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Vertebrate photoreceptors are thought to adapt to light by a change in Ca 2�, which is postulated to mediate modulation of (1) excited
rhodopsin (Rh*) by Ca 2�-dependent binding of recoverin, (2) guanylyl cyclase activity via Ca 2�-dependent GCAP proteins, and (3) cyclic
nucleotide-gated channels by binding of Ca 2�-calmodulin. Previous experiments genetically deleted recoverin and the GCAPs and
showed that significant regulation of sensitivity survives removal of (1) and (2). We genetically deleted the channel Ca 2�-calmodulin
binding site in the mouse Mus musculus and found that removal of (3) alters response waveform, but removal of (3) or of (2) and (3)
together still leaves much of adaptation intact. These experiments demonstrate that an important additional mechanism is required,
which other experiments indicate may be regulation of phosphodiesterase 6 (PDE6). We therefore constructed a kinetic model in which
light produces a Ca 2�-mediated decrease in PDE6 decay rate, with the novel feature that both spontaneously activated and light-activated
PDE6 are modulated. This model, together with Ca 2�-dependent acceleration of guanylyl cyclase, can successfully account for changes in
sensitivity and response waveform in background light.

Introduction
Sensory receptors adapt to constant stimulation. In a vertebrate
rod, steady light decreases the concentration of cGMP, which
closes cyclic nucleotide-gated channels; this decreases the outer
segment free-Ca 2� concentration, which is thought to adapt the
rod by modulating one or more steps in the transduction cas-
cade. Three possible mechanisms of adaptation have been
identified (Fain et al., 2001): (1) regulation of the lifetime of
activated rhodopsin (Rh*) (Matthews et al., 2001; Chen et al.,
2010) via a Ca 2�-binding protein called S-modulin or recoverin
(Kawamura, 1993; Chen et al., 1995, 2010; Erickson et al., 1998);
(2) activation of guanylyl cyclase (Koch and Stryer, 1988; Pesh-
enko and Dizhoor, 2004) by Ca 2�-binding guanylyl cyclase-
activating proteins or GCAPs (see Palczewski et al., 2004); and (3)
modulation of the affinity of the cyclic nucleotide-gated channels
(CNGs) for cGMP (Hsu and Molday, 1993; Nakatani et al., 1995)
by binding of Ca 2�-calmodulin to the channel CNG�1 subunit
(Grunwald et al., 1998; Weitz et al., 1998). Previous experiments
have studied the roles of (1) and (2) by knocking out recoverin
(Makino et al., 2004) and the GCAP proteins (Mendez et al.,

2001; Burns et al., 2002). These experiments, together with results
we present in this paper, show that recoverin deletion has little or
no effect on adaptation of flash sensitivity; removal of GCAPs
alters sensitivity regulation, but much of the phenomenology of
light adaptation persists in GCAPs�/ � rods.

That leaves (3), Ca 2�-calmodulin-dependent modulation of
the channels. The rod cyclic nucleotide-gated channel is a tet-
ramer composed of CNGA1 and CNG�1 subunits with a 3:1
stoichiometry (Weitz et al., 2002; Zheng et al., 2002; Zhong et al.,
2002); the CNG�1 subunit is known to contain a binding site for
Ca 2�-calmodulin (Grunwald et al., 1998; Weitz et al., 1998). Pre-
vious experiments (Hsu and Molday, 1993; Gordon et al., 1995;
Koutalos et al., 1995; Nakatani et al., 1995) have indicated that
Ca 2�-calmodulin is bound to the rod cyclic nucleotide-gated
channel in the dark, when outer segment free-Ca 2� is high and
the affinity of the channel for cGMP is relatively low. As Ca 2�

falls in the light, Ca 2� becomes unbound, increasing the affinity
of the channel for cGMP and counteracting the fall in cGMP
concentration.

To test for a role of channel modulation, we have introduced a
targeted mutation into the gene for the CNG�1 subunit to re-
move the Ca 2�-calmodulin binding site. This should remove all
Ca 2�-dependent modulation of the channel (Gordon et al., 1995;
Warren and Molday, 2002). These CNGB1�CaM mice were also
crossed with GCAPs�/ � mice to remove both channel and cy-
clase modulation. Our experiments reveal an important contrib-
utor to adaptation that none of the proposed mechanisms can
explain. We postulate a novel mechanism of modulation of spon-
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taneously activated phosphodiesterase (PDE) 6, and we show
with a kinetic model that Ca 2�-dependent acceleration of decay
of both spontaneous PDE6 and light-activated PDE6, together
with GCAP-dependent cyclase regulation, is sufficient to explain
the waveform and sensitivity of both wild-type (WT) and
GCAPs�/ � rod responses during maintained illumination.

Materials and Methods
Generation of CNGB1�CaM mice. Care of experimental animals con-
formed to procedures approved by the University of Southern California
and University of California, Los Angeles Animal Care Committees (Los
Angeles, CA). A CNGB1 genomic fragment was obtained by long-range
PCR with 129/Sv mouse embryonic stem (ES) cell DNA as template. A
targeting vector was constructed whereby 14 aa residues were deleted
within the CaM binding site contained within exon 20 (see Fig. 1 A). This
mutation was flanked by 5� (1.6 kb) and 3� (6.2 kb) arms. The neomycin
selection cassette was inserted into intron 19, and a thymidine kinase
cassette was cloned 5� to the targeting vector (see Fig. 1 B), thus offering
both positive and negative selection to the integrated DNA. The con-
struct was electroporated into 129/Sv mouse ES cells. G418- and
2-fluoro-2-deoxy-1�-D-arabino-furanosyl-5-iodo-uracil (FIAU)-resistant
colonies were picked, expanded, and analyzed by Southern hybridiza-
tion. Clones that had undergone homologous recombination were in-
jected into C57BL/6 blastocysts. High degree chimeras (�95%) were
bred to C57BL/6 to obtain mice heterozygous for the insertion. These
mice were then bred with the Msx2-cre line (Fu et al., 2007) to remove the
neomycin cassette.

