A compartment model for vertebrate phototransduction predicts sensitivity and adaptation by Jean-Pierre Raynauld Centre de recherches en sciences neurologiques Département de Physiologie Université de Montréal B.P. 6128 Succ. Centre-Ville Montréal, Que, H3C 3J7 May 28, 1997

Copyright 1996 Plenum Press. Published in ”Neurobiology: Ionic Channels, Neurons, and the Brain” V. Torre and F. Conti eds.

ABSTRACT

The different sensitivity and adaptation properties of vertebrate rods and cones are best explained by a compartment model where the number of compartments constitutes the essential difference between the two types of photoreceptors. For the cones, the natural compartment is a single fold of the plasma membrane; for the rods, the size of the compartment had to be defined empirically. The interesting aspect of this model is that the number of compartments controls the amplitude of the single photon response, the intensity response, and together with the decay time constant of the single photon response, the adaptation properties.

INTRODUCTION

Most vertebrate retinae are duplex in the sense that they contain both rods and cones. Cones have a high threshold, contain different visual pigments, support color vision, and can work under high ambient luminosities. On the other hand, rods have a low threshold, contain a single visual pigment, and operate only at low ambient luminosities. The biochemical machinery which supports visual phototransduction has been the focus of intensive studies over the past ten years and is still an active field of research [40, 54, 7, 59, 23, 30, 16, 28]. Although minor differences have been found between the proteins involved in the phototransduction cascade of rods and cones, none of these differences offers a satisfactory explanation of the above fundamental differential behavior. Furthermore, the rods are believed to have evolved from the cones [58], and possibly kept the same biochemistry. However, following the lead of Forti et al. [15] in simulation studies, Ichikawa [25, 26] has been able to mimic important aspects of the differences in gain and kinetics between rods and cones by manipulating the rate constants of the reactions in the cascade.

This paper presents a compartment model of vertebrate phototransduction and proposes that the major difference between rods and cones is the number of compartments present in their respective outer segments and that this single difference not only explains the size of the single photon response and the shape of the intensity response curve, but also, together with the decay characteristic of the response, the adaptation behavior, that is the reduced sensitivity under nonbleaching background conditions. The only other requirements are that a single isomerization closes all the cationic channels associated with a compartment and that the current decay represents an underlying limiting process. It must, however, be understood that this is a first approximation model in the sense that a number of experimental results are ignored in order to make the model mathematically tractable. An initial account of this model has been presented elsewhere [46].

THE MODEL

The nature of the compartment

For the purpose of this model, a compartment does not necessarily need to be a physical compartment in the sense that physical barriers such as membranes would be required to define its boundaries, it can be an operational compartment. An example of such an operational compartment could be the length of tube where a bolus of radioactive nuclei, moving at a given speed, loose 90 % of its radioactivity. In this sense, any molecule or protein with a finite lifetime operates within a compartment. Thus excited rhodopsin, excited transducin, and excited phosphodiesterase all operate within compartments whose size depends on the diffusion properties of these molecules and on their respective lifetimes. It is therefore conceivable that the outer segment of both rods and cones is made up of compartments which are biochemically isolated from each other but electrically connected in a linear fashion such that current changes in different compartments can add algebraically.

The size of the response

The model makes the additional hypothesis that the action of a given photon which produces an isomerization is maximal. This means that two or more simultaneous isomerizations within the same compartment will not produce an effect greater than a single isomerization. The kinetics of the risetime of the response may change with multiple isomerizations but the maximal amplitude will be the same as that of a single isomerization. The consequence of these two hypotheses is that, if an outer segment, made up of N compartments, carries a dark current of magnitude J, then the single photon response will be J/N . Furthermore, the shape of the intensity response will be of the exponential saturation type regardless of the shape of the single photon response.

This model was first proposed by Lamb et al. [35] and follows from the following argumentation. Suppose that a flash of intensity I photons/square microns affects n different compartments in an outer segment made of N compartments, the fractional response to this flash will be n/N . This number (n/N ) also represents the probability that a compartment is the locus of one or more isomerizations, and (1 − n/N ) is the probability of no isomerization in a compartment or zero event. For a flash of light illuminating the whole outer segment, the absorption of photons can be considered a Poisson process because individual absorptions are independent of each other, and because the incremental probability of absorption is proportional to the incremental size of the photon flux density . This last requirement is met if the optical density is constant along the outer segment and the geometry of the outer segment is considered cylindrical. The probability of zero event in this Poisson process is Exp[−kI]. In this expression, k represents the cross-section in square microns for isomerization of the compartment and I the intensity of the flash expressed in photons per square micron. By simple substitution, one finds that the fractional response r/r_{max} is given by the following formula which is illustrated in Fig.1: r/r_{max} = n/N = 1 − Exp[−kI] The above results, that is the size of the single photon response and the shape of the intensity response curve are entirely independent of the shape of the single photon response. The presence of the exponential in this formula comes from the equation describing the Poisson statistics and not from the shape of the response as described by the kinetics of the biochemical cascade. This point is made because Pugh and Lamb [45] have shown that for t ≪ t_{peak}, r(t)/r_{max}(t) also shows exponential saturation under certain assumptions regarding the cascade kinetics. However this latest analysis does not yet give a solution when t = t_{peak}.

