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Abstract We have used the post-bleach recovery of

the ERG a-wave to estimate the time-course of

regeneration of cone pigment, following bleaching

exposures far stronger than in a previous study. We

recorded the photopic electroretinogram a-wave from

two subjects, in response to dim red flashes delivered

following 1-min exposures to intensities ranging from

1.1 9 104 to 1.3 9 105 photopic cd m-2. The mea-

sured response amplitudes were ‘‘linearized’’ to derive

estimates of pigment level. These estimated pigment

levels were found to increase at an initially linear rate,

consistent with a ‘‘rate-limited’’ model of photopig-

ment regeneration. The extracted time-course was

similar to that previously reported in densitometric

studies of cone pigment regeneration after similarly

intense exposures. On the other hand, the rate of

regeneration was slower than measured in the same

subjects following less intense bleaches. These results

are consistent with the notion that cone pigment

regeneration is slowed following very strong bleach-

ing exposures, possibly as a result of depletion of a

pool of retinoid.

Keywords a-Wave � Cone � Electroretinogram

(ERG) � Pigment � Recovery

Introduction

Photopigment regeneration after bleaching depends on

a healthy interaction between the photoreceptor outer

segments and the retinal pigment epithelium (RPE)

and, in the case of cones, the Müller cells and cone

inner segments [1–5]; hence, the kinetics of pigment

regeneration can provide valuable information on the

function of the outer retina in health and disease.

Traditionally, pigment recovery has been assumed to

follow first-order kinetics, described by a single

exponential component [6–8]. However, deviations

from strictly first-order kinetics have been noted [9–

11], whereby longer time constants are needed after

larger bleaches.

In order to account for this kind of discrepancy in

scotopic dark adaptation data, a ‘‘rate-limited’’ model

of pigment regeneration was proposed [12], in which

the initial slope of regeneration was limited to an
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approximately constant rate, independent of bleach

level. If this is the case, and an exponential function is

forced to fit the data, the required time constant will be

found to increase with increasing bleach level.

The biochemical steps underlying pigment regen-

eration have been analysed by Lamb and Pugh [13],

and a mathematical model for rate-limited behaviour

has been described [13, 14]. One biophysical scenario

that was shown to lead to rate-limited regeneration

corresponded to the diffusion of 11-cis retinal from a

‘‘pool’’ of fixed concentration, via a resistive barrier,

to the photoreceptor outer segments, where it com-

bined with opsin. They showed that such a rate-limited

model provided a good fit to rod and cone pigment

regeneration data and also that it could explain the

‘‘S2’’ component of psychophysical rod dark adapta-

tion, in healthy individuals and in a number of disease

states [13].

Recovery of the electroretinogram (ERG) following

bleaching exposures has been measured in a number of

studies of human dark adaptation; these have included

recovery of: the flicker ERG [15–17], the scotopic a-

wave [18], the photopic a-wave [11, 14, 19] and the

scotopic b-wave [20, 21]. Some of these studies have

related ERG recovery to the kinetics of photopigment

regeneration, but the interpretation is complicated by

the fact that the ERG represents the summed electrical

activity of the retina and is affected by factors other

than simply the level of available photopigment.

In a previous study [14], we measured recovery of

the amplitude (measured at a fixed time after flash

presentation) of the photopic a-wave response to dim

flashes delivered following a range of bleaching

exposures. With certain assumptions (set out below,

and evaluated in the Discussion), we used these

amplitudes to estimate pigment levels. The deduced

recovery of pigment level following a range of

exposures could be fitted with the rate-limited model,

with recovery proceeding initially at an approximately

constant rate (i.e. linearly with time), irrespective of

bleaching intensity or duration.

We found that data from previous studies of cone

pigment regeneration using reflection densitometry

were also better fit by the rate-limited model, rather

than by a single exponential component. However, the

initial rates in the densitometry studies were lower

than those we found for the two subjects in our ERG

study. Potential explanations include inter-subject

variation as well as the possibility that the ERG

method using photopic dim flashes may not be a

reliable measure of cone pigment regeneration.

