
Biophys. Struct. Mechanism l ,  239--257 (1975) 

�9 by Springer-VerIag 1975 

Interpretation of Invertebrate Photoreceptor Potentials 
in Terms of a Quantitative Model 

L o r e n z  K r a m e r  

Insti tut  fiir FestkSrperforschnng der Kernforschungsanlage Jiilich 
and Physik-])epartment der Technischen Universit~t Miinchen 

Received March 3,1975 

Abstract. I t  is known from voltage-clamp experiments on visual cells of L i m u l u s  and 
Balanus  that  the total membrane current can be separated approximately into a dark current 
JD and a light-induced current JL such that  each part has a time- and intensity-independent 
reversal potential. In  addition JL can be represented approximately as a product of a non- 
linear, time-independent current-voltage characteristics J% (V) and an "activation factor" x~ 

Lis t  o / the  more Impor tan t  Symbols  

A Adaptation factor 
C ratio between slopes of current- 

voltage curves for maximum light- 
induced current and dark current 

d one half the thickness of the membrane 
F~ "effective membrane permeability", 

eL Eq. (7) 
g~ electrochemical potential inside 

membrane 
g~< electrochemical potential inside and 

outside cell 
I light intensity (quanta/sec cm "z) 
i (index) refers to i-th ionic species 
J total current leaving cell 
JD dark current 
JL light-induced current 
?'~ ionic current density inside membrane 

in x-direction 
K cfi Eq. (21) 
/c Boltzmann's constant 
k 0 rate constant for chain reaction 

(production of X) 
k 1 rate constant for decay of Xx 
k 2 rate constant for decay of X (closing 

of sites) 
M total number of sites controlling light 

conductance 
N multiplication factor in dark adapted 

state (maximum of Z) 
n~ density of ions inside membrane 
n, < density of ions inside and outside cell 
P~, P2, rate constants for adaptation kinetics 
p~ cf. Eq. (29) 

q elementary charge 
q, ionic charges 
r = (x, y, z) spatial variable 
T temperature 
t time 
u cs Eq. (28) 
V membrane potential 
FD reversal potential for the dark current 
VL reversal potential for the light current 
V~ diffusion potential, cf. Eq. (8) 
vX potential steps at the inner and outer 

membrane surface 
V0 = V < -  V > 
X = xAM, number of open sites 
X1 = x i M  number of molecules of agent 

whose decay initiates chain reactions 
xA degree of activation of light sensitive 

membrane 
Y number of sites opened by individual 

chain reaction 
Z multiplication factor (number of sites 

opened by one photoisomerized 
rhodopsin molecule) 

e~ activation energy inside membrane 
(measured with respect to surrounding 
solution) 

~p electrostatic potential 
00 fixed-charge distribution inside 

membrane 
cross section for photoisomerization of 
one rhodopsin molecule by a photon 
= k s alk~ 
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which depends on light inte1~sity and time. JOz (V) can be described by a simple electro- 
diffnsion membrane model (for JD we use the same model). A set of kinetic equations including 
amplification, latency and light adaptation leads to a determination of xA for photoisomeriza- 
tion of single rhodospin molecules and for arbitrary light signals. The receptor potentials 
calculated show many features of the experiments on Limulus, Balanus and Astacus. 

Key words: Photereceptor Model -- Receptor Potential -- Invertebrate. 

1. Introduction 

Over the past 20 years a considerable amount of electrophysiological data of 
the (late) photoelectric response ("receptor potential") in visual cells has been 
accumulated, especially for invertebrates. More recently, voltage-clamp studies 
have given additional insight into the electric characteristics of some photo- 
receptors in darkness and under illumination (for a summary, see Fuortes and 
O'Bryan, i972). Whereas this activity has led to many qualitative conclusions, 
few authors have analysed the receptor potential in terms of quantitative models. 
The problem seems to be that  the only simple and straightforward tool available 
for the analysis of complex time dependent processes, namely the expansion in a 
number of discrete linear first-order processes does not lead very far in the present 
case. The reason is that  the linear response range is usually very small for photo- 
receptors and often experimentally not readily accessible. 

Nevertheless linear response analysis has its value, especially since not only the 
response to small light intensities is linear, but  at arbitrary intensity also the 
initial phase of the receptor potential, where the response is still very small. 
Fuortes and Hodgkin (1964), who realized this fact, proposed a (descriptive) model 
based on a chain of n (N  5 to i0) linear processes which may be interpreted as 
electric low-pass filters including an amplifying element. The model, which has the 
merit of being very simple, produces an acceptable linear response for some 
Limulus data 1, describes well the latency behaviour at arbitrary intensity, and 
allows to correlate changes in sensitivity with changes in time scale as found in 
different states of adaptation. The authors also give a nonlinear extention of their 
model by introducing a feedback control. Their Ansatz has the important feature 
of coupling a decrease in sensitivity [defined as being inversely proportional to the 
energy of a short light stimulus necessary to evoke a response of prescribed (small) 
height] with an increase in time resolution as observed experimentally. The model 
suffers from quantitative defects and does not allow an interpretation of the 
voltage-clamp results published later. 

Subsequently the equations of Fuortes and Hodgkin were interpreted in 
various ways (Borsellino et al., i965; Levinson, 1966) and, more importantly, an 
analysis of the stochastic properties of the response was carried out in terms of an 
analoguous compartmental model by Borsellino and Fuortes (1968a, b). The 
authors conclude that ,  in order to explain the observed variability of the single- 
photon response, the model must incorporate gain, i.e. photoisomerization of one 
rhodopsin molecule must influence many controlling sites. 