Western blotting. Retinas were isolated from 1 month-old mice and
homogenized in buffer (80 mM Tris, pH 7.4, 10 mM EDTA, 4 mM MgCl2,
2 mM CaCl2, 0.5 mg/ml Complete Mini protease inhibitors; Roche). For
detecting CNG�1, the retinas were solubilized in radioimmune precipi-
tation assay (RIPA) buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 2 mM

EDTA, 1 mM Na3VO4, 2.5 mM NaF, 1% Nonidet P-40, 0.5% deoxy-
cholate, 0.1% SDS, 1 mM PMSF, and protease inhibitor cocktail), fol-
lowed by DNase I treatment (0.1 mg/ml) at room temperature for 30 min
instead of boiling. Equal amounts of retinal homogenates from the indi-
cated mice were fractionated by SDS-PAGE and transferred to nitrocel-
lulose membranes. The membranes were blocked with 5% nonfat dry
milk in TBST (20 mM Tris, pH 7.6, 137 mM NaCl, 0.05% Tween 20)
followed by incubation with primary antibody (GARP:4B1) (Poetsch et
al., 2001), GC1 (H-226, Santa Cruz Biotechnology), actin (MAB 1501;
Millipore), PDE6 and rod transducin (MOE and TF-15; Cytosignal), and
RGS-9 (Chen et al., 2000). Signals were detected and quantified with the
Odyssey infrared imaging system (LI-COR Biosciences). Results from
Western blots were normalized to levels of actin.

Histology and immunohistochemistry. Eyecups were fixed in 2.5% glu-
taraldehyde/2% paraformaldehyde in 0.1 M cacodylate buffer, pH 7.2,
and embedded into epoxy resin or 4% paraformaldehyde in 0.1 M phos-
phate buffer, pH 7.2, and embedded into OCT for frozen sections as
described previously (Concepcion et al., 2002).

Suction-electrode recordings. Methods for recording responses of
mouse rods have been given previously (Woodruff et al., 2008; Chen et
al., 2010). Animals between 2 and 6 months of age were dark adapted
typically for 5 h but for at least 3 h in a light-tight box. Rods were perfused
at 37–39°C with DMEM (catalog #D-2902, Sigma) supplemented with 15
mM NaHCO3, 2 mM Na succinate, 0.5 mM Na glutamate, 2 mM Na glu-
conate, and 5 mM NaCl, bubbled with 5% CO2, pH 7.4. Data were filtered
at 30 Hz (8 pole Bessel filter) and sampled at 100 Hz. Flashes of 500 nm
light 20 ms in duration were attenuated to different light levels by absorp-
tive neutral density filters. At dim intensities, 10 –20 individual responses
presented at 5 s intervals were averaged to obtain mean flash responses.
At medium intensities, 5–10 responses were averaged and the interflash
interval was increased to 10 s. At bright intensities above saturation for
the rods, only 3–5 responses were averaged, and the interflash interval
was increased to 15–20 s. A 500 nm light was also used for steps of light
and backgrounds. Other information about the details of response pre-
sentation is given in the figure legends. The values of �D for WT and
CNGB1�CaM rods were measured as in Woodruff et al. (2008) by giving

a series of five flashes at each of between 4 and 7 intensities chosen for
each rod to fall within one and a half log units above the flash intensity
that just produced saturation of that rod’s response amplitude. Flash
intensities were in the range of 159 –3250 photons �m �2. The time in
saturation (Tsat) was measured as the time from the beginning of the flash
to the time at which the mean circulating current recovered to 25% of its
dark-adapted value. The value of �D was then calculated as the best-
fitting slope of Tsat versus the natural logarithm of the flash intensity.
Unless otherwise stated, errors are given as standard errors of the mean.
Curve fitting and plotting of data were done with the program Origin
(OriginLab).

Results
Knocking out Ca 2�-dependent modulation of the channel
We investigated the effect of channel regulation on the physiol-
ogy of the rod by removing the site of calmodulin binding to
produce so-called CNGB1�CaM mice. To accomplish this, a
gene-targeting vector was constructed to delete the amino acids
LQELVKMFKERTEK within exon 20 of the CNGB1 gene, which
codes for the channel CNG�1 subunit (Fig. 1A). Removal of
these amino acids is known to abolish CaM-mediated inhibition
of the channel in vitro (Grunwald et al., 1998) and in vivo for
olfactory cyclic nucleotide-gated channels in knock-in mice
(Song et al., 2008). The neomycin cassette, flanked by loxP sites,
was inserted into intron 19 (Fig. 1B). This construct was electro-
porated into mouse ES cells, and neomycin-resistant colonies
were screened by Southern blots. Digestion of ES cell DNA by the
restriction enzyme HindIII created a 2.9 kb fragment from the
endogenous CNGB1 locus (Fig. 1C, lanes 1 and 3), while homol-
ogous recombination produced a 4.7 kb fragment as the result of
insertion of the neomycin cassette (Fig. 1C, lane 2). Knock-in
mice were generated with these ES clones. The neoloxP cassette
was subsequently removed from the CNGB1 locus by crossing
with the Msx2-cre line, which caused excision of neoloxP in the
germline of these mice (Fu et al., 2007). Deletion of the calmod-
ulin binding site was confirmed by PCR and restriction mapping.
These CNGB1�CaM mice were subsequently mated with
GCAPs�/ � mice lacking the GCAP proteins (Mendez et al., 2001)
to produce CNGB1�CaM/GCAPs�/ � mice.

