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Background Light Produces a Recoverin-Dependent
Modulation of Activated-Rhodopsin Lifetime in Mouse Rods
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The Ca®"-binding protein recoverin is thought to regulate rhodopsin kinase and to modulate the lifetime of the photoexcited state of
rhodopsin (Rh*), the visual pigment of vertebrate rods. Recoverin has been postulated to inhibit the kinase in darkness, when Ca*™ is
high, and to be released from the disk membrane in light when Ca" is low, accelerating rhodopsin phosphorylation and shortening the
lifetime of Rh*. This proposal has remained controversial, in part because the normally rapid turnoff of Rh* has made Rh* modulation
difficult to study in an intact rod. To circumvent this problem, we have made mice that underexpress rhodopsin kinase so that Rh* turnoff
is rate limiting for the decay of the rod light response. We show that background light speeds the decay of Rh* turnoff, and that this no
longer occurs in mice that have had recoverin knocked out. This is the first demonstration in an intact rod that light accelerates Rh*
inactivation and that the Ca®>"-binding protein recoverin may be required for the light-dependent modulation of Rh* lifetime.

Introduction

The bleaching of rhodopsin in a vertebrate rod activates a phos-
phodiesterase (PDE6), which hydrolyzes cGMP and decreases the
opening probability of cGMP-dependent channels in the rod
outer segment (Fain, 2003). The closing of these channels pro-
duces a decrease in inward current and lowers the outer segment
concentration of Ca®*, which is thought to act as a second mes-
senger regulating sensitivity during light adaptation (Pugh et al.,
1999; Fain et al., 2001). One possible target for Ca**-dependent
sensitivity regulation was first identified by Kawamura (1993),
who showed that the Ca**-binding protein recoverin/S-modulin
can regulate the phosphorylation of rhodopsin. Further experi-
mentation confirmed the Ca*" -dependent regulation of rhodop-
sin kinase by recoverin (C.-K. Chen et al., 1995; Klenchin et al.,
1995). It is thought that in high Ca®" in darkness, recoverin
inhibits kinase activity probably sterically (Ames et al., 2006;
Higgins et al., 2006), decreasing the rate of rhodopsin phosphor-
ylation and extending rhodopsin lifetime; in low Ca** in the
light, recoverin is released and may even diffuse out of the outer
segment (Strissel et al., 2005), removing the inhibition and accel-
erating phosphorylation.

Some observations seem to support this proposed role for
Ca** and recoverin. An early step in transduction is apparently
regulated by Ca*" concentration (Matthews, 1997), perhaps by
modulating the rate of rhodopsin phosphorylation (Matthews et
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al., 2001). Extrinsic recoverin introduced into the outer segments
of rods prolongs flash response recovery (Gray-Keller et al., 1993;
Erickson et al., 1998), and the knocking out of recoverin does just
the opposite, accelerating flash response decay (Makino et al.,
2004). Other observations are less easily reconciled with a role of
Ca®" or recoverin in modulation of Rh* lifetime. The Ca** af-
finity for recoverin is rather low, with an ECs, of about 3 um
(C.-K. Chen et al., 1995; Klenchin et al., 1995). It is unclear
whether the light-dependent change of Ca®" in a mouse rod
(Woodruff et al., 2002) is large enough to produce a significant
change in recoverin activity. Phosphorylation of rhodopsin
seems insensitive to Ca*" in permeabilized rods (Otto-Bruc et
al., 1998), and the acceleration of the flash response decay in
recoverin knock-out rods now seems more consistent with an
effect of recoverin on PDE activity than rhodopsin phosphoryla-
tion (Krispel et al., 2006).

The principal difficulty with studying recoverin and modula-
tion of Rh* lifetime in intact rods is that PDE turnoff is normally
rate limiting for the decay of the WT mouse rod light response
(Krispel et al., 2006) (see also Tsang et al., 2006), so that the
normally much faster decay of Rh* is not easily observable. We
sought to overcome this difficulty by underexpressing rhodopsin
kinase at a level low enough to make Rh* turnoff the slowest step
in response decay. We show that when kinase is underexpressed
in this way, response recovery can be accelerated by background
light, and this effect disappears when recoverin is inactivated in
the genome. This is to our knowledge the first direct evidence for
modulation of Rh* lifetime in intact rods.

Materials and Methods

Animals. The transgenic construct used for the generation of the ROAP95
mouse line was described by Krispel et al. (2006). The RGS9-1 level in
retinal extract from heterozygous R9IAP95 animals is approximately
threefold that of nontransgenic controls and approaches sixfold in the
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homozygous R9AP95 background. Retinal
morphology appeared normal in R9AP95 ani-
mals at 12 month of age (data not shown). The
Bark/RK transgenic founders were generated
by pronuclear injections into C57BL/6 X
BALB/c embryos of a construct consisting of a
4 kb mouse opsin promoter, a mutant rhodop-
sin kinase (RK) cDNA, and a mouse protamine
polyadenylation signal (see Fig. 3A). The mu-
tant RK cDNA was provided by James Inglese
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of the National Institutes of Health (NIH)
Chemical Genomics Center (Rockville, MD)
and was a chimeric RK/GRK2 cDNA carrying a
stretch of the GRK2 (Barkl) sequence in the
vicinity of RK autophosphorylation sites
(Palczewski et al., 1995). Eight founders were
identified by PCR amplification of a 450 bp
product from tail snip DNA by means of two
primers: RH1.1: 5'-TCA GTG CCT GGA GTT

