
Chapter 4

Molecular Mechanism of Adaptation

in Vertebrate Rods

Ala Morshedian and Gordon L. Fain

Abstract Steady background light and bright bleaching illumination produce

changes in rod photoreceptor sensitivity and response waveform that are collec-

tively known as adaptation. In this chapter, we review the phenomenology of both

background and bleaching adaptation. We then describe the evidence for our

present understanding of the molecular mechanisms of adaptation in vertebrate

rods to both background light and bleaching, including the role of Ca2+ as a second

messenger and modulation of guanylyl cyclase and phosphodiesterase. We also

describe continuing areas of uncertainty awaiting resolution from future

experimentation.
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4.1 Introduction

Stimulation of a sensory receptor produces an electrical response that is communi-

cated to higher levels of the nervous system to signal detection (Fain 2003).

Receptor responses are graded, which means that their amplitudes increase in

proportion to the intensity of the stimulus. The magnitude of the proportionality

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

sensory adaptation, is a time-dependent change in the sensitivity or responsiveness
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of the receptor in the presence of a constant stimulus. It produces an alteration in the

amplitude of the response to constant stimulation as well as to any stimulus given in

the presence of the maintained stimulus. Adaptation modulates the amount of

neurotransmitter released onto postsynaptic neurons and regulates the message

conveyed to the central nervous system (CNS).

Vertebrate photoreceptors respond to changes in light intensity over an enor-

mous range of ambient light levels. Rod cells, which are responsible for detection of

dim light, can signal the absorption of a single photon of visible light by their

photopigment rhodopsin (Baylor et al. 1979). These same cells can adapt to brighter

light and remain responsive at intensities that activate more than 1,000 rhodopsins

per second (for example, see Mendez et al. 2001; Woodruff et al. 2008). The

adaptation of photoreceptors in the presence of constant background illumination

is called background adaptation. Photoreceptors also adapt after they are exposed to

light bright enough to bleach a significant fraction of their visual pigment. The

decrease in sensitivity after such bright light exposure is called “bleaching adapta-

tion” and resembles in many respects the adaptation produced by background light.

Intact rods slowly recover their sensitivity after bleaching as the photopigment is

regenerated, a phenomenon known as dark adaptation. Background and bleaching

adaptation are collectively referred to as light adaptation. The mechanisms of light

adaptation have been extensively investigated, and many of these earlier studies

have been previously reviewed (Fain et al. 2001; Lamb and Pugh 2004; Fain 2011;

Reuter 2011; Arshavsky and Burns 2012; Kefalov 2012).

In this chapter, we summarize our present knowledge of the molecular mecha-

nism of adaptation in rod photoreceptors, emphasizing more recent results on

mammalian (mouse) rods. A summary of visual transduction, fundamental to our

understanding of adaptation, is given first. We then describe the regulation of key

components of the transduction cascade likely to be responsible for the modulation

of sensitivity.

4.2 Molecular Mechanism Visual Transduction

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

sensitivity is achieved through a highly regulated, multistep amplification process

that results in a significant increase in signal gain (Fain 2003). Transduction begins

with an opsin protein molecule that contains 11-cis retinal, a small organic mole-

cule called the chromophore. The opsin and chromophore together make up the

rhodopsin photopigment. This pigment has a broad absorption spectrum peaking, in

a mammalian rod, at wavelengths near 500 nm. When a molecule of rhodopsin

absorbs a photon of light, 11-cis retinal undergoes photoisomerization to all-trans
retinal, which in turn causes a change in the conformation of the opsin molecule

(Choe et al. 2011; Standfuss et al. 2011) to produce a photoproduct called meta II or

Rh*, which triggers visual excitation (Fig. 4.1).
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Rh* then binds to and activates a heterotrimeric G protein called transducin,

whose α-subunit is a member of the αi/αo family. Binding of transducin to Rh*

causes an exchange of GTP for GDP on the transducin-α guanosine-binding site,

producing activated transducin-α or Tα�GTP. Each Rh* can produce many

Tα�GTPs, which bind to and activate the effector enzyme phosphodiesterase

6 (PDE6). The PDE6 then hydrolyzes many cytoplasmic cGMP molecules in the

next phase of amplification. PDE6 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 PDE6 results in

the closure of cGMP-gated cation channels in the plasma membrane, which reduces

the permeability of the rod membrane to Na+, hyperpolarizes the membrane

potential, and decreases the release of the synaptic transmitter glutamate from the

photoreceptor synapse.