Expression levels of several transduction proteins were
evaluated in retinal homogenates from 1-month-old WT,
CNGB1�CaM, CNGB1�CaM/GCAPs�/ �, and GCAPs�/ � mice
(Fig. 1D, lanes 1, 2, 3, and 4, respectively). Few differences were
detected, except for the absence of GCAP1 and GCAP2 in
GCAPs�/ � mice. These results were quantified and are presented
in supplemental Fig. S1, where fluorescent signals from individ-
ual proteins were normalized to actin levels and then compared
to those of WT. Removing the calmodulin binding site did not
lead to expression changes in these transduction proteins.

To localize the mutant channel subunit, retinal sections from
CNGB1�CaM mice were reacted with an antibody against the
GARP domain (Poetsch et al., 2001), which is located near the
CNG�1 N terminus (Fig. 1A). The immunofluorescence signal was
restricted to the rod outer segments (Fig. 1E, left panel), similar to
the pattern seen in WT controls (data not shown). Retinal morphol-
ogy was also normal (Fig. 1E, right panel). Therefore the
CNGB1�CaM mutation did not adversely affect the localization of
the CNG channel or the survival of the photoreceptors.

Response properties of CNGB1�CaM rods
We compare the responses of WT and CNGB1�CaM rods in
Figure 2. In Figure 2, A and B, we show mean responses from 10
WT rods and 13 CNGB1�CaM rods to the same series of increas-
ing flash intensities, and in Figure 2C we give peak response am-
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plitude as a function of flash intensity. The responses of
CNGB1�CaM rods are remarkably similar to those of WT rods;
there were no significant differences (Student’s t test) in the val-
ues of circulating current, sensitivity, and integration time (see
Table 1). A careful examination of the averaged responses in
Figure 2, A and B, however, indicates that the CNGB1�CaM rods
had a tendency to remain in saturation for a shorter time than
WT rods. We examined this property further in Figure 2D, where
we have plotted the time the rods remain in saturation, Tsat, as a

function of the natural logarithm of the flash intensity (Pepper-
berg et al., 1992). For both WT (f) and CNGB1�CaM rods (�)
we give mean values of Tsat measured as the interval from the
beginning of the flash to the time at which the circulating current
recovered to 25% of its dark value (see Materials and Methods).
The best-fitting slopes of the lines gave values for the limiting time
constant �D, which from Figure 2D were 178 ms for WT and 153 ms
for CNGB1�CaM rods. Values of �D measured rod by rod from the
two types of photoreceptors gave mean values of 185 � 11 ms from
21 WT rods and 156 � 9 from 13 CNGB1�CaM rods, which were
significantly different at the 0.05 level (Student’s t test). In addition, it
is quite apparent from the data in Figure 2D that the values of Tsat at
each flash intensity are systematically shorter in CNGB1�CaM rods,
consistent with their more rapid recovery in Figure 2B.

Changes in flash sensitivity in WT and CNGB1�CaM rods
As we and others have shown (Mendez et al., 2001; Makino et al.,
2004; Fan et al., 2005; Woodruff et al., 2008), the change in flash
response amplitude in the presence of a background light in a WT
mouse rod produces a decrease in flash sensitivity, which for dim
to moderate intensity backgrounds is in approximate agreement
with the Weber–Fechner relation

SF

SF
D �

I0

I0 � IB
, (1)

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. Flash sensitivity is calculated from
the peak amplitude of the small-amplitude response divided by
the flash intensity. The data for WT rods (F) have been fitted in
Figure 3 with Equation 1 and the best-fitting value of Io for this set
of rods of 77 photons �m�2 s�1 (solid black curve).

We were unable to observe any effect of removal of the cal-
modulin binding site on the flash sensitivity of the rods in back-
ground light. In Figure 3, we plotted mean values of relative flash
sensitivity for 13 CNGB1�CaM rods as a function of background
intensity (Œ). These data nearly superimpose on those of WT
rods. We also recorded from rods lacking the Ca 2�-binding pro-
tein recoverin, which recent experiments show lack the ability to
regulate Rh* lifetime (Chen et al., 2010). These measurements
(f) are also indistinguishable from those of WT, in confirmation
of Makino et al. (2004). Thus, neither channel modulation nor
regulation of Rh* seem to make a significant contribution to the
control of flash sensitivity during light adaptation.

We then examined the effect of removal of the third of the
proposed Ca 2�-dependent mechanisms, namely the regulation
of guanylyl cyclase by the GCAP proteins. As Mendez et al. (2001)
first showed, adaptation is affected by deletion of the GCAPs:
flash sensitivity declines in GCAPs�/ � rods more rapidly as a
function of background intensity than in WT rods. We have re-
peated their experiments with similar results (Fig. 3, E). We also
measured the flash sensitivity of CNGB1�CaM/GCAPs�/ � mice
lacking both channel and cyclase modulation (Fig. 3, �), and
these results are indistinguishable from those of GCAPs�/ � rods.
There were also no significant differences in maximum re-
sponse amplitude and dark-adapted sensitivity of GCAPs�/ �

and CNGB1�CaM/GCAPs�/ � rods (Table 1, Student’s t test);
although the integration time appeared to be somewhat shorter,
this difference was not significant.