Photocurrent (pA)

GCG CTG TGG and RKb1: 5'-TCG TCG GCC -

GTG TCG TAG TCC TCG. PCR conditions 0.0
used were as follows: 94°C for 3 min followed
by 35 cycles of 94°C for 1 min, 60°C for 1 min,
and 72°C for 1 min, and a final extension at
72°C for 10 min. Two lines, 4 and 7, were found
to express the transgene in rods at lower levels
homogeneously across the retinas. By crossing
them into a rhodopsin kinase knock-out
(RK—/—) background, the resulting lines,
which we call Bark/RK4 and Bark/RK7, ex-
pressed only mutant RK in rods. The recoverin
knock-out (Rv—/—) animals were kindly provided by Jeannie Chen of
the University of Southern California, genotyped by PCR, and verified by
western blotting (data not shown). PCR primers used for genotyping are
Recl.5: CGA GCT TCT GCG TGG GCT, Rec7: CCA TGG GGA ACA
GCA AGA GCG, and Neo2: TCG CCG CTC CCG ATT CGC AGC GC.
The presence of a 320 bp product indicates the WT allele when Recl.5
and Rec7 is used. The presence of a 275 bp product indicates the targeted
allele when Recl.5 and Neo2 is used. All animals used in the study were
pigmented. All studies were performed in accordance to the rules and
regulations of the NIH guidelines for research animals and approved by
the Institutional Animal Care and Use Committees of Virginia Com-
monwealth University and the University of California, Los Angeles.

Western blotting. Retinal extracts (10 ug) were resolved by 12% SDS-
PAGE and transferred onto nitrocellulose membranes. The membranes
were blocked with 10% dry milk in TBST buffer containing 25 mm Tris,
pH 7.5, 137 mm NaCl, and 0.05% Tween-20. To detect endogenous and
mutant RK, monoclonal G8 antibody (MA1-720, Fisher Scientific) was
used at 1:5000 dilution. To detect RGS9-1, rabbit CT318 polyclonal an-
tibody (kindly provided by Mel Simon of the California Institute of Tech-
nology, Pasadena, CA) was used at 1:5000 dilution. Species-specific
secondary antibodies were used at 1:25,000 dilution, and the signal was
detected by enhanced chemiluminescence with the SuperSignal West
Dura extended duration substrate kit (Thermo Fisher Scientific). Signals
were captured and quantified in the Kodak IS440 imaging system with
accompanying 1D image analysis software.

Histology. Animals were raised in 12/12 light/dark cycles. Enucleated
eyeballs were fixed overnight in 2% paraformaldehyde/2.5% glutaralde-
hyde in 0.1 M cacodylic acid, pH 7.4. After removing the cornea and lens,
the eyecup was postfixed in 1% osmium tetroxide in 0.1 M cacodylic acid
at room temperature for 120 min. The eyecup was gradually dehydrated
in ethanol and impregnated and hardened in Spurr reagent at 70°C (Elec-
tron Microscopy Sciences). Gross retinal morphology was assessed in 990
nm semithin sections followed by staining with 0.15% Toluidine Blue in
0.5% sodium borate.

Immunohistochemistry. Animals were killed by CO, inhalation. The
eyeballs were enucleated in room light and a small incision was made in
the cornea. Eyeballs were then immersion-fixed in 4% paraformaldehyde
in PBS at 4°C for 12-18 h. After removal of the cornea and lens, the

Figure 1.
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Effect on response waveform of reducing kinase expression to 40% of normal in RK+/— animals. A-D, Averaged
suction-electrode recordings of currents to 20 ms flashes delivered at t = 0 for 10 rods from two WT mice (A); 22 rods from 3
RK~+/— mice heterozygous for the rhodopsin kinase gene (B); 13 rods from 2 R9AP95 mice, which overexpress the GAP complex
by approximately sixfold (see Materials and Methods) (€); and 19 —28 rods from two mice which are both RK+/— and R9AP95 (D).
Flash intensities in units of photons + um ~2 were as follows: A: 4, 17, 43,159, 453, 1120; B: 4,17, 43,159, 453, 863, 1871; C: 17,
43,159,453, 646, 863, 1120, 1871; D: 4,17, 43,159, 453, 1120.