The action of background light on the sensitivity

In order to predict the sensitivity change in this system as a function of background light, it is important to known the time course which characterizes the recovery of the compartment after it has been hit by a photon; that is select a shape for the single photon response. I have chosen the simple exponential Exp[−t/T ] , where T is the time constant of the exponential current decay. The implications of this choice is that the current response represents a limiting process. No other process having a slower time course should affect the recovery

Figure 1: Normalized response as a function of stimulus intensity in units of kI under this hypothesis. One such process is pigment regeneration which takes place with a time course of the order of minutes. Since I am considering a non-bleaching situation, it will not affect the model. I am also ignoring that the decay time changes to a certain extent as the background intensity increases [50].

Figure 2: Background simulation

The approach used to analyse the effect of background light is novel and uses a theorem in statistical mechanics called the ”ergodic theorem or hypothesis” (McQuarrie,[38]) which states that ”for a stationary random process, a large number of observations made on a single system at N arbitrary instants of time have the same statistical properties as observing N arbitrary chosen systems at the same time from an ensemble of similar systems” . If the action of a steady background light on an outer segment can be considered stochastic and stationary, I can apply the ergodic hypothesis by equating compartments to systems.

Due to the absorption of photons which have led to isomerization, a certain number of compartments are not in the dark-adapted state but rather in a process of exponential recovery during which their sensitivity is reduced. The contribution of these compartments to a response of a test flash will be different for each compartment and depend on how long ago each compartment has been the site of an isomerization due to background light. This is illustrated in Fig.2. This figure illustrates the effects of a test flash producing four isomerizations (identified by dots at the peak of the response) in four out of six different compartments. Background photons hit compartments #1 and #2, while the other compartments are hit by both background photons and test photons which occur in the middle of the trace. In compartments #4 and #6, which are completely dark-adapted, the response is maximal, in the other two (#3, #5), the response amplitude depends on how long ago each compartment has been hit by background light. The sum of these responses divided by four gives the mean response per isomerization for that very specific background situation. This represents ”observing N arbitrary chosen systems at the same time from an ensemble of similar systems" in the ergodic hypothesis. If N is large, I would have a very good estimate of the single photon response of my system under a given background. The ”ensemble average”, as I have done above, can be substituted by a ”time average” of the observations done on one compartment as described below.

In an outer segment, made of N identical compartments which are under a total background generating I_{bk} isomerizations per second, each compartment is subject to random isomerizations at a rate equal to I_{bk}/N . To measure the sensitivity of a given compartment, I only need to observe the responses to N isomerizations occurring randomly in time and to average the responses since all compartments are considered identical. Actually these isomerizations need not come from ”test photons”; the photoreceptor cannot tell whether the photon comes from the background or the test flash. I only need to observe the response to N random izomerizations due to photons belonging to the background to test the sensitivity of the system. This part represents ”a large number of observations made on a single system at N arbitrary instants of time" in the ergodic hypothesis. Because of the nature of light, the intervals between isomerizations in a given compartment are arbitrary and Poisson distributed, and the mean interval is N/I_{bk} second. After a given isomerization, a compartment will start its recovery process with a time constant T and will be the locus of another isomerization after, on the average, a time interval equal to N/I_{bk}. To find out the mean response to such a process, using Mathematica, I ran a series of computer simulations. Using the ”ExponentialDistribution[ ]”, I generated 5000 Poisson distributed random intervals having a mean rate of 5 per sec., each event generating a step of amplitude one decaying exponentially with a time constant of 200 msec. According to the model, the amplitude of the response to a given event is: 1 − Exp[−t_i/T ]. where t_i represents the time since the previous event and T equals to 200 msec. The mean amplitude to the 5000 random events was then calculated, it was 0.4997. Keeping the same time constant of 200 msec., the simulation was repeated for mean frequencies of 0.5 to 500 isomerizations per sec. and the mean response to each frequency calculated. The points representing these mean responses were then plotted on a loglog graph as a function of frequency and are presented in Fig. 3, the continuous line is the Weber-Fechner I_o/(I_o +I) function with I_o set to 1/T . The superposition is perfect.

Figure 3: Sensitivity as a function of background light. The points are simulation results. The curve is the Weber-Fechner law.

One can therefore conclude that the model adapts according to the Weber- Fechner law. The obvious advantage of this model is that from the knowledge of the number of compartments and of the decay time constant of the photocurrent, one can localize the adaptation curve on the background intensity axis; that is determine I_o as being equal to N/T in a system made of N compartments. Up to now, the Weber-Fechner equation was simply a mathematical fit to a series of experimental observations. In vertebrate phototransduction, if the model is true, it is now linked intimately to the structure of the outer segment and the kinetics of the biochemistry responsible for the current recovery.

Does this model fit reality?

Up to now I have tried to establish that a system constructed of identical compartments, which are chemically isolated but electrically connected, carrying the same fraction of the total current and responding maximally to a single event, will saturate exponentially regardless of the shape of the single event in time. Furthermore, if the shape of the single event can be approximated to a sharp rise followed by an exponential decay, then the sensitivity of that system as a function of background will follow the Weber-Fechner function. However, one can legitimately ask to which extent does this apply to vertebrate phototransduction. In other words, are the vertebrate rod and cone outer segments constructed of biochemically isolated compartments which are maximally excited by a single isomerization?