These experiments indicate that, of the three Ca 2�-dependent
processes postulated to be responsible for regulation of flash sen-
sitivity in vertebrate photoreceptors, only cyclase modulation via

Figure 1. Generation of CNGB1�CaM mice. A, Schematic of the domains within the rod
CNG�1 subunit: GARP, Glutamic acid-rich protein; CaM, calmodulin binding domain; CNBD,
cyclic nucleotide binding domain. Fourteen amino acid residues (red) were deleted within the
CaM binding domain in the targeting construct. B, The calmodulin-binding domain is coded
within exon 20 (asterisk). The 1.8 kb neoloxP selection marker was inserted into intron 19. DNA
extracted from neomycin-resistant ES cell colonies was digested with HindIII (H). The endoge-
nous fragment is predicted to be 2.9 kb, whereas the correctly targeted homologous recombi-
nation event will generate a 4.7 kb fragment (2.9 kb � 1.8 kb from the neomycin cassette)
when the indicated probe is used in a Southern blot. C, Southern blot of representative colonies
that did not (lanes 1 and 3) and did (lane 2) contain the correct homologous recombination
event. D, Representative Western blot (N � 3–5) of retinal homogenates from 1-month-old
WT (lane 1), CNGB1�CaM (lane 2), CNGB1�CaM/GCAPs �/ � (lane 3), and GCAPs �/ � (lane 4)
mice. No changes in levels of indicated retinal proteins were detected except for the absence of
GCAP1 and GCAP2 when their genes were knocked out. E, CNGB1�CaM is correctly localized to
the outer segment (left). The mutation did not affect the retinal morphology (right). RPE,
Retinal pigmented epithelium; OS, outer segment; IS, inner segment; ONL, outer nuclear layer.
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the GCAP proteins makes an appreciable contribution. It is of
considerable interest, however, as Mendez et al. (2001) first
showed, that even in the GCAPs�/ � rods the decline of sensitivity
is not as great as would be predicted if all of modulation of
transduction had been eliminated, and our experiments dem-
onstrate that this is also true for CNGB1�CaM/GCAPs�/ � re-
ceptors. The dashed black curve in Figure 3 is the change in flash
sensitivity predicted by the increment saturation relation

SF

SF
D � exp� �SF

DtiIB

rmax
�, (2)

where SF is the flash sensitivity of the rod, SF
D the flash sensitivity

in darkness, IB the intensity of the background, ti the integration
time, and rmax the maximum response amplitude. This relation
has been used previously to describe the expected change in
flash sensitivity if steady illumination simply closed the cyclic
nucleotide-gated channels without any regulation of trans-
duction (see for example Mendez et al., 2001). We also show as
the dotted black curve in Figure 3 the change in flash sensitivity as
a function of background intensity predicted by the model we
give later in the paper, again without any feedback regulation of
transduction. This relation is as follows:

SF

SF
D �

1

�1 �
SF

DtiIB

3rmax
�4. (3)

By either measure, the flash sensitivity in GCAPs�/ � or
CNGB1�CaM/GCAPs�/ � rods is much greater than what we

would predict if sensitivity regulation
were lost completely. It may not seem that
this difference is very great, since the hor-
izontal discrepancy between the data in
Figure 3 and the black dotted and dashed
curves does not seem especially large; but
it is the vertical discrepancy that gives a
true measure of the adaptation present af-
ter the GCAP proteins have been knocked
out. By this measure, sensitivity is 20 times
greater than Equation 3 of our model
would predict at a background of 118
photons �m�2 s�1, and 100 times greater
at a background of 438 photons �m�2

s�1. With Equation 2 instead (the expo-
nential saturation equation), these dis-
crepancies are even larger, because that
curve falls faster as intensity is increased:
measured sensitivity is more than a thou-
sand times greater at a background of 118
photons �m�2 s�1, and the difference at a
background of 438 photons �m�2 s�1 is
14 orders of magnitude.

Regulation of response turnoff
A second manifestation of light adapta-
tion also persists in GCAPs�/ � and
CNGB1�CaM/GCAPs�/ � rods. In a WT
rod, the amplitude of the response to a
flash of constant light intensity is de-
creased in the presence of background
light (Fig. 4A). When responses are nor-
malized and superimposed (Fig. 4B), the
decay time of the response can be seen to

be accelerated, with the exponential time constant of recovery
�REC decreasing by as much as a factor of 2 (Woodruff et al.,
2008).

The results in Figures 4, C and D, show that a similar phe-
nomenon occurs in GCAPs �/ � rods. Response amplitude to a
constant intensity flash also decreases in the presence of a back-
ground (Fig. 4C), and although responses decay more slowly in
the dark in the absence of cyclase regulation and have a much
longer integration time (see Table 1) (Mendez et al., 2001), back-
ground light accelerates the time course of response decline to an
extent that is similar to that in WT rods; single exponential fits to
the declining phase of the mean waveform of the response in
Figure 4D gave values for �REC of �500 ms in dark-adapted rods
and �250 ms in the presence of the brightest background. Similar
data are given for CNGB1�CaM/GCAPs�/ � rods in Figures 4, E
and F. These experiments show that the mechanism responsible
for systematic acceleration of response decay in background light
can still occur in the absence of Ca 2�-dependent modulation of
guanylyl cyclase and calmodulin-dependent regulation of the
channels.

Responses of GCAPs � / � and CNGB1�CaM/GCAPs �/ � rods
to steps of light
Light adaptation also produces a slow reopening of channels in
the presence of background light, evinced by a prominent sag in
the response of the rod to steady light. This sag still occurs in rods
without recoverin (Makino et al., 2004), and much of it also
survives deletion of the GCAPs and the channel Ca 2�-
calmodulin binding site. In Figure 5, we show averaged responses