Recently, a de~ailed quantitative model for the (nonlinear) response of the 
squid photoreceptor was proposed (Allyn and Budrikis, 1974). The model consists 

1 In our experience the fit to measurements on JBalanus and Astacus and in many cases 
even to Limulus is not satisfactory. 



Photoreceptor Model 241 

of a somewhat complicated set of kinetic equations which determine the behaviour 
of the sodium permeability for any given light stimulus. The membrane potential 
is assumed to be at all times a diffusion potential arising from the combined action 
of Sodium, Potassium and Chloride. No at tempt  is made to explain voltage-clamp 
results. Whereas a number of slow processes are included, the latency behaviour of 
the visual response is not taken into account. 

Also, a fairly specific descriptive model for the reconstruction of the electrical 
response of turtle cones has been published recently (Baylor et al., i974). The 
model is based mainly on a linear chain of rate equations determining the concen- 
tration of an agent which controls the conductivity in one of several parallel 
channels. Under voltage-clamp conditions the (model-) current response to a long 
light flash does not display a transient. Therefore the model should not be applied 
to invertebrates. 

We here wish to propose a quantitative model which describes all features of 
the normal invertebrate receptor potential consistent with voltage-clamp results. 
In  designing this model our aim was not just to obtain quantitative agreement with 
experiments but  to provide a framework from which to proceed toward an under- 
standing of the underlying mechanisms. Thus we hope that,  although at present 
definite mechanisms can scarcely be offered and the specific form of the equations 
is often chosen by convenience rather than dictated by  necessity, the basic 
elements and the structure of the model reflect in some way the functional 
organization of a photoreeeptor. As it stands the model is certainly not in its final 
form but will need continuous improvement, without, hopefully, changing the 
basic concepts. 

Our starting point is the voltage-clamp investigation on Limulus (Mileechia 
and Mauro, i969b) and Balanus (Mack Brown et al., 1970; i971), There the dark 
current JD is observed to have an approximately time-independent reversal 
potential VD and similarly the light-induced current possesses a time- as well as 
(light) intensity-independent reversal potential VL. This holds true for the time 
scale of the normal receptor potential, i.e., as long as one neglects very rapid 
transients (probably due to capacitive discharge) and very slow changes (Lisman 
and B r o ~ ,  1971). Thus we write (symbolically) 

J =  JD ( V - -  VD, t) + JL ( V - -  VL, I, t), (i) 

where JD and JL are zero for all times t and light intensities I if their first argument 
is zero (V = voltage across the membrane). Moreover it is found that  the light 
current can approximately be written in the form 

JL ( V - -  VL, I, t )= XA (I, t) J~ L (V), (2) 

where JL ~ is time- ;~nd intensity-independent and the quanti ty xA does not depend 
on voltage 2 (in the dark XA = 0). 

The simplest interpretation of Eqs. (l) and (2) is in terms of two kinds of 
regions (or charmels) in the membrane which have different ionic selectivities and 
therefore different diffusion potentials VD and VL. The light sensitive region can be 
in a "closed" or "open" state, and the size of the open region (or number of open 
chalmels) is proportional to the "activation factor" XA. 

Deviations from Eq. (2) appear to exist for Balauus within about 40 ms after a sudden 
change of voltage (Mack Brown, 1970). 



242 L. Kramer 

I t  is a straightforward task to understand the rectifying current-voltage 
characteristics J~ (V) in terms of well-known fixed charge membrane concepts 
(see e.g. Teorell, t953; Coster, t965). In  Sect. 2 we present a version of this model 
where the density of mobile ions inside the membrane is assumed small, i.e. the 
activation energy for penetration into the membrane is sufficiently large. Some 
attention is given to the example where the fixed charges simply consist of dipole 
layers near the membrane surfaces. The model demonstrates how changes in 
conductance can result from changes in the fixed-charge distribution which in turn 
could couple to some photochemical process. 

Unfortunately no equally good description of the dark current can at present be 
offered, since both, the time- and voltage-dependence of JD are more complicated. 
For simplicity we adopt the same (time-independent) current-voltage curve as for 
jo ,  except replacing VL by VD. The relation J =  0, which represents the con- 
t inuity equation (displacement currents are neglected) then leads to a simple 
expression for the receptor potential of the free (i.e. not clamped) cell as a function 
of XA. The expression exhibits a logarithmic response range for intermediate 
activations (Weber-Fechner Law). 

Sect. 3 contains a kinetic model determining XA for any light stimulus. The 
total response is treated as a superposition of elementary responses, each resulting 
from photoisomerization of one rhodopsin molecule. The necessary amplification 
and latency of the elementary response comes mainly from a process which is most 
simply interpreted in terms of a saturating chain-reaction. Light-induced de- 
sensitization is brought in by having the total "output"  xA control the saturation 
point of the chain reactions. In this way a decrease in sensitivity (light adaptation) 
is coupled to an increase in time resolution. Plots of the model-response for various 
choices of parameters and light signals are shown and compared with experiments 
on Limulus, Balanus and Astacus. After ~urning off a light stimulus, but  main- 
taining a background illumination, the response curve displays a transient hyper- 
polarization. The changes in the receptor potential observed experimentally when 
the concentration of Ca is reduced in the outside medium can be simulated 
quantitatively by reducing the effect of light adaptation. In  Sect. 4 some special 
features, deficiencies and possible improvements of the model are discussed. 

