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Light-induced extrasynaptic dopamine release in the retina reduces
adenosine 3′,5′-cyclic monophosphate (cAMP) in rod photoreceptor
cells, which is thought to mediate light-dependent desensitization.
However, the fine time course of the cAMP dynamics in rods remains
elusive due to technical difficulty. Here, we visualized the spatiotem-
poral regulation of cAMP-dependent protein kinase (PKA) in mouse
rods by two-photon live imaging of retinal explants of PKAchu mice,
which express a fluorescent biosensor for PKA. Unexpectedly, in ad-
dition to the light-on-induced suppression, we observed prominent
light-off-induced PKA activation. This activation required photopic
light intensity and was confined to the illuminated rods. The esti-
mated maximum spectral sensitivity of 489 nm and loss of the
light-off-induced PKA activation in rod-transducin-knockout retinas
strongly suggest the involvement of rhodopsin. In support of this
notion, rhodopsin-deficient retinal explants showed only the
light-on-induced PKA suppression. Taken together, these results sug-
gest that, upon photopic light stimulation, rhodopsin and dopamine
signals are integrated to shape the light-off-induced cAMP production
and following PKA activation. This may support the dark adaptation
of rods.

retina | two-photon microscopy | FRET biosensor | protein kinase A |
rhodopsin

Vertebrate photoreceptor cells, i.e., rods and cones, convert
light information into electrical signals through an enzymatic

process called phototransduction (1–4). In this process, light-
activated visual pigments, rhodopsin in rods, and cone visual
pigments in cones activate heterotrimeric G protein transducin
and thereby phosphodiesterase, culminating in the degradation of
cyclic guanosine-3′,5′-monophosphate (cGMP). The reduction in
cGMP concentration causes closure of cGMP-dependent channels
in the plasma membrane to evoke an electrical response. For the
timely update of visual information, activated visual pigments and
their downstream enzymes are, then, rapidly deactivated (5) and
when back in darkness, the cGMP level is restored by guanylate
cyclase (GC) (6, 7).
Ca2+ is the primary factor that decelerates the shut off processes

of phototransduction and thereby increases photoreceptor sensi-
tivity (7–9). Under scotopic conditions, Ca2+ flows into photore-
ceptor cells through the cGMP-gated cation channel. Ca2+ binds to
calcium-binding proteins, including S-modulin/recoverin and GC
activating proteins (GCAPs). Ca2+-liganded S-modulin/recoverin
inhibits rhodopsin phosphorylation through inhibition of G protein
coupled receptor kinase 1 (GRK1) to delay the quenching of
photoactivated rhodopsin by arrestin (10). On the other hand,
Ca2+-liganded GCAPs are negatively modulated and do not acti-
vate the cGMP restoration by GC (6). Thereby, high Ca2+ in sco-
topic conditions delays the recovery of the photoresponse and
increases the sensitivity of photoreceptor cells (5).
Recently, in addition to Ca2+, cAMP has been suggested to in-

crease photoreceptor sensitivity (11). Similar to the Ca2+ level, the
cAMP level in photoreceptors is reduced by light via a dopamine-
mediated mechanism (12, 13). Dopamine is released extrasynaptically
from dopaminergic amacrine cells in a light-dependent manner (14,

15). Photoreceptor cells detect dopamine with the dopamine re-
ceptor D4 (D4R) (16, 17), which is coupled with Gi to inhibit
adenylate cyclase (AC) and thereby to reduce cAMP (18). A
number of previous studies showed that cAMP-dependent protein
kinase (PKA) phosphorylates several phototransduction compo-
nents. PKA phosphorylates GRK1 to reduce its rhodopsin phos-
phorylation ability (19), regulator of G protein signaling 9–1 to
reduce its GTPase activating protein activity (20), phosducin to
accelerate the trafficking of transducin toward the outer segment
(21), and GC to increase its sensitivity to Ca2+-dependent inhi-
bition (22). These studies suggest a role of PKA in increasing
photoreceptor sensitivity. Indeed, Astakhova and colleagues
showed that pharmacological activation of the cAMP production
induces a twofold increase in the signal-to-noise ratio in frog rods
(11, 23). Furthermore, PKA strengthens the electrical coupling of
photoreceptor cells via the phosphorylation of connexin36 (24) to
increase the visual sensitivity (25). Taken together, these findings
strongly suggest that light reduces cAMP levels to desensitize
photoreceptor cells via PKA suppression. However, unlike in the
case of cGMP regulation, which has been studied electrophysio-
logically with single-cell resolution and millisecond precision,
there are currently no available methods to monitor cAMP in
living photoreceptor cells, which limits the systematic character-
ization of its spatiotemporal regulation in photoreceptors.
Here, we used a two-photon PKA activity imaging method to

