend the argument to the case in which 
several pigments are involved. For simplicity, let us 
assume that the response is a function of two photo- 
pigments: 

R = R(IA,(V), IA?(V)). (1.2) 

where the subscripts denote the individual pigments. 
If responses are indeed driven by two different photo- 
pigments and the data show parallel response vs log 
intensity curves, then the problem is to find a form 
of (1.2) that will have the same functional form as 
(1.1). 

Consider the following specific form of (1.2): 

R = R({r[ZA,(v)]P + ~[lAJv)]Pi”P) (1.3) 

where r and fi are constants, taking either sign, and 
giving the relative strengths of the inputs from the 
two pigments, and p is some power. This form also 
gives the requisite parallel curves---i.e. it has the same 
functional form as (1.1). This can be seen by factoring 
out I and rewriting (1.3) as follows: 

R = R(1[r‘$(v) + /L#(V)]’ p1. (1.41 

As in (1.1). all the terms to the right of I (and which 
multiply it) are functions of frequency only and are 

constant for any pit-n stimulus. Equation (I.31 can 
be generalized to an! number of pigments, provided 
the response function‘s argument can be written in 
the form of t 1.1). 

Equation I 1.3) is thus >&%cient to meet the criterion 
of parallel response is log intensity curves, even 
though more than one pigment is involved. In our 
terminology. this equation represents the response of 
a “pseudo-pigment”. In fact, under minimal assump- 
tions. we show that I 1.21 is the necessary form. (See 
equation (2.13) and related discussion.) 

lt uould appear from f 1.3) that in order to find 
how many. and which. pi:Jnents are involved in some 
situation the precise form of the response function 
is required. However. this problem can be avoided 
by appealing to the relative hTectra1 sensitivity of the 
response mechanism. Sensitivity is conventionally 
defined as the reciprocal of the intensity, needed to 
evoke some constant criterion response. Smce we are 
now dealing with sensitivity data we know that, for 
each stimulus. the intensity was found such that f? 
was a constant. If i? is constant. then. 

in (1.4), is a constant. 1j.e can now define sensitivity, 
Y(v). as equal to 1 I for constant response. Therefore. 

.YrV) = [X4?(V) + fl‘-l’;(V,]’ p. 

(See equation (3.2) and related discussion.) 

(1.5) 

Since we have shown that spectral sensitivity data 
can be represented by 11.51. we can now enumerate 
the questions that must be ansaered: 

(i) How man) photopigments are involved? (Equa- 
tion (1.5) was restricted to only two pigments purely 
for purposes of exposition.1 

(ii) What is the shape of the absorbance function 
of each pi_gment, its wavelength of maximal absorp- 
tion, and its density coefficient? 

(iii) What is the value of the exponent p? 
(iv) What is the relative strength of the neural cou- 

pling (e.g. r, fi) between the responses of the different 
spectral mechanisms’? 

In order to proceed with the solution of (1.5), we 
need some additional information about the nature 
of photop@nent absorption spectra in general. We 
discuss pigment spectra in Section 3a (see equation 
(3.5)X and the specific method of solution in Section 
3c. In brief. tve assume (for the purposes of the 
method used) that the absorbance functions of visual 
photopigments have the same shape when plotted on 
a frequency axis (see equation (3.5)). From this, the 
sensitivity of a pseudo-pigment (possibly containing 
more than the rwo pigments in (1.5)) can be refotmu- 
lated as the solution of the integral equation: 

.YP(v) = !‘B(G)#‘(v - G)dc 

(see equations (3.7) and (3,s)). 

(1.6) 

That is, we attempt to represent sensitivity (raised to 
the pth power) as a sum of pigment absorption func- 
tions (each raised to the pth power) each centered 
at a frequency. G. which is continuously distributed. 
The function B(O) provides the relative weights (with 
signature) to give to each of the distributed absorp- 
tion functions. 

.Y(v) is known and the form of .4(v) is assumed 
known (except for a densir> coefficient: see (3.4)). The 
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unknown is B(a). and as part of its solution the values 
of p and the density coefficient are also found. In 
practice we expect B(o) to be composed of a small 
number of “delta functions”, i.e. there will be promi- 
nent. narrow, “spikes” in the curve of B against a; 
the position of each spike indicates the wavelength 
of maximal absorption of each contributing pigment 
and the area under the spike gives the weight of that 
con~ibution. 

The reader who wishes to avoid the detailed treat- 
ment in Sections 2 and 3 can turn directly to Section 
4 in which we give the solutions of various sets of 
data. Finally, in Section 5 we discuss certain implica- 
tions of our description of pseudo-pigments and in 
particular the effects of chromatic adaptation. 

(2) FORMLX~TING THE PROBLEM 

The purpose of this section is to develop the gen- 
eral analytical form of a response function, based on 
previously accepted criteria for pigment isolation, and 
which meets all such tests for a single photopigment. 
For simplicity we shall deal only with response func- 
tions due to spatially uniform. brief, fixed-duration 
flashes of monochromatic light which may or may 
not be superimposed on a steady background. 

(a) Responses dricen by LI single photopigment 

Recent investigations have revealed the possibility 
of coupling amongst photoreceptors (Baylor and 
Fuortes, 1970; Baylor and Hodgkin, 1973; Baylor, 
Fuortes and O’Bryan, 1971). This case will be treated 
later, and we term these “coupled photoreceptors”, 
reserving the term “photoreceptor” for the uncoupled 
case. 

Denote by I the number of quanta contained in 
a monochromatic flash, of frequency v, and incident 
on the base of a photoreceptor. Further denote by 

e = i( (2.1) 

the number of quanta effectively acting on the photo- 
receptor. A(v) will be referred to as the “absorption 
function” although as we see in a moment it may 
not be strictly a measure of pigment absorption. It 
is a function of v, and has the dimensions of a cross- 
section. Note that I refers only to the light flash, 
which is possibly superimposed on some steady back- 
ground 

According to the Uni~r~n~ Principle of Naka 
and Rushton (19&a), the response of a photoreceptor 
depends only on the rate at which quanta are cap- 
tured. We restate this in the present framework as 
follows: The response, r, of a photoreceptor, is a ftmc- 
tion of time, t, and of e (2.1); i.e., 

r = r(r; e(v)). (2.2) 

(We follow the convention that parameters, such as 
e(v), are preceded by a semicolop.) The term “res- 
ponse” refers only to responses elicited by the light 
flash and maintained response level, whether due to 
a background or not. will be ignored The response, 
r, does not have to be a fixed function, but varies, 
in general, with receptor. 

