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Summary 

In this paper we review studies of the absorption of light by visual pig- 
ments in vitro, in situ and in uivo. In these experiments two types of light 
source, i.e. flash and steady state, were used to bleach the visual pigments. 
Plane-polarized light was also used in some experiments. The theoretical 
analyses of the results of these experiments have been used in the determina- 
tion of various important features of the visual pigment and its photo- 
products (e.g. photosensitivity, quantum efficiency, rate constant, principal 
absorption axes of the molecule and coefficient of viscosity of the environ- 
ment). 

1. Introduction 

Studies of visual pigments in various environments have increased expo- 
nentially during the past two decades. Their ability to absorb light, which is 
their most important property, has been used as the principal tool for their 
identification and characterization. The physical and chemical features 
(photosensitivity, quantum efficiency, rate constants, kinetic activation 
parameters, principal absorption axes of the molecule, orientation of the 
chromophores, diffusion coefficients, presence and absence of intermediates 
in the reaction etc.) of the visual pigments and their intermediates in various 
environments have been obtained by analysing the results of investigations of 
their absorption of light. Although these results have been reported in a large 
number of review articles [l - 173, the methods used to analyse the experi- 
mental data and hence determine these properties have not been the subject 
of a detailed review. Therefore the methods used to analyse experimental 
light absorption data for the visual pigments in vitro, in situ and in viuo are 
reviewed in this paper. The mathematical techniques already used and those 
which may be useful for further progress in investigations of visual pigments 
and visual photoreceptors are described. 
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The vertebrate retina, which is one of the most important parts of the 
eye, contains two types of photoreceptor, i.e. rods and cones. A photo- 
receptor can be divided into a further two parts, an inner segment and an 
outer segment. The outer segment contains a large number of disc-shaped 
membranes with planes perpendicular to the axis of the photoreceptor which 
are enclosed by the plasma membrane (Fig. 1). The visual pigments, which 
play an important role in vision, are located in the disc membranes. These 
molecules undergo both rotational and translational diffusion in the plane 
of the disc membrane [ 18 - 22 3. 

The visual pigment of the rod photoreceptors is called rhodopsin. It 
consists of a specific protein (opsin) and a chromophore (ll-&s-retinal), and 
accounts for approximately 85% of the total membrane protein 123 - 281. 
The chromophoric group (the primary light-absorbing structure) of 
rhodopsin lies almost parallel to the plane of the disc membrane [ 3, 29 - 341. 
The visual pigment of the cone photoreceptors is called iodopsin. In this 
review we shall confine ourselves to a description of the absorption of light 

pigment apithelium 

I I 

ROS (I- PM 

Oirection of li*t 

Fig. 1. Diagram illustrating the structure of a rod photoreceptor: ROS, rod outer seg- 
ment; RIS, rod inner segment; PM, plasma membrane; CD, closed discs; OD, open discs; 
C, connecting cilium; M, mitochondria; EPR, endoplasmatic reticulum; N, nucleus; S, 
synaptic terminal. 
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Fig. 2. Stages in the bleaching of cattle rhodopsin: W, changes upon absorption of light; 
+, thermal changes. The numbers in parentheses denote the maximum absorption wave- 
length h,,. The ?L,, for rhodopsin, hypsorhodopsin, isorhodopsin and bathorhodopsin 
areat- 268 “C, those for lumirhodopsin and metarhodopsin I are at -65 “C and those for 
other intermediates are at about 0 “C. The reactions can only proceed at temperatures 
above these values. 

by the rhodopsin molecules only. The main reason for this is that, at present, 
much more information is available for rods than for cones. 

The visual mechanism in a photoreceptor begins with the absorption of 
light by the visual pigments. The absorption of a photon by a rhodopsin 
molecule isomerizes the chromophore attached to the protein [35,36] and 
leads to a series of thermal changes (Fig. 2) [ 371. In vertebrates the chromo- 
phore separates from the protein and subsequently recombines with it during 
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a regeneration process. The intermediates involved in the reaction can also 
absorb light, The intermediates up to metarhodopsin I are highly unstable 
at physiological temperatures. These intermediates have been studied either 
at low temperatures or by the flash photolysis technique. The remaining 
intermediates (i.e. the long-lived intermediates) have been studied at room 
temperature after bleaching the visual pigment system with a light flash. 

2. Steady light source 

2.1. Visual pigments in solution 
A substantial amount of research on the absorption of light by solu- 

tions of the visual pigments has been reported [ 36 - 691. Visual pigments in 
solution exhibit diffusional motion in the optical cell and their diffusion 
coefficient depends upon various conditions such as the temperature of the 
solution, the viscosity of the solvent etc. Theoretical analysis of the absorp- 
tion of light by the visual pigment solutions has been performed for the 
following two limiting cases: (i) the diffusion coefficient is very large (i.e. 
fluid sample); (ii) the diffusion coefficient is zero (Le. solid sample). 

The effect of temperature on the decomposition of the visual pigment 
will not be considered for these two cases. Since visual pigments can de- 
compose in the absence of light if the temperature of the solution is in- 
creased we shall consider the effect of temperature on the absorption of light 
by the visual pigment solution and denote it case (iii). 

2.1 .l. Large diffusion coefficient 
Dar-Mall et al. [38, 391 have extensively studied the absorption of light 

by visual pigment solutions and have obtained many new results from theo- 
retical analysis of the experimental data. Their work can be subdivided 
further into the following cases. 

2.1.1 .I. No impurity is present in the solution and the intermediates do 
not absorb Eight. This was the simplest case described by Dartnall et al. [ 383. 
Consider an optical cell containing visual pigment and having plane parallel 
faces at right angles to the direction of propagation of monochromatic light. 
The sample, of thickness 1, can be regarded as a pile of very thin identical 
plates of thickness dx (Fig. 3). If the intensity (expressed as the number of 
photons per unit area per unit time) of light incident on one of these plates 
is I then a portion d1 will be absorbed by the visual pigments and the 
remainder will be transmitted to the next plate. The fraction d.7/1 of light 
absorbed depends on the thickness ti of the plate, the pigment concentra- 
tion C (in number of molecules per unit volume) and the pigment extinction 
coefficient u(h). Thus we can write 

dr 
- 7 =a(h)Cdx (1) 
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Fig. 3. Cross section of an optical cell containing a solution of visual pigments. The 
sample, of thickness I, can be regarded as a pile of very thin plates of thickness dx. 