Another possible factor, proposed in our previous

study, is that regeneration rates may differ between the

fovea (which was the focus of the densitometry

studies), and when averaged across the whole retina

(as evaluated in the ERG recoveries). An additional

potential explanation stems from the fact that the

bleaching intensities used in the densitometry studies

(5.6–5.8 log photopic Td) were far higher than those

used in our ERG study, and it is possible that the initial

rate is slower following extremely intense bleaches.

The purpose of the present study was to investigate

recovery of the photopic dim-flash a-wave response in

the same two subjects as in the previous study,

following bleaching exposures up to 40 times stronger

than used previously. The experiments were performed

within 1–2 years after those of our previous study, so

any effects of ageing on recovery are expected to be

minimal. Our main findings are as follows: (1)

recovery after these very strong bleaches still appears

to follow an initially linear time-course, with the rate-

limited model providing a better fit than a single

exponential; (2) the deduced time-course of pigment

regeneration is very similar to that seen in densitometry

studies of cone pigment regeneration following

bleaches of similar strength; and (3) recovery is slower

than that recorded in the same subjects following less

intense exposures. This last observation is not consis-

tent with the biochemical model’s assumption of a

constant pool of 11-cis retinal and suggests that very

strong bleaches lead to slowed regeneration of pig-

ment, either by reduction in the pool of 11-cis retinal or

by some other mechanism. The possibility of depletion

of pigment stores has been proposed in the past [6, 22].

Methods

Subjects

The subjects were the authors, aged 25 and 55 at the

time of the experiments, with normal eyes apart from

minor refractive errors. Ethical approval was obtained

from the Cambridge Human Biology Research Ethics

Committee, and the study conformed to the Declara-

tion of Helsinki. The pupil of one eye was dilated with

two drops of 1 % tropicamide (dilated pupil diameter

around 7–8 mm).
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Bleaching

Bleaching was delivered to the test eye using a ‘‘mini-

ganzfeld’’ (as described by Thomas and Lamb [18]), a

small cylinder, painted internally white, illuminated

from an incandescent light source (with a yellow filter

to cut out UV light) via fibre optic cables. In the present

study, the luminance at the cornea (measured with an

IL1700 photometer, International Light) ranged from

1.1 9 104 to 1.3 9 105 photopic cd m-2. For a pupil

area of around 40 mm2, this corresponds to a retinal

illuminance of 4.4 9 105 to 5.2 9 106 photopic Td.

However, due to the Stiles-Crawford directional effect

[23], the effective retinal intensity is likely to have been

lower, and, taking an effective dilated pupil area of

20 mm2 (as used by Paupoo et al. [11]), we estimate

that the effective retinal illuminance ranged from

2.2 9 105 to 2.6 9 106 Td.

The eye was exposed to the bleaching light for

1 min, and the subject attempted to keep his eyelids

open throughout this time. The mini-ganzfeld (unlike

the main ganzfeld) was not fitted with a video camera,

so it was not possible to monitor the extent of eyelid

closure or pupil constriction during the exposure.

However, given the high intensity of illumination, we

expect that the bleach would still have been near total,

even with eyelid closure for part of the exposure (see

next section).

Estimation of bleach levels achieved

To estimate the level of cone pigment bleaching

achieved by the exposures, we can use inversion of

Eqn (A12) derived in [14]. However, it is simpler to

take advantage of the finding reported in Fig. 8 of that

paper, that for intensities of 3,000 cd m-2 or more, the

cone pigment level effectively reached steady-state

well before the end of our 60 s exposure. In this case,

the remaining fractional level of cone pigment, P0, is

given by Eqn (A16) of that paper, as

P0 ¼ v=rI ð1Þ

where v is the initial rate of regeneration following a

total bleach, r is the pigment photosensitivity, and I is

the light intensity; the fractional bleach is B = 1 - P0.

Using the values of v & 0.48 min-1 and r-1 &
700 cd m-2 min reported in [14], we calculate that

our bleaching intensities of 1.1 9 104–1.3 9 105

cd m-2 should have left only 3–0.3 % of the cone

pigment remaining, equating to bleaches of 97–99.7 %;

hence, they can be regarded as ‘‘near-total’’ bleaches of

cone pigment. For comparison, the cone bleaching

levels in our previous study ranged from 27 to 96 %.