The quantity e(v), defined by (2.1) will be referred 
to as “excitation”, and we use this term instead of 
“effective capture rate”. If. for example. response 

varies with locus of photon capture in the outer seg 
ment then Univariance is not valid in term of effec- 
tive capture rate (see also Rodieck 1973). Neverthe- 
less Univariance, (2.2) remains valid not only in this 
case but under much more general conditions if a 
properly defined excitation (Xl), is employed (Sire- 
vich, 1976). The resulting excitation is dependent on 
the molecular extinction function but since this gener- 
alization plays no role in the present analysis we do 
not go into these details. In this same vein we note 
that the presence of oil droplets (found in many avian 
and reptilian retinae) can also be incorporated in the 
treatment. The droplet g.enerates a frequency depen- 
dent transmission coefficient multiplying the absorp- 
tion function appearing in 12.2). Thus, a single photo- 
pigment could produce more than one type of exci- 
tation. Since this too, plays no role in our subsequent 
analysis, no lurther mention of this effect will be 
made. 
. Commenting on (2.2) we may say that in general 
the response of a photoreceptor depends on the time 
history. up to the moment of measurement of the 
elation on that receptor. Since, all physiology 
systems have “fading memory”, sufficiently long inter- 
flash intervals allow us to regard the process as taking 
place anew. Further, by restricting attention to flashes 
of fixed duration, the entire time course of the re- 
sponse depends on the ,ingle quantity e(v); i.e. the 
excitation furnished to the receptor by the flash. 
Therefore any two flasher thaving the same duration) 
that give rise to the same value of e (independent 
of the spectral content of the flashes) will produce 
responses with identical time courses. We may there- 
fore conveniently eliminate time from our discussion 
by selecting for measurement some specific feature of 
the response. The charactiristic feature chosen for 
analysis depends on the re>pnse (2.Z) and we generi- 
cally denote it by ?, where 

I; = yqY,r = ?(lA(v)). (2.3) 

Regarding (2.3) we see that r’ as a function of inten- 
sity, I, and frequency, v. is only a function of the 
single argument, e = IA(r). In such case the function 
is said to have similarity form-a consequence of 
which is that coordinate systems may be found in 
which the function appears as parallel (or self-similar) 
curves. In particular if i is written as a function of 
In I i ln A(v), we see that r: vs log I leads to parallel 
curves on each of which v is held fixed. In the follow- 
ing we often use the term *self-similar” rather than 
the less precise “parallel” to depict this condition. 

As an illustration of these ideas consider Fig. 1, 
which contains examples of previously unpublished 
data from the horseshoe crab, Limdus. (Collected in 
1933 by C. H. Graham and H. K. Hartline, and 
kindly made available to us by H. K. Hartline.) The 
records are from a single fiber of the lateral eye and 
represent responses to various light frequencies. In 
Fig. la the characteristic feature is the initial firing 
frequency, while in Fig. lb it is the latency to first 
spike. In both cases the curves, plotted vs log inten- 
sity, are parallel. Each set of plots determines the 
same absorption function. .-Q(v), obtained from relative 
distances between curves 

So far we have considered responses of a single 
photoreceptor containing a single photopigment. The 



above analysis also includes responses of any cell 
driven by one or more receptors a11 con~n~ng &e 

same photopi~en~ even if the individu~ receptors 
have different response functions. For, in the latter 
case the cell is driven by a single excitation. e = 1.4(v). 
where A(v) is the absorption function common to ail 
the receptors: hence the response is again depicted 
by (2.2); further, ? is given by (2.3); and. the spectral 
sensitivity of the cell is still proportional to 4(v). 
Clearly the individual responses of coupled photo- 
receptors containing a common photopigment is also 
covered by this argument. 

It is of considerable importance to observe that the 
action of a single type of photoreceptor-i.e. re- 
sponses driven by a single pigment-implies self-simi- 
far {paralIel) response vs log intensity; curves. And 
hence the lack of self-similarity implies that more 
than one photopigment (and hence more than one 
photo-receptor) is contributing to the response. 

In certain instances in the literature one finds that 
the converse is also assumed to be true: if self-similar- 
ity is obtained, it is assumed that the response is due 
to a single photopigment. Such a strong conclusion, 
however, is unwarranted. Analyticallv such data indi- 
cate that In I. when plotted against :. leads to a un- 
iversal curve, J(f). which is offset by a “constant” 
which depends only on frequency: i.e., 

On solving this for ? (assuming that ? is a monotonic 
function of I) we obtain the self-similar form. 

i = $ld(v)) (Zii) 

where .&(v) is the exponential of c(v). and c(v) is to 
be taken from thi data e.g. from Fig. 1. However. 
nothing in general can be said about .ti(v); in particu- 
lar it need not have the form of a standard photopig- 
ment absorption function (which we have denoted by 
A(v)). 

Summing up, we have shown that a self-similar 
form for i is a necessary and sufficient condition for 
parallel response vs log intensity plots. However, par- 
alfel response versus log intensity curves (i.e. a self- 
similar form for ?) by themselves do not imply that 
response is driven by a single photopigment, unless 
d(v) in (2.4) takes on the form ,4(r). 

A possible criterion for deciding when a response 
is determined by a single photopigment is based on 
the finding of Dartnall (1953) that the absorption 
(strictly “absorbance”) functions of all visual pigments 
have approximately the same shape when quanta1 
absorption is plotted against frequency of incident 
light. (For pigments absorbing maximally in the low 
iiequencies, the spectra become systematically nar- 
rower-Liebman, 1972: Harosi and MacNichol, 
197Gbut this finding remains nonetheless a close 
approx~ation.) By this criterion, if a spectral sensi- 
tivity function matches the “standard shape” then it 
is presumed to be based on a single pigment. This 
particular criterion, match to a standard shape. was 
taken to be of minor importance by Naka and Rush- 
ton (1966a,b,c). They found parallel response versus 
log intensity curves, and concluded existence of a true 
single pigment (E,,, = 680-690 nm) in spite of the fact 
that the spectrum of this “pigment” was very signifi- 
cantly narrower than those of pigments measured 

~~trophotome~ricall~. Various other criteria hake 
been proposed for identi&ing single pigments. Among 
these is one based on the effects of chromatic adap- 
tation, discussion of which is deferred until later. 

