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ABSTRACT OF THE THESIS 
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Professor Gordon Fain, Chair 

 

 

Sensitivity and dynamic range are two important characteristics of sensory receptors in the 

nervous system that define the physiological role of these cells. Rod cells in the retina of a mouse 

have the ability to detect very dim lights by closing cyclic-gated nucleotide channels. This 

extreme sensitivity would be impractical if the dynamic range on these cells was limited. 

Adaptation is a process by which the sensitivity of the transduction cascade is adjusted so cells 

can function within broader ranges of stimuli. Electrical recordings of circulating currents have 

been used to show that in the presence of steady background light, rods are desensitized so that 
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saturation doesn’t occur, and they remain responsive to increments and decrements of 

illumination. Furthermore, changes in calcium concentration have been proposed to mediate 

modulations of various molecules within the transduction pathways. In this project, we 

investigated the time course of desensitization and recovery in adaptation using suction electrode 

recording. We were able to show, desensitization at various ranges of adapting light, as 

manifested by the fact that reduction in sensitivity acceleration of recovery is already present at 

500 ms. We also demonstrated that in recovery from adaptation, sensitivity of the rod returns 

back to its dark-adapted levels within 2 seconds. The persistence of adaptation in the form of 

acceleration of recovery was present with extremely dim lights and the time constant of its 

recovery to dark-adapted levels was dependent on the intensity of the background light. 
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INTRODUCTION 

 

Sensory receptor stimulation results in electrical responses that will travel along the afferent 

fibers to higher levels of our nervous system. These responses are usually graded, which means 

their amplitude increases proportionally with the intensity of the stimulus. The magnitude of this 

proportionality varies as the mean level of stimulation is altered. This process, known as neural 

adaptation or sensory adaptation, is a change in the responsiveness of the sensory system to a 

constant stimulus over a period of time. It usually results in an alteration in the amplitude of the 

receptor potential, which in turn modulates the amount of neurotransmitter released onto the 

second-order neuron thereby regulating the level of it’s activity (Burns and Baylor 2001).  

Vertebrate photoreceptors respond to changes in light intensity over an enormous range 

of ambient light levels. Rod cells, which are responsible for detection of dim lights, can signal 

the absorption of a single photon of visible light by their photopigment rhodopsin (Baylor, Lamb 

et al. 1979). The same cells remain responsive to bright intensities that can activate 103-104 

rhodopsins s-1 (Pugh, Nikonov et al. 1999; Pugh and Lamb 2000). It is through the process of 

adaptation that the photoreceptors are able to detect objects at nearly constant contrast despite 

dramatic changes in the intensity of ambient illumination. 

One of the hallmarks of phototransduction in rods is its extreme sensitivity. This is 

achieved through a highly regulated, multistep amplification process that results in a significant 

increase in the signal gain. When a molecule of rhodopsin absorbs a photon of light in the outer 

segment of vertebrate photoreceptor, 11-cis retinal, which is the chromophore embedded within 

the protein, undergoes isomerization and becomes all-trans. The shift in the structure of this 

molecule results in a conformational change within rhodopsin. The photo-excited rhodopsin, 
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which drives the amplification of the phototransduction cascade, activates many copies of the 

heterotrimeric G protein transducin (GT). Each activated transducin stimulates the activity of the 

effector, phosphodiesterase (PDE), which hydrolyses many cytoplasmic cGMP molecules in a 

next phase of amplification. PDE continues to hydrolyze and decrease the internal concentration 

of cGMP for as long as transducin remains in its active GTP-bound state. The reduction in 

concentration of cGMP via light activated PDE results in the closure of cGMP-gated cation 

channels in the plasma membrane, and this decrease in inward current hyperpolarizes the cell 

and constitutes the photoresponse (for a complete review of the phototransduction and 

mechanisms of adaptation refer to Fain et al. 2001).   

The recovery of the light response is not achieved unless the activated components of the 

cascade are turned off and the concentration of intracellular cGMP is returned to its pre-

stimulated levels. Phosphorylation of rhodopsin and binding of arrestin to this molecule as well 

as hydrolysis of GTP to GDP in transducin prevents further activation of PDE. The re-opening of 

the cGMP-gated cation channels is achieved through the activity of guanylate cyclase. This 

enzyme is responsible for the synthesis of cGMP from GTP and restores the dark current to its 

basal level.  

In frogs a single photoactivated rhodopsin produces approximately 150 transducin 

molecules per second. Each activated transducin stimulates the activity of a single catalytic 

subunit of PDE, and each activated PDE hydrolyzes several hundred molecules of cGMP per 

second (Leskov, Klenchin et al. 2000). 

A single photon response at its peak, which occurs about 1 second after the absorption, 

can close about 5% of the channels. Assuming photoreceptors simply summed the effects of each 

photon absorbed by rhodopsin molecules, less than 100 activated rhodopsins per second would 
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lead to the closure of all the light sensitive channels and would render the rods unresponsive to 

further stimulation by lights (Calvert, Govardovskii et al. 2002).  

Through a process of cellular adaptation, rods alter these primary cascade interactions in 

a manner that causes a decrease in the cell’s sensitivity and speeds up the its kinetics. These 

changes are achieved through calcium dependent and independent regulation of the components 

of the signaling cascade (Fain 2001). Exposure to steady light and closure of the channels results 

in a decrease in the intracellular concentration of calcium. The decrease in calcium concentration 

activates an array of feedback mechanisms regulating phototransduction. Reduction in calcium 

increases the rate of cGMP synthesis by guanylate cyclase (Koch and Stryer 1988). It decreases 

the sensitivity of cationic channels for cGMP (Hsu and Molday 1993) and accelerates rhodopsin 

deactivation by increasing the rate of its phosphorylation by rhodopsin kinase (Kawamura 1993). 