Integration of eqn. (1) gives 

1~ = IO exp{--cu(h)CZ} 

where IO represents the intensity of the 
of the cell and In is the intensity of the 
of photons absorbed per unit area per 
given by 

J(X, t) = IOIl - exp{-a(X)C(t)Z}] 

(2) 
incident beam on the front surface 
transmitted light. Thus the number 
unit time by the visual pigments is 

(3) 

Now the rate of the reaction (i.e. the number of pigment molecules bleached 
per unit volume of the solution per unit time) can be written as 

dC = _ rJO* t) 
dt I (4) 

where y represents the quantum efficiency of the photochemical reaction 
which is defined as the ratio of the number of molecules bleached to the 
number of photons absorbed by the visual pigments. Using eqns. (2) - (4) we 
obtain 

In 
IQ 

( 1 10 --Q 
= ya(h)lot + constant (5) 

The transmitted intensity 1, is a function of time because the concentration 
C changes with time. It can be seen from eqn. (5) that if the intensity of the 
incident beam and the time variation of the intensity of the transmitted light 
are known experimentally the value of the product ra(X) (i.e. the photo- 
sensitivity of the visual pigments) can be determined from the plot of 
h{rQ/(lo-IQ))) against the exposure I,t. The plot is a straight line and its 
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slope is equal to rcu(h). This method was used to determine the photosensi- 
tivity of the visual pigments. 

In the derivation of eqn. (5) it has been assumed that the only absorb- 
ing substance in the optical cell is the visual pigment. However, this is only 
true for the ideal case- In practice there will be some impurity in the cell 
which also absorbs light and eqn. (5) cannot be used to determine the photo- 
sensitivity. 

2.1.2.2. Impurities are present but the intermediates do not absorb 

light. Let us further assume that the impurities present in the solution are 
photostable. Let Cx , C2, C3, . . . and (xi, (x2, a3, . . . be the concentrations and 
extinction coefficients respectively of the impurities. In the presence of 
impurities eqns. (2) and (3) can be written as 

1~ = 1, exp[-{cr(h)C(t) + K(X)}11 (6) 

and 

J(h, t) = I,-,(1 - exp[-@WC(t) + KOWI 1 
oVW(W 

a(X)C(t)E + K(X)Z 
(7) 

where 

K(X) = cri(X)Ci + cQ(X)CQ + **. 

and the rate of the reaction in the presence of impurities is given by eqn. (4). 
Solving eqns. (4), (6) and (7) gives 

cup - = +&t)&,~Q 
ln(lf /IQ) IO - IQ 

dt ln(lO/lQ) IO 
(8) 

where If = 1, exp{- K(h)Z) is the intensity of the transmitted light at t = 00 

when all the molecules are bleached (i.e. C(t) = 0). It has been found experi- 
mentally [ 381 that 

= mt + constant 

where 

m # ro(Wo 

Equation (9) can also be written as 

CLIP mlQ[lf --Ia) 

dt= If 

Comparison of eqns. (8) and (10) gives 

m = vGV0# 

where 

(10) 



ln(If /IQ ) 

WI0 42) 
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(11) 

Thus when impurities are present eqn. (5) becomes 

(12) 

It should be noted that $I is a function of time because it contains In. How- 
ever, it has been found experimentally [38] that the value of $I in any one 
experiment varies very slowly as In changes from its initial value to its final 
value If. It has been reported 1381 that in the majority of experiments 
the total change in 9 is less than 1% and therefore its mean value can be 
used without introducing a significant error. Thus, if the values of I,, In 
and If are known, the value of ra(h) can be determined from the plot of 
lnIAd(~f - la)) against I&t. Crescitelli and Karvaly [66] have recently used 
this method to determine the photosensitivity of the visual pigment of 
the gecko. 

2..l .1.3. Impurities are present and the intermediates absorb light but 
are photo&able. Until now it has been assumed that the photoproducts do 
not absorb light appreciably. The analyses given in Sections 2.1.1.1 and 
2.1.1.2 are still valid even though the photoproducts absorb light if they 
decompose to a colourless (non-absorbing) substance at a much faster rate 
than that of the photodecomposition of the visual pigment. However, this is 
not always true in practice. In the case where photoproducts absorb light 
and are stable the optical density of the solution at any time t can be 
written as 

1, 
In G ( 1 

= a(X)C( t)Z + z’cy’{C(j - C( t)}l + K(X)1 (13) 

where 

z’c~’ = a’s,(h) + b’c+,(h) + . . . 

%,ab, -.. are the extinction coefficients of the photoproducts of the bleach- 
ing process, Q’, b’, . . . are their stoichiometric relations with the visual pig- 
ment (e.g. a’ is the ratio of the number of molecules of type A formed to the 
number of molecules of the visual pigment bleached), K(X)Z is the optical 
density of the stable impurities present and CO is the concentration of the 
visual pigment when none of the molecules are bleached (i.e. at t = 0). 

The time dependence C(t) of the concentration of the visual pigment 
can be obtained from the kinetic equation 

dC r 
-=-- 

a(h)C(t)& --R) 

dt I a(X) C(t)z + z’cx’(C() - C(t)}z + K(h)Z 
(14) 

Solving eqns. (13) and (14) gives 
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IQ 
In - 

( 1 1, - 1, 
= yx(A)lot~ + constant (15) 

where 9 is given by eqn. (11). In this case also # has been found to be almost 
constant [39]. Thus if the values of 1,, If and la are known, the photosensi- 
tivity of the visual pigment can be found from eqn. (15). 

2.1.2. Zero diffusion coefficient 
In Section 2.1.1 it was assumed that the molecules undergo diffusional 

motion in the optical cell. Therefore the concentration of the unbleached 
pigment is the same everywhere throughout the solution at all times during 
the bleaching process. If the visual pigments do not undergo diffusional 
motion in the cell, i.e. if the visual pigment system is a solid layer, the 
kinetic equations change owing to the axial dependence of the concentration 
of the unbleached pigment in the cell. Various cases are considered below. 