address this deficiency. A retinal explant culture for imaging was
prepared from PKAchu mice (26–28) that ubiquitously express a
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Förster resonance energy transfer (FRET)-based PKA activity
sensor protein, AKAR3EV (29, 30). Unexpectedly, in addition
to the aforementioned light-on-induced PKA suppression, we
observed a prominent light-off-induced PKA activation in pho-
toreceptor cells. This PKA activation was induced by photopic
light stimulation and confined to rod photoreceptor cells in the
illuminated area. Spectral sensitivity data suggested the involve-
ment of rhodopsin in the PKA activation. Consistent with this
suggestion, the activation was not detected from retinal explants
that were deficient in rhodopsin signaling. Interestingly, the
rhodopsin-deficient retinas showed only light-on-induced PKA
suppression. From these results, we propose that rhodopsin and
dopamine signals are integrated to shape the light-off-induced
PKA activation in rods.

Results
Ex Vivo Two-Photon Imaging Delineates Various Layers of the PKAchu
Mouse Retina. First, we set up two-photon live imaging of the
isolated mouse retina (Fig. 1A). A retina from a PKAchu mouse
was flat mounted on a culture insert. The insert was then placed
under a two-photon microscope and perfused with oxygenated
culture medium. The PKA biosensor AKAR3EV (SI Appendix,
Fig. S1A) was expressed ubiquitously in PKAchu mice, which
allowed us to delineate tissue morphology at the subcellular level
in six different layers of the retina (Fig. 1 B–H and Movie S1).
The nuclear-sparing pattern was caused by the cytoplasmic lo-
calization of AKAR3EV (30). The outer nuclear layer (ONL)
thickness at 1.0 mm superior from the optic nerve head (ONH)
was 54.3 ± 2.9 μm (mean ± SD, n = 12 retinas), which is com-
parable to the value for the young-adult wild type (31). Intrigu-
ingly, a subset of cells in the photoreceptor layer (Fig. 1 E–H)
expressed AKAR3EV much more abundantly (AKAR3EVhigh

cells) than the rest (AKAR3EVlow cells). Therefore, to prevent
saturation of the detector, we needed to reduce the excitation
laser power from the outer plexiform layer (OPL; arrow in
Fig. 1H). Please note that this intensity difference does not mean
high and low PKA activities. Although PKA increases the FRET
efficiency of AKAR3EV (SI Appendix, Fig. S1A) to induce the
spectral shift of the fluorescence, the corresponding intensity
change is limited (SI Appendix, Fig. S1B).
In the OPL, the large size and shape of the AKAR3EVhigh

photoreceptor cells closely resembled the cone pedicles (Fig. 1E)
(32). Moreover, the nuclei of the AKAR3EVhigh photoreceptor cells
(white arrowheads in Fig. 1H) were located near the interface be-
tween the ONL and the photoreceptor segments layer (PRS). These
observations strongly suggested that the AKAR3EVhigh and
AKAR3EVlow cells are cones and rods, respectively. This was con-
firmed by using rhodamine labeled peanut agglutinin (PNA-
rhodamine), which specifically binds to the extracellular sheath of
cones (33). As expected, PNA-rhodamine labeled the tips of the
AKAR3EVhigh cells (Fig. 1I and Movie S2). In conclusion, our two-
photon imaging method clearly delineates the layer structure of the
PKAchu retina and enables comparison of PKA activities in rods
and cones.