(b) Rrsponscs driren by nwre thnn one photopignmt 

We now consider the general form taken by the 
response function of a cell having afferents from 
several types of photoreceptors (we refer to this as 
a “compound cell”). This is necessary since, in most 
cases. responses are recorded from some stage beyond 
the receptors. Also we can consider responses of cou- 
pled photo-receptors having different absorption 
functions or cells receiving afferents from such photo- 
receptors. 

We begin by assuming that the compound cell in 
question is visually isolated: i.e. only visual stimu- 
lation is present and all other stimuh are absent. ln 
this case the cell’s response which is time dependent. 
depends only on the responses of the different photo- 
receptor types. Recalling that we are restricting atten- 
tion to monochromatic light flashes of fixed duration, 
the response of any one photoreceptor can be written 
as 

ri = rJt:I,-I,(Y)) = r,(t:e,(v)). (2.3) 

where the index. i. refers to the ith type photorecep- 
tor. and runs through I.. _, .L’; .V, the number of dif- 
ferent excitations. will be taken as unknown. ‘A’e 
denote the response of a compound ceil, receiving 
afferents from various photoreceptors, by R. Thers- 
fore R is a mnction of r,. i = 1. ., :V: which is to 
say that R is a function of r as well as the time histoc 
of each of the responses r,ir; e,), (2.5). However, since 
the duration of the light flash is fixed. R can be 
regarded as an ordinary function of time. t, and the 
various excitation values. t)i: 

R = R(t;e,(~):e?(t’);...:e.~(~)). (2.6) 

Using excitation instead of response in this formula- 
tion avoids discussing whether all photoreceptors 
have the same time course for their response. 

Xs with a single photoreceptor. the time course of 
R can be eliminated by regarding certain specific fea- 
tures of its time course. Although R appears to be 
dependent upon the :V parameters (e,. i = 1,. . . SI 
two parameters sufice. since I and I’ completely spe- 
cify the “flash”. (In principle. two features of the time 
course of R should specify; the response--m contrast 
to a single photoreceptor tor which one property suf- 
fices.) In principle one should be able to “solve” for 
I and v in terms of these two features, although there 
is no guarantee that two such features may be found. 
For our purposes we need not go into thus question 
in as much as in typical experiments only one such 
feature is usually considered: e.g. maximum ampli- 
tude of response (potential or firing rate. as the case 
may be), latency. average response, etc. In any case 
the time dependence is thus suppressed. sd if the 
resulting form is generically denoted by R, we CZJ 
write 

R = R(I.-l,, ., 1A.y). (2.7) 

If the response function has the similarity form given 
by (7.41 and if several excitations are involved iv”: 
can say that 
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This places a strong restriction on the form of d(v) 
if it is in fact a function of several absorptions;namely 
that 

.=/(v) = &l,(v), . . ., A,(v)), (2.9) 

where the function f is homogeneous of degree 1. 
Tnat is. for arbitrary I. 

F(IA,(V), . . . . I.4.y(v)) = IF(A,(V). . ., A,,-(v)) (2.10) 

(see Sirovich. 1976, for a proof). 
In terms of M(v). which we now term “equivalent 

excitation” and denote by E, we can write 

E = F(e,,e,, . . . . e,v), 

where F is still the same as in (2.10). This condition 
phces a strong constraint on the function for it tells 
us that a knowledge of F in the neighborhood of 
the origin determines F everywhere. To see this, note 
that 

F(e,. . . e,“) = f F(be,, .be,v). 

and then let d tend to zero to demonstrate this pro- 
perty. 

In order to further fix the form of F we must make 
some specific assumption about it. For example, if 
F is differentiable in its arguments at the origin, 

E = 

Y 2c 

= x e, ‘& (0.0,. .I 

or. E is linear in the ei, or equivalently, that d(v) 
is linear in the .-&(v). Rather than make such a restric- 
tive assumption, we leave open the degree of differen- 
tiability. We merely assume that F is differentiable 
at the origin in some power, p > 0; we need not re- 
strict the value of p, which may be fractional. We 
can then write 

= L FP(xe,, . xe,)lx=,, 
&.=o sx* 

i= 1 

where xi are the differential coefficients and their 
precise form is immaterial; we shall refer to them as 
“coupling constants”. Expressed in terms of absorp 
tions, this states that 

.V 

JJP(v) = c zi Af(v), 
i= L 

It should be noted that this form is homogeneous 
of degree 1, as the more general observation (2.10) 
already indicated 

In order to sum up, and in anticipation of the fol- 
lowing section, we fmd it convenient to define the 
notion of a pseudo-pigment. If parallel response 
versus log intensity curves are obtained and if the 
response is due to more than one excitation (loosely 
speaking, “photopigment”), we will say that the exci- 

tation is due to a pseudo-pigment. Furthermore. we 
have proven that the response function of a pseudo- 
pigment must take the form 

’ Y 

i? = R 
i 

I” 1 zi A?(v) . 
i=l ! (2.12) 

This is true of the response for any cell in the visual 
system where self-similar curves are found. 

The above analysis in no way constrains the form 
taken by l?. i? could be linear in I (e.g. responses 
of horizontal cells in goldfish for small amplitudes; 
Spekreijse and Norton. 1970): 

R = ROf!jij XiAf(V)jLF (2.13) 

where RQ is just a constant. And in general the re- 
sponse, R, can be any function of the intensity I. 

The following should also be noted about re- 
sponses, l?. of a compound cell. If the excitations. 
e,, converging on the cell are near zero. the cell’s re- 
sponse will be near zero (recall that we are ignoring 
maintained or spontaneous rates). In this case we can 
seek a differential approximation to the response 
function. If we make the same mild ashumption we 
made earlier about the differentiability of the response 
function itself we obtain: 

(2.141 
i=l 

When the assumptions leading to (2.111 apply, simi- 
larity is obtained locally (i.e. for small excitations) 
even though it may be absent in the large. Under 
these same conditions the form of (2.11) also specifies 
the form of the response function. Howe\-er. the mere 
fact that R is close to zero does not necessarily mean 
that the form in (2.14) applies. It may not apply either 
because, although l? is close to zero. the excitations 
are not; or, because the response function does not 
have the differentiability properties necessary to 
obtain (2.14)---an example is provided by (2.13) if 
p # 1. 