In the case of rod pigment, we need to invert Eqn

(A12) of [14]. Substituting standard rod parameters of

v = 0.085 min-1 and r-1 = 106.8 Td s, as used by

Cameron et al. [20], we calculate that our 1-min

exposures would have bleached 98–99.6 % of rho-

dopsin. For comparison, the exposures used in our

previous study would only have bleached 14–75 % of

the rhodopsin.

Flash stimuli

Red flashes were delivered in the main ganzfeld

(described by Smith and Lamb [24]), using a xenon

flash gun fitted with a red filter (610 nm long pass). Dim

test flashes (0.40 photopic cd m-2 s) were delivered

before, and for several minutes after, each bleach-

ing exposure; they were arranged in sets of 15 flashes

every 10 s, at an inter-flash interval of 0.5 s, leaving a

3 s pause after the fifteenth flash to allow time for

blinking.

A dim background (38 scotopic cd m-2, corre-

sponding to approximately 1,600 scotopic Td), pro-

vided by a single blue LED (470 nm peak), was

presented throughout to saturate the rod photorecep-

tors and hence isolate cone-system responses.

An infra-red-sensitive video camera at the rear of

the main ganzfeld provided an image of the subject’s

eye and allowed the pupil diameter and possible eyelid

closure to be monitored [24].

ERG recording

A conductive fibre electrode, placed in the lower

conjunctival sac, was used to record ERG a-wave

responses to the flashes, as described previously [24].

Estimation of post-bleach pigment levels

from a-wave measurements

Our approach to estimating the pigment level assumes

that the observed reduction in post-bleach response

amplitude is due solely to the reduction in the effective

intensity of the flashes resulting from pigment deple-

tion. In the Discussion, we comment on the validity of

this assumption for photopic dim-flash responses.
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The compressive relation, rewritten from Eqn (7) of

Mahroo and Lamb [14], is

r

rmax

¼ 1� exp �P
Q

Q0

� �
ð2Þ

where r is the response amplitude (measured at some

fixed time after the flash), rmax is the maximal value, Q is

the flash quantity, Q0 is a constant, and P is the fractional

level of photopigment present. The values of rmax and Q0

were derived for each subject by recording responses to

flashes of different intensity (both dimmer and brighter

than the test-flash intensity) in dark-adapted conditions

in an experiment of the kind illustrated in Fig. 1 of [14].

If we denote rDA as the dark-adapted test-flash response

amplitude (i.e. when P = 1, either before, or upon

complete recovery after, a bleach), we can rewrite Eq.

(2) independent of Q/Q0 as

r

rmax

¼ 1� 1� rDA

rmax

� �P

: ð3Þ

Our ERG a-wave measurements can then be

transformed into ‘‘linearized’’ estimates of cone

pigment level, by inversion of Eq. (3), according to

Eqn (10) of [14], rewritten here as

P ¼ ln 1� r=rmaxð Þ
ln 1� rDA=rmaxð Þ : ð4Þ

Kinetics of recovery

In fitting the post-bleach pigment regeneration curves,

we chose to apply the fitting to the raw a-wave

measurements, by compressing the predicted recov-

eries for P according to the compressive relationship

measured prior to bleaching; that is, by substitution

into Eq. (3). This enabled us to avoid having to

transform the error bar estimates and thereby simpli-

fied our use of the least-squares fitting algorithm in

Origin (OriginLab Corp.). We employed two alterna-

tive descriptions of pigment regeneration kinetics:

either a single exponential, or the rate-limited formu-

lation, described, respectively, by Eqns (11) and (A6)

in [14]. Following the fitting procedure, we trans-

formed the raw amplitude data into the scale of

pigment level using Eq. (4) above.

In our previous fitting, the bleach level, B, was a

free parameter, but in the present study, the exposures

were so intense that it was appropriate to set B = 1.