2.1.2.1. No impurities are present and the intermediates do not absorb 
light. In this case the decrease in the intensity of the light beam in the layer 
and the disappearance of the visual pigments can be described by the follow- 
ing set of differential equations: 

mx, t) 
dx 

= --a( A) C(x, t)l(x, t) 

dCI=s, t) 
dt 

= --ycx(h)l(x, t)C(x, t) (17) 

where 1(x, t) and C(x, t) represent the light intensity and the concentration 
respectively of the visual pigments at depth x and exposure time t. Equations 
(16) and (17) give 

d2 In 1(x, t) da% t) 

dx dt 
= -VW ~ 

When the condition 1(x, t) = I, at x = 0 is applied, eqn. (18) simplifies to 

d In 1(x, t) 

dt 
= T~(WllJ -1(x, t>l 

(18) 

(19) 

Integration of eqn. (19) gives 

1(x’ ‘) = 1 + [exp{a(X)C,x) - 1J exp{-rol(X)r,t} 
(20) 

where Co is the initial concentration of the visual pigment. Equation (20) can 
also be written in the form 

q1, $:,t, 1 = rcv(h)I,t + constant (21) 
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which is identical with eqn. (5) obtained for the case of a fluid sample where 
diffusional motion is present. It should be noted that 1~ in eqn. (5) is the 
same as I(& t) in eqn. (21). An equation similar to eqn. (21) was obtained by 
Rabinovitch [ 701 for an unstirred sample with a non-absorbing product. 
Thus, in the ideal case eqn. (5) can be used to determine the photosensitivity 
of visual pigments regardless of whether they undergo diffusion. 

2.1.2.2. Impurities are present and the intermediate absorbs light. In 
this case eqn. (17) remains the same and eqn. (16) is replaced by 

cwx, t) 
dx 

= --[o!(A)C(x, t) + @p(h)CCo - C(x, 01 + mol~tx, t) (22) 

where a,(X) is the extinction coefficient of the photoproduct. It can be seen 
that eqns. (17) and (22) cannot be solved in a simple way. Onderdelinden 
and Strackee [ 711 solved them numerically and plotted the quantity 
{I(& 00) - I(I, t)}/I(Z, t) as a function of ya(X)lot for various values of 

The results obtained for an initial transmission I(I, 0)/I, of 0.20 are plotted 
in Fig. 4 which also includes the results obtained for a fluid model (i.e. 
eqn. (15)). It can be seen that the theoretical bleaching curves for a rigid 
layer model deviate from linearity. Therefore, in the absence of diffusion the 
photosensitivity of the visual pigments cannot be obtained from the slope of 
the theoretical bleaching curves. A correction to the equation derived by 
Dartnall et al. [38] is needed to obtain the photosensitivity in the case of a 
rigid layer. 

Rabinovitch [70] has discussed the analytical solution of eqn. (22) 
under very simplifying assumptions. He assumed that there was no impurity 
present, i.e. K(A) = 0, and gave the following solution for eqn. (22): 

CtX, t) Ii exp~y~tWotl 
1(x, t) = - 

co wow0 - w, t)l [ 
{NW - ~,twlwo - ccc m + 

co 
+ CXyp(X)Co In - 

i iI ce, t) 
where 1i = I(Z, t = 0). Assuming further that 

If - 1i 
*z 

If -IQ a, 

he obtained 

li If ( 1 1 
P 1 

-1i la- 
--= 

If 1+P 
- expI-_yMWotl 
l+P 

(23) 

(24) 

where 
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Fig. 4. The calculated values of {I(l, 00) - I(1, t)}/l(l, t) as a function of rcr(h)lct for 
various values of p and an initial transmission of 0.20: -, fluid model; -- -, rigid- 
layer model. The values are normalized to unity at t = 0. 

Fig. 5. Time dependence of a reaction with an absorbing product and its variation with 
the relative values of the extinction coefficient (the numbers on the curves are the values 
of a&,). The initial optical density is taken to be 1.0. 

I* = I(I, t) 

and 

rxp(x)ri 

I3 = IaW ---rr,cwf 

Thus if ln(lJlQ - 1) is plotted against time, the constant p, and thus [Y/CY, , 
can be evaluated. The time dependence of a reaction corresponding to eqn. 
(24) is given in Fig. 5 [ 701. It can. be seen that as the value of cr/a, decreases 
the plot of ln(lr/la - 1) as a function of time deviates more from linearity. 

2.1.3. Effect of temperature on the photochemical bleaching of visual 
pigment solutions 
In the absence of light visual pigments may decompose if the tempera- 

ture of the visual pigment solution is increased. Therefore at high tempera- 
tures a correction term for the thermal decomposition should be included in 
the kinetic equation of bleaching. Williams and Milby [72] reported data for 
the rates of thermal decomposition of visual pigments from a variety of 



species. The 
Thus, in the 
written as 

data obtained were consistent with a first-order rate process. 
presence of thermal decomposition, the kinetic equation can be 

dC Y - wwwwo --la) _ z- - 

dt I cu(X)C(Ql + z’cV’{C* - C(#l + K(X)2 
- k,at) 
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(25) 

where we have assumed that impurities are present and intermediates absorb 
light but are photostable, k, is the rate constant and the remaining symbols 
have already been defined. The optical density of the solution at any time t 
is given by eqn. (13). Equations (13) and (25) give 

= #ycu(X)lOt + kl j_fL In dt + constant 
o If - IQ 

(26) 

where 4 is given by eqn. (11). This equation was obtained by Dartnall et al. 
[ 391. At low concentrations of visual pigments, eqn. (26) can be written as 

= {&a(h)I, + kl}t + constant (27) 

Thus a plot Of h{rQ/(lf -IQ)} as a function of time will give a straight line 
with a slope 

m = r#qa(h)10 + kl (28) 

from which the photosensitivity can be obtained by substituting the values 
of @, I0 and kl . However, if the concentration of visual pigments in the solu- 
tion is high and the thermal decomposition is appreciable a straight line will 
not be obtained. 