resulting eyecups were cryoprotected in cold 30% sucrose in PBS, em-
bedded in TBS (Triangle Biomedical Sciences), and sectioned at —20°C
at 20 wm thickness. The sections were blocked for 60 min at room tem-
perature with 10% goat serum and 0.3% Triton X-100 in 1X PBS (PBT)
and incubated for 4—8 h at room temperature with antibodies against
rhodopsin kinase (G8, used at 1:100) and cone arrestin (VCUO011, raised
against peptide sequence, CEEFMQHNSQTQS, derived from mouse
cone arrestin, used at 1:5000). Alexa488-conjugated goat anti-mouse
antibody and Alexa563-conjugated goat anti-rabbit antibody (both at
1:2000 dilution; Invitrogen) were used to localize RK and cone arrestin,
respectively. Fluorescent images were captured with a Zeiss LSM510Meta
confocal microscope at the shared EM and microscopy facility of the
Department of Anatomy and Neurobiology, Virginia Commonwealth
University. Unmodified files were viewed in a separate computer with the
LSM Image Browser program (Carl Zeiss Microimaging), and images
were exported as *.tif files to Adobe Photoshop for cropping. No post hoc
image processing was performed during or after image acquisition.
Suction-electrode recordings. Methods for recording responses of
mouse rods have been given previously (Dizhoor et al., 2008; Woodruff
et al., 2008). Animals between 2 and 6 months of age were dark adapted
typically for 5 hbut for atleast 3 h in a light-tight box. Rods were perfused
at 37°C with DMEM (D-2902, Sigma Chemical), supplemented with 15
mM NaHCOj;, 2 mum Na succinate, 0.5 mm Na glutamate, 2 mm Na glu-
conate, and 5 mm NaCl, bubbled with 5% CO,, pH 7.4. Data were filtered
at 30 Hz (8 pole, Bessel) and sampled at 100 Hz. Flashes of 500 nm light
20 ms in duration were attenuated to different light levels by absorptive
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 are given in the figure legends. The value of 7, was measured as
in Woodruff et al.(2008) by giving a series of 5 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
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Table 1. Kinetic and sensitivity parameters of rods
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Animal line I (PA) S?(pAphoton "+ um?) Iy (photons + um ~?) t, (ms) 7 (ms)
WT (21) 145+ 0.7 0.34 £0.13 27 1 262 + 15 185 = 11
RK+/— (13) 150 =14 0.33 =0.03 301 386 = 34 217 =15
RIAPI5 (12) 1511 0.06 == 0.01 105 £ 1 109 =15 54 +3
RK+/—:R9AP95 (14) 16.1 1.0 0.20 = 0.02 50 +1 192 =17 73+4
Bark/RK4 (18) 133 +0.8 0.32 £ 0.04 28*1 396 =37 1418
Bark/RK7 (21) 15.0 £ 0.6 0.36 = 0.03 291 444 =19 212 £ 10
Bark/RK7:R9AP95 (18) 1.2+ 0.6 0.18 = 0.01 48 +1 470 = 47 149 =19
Bark/RK7:Rv—/— (15) 109 = 0.7 0.38 = 0.04 24 1 349 £ 43 213 £ 23

Allvalues are mean = SEM. Values of .., (maximum response amplitude) were determined cell by cell from responses to saturating flashes; 5 (dark-adapted flash sensitivity), by dividing the peak amplitude of the mean dim-flash response
for each cell by the flash intensity; /, (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; t; (the integration time), from the time
integral of the mean dim-flash response for each cell divided by the peak amplitude of the response; and 7, (the Pebberberg constant) for dark-adapted rods as described in Materials and Methods.
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Figure 2.  Value of 7y as function of flash intensity. The declining phase of the flash re-
sponse was fitted cell by cell with a single exponential decay function; for responses to bright
light, only that part of the response which fell below 0.5 of r,,,, was used to avoid saturation
nonlinearly. Data points give mean == SEM from the following mouse lines (with the number of
rods in parentheses): WT (22), RK+/— (11), R9AP95 (12), RK+/—:R9AP95 (11), and the
Bark/RK4 line of the RK/Bark chimera (15).

photons * wm 2, The time in saturation (T,,,) 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 7, was
then calculated as the best-fitting slope of T, versus the natural loga-
rithm of the flash intensity. Unless otherwise stated, errors are given as
SEMs. Curve fitting and plotting of data were done with the program
Origin (OriginLab).

Results

Responses of rhodopsin kinase heterozygotes

In our first attempt to investigate the consequences of reducing
kinase expression, we recorded from rods of mice heterozygous
for the rhodopsin kinase gene (RK+/—). The heterozygous mice
expressed rhodopsin kinase at a level of ~40-50% of normal
(Chen et al., 1999). Rod responses declined somewhat more
slowly in RK+/— rods than in WT rods (Fig. 1 A,B) (Chen etal.,
1999), and the integration time was somewhat longer (Table 1).
There was little or no effect on the dark-adapted sensitivity of the
response, measured either as S}) (in pA - photon ! - um?) or as
the half-saturation constant I,. The small differences in Table 1
for these two measures of sensitivity are unlikely to be significant,
given the variation we and others have observed in the physiolog-
ical parameters of mouse rods even from the same strain (Woodruff
et al., 2008).