For the exponential description, the pigment kinetics

are specified by a single free parameter: the time

constant of recovery, s. For the rate-limited descrip-

tion, there are potentially two free parameters spec-

ifying the pigment kinetics: v, the initial rate of

regeneration following a total bleach, and Km, the

fractional bleach at which regeneration proceeds at

half the theoretical maximal rate. As we found

previously [14], the best-fitting value of Km was

around 0.2, but changing Km between 0.1 and 0.3 only

weakly influenced the fits, so we chose to hold Km

constant at 0.2 as in our earlier study, and accordingly,

there was also only a single free parameter for the

kinetics in the rate-limited case. Thus, when fitting

either model, there were two free parameters: one for

the kinetics (s or v), and one for the final dark-adapted

amplitude (rDA); in addition, a third parameter (rmax)

described the degree of response compression, but as

its value had been determined in separate experiments,

it was not a free parameter in the least-squares fitting.

Results

Figure 1a plots ERG a-wave responses from subject

OARM to the dim red flashes after a 1-min exposure

to a 4.0 9 104 photopic cd m-2 bleaching light.

Responses are averaged from seven repetitions of the

experiment using identical exposures. The smallest

response was obtained immediately after extinction of

the bleaching exposure, while the larger responses

were obtained at progressively later times, up to 9 min

post-bleach. The remaining panels plot the post-

bleach time-course of recovery, either (in B–D) for

response amplitude, or (in E–F) after conversion to

our linearized estimate of pigment level. The lower

two panels on the left present the raw amplitudes

measured in each of the seven repetitions (B) and the

average amplitudes for the first two and the last two

repetitions (C); these controls will be considered

subsequently.

Figure 1d plots the amplitudes of the averaged

responses in panel A, measured over the indicated

window of 14–15 ms post-flash delivery, against post-

bleach time. On the assumption that the observed

reduction in response amplitude is due to pigment

depletion, we fitted the recovery predicted by the two

kinetic models for pigment regeneration, with com-

pression according to the response intensity relation

that had been measured for dark-adapted flashes (see
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Fig. 1 Averaged response amplitudes and estimated pigment

levels, following repeated bleaching exposures at a single

strength, for subject OARM. a averaged responses to dim red

flashes (0.4 photopic cd m-2 s) following a 1-min bleaching

exposure to yellow light of 4.0 9 104 photopic cd m-2. Pupil

diameter *8 mm; estimated cone pigment bleach [99 %.

Traces are averaged over successive time windows of 20 s

(i.e. they include two groups of 15 responses to flashes at 0.5 s

intervals), and over 7 repetitions of the exposure; hence, each

trace is the average of up to 210 responses. All measurements of

response amplitude in subsequent panels were made over the

indicated window, 14–15 ms after flash delivery. b raw response

amplitudes for the seven separate repetitions used for

a. c Response amplitudes averaged from the first two (filled
squares) and the last two (open squares) of the seven repetitions

used for a. Error bars plot S.E.M. d points plot the amplitudes

(mean ± S.E.M.) of the traces in a, as a function of post-bleach

time. The S.E.M. here is calculated for up to 210 responses, that

is, taking into account all 7 exposures. The curves plot the least-

squares best fits obtained, assuming a full bleach (B = 1) and

with response compression according to Eq. (3) using the

measured rmax = -17 lV (see ‘‘Methods’’ section), when

pigment regeneration followed either of two kinetic forms, as

follows. Red curve single exponential (rDA = -11.0 lV and

s = 2.30 min or s-1 = 0.43 min-1). Solid black curve rate-

limited recovery (rDA = -10.6 lV, Km = 0.2, v = 0.32

min-1). Dashed curve rate-limited recovery with v constrained

to 0.5 min-1. e,f points plot estimates of pigment level

transformed from d using Eq. (4), and curves plot the kinetics

of pigment regeneration for the parameters fitted in that panel.

e Exponential pigment regeneration kinetics. f Rate-limited

pigment regeneration kinetics. The points differ slightly

between the panels because fitting with the two models gave

slightly different estimates of rDA
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‘‘Methods’’ section). The red curve plots the best fit to

the measured recovery on the assumption that pigment

regenerates as a first-order process (single exponen-

tial)—the legend gives the value of the time constant,

s, and also its reciprocal, the rate constant, s-1, to

facilitate comparison with the rate parameter of the

rate-limited model, v, which also has units of min-1.