The form (2.12) constitutes a major theoretical 
result of this paper and it is worthwhile re-iterating 
some of its main points. If we are considering a pseu- 
do-pigment, then the responses of the compound cell 
must be a function of the weighted sum of the exci- 
tations of, the various receptor types converging on 
that cell. Each excitation appears in ths same furrc- 
tional form, namely, raised to the pth power. We un- 
derline the fact that the power to which each exci- 
tation is raised must be the same. Th- restrictions 
hold only over the region in which the response vs 
log intensity curves are parallel. 

We should emphasize that in the above analysis 
we made no assumptions about the shape of a photo- 
pigment’s spectrum. However, if a cell’s responses are 
driven by a pseudo-pigment and we w&h to specify 
the various true photopigments invol&, then we 
must make certain assumptions about the absorption 
spectra of these photo-pigments. The form (2.12) im- 
poses no specific restrictions on A,(v). Thz restrictions 
must come from some other source such as a theory 
of pigment absorption spectra, or empirical observa- 
tions, and so on. It should also be noted ihat (1.12) 
says nothing about the precise form of R: clearly, 
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if ail we ars given is a cell’s spectral response curve 
(i.e. the intensity, I,heid &xed), we must know more 
about the form of R in order to resolve the responses 
into pigment absorption functions. 

The ways in which a compounds ceil’s spectrum 
can be resolved into its component pigment spectra 
are to some extent dictated by the assumptions we 
choose to make about such spectra. The next section 
describes the details of one way to accomplish this. 

(3) REISOLUTIOh’ OF PSELQO-PIGMEXI-S 

l?+TO PIGMEXTS 

(a) Generuf merhod 

Most experiments leading to p~udo-pi~ents have 
suffici~t data to produce sensitivity curves, where 
sensitivity, Y. is defined, in the usual way, as the 
reciprocal stimulus required to produce a criterion 
response. We will only deal with per cent of maxi- 
mum sensitivity: 

S(v) = 
.9(v) x loo min Ii(Y) 

max .Y(u) 
=-.-----x100 

liCL’) 
(3.1) 

where max Y(v) signifies the maximum of .Y(v) over 
the range of v, and the subscript r; signifies that re- 
sponse is being heid fixed. This we refer to simply 
as “sensitivitv”. 

In the previous section we demonstrated that the 
response function of a p~udo-pi~ent must of neces- 
sity take on the form shown in (2.12f. This stiil leaves 
open the functional form of the response function 
itself. However, due to the similarity form of the re- 
sponse function of a pseudo-pigment, the form of its 
sensitivity may be obtained without prior knowledge 
of the response function itself. Thus applying (3.1) to 
(2.12) we have that the sensitivity spectrum of a pseu- 
do-pigment must have the form 

.&( $1) 
S(v) = - 

max d(v) 
x 100. 

From (2.11). this can be written as, 

Siv) = ~~~ BilFir)~ ’ (3.2) 

where 

Bi = 
z’*i x looF 

max &P(v)’ 

The problem before us is now clear: Given that 
the sensitivity of a pseudo-pigment is found by exper- 
iment, then we must determine the right hand side 
of (3.2) to tit these data. This entails finding the 
number, rV. of input p&tents, the iV coupling con- 
stants pi, the exponent p, and of course the X indivi- 
dual absorption functions, Ai. The form of the effec- 
tive absorption function is given by 

A(v) = ~(v)~v)(l - 10-kPUn) = ~V)~V~~(~) (3.3) 

in which_/(v) is the fraction of incident quanta which 
are absorbed by the photoreceptor; E(V) is the molar 
extinction function, n is the mean molar concen- 
tration of chromophores and e is representative of 
the outer segment length. The two coeficients qv) 
and &v(v) measure the effectiveness of absorbed 
quanta. The quantum yield, Cp(v), is the ratio of the 

number of bleached pigment molecules to tbe number 
of absorbed quanta. Over the r-isual spectrum this 
is found to be roughly constant for all photopigments 
(0.68; Dartnall, 1965). The excitation ef%iency. &v). 
is that fraction of the bleached molecules nhich con- 
tributes to excitation; it too, is felt to be constant 
over the visual spectrum (e.g. Mitchell and Rushton, 
1971a.b). Other possible features which can alter the 
form of A(v), are discussed in Sirovich (1976); these 
are at most small effects. since (3.3) is known to ap- 
proximate closely the behavior of a p@nent in sirw 

Wz proceed by adopting Dartnail’s (1953) approxi- 
mation that the extinction spectrum, E,(Y), is, to good 
approximation. transiationally invariant when plotted 
vs frequency. analytically this says that 

e,(v) = E(i’ - Yi) 

where 
r., = 2X l’i 

is the maximal absorption wavelength, and E(Y) is to 
be regarded as a fixed function. Then, since the coeffi- 
cients 6(v), &v) are ‘constant” over the visual spec- 
trum. we can state that 

Ai = .A(v - v,) = &?j.frY - Vi). 

It is convenient to write 

where E, is the maximum of E and then to define 
the density constant by 

K = inf%, 13.4) 

We then obtain 

.-li = A(v - L(j) =&#)(l - lo-“i” - “). (3.5) 

Substituting this into (3.2) our equation for sensi- 
tivity becomes 

:i 

.Y 
S(Y) = 

1’” 
z &AP(V - v,P 

i 
(3.6) 

i= t 
Thus the problem of determining the _+ in (3.2) is 
replaced by the deter~ation of the maximal absorp- 
tion frequencies, Vi, and the “density constant”. ti 
(which. in the absence of better information, we take 
as the same for ail cone receptors; Liebman, 1972). 

Therefore, for given sensitivity, S(v), and extinction 
spectrum, E(V), we must determine the following: N; 
/Ii. i = 1,2, . . ‘, Xi; p and K. The choice of a specitic 
form of extinction spectrum will be discussed in the 
next section. Several methods of attack suggest them- 
selves and we pursue a method which is both general 
and direct. 