The PKAchu Retina Visualizes Cell-Type-Specific PKA Regulation by
Dopamine. To confirm whether AKAR3EV detects PKA activ-
ity in the retina, we first examined the response to forskolin,
which increases the cAMP level by stimulating AC. The mode of
action of AKAR3EV and the method to generate PKA activity
images were described previously (34, 35). Briefly, the signal
intensity in the FRET-acceptor channel (FRET Ch) was divided
by that of FRET-donor channel (CFP Ch) to obtain FRET/CFP-
pseudocolor images, which depict PKA activity (SI Appendix,
Fig. S1B). As expected, 20 μM forskolin strongly increased
FRET/CFP in all layers of the retina (SI Appendix, Fig. S2 A and
B and Movie S3). Interestingly, this elevation was less pro-
nounced in cones (white arrowheads in SI Appendix, Fig. S2A)

than in rods, which may be ascribable to the difference in AC
subtypes (36).
Next, we examined the response to dopamine, which is one of

the major neurotransmitters that modulates visual processing in
the retina (37). Dopamine either activates or inactivates PKA,
depending on the type of dopamine receptors: D1-like receptors
(D1R and D5R) activate PKA via Gs, whereas D2-like receptors
(D2R, D3R, and D4R) suppress PKA via Gi (13). In the mouse
retina, D1R is expressed in horizontal cells and a subset of bi-
polar and amacrine cells in the inner retina (38). On the other
hand, D4R is expressed in photoreceptor cells (16, 24). In
agreement with this layer-specific distribution, 10 μM dopamine
increased FRET/CFP values in the inner plexiform and inner
nuclear layers, and decreased them in photoreceptor cells (SI
Appendix, Fig. S2 C and D and Movie S4). Therefore, we con-
cluded that AKAR3EV in the PKAchu retina detects both PKA
activation and suppression.

Light-Induced PKA Suppression Is Followed by an Unexpected
“Overshoot” of Activation in Photoreceptor Cells. According to
previous studies, light induces extrasynaptic dopamine release
from dopaminergic amacrine cells, which reduces cAMP in
photoreceptor cells (16, 39, 40). However, previous studies did
not elucidate the fine time course of this response; therefore, we
time lapse imaged the light-induced cAMP reduction via PKA
activity change. Dark- and light-adapted PKAchu retinas were
prepared for imaging (please see SI Appendix, Supplementary
Methods for details about preparations). As expected from pre-
vious studies that reported the elevated photoreceptor cAMP
level in darkness (40, 41), the basal PKA activity in photoreceptor
cells was significantly greater in the dark-adapted retina (Fig. 2 A
and B, PRS). To measure the time course of the photoresponse, a
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Fig. 1. Two-photon imaging of the PKAchu retina. (A) Imaging setup. The
isolated PKAchu retina was flat mounted on a culture insert, perfused with
DMEM/F12 medium, and imaged using an upright two-photon microscope
with a water immersion objective lens. (B–G) Fluorescent images obtained
from the PKAchu retina at the ganglion cell layer (GCL; B), inner plexiform
layer (IPL; C), inner nuclear layer (INL; D), outer plexiform layer (OPL; E),
outer nuclear layer (ONL; F), and photoreceptor segments layer (PRS; G).
Images were obtained by averaging FRET-donor channel (CFP Ch) and FRET-
acceptor channel (FRET Ch) images. (H) Longitudinal view of the PKAchu
retina. The image was reconstructed from z-stack images (214 planes with 1
μm z intervals). White arrowheads indicate cone nuclei. Black arrowheads
indicate z positions of the cross-sectional images in B–G, and an arrow in-
dicates the z position from which the excitation laser power was attenuated
to avoid detector saturation. (I) Cone labeling with rhodamine labeled
peanut agglutinin (PNA-rhodamine) (magenta) overlaid with AKAR3EV
signals (green).
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stimulation light was delivered onto the retina (SI Appendix,
Supplementary Methods). Upon a brief 6 s light stimulation, pho-
toreceptors in the dark-adapted retina showed a large drop in
PKA activity (Fig. 2 C and D, dark). Unexpectedly, however, PKA
activity rebounded over the basal level, and the increased activity
level continued for 30 min. On the other hand, photoreceptors in
the light-adapted retina exhibited only a modest suppression of
PKA (Fig. 2 C and D, light) but showed marked PKA activation
for 15 min. The suppression was detected within 12 s from the
stimulation, and subsequent activation was detected at 50 ± 5 s
and peaked at 214 ± 16 s (mean ± SD, n = 5; Fig. 2E).
In an effort to visualize the light-induced suppression more