The solid black curve is the best fit on the assumption

of rate-limited regeneration. The rate-limited model

appears to provide a better fit visually, and this is

confirmed by the chi-square goodness of fit parameter

(0.87 for the rate-limited and 1.90 for the exponential,

with 22 degrees of freedom in both cases).

It is interesting that the magnitude of the initial rate

v, determined as 0.32 min-1, is considerably (36 %)

lower than the value of 0.5 min-1 that we found

previously [14] for this subject (OARM), across a

range of lower bleach strengths (exposure durations

ranging from 5 s to several minutes, and intensities

ranging from 700 to 3,000 cd m-2). For comparison,

the dashed black curve plots the best-fitting rate-

limited recovery when the initial rate v was constrained

to be 0.5 min-1; this curve clearly provides a poor fit.

The raw measurements of response amplitude in

Fig. 1d may be converted to predictions of pigment

level, by transforming according to Eq. (4) as shown in

the lower panels on the right. Note, though, that our

curve-fitting was always done in terms of the raw

amplitudes, to avoid the need to transform the error bar

estimates. Figure 1e plots the fit of pigment recovery

obtained using a single exponential, while Fig. 1f

plots the fit for the rate-limited model. Again, the

superiority of the fit obtained using the rate-limited

model is apparent by visual inspection.

Our finding that the initial rate of recovery for very

strong bleaches is lower than we previously found using

a range of weaker bleaches suggests that very strong

bleaches lead to a slowing of pigment regeneration,

possibly as a result of depletion of some pool of retinoid

(see ‘‘Discussion’’ section). In this case, the question

arises as to whether the seven bleaches that we delivered

in the experiment of Fig. 1 had cumulative effects; for

example, through successive reductions in the pool.

This possibility is explored in the lower panels on the

left of Fig. 1. Figure 1b superimposes the recovery of

response amplitude from each of the seven individual

exposures. The later recoveries are not obviously

different from the earlier ones. Figure 1c attempts to

improve the signal-to-noise ratio by averaging

separately the first two and the last two exposures.

The comparison here is a little clearer, and one can more

confidently assert that the last two recoveries are not

appreciably slower than the first two—if anything they

may be a little faster, although within the bounds of

error. We conclude that the effect of a very strong

bleach, in eliciting slower regeneration than seen after

smaller bleaches, is not augmented by further repeti-

tions of that bleach at intervals of 10–15 min.

Comparison with previous densitometry data

The bleaching intensity in the present study is similar

to that used in some previous studies of cone pigment

regeneration using retinal densitometry. The open

squares in Fig. 2 re-plot the densitometry measure-

ments from Fig. 2 of van Norren and van der Kraats

[25] following a 2-min exposure to 5.6 log photopic

Trolands. In the present study, the exposure for subject

OARM was for 1 min at 5.9 log photopic Td

(assuming an effective pupil area of 20 mm2), which

yields almost exactly the same integrated exposure, of

7.7 log photopic Td s, and an estimated bleach level

of [98 %. The filled squares in Fig. 2 re-plot our

estimates from Fig. 1f of the pigment level following

this exposure, and it can be seen that the recoveries
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Fig. 2 Comparison of recoveries measured using the ERG and

using retinal densitometry. Filled symbols re-plot the estimates

of cone pigment recovery from Fig. 1f, using the right-hand

ordinate. The 1-min exposure to 4.0 9 104 cd m-2 corresponds

to *5.9 log photopic trolands (assuming an effective dilated

pupil area of *20 mm2 after adjustment for the Stiles-

Crawford effect). Open symbols re-plot the densitometry

measurements from Fig. 2 of van Norren and van de Kraats

[25], using the left-hand ordinate, and were obtained after a

2-min exposure to 5.6 log photopic trolands. The ordinates have

been scaled such that a density of 0.42 corresponds to a full

complement of pigment
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obtained using densitometry and the ERG are very

similar. The densitometric readings are fairly direct

measurements of pigment level, whereas our approach

involves certain assumptions in estimating the pig-

ment level from ERG responses (see ‘‘Discussion’’

section), including the assumption that post-receptoral

signals are similar before and after the bleach. The

similarity between the two measures of recovery

supports the notion that our method indeed yields an

estimate of the post-bleach recovery of pigment levels.