2. The Electrodiffusion Model 

Let the plane of the membrane coincide with the y-z plane of a coordinate 
system and let the irmer and outer surfaces of the membrane be given by  x = - -  d 
and x = + d, respectively. The passive currents are driven by the gradients of the 
electrochemical potentials gi for the different ionic species. For small gradients one 
has at point r inside the membrane 

]i (r) = - -  q//*~ (r) n~ (r) @' (r) (3) 
dx 

Here ]~ is the current density in the x direction, qi the ionic charge,/~ the mobility 
and n~ the density for the i-th ionic species (we use molecular and not molar units). 
For low density of mobile ions inside the membrane one may Inake the Ansatz 

gi= k T  In n~ + el (r) + q~ yJ (r) (4) 
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where k is Bolzmann 's  constant ,  T the  temperature ,  ~i the  act ivat ion energy 
(ei = 0 outside the  membrane)  and ~0 the electrostatic potential .  ~Saking the 
assumption t h a t  the  mobilities #i are small compared to  those in the  solution on 
either side we m a y  set the  electrochemical potential  outside the  membrane  equal 
to  constants  given by  

g< = k T  t n  n < + q< V fo r  x < - -  d ; 

g> = ~T I n n  > for x > d . (5) 

Here n < and n > are the ionic densities inside and outside the  cell. The same 
assumption allows one to neglect currents flowing inside the  membrane  in the y- 
and  z-direction so ~hat in the s ta t ionary  state ]~ does no t  depend on x. 

Eq.  (3) together  with (4) is now aa  ordinary linear first-order differential 
equat ion which can be solved. Imposing the conditions t h a t  g~ is continuous at 
x - -  + d one obtains for the  current 

j i  (y,  z) = q~ k T  F i  (y,  z) n < (e ql(V-VI)/IcT-- J-) , (6) 

where 
d 

F~ (y, z) = [~ d x # - (  1 (r) exp (el (r) § qt YJ (r))/]cT] -1 , (7) 
- d  

V~ = ~T In n~> . (8) 
qt n l  ~ 

The quan t i ty  F~ represents a kind of effective membrane  permeabili ty.  Note  tha t  y~ 
(and therefore also Fi) still depends on V. This dependence can in principle be 
made explicit for a given distribution of  fixed charges Q0 by  solving Poisson's  
equat ion inside and outside the  membrane.  Calculations become especially simple 
if one assumes tha t  the  eleetroly~e-membrane-electrolyte system acts, as far as the 
charge distr ibution is concerned, like an ordinary condenser, i.e. a change ia  
voltage V produces only additional surface charges of opposite sign at  x = + d. 
Then one finds 

x - d  
yJ (x )=  ~0 (x)- -  V ~ , (9) 

where YJ0 is the  potent ia l  distr ibution for V = 0. This approximat ion is good as long 
as the Debye  length ~D is large compared to  2 d inside the  membrane  and small 
compared  to 2 d in the electrolytes 3. Eqs. (6) to (9) determine the current-voltage 
characteristics of  the  membrane.  One easily sees t h a t  Fi  (V) is a monotonical ly  
decreasing funct ion whereas j~ (V) increases monotonically.  Notice t h a t  highly 
nonlinear current  voltage characteristics can be produced in spite of  the linear 
relation between current  and driving force (3). This is of  course connected with the  
fact  t h a t  inside the  membrane  n~ depends critically on ~, which in tu rn  depends 
o n  V .  

A particularly simple and possibly sometimes quite realistic example is that of a membrane 
which is homogeneous and neutral in its interior (s~ = eonst., ~ = const., ~0 = 0) except for the 
existence of dipole layers at x = _+ d. Then one has 

x - - d  x + d  
~o (x) = V < - -  - -  V> - (10) 

2 d  2 d  

a For univalent ions one has )~D = (~ kT/nq2), where e is the dielectric constant and n the 
total density of mobile ions. For a millimolar solution of (positive and negative) ions in water 
2D is about t.5 nm. 
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Fig. i .  Current-voltage relation as given by Eq. ( i t )  and voltage-clamp results for the peak 
current induced by a step-like light signal in the ventral eye of Limulus (Milecchia and Mauro, 

1969b, l~ig. 4b) 

where V < and V > are the potential steps produced by the membrane-bound dipol layers and 
the adjacent electrolyte at x = - -  d and x = + d, respectively. From Eqs. (6), (7), (9) and (t0) 
one obtains 

q, (Y-- Vo)/kT (e~ ( ~ - v , ) / ~  1), (11) 
}~ = C~ eq  ~ (v_vo)/--~T - 1' 

where 
ct = [z~ exp (--e~ + q, V>)/kT. (12) 

Here V0 = V < - -  V > denotes tlle asymmetry of the potential sf~ps. 
In  Fig. i the relation (1t) has been plotted for V 0 = t50 mV, V, = 8 mV and T = 20 ~ C 

taking for q, the elementary charge q. Voltage-clamp measurements of the peak light current 
induced by a step-like signal in the ventral eye of I~imulus (Milecchia and Mauro, t969b) have 
been included. Using the same parameters and merely changing a forfactor (which was adjusted 
in Fig. 1 to give a good fit) one can describe the results for the light current in the stationary 
state and the current-voltage characteristics for the slow potential fluctuations. Of course the 
shape of the curve remains unchanged ff several univalent ions contribute to the current. One 
then has to replace V~ by the combined diffusion potential Vn which is for this simple 
model 

kT 
V R  = - -  In (t3) 

q X c~ exp ( --  q V~/kT) 
r 

Eqs. ( t l )  and (12) also demonstrate how the conductance is effected by changes in the 
charge distribution. When V < and V > are increased by t50 mV the current is reduced by a 
factor 400. For  the parameters used in Fig. 1 a comparable effect is obtained in the relevant 
voltage range if V < alone is reduced by 150 mV or if  V > is increased by 300 inV. Such a change 
thus essentially "closes" the effeeted region of the membrane. 