If the slowing of kinase activity were sufficient to make the rate
of decay of Rh* rate limiting for the declining phase of the light
response, overexpression of the GTPase accelerating protein
(GAP) should have little or no effect on the time course of re-
sponse decline, since it should make no difference whether the
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Figure 3.  Generation of BarkRK4 and BarkRK7 transgenic mouse lines. 4, Transgenic con-
struct carrying a <DNA called Bark/RK was generated as described in Materials and Methods.
Bark/RK, previously named RK/GRK2 (Palczewski et al., 1995), is a mutant GRK1 with 13 aa
(underlined) derived from Bark1 around its major autophosphorylation sites (asterisk). B, De-
termination of GRK1 levels by quantitative Western blotting in BarkRK4 (3) and BarkRK7 (2)
mouse lines, versus nontransgenic wild-type control (1). Shown here is a representative West-
ern blotimage of GRK1, Bark/RK, and RGS9-1. The mutant Bark/RK has slower mobility during
electrophoresis. The level of mutant GRK in BarkRK4 and BarkRK7, is ~15% and ~60% of the
control level, respectively (n = 3).

PDEG6 turned off at its normal rate or at a rate even faster than
normal. We therefore mated RK—/— mice with animals that
were RK+/+ but overexpressed the RGS9 anchoring protein
(R9AP) and the other GAP complex proteins (RGS9-1 and
GpB5). The line we used (R9AP95) was constructed in the same
way as previously (see Materials and Methods and Krispel et al.,
2006), and the homozygous R9AP95 animals overexpressed
RGS9-1 approximately six times greater than normal (data not
shown). Recordings from control R9AP95 rods showed that the
decay of the response was greatly accelerated compared to WT
(Fig. 1C), and there was also a severalfold decrease in sensitivity
(Table 1), presumably the result of the much shorter lifetime of
activated PDE in these rods. The dominant time constant of re-
covery 7y, (Table 1) was smaller than previously reported for rods
overexpressing GAP proteins by fourfold [line 2 of Krispel et al.
(2006)], but the decay of the response is so rapid in these rods
(and the time in saturation so short) that the determination of 7,
may have been influenced by the change in outer segment free-
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Ca’™" during the time course of the mea- A
surement (see Woodruff et al., 2002).

In rods that were both RK+/— and
R9APY5 (Fig. 1D), responses decayed
considerably more rapidly than in rods
from mice that were RK+/— with normal
levels of GAP proteins (Fig. 1B), though
more slowly than animals that were
R9APY5 but expressed normal levels of
rhodopsin kinase (Fig. 1C). The simplest
explanation for this finding is that rho-
dopsin kinase was not sufficiently under-
expressed in RK+/— rods to make Rh*
turnoff rate limiting for the decay of the B
response. The value of 7, was larger for
RK+/—:R9AP95 rods than for rods from
mice that were R9AP95 alone (Table 1),
but it was much smaller than in WT rods.

To explore in more detail the effects of
underexpression of rhodopsin kinase and
overexpression of the GAP proteins on the
time course of the light response, we mea-
sured cell by cell the time constant Tz by
fitting a single-exponential decay func-
tion to the declining phase of the response
(see for example Krispel et al., 2006). For
responses to bright flashes, we were care-
ful to fit only that part of the waveform
below 0.5 of the maximum response am-
plitude (r,,,,), to avoid the nonlinearity
that occurs near saturation (Woodruff et
al., 2008). Furthermore, only responses to
flashes below 10° photons * wm ~* were
included in our analysis, since responses
to brighter flashes often showed long tails
of recovery that could not be fit to a single exponential. The
results of these fits are given in Figure 2. The value of Ty is
uniformly greater in RK+/— rods ([]) than in WT rods (@) and
much smaller in R9AP95 rods with overexpressed GAP proteins
(A). When the RK+/— and R9AP95 genotypes were combined,
the values of Tz were much smaller than in rods that were
RK+/— alone, indicating that acceleration of the turnoff of PDE
accelerated the declining phase of the light response even though
rhodopsin kinase had been underexpressed. It is of some interest
that the values of Ty in the RK+/—:R9AP95 rods were uni-
formly greater than in R9AP95 animals with normal levels of
kinase. One possible explanation for this finding is that in the
R9AP95 animals, PDE turnoff is so rapid that Rh* turnoff be-
comes rate limiting for the decline of the response, as Krispel et al.
(2006) previously hypothesized for rods with lesser levels of GAP
overexpression (see also Burns and Pugh, 2009). The rate of turn-
off (and the values of Tz and 1) would then be slower in
RK+/—:R9API5 rods than in R9AP95 rods because the rate of
Rh* turnoff would be slower when kinase expression was reduced
in the RK heterozygotes.

Figure4.