The case of the vertebrate cone

As it is well known the major anatomical difference between rods and cones is that, in the cones, the outer segment is made of infoldings of the plasma membrane while in the rods this is true only for the first micron or so. Can I define a credible compartment in the cone outer segment? One of the most recent anatomical studies of the cone outer segment is that of Eckmiller [10]. It clearly shows that each fold hangs out in extracellular space and its interior is in communication with the rest of the outer segment through only a small part of the circumference adjacent to the ciliary structure. From the above article [10], I estimate this arc to be of the order of 20 degrees. This small part is called here a ”neck”. Can the cone fold therefore constitute an isolated biochemical compartment bound by the membranes which define its geometry? Electrically, this small neck has a small electrical resistance because its length is minute. The cone fold is thus connected to the ciliary structure of the outer segment through a low resistance path.

The biochemical isolation of the cone fold becomes more evident when one considers that any molecule in order to exit or enter the fold has to pass through this neck opening. For example, an activated opsin molecule in a given fold would first have to find the exit, move up or down in the ciliary section, and enter into an adjacent fold in order to activate a transducin molecule located there. These motions would have to take place before the opsin became inactive.

Random walk in two dimensions is described by the following formula: < r^2 >= 4Dt where < r^2 > is the mean square distance traveled, D is the diffusion coefficient taken here to be similar to that of rhodopsin,circa 0.5 μm^2 −sec�^1 [44, 37], and t the time in second. Given that the risetime of the small flash cone response is in the order of 35 msec. in mammals [52] and assuming that the opsin is inactivated at the time of the peak, one obtains a value of r equal to 0.26 micron. Opsin molecules, which are further than this distance away from the opening, have little chance of leaving the fold during the risetime of the cone response.

Clearly, these numbers indicate that the excited visual pigment molecule is restricted in its action to the fold it belongs to. Similar calculations can be done for transducins and phosphodiesterases attached to the membrane. The diffusion coefficients of these proteins are not believed to be more than twice as large as that of the visual pigment [36]. Their action is also estimated to be restricted to the fold that they were belonging to when activation took place.

Molecules, which are diffusing in solution such as cGMP or Ca^{++}, have diffusion coefficients which are much greater than membrane bound proteins. One can ask to which extent cGMP molecules, present in neighbouring folds, diffuse into the fold which is the site of photoactivation. It is true that reduction of cGMP concentration in a given fold will generate a concentration gradient and a number of cGMP molecules present in adjacent folds will diffuse out of theses folds and enter the active fold to be hydrolysed there. However, the rod disk arrangement constitutes a system of baffles which reduces the effective diffusion coefficient of cGMP in the range of 1.4- 5.5 μm^2 − sec�^1 [42]. More recent results give higher values in the range of 60 to 70 μm^2 − sec�^1, but these values are still six to seven times lower than in aqueous solutions [33]. After 35 msec., the mean distance travelled is only 3 μm for a molecule diffusing at 70 μm^2 − sec�^1. Although a similar analysis has not been done for the cone outer segment, the effect should be even stronger. The conclusion is thus that, over the time course of the single photon event, considering the folds of the outer segment of cones as chemically isolated compartments is probably a good first approximation.

The next question is whether or not a single isomerization closes all the open cationic channels associated with a given fold? The inside volume of a mammalian cone fold is estimated to be 1.6 ∗ 10�^2 femtoliter (assuming an inside height of 5 nm and a radius of 1 μm), if the resting concentration of free cGMP is approximatively 5 μM, then the number of cGMP molecules in the fold is circa 50. Knowing that the PDE surface density is approximatively 1000/μm^2 [9], the number of PDE molecules in the fold is circa 6000. This means that, if fully activated, there are 120 molecules of PDE for each molecule of free cGMP to hydrolyse. Actually it is interesting to note that there are two bound molecules of cGMP to each PDE [17] for a total of 12, 000 cGMP bound to PDE non-catalytic sites. If the total dark current of 40 picoamp. is equally divided among the 800 folds of a typical cone outer segment and the channel conductance is 0.1 ps, at the resting potential of 40 mv., the number of open channels is 13. Since 3 cGMP molecules are required to keep a channel open [14, 19] the total number of cGMP molecules bound to the channel proteins is 39, neglecting the channels to which only one or two cGMP are bound. At 50, the molecules of free cGMP are nearly equal in number to the molecules bound to the channel proteins. Given that PDE has an effective K_m of 600μM [9], a concentration of 22μM [9], and a turnover number of 1000 per sec.[16], the initial number of 50 cGMP would be reduced to 1/e^2 of its value or to 7 in less than 54 msec. This leaves little time for cGMP from neighboring folds to come in, or for the cGMP cyclase to react in order to prevent the closing of all the open channels.Therefore, I am confident that the hypothesis of total closure of all cationic channels associated with a given fold is a possible one.

The consequences of accepting the above hypotheses are as follows: 1- the single photon fractional current response of cones should be 1/N , where N is the number of folds or disks in the outer segment. It also indicates that, although increasing the length of the outer segment (that is N ) increases the probability of photon capture by increasing the overall optical density, it decreases the size of the single photon response. Actual length of cone outer segments therefore represents an engineering compromise between the size of the single photon response and the probability of photon capture.