H o w  r e t u r n i n g  to  t h e  gene ra l  case  we represent~ t h e  l i g h t - i n d u c e d  c u r r e n t  b y  a n  
exp re s s ion  o f  t h e  t y p e  

J L =  XA ~ ( V )  (e q (V-VL) /kT-  t ) ,  (t4) 
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where ~ (V) is, up to a constant factor, a function of the type given in Eq. (7). 
In  Eq. (i4) we have integrated the current density o~er the light-sensitive part  of 
the membrane andL summed over all mobile ions, which are assumed to be uni- 
valent. The activation factor XA which is proportional to the size of the "open" 
membrane area (or number of "open" chan~els) depends on light stimulus but  not 
on voltage. We choose the maximum value of XA to be i. 

Unfortunately, the dark current JD CaRROt be represented with comparable 
accuracy by this simple electrodiffusion model because one would have to assume a 
voltage-dependent structural change in the membrane (e.g. like the activation 
above) in order to explain the time dependence and the quantitative shape of the 
current-voltage curve. Before constructing a proper model more and better 
experimental data are needed. For simplicity we here use for JD the same ex- 
pression as for JL except that  VL is replaced by the dark potential VD and XA is 
replaced by  a constant: 

J D =  C -1 ~ (V)  (e~( r - r~) /~T-  i ) .  (i5) 

Comparing the observed dark current with the maximum light current one finds 
C ~  20 to 40 for Limulus (Milccchia and Mauro, i969b) whereas for Balanus C is 
probably larger (Mack Brown et al., 1970; i971). Now setting the total  current 
equal to zero a one obtains 

t + e x~ . 
V - -  V D =  In  1-~ ocC xA ' (i6) 

~ =  exp [ - - q ( V L - -  VD)/kT] . (17) 

For Limulus VL-- VD is about 60 mV so that  cr 0.i ,  whereas for Balanus ~ is 
somewhat smaller. 

According to Eq. (16) the depolarization depends on XA linearly for CxA<<i 
a~d the dependence becomes approximately logarithmic in the region CXA >> l,  
c~CxA << I. I f  cr >> I holds the potential approaches its saturation value VL 
before XA saturates. From Eqs. (14) and (15) one can also calculate the differential 
resistance of the membrane. One finds that  it decreases monotonically with 
increasing depolai~sation as found experimentally (Stieve, 1965). There does not, 
however, exist a range where the resistance depends logarithmically on xA. 

3. Activation Kinetics and Results 

We here propose a set of kinetic equations to describe the main features of the 
activation of the light sensitive membrane. This part  of the model is rather 
speculative and instead of attaching too much significance to the specific form of 
some of the equations we wish to emphasize their general structure. 

a) Response to Single Photons and to Weak Light 

Our starting point is the assumption that  the slow potential fluctuations 
("bumps") observed in some photoreceptors at low light intensity are connected 
with photoisomerization of single rhodopsin molecules, l~rom the observed large 
size which bumps can acquire one concludes that  the area of the membrane 
activated cannot be of molecular dimension (see Cone, t973). There must exist an 

4 The total active transport current is assumed to be zero. 
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amplification mechanism which spreads out the activation over some large 
fraction of the light-sensitive membrane.  We treat  the kinetics of this process as a 
chain reaction with some kind of saturation, although other interpretations 
making use of cooperative interactions seem possible. At present there is no 
evidence for the existence of a direct cooperative interaction between rhodopsin 
molecules, and we therefore prefer to think of the interaction mechanism 
necessary to provide the amplification as an irreversible energy transfer. Deter- 
mination of this mechanism remains of central importance. 

We visualize the light-induced conductance as being controlled by  a large 
number  of sites, and there may  in fact exist a one-to-one correspondence between 
these sites and the rhodopsin molecules ( M =  number of s i t e s ~  i0 s to t01~ 
Photoisomcrization of a rhodopsin leads to the opening of one site and this sets off 
a chain reaction. Subsequent activations take place without isomerization of 
rhodopsin. The initial-value problem 

Y =  k 0 Y ( t - -  y / z )  ; y ( t  o) = t ( i s )  

(Y = number  of sites activated) describes such a process where the first site is 
opened at  t ime t =  t 0. Here saturation is introduced in the simplest possible 
manner  and Z (1 << Z << M) is the total  number  of sites opened by one isomerized 
rhodopsin ("multiplicagon factor") ~. Note tha t  the differential Eq. (t8) has one 
stable ( Y =- Z) and one unstable ( Y -= 0) stat ionary solution. Therefore one could 
interpret the closed state of the light-sensitive membrane as a metastable con- 
figuration of the system. Photoisomerization of a rhodopsin provides the energy to 
overcome the barrier so tha t  a fraction of the membrane can "fall" into the open 
state. 