Bark/RK chimeric mice

Since the results in Figure 1 indicate that the level of rhodopsin
kinase expression in RK+/— rods is not low enough to make the
rate of Rh* turnoff rate limiting for the declining phase of the
flash response, we attempted to reduce rhodopsin kinase activity
and/or expression levels further by injecting several RK trans-
genes, hoping that in some of the lines of animals we made, the
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Normal outer segment morphology in Bark/RK4 mouse retinas. A, Inmunohistochemistry showing that mutant GRK1
(green) is expressed only in rods and is targeted to the outer segment (0S) layer in Bark/RK4 animals. Cones, marked by cone
arrestin (mCAR, red), do not express the mutant kinase. Blue signals are DAPI stains of outer nuclear layer (ONL) nuclei. IS, Inner
segment; OPL, outer plexiform layer. B, Semithin retinal sections showing normal morphology in Bark/Rk4 and WT animals as
compared to the shortened 0S layer found in RK—/— animals. All animals were reared in 12/12 cyclic light. INL, Inner nuclear
layer; IPL, inner plexiform layer. Scale bars equal 10 pem.

expression level of the transgene would be significantly lower
than normal. Expression levels with this method are whimsical,
dependent upon the copy number and the position in the ge-
nome where each transgene is inserted, and we were unable to
achieve a significantly reduced level of expression with a normal
wild-type RK transgene despite considerable effort. We were
however fortunate to generate animals significantly underex-
pressing rhodopsin kinase after injecting a transgene for Bark/
RK, a rhodopsin kinase mutant in which 13 aa surrounding the
major autophosphorylation sties of GRK1 (Fig. 3A) are changed
to those of a related kinase, the -adrenergic receptor kinase
(GRK2 or Barkl). The substitution of these amino acids had
relatively little effect on the activity of the kinase, producing a
fourfold elevation in Km for ATP, a 1.5-fold increase of Km for
Rh*, and a twofold reduction in V,,, in the mutant RK when
assayed in vitro (data not shown) (see Palczewski et al., 1995).
By crossing the transgenic animals into the RK—/— back-
ground, we were able to characterize two resulting lines: Bark/
RK4 and Bark/RK7, with expression levels of the mutant
rhodopsin kinase at ~60% and 15% of the normal RK level (Fig.
3B). In the Bark/RK4 line, the mutant kinase is correctly targeted
to the outer segment (Fig. 4A). It also rescues the outer segment
morphological defects associated with rhodopsin kinase deletion
(Fig. 4B), indicating that the chimeric kinase is functional inside
mouse rods. The morphology and abundance of the rods was
normal (Fig. 4 B), and this was true also of the Bark/RK7 retinas,
which were identical in appearance to Bark/RK4 and also rescued
the outer segment defects produced by RK deletion (data not
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shown), even though the level of rhodopsin kinase expression
was a factor of 4 lower.

Recordings from the Bark/RK4 line

Because the protein we have expressed is a chimera of Bark and
RK and shows some differences with the native kinase, we
sought first to establish whether responses from rods with
Bark/RK differed in their sensitivity or response kinetics from
rods expressing normal rhodopsin kinase. We began by re-
cording from rods from the Bark/RK4 line of mice, which
express the Bark/RK protein at a level of ~60% of normal (Fig.
3B). The results in Table 1 show that Bark/RK4 rods have
nearly normal circulating current and a sensitivity similar to
RK+/— animals. The integration time is somewhat longer
than in WT, but values of Ty are very similar to those in WT
animals (Fig. 2). Although we cannot exclude the possibility
that the Bark/RK protein produced some change in the rate or
extent of phosphorylation of rhodopsin, the evidence in Table
1 and Figure 2 together with the biochemical and morpholog-
ical evidence in Figures 3 and 4 indicates that this change is
likely to be small and that the Bark/RK protein functions much
like normal rhodopsin kinase.

Recordings from rods of Bark/RK7 mice

Since the results from RK+/— rods in Figure 1 indicate that
underexpression of RK by 40-50% is not enough to make
rhodopsin turnoff rate limiting for the decline of the light
response, there seemed little point in pursuing recordings
from rods from the Bark/RK4 line, which express the Bark/RK
at an even higher level. We therefore turned instead to rods
from the Bark/RK7 line, in which the kinase is expressed only
at ~15% of normal (Fig. 3B). The records in Figure 5A (and
the data in Table 1) are representative of 90% of the rods from
which we recorded. In a small sample of ~10% of the cells,
responses decayed much more slowly than normal. These re-
sponses resembled those from RK—/— rods, which completely
lack rhodopsin kinase (Chen et al., 1999), suggesting that in a
small proportion of the Bark/RK7 rods, there was little or no
expression of the chimeric protein. These rods were excluded
from our analysis.

We next repeated the experiment of Figure 1, mating Bark/
RK7 mice with animals that were R9AP95 and overexpressed the
GAP proteins. Rods from these animals (Fig. 5B) had a nearly
twofold smaller sensitivity compared to rods in mice which were
Bark/RK7 alone, which we attribute to the decrease in the lifetime
of the PDE. There was, however, no significant change in the time
course of decay of the response. The integration times showed no
significant difference (see Table 1), and values of T for Bark/
RK7 and Bark/RK7:R9AP95 also showed no systematic differ-
ences (Fig. 5C), in striking contrast to those for RK+/— and
RK+/—:R9API5 rods (Fig. 2). We conclude that in rods from
Bark/RK7 mice, the expression level of rhodopsin kinase is suffi-
ciently low to make the decay of Rh* the determining process for
the decline of the light response, at least for flashes in the absence
of a background light.