2.2. Visual pigments in isolated photoreceptors 
The following three types of experiments have been performed on 

visual photoreceptors [3,18,19, 29 - 34, 73 - 1031: (a) light is incident 
along the axis of the photoreceptor (longitudinal incidence); (b) light is 
incident perpendicular to the axis of the photoreceptor (transverse inci- 
dence); (c) light is incident on the rod outer segment suspension. Since little 
theoretical work has been done on rod outer segment suspension, we shall 
discuss only the first two cases in detail. 

2.2. I _ Longitudinul incidence 
In the preceding sections the intensity distribution of the bleaching 

light in the plane perpendicular to the direction of propagation was con- 
sidered to be uniform. However, this is true only if the visual pigments are in 
solution. If the visual pigments are in the photoreceptors this assumption is 
not valid. This is because visual photoreceptors behave like optical wave- 
guides [104 - 1061 and allow light to propagate through them only in the 
form of transversely varying intensity patterns (modes). As in the solid 
sample, the instantaneous concentration of the unbleached pigments along 
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the direction of the incident light (i.e. the photoreceptor axis) will also vary 
in the case of visual photoreceptors. This is because the visual pigments are 
located in the disc membranes whose planes are perpendicular to the axis of 
the photoreceptor and therefore they cannot move along this axis. Therefore 
in the case of visual photoreceptors the light intensity, and hence the con- 
centration of unbleached pigment, will exhibit both axial and radial depen- 
dence. Thus the amount of the light absorbed by the photoreceptor will be 
affected by the waveguide property of the photoreceptor. Since visual pig- 
ments undergo translational diffusion in the plane of the disc membrane 
[ZO - 22 3, the contribution of the waveguide property will depend on the 
translational diffusion of the molecules. Gupta and Sharma [107] studied 
the effect of the waveguide property on the absorption of light in photo- 
receptors. The following reaction model was used for the analysis: 

visual pigment - photoproduct 

The kinetic equation which describes the above reaction model is 

(29) 

Wr, x, t) = D a*C(r, x, t) + 1 Wr, x, 0 
at T I lb2 ar I - NW@, 6 W(r, x, t) (30) 

r 

where 

i 

x 

I(r, x, t) = I(r, 0, 0) exp - s a(X)C(r, x, t) dx 
0 i 

(31) 

C(r, x, t) represents the instantaneous concentration of visual pigment at an 
axial distance x from the inner segment-outer segment junction and a radial 
distance r from the axis of the outer segment, I(r, x, t) represents the instan- 
taneous intensity of the incident beam at an axial distance x and a radial 
distance r, I(r, 0, 0) represents the intensity distribution at the inner 
segment-outer segment junction and is assumed to be independent of time 
and DT represents the translational diffusion coefficient of the visual pig- 
ment. It can be seen that eqn. (30) cannot be solved analytically. Therefore 
Gupta and Sharma [107] studied the maximum effect of the waveguide 
property on the absorption of light in photoreceptors and analysed the fol- 
lowing two cases: (i) there is no transverse diffusion ; (ii) the transverse dif- 
fusion is infinitely rapid (this is equivalent to the assumption that the photo- 
receptor does not behave like an optical waveguide, i.e. there is no transverse 
dependence of the intensity). 

The difference between the number of photons absorbed in the outer 
segment in time t in these two cases is given by 

AJ7= ?-. I 2c ln(l 
w(h) 0 

+ exp(-_P’)[exp{7a(A)I(r, 0, O)t] - l])r dr - 

- ro2 ln(l + exp(-P’)[exp{~cu(h)I&} - 11) 
I 

(32) 
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Fig. 6. Variation of the number Fz of photons absorbed when there is an infinitely rapid 
molecular diffusion or when the transverse dependence of the intensity is absent and the 
difference hF between the number of photons absorbed with the exposure I,t : 0, Fz; 
A, AF. 

where 

I(r, 0, 0) = AJo 

I(r, 0, O)r dr = A{Jo2(U) + J12(U)) 

p’ = a(A)C(-Jz 

r. and 1 represent the radius and length respectively of the outer segment of 
the photoreceptor, U represents the normalized propagation constant of the 
fundamental mode, Jo and J, are Bessel functions of orders zero and unity 
respectively and A is a constant. 

After selecting the appropriate values of the unknown parameters, 
Gupta and Sharma [lo73 plotted AF and F2 (i.e. the number of photons 
absorbed in the outer segment in time t in Section 2.1.2) as a function of the 
exposure J,,t for a human rod photoreceptor (Fig. 6). It was found that for 
I t =G 101’ the transverse dependence of the intensity, i.e. the waveguide 
pyoperty of the photoreceptor, does not play a major role in the absorption 
of light in the photoreceptor. As the value of I,,t increases, the effect of the 
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transverse dependence of the intensity increases. The maximum effect was 
about 11% for I& = 10 16. From this it was concluded that, if the photo- 
receptor does not behave like an optical waveguide, the assumption will be 
valid if the value of the exposure is small. As its value increases up to some 
critical value the validity of the assumption decreases. When Iavt exceeds the 
critical value the validity of the assumption increases. Since the translational 
diffusion of the visual pigments in the disc membrane is finite, the maximum 
effect will be less than 11% in the actual case. 

2.2.2. Transverse incidence 
In the case of transverse incidence, the kinetic equations or expressions 

for the absorption rates become very comphcated owing to the cylindrical 
geometry of the photoreceptor. Gupta [ 1081 studied the absorption of light 
in photoreceptors when it is incident perpendicular to the photoreceptor 
axis for various species under various conditions and suggested simple ex- 
pressions for the absorption rates for some of the species. The reaction 
model described in Section 2.1 was used for the analysis. Since the visual 
pigments diffuse in the disc membranes the following two cases were con- 
sidered in the analysis: (i) transverse diffusion is present ; (ii) transverse diffu- 
sion is absent. 

(i) This case occurs when the photoreceptor is at room temperature. 
The kinetic equation for light incident perpendicular to the photoreceptor 
axis is 

dx 
Tt = -YJPD(L t) 

where (Fig. 7)? 