The solution of Eq. (t8) is given by  
Z e '~o(t-to) e ~~176 

y( t ,  to) = 0 ( t - -  to) z -  t + e~o~'-'0~ ~ 0 ( t - -  to) 1 + e~o<,-,o~/z (19)  

(0 (x) = 0 for x < 0 and = t for x > 0), Assuming first-order kinetics for the back- 
ward reaction the number  of open sites X is determined by the equation 

=--/C~ X q- K (t, to) , (20) 
where 

K (t, to) [ = d Y ( t ,  to)/dt0] = - -  g r ( t ,  to)/Ctto . ( 2 t )  

In  Fig. 2 we have plotted X ( t - -  to) (normalized to its value at  the maximum) 
for Z = 105, k o = 100 see -1 and various values of k 2. For k~ >> k 0 one simply has 
X =  t~(t, to)/k 2 and for k 2 <</c o the relation X =  Y(t ,  to) exp [/co (t--t0)] holds. 
Since the degree of ae t iwt ion  xA =- X / M  is small for a single-photon response, the 
depolarization V - -  VD is proportional to X. From the average shape of the slow 
potential  fluctuations in Limulus (Stievc, t965, Fig. 9; Milecehia and Mauro, 
t969a, Fig. 5) one es t imates /c2~ 20 sec-L 

The curves in Fig. 2 display a latency behaviour which forms the basis for the 
latency of the full response. Whereas the response follows the stimulus with a 

5 One might be tempted to interpret Eq. (i8) in terms of an ordinary second-order auto- 
catalytic reaction. One would then have to take k o proportional toZ. Since light adaptation will 
be simulated by letting Z vary and keeping k 0 fixed (see below) we do not adopt this inter- 
pretation. 
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~ ig .  2. ~Tormal ized resloonse t;o single pho to i somer i za t i on  o f  rhodopslI1 for  Z ~ ~0 5, 
/c o = 100 sec - i  and various values of/c2 

t ime-delay of order/c0-i In N (the whole normalized response is simply shifted in 
t ime by  changing Z, as long as Z >> I holds) the amplitude of the response is 
proportional to Z. This interesting property is of importance in the context of 
adaptation. 

We assume a chain reaction to be initiated by the decay of some photoproduct 
of rhodopsin whose average number  of molecules X 1 is to a sufficient approxima- 
tion controlled by  the rate equation 

2 1  = - -  ]gl X 1  "~- ( M - -  X1) ~ I  . (22) 

I-Iere I is the light intensity and ~ the cross sectio~ for photoisomerizatiorL of one 
rhodopsin molecule, i n  reality one expects a complex sequence of events to take 
place between absorption of a photon and the beginning of the chain reation. 
Eq. (22) is supposed to describe only the rate-determining step. To obtain the 
total  number  of open sites averaged over many  photon events one has to multiply 
K (t, to) in :Eq. (20) by  the rate/c 1 X i (to) at  which chain reactions are irdtiated and 
integrate over time. Thus o~e is left with 

t 
2 = - -  Ic 2 X + Ir i I dr' K (t, t ')  X i (t') . (23) 

-oo 

I t  is convenient to define normalized quantities x i = X i / M  and x~ = X / M  and to introduce 
an auxiliary variable x2 by the equation 

x~ =/~2 (x~-  .~). (24) 
Assuming xl << t one obtains from (22) to (24) 

t 
~ = - -  k l  x~ + ~ I dr" I ;  (t, t') I (t') , (25) 

- o o  

where 
=/Ci (~/k~ . (26) 
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Fig. 3. Normalized response to a short, weak light flash for Z = 250,/c 0 = 120 sec -~, ks = 5 see -1 
and various values of kr Included is a extracellularly recorded receptor potential from the 

lateral eye of Balanus (Krischer, t970, :Fig. 1), T = t3 ~ C, relative intensity = 0.3 

The reason we have derived Eqs. (24), (25) is that in this form the problem is easier to handle 
computationally. Eqs. (24), (25) suggest, however, a direct reinterpretation which would lead 
to differences in the single-photon response and the response to strong light. 

I n  Fig. 3 the response XA (normalized to its value at  the  maximum) to a ve ry  
short  light flash is p lot ted for Z = 250, k 0 = i20 see -1, k S = 5 sec -1 and  various 
values of  k 1. Also included is a receptor potential  from the  lateral eye of  Balanus 
measured extracellulary in the linear range (one expects the extracellular signal to  
be proport ional  to the intracellular one at  least in the linear regime). The curve 
with k~-~ 50 sec -~ exhibits the bes t / i t .  

Here we must  point  out  a peculiari ty of  the model :  One easily sees f rom 
Eqs. (24) and (25) t ha t  interchanging k 1 and k S changes the response only by  a 
multiplieative factor  and therefore leaves the model-response in Fig. 3 unaltered. 
The two cases do, however, differ in the  nonlinear range and the  choice taken  in 
:Fig. 3 is p robably  correct for Balanus. 

Similar good fits can be achieved for other  animals, and for the lateral eye of  
Limulus one finds k 0 ~  100 see -1, kv- ,  i0  sec -1, k ~  20 sec -1 (some measurements  
are shown in Fig. 7). For  highly dark adapted  eyes of  Limulus one has to  take  
Z,-~ i0  e whereas Z is smaller in a light adapted  state. 