For the time being it is convenient to regard both 
p and K as known; then. raising both sides of (3.4) 
to the pth power. 

t; 

This is now a linear equation (forgetting that p and K 
are unknown). Next we allow A’- x and regard the 
possible photoreceptor types as being continuously 
distributed on the frequency axis. Equation (3.7) then 
takes the form 

s’(v) = (“” B(G) Ap(v - G,dG. (3.8) 
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The discrete form f3.7) is recovered if&a) (the coupling, 
or weighting function) takes the form 

N 

B(G) = x fli6{0 - vs) (3.9) 
i=l 

where b(a - v) represents the delta function located 
at G = v. 

The limits of integration, although in principle in- 
finite, can sensibly be set to extend over the visible 
spectrum. This we have written as the interval 
(wO, or) and for purposes of discussion it is unnecess- 
ary to make definite the “exact” interval of the visible 
spectrum. 

To solve (3.8) we require, a reasonably well defined 
spectral sensitivity function, S(v). In practice various 
different estimates are obtained and a method of aver- 
aging is required. In dealing with the spectral sensi- 
tivity of pseudo-pigments, as depicted by (3.2). we 
assume (and will enlarge on this in the Discussion) 
that the exponent is essentially a neural property and 
does not vary appreciably from preparation to prep- 
aration; however, the coupling coefficients, pi, reflect 
the amount and quality of the convergence onto a 
compound cell and this coupling can vary from cell 
to cell. This being the case, the precise values of pi 
are of Iess interest to us than the vatues of &, of 
the con~ibuting photopi~~ts, Air), and the 
exponent, p. 

Denote by S,(v) a single determination of sensitivity. 
According to (3.2) and the above assumption, this has 
the representation 

Sp(v) = ~ Bij Aq(L’). (3.10) 
j= 1 

To prevent unequal weight being given to any one 
S,(v). each data set is tist normalized with respect to 
its own maximum. Denoting by n the number of 
separate data sets. we take the arithmetic mean of (3.10): 

Then, writing 

Bi = Bij 

we have 
s 

Sp(\I) = C pidp(V, 
i= 1 

(3.11) 

which preserves the form of (3.2). (Unless otherwise 
stated, we shall henceforth deal only with averaged 
data. according to (3.11). but will suppress the over- 
bar notation.) 

It is worth noting that with the above gumptions 
we can average together any data for which we believe 
the exponent and contributing pigments to be the 
same-the individual sensitivity curves need not 
necessarily have any resemblance to each other. 

Another form of average, which is commonly used, 
is the geometric mean which is the anti-log of the 
arithmetic mean of individual log sensitivity func- 
tions. This Form is appropriate if we assume that the 
different curves merely differ by scale factors. In prac- 

tice this form of average does not diier greatly from 
the methods in (3.1 l), since the numbers m question 
vary only over a limited range. 

(c) Spec$c procedures 

We now briefly discuss the methods uSed to solve 
(3.8); for mrther details see Siiovich (1976). 

Regarding (3.Q S(v) is known, and ‘A(v), the absorp 
tion Eunction is known to within a density constant 
(3.4). The remaining unknowns are the exponent, p, 
and the weighting function, B(o), which incorporates 
information about the number of photopigments and 
their &,ll’s. Corresponding to each value of p there 
exists a so’lution. Certain of these solutions can be 
discarded since they violate some of the assumptions 
in the fo~uiation. Of the other solutions, a unique 
one is se&ted on the basis of certain criteria; that 
the solution, B(a), give rise to the minimal number 
of photopigments and that their EmlX’s conform to 
the spectrophotometric information we might have 
from the particular species. 

The method is based on the Fast Fourier Trans- 
form (FFT) algorithm (Cooley and Tukey, 1965). 
which requires periodic functions. To meet this we 
suitably extend. in frequency space, the functions S 
and .A in (3.8) to be periodic-in which case B(g) is 
also periodic. This is done in such a way as to mini- 
mize “abasing” and “wrap-around” errors (Cooley, 
Lewis and Welch, 1967). Another requirement is that 
our functions be sampled on a mesh uniformly spaced 
in frequency. Since neither of the functions S and .A 
are typicaliy given in a continuous form they must 
be so extended: this is accomplished using third order 
spline firs (Ahlberg, Nilson and Walsh. 1967). These 
fits pass exactly through all data points in a smooth 
fashion. 

An additional detail concerns the density coeffi- 
cient. K, in (3.4), and which enters into any pigment’s 
absorption mnction, A(v), as shown in (3.5). ‘To solve 
(3.5) we assume K to have the same value throughout. 
We can also expect that the given spectral sensttivity 
function, S(v), will, at very long wavelengths, be in 
asymptotic agreement with the con~but~g photo- 
pigment having the longest jmax (see Abramov, 1965, 
1972. for applications of this argument). In brieF, we 
find ti by adjusting the density of the pigment with 
the longest i,,,~X to fit S(v) at long wavelengths. 

Another feature of the general method of solving 
(3.8) follows from the fact that it is a Fredholm equa- 
tion of the first kind (Pogorzelski, 1966). Such equa- 
tions have one particularly unpleasant feature, namely 
that small rapidly oscillating changes in the sensitivity 
S(v) in (3.8) can produce a large change in our solu- 
tion for the coupling function B(a). Since experimen- 
tal data can never be relied upon beyond some small 
error. this becomes a severe problem in the solution 
of (3.8). The diiculty is rwlved by subtracting from 
S(Y) its small rapidly oscillating components. in a 
Fashion such that S(v) still lies within the error bounds 
under which it was obtained. See Sirovich (1976) for 
further details regarding this filtering procedure. 

(4) RESULTS 

We now apply the v-arious methods described 
above to some specific sets of data, starting with the 
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680nm “pigment” reported by yaka and Rushton 
(1966ab,c), and which we assert to be a- pseudo- 
pigment. Their data were obtained from horizontal 
cells (S-potentials) in the retinae of cyprinid fishes 
Imostly tenth). In Fig. ?a (symbols) we have redrawn 
several of their estimates of this 680 nm spectral sensi- 
tivity function. We also know that each of these 
curves was obtained from a set of parallel response 
vs log intensity curves-thus they fulfill our prerequi- 
sites for being derived from a pseudo-pigment. Since 
there are relatively few points from any one cell and 
variability is high, we have averaged the results (fol- 
lowing the method given earlier) to obtain a more 
representative form for analysis; this average is in- 
cluded in Fig. 2a as the smooth curve. In Fig. 2b 
we compare the average 680 nm curve with a smooth 
function (dashed curve) derived from the mean plot 
given by Marks (1963, 1965) for the spectrum of the 
long-wavelength cones in goldfish (also a cyprinid): 
its E,,, is 625 nm, which is the longest value that 
has been found by spectrophotometry. 