Exposures of different intensity

Figure 3 shows recoveries for subject TDL following

1-min exposures to three different levels of intense

bleaching illumination (1.1 9 104, 4.4 9 104 and

1.3 9 105 cd m-2). The symbols plot response ampli-

tude, measured at a fixed time after flash delivery, as a

function of post-bleach time. The left-hand panels show

the fit to recovery assuming that pigment regenerates

according to the rate-limited model—with v constrained

to be the same for all three bleach strengths, and with Km

held at 0.2 (see ‘‘Methods’’ section); the right-hand

panels show the fit according to a single exponential, with

the time constant constrained to be the same for all three

bleach strengths. Once again, the rate-limited model

provides a closer fit visually, and the chi-square goodness

of fit parameter confirms this (1.25 for the rate-limited,

and 2.52 for the exponential, with 66 degrees of freedom

in both cases). The rate v that fitted these recoveries best

was 0.39 min-1, again considerably (17 %) slower than

the rate of 0.47 min-1 found for the same subject across a

range of lower intensity bleaching exposures (ranging

from 5 s to several minutes in duration, and between 500

and 3,000 cd m-2 in intensity) [14].

If the rate v varies with bleaching level, then it may

not be valid to constrain the value of v to be the same

for the three different exposure intensities in Fig. 3.

By visual inspection, it does appear that recovery from

the least intense of these backgrounds (top row) is

marginally faster than that from the higher intensity

backgrounds. However, the scatter in the data pre-

cludes a firm conclusion in this regard.

Discussion

The results of this study support the notion that cone

pigment regeneration, as estimated using the ERG

photopic dim-flash response, follows rate-limited rather

than exponential kinetics, proceeding at an initial rate

that is approximately constant. However, the limiting

rate appears to be markedly lower (by 17–36 %) for very

strong exposures, of the order of 104 to 105 cd m-2

viewed through a dilated pupil for 1 min, than for

smaller bleaches. The estimated kinetics are very similar

to those from previous studies of cone pigment recovery

using reflection densitometry.
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Fig. 3 Recoveries following bleaching exposures of different

intensities for subject TDL. Points plot amplitudes (mean ±

S.E.M.) of responses to the dim red flashes (delivered according

to the protocol in Fig. 1) following 1-min exposures to three

intensities (1.1 9 104, 4.4 9 104 and 1.3 9 105 photopic

cd m-2); pupil diameter *7 mm. Points are averaged over

successive time windows 20 s wide, and over three repetitions of

each intensity, so each point is averaged from up to 90 responses.

In the left-hand panels pigment regeneration was assumed to

follow rate-limited kinetics (Km = 0.2, v = 0.39 min-1, B = 1

for all recoveries). In the right-hand panels, a single exponential

process was assumed (s = 1.85 min, corresponding to

s-1 = 0.54 min-1, and B = 1 for all recoveries). In determining

the best fits, response compression according to Eq. (3) was

applied, using the measured value of rmax = -26 lV
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In our earlier study [14], we commented on the

finding that a lower rate was needed to fit pigment

regeneration data from densitometry studies compared

to recovery measured using our ERG approach and

speculated that regeneration might be slower in the

foveal or parafoveal region (the focus of the densi-

tometry studies) than when averaged across the whole

retina (as assessed by the ERG study). However, in

light of our new results, we feel it more likely that the

discrepancy resulted from differences in the strength

of the bleaches between the two studies.