2- from the knowledge of the thickness of the fold (1/33 μm), the optical density per unit thickness (0.016 OD/μm, [20]), and the quantum efficiency for isomerization of the visual pigment (0.67, [8]), and using Equation 3 of Baylor et al. [4], k for cones in the total occlusion exponential equation becomes 0.00059d^2, where d is the cone diameter in microns.

3- I_o, in the Weber-Fechner law, is given by N/T , where N is the number of folds in the outer segment and T the time constant of the exponential which can be fitted to the decay of the small flash response.

The case of the vertebrate rod

Considering the geometry of the rod outer segment, it is not evident that we are facing a system made up of compartments. Although it is true that a given rhodopsin molecule, being a transmembrane protein, cannot leave the disk to which it belongs, and that PDE is in the same situation being a permanently membrane attached protein, the case of transducin is more ambiguous since there have been reports of two types of transducin, membrane attached and soluble [7]. The soluble kind could leave its native disk and possibly excite a PDE molecule located on an adjacent disks or on the cylindrical plasma membrane.

However , to a modeler, the most perplexing fact in rod phototransduction is that a single isomerization produces the same 3- 5 % reduction in dark current in the Bufo rod [3] which is one of the largest rods (6μm X 50 μm) and in the smallest rod (2μm X 25 μm) in monkey [4]. This small size rod is also found in rat, bovine, and human. The ratio of the volumes of these two rods is 27. Following an isomerization in Bufo rod, the biochemistry activated has therefore to hydrolyse 27 times more cGMP than in the monkey rod in order to reduce the cGMP concentration to the same level in the two rods. Since the proteins involved in the cascades are all initially membrane bound, their number only increases as the square of the dimensions. Thus there is, per disk, only 9 times more rhodopsin, transducin , and phosphodiestrerase in a bufo rod as compared to a monkey rod, assuming a constant surface density across species for these molecules. Soluble molecules such as Ca^{++} and cGMP increase in number as the cube of the dimensions. Larger rods would be expected to be less sensitive than smaller ones, but this is not the case as found experimentally.

The approach taken had therefore to be empirical. Analyzing in many rods the amount of plasma membrane involved in the total occlusion model [35], it was found that this area was equal to the area of membrane present in one disk. That is, the occlusion length l could be predicted by equating the cylindrical area of plasma membrane ( π ∗ d ∗ l) to the amount of membrane present in one disk ( 2 ∗ π ∗ d^2/4) where d is the diameter of the rod. The solution being l = d/2. It was as if in terms of membrane area affected by an isomerization, the effects were the same in rods and in cones of the same diameter, only the site of action was different; in the cones, it is the membrane of the disk shaped fold, while in the rods, it is the plasma membrane whose area is equal to that of the disk.

The consequences of accepting the above are as follows:

1- The fractional current response of a rod to a single isomerization is equal to d/(2 ∗ l), where d and l are respectively the diameter and the length of the outer segment.

2- Since d/2 defines the occlusion length, again using Equation 3 of Baylor et al. [4] the value of k in the intensity-response relation becomes: 0.01d^3, where d is the rod diameter in μm. The dimensions of the constant 0.01 are μm�^1.

3- I_o, in the Weber-Fechner law, is N/T where N is the number compartments the outer segment and T the time constant of the exponential which can be fitted to the decay part of the small flash response. N is calculated by dividing ”l” by ”d/2” which should be the same as dividing the total dark current by the amplitude of the rod response to a single isomerization.

Comparison with experimental results

Predictions obtained from the model can be tested against values obtained from experiments for the following three parameters: the single photon response, the value of ”k” in the total occlusion formula, and the value of I_0 in the Weber-Fechner formula. Although the single photon response and the value of ”k” are not independent of each other, these two parameters will be used in the comparison tables since experimental results have been reported both ways. Data relating to both rods and cones will be combined.

Table I summerizes the data concerning the single photon response of various rods and cones in a number of species. The theoretical response is ”1/N ” for the cones where N is the number of folds in the outer segment; for the rods, the theoretical response is ”d/(2 ∗ l)” where d is the diameter and l the length of the outer segment.

Table 1 Single Photon Response: Model vs Experiments

Species Photoreceptor type Observed Predicted Ref. % % Turtle Cone 0.16 0.125 [1] idem Cone 0.05 0.125 [51] Walleye Cone 0.14 0.2 [6] idem Twin cone 0.14 0.2 [6] Salamander Red cone 0.76 0.33 [43] idem Blue cone 18 0.39 [43] idem Rod 1 23 [24] Squirrel Cone 0.02 0.5 [31] Toad Rod 5 6 [3] Monkey Rod 3-5 4 [4] Rabbit Rod 5 5 [41]

Table 2 compares the observed ”k” in the intensity-response plot obtained by various experimenters to the ”k” calculated using the theoretical ”occlusion length”, the quantum efficiency, the optical density of the visual pigment, and the dimensions of the outer segment.