clearly, we applied a longer 10 min stimulation to the light-adapted
retina (Fig. 2 F and G and Movie S5). In this case, photoreceptor
PKA activity exhibited a transient drop in the first 2 min but
returned to the basal level for the remaining 8 min. Then, to our
surprise, PKA was prominently activated upon light off. We
speculate that, upon the light on, the dopamine-mediated PKA
suppression occurred and was observed as a transient drop at
2 min. However, simultaneously, an antagonizing light-induced
PKA activation occurred with slow kinetics that canceled out the
suppression during the subsequent 8 min. Then, upon light off, the
dopamine effect was removed instantly probably due to an efficient

dopamine clearance from the extrasynaptic space (42), and only
the activation remained to shape the apparent off response. Be-
cause such light-induced PKA activation has not been reported in
normal photoreceptor cells (but see refs 43, 44), hereafter, we fo-
cused on this PKA activation using light-adapted retinas.

Light-Off-Induced PKA Activation Occurs Exclusively in Rod Photoreceptor
Cells. To determine cell type specificity of the light-off-induced
PKA activation, we first examined spatial confinement of the ac-
tivation in photoreceptor cells. The light spot was projected at the
center of the view field (dashed circle in Fig. 3A), and time courses
of the PKA activation were compared among four areas: three
inside and one outside of the light spot (Fig. 3B). The activation
was sharply confined to the illuminated area (Fig. 3C).
We also confirmed that the response was mediated by the

phosphorylation on the FRET biosensor AKAR3EV but not by
bleaching/switching of its fluorophores. PKAchu-NC mice were
used for this purpose. This negative control mouse strain carries
AKAR3EV-NC, which has an alanine substitution at the threo-
nine residue in the PKA substrate motif (SI Appendix, Fig. S1C)
(29). In PKAchu-NC retinas, light-induced changes were not ob-
served (Fig. 3 A and C and Movie S6), confirming that the light
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Fig. 2. Basal PKA activities and light-induced PKA activity changes in the dark- and light-adapted PKAchu retinas. (A) Longitudinal PKA activity images.
Arrowheads indicate the positions of each layer analyzed in B. (B) FRET/CFP values obtained from each layer of the retina. Mean ± SD, n = 7 and 18 mea-
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response in the PKAchu retina is induced by the phosphorylation
of the AKAR3EV.
Next, to study the cell-type specificity of the PKA activation,

we performed five-dimensional imaging (x, y, z, time, and PKA
activity). Longitudinal reconstruction images showed that PKA
was activated exclusively in photoreceptor cells, especially at
PRS (Fig. 3 D and E and Movie S7). A small number of cells in
PRS showed less activation (Fig. 3D, arrowheads) than did sur-
rounding cells, suggesting that PKA was activated less efficiently
in cones than in rods. Indeed, rod-specific PKA activation was
visualized in high-magnification cross-sectional images (Fig. 3 F
and G and Movie S8). Taken together, these results indicated
that the light-off-induced PKA activation occurs exclusively in
light-exposed rod photoreceptor cells. In the following experi-
ments, we further characterized this PKA activation in rods.