Use of the photopic a-wave to estimate pigment

levels

The photopic dim-flash a-wave response, measured at

14–15 ms post-flash, is generated in part by the cone

photoreceptors, together with a substantial, possibly

greater, contribution from OFF-bipolar cells [26]. The

assumption in this study has been that the reduction in

post-bleach amplitude is due entirely to a reduction in

the effective intensity of the flashes, as a result of

photopigment depletion. Other factors that could also

account for the reduction in amplitude and thus affect

the validity of our assumption are as follows: changes

within the photoreceptors themselves (outer or inner

segment), or within the OFF-bipolar cells, or at the

synapse linking them.

Changes within the photoreceptor outer segments

that might influence the interpretation would include

reduction in photoreceptor circulating current, reduc-

tion in the amplification of the activation phase of

phototransduction, or a speeding up of recovery of

the photoresponse. In rods, light-generated products

(metarhodopsins and opsin) activate the phototrans-

duction cascade in darkness, eliciting an ‘‘equivalent

background’’ that can desensitize the rods. As there is

emerging evidence that similar activation and desen-

sitization may occur in amphibian cones [28, 29], we

now consider the situation in human cones. Cone

photoreceptor circulating current, as assessed with

bright-flash ERG a-wave responses, is reduced

during a bleaching exposure, but (in contrast to rod

current) has been shown to recover extremely rapidly

following such exposures [11], so would be expected

to be back to the dark-adapted level in the post-

bleach period. Thus, in contrast to rods, the equiv-

alent photoproducts in cones either do not cause a

reduction in circulating current or are removed so

rapidly that the current is able to recover immedi-

ately. Regarding the amplification of the activation

phase of the photoresponse, we have no reason to

expect any reduction in this in cones following such

bleaching exposures, although this has not been

explicitly tested; human rod responses do not appear

to show a reduction in amplification during or after

bleaching exposures [18]. Thirdly, considering the

recovery phase of the photoresponse, although this

does accelerate with bright light and may remain

accelerated following extinction of the bleaching

light, our amplitude measurements were made at an

early time (14–15 ms) after flash delivery, where any

acceleration of the recovery phase should have little

influence.

It has been shown that the peak/sag nature of the

ERG a-wave is determined in part by capacitive

currents [27], in addition to conductance changes in

the photoreceptor inner segment and axon, and so any

post-bleach modification of these contributions might

have some effect. However, at least in the case of rods,

these changes only cause significant effects at times

after the peak of the a-wave, so that the scotopic a-

wave faithfully reflects outer segment current almost

until the peak. We are therefore assuming it is unlikely

that post-bleach changes in such contributions would

significantly affect the cone a-wave at our early

measurement times. The similarity in shape of

post-bleach responses, compared with pre-bleach

responses to dimmer flashes [14], lends support to

this assumption.

Another possible confounding factor is the OFF-

bipolar cell contribution. Should the gain of cone to

bipolar cell transmission change after a bleach, this

would affect our interpretation of the a-wave

responses. We addressed this previously [14], by

estimating recovery using the bright-flash a-wave,

measured at extremely early times following the flash,

when the post-receptoral contribution is expected to be

minimal. We found that the recovery was very similar

to that obtained using dim flashes. Our assumption is

that this finding also holds for the very intense

exposures used in the present study, although this

has not been explicitly tested.

Finally, the close correspondence between the

recovery that we derived from the ERG and that

previously derived using reflection densitometry

(Fig. 2) would also suggest that our measurements

do indeed estimate pigment recovery.
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Slowed rate of regeneration

The finding that cone pigment appears to regenerate

more rapidly following smaller or shorter bleaches is

not new. Rushton and Henry [6] proposed a readily

accessible store of 11-cis retinal as one possible

explanation of rapid regeneration following a short

bleaching exposure. Smith et al. [9] presented data

consistent with the rate of regeneration increasing as

the proportion of bleached photopigment decreased,

and the Rushton-Henry proposition of depletion of a

store 11-cis retinal was invoked later to explain such

observations [22].

Although a rate-limited model of pigment regener-

ation satisfactorily explains the form of the recovery

kinetics observed previously for bleaches of cone

pigment from less than 30 % to more than 90 % [14],

the present study shows that it does not provide a

complete description that extends to even higher

levels. After very strong bleaches, the initial rate of

recovery appears to be lower, though the data are still

better fitted by the rate-limited expression than by an

exponential recovery.