Figure 2. Comparison of flash responses of WT and CNGB1�CaM rods. A, Mean responses averaged from five flash presenta-
tions for each of 10 WT rods at the following flash intensities (in photons �m �2): 4, 17, 43, 159, 453, and 1122. B, Mean responses
averaged from five flash presentations for each of 13 CNGB1�CaM rods at the same flash intensities as those in A. C, Peak response
amplitude plotted against flash intensity for 20 WT (f) and 13 CNGB1�CaM (�) rods. Curve fitted to WT data is Boltzmann
equation with I1⁄2 of 26 photons �m �2. D, Time in saturation as a function of the natural logarithm of the flash intensity. Data
points give mean with SE from 21 WT rods (f) and 13 CNGB1�CaM (�) rods. Straight lines are best linear fits with slopes �D of 178
ms for WT and 153 ms for CNGB1�CaM.
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from WT (A), GCAPs�/ � (B), and CNGB1�CaM/GCAPs�/ �

rods (C) to a series of steps of varying duration. As indicated by
earlier experiments on amphibian rods (Calvert et al., 2002), the
time course of channel reopening in a WT rod is complex, con-
sisting of an initial relaxation of the response (Fig. 5A, inset) with
a time constant in mouse of several hundred milliseconds, whose
amplitude and time course varied with light intensity but in this
experiment restored almost 20% of the dark circulating current.
This fast phase was then followed by a slow continuing increase in
circulating current over at least 2 min, again variable in ampli-
tude and time course, which at the background intensity of Figure
5A had a time constant of 84 s and could restore an additional
15% of the dark circulating current.

In GCAPs�/ � rods, the value of the circulating current in
darkness was somewhat larger than that in WT rods (see Table 1),
probably reflecting an increase in basal cyclase activity upon
removal of the GCAPs; this difference was significant at the
0.001 level (Student’s t test). When we exposed dark-adapted
GCAPs�/ � rods to prolonged steps of light of varying duration,
the initial rapid decrease in circulating current seen in WT rods
was absent (Fig. 5B) but a slower current increase was always

observed, which for the light intensity in Figure 5B had a time
constant of �30 s and restored of the order of 40% of the circu-
lating current. The turning off of light produced a transient over-
shoot, during which the current became larger than its resting
value in darkness (see also Burns et al., 2002).

The sag in photocurrent and highly reproducible overshoot
following exposure to light steps indicates that some process in
the absence of the GCAP proteins is regulating the cGMP con-
centration and/or the affinity of the outer segment channels for
cGMP. This process seems not to be produced by Ca 2�-
dependent modulation of the channels, since we observed similar
declines of current and overshoots in CNGB1�CaM/GCAPs�/ �

rods (Fig. 5C). There was again no detectable rapid phase of
response decay after the onset of the light step. The amplitudes of
the slow recovery phase and of the overshoot were somewhat
larger than in GCAPs�/ � rods, consistent with an increase in the
affinity of the channels for cGMP upon removal of binding of
Ca 2�-calmodulin.

Modeling modulation of PDE6
We have shown so far that removal of the Ca 2�-calmodulin
binding site of the cyclic nucleotide-gated channels produces
modest changes in the time of saturation of the light response,
consistent with the postulated role of Ca 2�-calmodulin in regu-
lating channel affinity, but does not produce any significant al-
teration of adaptation of flash sensitivity in background light.
Furthermore, a substantial part of light adaptation in a mouse
rod survives deletion of the GCAPs, with or without the addi-
tional removal of the channel Ca 2�-calmodulin binding site.
Particularly significant are the prominent overshoots of
CNGB1�CaM/GCAPs �/ � rods when steady background light
is extinguished, since they cannot be produced by cyclase or
calmodulin-dependent channel regulation. Furthermore, modu-
lation of the lifetime of Rh* cannot generate an increase in cGMP at
light offset to a concentration greater than the one before the light
was turned on. These experiments indicate that some as yet uniden-
tified mechanism must make a large contribution to regulation of
current, sensitivity, and response decay in maintained light.

Previous experiments have indicated that PDE6 in mouse
rods is directly regulated during (Woodruff et al., 2008) or after
steady illumination (Krispel et al., 2003). Furthermore, modula-
tion of the PDE6 could, in principle, explain the large overshoots
we have recorded when steady light is extinguished in GCAPs�/ �

and CNGB1�CaM/GCAPs�/ � rods. We therefore conjectured
that the missing component of adaptation may be produced by
direct modulation of the rate of hydrolysis of cGMP through
modulation of the lifetime of activated PDE6. Since no molecular
mechanisms have been described that produce direct PDE6 mod-
ulation, we attempted to test the feasibility of this proposal by
constructing a kinetic model. To do this, we built on the bio-
chemical model for rod phototransduction of Hamer et al. (2003;
2005). We removed from this model the modulation of Rh* life-
time mediated by recoverin, and no provision was made for mod-

Table 1. Kinetic and sensitivity parameters of rods

Animal line rmax (pA) SF
D (pA photon�1 �m 2) I½ (photons �m�2) ti (ms)

WT (20) 14.5 � 0.7 0.34 � 0.13 27 � 1 262 � 15
CNGB1�CaM (13) 14.9 � 0.5 0.30 � 0.03 34.2 � 4.5 228 � 35
GCAPs �/� (15) 17.6 � 0.5 2.26 � 0.18 4.8 � 0.5 678 � 46
CNGB1�CaM GCAPs �/� (13) 15.8 � 1.4 1.91 � 0.18 6.4 � 0.9 389 � 50

All values are means � SE. Values of rmax (maximum response amplitude) were determined cell by cell from responses to saturating flashes; SF
D(dark-adapted flash sensitivity), by dividing the peak amplitude of the mean dim-flash response

for each cell by the flash intensity; I½ (the intensity required to produce a half-maximal response), from the fit of response-intensity data for each cell to a Boltzmann function in the program Origin; and ti (the integration time), from the time
integral of the mean dim-flash response for each cell divided by the peak amplitude of the response.