The effect of background light on responses of rods from
Bark/RK7 mice

We then asked whether the rate of Rh* could be modulated in
background illumination. Dark-adapted rods from Bark/RK7
mice (Fig. 6A) were exposed to a steady background light of 438
photons - um ~%+s ', and responses were recorded to a series of
flash intensities (Fig. 6 B). Responses were smaller and less sensi-
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Figure5. Effect of reducing kinase expression to ~15% of normal on response waveform in
Bark/RK7 animals. A, B, Averaged suction-electrode recordings of currents of 22 rods from two
Bark/RK7 mice (A) and 19 rods from three Bark/RK7:R9AP95 mice (B). Intensities of 20 ms
flashes in photons + um ~2 delivered at t = 0 were as follows: 4, 4, 17,43, 159, 453, 863; and
B, 4,17, 43, 159, 453, 863, 1120. C, Ty as a function of light intensity (as in Fig. 2) for
dark-adapted Bark/RK7 rods (@) and Bark/RK7:R9AP95 rods (HM); and for Bark/RK7 rods (O)
and Bark/RK7:R9AP95 rods (L) in the presence of a steady background light of 438

photons + um 25",

tive, as is typical for mouse rods exposed to background illumi-
nation (Mendez et al., 2001; Makino et al., 2004; Woodruff et al.,
2008). They also showed a more rapid decay. This can be seen
more easily in Figure 6C, where we show recordings from parts A
and B normalized to their maximum amplitudes at the same flash
intensity of 159 photons - um ~* in the presence (gray trace) and
absence (black trace) of the background light. The much more
rapid decline in the presence of the background indicates that
rhodopsin is being phosphorylated and its activity extinguished
more rapidly in the background than when the cell was dark
adapted. Figure 6D provides a similar comparison but for re-
sponses at a flash intensity of 453 photons * um ~2. The acceler-
ation in the time course of decay can also be seen from the
systematic decrease in the values of T as a function of light
intensity for Bark/RK7 rods, which we give in Figure 5C as the
open circles.

Asa further control that rhodopsin turnoff was rate limiting in
the experiment of Figure 6, we exposed rods to background illu-
mination from mice that were Bark/RK7 and also R9AP95, that is
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that underexpressed the kinase and over-
expressed the GAP proteins. In Figure 7
we show responses to a series of flashes,
whose intensities are given as the numbers
in each of the panels to the left in units of
photons - wum ~2. Each panel shows re-
sponses to this same flash intensity in
darkness (black traces) and in the pres-
ence of a moderate intensity background
light (gray traces). In the panels to the
right, we have normalized cell by cell the
responses on the left by the peak ampli-
tude of the response to each of the flashes
and then averaged the normalized re-
sponses. The results are similar to those in
Figure 6: background light accelerates the
return of the current to its resting level.
This can also be seen from the values of
Trec as a function of light intensity, given
in Figure 5C as the filled squares in dark-
adapted rods and open squares in the
presence of the background.

Role of recoverin in mediating
modulation of Rh* lifetime

Since the small-molecular-weight Ca**-
binding protein recoverin has been shown
to modulate the catalytic rate of rhodop-
sin kinase, we asked whether the accelera-
tion of the time course of decay produced
by background light in rods of Bark/RK7
mice could be affected by removal of the
recoverin gene. We therefore mated Bark/
RK7 mice with Rv—/— mice in which the
gene for recoverin had been knocked out
(Makino et al., 2004). The results of those
recordings are given in Figure 8, in a for-
mat identical to the one for Figure 6. Re-
sponses from dark-adapted rods (Fig. 8A)
are similar to those from Bark/RK7 mice
containing the recoverin gene (Fig. 6A),
though there are small differences in sen-
sitivity and a modest reduction both in
integration time (Table 1) and in Tpge
(data not shown). Background lights pro-
duce a characteristic decrease in sensitiv-
ity and response amplitude in the Bark/
RK7:Rv—/— rods (Fig. 8B), but when
responses were normalized and their wave-
forms compared at the same flash intensities
in the presence and absence of the back-
ground (Fig. 8C,D), there was no apparent
acceleration of response decay. Similar re-
sults were observed at all the flash intensities
at which this comparison was made. In this
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Figure 6.  Effect of background light on time course of decay of responses of rods from Bark/RK7 mice. A, B, Suction-electrode
recordings of currents averaged from 22 rods of two Bark/RK7 mice in the ahsence (4) and presence (B) of a background light of 438
photons - m ~2 s . Intensities of 20 ms flashes in photons + um ~2delivered at t = O were as follows: 4, 4, 17,43, 159, 453,
863, 1870; and B, 43, 159, 453, 863, 1871. C, Comparison of waveforms of responses from Bark/RK7 rods for flash of 159
photons + m ~2 Responses of A and B have been normalized rod by rod to the maximum amplitude of the response and then
averaged. Black trace is from data in A (dark adapted), gray trace from data in B (in presence of background). D, As in Cbut for flash

of 453 photons + um ~2
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Figure 7.  Effect of background light on time course of decay of responses of rods from Bark/RK7:R9AP95 mice. Left, Suction-
electrode recordings of currents averaged from 19 rods of 3 Bark/RK7:R9AP95 mice. All responses are to 20 ms flashes delivered at
t = Oinabsence (black traces) and presence (gray traces) of steady background light of 438 photons - um 2+ s . Intensities of
flashes (/;) increased from top to bottom and are given in each panel in units of photons - wm ~2. Right, Responses in left panels
have been normalized cell by cell to the peak amplitude of the response and then averaged. Note more rapid decay of gray traces
recorded in background light.