Table 2 Intensity Response: Model vs Experiments

Species Photoreceptor type ”k” observed ”k” predicted Ref. x 10^3 x 10^3

Human Cone 1 1 [49] Macaque Red Cone 0.38 1 [50] idem Green Cone 0.42 1 [50] idem Blue cone 0.40 1 [50] idem Rod 6 − 20 80 [32] Human Rod 18 80 [32] Monkey Rod 68 80 [4] Bass Rod 24 40 [39] idem Single Cone 3 9.4 [39] idem Twin Cone 0.5 15 [39] idem Fast Twin 0.07 15 [39]

It can be observed that the predicted sensitivity, expressed either as percent of total current or voltage reduction due to a single isomerization (Table 1) or as the value of ”k” in the total occlusion formula (Table 2), is in general agreement with the experimentally obtained values. There are exceptions, notably in the sensitivity of the Salamander rod and blue cone, and that of the Bass twin and fast twin cones where the model does poorly. For the Salamander rod, the presence of deep incisures (see Fig. 5 in Olson and Pugh [42]) in the rod disk represents diffusion barriers to the cascade proteins moving in or on the membrane and this could be an effective mean of reducing sensitivity. For the Salamander blue cone and the Bass twin and fast twin cones, I have no explanation. However, in the Salamander, I have difficulty in seeing how a blue cone, which has a sensitivity 24X greater than that of a red cone, can operate in a color opponent system to generate color vision. The same argument can be used in the case of the Bass cones where the ratio of the sensitivities of the single and fast twin cones is 43. From an engineering point of view, the best color system would be one in which all cones would have the same dark-adapted sensitivity and the same behavior under light adapting conditions. These criteria seem to have been achieved in the Macaque retina [50]. The sensitivity of the cones in the ground squirrel retina is also much lower than predicted. Using the value of 50 pa for the dark current, a channel conductance of 0.1 ps, a resting potential of -40 mv, and 200 folds in the outer segment, a single photon response of 0.02 % change in dark current [31] corresponds to the closing of only 2.5 channels in a fold. However, in a psychological study, Jacobs and Yolton [27] have found that ground squirrel dichromatic color vision has the same threshold as trichomatic human vision. I take this to indicate a possible problem with the electrophysiological data reporting the low sensitivity of ground squirrel cones.

Table 3 compares the experimentally obtained value for I_o in various Weber-

Fechner plots to our predictions based on the number of compartments and the decay time constant of the small flash response. Predicted I_o is N/T , for the cones, the number of compartments is equal to the length of the outer segment in μm multiplied by 33 which represents the number of folds per μm. For the rods, the number of compartments is equal to the length of the outer segment divided by the occlusion length d/2 except for the Salamander rod as described below. The decay time of the single photon response or small flash response was measured from the figures in the referred publications with the help of a micrometer and represents the time from the peak to an amplitude equal to 37% of the peak.

Table 3 Background adaptation: Model vs Experiments

Species Photoreceptor type Io Observed Io Predicted Ref. Rh*/sec Rh*/sec

Turtle Cone 2000 7273 [2] Toad Rod 4 11 [13] Cat Rod 35 83 [55] Bass Single Cone 8,500 3,800 [39] Bass Twin Cone 33,700 13,200 [39] Bass Rod 3 75 [39] Human Rod 120 110 [32] Monkey Rod 100 133 [4] Rabbit Rod 42 83 [41] Newt Rod 80 65 [57]

The formulation of the adaptation behavior where I_o is related to the time constant T offers an explanation of a phenomena which was considered bizarre. J.L. Schnapf [48] studying the sensitivity, kinetics and adaptation along the length of toad rods found that rods have a lower sensitivity and slower kinetics at the tip than at the base, but were bizarrely adapting at lower background intensities at the tip than at the base,seemingly at odds with the lower sensitivity of that region. Similar findings had been described [21] from electroretinogram recordings. However, from the above formula, slower kinetics means an increased value of T and therefore a reduced value for N/T which represents the background isomerization rate at which the sensitivity is reduced by 50%. Using the ratio of the time constants at the tip and at the base to predict the ratio of I_o’s one obtains 1.35. The actual value, calculated from the data [48], is 1.66 in good agreement with the prediction. This approach offers a way of testing the model. Kinetics of the photoresponse are known to vary with temperature [34], adaptation properties can be tested as a function of temperature to see if the variation of the decay time has the effect on the adaptation parameter I_o as predicted by the N/T formula.

DISCUSSION

In this paper, I have presented a model which addresses the differential behavior of vertebrate rods and cones with respect to sensitivity and adaptation. This differential behavior has been the focus of many investigations both experimental and theoretical. In 1981, Lamb et al. [35] proposed the total occlusion model in order to explain the shape of the intensity-response curve of photoreceptors; if the light intensity was expressed in photons per square microns, then the single parameter k was representing the isomerization cross-section in microns square sustained by the compartment where the total occlusion was taking place. This expression was providing an adequate fit to experimental data and could be used in place of the Michaelis-Menten type of formula. Here I have extended this approach in identifying the compartments by an analysis of the confinement of the biochemistry by the ultrastructure of the outer segment of cones and rods and I have obtained a value for the size of these compartments. This analysis led to the a numerical value for the parameter k in the total occlusion model [35] for both types of receptors,thereby localizing, in an absolute fashion, the intensity response curve on the intensity axis.