Figure 3. Weber–Fechner plot. Sensitivity (SF) in pA photon�1 �m2 was calculated in dark-
ness and in the presence of background light as the peak amplitude of the response in the linear
range (for dim flash intensities) divided by the flash intensity. Graph gives mean sensitivity
divided by sensitivity in the absence of a background (SF

D) as a function of background intensity
averaged from 10 WT rods (F), 14 rods lacking the protein recoverin (Rec �/ �; f), 13
CNGB1�CaM rods (Œ), 5 GCAPs �/ � rods (E), and 10 CNGB1�CaM/GCAPs �/ � rods (�).
Solid line is best-fitting Weber–Fechner function for WT rods given by Equation 1 with I0 � 77
photons �m �2 s �1. Black dashed and dotted lines are theoretical predictions of change in
sensitivity in the absence of transduction modulation from Equations 2 and 3 (see Results), and
red dashed and continuous lines are predictions for GCAPs �/ � and WT rods based on a model
of light adaptation consisting of two major components: a Ca 2�-dependent modulation of
guanylyl cyclase via the GCAP molecules, and a Ca 2�-dependent regulation of spontaneously
activated and light-activated PDE6.
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ulation of the channels by Ca 2�-calmodulin. Furthermore, to
keep the number of fitted parameters in the model to a mini-
mum, we assumed that the fastest reactions in Hamer et al. (2003;
2005) were instantaneous. Further details are given in the supple-
mental information.

We first simulated our experiments with a model that lacked
PDE6 modulation. To simulate recordings from GCAPs�/ �

mice, we disabled the Ca 2�-mediated feedback onto guanylyl
cyclase, freezing the rate of synthesis of cGMP by guanylyl cyclase
at the dark level (Hamer et al., 2005). We fitted this model to
GCAPs�/ � rod responses for a family of flash intensities in vari-
ous background light levels. As expected, we found that this ini-
tial model could not account for the GCAPs�/ � sensitivity as a
function of background light level but is instead in close agree-
ment with Equation 3 and the black dotted curve in Figure 3,
which predict much too rapid a decline with increasing back-
ground light. This supports the inference from our experiments
that there must be a mechanism of adaptation in addition to
Ca 2�-mediated feedback onto guanylyl cyclase. We found a fur-
ther dramatic and informative failure of our initial model: at each
background there was much more photocurrent that could be
blocked by a superimposed bright-light flash in the real
GCAPs�/ � rods than predicted by our initial model. In other
words, at each background light level the steady-state circulating
current measured experimentally was much larger than the cor-
responding current given by the model.

In light of these findings and the experimental evidence for the
modulation of PDE6, we embellished the WT and GCAPs�/ �

models by including a mechanism for
modulation of the rate of decay of acti-
vated PDE6 (PDE6*). For sake of simplic-
ity, and in agreement with previous
evidence (Matthews et al., 1988; Nakatani
and Yau, 1988; Tamura et al., 1991), we as-
sumed that this modulation was mediated
by the free outer segment Ca2� concentra-
tion; however, we cannot rule out a different
unknown intracellular messenger governed
by light intensity.

We first tried a version of the model in
which only the rate of decay of light-
activated PDE6* was subject to this mod-
ulation, as in the model of Soo et al.
(2008). We found that this assumption
alone produced hardly any improvement
over the model completely lacking modu-
lation of PDE6* decay. The primary rea-
son for this failure is that the circulating
current at each background light level is
still far too low in the model compared to
that measured experimentally.

Next, we tried a logical and economical
extension in which the rate of decay of
light-activated and also spontaneously ac-
tivated PDE6* are both modulated in
exactly the same manner, with the spon-
taneous activation independent of light
intensity. We found that this model, with
Ca 2�-mediated feedback onto guanylyl
cyclase disabled, could adequately repro-
duce the family of mean responses to
flashes superimposed on background
light levels measured from GCAPs�/ �

mouse rods (Fig. 6A). The model also adequately predicted the
dependence of flash sensitivity on background light level of
GCAPs�/ � rods; in Figure 3 the dashed red line gives the model
calculations and should be compared with the open circles, mea-
sured from GCAPs�/ � rods. The very same model in WT form,
with Ca 2�-mediated feedback onto guanylyl cyclase enabled, also
accounted satisfactorily for a WT family of responses to flashes
superimposed on background light levels (Fig. 6B). The model
could in addition predict the dependence of flash sensitivity on
background light level of WT rods (Fig. 3, continuous red line).
Note that the prediction of the model actually gave a somewhat
better fit than Weber’s law.

The model also predicted the effect of background light on the
limiting time constant of the light response. Woodruff et al.
(2008) reported that �D decreased by about a factor of 2 from a
value in darkness of 168 ms to a value of 78 ms in a background
light of 1350 photons �m�2 s�1. On the assumption that �D

corresponds to the time constant for the deactivation of sponta-
neously activated and light-activated PDE6* (�PDE) in our model,
we obtained a similar effect: �PDE decreases in the WT model
from 184 ms in darkness to 94 ms at the brightest background
level (1350 photons photons �m�2 s�1), and it decreases in the
GCAPs�/ � model from 170 ms in darkness to 70 ms in the
brightest background we used (118 photons �m�2 s�1).

Finally, both the WT and GCAPs�/ � versions of the model
that included modulation of spontaneous and light-activated
PDE6* decay gave partial recovery of the photocurrent in re-
sponse to a prolonged step of light for both WT and GCAPs�/ �

Figure 4. Effect of background light on waveform of decay of rod flash response. A, Mean responses averaged from five
presentations each of 10 WT rods to 20 ms flashes, all of flash intensity 453 photons �m �2, given in the presence of backgrounds
of the following intensities (in photons �m �2 s �1): 0 (black), 12 (red), 38 (green), 118 (blue), 438 (magenta), and 1354 (dark
yellow). B, Responses from A normalized cell by cell to peak amplitude of the response and averaged. C, Mean responses averaged
from five presentations each from seven GCAPs �/ � rods to 20 ms flashes, all of flash intensity 17 photons �m �2, given in the
presence of backgrounds of the following intensities (in photons �m �2 s �1): 0 (black), 4 (red), 13 (green), 38 (blue), and 118
(magenta). D, Responses from C normalized cell by cell to peak amplitude of response and averaged. E, Mean responses averaged
from five to seven presentations each from 10 CNGB1�CaM/GCAPs �/ � rods to 20 ms flashes, all of flash intensity 17 photons
�m �2, given in the presence of backgrounds of the following intensities (in photons �m �2 s �1): 0 (black), 4 (red), 13 (green),
38 (blue), and 118 (magenta). F, Responses from E normalized cell by cell to peak amplitude of response and averaged.
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rods (see supplemental Fig. S2 in the supplemental information),
and the kinetics of recovery in the model are similar to those
shown in Figure 5, A and B. However, the model gave overshoots
upon light offset that were larger than those we have recorded; we
think this is because our model lacks Ca 2�-calmodulin modula-
tion of cGMP-gated channels and thus behaves more like
CNGB1�CaM/GCAPs�/ � rods, which gave larger overshoots.

Discussion
To explore the possible role of channel modulation in the physi-
ology of the rod, we have removed Ca 2�-calmodulin binding by
knocking into the genome a CNGB1 construct that lacks the cod-
ing region for the calmodulin binding site (Fig. 1A). We showed
that the altered channel � subunit is correctly targeted to the rod
outer segments (Fig. 1E left), the expression of other outer seg-
ment proteins is unaffected (Fig. 1D), and the morphology and
survival of the photoreceptors are unaltered (Fig. 1E right). Re-
moval of the Ca 2�-calmodulin binding site might be expected to
alter rod circulating dark current, but we saw no significant effect
on rmax or on sensitivity (Table 1). There were, however, two
important consequences for the physiology of the rod. First, there
was a decrease in the time in saturation of the rod response man-
ifested by a shift along the intensity axis of the curve relating time
in saturation, Tsat, to log light intensity (Fig. 2D). Removal of the
Ca 2�-calmodulin binding site should produce channels with
an increased affinity for cGMP; so, as the rods begin to recover

after a bright flash, small increases in cGMP should produce a
larger change in current than in WT rods, and current should
recover faster. We also observed a small but significant de-
crease in the value of the limiting time constant �D, for which
we presently have no explanation. We detected no change in
the expression level of the GAP protein RGS9 in our
CNGB1�CaM rods (Fig. 1 D).

The second effect of removing the Ca 2�-calmodulin binding
site is revealed by comparing Figure 5B (for GCAPs�/ � rods)
with Figure 5C (for CNGB1�CaM/GCAPs�/ � rods): the slow
decline of current and the overshoot at the turning off of the light
are as large or larger in CNGB1�CaM/GCAPs�/ � rods as in
GCAPs�/ � rods. The reason this comparison is important is be-
cause it shows that modulation of the channel cannot be respon-
sible for the decrease in current or overshoot in GCAPs�/ � rods,
since removal of the calmodulin binding site has been shown to
eliminate all Ca 2�-dependent modulation of the channels (Gor-
don et al., 1995; Warren and Molday, 2002).

Figure 5. Change in circulating current to steps of light of varying duration. A, WT rods. Data
traces are superimposed means of currents of seven rods each exposed three times to steps 10,
30, 60, and 120 s in duration of intensity of 440 photons �m �2 s �1. Red trace is best-fitting
single-exponential decay function with a time constant of 84 s. Insert shows first 4 s at higher
time resolution; red trace is best-fitting single-exponential decay function with time constant of
380 ms. B, GCAPs �/ � rods. Superimposed mean responses of three presentations each from
five rods to a step of light of intensity 38 photons �m �2 s �1 for the following durations: 10,
30, 60, and 120 s. Red trace is best-fitting single-exponential decay function with time constant
of 28 s. C, CNGB1�CaM/GCAPs �/ � rods. Superimposed mean responses of three presenta-
tions of 2 rods to a step of light of intensity 38 photons �m �2 s �1 for the following
durations: 10, 30, 60, and 120 s. Red trace is best-fitting single-exponential decay func-
tion with time constant of 28 s.

Figure 6. Model predictions of flash–response waveforms. Gray traces give mean responses
recorded from the rods, and black dashed curves give model calculations, either with no back-
ground (labeled “dark”) or in background light at the indicated intensity in units of photons
�m �2 s �1. A, Mean responses of nine GCAPs �/ � rods with model containing Ca 2�-
dependent modulation of decay rate of both light-activated and spontaneous PDE6*, but with-
out GCAP-dependent modulation of cyclase. B, Mean responses of nine WT rods with model
containing both PDE6* and cyclase modulation. See text.
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Comparison to olfactory receptor neurons
There is an interesting parallel between our results in rods and the
recent observations of Song et al. (2008) on olfactory receptor
neurons, which express a CNG channel composed of CNGA2/
CNG�1b/CNGA4 subunits that is gated by cAMP. Song et al.
also introduced a mutation that abolishes binding of Ca 2�-
calmodulin and showed that olfactory responses decay more
slowly in mutant receptors, opposite to our observation of faster
response recovery, but the reason is the same. In both cell types,
the deletion of the channel Ca 2�-calmodulin binding site in-
creases the affinity of the channel for cyclic nucleotides, but be-
cause stimulation increases cAMP in olfactory receptor neurons
but decreases cGMP in rods, the effect on the rate of response
recovery is opposite in sign.

Song et al. (2008) also showed that deletion of the Ca 2�-
calmodulin binding site has little effect on adaptation, in contrast
to earlier results (Kurahashi and Menini, 1997). They proposed
instead that the primary physiological role of channel modula-
tion in an olfactory receptor neuron is to accelerate termination
of the response. We also see no effect on sensitivity regulation in
a rod lacking the Ca 2�-calmodulin binding site; moreover, our
experiments indicate that in a WT rod with Ca 2�-calmodulin
binding intact, response termination should also be modestly
accelerated, particularly for bright flashes, as the free-Ca 2� con-
centration decreases and Ca 2� falls off the channel. The func-
tional role of channel modulation in the physiology of the rod
seems less important than originally supposed (Hsu and Molday,
1993), in substantial agreement with previous observations and
modeling from amphibian rods (Koutalos et al., 1995; Nakatani
et al., 1995).