In addition, steady-state activity of PDE is decreased in the presence of background light (Fain 

2011). These changes collectively increase cGMP turnover and result in reduction of sensitivity 

and speeding of the response kinetics of rods (Hodgkin and Nunn 1988; Nikonov, Lamb et al. 

2000; Woodruff, Janisch et al. 2008).  

In 2003, Krispel et al. reported a novel form of adaptation in mouse rods that persists 

long after exposure to a saturating ambient light is extinguished. This adaptation was 

accompanied by a marked speeding of the recovery of the response. They showed that the rate of 

the rise of the response did not decrease the persistence of the adaptation, and they then argued 

that the change in recovery time cannot be attributed to a decrease in the gain of transduction and 

must be caused by the acceleration of the step that rate-limits recovery. In the assessment of gain 

of response, instead of a direct measurement of sensitivity, they used an unusual approach of 

comparing the normalized current responses to moderately bright sub-saturating flashes before 
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and after the steady light exposure. This calculated ratio of current does not accurately represent 

the gain of phototransduction. Also, in their method of evoking adaptation they utilized 

continuous bright saturating lights to evoke adaptation in mouse rods. The prolonged use of these 

lights can result is significant bleaching of photopigment, which can desensitize the cell by 

activation of transducin without the presence of activated rhodopsin (Barlow 1964).  

In this project we investigated the time course of desensitization and recovery in 

adaptation using suction electrode recordings of mouse rods. We took advantage of the more 

traditional measurement of sensitivity (responses to dim flashes of light divided by to the 

intensity of the stimulated light) in these cells and demonstrated that at various ranges of 

adapting light, desensitization as manifested by the reduction in gain and acceleration of 

recovery is already present after 500 ms of initiation of background illumination. We also 

demonstrated that after the turn off of this adapting light, sensitivity of the rods returns back to 

its dark-adapted levels within 2 seconds. The persistence of adaptation in the form of 

acceleration of recovery as demonstrated by Krispel using saturating lights was present at even 

extremely dim lights, and the time constant of its recovery to dark-adapted levels was dependent 

on the intensity of the background light.  
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MATERIALS AND METHODS 

 

Animals and Tissue Extraction  

Experiments were performed in accordance with rules and regulations of the NIH guidelines for 

research animals, as approved by the institutional animal care and use committee of the 

University of California, Los Angeles, USA. Mice were from 3-6 months of age and were WT 

C57BL/6, obtained from Jackson Laboratory (Bar Harbor, ME, USA). They were kept in 

approved cages, supplied with ample food, and maintained under cyclic 12-on-12-off lighting. 

All the animals were dark adapted prior to every experiment for at least 3 hours. They were 

sacrificed by decerebration, and the eyes were enucleated under a dim red light. The anterior 

portion of the eye was cut and the lens and cornea were removed under infrared illumination 

with infrared image converters. The retina was isolated from the eyecup; the retinal pigment 

epithelium was removed with fine tweezers, and the retina was chopped into small pieces with a 

razor blade. The pieces were then transferred to the recording chamber with a pipette in complete 

darkness by means of night-vision infrared goggles (American Technologies Network Corp.). 

 

Solutions 

During recording the rods were continuously perfused with DMEM (catalog #DD-2902, Sigma) 

supplemented with 15mM NaHCO3, 2mM Na succinate, 0.5mM Na glutamate, 2mM Na 

gluconate, 5mM NaCl and 20µM EDTA. The solution was also bubbled with 5% CO2, pH7.4. 

Prolonged exposure to a bright light can lead to accumulation of retinoid within the retina, which 

is deleterious to the cell. In order circumvent this possibility, 0.1% BSA along with 10mM 

glucose and 5mM Na ascorbate were added to the solution used for dissection and temporary 
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storage of the retinal pieces.  

The recording electrodes were filled with Locke’s solution, which contained 140mM 

NaCl, 3.6mM KCl, 2.4 MgCl2, 1.2mM CaCl2, 20 µM EDTA, 10mM glucose, 3mM HEPES and 

5mM Na ascorbate at pH 7.4. 

 

Pipette electrode 

Fire polished borosilicate glass (Shutter Instrument Co.) with an inner diameter of 0.86 mm was 

pulled with a micropipette puller (Shutter Instrument co.), to produce pipettes with rapidly 

tapering shanks. We viewed the tip under a compound microscope and moved the pipette close 

to a platinum heating wire until the tip had melted to an inner diameter of approximately 1.5 µm. 

This was close enough to provide a good seal onto mouse rods, which have a diameter of about 

1.4-1.5 µm. Smaller pipettes damage the integrity of the membrane after the cells are pulled 

inside, and larger diameter pipettes produce noisy recordings. The resistance of a good pipette 

when filled with solution was about 3-4MΩ.   

 

Suction electrode recording 

Single rod photocurrents were recorded with the suction-electrode technique (Baylor, Lamb et al. 

1979). The recording chamber was stabilized on the stage of an inverted microscope, and the 

entire apparatus was enclosed in a light-tight Faraday cage. Infrared illumination and a closed-

circuit television system were used to locate cells suitable for recording. The outer segment of 

the rod was pulled into a suction electrode, and the change in membrane current was recorded 

with a current-to-voltage converter (Axopatch 200A; Axon Instruments, Inc.). Recordings were 

low-pass filtered at 30 Hz with an 8-pole Bessel filter (Kemo Limiterd Electronic Filters) and 
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sampled at 100 Hz. Digitized data were recorded via Clampex 8.0 and were analyzed on Origin 

Pro7.5.  