I n  the linear range the response to  an arb i t rary  stimulus is always obtained as a 
superposition of  responses to a (continuous) sequence of  short  stimuli. I t  follows 
tha t  no t ransient  (maximum) occurs in the  response to  a long weak step of  light 
and  after turning off such a stimulus the response persists for a t ime ("persistence 
t ime") equal to the la tency t ime at the beginning. 

b) Response to Strong Light 

Up to this point  different chain reactions were t reated as independent  and the 
model includes nonlinearities only th rough  the nonlinear current-voltage relation 
of  the membrane  [i.e. Eq.  (16)] and the saturat ion in Eq. (22). As a result of  the  
multiplication one has XA >> x~. Therefore nonlinearities connected with XA 
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becoming largo are expected to be of importance for intensities, where x 1 is still 
small, and we will continue to neglect the saturation in Eq. (22). T h e  nonlinearities 
describing the effect of light adaptation will be incorporated (and this is one of the 
essential points of the model) i~ an approximate manner by  letting the multi- 
plication factor Z vary  in time and in fact depend functionally on XA. In this way 
one can understand the following phenomena which are otherwise difficult to 
explain: 

i. The reduced size of the bumps in a less sensitive (light adapted) state. 
2. The shortened, time-delay of the response in a less sensitive state of adapta- 

tion. 
3. The shortening of the persistence time with increasing intensity [see Fig. 6; 

the shortening of the latency time is a much more trivial effect (see Sect. 4)]. 
Thus we let Z in Eq. (i9) depend on t and write 

Z (t) = N [ l - -  x A  (t)] A ( t )  . (27) 

Here N is the multiplication factor in the most dark adapted state, the factor 
- -  x A  expresses an ~'mstantaneous restriction for the chain reactions averaged over 

the whole cell, and A ( t )  incorporates time-delayed "membrane" adaptation. We 
found it convenient to write 

A ( t )  = e-u(t) (28) 

and we used the following kinetic equation for u 

4 = - -  P i  % -Jr- P2 XA/(~ At- P3 XA)" (29) 

I f  one interprets Eq. (29) in terms of a chemical reaction one would understand the 
nonlinear Michaelis-i~enthen forward rate as usual by catalytic action. I t  turns out 
tha t  one must choose Pl of order i sec -1 to obtain the shape of the response curves. 
Thus Eq. (29) does not cover slow dark adaptation effects which have time 
constants of order 20 sec and longer. One can, however, include such phenomena 
by, e.g., also having a nonlinear backward rate so that  a slow component in the 
decay of u results. For simplicity we shall here omit such complications. Instead 
the value of N can be adjusted to the varying degree of long-time adaptation 
where necessary. 

The transformation which previously led to Eq. (25) is now no longer possible. 
However, one still obtains from (22) and (23) the approximate equation 

t 

~ = - -  k~ + + u x 2 + -~ ~ dr' K (t, t') I (t') (30) 
- - c o  

which becomes rigorous for k 0 >> k 1 and is again considerably easier to handle 
computationally. In, addition to Eqs. (~6), (27) to (30) the complete model now 
consists of 

XA = k2 (x2-- XA) (3i) 

t~ (t, t') = - -  d 0 ( t - -  t') e~~ 
dr' t + e~o(t-t')/Z (t) " (32) 

In  Fig. 4a the response to a light stimulus of ~ sec duration is plotted for 
k 1 = 15 sec -1, k 2 = t.50 sec -1 (for the other parameters see figure caption) and 
various intensities. In  Fig. 4b the values for k 1 and k2 are interchanged. Although 
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Fig. 4. a) Response to light stimulus o f t  sec duration for N = i0  a, k 0 = t20 see -1, kl = i5  see -1, 
k 2 = 150 see -1, Pl = 1.6 see -1, P2 = 120 see -x, Ps = 0, C = 150, VL-- Vv = 75 mV and various 

intensities, b) The values for k 1 and k s are interchanged 

I 

s e c  ~ 

i / U ~  t --  
1 

i t I 

a) b} 

2 sec 3 0.5 IB sec I5 

Fig. 5. Response for N = 105, k 0 = 80 sec -1, k 1 = 5 see -1, k 2 = 20 sec -1, Pl = t see -1. 
Pt = 300 see -1, pa = 10, C = 40, VL-- VD = 62.5 inV. Successive curves differ by a factor of 10 

in intensity, a) Light stimulus of 2 see duration, b) Short light flash of duration At 

t h e  t w o  cases  e x h i b i t  a n  i d e n t i c a l  r e s p o n s e  fo r  w e a k  l igh t  (see above )  c h a r a c t e r i s t i c  

d i f f e rences  d e v e l o p  a t  h i g h e r  i n t ens i t i e s ,  m o s t  n o t a b l y  t h e  m i n i m u m  fo l lowing  t h e  

t r a n s i e n t  in  case  b .  Th i s  o sz i l l a t o ry  b e h a v i o u r  does  n o t  occu r  fo r  k 2 >> kl [in t h i s  

ease  one  h a s  x A  ~ x~ so t h a t  E q .  (30) c a n  be  s impli f ied]  o r  t oo  la rge  v a l u e s  o f p 3 / ~  2. 