Regulation of PDE6 and the mechanism of light adaptation
When a mouse rod is exposed to steady background light, the
response adapts; channels first close and then reopen in two tem-
poral phases (Calvert et al., 2002), one with a time constant of a
few hundred milliseconds and another with a time constant of
tens of seconds (Fig. 5A). In addition, the decay time of the flash
response is accelerated (Fig. 4A,B) (see Woodruff et al., 2008),
the limiting time constant �D is decreased (Woodruff et al., 2008),
and flash sensitivity is reduced (Fig. 3) in approximate agreement
with Weber’s law (Mendez et al., 2001; Makino et al., 2004; Fan et
al., 2005; Woodruff et al., 2008). Three Ca 2�-dependent mech-
anisms have been proposed to explain these phenomena: (1)
regulation of the lifetime of Rh* via recoverin, (2) modulation
of guanylyl cyclase via the GCAP proteins, and (3) Ca 2�-
calmodulin-dependent alteration in the affinity of the chan-
nels for cGMP. Our results, together with those of previous
investigators, show that neither removal of recoverin (Makino et
al., 2004) nor deletion of the channel Ca 2�-calmodulin binding
site has any detectable effect on regulation of flash sensitivity (Fig.
3). We therefore conclude that mechanisms (1) and (3) make
little contribution to light adaptation.

Deletion of the GCAP proteins eliminates the rapid phase of
current recovery in steady light but not the slower phase (Fig. 5B),
and a similar result is produced by removing both the GCAPs and
the channel Ca 2�-calmodulin binding site (Fig. 5C). Thus, the
rapid phase of current recovery depends in some way on GCAP-
dependent modulation of guanylyl cyclase (Calvert et al., 2002),
but the slower phase must be produced by some other mecha-
nism. Removal of the GCAPs or of both the GCAPs and channel
modulation has no effect on the acceleration of flash recovery
decay time in background light (Figs. 4C–F) and modifies but
does not eliminate the regulation of sensitivity (Fig. 3). Thus,

GCAP-dependent activation of guanylyl cyclase contributes to
light adaptation, but a considerable part of the phenomenology
of sensitivity and waveform adjustment persists when the GCAPs
and other proposed Ca 2�-dependent regulatory mechanisms
have all been eliminated.

This remaining component of adaptation is unlikely to be
produced by regulation of any of the initial steps in transduction,
because background light has no effect on the initial rising phase
(or gain of activation) of the light response (Nikonov et al.,
2000; Soo et al., 2008). Furthermore, modulation of the life-
time of Rh* could not produce overshoots like those observed
from GCAPs�/ � and CNGB1�CaM/GCAPs�/ � rods at the turn-
ing off of steady illumination. Since previous experiments indi-
cate that the time constant of response decay �REC and the
limiting time constant �D are both decreased in mouse by steady
background light (Woodruff et al., 2008), and because both �REC

and �D at least in WT rods are thought to reflect the time course of
decay of the PDE6 (Krispel et al., 2006; Tsang et al., 2006; Woo-
druff et al., 2008; Chen et al., 2010; Gross and Burns, 2010; but see
Doan et al., 2009;), we have previously proposed that modulation
of this enzyme is an essential component of adaptation of mam-
malian photoreceptors to background light (Woodruff et al.,
2008; see also Soo et al., 2008).

We therefore tested the explanatory power of a hypothetical
PDE modulation mechanism by constructing a kinetic model
based on the previously published model of Hamer et al. (2003,
2005). In contrast to an earlier model (Soo et al., 2008), we found
it essential to hypothesize that background light increases the rate
of decay of spontaneous PDE6* as well as of light-activated
PDE6*. With this model we could satisfactorily account for the
changes in response waveform and sensitivity in GCAPs�/ � and
WT rods (Figs. 3, 6). There were small discrepancies between
model predictions and recorded waveforms, particularly in
bright background light (Fig. 6), which we believe are the result of
an inadequate simulation of outer segment Ca 2� buffering; we
made no attempt to refine the model further to eliminate these
differences. Modulation of only light-activated PDE6* gave a
poor fit to our data and was not substantially better than a model
with no PDE6* modulation at all. The main reason is that without
modulation of spontaneously activated PDE6*, the steady circu-
lating current declined far too rapidly with background light.

Our model calculations show that modulation of PDE6* can
in principle explain the missing component of light adaptation
and are consistent with other evidence indicating that the rate
of decay of activated PDE6* is modulated by light. Modulation of
spontaneously activated PDE6 is a novel proposed mechanism of
light adaptation and is the simplest of the possibilities we can
envisage. Identical modulation of spontaneously activated and
light-activated PDE6* would be expected if PDE6 was modulated
directly or if modulation occurred at the level of transducin. This
latter possibility seems less likely, however, in view of the evi-
dence that spontaneous PDE6 activation does not occur via
transducin in amphibian rods (Rieke and Baylor, 1996). We can-
not exclude the contribution of other possible regulatory pro-
cesses that have not as yet been described. In particular, a model
that includes modulation of light-activated PDE6 and a hypo-
thetical regulation of channel open probability by a mechanism
not dependent on calmodulin can also adequately account for
our results (see supplemental information). The challenge for the
future is to identify the molecular mechanisms of the missing
components of modulation, which at present are completely un-
known, and show how, together with cyclase regulation, they can
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produce the changes in signal transduction that are responsible
for light adaptation in mammalian rods.
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