Rods were stimulated with a dual-beam optical bench with FCR 12V 100W halogen lamp 

bulbs (Ushio), whose outputs were passed through 500-nm interference filters. The intensity of 

the light was attenuated and controlled with absorptive neutral density filters. The light was 

calibrated by means of a 3 mm pinhole placed along its path and a digital silicon photodiode 

(UDT Instruments, San Diego, CA, USA, formerly Graseby Optronics). An electronic shutter 

(UniBlitz Model D122) under the command of a pulse generator was used to control light 

exposures. 

 

Adaptation protocol 

To measure the time constant of initiation and turn off of adaptation, cells were exposed for two 

minutes to steady adapting light (at intensities in photons µm-2 ranging from 12 to 1354). For 

each dark-adapted cell before beginning the adaptation protocol, an initial flash at the same 

intensity of the rest of the test flashes was given to obtain a reference point against which 

measured parameters were compared.  

After the adapting light was turned on, a dim test flash with an intensity of 158 photons 

µm-2 and duration of 20 ms was introduced at different time points on top of the ambient light. 

At the end of 2 minutes, this adapting light was turned off, and the test flashes were reintroduced 

at the same time points. Sensitivity, integration time and recovery time were compared to the 

initial dark-adapted flash. Stimulation of each cell always proceeded from dim to bright adapting 

lights. A complete set of data was obtained with dim, medium and bright adapting light. Each 

cell was used in a maximum of three rounds of recording, and data from the three rounds were 



  8 

averaged and used for analysis. 

 

Estimation of percent bleach 

The fraction of pigment bleached was estimated from: 

 F = 1- exp (− IPt) (1) 

where F is the fraction bleached, I the intensity of the bleaching light, t the time of exposure of 

the bleaching light and P the photosensitivity of an isolated mouse rod of 5.7 x 10-9 µm2 as 

previously determined (Woodruff, Lem et al. 2004).  

 

Measurements of sensitivity of the rods 

Adaptation in photoreceptors is a process by which cells adjust their sensitivity and kinetics 

through modulation of the signal transduction pathway. A valid analysis of this process requires 

direct measurement and quantification of parameters that reliably characterize these 

characteristics of the cell. When recording the photoresponse from a single rod, stimulation 

results in closure of cGMP-gated cation channels and hyperpolarization of the outer segment 

membrane as a result of reduction in the inward current of these cells. As the intensity of the 

stimulus light is increased, more channels will close. When a bright enough light is used to close 

all the channels, the cell becomes saturated and the recorded value of current (it’s maximum 

value) is known to be equivalent to the circulating current or the dark current (Baylor, Lamb et 

al. 1979). Increasing the intensity of the light further has no effect on the value of the dark 

current but maintains the cell is saturation for longer times (Fig.1A).  

When peak amplitude of the current response is plotted against the logarithmic value of 

the light intensity used to elicit that response, the data can be fit with a general three-parameter 
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logistic equation (more commonly known as the sigmoidal equation). This equation has the 

following general form: 

 Y = A2 + (A1-A2)/(1+exp (X-X0)) 

 

(2)  

A1 is the Y value at the top plateau, A2 is the Y value at the bottom plateau and X0 gives  the 

value of X when the response is halfway between the top and the bottom.  

In the analysis of photoresponses at various intensities of light, Y is the value for current 

in pA, X is the log of intensity of light at photons µm-2, A1 is the maximum current also known 

as the dark current, and X0 is the intensity of light used to generate a response at half saturation 

(I1/2).  

In electrophysiological recordings from light-stimulated rods, this value for I1/2 is 

routinely used as a measure of the cell’s gain in phototransduction. Calculating this number is 

however not easily achieved in all experimental protocols.  To generate a well-fit sigmoidal 

curve requires data at wide ranges of intensities, which may not be always possible. As a result, 

an alternative approach can be adopted. At current values approximately 20% below the peak 

current response, current and intensity display a linear relationship (black line through the 

bottom three data points in Fig.1B). The slope of this line measures the change in current in pA 

as a result of the change in the intensity of light. This ratio is a representation of the gain and 

sensitivity of the photoreceptor. In our experiments, we stimulated rods at various times in the 

presence or absence of a continuous background light of different intensities. To measure 

changes in sensitivity, we used test flashes at intensities that would generate currents that were 

below 20% of the cell’s maximum dark current value. The generated values fell within the linear 

portion of the intensity response curves and allowed us to measure sensitivity by dividing the 
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maximum amplitude of response by the test flash intensity.  

 

Measurement of rod response kinetics 

A widely used parameter for measuring the kinetics of photoreceptors is their integration time. 

Its value reflects the duration of the signal from initiation to termination. It is measured by 

dividing the area under the response curve by the maximum amplitude of the generated current. 

The termination phase of photocurrent and the recovery of the dark current in mouse rods 

normally follows a time course well fitted by a single exponential function. The time constant of 

this decay function, known as τrec, reflects the slowest or the rate limiting step in deactivation of 

the phototransduction cascade (Lyubarsky and Pugh Jr 1996; Chen, Burns et al. 2000; Krispel, 

Chen et al. 2006) and is widely used as one of the parameters reflecting the kinetics of the rods. 