Light-Induced PKA Activation Is Driven by Rhodopsin and Transducin.
To identify the photopigment that drives the light-off-induced
PKA activation, we analyzed the spectral sensitivity of the re-
sponse. For this purpose, responses toward various intensities of
light were recorded from rods (SI Appendix, Fig. S3A). Mea-
surements were performed for seven different wavelengths to
obtain a series of intensity-response relationships (SI Appendix,
Fig. S3B). Then, half-saturating light intensities (I1/2) were esti-
mated by fitting. The inverse of I1/2 values were plotted as a
function of wavelength to obtain the spectral sensitivity (Fig. 4A).
Assuming that the light-induced PKA activation would be

triggered by an opsin-family photopigment, the data were fitted
with an A1-pigment spectral template (45). The estimated λmax
was 489 nm, which suggests the involvement of rhodopsin (500
nm), isorhodopsin (487 nm) (46), and M-cone pigment (508 nm)
in the PKA activation. Intriguingly, the estimated maximum
amplitude increased as the wavelength became longer (SI Ap-
pendix, Fig. S3C), which is opposite to the activity regulation of
melanopsin (see Discussion for details).
To validate the involvement of rhodopsin in the light-

off-induced PKA activation, we crossed PKAchu mice with
Gnat1−/− mice, which lack the α subunit of the G protein trans-
ducin and are deficient in rhodopsin-mediated signal transduction
in rods (47). The amplitude of the response in PRS was clearly
decreased in PKAchu Gnat1+/− and completely lost in PKAchu
Gnat1−/− (Fig. 4B), showing the critical roles of rhodopsin and
transducin in the light-off-induced PKA activation. Notably, the
estimated half-saturating light intensity for 500 nm light was 6.5 ×
107 photons μm−2 (SI Appendix, Fig. S3B), which is >104-fold
greater than that of the visual photoresponse in rods (48). In such a
high intensity range, the normal rod phototransduction is com-
pletely saturated. Thus, these data suggest the presence of an al-
ternative rod phototransduction mechanism, which is activated
exclusively with intense illumination.

Both Rhodopsin and Isorhodopsin Were Detected in Our Light-Adapted
Retinal Explant. The estimated λmax of the light-off-induced PKA
photoresponse (489 nm) was 11 nm shorter than the absorption
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mentation. Values are the mean ± SD (n = 8 measurements). Data points in C, E, and Gwere obtained every 2 min. An arrow in each panel indicates the timing
of light stimulation.
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maximum of rhodopsin (500 nm). To study the cause of this
blueshift, we analyzed the absorption spectrum of photopigment
extracted from our light-adapted retinal explant. Wild-type
C57BL6/J (B6J) retinas were flat mounted using the protocol
performed in the PKA activity imaging, then, solubilized for ab-
sorption measurements. As a control, retinas from dark-adapted
mice were collected under dim red light. Absorption of photo-
pigment was detected from both light- and dark-adapted retinas at
around 500 nm (Fig. 5A). The peak height of the light-adapted
sample was 16 ± 1% (mean ± SD, n = 3) of the height observed
for the dark-adapted control. Surprisingly, the absorption maxi-
mum of the light-adapted preparation was detected at 495 ± 2 nm
(mean ± SD, n = 3; Fig. 5B, Light), which was 7 nm shorter than
that of the dark-adapted control (504 ± 1 nm; Fig. 5B, Dark) and
well fitted with the spectral sensitivity plot of the light-off-induced
PKA activation (Fig. 5C).
We speculated that the blueshifted absorbance was caused by

the formation of isorhodopsin, which contains a 9-cis retinal and
shows an absorption maximum at 487 nm (46). Indeed, the
obtained absorption spectrum was fitted well with the sum of the
rhodopsin and isorhodopsin templates (Fig. 5D). To verify the
presence of isorhodopsin, the chromophore composition was
determined by normal phase high performance liquid chroma-
tography (HPLC; Fig. 5E). Most of the 11-cis retinal, which
comprises 90 ± 3% (mean ± SD, n = 2) of total retinoids in the
dark-adapted control (Fig. 5 E and F, Dark), was converted to
all-trans retinal and all-trans retinol in the light-adapted sample
(Fig. 5 E and F, Light). In agreement with the absorbance data,
the 11-cis retinal and 9-cis retinal were also detected at compa-
rable levels: 9.0 ± 2.3% and 8.3 ± 0.8%, respectively (mean ±
SD, n = 3; Fig. 5 E and F, Light). Therefore, we concluded that
isorhodopsin is formed specifically in the light-adapted retinal
explants and produces the blueshifted spectral sensitivity of the
light-off-induced PKA activation.