The average 680nm function will represent S(v) in 
equation (3.8). For a solution we must also specify 
A(v); that is, we must decide on some standard photo- 
pigment that will in effect serve as the nomogram. 
The differences among the various standards that 
have been proposed are not signticantly greater than 
the relatively slight narrowing of pigments with long 
~IIUX. But this does place some limitations on the pre- 
cision of the method of solution we have chosen here. 

t of ’ ’ I / I / ‘: , 

;-” _ 600 540 680 720 760 

b / I \\ 
cot /’ i \\ 

I \’ 
I / I I / I 

500 600 700 
Wavelength X (nm) 

Fig. 2. Spectral sensitivity (quantum basis) of a pseudo- 
pigment peaking at 680 nm and recorded from S-potentials 
in the tenth retina. (a) Symbols show sensitivities of several 
different cells-from Naka and Rushton (1966ab,c). The 
smooth curve is an average (see text for details) of these 
sensitivities. (b) The average sensitivity of tbe 680 nm pseu- 
do-pigment (solid line) is compared with the sensitivity of 
the long-wavelength cone pigment (&,,, = 625 nm) in gold- 

fish. as given by Marks (1963, 1965). 

- il 

/ I 

1.000 750 500 250 
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Fig. 3. (a) Weighting function, B(c). obtained from the 
solution of equation (3.8) for the 68Onm pseudo-pigment 
in Fig. 2. The E.,,,,,’ s of the nvo photopigments given by 
the solution are indicated (b) Single delta function 
smoothed and filtered in the same way as the function 

in (atsee text for details. 

Since Naka and Rushton’s pseudo-pi_ment peaks at 
so long a wavelength, the standard photopigment we 
chose for the analysis was the 625 nm curve given 
by Marks; it is slightly narrower than one generated 
by the Dartnall (1953) nomogram (see Fig. 2b). This 
curve we use for the extinction function, E(Y), which 
together with the density, IC, in (3.4) is then used to 
construct A(v) in (3.8). 

In Fig. 3a we show that weighting function, B(a), 
obtained from the “best” solution of the 680 nm pseu- 
do-pigment. The abscissa is a frequency axis, although 
for convenience we have labelled it in nm. The 
ordinate gives the actual values of the weighting func- 
tion, and. of course. is in units of reciprocal frequency. 
From this we would like to recover its discrete form 
(3.9) on which a reconstruction would be based. 

In view of all the filtering and smoothing employed 
in our methods we cannot expect really sharp, nar- 
row, “delta” functions. In fact in Fig. 3b we show 
the limit that can be achieved by our method; there 
we show a single delta function that has been filtered 
and smoothed in exactly the same way as the function 
in Fig. 3a Keeping this limitation in mind, our inter- 
pretation of 3a is as follows: The function is com- 
posed of two delta functions, one positive and the 
other negative going; the remaining oscillations can 
be neglected. The positive one represents a photopig- 
ment with ,imaX = 627 MY_ while the negative one has 
its i,, = 545nm. The strengths of the delta func- 
tions, which are the coupling coefficients or fli in (3.6), 
are simply given by the signed area under each of 
these peaks. The exponent for this solution was 0.4 
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and the density. K. (3.4) was found to be 0.35. (These 
values are discussed later.) 

We now have all the information needed to con- 
struct a spectfai sensitivity curve to compare with the 
original data. In carrying out the construction an ad- 
ditional step was inserted at this stage. We observe 
in Fig. 3a that the oscillations we neglected really 
only exist at wavelengths somewhat shorter than the 
peak of the second (545 nm) photopigment. This can 
in part be attributed to use of a standard pigment 
with a relatively narrow spectrum. We compensated 
for this in the construction by using the Darmali 
(1953) nomogram to generate the spectrum of the 
545 nm pigment and Marks’ (1963, 1965) 625 nm pig- 
ment as the basis of the 627 nm component. The close 
agreement between the constructed curve and the ori- 
ginal data wiil justify this procedure. 

The parameter values from the best solution, shown 
in Fig. 3a, were used in equation (3.6) to construct 
our curve. The result is shown as the continuous plot 
in Fig. 4a, together with the original 680nm data 
(symbols); also included is the equation with the pre- 
cise values used in the construction. The spectral sen- 
sitivity of our pseudo-pigment, like the 680 nm curve, 
is very narrow and is essentially at zero for all wave- 
lengths shorter than 580 nm. We had earlier said that, 
at very long wavelengths, the sensitivity of the long 
wavelength pigment should agree asymptotically with 
the data. In Fig. 4b we illustrate this, as well as the 

Fig. 4. Analysis of the spectral sensitivity of the 680nm 
pseudo-pigment shown in Fig. 2; all curves are given as 
per cent of maximum sensitivity of this pseudo-pigment. 
(a) Symbols delineate the average spectral sensitivity of the 
680 nm pseudo-pigment. The curve, generated by the inset 
equation, is the constructed pseudo-pigment obtained from 
analysis of the or&inal data. (b) Symbols again denote the 
680 urn pseudo-pigment. The curve, generated by the inset 
equation, shows the contribution of the long-wavelength 
pigment to the constructed pseudo-pigment in (a).- Note 

the asymptotic agreement at long-wavelengths. 

Wavelength X (nm) 

Fig. 5. Analysis of the mean spectral sensitivity of a 
6jOnm pseudo-pigment recorded from ganglion cells in 
the goldfish retina (Spekreijse et nl., 1972). All curves are 
given as per cent of maximum sensitivity of this pseudo-pig- 
ment. (a) Symbols show the mean sensitivity of the 630 nm 
pseudo-pigment. The curve. generated by the inset qua- 
tion. is the constructed pseudo-pigment obtained from 
analysis of the original data. (b) Symbols again denote the 
650 nm pseudo-pigment. The curve generated by the inset 
equation, shows the contribution of the long-wavelength 
pi_pmnt to the constructed pseudo-pigment in (a). Note 

the asymptotic agreement at long-wavelength. 

appropriateness of the value we obtained for the den- 
sity of the photopigments used in the above construc- 
tion ; the original data are shown together with the 
sensitivity of a 627 nm photopigment, with density of 
0.35, and scated according to this pigment’s contribu- 
tion to our constructed curve (see inset equation). 