 

Statistical Analysis:  

The results are expressed as means ± SEM. Continuous variables were compared by means of a 

two-tailed student’s T test for unpaired variables. Asterisks and crosses in the figure panels refer 

to statistical probabilities, measured in the various experimental conditions as detailed in the 

figure legends. Statistical probability values of less than 0.05 were considered significant. 
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RESULTS 

 

There is an inverse relationship between flash sensitivity and the magnitude of the intensity 

of background 

Upon exposure to continuous illumination (Fig.2), the rod photoresponse immediately rises to a 

peak and then partially recovers, a characteristic of light adaptation. This relaxation is 

particularly evident at brighter intensities (Fig.2C). The initial relaxation is due to the reopening 

of some of the channels that were closed immediately after the introduction of light and results in 

a reduction in the cell’s sensitivity. If we introduce a series of flashes in the presence of the 

continuous background light, it has been shown that the amplitude of these flashes will also 

decrease and their kinetic properties will be accelerated (Baylor and Hodgkin 1974; Woodruff, 

Janisch et al. 2008). This is a reduction in flash sensitivity, which for dim to moderate intensity 

backgrounds is in  

 

€ 

SF /SF
D= I0 / (I0 + IB) (3) 

where SF is the flash sensitivity of the rod in background light, 

€ 

SF
D  the flash sensitivity of the 

dark-adapted rod, IB the intensity of the background, and I0 a constant. 

Figure 2 is an example of recordings from a single rod. Subsequent to the turning on of a 

dim adapting light with an intensity of 38 photons µm-2 s-1 (Fig.2A), at 2, 4, 8 and 16 seconds 

time points 20 ms flashes of 158 photons µm-2 were used to stimulate the cell. The same cell was 

then stimulated using the same test flashes at the same time points in the presence of medium 

(Fig.2B) and bright (Fig.2C) adapting lights of 438 and 1354 photons µm-2 s-1 respectively. As 

evident in the figures, the same flash intensity in the presence of different backgrounds results in 

varied responses with different amplitudes. As the intensity of the step of light increases, the 
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sensitivity of the rods decreases. This well characterized inversely proportional relationship 

between sensitivity and background intensity not only holds for the visual system but also for all 

sensory systems (Weber 1834). It has the effect of shifting the entire operating range of the 

receptor to brighter intensities, so that in the presence of a brighter background a flash of light 

with brighter intensity is required to produce a response of the same amplitude.  

 

The effect of background light on the sensitivity and the kinetics of the flash response is 

rapid 

In order to determine how quickly the adaptation process comes into effect, we compared the 

sensitivity of responses before presentation of the background with responses to test flashes in 

the presence of background light of different intensities. As mentioned above, after stepping into 

a background light, the amount of dark current produced by the same flash intensity decreases as 

the intensity of the background is raised. By superimposing responses to test flashes at different 

times, (normalized to the dark current value of the same cells in a dark-adapted state) we can see 

that this reduction is fully established at 2 seconds after the onset of the adapting light and 

changes little at subsequent flash times (Fig.3A, 3C & 3E). At the dim adapting light (38 photons 

µm-2 s-1) sensitivity measurements at each flash time indicated that a decrease in sensitivity can 

sometimes be observed but was not statistically significant (Fig.3A & 4A). When we increased 

the intensity of the light to 438 photons µm-2 s-1 (Fig.3C & 3D) the sensitivity dropped from 

0.316 ± 0.051 to 0.233 ± 0.034 pA photons-1 µm2 in 2 seconds. This change was statistically 

significant, but after 2 seconds there was no further significant change in sensitivity of the 

subsequent flashes (Fig.3C & 4A). The measured drop in sensitivity at 2 seconds was more 

pronounced in the presence of a bright adapting light (1354 photons µm-2 s-1), from 0.334 ± 0.015 
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to 0.09 ± 0.019 pA photons-1 µm2, and again, for flashes at 4, 8 and 16 s the sensitivity did not 

change further. It appears that the adaptation mechanism responsible for the reduction in 

sensitivity is already completed by 2 seconds. 

Another effect of adaptation is the acceleration of the cell’s response kinetics. This allows 

for a speedy termination of the transduction pathway that enables the rods to recover more 

quickly so they can respond better to change and motion. Comparisons of the recovery time 

(τrec), as well as the integration time  (ti) of dark adapted rods and light adapted rods at different 

times in the presence of different intensities of background light are given in Fig. 4B and 4C. 

These data demonstrate that, similar to sensitivity, the speeding of the kinetics of the cells is 

already established at 2 s of adaptation with both bright and medium adaptive lights. A medium 

step of light (438 photons µm-2 s-1) dropped the value of τrec from 275 ± 32 to 125 ± 25 ms 

(Fig.4B), and ti decreased from 454 ± 44 to 345 ± 40 ms (Fig.4C). As expected, at brighter 

background lights (1354 photons µm-2 s-1) these changes were more pronounced. Recovery time 

decreased by almost a factor of two, from 308 ± 35 ms in dark adapted cells to 141 ± 23 ms after 

2 seconds (Fig.4B), and integration time reduced from 443 ± 52 to 247 ± 20 ms (Fig.4C). We 

were not able to detect any significant changes in τrec or ti for test flashes at 4, 8 and 16 s, which 

indicated that the cellular mechanisms responsible for acceleration of kinetics were also already 

in effect with 2 seconds. Although we were unable to measure a significant change in sensitivity 

and integration time in the presence of a dim background, the speeding of the cell’s kinetics was 

evident and significant as τrec, decreased from 260 ± 12 to 227 ± 17 ms when a test flash was 

introduced 2 seconds after the adaptive light was turned on (Fig.4B). The speeding of the 

kinetics of response can also be seen in Fig.3 (panels B, D & E) by comparing superimposed 

average responses of cells to test flashes at different times  (each normalized to their own 
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maximum value) against the dark-adapted response.   

As indicated above we used a fixed 20ms flash at 158 photons µm-2 s-1 for our test flashes. 