The hypothesis that a single isomerization closes all the ionic channels associated with a single cone fold receives support from human cone threshold experiments. Psychophysical experiments indicate that a test spot of 1 min of arc must deliver 600 photons (550 nm) at the cornea in order to be perceived reliably [22]. According to Schnapf et al. [50], this corresponds to 32 isomerizations per cone. At this intensity, the probability of two or more isomerizations in the same fold is negligible, this means that 32 folds have been the site of an isomerization. Since there are approximately 825 folds in a 25 μm cone, and if each fold carries the same fraction of dark current, the total occlusion of 32 folds represents a 4% (32/ 825) change in the dark current. This would mean that, at perception threshold, both rods and cones must see their dark current reduced by the same fraction (circa 4%). In a sense, this is not surprising since the anatomy at the synaptic junction located at the cone pedicule or at the rod spherule is very similar as seen in electron microscopy. In order to carry the message across the synaptic junction reliably, the same current change at the level of the outer segment would be required in the two types of receptors.

The finding that, in rods, the area of plasma membrane occluded is related to the disk area, may be more than fortuitous. It has been proposed a few years ago [37], that the disk size is a major factor controlling rod sensitivity. Furthermore, it is surprising that the surface density of PDE is smaller than that of transducin by a factor of 9 in mammalian rods [36]. Since transducin remains bound to PDE when this one is activated, there would be an overproduction of transducin assuming that all the disk transducins are activated. One could argue that we are in the presence of a gain loss in the sense that more PDE’s could be activated if they were present. Another problem with the current rod model, in which the PDE is located on rod disk membrane, is that the minimum cGMP concentration is located at the center of the disk [9]. The optimum location for this minimum would be at the plasma membrane where the cGMP activated channels are located. One solution to that problem would be to locate rod PDE on the plasma membrane close to the channels. This new location would explain why Roof et al. [47] failed to find PDE on rod disk membranes with the electron microscope when, according to surface density numbers and to its size larger than transducin, it should have been clearly visible. This was not due to elution since PDE was present in SDS PAGE columns of the same preparation. That the full biochemistry responsible for phototransduction is present on the rod plasma membrane is evident from the work of Ertel [11, 12] where plasma membrane patches attain a light sensitivity and kinetics close to the intact outer segment (Fig. 3B in [12]). This new location would also equate the surface density of PDE on the plasma membrane in amphibian and mammals to 16,500 PDE per μm^2, a value calculated with the data given below and based on 33 disks per μm of outer segment) taking into consideration that the diameter of toad rod is about three times that of bovine or human rod. Current values based on disk location give a surface density of PDE three times lower in amphibian (167 per μm^2) [18] when compared to mammals (500 per μm^2) [53]. A lower surface density of PDE in toad rod should normally results in a lower transduction gain but it does not since a single isomerization produces the same percent current reduction in these two rods.

An hypothesis which would accommodate the model would be that phototransduction is a surface phenomena. A single isomerization would results in the closure of channels located over an area determined by the area of the disk. For the cone, the area would the cone disk itself. For the rod, activated transducin, in number proportional to the size of the disk, would migrate from the disk to plasma membrane where PDE would be located. Activated PDE molecules would then sweep the plasma membrane hydrolyzing cGMP close to membrane or as it becomes unbound from the channel. Because of the finite lifetime of activated PDE, the area affected would be limited and would define the rod compartment.

The most striking feature of the model resides in its ability to predict the isomerization rate required to reduce the sensitivity by 50% of both rods and cones in warm as well as in cold blooded species as shown in Table 3. It does that by making use of the ”ergodicity theorem”. The result of this analysis is that the single parameter I_o in the Weber-Fechner adaptation formula can now be calculated. It is simply N/T where N is the number of compartments in the outer segment used to predict the intensity-response curve and T is the time constant of the decaying exponential which can be fitted over the decay part of the small flash response. When comparing rods and cones, the model offers an explanation for the different sensitivity and adaptation by proposing that the number of compartments supporting the dark current is much greater in cones than in rods. The effect of this difference is much stronger when comparing the adaptation properties because of the way the number of compartments appears in the formulae.

When comparing rods of warm blooded species to cold blooded ones, the difference is not in the sensitivity since a toad rod and a monkey rod show the same 3-5% change in dark current following an isomerization, but in the adaptation properties. These are shown here to be related to the time constant T of the small flash response which is much longer in cold blooded vertebrates, thus offering an explanation for the much lower background intensities required to reduce the sensitivity by 50% in these species.

Regarding the intensity-response curve, the data for the Salamander indicates that the size of the compartment is much smaller than predicted. This could be due to the presence of lobules in the outer segment disks which restrict the diffusion of membrane bound proteins leading to a smaller number of excited transducins and/or phosphodiesterases molecules in a given amount of time. This is equivalent to raising the number of compartments. A 1% current reduction [24] corresponds in this model to the presence of 100 compartments. When this number is used in the N/T formula, using 1.54 sec. as the decay time constant of the Salamander rod small flash response, one predicts a value for I_o close to that found experimentally [57], validating in a sense the approach.