Lamb and Pugh [13] proposed a biophysical basis

for rate-limited regeneration, in which the delivery of

11-cis retinal to the outer segments is limited by

diffusion from a pool of constant concentration in the

retinal pigment epithelium (RPE). In this model, the

initial rate v of recovery following a total bleach is

proportional to C/R where C is the concentration of

11-cis retinal in the RPE pool, and R is the resistance to

its movement between the pool and the photoreceptor

outer segments. Thus, a reduction in rate, seen after

very strong bleaches, might be explained by a

reduction in C and/or by a rise in R. We feel that

depletion of C is more likely, as there is no particularly

reason to suspect any change in resistance to retinoid

movement. In future, it might be possible to test the

potential role of pool depletion versus resistance by

examining the slope of the ‘‘S2’’ component of cone

psychophysical dark adaptation, because this slope is

predicted to be affected only by C and not by R [13].

It is important to bear in mind that the specific

biophysical model mentioned in the previous para-

graph is only one of several potential mechanisms that

could underlie the observed limitation to the rate of

pigment regeneration. Other likely explanations

would include possible rate limitations in the chain

of enzymatic reactions producing 11-cis retinal.

Hence, it is entirely possible that the reduced rate of

regeneration observed after very strong bleaches

might be caused by a reduction in the concentration

of a retinoid species other than 11-cis retinal (for

example, 11-cis retinol or retinyl ester).

The near-total bleaches (97–99.7 % of the pigment)

in our present study elicited a regeneration rate v that

was around 17–36 % lower than we found in our

previous study [14] where we estimated the strongest

exposures to have bleached 89 and 96 % for the two

subjects. It may at first seem surprising that a relatively

modest increase in fractional bleach level could elicit

such a substantial change in regeneration rate, but we

think that factors other than just the bleach level may

be involved. For example, the concentration of 11-cis

retinal in the rod outer segments is expected to have

been around tenfold lower initially, and it is conceiv-

able that this could have led to some transient

alteration of the outer segment properties. Alterna-

tively, the intense bleach may have had some other

effect, perhaps through a direct action on any of the

proteins of the retinoid cycle, or possibly by affecting

another protein in the RPE such as RGR (see [30]).

Location of the presumed pool of retinoid

It is now known that, in contrast to rods that have

access only to 11-cis retinal from the RPE, cones have

access to an additional source of 11-cis retinol from

Müller cells [1] and further that cones, but not rods,

can convert 11-cis retinol to retinal. A recent study in

salamander retina has suggested that this pathway

appears to have comparable capacity to the more

conventional RPE pathway [3]. Might the existence of

this second pathway help explain our finding of a

lower rate of cone pigment regeneration after

extremely strong bleaches?

One possibility we suggest is that the strong

bleaches used here lead to a reduction in the extent

to which the cones can access retinoid from the RPE

pool. This might result from depletion of the RPE store

of retinoid, due to the much higher level of rod bleach

(see ‘‘Methods’’ section for estimated levels). Alter-

natively, it might result from greater competition for

the available RPE pool from the heavily retinoid-

depleted rods, which are far more numerous than the

cones. On this basis, the regeneration of cone pigment

after very strong bleaching of the rods may depend

primarily on the Müller cell and cone inner segment
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pathway, with a reduced contribution from the RPE

pathway. The finding that regeneration rates are

similar after seven repetitive intense bleaches

(Fig. 1b, c) suggests that the retinoid pool available

for cone pigment regeneration in such conditions is

completely restored within 10–15 min of dark adap-

tation (the repetition interval between the bleaching

exposures). If this restoration time was much more

rapid than the regeneration time for rhodopsin, then it

might indicate that the cones are only weakly reliant

on the RPE pathway. However, we are unable to make

such an assertion, because the rhodopsin regeneration

time is in fact comparable, with more than 95 %

regenerating within 15 min of a total bleach (see

Fig. 9 of [13]).
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