It is important to note that the choice of this intensity was not arbitrary. On average, this was the 

lowest intensity of light that led to detectable responses that were more than 20% below the dark 

current over the entire range of background lights we used in our protocols (Fig.1A). This was an 

important criterion for the calculation of flash sensitivities.  In our recordings at this intensity, we 

noticed large amounts of variability (standard deviation of 3.6 pA) from rod to rod, which raised 

a concern. If an individual cell was saturating at this intensity, we would not be able to measure 

and detect changes in sensitivity accurately. Hence, we decided to look into the process of 

adaptation at even lower intensities of flashes; to do so we had to use even dimmer adapting 

lights. We also wanted to increase our temporal resolution. We therefore used a very dim 

background intensity of 12 photons µm-2 s-1, with 20ms flashes of 17 photons µm-2 given at 0.5, 

4, 8 and 16 seconds. What we saw was that even 500ms after stepping into an adapting light, the 

recovery time showed a significant reduction (from 205 ± 26 to 148 ± 20 ms) (Fig.5A).  Similar 

to our previous 38 photons µm-2 s-1 adapting light, no significant change in sensitivity and 

integration time was detected in these cells (Figs. 5B & 5C). This experiment demonstrated that 

the speeding of the kinetics of turnoff already occurred at 500ms of adaptation in mouse rod 

photoreceptors.  

 

Persistence of adaptation after the termination of background light 

Krispel et al. (2003) described a novel form of adaptation in mouse rods that persisted long after 

a adapting light was extinguished. They reported that this persistence was not associated with a 

change in cascade gain and arose from a long-lasting acceleration of response recovery. In their 
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experimental protocol, they applied saturating adaptive lights, bright enough to close all the 

channels and in their assessment of cellular gain, they measure a normalized value for current 

responses to bright flashes of light, which may not be an appropriate representation of the cell’s 

sensitivity.  

In this project we decided to take a closer look at the recovery and persistence of different 

parameters of adaptation after the termination of the background light. Similar to our previous 

experiment, three intensities of adapting light ranging from dim (38 photons µm-2 s-1) to medium 

(438 photons µm-2 s-1) and bright (1354 photons µm-2 s-1) were used to evoke adaptation in mouse 

rods. When the adapting light was turned off after 60 s of continuous stimulation, the inward 

current immediately recovered to its dark-adapted level. Sub-saturating test flashes were used to 

stimulate the recovering cell at 2, 4, 8 and 16 seconds after the adaptive protocol was terminated, 

and the acquired data were used to calculate sensitivity, τrec and ti.   

By 2 seconds after the turning off of the adapting light in all background intensities, 

sensitivity was back to its initial pre-adaptive level. This can be seen in the superimposed 

average traces of responses at different times after adaptation. These cells were able generate the 

same amplitude of response as in their dark-adapted state (Figs.6A, 6C & 6E) and measurement 

of sensitivity confirmed that there was no significant difference between the dark-adapted state 

compared to post-adaptive values at 2, 4, 8 and 16 seconds of recovery (Fig.7A).  

The kinetics of these cells evinced an entirely different pattern. As shown by 

superimposed traces normalized to their own maximum value, the recovery from adaptation was 

a time dependent process (Figs 7B, 7D & 7F). After a 60 s exposure to a continuous dim light 

(38 photons µm-2 s-1) was terminated, τrec was about 88% of its dark- adapted level (256 ± 36 ms 

vs. 288ms ± 32 ms); by 4 seconds it displayed full recovery (Fig.7A). In medium light (438 
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photons µm-2 s-1), at 2 seconds τrec had recovered by 83% (243 ± 34 ms vs. 291 ± 38 ms), and by 

4 seconds 92% of its pre-adaptive value had returned. At 8 and 16 seconds of recovery, τrec was 

not significantly different from the dark-adapted τrec. In adaptation with bright light (1354 

photons µm-2 s-1), even by 16 seconds τrec didn’t fully recover (Fig 6F & 7B). Only 86% of τrec 

had returned (292 ± 35 vs. 339 ± 35 ms).  

The integration time also demonstrated a similar pattern (Fig.6C). For dim and medium 

light adaptation, although the mean value of ti gradually increased; due to high levels of 

variability in the measurements the differences in mean were not significant. At brighter 

intensities integration time took longer to recover. At the 16s test flash, 88% (418 ± 35 ms) of the 

integration time had returned to its pre-adaptive value of 475 ± 35 ms.  

We wanted to ensure that at even brighter backgrounds the rods hadn’t lost their ability to 

recover as a result of an irreversible change in the transduction cascade. Dark-adapted rods were 

exposed to 2 minutes of continuous bright illumination and were then stimulated with test flashes 

every 8 seconds. By the 10th flash (80 seconds), the cell’s kinetics fully recovered (Fig.8A). The 

progressive return of the kinetic values could be fit by a single exponential rise function. The 

value of τrec in these cells recovered with a time constant of 38s ± 7 ms (Fig.8B) and the value of 

ti recovered with a time constant of 24s ± 8 (Fig.8C). These time constants are not very different 

and probably reflect the recovery of the same physiological process. 

 

Bleaching desensitization is insignificant  

Stiles and Crawford (1932) first suggested that light bright enough to produce significant 

bleaching of the photopigment can lead to photoreceptor desensitization by producing an 

“equivalent” background light. This equivalent background is produced by bleached pigment and 
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persists until the pigment is regenerated (Barlow 1964). Bleaching can also cause a reduction in 

the probability of photon absorption produced by a decrease in rhodopsin concentration 

(Nymark, Frederiksen et al. 2012). This means that in single photoreceptors, bleaching produces 

a desensitization that recovers slowly as pigment is slowly regenerated, by a process known as 

dark adaptation. 