M u c h  s t r o n g e r  ( d a m p e d )  osz i l l a t ions  t h a n  t h o s e  in  Wig. 4 b  can  be  p r o d u c e d  b y  
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Fig. 6. Intraeellular receptor potentials following light 
stimulus of 2 see duration for lateral eye of Limulus 
(Stieve et al., t975) T ~ 22 ~ C, intensity in relative 

units 

decreasing/r or increasing p~ and Pa. In  the lateral eye of B a l a n u s  one seems to 
observe the minimum quite systematically, and the i~tensity series in Fig. 4 b in 
fact reproduces the features found, e.g., in the intracellular measurements of 
Mack Brown et al. (i970, Fig. 2; ~97t, Fig. l). 

I n  Fig. 5 the model-response to long and short stimuli is shown for a different 
set of parameters.  Successive curves differ by  a factor of l0 ia intensity. These 
results m a y  be compared with intracellular measurements on the lateral eye of  
L i m u l u s  some of which are shown in Figs. 6 and 7. Whereas again the main 
features are reproduced quite well (except at  the very highest intensities) the 
fo mowing quantitat ive disagreement exists: 

I. The hight of the model-response for long stimuli at  low intensity is too 
small. This is probably not a serious deficiency of the model but  has to do with the  
fairly high spontaneous bump rate present in the dark in these measurements  
obtained at  T ~ 22 ~ C. At T = i5 ~ C the discrepancy seems to disappear (Stieve, 
1975). 

2. The shortening of the persistence t ime with increasing intensity (long 
stimulus) seems more pronounced ill the experiments than  im the model. 

3. After  turning off a high intensi ty stimulus (long or short) the response 
exhibits a rapid and a slow decay range. I n  the model the slowing d o ~ a  of the  
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l o g  I = -3  
Fig. 7. Iutracellular receptor potentials fol- 
lowing light stimulus of 0.05 see duration for 
lateral eye of Limulus (Stieve, 1974b), T = 15 ~ C, 

intensity in relative units 

decay comes as a result of dark adaptation, i.e. the increase of A (decrease of u) 
setting in after XA has star ted to decay. The effect becomes appreciable only when 
k~ is larger than  k~. We were not, however, able to make the effect as pronounced as 
in the Limulus experiments. There is some evidence tha t  this feature is not, or only 
in part ,  comlected with a conductance change of the membrane (Stieve, 1965). 

4. At very  high intensities the Limulus response develops features which are 
not described by  the model. I t  seems tha t  a different kind of rate limitation now 
becomes effective. 

5. In  addition there exist discrepancies which come from the fact tha t  no 
perfect fit has been a t tempted  (especially for the short stimulus). One would have 
to choose two somewhat different sets of parameters  in order to fit the response of 
the two different animals and temperatures used in Figs. 6 and 7. 

In  Fig. 8 the depolarization at  the peak of the transient and in the steady state 
are plotted from Fig. 5a  as a function of the logarithm of intensity. For the 
transient one obtains the well-known sigmoid curve whereas no saturation occurs 
(at these intensities) for the steady-state depolarisatiom This is ir~ agreement with 
experiments (Stieve, i974a, Fig. i i ;  Mileechia and Mauro, 1969a, Fig. 3). Note 
tha t  the con'esponding curves taken from Fig. 4 would be steeper. 

Fig. 9 demonstrates the fact that  by  a moderate change of parameters  a model- 
response can be generated which is rather reminiscent of results obtained from the 
Limulus ventral  eye (Milecchia and Mauro, i969a, Fig. 1). The trartsient can be 
made sharper and the plateau lower by  increasing P2. 

Figs. i0 and i f  show responses for long stimuli superimposed on a steady 
background light of intensity I 0. The same parameters  as in Figs. 4b  and 5 were 
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Fig.  8. Depolar iza t ion a t  peak  of  t r ans ien t  and  in the  s t eady  s ta te  as a funct ion  of  logar i thm 
of  in tensi ty .  Same pa rame te r s  as in Fig.  5 

Fig.  9. Response  to  l ight s t imulus  of  2 see dura t ion  for h T = 106, k o = 80 see - t ,  k 1 = 15 seo - t ,  
ks = t 5  see -1, Pl  = I sec - I ,  P2 = 300 see -1, P3 = 6, O = 40, VL--  VD = 62.5 inV. Successive 

curves differ b y  a factor  o f  :I0 in in tens i ty  
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Fig.  t0 .  Response  to  long s t imulus  super imposed  on  s t e ady  background  l ight  of  in tens i ty  I o. 

Same pa ramete r s  as in Fig.  4 b  
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Fig. t l .  Response to long stimulus superimposed on steady background light of intensity I 0. 
Same parameter as in Fig. 5 

used. As a consequence of light adaptat ion (reduced A) the hight of tile transient 
(even when measured from the dark potential) and the time delay of the response 
are reduced. At  the plateau V- -  VD is of course equal to the plateau value for a 
single stimulus of intensity I + I 0. After turning off the test  light there appears a 
transient hyperpolarization with respect to the potential  maintained by  the back- 
ground light. This feature is yet  another consequence of the delayed change of 
adaptat ion (which also produces the "normal"  transient):  When turmng off the 
additional light, A is initially smaller than  it would be in the steady state with just 
the background illumination turned on. Therefore at first XA drops below its 
steady-state value until A has increased to its final value. Although we have not 
investigated this point, one expects oszillatory behavior in certain cases. 