The model does not preclude a role for calcium or any other molecules in adaptation [56, 29, 28] though it suggests that their action must result in changing the value of the decay time constant T and possibly changing the value of N for the rods where the size of the compartment could be affected by factors such as diffusion coefficients, or lifetimes of various excited proteins. Perturbations of the biochemical cascade, which render the decay of the photocurrent no longer the rate limiting process, kill this model since this hypothesis is, with ”total occlusion” [35] , one of the two pillars on which rests the model.

Acknowledgements. The author wishes to express his gratitude to S. Gagné who took part in the initial development of the model, to R. Roy who help with statistics leading to the computer simulation, to K.-W. Yau, D.W. Corson, and A.T. Ishida who read previous versions of this manuscript and made many suggestions.

References

[1] Baylor DA, Hodgkin AL (1973) Detection and resolution of visual stimuli by turtle photoreceptors. J Physiol 234: 163-198

[2] Baylor DA, Hodgkin AL (1974) Change in time scale and sensitivity in turtle photoreceptors. J Physiol 242: 729-758

[3] Baylor DA, Lamb TD, Yau K-W (1979) The membrane current of single rod outer segments. J Physiol 288: 613-634

[4] Baylor DA., Nunn BJ, Schnapf JL (1984) The photocurrent noise and spectral sensitivities of rods of the monkey Macaca fascicularis. J Physiol 357: 575-607

[5] Brucket F, Chabre M, Vuong TM (1992) Kinetics analysis of the activation of transducin by photoexcited rhodopsin. Biophys J 63: 616-619

[6] Burkhardt DA, Kraft TW, Gottesman J (1986) Functional properties off twin and single cones. Neurosci Res supp : S45-S58

[7] Chabre M, Antonny B, Bruckert F, Vuong TM (1993) The G protein cascade of visual transduction: kinetics and regulation. In: Ciba Foundation Symposium 176, pp. 112-124. Wiley, Chischester

[8] Dartnall HJA (1972) Photosensitivity. In: Dartnall HJA (ed) Handbook of Sensory Physiology, vol. VII/1, Photochemistry of Vision,Plenum New York, pp. 191-264

[9] Dumke CL, Arshavsky VY, Calvert PD, Bownds MD, Pugh Jr. EN (1994) Rod Outer Segment Structure Influences The Apparent Kinetics Parameters of Cyclic CMP Phophodiesterase . J Gen Physiol 103: 1071-1098

[10] Eckmiller MS (1987) Cone Outer Segment Morphogenesis: Taper Change and Distal Invaginations. J Cell Biol 105: 2267-2277

[11] Ertel E (1990) Excised patches of plasma membrane from vertebrate rod outer segments retains a functional phototransduction enzymatic cascade. Proc Natl Acad Sci 87: 4226-4230

[12] Ertel E (1994) Modulation of guanylate cyclase and phosphodiesterase by monovalent cations and nucleoside triphosphates in light-sensitive excised patches of rod outer segments. Pflugers Arch 428: 373-381

[13] Fain G (1976). Sensitivity of toad rods: dependence on wavelength and background illumination. J Physiol 261: 71-101

[14] Fesenko EE, Lelesnikov SS, Lyubarsky AL (1985) Induction by cyclic GMP of cationic conductance in plasma membrane of retinal rod outer segment. Nature 313 310-313

[15] Forti S, Menini A, Rispoli G, Torre V (1989) Kinetics of

phototransduction in retinal rods of the newt Triturus cristatus. J Physiol 55: 563-573

[16] Gillespie PG (1990). In: Beavo J and Houslay MD (ed) Cyclic Nucleotide Phosphodiesterase: Structure, Regulation and Drug action. John Wiley and Sons, New York.

[17] Gillespie PG, Beavo JA (1989) cGMP is tightly bound to bovine retinal rod phosphodiesterase. Proc Natl Acad Sci USA 86: 4311-4315

[18] Hamm HE, Bownds MD (1986) Protein complement of rod outer segments of frog retina. Biochemistry 25: 4512-4523

[19] Haynes L, Yau K-W (1985) Cyclic GMP-sensitive conductance in outer segment membrane of catfish cones. Nature 317: 61-64

[20] Harosi FI (1975) Absorption spectra and linear dichroism of some amphibian photoreceptors. J Gen Physiol 66: 357-382

[21] Hemila S, Reuter T (1981) Longitudinal spread of adaptation in the rods of the frog’s retina. J Physiol 310: 501-528

[22] Hood DC, Finkelstein MA (1986) In:Bolf KR, Kaufman L and Thomas JP (ed) Handbook of perception and human performance. John Wiley and Sons, New York

[23] Heck M, Hofmann KP (1993) G-protein-effector coupling: a real-time light-scattering assay of transducin-phosphodiesterase interaction. Biochemistry 32(32): 8220-8227

[24] Hodgkin AL, Nunn BJ (1988) Control of light sensitive current in salamander rods. J Physiol 403: 439-471

[25] Ichikawa K (1994a) Critical processes which characterize the photocurrent of retinal rod outer segment to flash stimuli. Neurosci Res 19: 201-212

[26] Ichikawa K (1994b) Transduction steps which characterize retinal cone current response to flash stimuli. Neurosci Res 20: 337-343