Another set of data of some interest is provided 
by Spekreijse, Wagner and Wolbarsht (1972) who 
measured the spectral sensitivity of ganglion cells in 
goldfish retinae. The curve (shown as symbols in Fig. 
5,) is appreciably narrower than that of known pho- 
topi,ments and also peaks at a very long wavelength 
(65Onm); however, as with the 68Onm data, these 
data were claimed to represent the sensitivity of a 
single class of cones. 

The goldfish data are interesting because sensitivity 
was measured for a response criterion close to gang- 
lion cell threshold. The curve could be that of a pseu- 
do-pigment if Spekreijse er af. (1972) had evidence 
to show that the spectral sensitivity function was in- 
deed independent of the response criterion chosen (i.e. 
paralfel response vs log intensity curves). However, 
since no information is given about this, we might 
still assume that the arguments leading to equation 
(2.14) could apply. 

The data (symbols) in Fig. 5a were analyzed in 
exactly the same way as the 680 nm pseudo-pigment. 
The best solution of the goldfish data also showed 
two photopigments, one essentially the same as before 
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i;*,x = 625 nm) and the other with &,,, 5 530 run: 
density was 0.25 and exponent p. was 0.5. For the 
construction we used the same two standards used 
for the 680nm curve. The construction is shown as 
the continuous curve in Fig. 5a together with the spe- 
ciftc equation (inset). In Fig. 5b we show. as before, 
the asymptotic agreement of the long wavelength pig- 
ment m our construction. 

(3 DISCL’SSIOX 

(a) Psewb-pigments 

We have argued that spectral sensitivity functions 
differing greatly from those of standard photopig- 
ments are most probably the result of interactions 
among receptors containing unlike photopigments. 

Starting from the general form taken by a response 
function due to one or more photopigments (X3), the 
property of parallel response vs log intensity curves 
leads to the similarity form shown in (2.12). This is 
especially noteworthy since the above property has 
been used by others (e.g. Naka and Rushton. 
1966a,b.c; De Valois, 1965) as the major criterion 
for identifying responses driven by a single photo- 
pigment. A major goal of our investigation has been 
the resolution of a pseudo-pigment into its com- 
ponent photopigments. Fundamental to our analysis 
is the form 

r v 11 n 

d(v) = 1 1 P,Af(v) I- (2.11) 
Li= 1 _I 

To achieve this form we made a mild differentiability 
assumption. From our analysis of the 680 nm pseudo- 
pigment we can now indicate an a posteriori verifica- 
tion of this property. We start with the form 
R = R(fd(v)), and with ..zI(v) = -d(A,. A?), homo- 
geneous of degree one. We also assume that Al and 
4, are now known--they are as obtained from our 
analysis of the 680~1 data. We can show that 
d(Al, A?) must have the form given by (2.11). 

Imagine a series of experiments, involving mono- 
chromatic flashes, that will determine .d(AJ, .4*). For 
example, we can vary I and v and hold R fixed (or. 
alternatively, hold I fixed and record l? varying with 
v). In any case, we determine .&(.4,, AZ) on some 
curve in the (A,, Al)-plane traced out by A,(v) and 
.42(v) as L’ varies. .&(.4t. A,), which is defined in the 
quadrant A,, z42 > 0, is now completely known. since 
the homogeneity property tells us that ti varies 
linearly on rays from the origin (&(xAI, .uAz) = 
.ud(A,, AZ)). The desired experiments are in fact con- 
tained within the experiments of Naka and Rushton 
(1966ab.c). Since their response vs log intensity c_urves 
are parallel, we can choose any fixed value of R and 
obtain .z/(v). Our construction (Fig. 4a) shows that 
(1.11) is in close agreement with .d(v), and hence is 
in close agreement with &(A,, AZ) everywhere. This 
certainly lends justification to the differentiability 
assumption under discussion. 

We next consider the specific photopigments indi- 
cated by our analysis. Spectrophotometric studies of 
the pi_9ments in the goldfish retina all show that there 
are three cone pigments with imaX’s at approx 450. 
530 and 625 nm (see Introduction). Our analysis (Fig. 
-ta) of the data of Spekreijse et al. (1972) concurs with 
this: we find the 650 nm pseudo-pigment to be de- 

rived from pigments with &,,_‘s at 530 and 625 nm 
respectively. For the density coefFrcient. K, in (3.4) we 
obtained a value of 0.25. It is somewhat difficult to 
interpret this value since we do not really know if 
the pigments in these experiments with isolated 
retinae were at full concentration. However. if we 
assume that the effective length of the outer segment 
is about 25 &ma, our value agrees fairly well with 
values obtained by ~Marks and by Liebman (Liebman, 
1972). As far as tenth is concerned there are few pub- 
lished spectrophotometric data (,Lythgoe. 1972). How- 
ever recent microspectrophotomecry shows that the 
cone pigments have their jmlr’s at approx 615. 532 
and 45@455 nm (Darmall and Liebman, personal 
communication). Our values of 627 and 515 nm do 
not agree with the spectrophotometry as closely as 
did our values from goldfish data: however, it should 
be noted that the data from tenth (Fig. ?a) were much 
‘noisier”. 

(6) Model of‘ 12 pseudo-pigment 

(i) Morlel. A pseudo-pigment is the result of a speci- 
fic sort of interaction between responses driven by 
different photopigments. As we have shown. this in- 
teraction must be describable by equation (1.13). 
However, our analysis has not been based on any- 
specific physiological system. The particular form we 
state, (2.12). can be realized in many ways. We shall 
present here a network with the requisite properties. 
but we must emphasize that it is not the only one 
that agrees with our analysis. 

In Fig. 6 we show a simple model of a pseudo-pig- 
ment derived from two photopizments, .-I, and .4,. 
The boxes in the figure represent different stages at 
which the various components. explicit or implicit. 
of (2.12) might be realized; each stage does not necess- 
arily represent a single anatomical entity. We shall 
deal first with a simplified form that excludes the por- 
tions drawn with dashed lines. 