same series of experiments, we recorded responses to a single dim D ISCUSSIPH ) o o
and a single bright flash intensity at a series of different back- ~ Our experiments show that if rhodopsin kinase expression is suf-
ground levels from 13 to 438 photons - wm ~2+s !, and the re-  ficiently reduced, the overexpression of GAP proteins no longer

sponses at each of the flash intensities were normalized and  accelerates the decay of the photoreceptor light response (Fig. 5)
superimposed (data not shown). There was again little or no  as it has been shown to do in WT rods (Krispel et al., 2006). Since
change in the time course of decay. The absence of recoverin ~ underexpression of rhodopsin kinase would decrease the rate of
greatly reduced or eliminated the light-induced acceleration of =~ rhodopsin phosphorylation, which is known to be a necessary

Rh* turnoff.

step in the turning off of Rh* (J. Chen et al., 1995; C.-K. Chen et



Chen et al. o Light and Recoverin Modulate Rh* Lifetime

Bark/RK7:Rv-/- 12 |- B
Dark-adapted 19 [

>

(PA)

Photocurrent
o N A O

o N B O ©
r T T

Bark/RK7:Rv-/-
Light-adapted

J. Neurosci., January 27,2010 - 30(4):1213-1220 + 1219

ancy for the RK+/— and Bark/RK7:
R9APY5 rods. This was unexpected, since
the values of Ty and 7, for mouse rods
are normally quite close (see, for example,
Woodruff et al., 2008, their supplemental
Fig. 1), probably because both 7 and 7,
are usually determined by the same pro-
cess, namely the GAP-mediated decay of
PDE activity (Krispel et al., 2006).

Normalized
Photocurrent

In mice in which the rate of rhodopsin
phosphorylation has been reduced, Ty is
likely to be influenced by the rate of decay
of Rh*, which we have made artificially
slow by underexpressing the kinase. The
value of 7, in these rods might neverthe-

0.0 0.5 1.0 1.5 2.0 0.0 0.5

Time (s)
Figure 8.

-2,

a background light of 438 photons + um

2

amplitude of the response and then averaged. D, As in C but for flash of 453 photons - um ~~.

al., 1999), the simplest explanation of our result is that underex-
pression of the kinase makes the rate of phosphorylation and
decay of Rh* rate limiting for the decay of the rod light response.
On this assumption, our data show that the rate of Rh* turnoff is
accelerated in background light (Figs. 6, 7), consistent with pre-
vious observations that an early step in response turnoff is under
control of outer segment Ca?" concentration (Matthews, 1997;
Matthews et al., 2001). Furthermore, the observation that this
effect disappears when the gene for recoverin is inactivated (Fig. 8)
supports the original proposal of Kawamura (1993), that the Ca-
binding protein recoverin/S-modulin regulates the rate of rhodop-
sin phosphorylation.

Since we were unable to produce animals with underexpres-
sion of normal rhodopsin kinase, our results are from mice ex-
pressing a chimeric protein having 13 aa of Bark1 (Fig. 3A). This
chimeric kinase can however phosphorylate rhodopsin in vitro
with kinetic parameters only slightly different from those of the
normal protein (Palczewski et al., 1995). It can moreover be cor-
rectly transported to the outer segments (Fig. 4A) and prevent
the morphological anomalies that are produced by the absence of
a normal rhodopsin kinase gene (Fig. 4 B). Rods from Bark/RK4
mice expressing the chimeric protein at ~60% of the level of WT
protein respond to light much like WT mice with a somewhat
greater integration time but similar values for exponential time
constants of decay (Fig. 2). Since the kinetic parameters even of
WT rod responses show considerable variability (see for example
Woodruff et al., 2008), the comparison of responses from ani-
mals of different genetic backgrounds can never be entirely con-
vincing. Although we do not exclude the possibility that the rate
or the sites of rhodopsin phosphorylation were subtly altered in
rods expressing the chimeric kinase, it seems nevertheless un-
likely that such differences would have been large enough to alter
our principal conclusions.