JpD(h, t) = I,AZ j-O]1 - exp{--ol,(h)A(t)u(x:)}] dx 
-ro 

(34) 
U(X) = 2($ - X*)1’* 

x(t) represents the instantaneous concentration of visual pigments in the 
disc membrane, AZ and r. represent the thickness and radius of the disc 
respectively and o*(A) is the extinction coefficient of the visual pigments 

(33) 

located in the disc membrane for light of wavelength h incident perpendicu- 
lar to the photoreceptor axis. Integration of eqn. (34) gives 

JPD(U) = --?r4&roChI-dL t)l + L{-P(& t)H (35) 

where 

I-0, f) = 5N(A)&Qro 

*In Fig. 7 tx, y, z) is a coordinate system associated with a disc membrane and its 
z axis is perpendicuIar to the plane of the disc. The light is assumed to be incident along 
the y axis. 
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Fig. 7. Coordinate system (x, y, z) adopted for a disc membrane of radius r and thickness 
AI: (a) rod outer segment; (b) disc membrane. The z axis is perpendicular to the plane of 
the disc and the light is incident along the y axis. 

I,{ } is a modified Bessel function of the first kind of order unity and L,{ } is 
a modified Struve function. 

(ii) This case occurs when the photoreceptor is at a low temperature or 
if it is treated with glutaraldehyde [ 181. In this case the concentration of the 
visual pigment will vary depending on its position in the disc membrane. 
Therefore the expression for the absorption rate is 

Q [exp{oD)A&x)1- 11 expC-rq(Wd do 
JAD(X, t) = 2I,-,Al~ 

o 1 + [expCclL,(Wb~(~)I - 11 =wI-rMWdI 
(36) 

It can be seen that eqns. (35) and (36) are complicated, and therefore the 
absorption rates in these two cases must be calculated numerically. 

If the photoreceptor is assumed to have a square rather than a circular 
cross section (say, case (iii)), the following simple expression is obtained for 
the absorption rate in both the presence and absence of diffusion: 

Js(h’ t, = 
4wW-dorl(VAtd - 11 ed-~~dW~t~ 
1 + [exp(&,(h)Aca) - l] exp{-rcrl(h)l,t} 

(37) 

where 

Q = 7r1’*ro 
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Equation (37) is the simplest 
rate. 

of the three expressions for the absorption 

Gupta [ 1081 substituted appropriate values for the unknown param- 
eters and plotted the absorption rates as a function of time for I, = lOi 
photons cm-* SC’ in the three different cases for human, cattle and frog 
photoreceptors (Figs. 8, 9 and 10 respectively). From these figures it was 
concluded that the absorption rates for the human and cattle photoreceptors 
are the same at all times in the three different cases, whereas those for the 
frog photoreceptors vary. The difference between cases (ii) and (iii) is 
smaller than the difference between cases (i) and (ii). The following conclu- 
sions were drawn from this study [ 1081. 

(1) In investigations of the mechanism of human and cattle visual 
photoreceptors when light is incident perpendicular to the photoreceptor 
axis the photoreceptor can be assumed to have a square cross section of area 
7fro2 regardless of its temperature or whether it has been treated with 
gM%raldehyde. However, the cross section of frog photoreceptors can be 
assumed to be square only if the temperature is very low or if the photo- 

3 
1)- 

.5 

.O - 

.5- 

.O- 

.5- 

3- 
0 

Fig_ 8. Variation of the absorption rate for human photoreceptors (10 = 1016 photons 
cm * s-l) . 
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9. Variation of the absorption rate for cattle photoreceptors (10 = 1016 photons 
SC’). 

receptor has been treated with glutaraldehyde. The expression for the ab- 
sorption rate becomes very simple for photoreceptors with square cross 
sections. 

(2) The cross sections of frog photoreceptors cannot be assumed to be 
square at room temperature (i.e. if the molecules have diffusional motion in 
the disc membrane). Therefore the analysis of absorption in frog photo- 
receptors in the presence of diffusion will become very complicated. 

2.2.3. Rod outer segment suspension 
A large number of investigations of the absorption of light by the rod 

outer segment suspensions have been reported in the literature. It has 
generally been assumed that the absorption of light in rod outer segment 
suspensions and visual pigment solutions is the same. However, this may not 
be true for all species. This is because the density of visual pigments in the 
rod outer segment suspension in an optical cell is inhomogeneous whereas 
their distribution is homogeneous in aqueous detergent solutions. The dif- 
ference between the two will depend on the absorbance of a single rod outer 
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Fig. 10. Variation of the absorption rate for frog photoreceptors (10 = 1016 photons cm* 
s-f): 0, &D(t); - - -, J&t); -* &At)- 

segment suspension which will be different for different species. Since no 
theory has been proposed so far we shall not discuss this in the present 
review. 

3. Flash photolysis of visual pigments 

3.1. Visual pigments in soktion or in the retina 
In the preceding discussion the bleaching source was assumed to be a 

steady monochromatic light. A large number of studies in which the bleach- 
ing source was a high intensity flash have been reported [ 19, 40,42 - 46,48 - 
51, 53 - 57, 60 - 62, 73 - 75, 109 - 1193. The advantage of using a flash is 
that the formation and properties of short-lived intermediates can be studied 
at physiological temperatures. In flash photolysis experiments a flash of high 
intensity and short duration is delivered to the sample and the resultant 
change in light absorption by the sample is studied using another mono- 
chromatic beam of very low intensity. In most flash photolysis investigations 
of visual pigments the concentration of unbleached visual pigments at the 
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end of the flash is obtained as a function of the flash intensity [49, 54,113, 
1201. This concentration can be determined from the measured change in 
the absorbance of the sample at the end of the flash. The amount of visual 
pigment present at the end of the flash depends on the light-absorbing 
properties (e.g. the quantum efficiency and extinction coefficient) and the 
thermal properties of the visual pigment and its intermediates which form 
and decay during the flash. This is because these intermediates can regener- 
ate visual pigment when they absorb light. The amount of photoregeneration 
will depend on the rate constants of the intermediates and hence on the 
temperature of the sample. Thus there is competition between the two 
reactions in flash photolysis experiments. If the temperature increases photo- 
regeneration decreases. In this section we present a theoretical analysis of a 
general flash bleach experiment on rhodopsin in solution or in isolated 
retinas. We use the following general model of 
[121]: 

rhodopsin (R) 

intermediate I (A) 

J- 
intermediate II (B) 

4 
intermediate III (C) 

the reaction for the analysis 

(I) 

The wavy arrows represent the reaction due to the absorption of light and 
the straight arrows represent the thermal reactions. In a typical experiment 
intermediates I, II and III depend on the duration of the flash and the tem- 
perature of the sample. For example, if the duration of the flash is of the 
order of 1 JLS, intermediates I, II and III in the above reaction model at 
physiological temperatures are lumirhodopsin, metarhodopsin I and meta- 
rhodopsin II respectively [ 1221. However, if the duration of the flash is 
1 ms, intermediates I and II will he metarhodopsin I and metarhodopsin II 
respectively and the presence of intermediate III can be neglected [ 113 J . 