The “photopigments” stage needs no comment here 
except to reiterate that we assume these pigments to 
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Fi-g. 6. Model of the responses. E. of a cell whose spectral 
properties are those of a pseudo-pigment. The boxes 
denote different stages. as labelled. from light transduction 
to responses of the iiven cell : they do not-necessarily each 
refer to a single anatomical entity. The forms and equa- 
tions in the boxes are all readily related to equation (1.13. 
I and Y denote intensity and frequency of light, and .-I, 
denotes the absorption coefficient of a photoptgment. The 
nature of the filters. and other details, are given in the 

tci!. 
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have approximately standard spectra, such as might 
be generated from the Dartnall (1953) nomogram. 
The “receptors” stage does not specify any particular 
form for the intensity-response function, except that 
it be in the similarity form (2.3). Recordings from sin- 
gle receptors have indicated that their responses, i, 
are best described by the following: 

&%I i _ 
IA(v) + li’ 

(5.2, 

where g and k are constants (e.g. Baylor and Fuortes, 
1970; Grabowski, Pinto and Pak, 1972: Fain and 
Dowling, 1973; Baylor and Hodgkin 1973). Of 
course, this function has the similarity form we 
require. 

We shall ignore for the moment the ‘%ltering” stage 
except to note that some form of filtering must of 
necessity be included-the bandwidth of any real sys- 
tem is limited. The importance of this stage will 
become apparent when we deal with chromatic adap- 
tation. 

We now deal with the “receptor pools” and “com- 
bination” stages. It is perhaps artificial to separate 
these stages, as shown in Fig. 6; they may in fact 
occur together. The only essentia1 requirement of our 
analysis is that the pigment terms, A(v), be each raised 
to the pth power prior to combination; this is a math- 
ematical requirement and does not necessarily imply 
that there exists a specific location at which a power 
function operates. Even for p # 1, our formulation 
does not contradict completely linear stages; for 
example. individual receptors could be linear over 
large ranges of intensity (which is implicit in (5.2)) 
and the pseudo-pigment could be linear (as in (2.13)). 
The algebraic su~ation of the responses of different 
groups of receptors is supported, for goldfish, by 
Spekreijse and van den Berg (1971) and Levine and 
Abramov (1975). Furthermore, Easter (1968) and 
Levine and Abramov (1975) had concluded that when 
responses of a ganglion cell were driven solely by 
receptors all containing the same photopigment, the 
responses of the pooled receptors were approximately 
proportional to the square root of intensity. 

(ii) Chromatic adaptation. We must now consider 
how the model in Fig. 6 would operate when chro- 
matic adaptation is used to desensitize differentially 
some of the spectral mechanisms associated with a 
given ceil. The question is why, in many cases, this 
isolates a p~udo-p~grn~t rather than isolating re- 
sponses due just to one photopigment. However, the 
spectral properties of at least some cells (that in our 
terms appear to be pseudo-pigments) remain the same 
regardless of adapting wavelength-only absolute 
sensitivity is changed: this was taken as evidence that 
the unusual sensitivity curves of these cells repre- 
sented a true but strange pigment (Daw and Beau- 
champ, 1972). Moreover, Naka and Rushton 
(1966ab,c) occasionally used chromatic adaptation to 
isolate their 680 nm pseudo-pigment, 

Consider the following case of chromatic adap- 
tation: p&tent .+lz is absolutely more sensitive than 
At to the adapting wavelength. Now assume that 
adaptation occurs at any stage prior to combination 
of responses due to .-ir and d,. In this case the contri- 
bution of A? to the pseudo-pigment will be reduced 
and, in the limit. such adaptation will isolate re- 

sponses due just to Ai. Since this is not always 
observed we postulate that this adaptation occurs 
after combination. 

A remaining difhculty is that individual receptors 
maintain a level of hyperpolarization for the duration 
of a stimulus (Tomita, 1970). Consider the responses 
of the network in Fig. 6 to the steady adapting light 
mentioned above. The receptors containing AI will 
operate at some high level on their response action 
whiie me other receptors (with A,) are at a low level. 
Now. in response to a test flash, the magnitudes of 
the two inputs to the pseudo-pigment’s summation 
point can no longer be the same as before adaptation; 
i.e. the spectral sensitivity of the pseudo-pigment 
would depend on the wavelength and intensity of the 
adapting lizht. To circumvent this problem we postu- 
late that ..Filter-a” in Fig. 6 represents a high-pass, 
linear. filter (allowing only transient responses to 
pass). However, steady-state information is required 
at or beyond the combination stage, otherwise a con- 
tinuous adapting light would not reduce sensitivity 
~ro~hout the time it was present. We allow for this 
by the pathway through “‘Filter-b” (dashed lines in 
Fig. 6). This filter is a low-pass filter that excludes 
transient responses; it provides some form of the 
tonic signal needed to ch&nge over-all sensitivity of 
the pseudo-pigment. 

(iii) Implications of the model. Assume that some- 
thing like (5.2) applies at the receptors. Then, for brief 
flashes of light. the response versus log intensity 
curves measured from the pseudo-pigment stage will 
be parallel. Even if the dashes are superimposed on 
an adapting background the same will still be true, 
until one or other of the receptor types starts 
approaching its response saturation level. At that 
point the sFtrum of the p~udo-pi~ent will begin 
to distort since the transient input (throu~ Filter-a) 
then becomes dependent on the background level. 

Now consider stimulus flashes of relatively long 
duration. If we examine the response, R, during the 
initial portion of the stimulus, the conclusions in the 
abov-e paragraph apply. But at later times during the 
stimulus the effect of Filter-b ~$1 become apparent; 
i.e. the spectral sensitivity of R must change. This 
becomes obvious if we thmk of pseudo-pigments of 
the type analyzed earlier in which the responses from 
A2 are subtracted from those due to A,: the i,,, 
of i? will probably lie outside the imax’s of A1 and 
At. However the responses from each Filter-b must 
be combined in some non~p~nent fashion in order 
to @abIish chromatic adaptation. Therefore the Emax 
of R wili shift as time evolves, to a position not out- 
side the interval of the ;,,‘s of A, and_A,z. In fact 
if the stimulus is long enough and if R IS from a 
cell capable of some tonic response, then the steady- 
state responses will reflect only the spectral sensitivity 
as observed through Filter-b. 

These, and other implications of the mode1 are 
open to experimental verification and this is under 
way. 
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