The features mentioned above are found in the Limulus lateral eye (Stieve et 
a/., i975) although the interpretation is complicated by  additional long-term 
adaptat ion processes which are probably due to changes in ionic gradients and 
active pump rates. The after-hyperpolarization in the presence of a background 
light has been lmowa for some t ime (Stieve, i965) and in Fig. i2 the intracellular 
recording from a Limulus lateral eye displaying this effect is shown. 

Finally, let us point out tha t  the changes which are found in the receptor 
potential  after reduction of the calcium concentration in the extracellular solution 
can be simulated convincingly by  the model. All one has to do is to reduce the rate 
of light adaptation. I n  Fig. 13 a the effect of reducing P2 from 600 sec -1 to 12 sec -1 
and Ps from 20 to 0.4 are show~ for a short light flash. Whereas A is reduced in 
curve i to a mirSmum value of 0.89 x l0 -~ at t = 0.38 sec, a mirSmum of 0.22 is 
reached in curve 2 at  t =  0.52 sec. In  Fig. i 3b  measurements on Astacus are 
shown. :For a long light stimulus the reduction of P2 and P3 leads to a large increase 
of the height of the plateau in agreement with experiments (Stieve, 1965; Milecchia 
and Mauro, 1969a; Stieve and Wirth, i971). For p2= 0 the transient disappears 
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Fig. 12. Intraeellular receptor potential 
following light stimulus of 2 see duration 
and 30 sec after turning on a steady back- 
ground ligh~ (Stiew~ et aL, 1975), T 

22 ~ C 

Limulus HSL 042 
O' 

0.5 rn/n L A 

Fig.  13. a) Response  to  shor t  l ight  flash 
for N = 105, k 0 = 130 sec - t ,  k 1 = 4 sec - t ,  
k a = 40 sec - t ,  Pt  = 2 see - t ,  P2 = 600 sec - t ,  

P a = 2 0 ,  C = 4 0 ,  V L - - V D = 6 2 . S m V  
(curve 1). I n  curve 2 P2 was  reduced  to  

2 sec - t  and  Pa to  0.4. b) Response  to 
shor t  l ight  flash in Astacus (Stieve and  
Wir th ,  ~[97i). Curve 2 was  ob ta ined  af ter  
ba th ing  re t ina  for 60 rain in Ca and  Mg 
free solution. Curve 1 was ob ta ined  
60 rain la ter  af ter  physiological  condi t ions 

had  been  res to red  for 60 rain 

g ~ 
- 0  

sec 

completely. I t  seems that  for the reduction of the sensibility Ca has to be available 
(Weeks and Duncan 1974; Stieve and Hanani, i975). 

4. Discussion 

Let us consider the initial phase of the receptor potential where the linear 
theory can be applied and saturation of the chain reactions can be disregarded 
[Y(t, 0) <<Z]. After some multiplication has taken place [Y(t, 0)>> l ]  the 
response is found to depend on time and intensity in the following simple way 

xA~  I exp (lco t) = exp [Ic o (t@ /%-11n I)] .  (33) 

Thus an increase i~L intensity simply shifts the initial phase of the response to 
earlier times, a phenomenon which can also be seen from Figs. 4, 5 and 9. This 
"shortening" of the latency period is a mere consequence of the linear super- 
position principle. The dependence of the shift on the logarithm of intensity is in 
fair agreement with experiments (Stieve et al., i975) although one seems to find a 
saturation at high intensities which is not contained in the model. 

We have assumed the existence of one type of unit electrical responde to single 
photoisomerizations at low light intensity. This is probably a simplification of the 
true situation because at least two types of bumps are described iu the literature 
(Borsellino and Fuortes, 1968a, b). Also, we have not considered the stochastic 
properties of the model. Since the chain reaction presumably consists of a large 
number of steps it can be treated deterministicMly. The stochastic variations of the 
single-photon response then consist primarily iu variable time delays resultiug 
from fluctuations in the reaction described by  Eq. (22). In  future work we hope to 
fit the rate constant k 1 to measurements of the latency distribution of receptor 
potential bumps. 
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Also, we plan to investigate the fluctuations of the model response in the 
nonlinear regime and compare it with experiments. It seems to us that the most 
critical tests for the type of activation kinetics proposed in Sect. 3 indeed comes 
from the s tudy of the fluctuations rather than of the average response. I t  is hoped 
to proceed from here on towards an understanding of the actual mechanisms 
underlying act irat ion and adaptation. 

One of the most serious deficiencies of the model is in our opinion the un- 
satisfactory description of the electric membrane characteristics in the dark. The 
rough approximation made in Sect. 2 for the dark current bears consequences for 
the shape of the receptor potential which are difficult to estimate. Therefore, this 
point should be cleared up before other improvements of the model are considered. 
Alternatively, the influence of the dark current can be eliminated experimentally 
by  using the voltage-clamp technique. When clamping the cell to the dark poten- 
tial the current response is simply proportional to the degree of activation XA. I t  
would be very valuable to test  under these conditions special features of the model, 
like the reduction of the single-photon contribution to the response with in- 
creasing activation, the shortening of the persistence t ime of the response with 
increasing xA, and the appearance of a transient minimum in the activation after 
turning off a test  light but  maintaining a background illumination. 

Finally, let us point out tha t  by  reinterpreting the process of activation in 
terms of a mechanism for blocking sites one can maybe  apply the type of model 
proposed here to vertebrate photoreoeptors. 
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