If it is assumed that the total number of molecules is conserved, i.e. 
N1+N2+N3+N4+N5=Ro, the kinetic equations describing the above 
reaction model are 

- = -rR. *JR(t) + ̂ /A, RJ&) + YB. RJB(f) 
dt 

cw, 
- = YR.AJR(t) - hA. R 
dt 

+ ?A. dJA(t) + 71. AJI(t) - KA - ~N2(t) (39) 

- = TA. IJAtt) - “YI, AJdt) + ?B,I’&(t) 
dt (40) 



192 

cw, 
- =-(YB.R 
dt 

+ ?B.I)JB(t) +KA-+BN2(t) --B-rCN4(t) 

@Js 
- = KB-+cN4(t) 
dt 

(41) 

(42) 

where R. is the concentration in chromophores per cubic centimetre of 
rhodopsin molecules when all the molecules are unbleached, Ni , N2, N3, N4 
and NS represent the instantaneous concentrations of rhodopsin, interme- 
diate I, isorhodopsin, intermediate II and intermediate III respectively, yp, o 
represents the quantum efficiency of the conversion of a molecule of type P 
into a molecule of type Q and Kx _ y represents the rate constant in 
reciprocal seconds of the reaction X + Y. Jx(t) represents the absorption 
rate of species X at time t in photons absorbed per cubic centimetre per 
second and is given by 

J,(t) = j’J,(h, t) dh 
A, 

(43) 

where Xi - Xz is the wavelength range of the bleaching light and Jx(X, t) dX 
represents the number of photons with wavelengths lying between h and 
h + dh absorbed by molecules of type X per cubic centimetre per second. 

If the absorbance of the system is low, we can write 

where o!,(h) represents the extinction coefficient in photons per square 
centimetre per second of species X at wavelength h and lhC(X, t) dX repre- 
sents the spectral and temporal distribution of the flash intensity with wave- 
length lying between X and X + dX. The initial conditions for solving eqns. 
(38) - (42) are N1 = R,-, and N2 = Ns = N4 = N, = 0 at t = 0. If the spectral dis- 
tribution of the flash is independent of time, i.e. if it does not change during 
the experiment, we can write 

(45) 

where I(A) and f(t) represent the spectral and temporal distributions respec- 
tively of the flash intensity. 

The analytical solutions of eqns. (38) - (42) cannot be obtained for an 
arbitrary function f(t). If f(t) has a constant value f. then eqns. (38) - (42) 
,can be solved analytically. The solutions obtained after substituting 

f(t) = f. = constant o<t<7 

0 
(46) = t>r 

where T is the duration of the flash, are as follows: 



Nl(t) = R. exp(--at) + 2 Si 
i=l 

b + 

+t 
gKA-B 

{exp(-zt) - exp(-at)} 
mi f Z)(Z -a) 1 

N,(t) = 623, eXp(mit) 
i=l 

Ns(t)= 2Si 
i=l 

C+ Cexp(mit) - ew(-dt)l + 

hKA-rB 

mi +z)(z --d) 
CexrN--zt) - exp(-dt)} 

1 

N4(t) =KA+B i 
Si - {eXp(??Zit) - exp(-zt)) 

i=l?F2i+Z 

si 
&(t) = K,-qjK,+c 2 p 

eXp(mit) - 1 + exp(-zt) - 1 

i=l mi +Z mi z t 

where 

Si = 
aRo{xl + (a +X2)(x2 f ??2j f mk + ml) + mjmk + mjml + m&m13 

(mi - mj)tmi - mk)(mi - ml) 

i, j, k and I are all different and have values between 1 and 4. 

Xl = a2 + ab + cd 

X 2=b +c+KA+B 

Z=g+h+KB,c 

a= YR.AZRfO 

c =YA.IZAfO 

g=YB,RZBfO 

zx= IA= ~x(WWdh 

A, 

mh m2, m3 and m4 are the roots 

m4+arm3+pm2+ym+6=0 

where 

of the equation 

(48) 

(49) 

(50) 

(51) 

(52) 

(53) 
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ac=a+d+xz+z 

p=a(c+d+KA-tB)+d(b+KA,B)+z(a+d+~z) 

7 =JLj&&3+C(a +d)+a(d+h)+gd}+z(ad+ac+bd) 

6 =adKA,BKB_,C 

The roots of eqn. (53) are 

ml = u+ + u+ 
m3=u-+u- 

where 

ff2 P 
- -_ +x 
16 6 

+ m2=u -v + 

mq=uL -vu- 

N= @/12-7/2 +QX 

8 =cos-I 1 - 302 

Mw1/3Y2 t 

P2 
w1= 6-Y+= 

947 - 27~~~6 + 72136 - 2fi3 - 27y2 o 2- _ 

432 

As we have mentioned earlier, solutions (47) - (51) of eqns. (38) - (42) 
were obtained by assuming f(t) = f. = constant, To determine the validity of 
this assumption, Gupta and Goyal 11211 performed the calculations for flash 
durations of 2 ms and 20 ps and compared the results obtained from eqns. 
(47) - (51) with those obtained by solving the kinetic equations numerically 
for the actual temporal distribution of the flash (TDF). The spectral distribu- 
tion I(A) of the flash and the values of hI and X2 were chosen to be those 
used by Williams and Breil 1491 in their flash photolysis experiments. 
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Gaussian expressions were used for the absorption spectra ox(X) of 
rhodopsin and its intermediates. The advantage of using the gaussian expres- 
sions is that the integral in eqn. (52) can be evaluated 11231. The quantum 
efficiencies of the reactions used in the calculation were taken from refs. 
36, 124 and 125, and the results were obtained for various values of the rate 
constants and of the number 

& = jlI(h) d+(t) dt 
*I 0 

of quanta per sample area per flash. It was found that at low temperatures 
the concentrations of the reactions at the end of the flash do not depend on 
the temporal distribution of the flash for any value of the peak intensity of 
the flash (Figs. 11 and 12) if we substitute 

fo= $h dt (54) 

As the temperature increases the dependence of the results on the temporal 
distribution of the flash increases (Figs. 13 and 14). At a given temperature 

0.6 - 

2 0.6 - 

‘1 
s! 