The recovery of the light response is achieved when all the activated components

of the cascade are turned off and the concentration of intracellular cGMP is returned

to its pre-stimulus level. Activated rhodopsin is extinguished by phosphorylation

and binding of arrestin, which prevents further binding of transducin. Phosphodi-

esterase remains active until Tα�GTP is hydrolyzed to Tα�GDP. Although Tα can

hydrolyze bound GTP without assistance, the rate is quite slow and is greatly

accelerated by a complex of proteins called the GTPase-activating proteins or

GAPs, of which there are three in photoreceptors: RGS9-1 (He et al. 1998), Gβ5L
(Makino et al. 1999; He et al. 2000) and the R9AP protein, which anchors the GAP

complex to the disc membrane (Hu and Wensel 2002). Tα�GDP then recombines

with the G-protein beta and gamma subunits to form the inactive heterotrimer.

Fig. 4.1 G-protein transduction cascade of vertebrate rod (see text)
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The reopening of the cGMP-gated channels requires restoration of the cGMP

concentration, which is achieved by the activity of an outer segment, membrane-

bound guanylyl cyclase. The activity of guanylyl cyclase is regulated by the cytoplas-

mic free Ca2+ concentration (Koch and Stryer 1988) by means of small molecular

weight, Ca2+-binding proteins called guanylyl cyclase-activating proteins (GCAPs)

(Polans et al. 1996; Dizhoor 2000). This regulation occurs in the following way. The

closing of the cGMP-gated channels in the light produces a decreases in Ca2+

concentration in the rod outer segment. In a mouse rod the concentration declines

from about 250 nM in darkness to about 25 nM in light bright enough to close all the

channels, a range of concentration of about tenfold (Woodruff et al. 2002). In the dark,

when the free Ca2+ concentration is high, the Ca2+-bound form of GCAP inhibits the

cyclase. The decrease in free Ca2+ concentration produced by the closing of the cyclic

nucleotide-gated channels causes Ca2+ to be released from the GCAPs, greatly

increasing the rate of synthesis of cGMP. The Ca2+ dependence of the cyclase

produces a feedback loop: light decreases cGMP, closes the channels, and decreases

the Ca2+ concentration, and the decrease in Ca2+ then accelerates the cyclase and

increases cGMP, counteracting the decrease in cGMP concentration produced by

light. When the activity of the cyclase restores the cGMP concentration to its

pre-stimulus level, the channels rapidly reopen (Karpen et al. 1988).

4.3 Background Adaptation

A single Rh* has been estimated to produce approximately 100 activated Tα�GTPs
in an amphibian rod (Leskov et al. 2000; Makino et al. 2003) and perhaps closer to

20 in a mouse rod (Krispel et al. 2006). Each Tα�GTP activates a single catalytic

subunit of PDE6, and each activated PDE6 catalytic subunit hydrolyzes several

hundred molecules of cGMP per second. A single photon response at its peak,

which occurs in a mouse rod about 250 ms after light absorption, can close about

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

photon absorbed by rhodopsin molecules, fewer than 100 activated rhodopsins per

second would lead to the closure of all the light-sensitive channels and would

render the rods unresponsive to further illumination.

To prevent saturation, the rod response during exposure to continuous light

immediately rises to a peak and then partially recovers. This relaxation is the result

of reopening of some of the previously closed channels and is particularly evident at

brighter intensities. Figure 4.2a demonstrates this phenomenon in suction-electrode

recordings from the outer segments of mouse rods exposed to prolonged illumina-

tion. The rods adapt to the steady light; some of the channels begin to reopen,

resulting in an increase in inward current. This process occurs in two phases: an

initial rapid relaxation, followed by a more prolonged sag in current. Both the rapid

and the slow decays can be fitted by exponential functions with time constants in

mouse rods of a few hundred milliseconds and a few tens of seconds.
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When rods are stimulated with a brief flash, first in darkness and then in the

presence of continuous background light, the amplitude of the response to the flash

becomes smaller in the presence of the background, reflecting a decrease in

photoreceptor sensitivity (e.g., Baylor and Hodgkin 1974; Woodruff et al. 2008).