Bright continuous illumination can potentially produce bleached photopigment, which 

may cause persistent desensitization through production of an equivalent background light after 

the actual light has been shut off. This is why in our experiments evoking adaptation; we used 

light intensities that did not produce significant bleaching. The brightest intensity of adapting 

light we used was 1354 photons µm-2 s-1, and at 60 seconds of continuous illumination this light 

only bleached 0.27 % of the rhodopsin (Eqn.2). Our medium light (438 photons µm-2 s-1) 

bleached 0.03% of rhodopsin and our dim light (38 photons µm-2 s-1) only produced a 0.002% 

bleach. These values were too small to produce any significant desensitization. As we have also 

already demonstrated, all of our parameters were able to recover to their original dark-adapted 

values after sufficient time in darkness, which is perhaps because there was sufficient 11-cis 

retinal already in an isolated rod to regenerate the small amount of photopigment bleached.  

 

Decrease in gain is not responsible for acceleration of response kinetics 

In phototransduction, the gain of the signaling pathway can be reduced in several ways: 

Downregulation of the number of available rhodopsin molecules, decrease in the amount of 

activated transducin, or reduction in light induced PDE activity can all decrease the level of gain 

in rods. The kinetics of termination normally recovers along a well-fitted single exponential. The 

time constant of this first order recovery process (t~0.2s) is invariant across a wide range of flash 
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strengths (Lyubarsky and Pugh Jr 1996; Chen, Burns et al. 2000; Krispel, Chen et al. 2006). This 

time constant is a reflection of the slowest or rate-limiting step in deactivation.  

Though we did not observe any significant persistent change in sensitivity, we needed to 

make sure that the effects of gain and sensitivity were separated from the speeding of 

deactivation, which can by itself affect sensitivity (Sagoo and Lagnado 1997). We therefore 

looked at the time it took the post-adaptive cells to reach their peak amplitude. If the shortening 

of recovery time were due to a reduction in gain or amplification of the cascade, the time to 

reach the peak amplitude would be smaller after adaptation. There was no difference in the rising 

phase of the early part of response before and after adaptation (Fig.9). This observation indicated 

that steady light exposure did not reduce the gain of the cascade (Nikonov, Lamb et al. 2000). 
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DISCUSSION 

 

Rapid onset of desensitization in the presence of adapting light 

It is well known that introduction of a background light leads into reduction in sensitivity and the 

speeding of the kinetics of mouse rods(Woodruff, Janisch et al. 2008). Our experiments 

demonstrate that at background lights brighter than 438 photons µm-2 s-1, the sensitivity of the 

rod decreases significantly within 2 seconds; and at background lights as dim as 12 photons µm-2 

s-1 the kinetics of the response decreases within 500ms.  

The overall speeding of response kinetics is due to increased turn over of cGMP 

(Hodgkin and Nunn 1988; Nikonov, Lamb et al. 2000). In the presence of light the photoreceptor 

transduction can be modulated so that it can maintain a working range of transduction within the 

physiologically pertinent region of light intensity. This shortening of response turnoff, observed 

in the presence of background light, is thought to be dependent on a reduction in intracellular 

calcium concentration as a secondary messenger in response to light stimulation (Matthews, 

Murphy et al. 1988; Nakatani and Yau 1988). Measurements of cytoplasmic calcium 

concentration in rods with calcium imaging show a progressive decrease in the calcium 

concentration, well fitted by two exponentials with mean time constants of 154 and 540 ms 

(Woodruff, Sampath et al. 2002). Our results support the notion that this initial larger reduction 

in intracellular calcium concentration could be responsible for the establishment of adaptation in 

the cells. By 500 ms, the rapid phase in calcium reduction has already taken place, and this initial 

decrease is consistent with our observation that the speeding of the recovery time is already 

present at this time (Fig.5A).  Also, measurements of the reduction of current through the 

Na/Ca2+, K+ exchanger in the outer segment suggests that the decline in calcium concentration 
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is rapid (85 ± 10 ms (Burns, Mendez et al. 2002) or 105 ± 13 ms (Chen, Burns et al. 2000)). At 

the same time in the presence of a continuous background the number of available channels 

increase and this increases the dynamic range of the cell. By increasing the number of channels 

available to be closed the sensitivity of the cell increases. It would be interesting to investigate 

the induction of adaptation and the change in sensitivity at times closer to the beginning of the 

background, to determine if there is a correlation between the time constant of calcium reduction 

and the initiation of adaptation in rod photoreceptors. 

It is important to note that our inability to measure significant changes in sensitivity and 

integration time for dim steps of light does not mean adaptation does not take place at even lower 

background intensities. The Magnitude of these changes were smaller than the variability that we 

observed in our recordings. As a result, the changes were statistically insignificant. The trend in 

reduction of sensitivity and integration time at low intensities, although not significant, was 

nevertheless consistent with what we expected. 

 

Persistence of adaptation after the termination of adapting light 

After the termination of the background light, dim flashes were used to demonstrate the time 

course of recovery from adaptation. We were able to show that when the adapting light was 

removed, the dark current fully and immediately recovered. A test flash 2 seconds later produced 

a response with the same sensitivity as the pre-adaptation response but displayed faster kinetics. 

This acceleration of kinetics was reversible and recovered with a time constant of 38  ± 7 ms for 

the brightest adapting light we used (0.27% cumulative bleaching). The recovery was much 

faster for dimmer adapting lights (back in 4s for a 38 photons µm-2 s-1 background and in 8 s for 

438 photons µm-2 s-1 background). These values are much shorter than the τAdapt of about 80s 
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reported previously (Krispel, Chen et al. 2003). This difference may result from the much 

brighter, saturating lights used by Krispel et al. for both the adapting light and the test flashes. 