2 
E 
z g 0.n - 
” 

R 

0.7 - 

I 

m2 

0.0 
15 1e l7 19 19 

Fig, 11. Variation of the concentrations of rhodopsin (R), metarhodopsin I (Ml), iso- 
rhodopsin (I) and metarhodopsin II (Mz) remaining after exposure to a 2 ms flash with 
the number of quanta per sample area per flash for KM~ _+M~ = 100 s-l: -, eqn. (54); 

- -. actual TDF. 
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Fig. 12. Variation of the concentrations of rhodopsin (R), lumirhodopsin (L) and iso- 
rhodopsin (I) remaining after exposure to a 20 p flash with the number of quanta per 

.- sample area per flash for KL+M, = 103s-’ and KM, -,M* = 50 s-l. , eqn. (54). 
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Fig. 13. A.s Fig. 11 except that KM, _+M~ = 900 s-l. 
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LOGO 

Fig. 14. As Fig. 12 except that KL-,M, = lo6 s-’ and KM, -+M, = 5 X 103 s-l. 

the dependence on the TDF was found to be greatest for intermediate flash 
intensities. 

The transient concentrations of the reactants during the flash were 
found to depend on the TDF. However, when 

f. = + jf(t’, dt’ 
0 

(55) 

is substituted in the solutions of the kinetic equations (eqns. (47) - (51)), the 
transient concentrations obtained were in good agreement with the exact 
concentrations of the reactants (Fig. 15). This analysis can be usefully 
applied to the experimental observations of the flash photolysis experiments. 
The results of this analysis were used by Gupta and Goyai [126] to deter- 
mine the kinetic activation parameters of the various reactions. 

3.2. Visual pigments in the intact eye 
The absorption of light by the visual pigments in the intact eye has 

been studied by means of the retinal densitometer which is also called the 
fundus reflectometer [113, 127 - 1361. As in the ophthalmoscope, light is 
shone into the eye, some is absorbed in the lens and vitreous humour, some 
is absorbed in the retina and a small fraction is reflected by the back layer. 
This reflected light is weakened by further absorption in the retina, the 
vitreous humour and the lens, and its intensity can be measured after it has 
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Fig. 15. Variation of the concentration of rhodopsin with time during the flash deter- 
mined in the three ways for KM~ -.M, = 103sW1 and Q values of 1016, 10”and lo’*: - 
from eqn. (47) ,asauming fo to be constant during the flash; 0, from eqn. (47) assuming fi 
to be given by eqn. (55); - - -, by solving eqn. (38) numerically using the actual TDF. 

emerged from the eye. Since the components of the eye apart from the 
retina are photostable, this emergent intensity will depend on the state of 
adaptation of the eye. In the case of an eye which is adapted to the dark the 
emerging light will be weaker than if the retina has been exposed to a bright 
light which bleaches it. Consequently, if measurements are made with light 
of any wavelength before and after bleaching, the difference between the 
two will be due entirely to changes in absorption by the visual pigments and 
this can be used to determine the density of the pigments present in the eye. 
In a similar manner flash photolysis experiments have been performed on 
living eyes. The visual pigments were bleached by flashes of short duration 
and various intensities and their concentration was determined from the 
intensity of the reflected measuring light. In such cases the analysis of the 
flash photolysis experiment will be similar to that described in Section 3.1 
except that the expression for the absorption rate of species X will be 
given by 

Jx@, t) = 
Qlx(~)x(Mnc(~, t)rl(h) 

I-r(h, t) 
11 - ewC--HO, tH1 X 

X [1 + b(X) ewC-WA, WI (5’31 
where 
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I,,@, t) represents the intensity of light incident on the cornea, Q(A) is the 
fraction of light of wavelength X that reaches the photoreceptive layer, b(h) 
represents the reflectivity of the sclera for light of wavelength h, X(t) repre- 
sents the instantaneous concentration of species X and 1 is the length of the 
outer segment. In the above equation Q(X) and b(X) were determined experi- 
mentally. Pugh [ 113 3 used the data of Boettner and Wolter [ 1371 for Q(X) 
in the case of the human eye where b(X) = 0. Hagins 11201 determined b(X) 
experimentally for excised albino eyes. Gupta et al. [122] used eqn. (56) to 
determine the quantum efficiencies and rate constants of various reactions 
in rabbit eyes by analysing the experimental data reported by Hagins [120 3 
and using the analysis given in Section 3.1. 

4. Bleaching by plane-polarized light 

The primary light-absorbing structure of visual pigment, i.e. llcis- 
retinal, is an anisotropic absorber and therefore the absorption of light by 
visual pigment will depend on its orientation with respect to the electric 
vector associated with the incident light. Therefore plane-polarized light has 
been widely used as a bleaching source for the determination of various 
structural and directional properties of visual pigment and photoreceptors 
[l&19, 31, 52, 76, 125, 1381. S ome studies have suggested’ that it is a 
planar molecule [ 139,140] and is probably bent and twisted [ 1411. The 
results for the structural and directional analysis of visual pigments have 
been obtained from theoretical analysis of the experimental data for the 
absorption of plane-polarized light by visual pigments in various environ- 
ments. 