Moreover, the time course of decay is accelerated, such that the brighter the

background, the greater the acceleration. Figure 4.2b shows normalized responses

Fig. 4.2 Adaptation of wild-type (WT) mouse rods. (a) Superimposed suction-electrode record-

ings of means of currents of seven WT rods, each exposed three times to steps of 500-nm light

beginning at t ¼ 0, of intensity 440 photons μm�2 s�1 and 10, 30, 60, and 120 s in duration. Inset:
Same data at faster time resolution showing only first 4 s. (b) Flash responses recorded in

background light. Means from five presentations each of ten WT rods to 20-ms flashes of

500-nm light beginning at t ¼ 0; intensity was kept at 453 photons μm�2 for flashes in darkness

and in backgrounds of the following intensities (in photons μm�2 s�1): 12, 38, 118, 438, and 1,354.

Responses have been normalized cell by cell to the peak amplitude of the response and averaged.

The most slowly decaying response is with no background; decay time course progressively

accelerated as background intensity was increased. (c) Weber–Fechner plot. Sensitivity (SF) in
pA photon�1 μm2 was calculated as the peak amplitude of the response in the linear range divided

by the flash intensity. Graph gives mean sensitivity divided by sensitivity in the absence of a

background (SDF ) as a function of background intensity (IB), averaged from ten WT rods. Solid line
is given by Eq. (4.1) with a best-fitting value of I0 ¼ 77 photons μm�2 s�1. [Reprinted from Fain

(2011) with permission of Springer US]
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to 20-ms flashes of constant intensity, which have been superimposed. The most

slowly decaying response is the one recorded in the absence of a background light,

and the other responses were recorded in progressively increasing background

intensities. The decay of the flash response, at least for small-amplitude responses,

follows a time course well fitted by a single exponential decay function, whose time

constant is given as τREC. In a dark-adapted mouse rod, τREC has a value of about

200 ms, but this value decreases by a factor of 2 to about 100 ms in bright

background light. A similar decrease occurs in the limiting time constant of

response decay τD (Woodruff et al. 2008), indicating an acceleration in the rate

of decay of light-activated PDE6 (Krispel et al. 2006; Tsang et al. 2006; Chen

et al. 2010a). Response decay is slow in the dark to permit the cell to acquire

and simultaneously sum as many photons as possible to maximize sensitivity.

In brighter light, an abundance of photons allows rods to afford some reduction

in the time over which the photoreceptors sum single photons, so that the photore-

ceptor can more readily detect change and motion. The acceleration of the time

course of decay is partly responsible for the well-known increase in rod flicker-

fusion frequency in background light.

For responses to brief flashes in the presence of a continuous background, the

sensitivity decreases so that a brighter flash intensity is required to produce

responses of same amplitude. In Fig. 4.2c, we show for mouse rods the sensitivity

to a brief flash, SF, divided by the sensitivity in darkness, SDF . Sensitivities were

calculated by dividing the response to a flash (in pA of current) by the flash intensity

(in photons μm�2). The curve fitted to the data is known as the Weber–Fechner

relationship:

SF

SD
F

¼ I0
I0 þ IB

ð4:1Þ

where IB is the intensity of the background and I0 is a constant called the dark light,
which in Fig. 4.2c was 77 photons μm�2 s�1 or between 35 and 40 rhodopsin

molecules bleached per second.

4.4 Bleaching Adaptation

In the experiments of Fig. 4.2, the changes in steady inward current, response decay

time, and sensitivity all occurred in relatively dim light; the brightest light would

have bleached much less than 1 % of the total amount of visual pigment. Once even

the brightest background light used in the experiments of Fig. 4.2 was turned off,

the rods rapidly recovered to their dark-adapted sensitivity. With brighter light

exposures that bleach a significant fraction of the visual pigment, significant

adaptation can occur even after the light has been extinguished. Some of the
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decrease in sensitivity after bleaching is simply the result of a decrease in the

concentration of the photopigment, which reduces the “quantum catch” or proba-

bility of absorption of a photon. A significant sensitivity decrease is, however, also

produced by a mechanism much like the one that decreases sensitivity in back-

ground light.