There seemed to be a limit in their experiments to the persistence of adaptation since adaptation, 

evoked by both 1- min and 9-min protocols of saturating light reached a plateau and decayed 

with the same constant. These observations along with ours appear to indicate that the time 

constant of the recovery of rods kinetics from adaptation is dependent on the intensity of the 

background light.  

We did not observe any significant persistence of sensitivity at any of the backgrounds 

we investigated. This observation indicates that persistence in mechanisms such as decrease in 

quantum catch or increase in steady-state PDE activity are not responsible for the persistent 

change in response kinetics. The concentration of intracellular calcium and free cGMP return to 

their dark adapted levels immediately after the light is turned off, which means that if the 

induction of this adaptive mechanism requires modulations of calcium or cGMP, the recovery is 

independent of the changes in calcium and cGMP concentration.  

 

Potential mechanism for the speeding of kinetics 

The sensitivity of the photoreceptor is reduced by previous exposure to light bright enough to 

bleach a substantial fraction of the photopigment in the outer segment (Barlow 1964). This 

process is known as bleaching adaptation and the recovery from this desensitization is known as 

dark adaptation.  The mechanism of beaching adaptation seems to be due at least in part to the 

direct activation of transducin and the signal transduction cascade by the bleached pigment 

(Nymark, Frederiksen et al. 2012) . Although this activation has a lower gain compared to 

activated rhodopsin, it results in a persistent decrease in intracellular calcium that could in turn 
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modulate the transduction cascade. We used light that generated a maximum cumulative bleach 

of 0.27%. This is not enough to generate a significant equivalent background. Also the fading of 

adaptation is considerably faster than the time course of regeneration of photopigment in rods 

(hundreds of seconds; (Kennedy, Lee et al. 2001)).  

In order to prevent rod photoreceptor cells from saturating in intense light, some form of 

adaptation is necessary. Light-driven translocation of signaling molecules has been suggested to 

contribute to photoreceptor cell adaptation in vertebrates (Sokolov, Lyubarsky et al. 2002). In 

vertebrate rod photoreceptors, arrestin and transducin undergo massive light dependent 

translocations into and out of the outer segment of the cell: Transducin moves away from the 

outer segment towards the inner segment (Philp, Chang et al. 1987; Whelan and McGinnis 

1988), and arrestin moves in the opposite direction (Broekhuyse, Tolhuizen et al. 1985). These 

movements however take minutes to complete, and return takes even longer (hours for 

transducin (Sokolov, Lyubarsky et al. 2002); 15 min for arrestin, (McGinnis, Matsumoto et al. 

2002)). Comparing theses values to the time it took our cells to recover, we can deduce that the 

fading of physiological adaptation is much quicker. Therefore light-induced translocation cannot 

be the mechanism responsible for this form of persistent adaptation. 

As mentioned previously, the termination of the signal is well fitted with a single 

exponential curve with a time constant of approximately 0.2 seconds. This time constant is 

independent of the intensity of light across a wide range of light intensities (Chen, Burns et al. 

2000; Calvert, Govardovskii et al. 2001; Krispel, Chen et al. 2003; Krispel, Chen et al. 2006; 

Woodruff, Janisch et al. 2008). The persistent adaptive acceleration observed in our experiments 

means that exposure to a continuous light modulates this rate-limiting event of signal termination 

(Woodruff, Janisch et al. 2008). The identity of the rate-limiting step has been a long-standing 
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mystery in the field of phototransduction and G protein signaling. Some believe that rhodopsin 

decay is the bottleneck of signal termination (Rieke and Baylor 1998) while others have argued 

that GT/PDE decay is the rate-limiting step (Krispel, Chen et al. 2006). Whichever process is 

responsible, we believe that the adaptive acceleration of that process is the simplest explanation 