Rhodopsin-Deficient Albino PKAchu Rods Show Only the Light-On-Induced
PKA Suppression. To further investigate the involvement of rho-
dopsin, we used albino mice, which show a greater reduction in

rhodopsin level compared to their wild-type counterparts when
kept under bright light (49). Although, rhodopsin content in the
dark-adapted albino retina was 51 ± 5% (mean ± SD, n = 4) to
the wild-type level, surprisingly, that of the light-adapted albino
retina was less than the detection limit (Fig. 6A, Albino), without
any thinning in the ONL thickness (53.9 ± 1.3 μm at 1 mm su-
perior from the ONH; mean ± SD, n = 6 retinas). The albino
retina exhibited markedly higher basal PKA activity in the PRS
layer than the wild type (Fig. 6 B and C). This high basal PKA
activity in PRS was suppressed to nearly the wild-type level in the
presence of 100 nM exogenous dopamine (Fig. 6D), suggesting a
decreased dopamine level in the albino retina. In fact, the albino
mice used in this study (B6N-Tyrc-Brd/BrdCrCrl; B6 albino) are
deficient in tyrosinase, which supports dopamine biogenesis (50).
We performed the photostimulation experiments with albino

PKAchu retinas. In stark contrast to the wild type, only transient
suppression was observed following a brief 6 s stimulation
(Fig. 6E, Albino). Moreover, the PKA activity was kept at a low

A

B

ΔF
R

ET
/C

FP

0.4

0.2

0

-20 0 20 40 -20 0 20 40
Time (min)

-20 0 20 40

PKAchu Gnat1+/-PKAchu Gnat1-/-PKAchu

Sensitivity
Fitting (λmax 489 nm)

Light 6 sec

500
Wavelength (nm)

600

100

10-1

10-2N
or

m
al

iz
ed

se
ns

iti
vi

ty

Fig. 4. Involvement of rhodopsin and transducin in the light-off-induced PKA
activation. (A) Spectral sensitivity plot of the light-induced rod PKA activation.
Plots were fitted with the spectral template of the visual pigment to obtain
the estimated λmax of 489 nm (dashed curve). Data were normalized to the
peak of the curve. Values are the mean ± SEM (n = 3–7). (B) Time courses of
the PKA activity in the 6 s stimulation experiments, obtained from rods imaged
at PRS in wild-type PKAchu, PKAchu Gnat1+/−, and PKAchu Gnat1−/−. Data for
wild-type PKAchu is a replot of Fig. 3G. An arrow in each panel indicates the
timing of 6 s light stimulation (500 nm and 1 × 108 photons μm−2). Values are
the mean ± SD (n = 9 for PKAchu Gnat1+/− and n = 18 for PKAchu Gnat1−/−).