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

significant bleaching can lead to photoreceptor desensitization by producing an

“equivalent” background light generated by the bleached pigment, which would

then persist until the pigment is regenerated (Barlow 1964). One way of exploring

the effect of bleaching and the equivalent background is to expose a rod, isolated

from the rest of the retina and pigment epithelium, to light bleaching a significant

fraction of the rhodopsin; and then to wait from 30 to 60 min for the circulating

current and sensitivity of the rod to come to steady state. A rod isolated in this way

can regenerate only a small fraction of its rhodopsin; as a consequence, large

bleaches produce a significant amount of opsin without chromophore, which can

act as an equivalent background and stimulate the visual cascade (Cornwall and

Fain 1994).

The responses in Fig. 4.3 (from Nymark et al. 2012) were recorded from mouse

rods in darkness and in steady state after bleaching from 5 % to 90 % of the

photopigment. Bleaching produces a sustained decrease in circulating current

caused by the closing of the cGMP-gated channels in the outer segment, very

similar to that produced by continuous background light exposure. This decrease

in circulating current is reflected in the progressive decrease in the maximum

amplitude of the response to flashes in the records of Fig. 4.3. Bleaching also

produces an acceleration in the decay of the response. In darkness, a half-maximal

response requires approximately 1 s to return to baseline (Fig. 4.3a), whereas a

half-maximal response after a 90 % bleach returns to baseline in about half the

time (Fig. 4.3f).

Bleaches also produce a decrease in sensitivity. In Fig. 4.4 (also from Nymark

et al. 2012), we have plotted on the ordinate the sensitivity as a fraction of

sensitivity in darkness, as in Fig. 4.2c but now from rods at steady state after

exposure to bleaches; and we have plotted on the abscissa the fraction of pigment

bleached. The dashed line is the theoretical decrease in sensitivity expected only

from the loss of quantum catch: when 90 % of the pigment is bleached, the

sensitivity is decreased by a factor of ten because the rod has only one-tenth of its

pigment remaining. The data lie uniformly above the dashed line, indicating that

some additional process is reducing the sensitivity of the rods.

For the solid line in Fig. 4.4, we assumed that the decrease in sensitivity consists

of two components, one caused by the loss of quantum catch and an extra compo-

nent from adaptation produced by activation of the cascade by the bleached

pigment (Jones et al. 1996). Because the relative loss in sensitivity produced by

the loss in quantum catch is equal simply to (1�F), the fraction of pigment

remaining, we calculated the component from cascade activation, ΔSF/SDF ,
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by removing the component caused by loss in quantum catch from the total loss in

sensitivity by dividing by (1�F):

ΔSF
SD
F

¼ SF

SD
F 1� Fð Þ ð4:2Þ

Following Jones et al. (1996), we then assumed that bleached pigment activates

the cascade as does background light, that is, according to the Weber–Fechner

relationship of Eq. (4.1). Moreover, we assumed that activation of transduction is

linearly proportional to the fraction bleached, that is, to the opsin concentration

Fig. 4.3 Responses of mouse rods before and after exposure to bright bleaching light. Flashes

were 20 ms in duration. (a) Averages of 18 dark-adapted rods. Flash intensities: 4, 17, 43, 159,

453, and 1,122 photons μm�2. (b) Averages of 12 rods at steady state after bleach of 5 % of

photopigment. Flash intensities: 4, 17, 43, 159, 453, and 1,122 photons μm�2. (c) Averages of

8 rods at steady state after bleach of 10 % of photopigment. Flash intensities: 17, 43, 159, 453, and

1,122 photons μm�2. (d) Averages of 28 rods at steady state after bleach of 20 % of photopigment.

Flash intensities: 17, 43, 159, 453, 1,120, and 1,870 photons μm�2. (e) Averages of 6 rods at steady

state after bleach of 50 % of photopigment. Flash intensities: 43, 159, 453, 1,120, 3,250, and

10,500 photons μm�2. (f) Averages of 7 rods at steady state after bleach of 90 % of photopigment.