The light-absorbing properties of a molecule can, in general, be repre- 
sented by three extinction coefficients cw,, , a,,, and aZ, corresponding to the 
three mutually perpendicular axes x ‘, y’ and z’ of the coordinate system 
fixed within the molecule. However, the effective extinction coefficient will 
depend on the orientation of the molecule (represented by the x’, y’ and z’ 
axes) with respect to the coordinate system (3c, y, x) in which the direction 
of polarization of the bleaching light is fixed, The orientation can be ex- 
pressed in terms of the three eulerian angles 8, 9 and IJ defined in Fig. 16 
[139]. If the electric vector of the plane-polarized light propagating along 
the x axis is assumed to be parallel to the z axis, the effective extinction 
coefficient of a molecule with orientation specified by the angles 8, @ and $ 
is given by 

o(k $3 A) = %0)(K, sin28 sin*G + K2 sin28 cos*\L + cos*8) (57) 

where 



Fig. 16. Coordinate systems defining the eulerian angles. 

~$0, 3/, A) is independent of Q, because of the rotational symmetry about the 
z axis. 

In the case of the retina with the light falling along the photoreceptor 
axis (i.e. the x axis) eqn. (57) becomes 

cu(O, X) = a,~(X)(K sin28 + cos*O) (59) 

where 

If the retina is mounted in hydroxylamine the absorption of light results in 
reaction (29). The kinetic equation which describes this reaction for bleach- 
ing with plane-polarized light is 

where C(0, t) represents the instantaneous concentration of unbleached 
visual pigment and is a function of the orientation, i.e. 8, and DR is the 
rotational diffusion coefficient of the molecule. In eqn. (59) the effect of 
the waveguide property is neglected and it is assumed that the absorbance is 
small. In general, eqn. (59) cannot be solved analytically. However, analyti- 
cal solutions can be obtained in the following two cases. 

(i) If the photoreceptor is treated with glutaraldehyde or if the temper- 
ature is very low DR will be zero. 



(ii) If the retina is at room temperature and has not been treated with 
glutaraldehyde then eqn. (59) can be solved if it is bleached by plane- 
polarized light with a very short flash duration. The duration should be so 
small that the molecules do not change orientation appreciably during the 
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bleaching time. In such cases the bleaching source will be used to induce the 
concentration gradient and hence it can be assumed that I0 is zero and 
eqn. (59) can be solved. 

Case (i). The solution of eqn. (59) is given by 

Co 
W, t) = g expC--yo@, WI00 (60) 

The absorbance of a system of this type measured using plane-polarized light 
of wavelength ho with its electric vector along the z axis is 

A,&, t) = lr a,~(ho)(cos20 + K sin20)C(8, t) de (61) 
0 

If the electric vector of the measuring light is along the y axis it will be 

A,(&,, t) = lr” &Zl(ho)(sin28 + K cos28)C(0, t) de (62) 
0 

The difference between A,(Xo, t) and A,(ho, t) gives the photodichroism of 
the system. In this case it is 

WXO, t) = Co~,~(~oV(~ - K) expt-(1 + K)f(h, NM1 - 0% t)) (63) 

where 

This type of analysis was performed by Strackee [SO] for dichroism in the 
retina at -196 “C. The only difference was in the reaction model used for 
the analysis. Since Strackee [80] performed experiments at -196 “C, he 
used the following reaction instead of reaction (29): 

rhodopsin z prelumirhodopsin G isorhodopsin 

From a comparison of the theoretical analysis with the experimental data he 
reported the value of the absorption ratio K between the absorption axes of 
rhodopsin and its photoproducts in the plane of the retina. For the visual 
pigment solution at low temperature the expressions for photodichroism and 
absorbance of the system bleached by plane-polarized light are very compli- 
cated owing to the complexity of the expression for the effective extinction 
coefficient (see eqn. (57)). The integrals in the final expressions for photo- 
dichroism and the absorbance of the visual pigment solution at low tempera- 
ture were evaluated numerically by Strackee 1521 and Gupta et al. [ 1391 
respectively by using a simplified model of rhodopsin and its photoproducts. 
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The theoretical results were compared with the experimental data. From the 
comparison Strackee [52] and Gupta et al. [139] reported the values of the 
absorption ratios of rhodopsin, prelumirhodopsin and isorhodopsin. Later, 
Gupta [ 1403 performed a more general analysis of the system and reported 
individuai values of the absorption ratios for rhodopsin and prelumi- 
rhodopsin. 

Case (ii). The solution of eqn. (59) is given by 

C(8, t) = ~(1 + K + (1 -K) exp(-4D, t) cos 28) (64) 

where u is a constant. Cone [ 191 studied the dichroic ratio in the retina after 
bleaching it with plane-polarized light. The dichroic ratio is given by 

n/2 

s 
C(0, t)(cos28 + K sin*#) de 

D(t) = Oxi2 

s C(0, t)(sin*8 + K cos*8) df3 
0 

Substituting eqn. (64) in eqn. (65) gives 

D(t) = 
2(1 + K)* + f(1 - K)2 exp(-4.&t) 

2(1 + K)* - f(l - K)2 exp(-4DRt) 

(65) 

(66) 

where f < 1 is an empirical factor introduced to account for polarization loss 
caused by the optics and by light scattering in the experiment. Equation (66) 
was derived by Cone 1193 for K = 0. The value of f was obtained from the 
experimentally determined dichroic ratio at time t = 0, and the value of the 
rotational diffusion coefficient DR was obtained from the agreement of the 
time dependence of the experimentally recorded dichroic ratio with the time 
dependence given by eqn. (66). Cone [19] determined the coefficient of 
viscosity of the fluid of the disc membrane from this value of DR. 

5. Conclusion 

From the studies reported above, it can be concluded that mathemati- 
cal analyses are very useful for the determination of the photosensitivity 
[38, 39,66, 70, 711, the quantum efficiency, the rate constant 1113, 1221, 
the kinetic activation parameters [ 126 1, the principal absorption axes of the 
molecule 152, 80, 125,139, 1401, the orientation of the chromophore in the 
disc membrane [ 139,140], the rotational diffusion coefficient of the visual 
pigment in the disc membrane [ 19 3 etc. In addition the formation and decay 
of an intermediate in the bleaching reaction of the visual pigment can be 
studied by comparing the theoretical results with experimental data for the 
absorption of light by visual pigment systems [ 1421. These analyses may also 
be useful for studying various properties of other photosensitive molecuIes. 
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