A B

Dark
LightΔA

bs
or

ba
nc

e

0.1

0

-0.1
500

Wavelength (nm)
600400300

N
or

m
al

iz
ed

Δa
bs

or
ba

nc
e

0

1 Dark
Light

500
Wavelength (nm)

600

ΔA
bs

or
ba

nc
e

0.01

0

Light
Fitting
   Rhodopsin
   Isorhodopsin

500
Wavelength (nm)

600

DC

E F

Estimated molar ratio
10 0.5

Dark

Light

11c

at 9ROL

Sensitivity
Absorbance

N
or

m
zl

iz
ed

se
ns

iti
vi

ty
/

Δa
bs

or
ba

nc
e 100

10-1

10-2

500
Wavelength (nm)

600

Retention time (min)
4 86 10 1412

syn anti

11c
at

11c Dark

9c 9cROL

at

Light

Ab
so

rb
an

ce
 

at
 3

60
 n

m
20

 A
U

13

Fig. 5. Formation of isorhodopsin in the light-adapted retinal explant. (A)
Difference absorption spectra of retinal photopigments measured at 4 °C. Solid
curve: light-adapted retinal explants and dashed curve: dark-adapted control.
Values are the average of threemeasurements. Each sample was prepared from
one retina. (B) Normalized spectra created from the data in A. (C) A comparison
between the difference absorption spectrum of the light-adapted retina (red)
and the spectral sensitivity data (open circles, replot of Fig. 4A). Note that the
vertical axis is in logarithmic scale. (D) Data fitting with rhodopsin (red) and
isorhodopsin templates (cyan). The averaged spectrum of the light-adapted
retina (solid black curve, replot from [A]) was fitted with the sum of the rho-
dopsin and isorhodopsin spectra (green). (E) HPLC chromatogram of retinoids
extracted from a dark- or light-adapted retina. Retinal isomers were extracted
as syn- and anti-oxime forms, separated by the normal phase HPLC, and de-
tected by their absorbance at 360 nm. (F) Molar ratio of the retinoids estimated
by HPLC. Values are the means of two and three measurements for dark- and
light-adapted retinas, respectively. The 11c: 11-cis retinal; at: all-trans retinal; 9c:
9-cis retinal; 13: 13-cis retinal; ROL: all-trans retinol.

27000 | www.pnas.org/cgi/doi/10.1073/pnas.2009164117 Sato et al.

https://www.pnas.org/cgi/doi/10.1073/pnas.2009164117


level during a 10 min stimulation and returned to the basal level
upon light off without a prominent overshoot (Fig. 6F and Movie
S9). These data further support the notion that rhodopsin plays a
critical role in the light-off-induced PKA activation in rods.

Discussion
In the present study, we report a two-photon live imaging method
to visualize PKA activity in all layers of the retina (Fig. 1, SI Ap-
pendix, Fig. S2, and Movies S1–S4) and describe the light-
off-induced PKA activation in rods (Fig. 3 and Movies S7 and
S8). The light-on-induced reduction of retinal cAMP was reported
in previous studies (16, 41, 51). Here, our live imaging approach
with high spatiotemporal resolution has succeeded in characteriz-
ing the light-off-induced PKA activation. Application of two-
photon microscopy to the retina is technically difficult because
visual pigments are substantially activated by both high-power in-
frared excitation laser and fluorescence emission from probes,
which cause a low-photopic level of activation in the visual trans-
duction system (52) (SI Appendix). The light-off-induced PKA ac-
tivation was readily observed, probably because this response
requires a high-photopic level of illumination from the external
light source (SI Appendix, Figs. S3 and S4).
The mechanism underlying the light-off-induced PKA activa-

tion is still unknown, but we suggest that this mechanism likely
involves two different light-dependent pathways: a PKA sup-
pression pathway with fast kinetics and a PKA activation path-
way with slow kinetics (Fig. 6G). Rhodopsin-containing wild-type
PKAchu retinas showed transient PKA suppression during the
10 min light-on period followed by immediate and robust PKA
activation upon light off (Fig. 6F and Movie S9). In contrast, the
albino PKAchu explants showed persistent PKA suppression
during the 10 min light-on period (Fig. 6F and Movie S9). Be-
cause rhodopsin was not detected in the albino retinal explant
(Fig. 6A), this persistent suppression is likely to be mediated by
the light-induced dopamine release that can be triggered by cone
visual pigments and/or melanopsin in intrinsically photosensitive
retinal ganglion cells (15) (but see ref. 14). We speculate that the
persistent PKA suppression also operates in wild-type mice
during the light-on period, but that its presence is masked by
rhodopsin-mediated PKA activation. The fast kinetics of the
suppression pathway is supported by the observation that the
PKA activity is restored immediately after light off in the albino
PKAchu (Fig. 6F).
Rhodopsin and transducin play critical roles in the