Flash intensities: 159, 453, 1,120, 2,430, 4,230, and 10,500 photons μm�2. [Reprinted from

Nymark et al. (2012) with permission of the Physiological Society]
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(Cornwall and Fain 1994), with a proportionality constant given by k. From these

assumptions and Eq. (4.1), the decrease in sensitivity ΔSF should be given by

SD
F

ΔSF
� 1 ¼ kF ð4:3Þ

Combining Eqs. (4.2) and (4.3), we have for the total decrease in sensitivity after

a bleach

SF

SD
F

¼ 1� F

1þ kF
ð4:4Þ

This relationship is the solid curve in Fig. 4.4 with a best-fitting value of k of 35.
The results in Fig. 4.4 show that desensitization after bleaching is a linear

combination of the loss in quantum catch and adaptation produced by an equivalent

background whose intensity is proportional to the fraction of pigment bleached.

In an isolated rod at steady state, the equivalent background is produced by opsin

(Cornwall and Fain 1994), probably phosphorylated and bound to arrestin. In an

intact rod, other intermediates of bleaching can also contribute to the equivalent

Fig. 4.4 Sensitivity of mouse rods as a function of percent pigment bleached (calculated as in

Fig. 4.2). Means with SE are plotted as a function of percent bleached for rods that were dark

adapted (n ¼ 38) or at steady state after bleaches of 5 % (n ¼ 11), 10 % (n ¼ 9), 20 % (n ¼ 26),

50 % (n ¼ 6), and 90 % (n ¼ 7). Continuous curve is Eq. (4.4) with best-fitting value of k of 35.
Dashed curve is change in sensitivity predicted by loss of quantum catch (SF/S

F
D ¼ 1 � F).

[Reprinted from Nymark et al. (2012) with permission of the Physiological Society]
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background, including (for small bleaches) reversion of the bleached pigment to

Rh* and the binding of all-trans retinal to opsin (see Fain et al. 2001; Lamb and

Pugh 2004). An additional component of desensitization can also be produced by

translocation of transducin from the outer segment to the inner segment during

bright light exposure, which reduces the gain of transduction (Sokolov et al. 2002;

Majumder et al. 2013). The translocation of transducin is, however, unlikely to

make any significant contribution to background adaptation, because translocation

takes many minutes to complete and the light intensity required to produce signif-

icant migration of the protein is orders of magnitude brighter than the intensities

used for the experiments of Fig. 4.2.

4.5 Calcium as the Second Messenger of Adaptation

Although it would be possible to imagine a mechanism of adaptation that was local

and restricted, several observations indicate that the signal for the change in

sensitivity can spread throughout the rod outer segment. Rods are desensitized by

very dim illumination. The background intensity required to reduce sensitivity by

half is given by I0 in Eq. (4.1) and is only 35–40 Rh* per second in the mouse

(see Fig. 4.2c) and 5–10 Rh* per second in amphibians (Fain 1986). The change in

sensitivity occurs rather quickly after turning on the background light. Our exper-

iments (in preparation) show that for background light even as dim as 12 photons

μm�2 s�1 the decay of the flash response begins to be accelerated within 500 ms of

the beginning of the background exposure. Because only a few tens of excited

pigment molecules are sufficient to reduce sensitivity by a factor of two, and rods

have of the order of 1,000–2,000 disks, some molecule must diffuse between the

disks so that a pigment molecule bleached in one disk can affect the response of

pigment molecules subsequently bleached in other disks. Outer segment current

measurements with spatially localized adapting lights and test stimuli also indicate

that the change in sensitivity can migrate up and down the outer segment (Lamb

et al. 1981; Cornwall et al. 1990; Gray-Keller et al. 1999).

Deric Bownds (1980) first proposed that steady light causes a reduction in

intracellular calcium concentration, which in some way regulates components of

the transduction cascade to produce desensitization of the photoreceptor response.

The role of Ca2+ in adaptation was first tested by Torre and collaborators (Torre

et al. 1986), who incorporated the Ca2+ chelator BAPTA into rods with whole-cell

patch recording and showed that an increase in Ca2+ buffering resulted in an

increase in the maximum amplitude of the light response and a slowing of its

decay—the inverse of the effect of background light. Stronger evidence of a role

of Ca2+ was obtained by perfusing rods with an external solution in which Ca2+ was

buffered to a low level (to prevent Ca2+ influx) and Na+ was substituted with Li+ or

guanidinium (to block Na+/K+–Ca2+ exchange and prevent Ca2+ efflux). In such a

low-Ca2+/zero-Na+ solution, the outer segment Ca2+ concentration is kept nearly

constant for at least about 10 s (Matthews and Fain 2001), and, within this
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timeframe, responses to single photons sum linearly and adaptation is effectively

eliminated (Matthews et al. 1988; Nakatani and Yau 1988).