One puzzling feature of our data is the discrepancy between
value of g in Figure 5C for Bark/RK7 mice, which is of the
order of 350—400 ms for dark-adapted responses, and the mean
dark-adapted value of 1, for these rods, which is only approxi-
mately half as great (212 ms, Table 1). There is a similar discrep-

10 15 20
Time (s)

Effect of background light on time course of decay of responses of rods from Bark/RK7:Rv—/— mice. A, B, Suction-
electrode recordings of currents averaged from 8 —11 rods of four Bark/RK7:Rv—/— mice in the absence (4) and presence (B) of
s~ Intensities of 20 ms flashes in photons - m ~2 delivered at t = 0 were as
follows: A, 4,17, 43, 159, 453, 863, 1870; and B, 17, 43, 159, 453, 863, 1870. C, Comparison of waveforms of responses from
Bark/RK7:Rv—/— rods for flash of 159 photons - wm ~2 Responses of A and B have been normalized rod by rod to the maximum

less be shorter, since to measure T, we
exposed the rods to saturating light, which
produces a decrease in Ca*" concentra-
tion in the rod outer segment. This Ca**
decrease might decrease the lifetime of
Rh¥, accounting for the reduced value of
Tp. If this were true, we might expect the
discrepancy to be eliminated in rods lack-
ing recoverin, since the Ca*"-dependent
acceleration in Rh* turnoff would no
longer occur; but that is not what we observed. Our data show
that responses of Bark/RK7:Rv—/— to dim lights turn off only
marginally faster than responses of Bark/RK7 rods (compare Figs.
6A and 8A), even though the values of 7, are nearly identical
(Table 1) and approximately a factor of 2 smaller than the Trp’s
of either receptor. The reason for this is unknown but suggests
that effects of recoverin deletion may be more complicated than
present models presuppose.

Although our experiments do not permit us to decide what
determines the limiting time constant of decay 7, in Bark/RK7 or
Bark/RK7:Rv—/— rods, in Bark/RK7:R9AP95 rods the picture is
somewhat clearer. Here the value of 7, is significantly larger than
in rods that are R9AP95 and either RK+/— or RK+/+ (see Table
1), showing (1) that the rate of turnoff of Rh* is rate limiting in
Bark/RK7:R9AP95 mice and (2) that the lifetime of Rh* is longer
in Bark/RK7 than in RK+/— or RK+/+, even after exposure to
saturating light. This is presumably because the kinase concen-
tration is lower in the Bark/RK7 rods. The small changes in ki-
netic parameters of the Bark/RK enzyme as determined in vitro
may also play some role in reducing the Rh* phosphorylation
rate, but the extent of this effect cannot be determined from
our experiments and would in any case have little effect on the
conclusions of our study.

It is of some interest that in rods in which RGS9-1 and the
other GAP proteins are overexpressed by sixfold but kinase con-
centration is normal, the mean limiting time constant 7, is 54 ms
(Table 1), significantly lower than the limiting time constant of
any rods previously recorded (Krispel et al., 2006; Woodruff et
al., 2008). This result is consistent with the prediction of a recent
model of PDE turnoff (Burns and Pugh, 2009), which indicates
that the time constant of decay of WT mouse rod Rh* is smaller
than originally thought (Krispel et al., 2006) and likely to be 53 ms
or less. In recent experiments (in preparation), we have shown
that both 7, and T can decrease even further when R9AP95
rods are exposed to background light. This may reflect a light-
dependent reduction in Rh* lifetime, but we cannot at present
exclude the possibility that it is caused instead by modulation of
PDE turnoff (Woodruff et al., 2008), and that both Rh* and PDE
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are extinguished with similar time constants in R9AP95 rods.
Future experiments may allow us to decide between these alter-
native explanations.

We were surprised by the small effect of kinase underexpres-
sion on the sensitivity of the rod response; consideration of the
data in Table 1 shows that there was little or no difference in the
dark-adapted sensitivities or half-saturation constants for WT,
RK+/—, Bark/RK4, and Bark/RK7 rods, despite the sevenfold
difference in kinase expression among these animal strains. Since
activation of transducin by Rh* is thought to proceed at a steady
rate of the order of a few hundred activated transducins per sec-
ond (Leskov et al., 2000; Burns and Pugh, 2009), a decrease in
kinase concentration should decrease the rate of phosphorylation
and increase the lifetime of Rh*. This should make the rod more
sensitive. A similar observation was made by Krispel et al. (2006),
who increased kinase expression and found this also to have no
appreciable effect on the values of dim flash sensitivity and half-
saturation constant. Although complete deletion of rhodopsin
kinase can increase sensitivity by twofold to threefold (Chen et
al., 1999; Mendez et al., 2000), the sensitivity of the rod is appar-
ently unaffected by kinase concentration over a rather wide
range; the reasons for this are presently unknown.

We have shown that when recoverin is inactivated in Bark/
RK7 rods, background light no longer accelerates the decay of the
response (Fig. 8). These experiments provide support for the
notion that recoverin/S-modulin plays a role in the modulation
of Rh* (Kawamura, 1993), but that is unlikely to be the only
function of this protein. The knocking out of recoverin alters
response waveform even in rods with normal kinase expression
(Makino et al., 2004), which may indicate that recoverin can also
contribute to modulation of PDE or GAP function. Furthermore,
recoverin has been shown to be present in the rod inner segment
and to enhance signal transfer between rods and rod bipolar
cells (Sampath et al., 2005). Further experiments may help
clarify the role of this enigmatic protein in the physiology of
the photoreceptor.
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