[27] Jacobs GH, Yolton, RL (1971) Visual sensitivity and color vision in ground squirrels. Vision Res 11: 511-537

[28] Kaupp B, Koch KW (1992) Role of cGMP and Ca2+ in vertebrate photoreceptor excitation and adaptation. Ann Rev Physiol 54:153-175

[29] Kawamura S (1993) Molecular aspects of photoreceptor adaptation in vertebrate retina. International Rev. Neurobiology 35: 43-86

[30] Koch KW (1992) Biochemical mechanism of light adaptation in vertebrate photoreceptors. TIBS 17: 307-311

[31] Kraft TW (1988) Photocurrents of cone photoreceptors of the golden-mantled ground squirrel. J Physiol 404: 199-213

[32] Kraft TW, Schneeweis DM, Schnapf JL (1993) Visual Transduction in human photoreceptors. J Physiol 464: 747-765.

[33] Koutalos Y, Nakatani K, Yau KW (1995) Cyclic GMP diffusion coefficient in rod photoreceptor outer segments. Biophysical J. 88(1): 373-382

[34] Lamb TD (1984) Effects of temperature changes on toad rod photocurrents. J Phsysiol 346: 557-578

[35] Lamb TD, McNaughton PA, Yau KW (1981) Spatial spread of activation and background desensitization in toad rod outer segments. J Physiol 319: 463-496

[36] Lamb TD, Pugh EN (1992) G-protein cascades: gain and kinetics. Trends Neurosci 15: 291-298.

[37] Liebman PA, Entine,G (1974) Lateral diffusion of visual pigment in photoreceptor disk membranes. Science 185: 457-459

[38] McQuarrie DA (1986) In:Woods JA (ed) Statistical mechanics. Harper and Row, Inc. New York.

[39] Miller JL, Korenbrot JI (1993) Phototransduction and adaptation in rods, single cones, and twin cones of the striped bass retina: A comparative study. Visual Neurosci 10: 653-667

[40] Molday RS, Molday LL (1987) Differences in protein composition of bovine retinal rod outer segment disk and plasma membranes isolated by a ricin-gold-dextran density perturbation method. J. Cell Biol. 105: 2589-2601

[41] Nakatani K, Tamura T, Yau KW (1991) Light Adaptation in Retinal Rods of the Rabbit and Two Other Nonprimate Mammals. J Gen Physiol 97: 413-435

[42] Olson A, Pugh EN (1993) Diffusion coefficient of Cyclic GMP in salamander rod outer segments estimated with two fluorescent probes. Biophys J 65: 1335-1352

[43] Perry RJ, McNaughton PA (1991) Response properties of cones from the retina of the tiger salamander. J Physiol 433: 561-587

[44] Poo MM, Cone RA (1974) Lateral diffusion of rhodopsin in visual receptor membrane. Nature 247: 438-441

[45] Pugh Jr. EN, Lamb TD (1993) Amplification and kinetics of the activation steps in phototransduction. BBA 1141: 111-149

[46] Raynauld JP, Gagne S (1987). Geometrical considerations predict the response of both vertebrate rods and cones following a single isomerization. Society for Neuroscience. Abstracts 13: 1398

[47] Roof DJ, Korenbrot JI, Heuser JE (1982) Suface of rod photoreceptor disk membrane: light-activated enzymes. J Cell Biol 95: 501-509

[48] Schnapf JL (1983) Dependence of the single photon response on longitudinal position of absorption in toad rod outer segments. J Physiol 343: 147-159

[49] Schnapf JL, Kraft TW, Baylor DA (1987) Spectral sensitivity of human cone photoreceptors. Nature 325: 439-441

[50] Schnapf JL, Nunn BJ, Meister M, Baylor DA (1990) Visual transduction in cones of the monkey Macaca fascicularis. J Physiol 427: 681-713

[51] Schnapf JL, McBurney RN (1980) Light-induced changes in membrane current in cone outer segments of tiger salamander and turtle. Nature 287: 239-241

[52] Schneeweis DM, Schnapf JL (1995) Photovoltage of Rods and Cones in the Macaque Retina. Science 268: 1053-1056

[53] Sitaramayya A, Harkness J, Parkes JH, Gonzalez-Oliva C, Liebman, PA (1985) Kinetic studies suggest that light-activated cyclic GMP phosphodiesterase is a complex with G-protein subunits. Biochemistry 25: 651-656

[54] Stryer L (1991) Visual Excitation and Recovery. J Biol Chem 266:

10711-10714

[55] Tamura T, Nakatani K,Yau KW (1989) Light Adaptation in Cat Retinal Rods. Science 245: 755-758

[56] Tamura T, Nakatani K, Yau KW (1991) Calcium feedback and sensitivity regulation in primate rods. J. Gen. Physiol. 98: 95-130

[57] Torre V, Straforini M, Campani M (1992) A quantitative model of phototransduction and light adaptation in amphibian rod photoreceptors. The Neurosciences 4: 5-13

[58] Walls GL (1963) in Vertebrate eye and its adaptative radiation. Hafner Publishing Co. New York, London.

[59] Yau KW (1994) Phototransduction mechanism in retinal rods and cones:

The Friedenwald Lecture. Inv Ophthal Vis Sci 35: 9-32