Figure 4.5a compares responses of a salamander rod to a brief flash of light in

Ringer solution and in low-Ca2+/zero-Na+ solution. Exposure to low-Ca2+/zero-Na+

produces an increase in the peak amplitude of the response and a marked prolon-

gation of the time to peak and time course of decay, similar to incorporation of

BAPTA in these cells. Other experiments show that the “sag” in current in response

to steady background light no longer occurs, flash–response decay ceases to

accelerate, and sensitivity declines with background intensity, not according to

the Weber–Fechner relationship as in Fig. 4.2c but according to a theoretical curve

predicted by the simple summation of responses to absorbed photons without any

regulation of sensitivity (Matthews et al. 1988; Fain et al. 1989). Records similar to

those in Fig. 4.5a have also been obtained from mammalian rods (unpublished data

of M.L. Woodruff and G.L. Fain; see also Tamura et al. 1991), but more extensive

investigations of the role of Ca2+ in mammalian photoreceptors have not yet

been performed. The decrease in Ca2+ in a mouse rod occurs with two time

constants of about 150 and 500–600 ms (Woodruff et al. 2002); in consequence,

most of the reduction of Ca2+ will have taken place within 500 ms of turning on

the background, a time course roughly consistent with the time course of back-

ground adaptation.

Fig. 4.5 Ca2+ and guanylyl

cyclase-activating protein

(GCAP) regulation of

photoreceptor response.

(a) Small-amplitude

responses of a salamander

rod to 20-ms flashes

of intensity of 2.8

photons μm�2 in Ringer

(smaller response) and

in low-Ca2+/zero-Na+

solution. (Modified from

Fain et al. 1989.)

(b) Averaged single-photon

responses of wild-type

mouse rod (+/+) and rod

for which genes of GCAP

proteins had been disrupted

(�/�). (Modified from

Mendez et al. 2001)
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4.6 Regulation of Components of Signal

Transduction by Ca2+

Several components of the photoreceptor signal cascade have been reported to be

altered by changes in the free Ca2+ concentration. One of the most important is

guanylyl cyclase, which, as we explained earlier, is regulated by Ca2+ binding

GCAP molecules. When the genes for the GCAP proteins are knocked out (Mendez

et al. 2001), the rod response is larger and decays more slowly (Fig. 4.5b), much as

in low-Ca2+/zero-Na+ solution. When responses to flashes are recorded in the

presence of background illumination in GCAPs�/� rods, sensitivity no longer

declines according to the Weber–Fechner relationship (open circles in Fig. 4.6c),

indicating that elimination of Ca2+ modulation of cyclase has a profound effect on

adaptation. Adaptation is not however eliminated: the dotted and dashed lines in

Fig. 4.6c are two alternative predictions of the relationship between sensitivity and

background illumination in the absence of adaptation (see legend to figure). Both

predictions give values of sensitivity that are orders of magnitude smaller than the

sensitivity measured in GCAPs�/� rods (Mendez et al. 2001; Chen et al. 2010b),

indicating that modulation of guanylyl cyclase cannot by itself explain the changes

in rod response properties produced by background light.

Further evidence for this claim is given in the remainder of Fig. 4.6. Figure 4.6a

shows responses of GCAPs�/� rods to prolonged exposure to continuous illumina-

tion, much as in Fig. 4.2a for wild-type rods. The rapid component of response

“sag” is eliminated when the GCAPs are deleted, suggesting that this component is

produced by cyclase modulation (see also Calvert et al. 2002). The slower phase of

the “sag” seems however to be entirely intact (Burns et al. 2002). The records in

Fig. 4.6b show that response decay continues to accelerate in background light even

after the GCAPs have been deleted. This aspect of light adaptation also seems to

depend upon some other mechanism of transduction regulation.

What other components of transduction are affected by changes in Ca2+?

Kawamura and Murakami (1991; Kawamura 1993) first described a small molec-

ular weight protein that they called S-modulin but which is now more often referred

to as recoverin (Dizhoor et al. 1991; Hurley et al. 1993; Kawamura et al. 1993).