for our data. 
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Figure 1. Responses of rod photoreceptors to 20ms flashes of light at various intensities. (A) 
Families of superimposed responses to 20ms flashes of increasing strength, with outer segment current 
plotted relative to dark level (outward change in membrane current plotted upward). At dim intensities, 
10-20 individual responses presented at 7 s intervals were averaged to obtain mean flash responses. At 
medium intensities 5-10 responses were averaged, and at bright intensities 3-5 responses were averaged. 
Flash photon densities from dim to bright were 17, 42, 158, 457, 646 and 871 photons µm-2 at 500nm. (B) 
Maximum amplitude of response plotted against the logarithm of the above-mentioned intensities of light. 
Data has been fitted to a Boltzmann equation (Eqn.1 of text) with I1/2 = 1.62 ± 0.36 and A0 (maximum 
response) = 8.36 ± 1.23 pA. 
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Figure 2.The effect of different steps of light of varying intensity on flash sensitivity. Data traces are 
means of current of a single rod, exposed three times to steps 60 s in duration and stimulated at 2, 4, 8 and 
16 s after the onset of the step with a 20ms flash having the fixed intensity of 158 photons µm-2. The 
amplitude of the response in the presence of (A) a dim background of intensity 38 photons µm-2 s-1, (B) a 
medium background of intensity 438 photons µm-2 s-1 and (C) a bright background of intensity 1354 
photons µm-2 s-1 varied as the cells desensitized through adaptation. 
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Figure 3. Effect of background light on waveform of decay of rod flash response. Mean responses 
averaged from 3 presentations each of 6 rods to 20ms flashes at a dark-adapted state (DA) and 2, 4, 8 & 
16 seconds after the introduction of a background light. Flash intensity was 158 photons µm-2 for all 
traces, given in the presence of various backgrounds ranging from dim at 38 photons µm-2 s-1 (A & B), 
medium at 438 photons µm-2 s-1 (C & D) and bright at 1354 photons µm-2 s-1 (E & F). Cells used in the 
analysis generated an entire set of recording at all three backgrounds. Responses in A, C & E were 
normalized cell by cell to amplitude of the response average of the cell in it’s dark-adapted state, and 
responses in B, D &F were normalized cell by cell to the peak amplitude of individual responses at each 
flash.  
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Figure 4. Time-dependent change in sensitivity and kinetics of rod photoreceptors in the presence of a 
background. Average responses from 7 cells at different times in the presence of backgrounds ranging from dim 
(38 photons µm-2 s-1), medium (438 photons µm-2 s-1) and bright (1354 photons µm-2 s-1) intensities were used to 
calculate sensitivity, recovery time and integration time. The values were compared with the same cell in its dark-
adapted (DA) state. A. Dark adapted sensitivity in the presence of a dim light did not show any significant change 
for flashes at 2, 4, 8 and 16s. In the presence of a medium background dark-adapted sensitivity dropped from 0.316 
± 0.513 to 0.233 ± 0.034 pA photons-1 µm2 at 2 seconds but it did not show any further change. In the presence of a 
bright light DA sensitivity was reduced from 0.334 ± 0.015 to 0.09 ± 0.019 pA photons-1 µm2 in 2 seconds, but after 
that no significant change was recorded. B. No significant change in recovery time was measured from dark-adapted 
cells in the presence of a dim background. In the presence of a medium light τrec dropped from 275 ± 32 to 215 ± 25 
ms in 2s, and in the presence of a bright background it dropped from 443 ± 52 to 247 ± 20 ms in 2s. No significant 
change was detected for subsequent flashes. C. Integration time did not show any significant change in the presence 
of a dim light. With a medium light ti decreased from 454 ± 44 to 345 ± 40 ms in 2s, and in the presence of a bright 
light it decreased from 443 ± 52 to 247 ± 20 ms. No further change was detected for subsequent flashes.    
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Fig 5. Measurement of sensitivity and kinetics of rod photoreceptors in a very dim light. Average 
responses from 5 cells at different time points in the presence of a dim background (12 photons µm-2 s-1) 
were used to calculate sensitivity, recovery time and integration time; 20ms flashes of 17 photons µm- 
were given at 0.5, 4, 8 and 16 seconds. A. At 500ms, recovery time showed significant reduction (from 
205 ± 26 to 148 ± 20 ms) and no further change was seen. B. There was no significant difference between 
integration time of dark-adapted cell and integration time at different time points after the onset of 
adapting light. C. There was no difference between the mean sensitivity of the dark-adapted cell and 
mean sensitivity of the cells at different times after the onset of adapting light. 
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Figure 6. Post-adaptive waveform of recovery of rod flash response. Mean responses averaged from 3 
presentations, each of 6 rods to 20ms flashes dark-adapted state (DA) and 2, 4, 8 & 16 seconds after a 
continuous adaptive light of 60s duration was turned off. Flash intensity was 158 photons µm-2 for all 
traces, given after various backgrounds ranging from dim at 38 photons µm-2 s-1 (A & B), medium at 438 
photons µm-2 s-1 (C & D) and bright at 1354 photons µm-2 s-1 (E & F). Each cell used in the analysis was 
recorded at all three backgrounds. Responses in A, C & E were normalized cell by cell to the amplitude of 
the response average of the cell in it’s dark-adapted state, and responses in B, D &F were normalized cell 
by cell to the peak amplitude of individual responses at each flash.  
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Figure 7. Measurement of sensitivity and kinetics of recovery of rod photoreceptors after 
presentation of background light. Mean responses from 7 cells at different time points after the turning 
off of 60s backgrounds ranging from dim (38 photons µm-2 s-1), medium (438 photons µm2s-1 ) and bright 
(1354 photons µm-2 s-1 ) were used to calculate sensitivity, recovery time and integration time. The values 
were compared with the same cell in its dark-adapted (DA) state. A. No significant difference was 
observed between the dark-adapted sensitivity and the recovering sensitivities in the presence of any 
background B. In a dim light, τrec is 256 ± 36 ms at 2s and 288ms ± 32 ms in the dark –adapted state. By 
4s it had fully recovered. In a medium background, at 2 seconds τrec is 243 ± 34 ms and at 4 second 268 ± 
22; after 8 seconds it had fully recovered to the 291 ± 38 ms value of the recovery time in darkness. In a 
bright light even by 16 seconds recovery time didn’t fully recover (292 ± 35 ms vs. 339 ± 35). 
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Figure 8. The recovery of the kinetics after adaptation with a bright light. After being exposed to 2 
minutes of continuous light of 1354 photons µm-2 s-1 cells were stimulated with20 ms test flashes of 158 
photons µm-2 every 8 seconds. A. Mean response average at different time points from 3 presentations, 
each of 8 rods superimposed along with the dark-adapted response. B. Recovery time of each flash plotted 
as a function of time and fitted on a single exponential function with a time constant of 38s ± 7 ms. C. 
Integration time of each flash plotted as a function of time and fitted on a single exponential function with 
a time constant of 24s ± 8 ms.  
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Fig 9. Decrease in gain is not responsible for shortening of the response. Average responses from 7 
cells at different time points after the turning off of 60 second backgrounds ranging from dim (38 photons 
µm-2 s-1), medium (438 photons µm-2 s-1), and bright (1354 photons µm-2 s-1) were used to calculate the 
time to peak, and the values were compared with those of the same cell at the dark-adapted state. No 
significant difference was observed at any of the backgrounds.  
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