Recoverin has been shown to regulate the rate of rhodopsin kinase (Kawamura

1993; Chen et al. 1995) and modulate the lifetime of Rh* (Chen et al. 2010a). When

the gene for recoverin is deleted, however, the relationship between sensitivity and

background intensity is unaffected. The filled circles in Fig. 4.6c are from wild-type

rods and the filled squares are from recoverin knockout animals (see Makino

et al. 2004; Chen et al. 2010b). Regulation of rhodopsin lifetime seems to play

little or no role in rod photoreceptor adaptation: recent experiments show that large

increases and decreases in the expression level of rhodopsin kinase have minimal

effects on rod transduction gain (Chen et al. 2012; Gross et al. 2012).

The channel can also be modulated: Ca2+ with calmodulin can alter the effective

affinity of the rod cyclic nucleotide-gated channel for cGMP (Hsu and Molday

1993, 1994; Nakatani et al. 1995). The cyclic nucleotide-gated channel in a rod is a
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tetramer composed of CNGA1 and CNGB1 subunits (Weitz et al. 2002; Zheng

et al. 2002; Zhong et al. 2002), and the CNGB1 subunit has a binding site for Ca2+-

calmodulin (Grunwald et al. 1998; Weitz et al. 1998). When Ca2+ is relatively high

in darkness, Ca2+-calmodulin is bound to the channel, and the affinity of the channel

for cGMP is comparatively low. As Ca2+ falls in the light, Ca2+-calmodulin falls off

of the CNGB1 subunit, increasing the affinity of the channel for cGMP and

Fig. 4.6 Adaptation ofGCAP�/�mouse rods. (a) Means of currents from three presentations each

of 5 GCAP�/� rods to steps of light of intensity 38 photons μm�2 s�1 beginning at t ¼ 0 for the

following durations: 10, 30, 60, and 120 s. (b) Means from five presentations each of 7 GCAPs�/�

rods to 20-ms flashes beginning at t ¼ 0; intensity was kept at 17 photons μm�2 for flashes in

darkness and backgrounds of the following intensities (in photons μm�2 s�1): 4, 13, 38, and 118.

Responses have been normalized cell by cell to peak amplitude of the response and averaged.

The most slowly decaying response is with no background; decay time course progressively

accelerated as background intensity was increased. (c) Weber–Fechner plot as in Fig. 4.2c.

Graph gives mean relative sensitivity as a function of background intensity, averaged from

10 WT rods ( filled circles), 14 rods lacking the protein recoverin ( filled squares), 13 rods from

which the Ca2+-calmodulin-binding site of the cGMP-gated channel had been deleted ( filled
triangles), and 5 GCAPs�/� rods (open circles). Solid line is best-fitting Weber–Fechner function

for WT rods given by Eq. (4.1) with I0 ¼ 77 photons μm�2 s�1. Black dashed and dotted curves
give theoretical predictions of change of sensitivity produced by simple saturation (dashed, from
Mendez et al. 2001) or in the absence of cyclase and PDE feedback (dotted, from Chen

et al. 2010b). [Reprinted from Fain (2011) with permission of Springer US]
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counteracting the light-dependent fall in cGMP concentration. The change in

channel affinity is in a direction to produce channel reopening as the cGMP level

decreases during illumination, so channel modulation could potentially contribute

to the regulation of steady current and sensitivity in background light. When however

the Ca2+-calmodulin binding site of the CNGB1 subunit was genetically deleted,

there was a small change in the rate of decay of the photoreceptor response, especially

to bright flashes, but little or no effect on the relationship between sensitivity and

illumination in steady light (Fig. 4.6c, filled triangles; from Chen et al. 2010b).

4.7 Regulation of Phosphodiesterase

The results in Fig. 4.6 show that modulation of guanylyl cyclase by Ca2+ and the

GCAPs makes a significant contribution to adaptation in background illumination,

but that much of the adaptation nevertheless survives the genetic deletion of the

GCAPs. Moreover, two further Ca2+-dependent mechanisms of transduction regu-

lation that have been discovered, namely, modulation of the rate of rhodopsin

phosphorylation by rhodopsin kinase and recoverin and alteration of the effective

affinity of the channel for cGMP by Ca2+-calmodulin, have little role in the control

of sensitivity during background illumination.

What is left? Four observations suggest that adaptation to background light in a

mammalian rod can be produced in part by modulation of PDE6. These results are

as follows. (1) Background light produces a decrease in the limiting time constant

of response decay τD (Woodruff et al. 2008). As considerable evidence now

indicates that the limiting time constant is a reflection of the rate of decay of

light-activated PDE6 (Krispel et al. 2006; Tsang et al. 2006; Chen et al. 2010a),

the rate of decay of PDE6 is likely to be accelerated in background light. (2) Muta-

tions of the PDE6 γ-subunit can alter the relationship between sensitivity and

background intensity (Woodruff et al. 2008). Although the interpretation of these

experiments is not wholly free of difficulty, they do suggest that PDE6 modulation

may play a role in sensitivity regulation. (3) The response of GCAPs�/� rods to

prolonged illumination is followed by a pronounced current overshoot (see

Fig. 4.6a). This overshoot cannot be produced by modulation of Rh*. Modulation

of Rh* could not cause the current to become larger after the light is turned off than

it was before the rod was illuminated; nor can the undershoots be produced by

channel modulation, because they are even larger in GCAPs�/� rods that also lack

the binding site for Ca2+-calmodulin (Chen et al. 2010b). There is practically

nothing left but regulation of PDE6. (4) A model incorporating modulation of

both spontaneous and light-activated PDE6 activity by Ca2+ can successfully

account for the changes in sensitivity and time course of rod responses in back-

ground light (Chen et al. 2010b).

Although none of these observations is definitive, in aggregate they make

a relatively strong case for light-dependent modulation of PDE6. Recent experi-

ments suggest that at least part of this modulation may be produced by rhodopsin
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kinase (Chen et al. 2012). Both increases in kinase expression and the knocking out

of recoverin can accelerate the limiting time constant of rod decay, which, as we

have said, is apparently a measure of the rate of decay of PDE6. Moreover, the

modulation of the time course of rod response decay in background light is nearly

eliminated by deletion of the gene for recoverin, raising the interesting possibility

that regulation of sensitivity and regulation of response decay are produced

by somewhat different mechanisms.

4.8 Molecular Mechanism of Adaptation

The evidence that we presently have supports the following tentative conception of

adaptation in mammalian rods. Background light and bleaches produce a steady

decrease in circulating current, which reduces the outer segment free Ca2+ concen-

tration. The decrease in Ca2+ increases the activity of guanylyl cyclase via the

GCAP proteins, and activation of cyclase causes an increase in cGMP and a

reopening of the channels. The modulation of cyclase is responsible for a rapid

component of current recovery during maintained light exposure and some part of

the modulation of sensitivity in background light, but it is not responsible for all the

modulation of sensitivity, nor the slower component of current recovery, nor the

acceleration of the time course of response decay in backgrounds or after bleaches.

Neither modulation of rhodopsin lifetime nor regulation of the cGMP-gated chan-

nels by Ca2+-calmodulin seems to make any significant contribution to adaptation.

In contrast, there is increasing evidence for an important component produced by

direct modulation of PDE6, perhaps in concert with rhodopsin kinase and recoverin.

Rhodopsin kinase has the well known role of phosphorylating and turning off Rh*,

but it may also phosphorylate PDE6 or some other protein that regulates PDE6.

Translocation of transducin may have a small effect on sensitivity during recovery

from bleaching but makes no contribution to adaptation in steady background light.

The principal functions of transducin translocation seem to be conservation of

energy, protection from photoreceptor degeneration, and modulation of the gain

of the photoreceptor synapse (Fain 2006; Majumder et al. 2013).

Where do we go from here? One of the biggest difficulties that confronts us is

the paucity of information about the biochemistry of PDE6. The rod PDE6 enzyme

is a tetramer, consisting of catalytic α- and β-subunits and two inhibitory γ-subunits.
All these proteins are potential sites of phosphorylation. Other mechanisms of

regulation are also conceivable. Until we have a more detailed understanding of

this intriguing molecule, we will have difficulty designing experiments to elucidate

its role in photoreceptor physiology. The challenge for the future is to discover

further mechanisms of regulation, and then to combine this knowledge with genetic

and physiological approaches to discover the role of PDE6 and other possible

modulators in background and bleaching adaptation. Ten years ago, we thought

that adaptation was mostly solved. We now understand that there is still much

work to do.
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