light-off-induced PKA activation (Fig. 4). Isorhodopsin is de-
tected in the retina (Fig. 5E) but is not necessarily required for
the light-off-induced PKA activation because the response was
also observed in dark-adapted PKAchu retinas devoid of the 9-
cis retinal (Figs. 2C and 5F). Conventional phototransduction,
which utilizes the cGMP system (1–3), is also not likely to un-
derlie the mechanism by the two reasons. First, the working light
intensity of the light-off-induced PKA activation (SI Appendix,
Fig. S3 A and B) is >104-fold higher than that of the rod visual
transduction (48). Second, the duration of the light-off-induced
PKA activation is >10 min (Fig. 3); this is clearly longer than that
of the visual photoresponse, which ends in a few seconds (48).
Therefore, we speculate the presence of an alternative pathway
acting downstream of transducin. Because the light-off-induced
PKA activation is strictly confined within the illuminated region
(Fig. 3 A–C and Movie S6), intercellular signaling mechanisms
may be excluded from this process.
One possible mechanism underlying the transducin-mediated

PKA activation is the light-dependent transducin translocation.
The Ca2+-insensitive AC isoforms are enriched in the photoreceptor
inner segment (53). It is suggested that transducin stimulates AC in
primary culture of tiger salamander rods (43). Rod transducin is
localized in the outer segment in darkness but moves to the inner
segment under bright light. This translocation contributes to the rod

survival and synaptic transmission to rod bipolar cells (54) and is
suggested to be a mechanism to escape from rod saturation (55).
The transducin translocation occurs under the light level that satu-
rates rod photoresponse with a half-time of completion of 5 and
12.5 min for α and β subunits, respectively (56, 57). These features
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coincide with the high half-saturation light intensity (SI Appendix,
Fig. S3) and time course (Fig. 2) of the light-off-induced PKA ac-
tivation. In addition, cone transducin does not show the transloca-
tion (58), in line with the lack of the light-off-induced PKA activation
in cones (Fig. 3F). Interestingly, phosphorylation of phosducin, one
of the PKA targets in rods (21), facilitates the recovery from the
translocation (59). The transducin-mediated PKA activation may
constitute a feedback loop to transducin for the recovery from the
translocation to boost the dark adaptation.
The presence of isorhodopsin in our light-adapted retinal ex-

plants was unexpected (Fig. 5). As a similar example, photo-
regeneration of isorhodopsin was reported previously in frog
retinal explants (60). In that case, the isorhodopsin was thought
to be a product of back photoconversion from a Meta-III in-
termediate of rhodopsin. It is tempting to speculate that low-
quantum yield isorhodopsin (61) plays a role in rod light adap-
tation. However, we suppose that isorhodopsin is not formed in
the mouse retina in vivo because the 9-cis retinal is not detected
from retinoids directly extracted from light-adapted mouse eyes
(62). We speculate that isorhodopsin formation is an artifact
caused by our sample preparation in which retinas were tem-
porarily exposed to light at room temperature.
The maximum amplitude of the light-off-induced PKA acti-

vation became larger as the light stimulus was shifted to longer
wavelengths (SI Appendix, Fig. S3 B and C). As the spectral
sensitivity showed its maxima at 489 nm (Fig. 4A), this discrep-
ancy suggests the input from another photopigment(s) that in-
dependently regulates the amplitude. Melanopsin displays a
tristable photoequilibrium, and the fraction of its signaling form
is decreased as the wavelength becomes longer within the
400–600 nm range (63, 64). Therefore, we speculate that red
light-induced melanopsin inactivation increases the amplitude of
the light-off-induced PKA activation via the aforementioned
dopamine-mediated pathway.
Lastly, what is the physiological role of the light-off-induced

PKA activation? Previous biochemical studies have shown that
PKA phosphorylates many phototransduction components
(19–22) and the gap junction protein (24). Electrophysiological
studies have shown that cAMP improves the rod photosensitivity
(11, 23). Taken together, these findings suggest that PKA pro-
motes the dark adaptation of rods. In support of this notion,
recent studies by Kolesnikov and colleagues reported a delayed
rod dark adaptation in mutant mice whose GRK1 is mutated to
block its cAMP-dependent phosphorylation (65). PKA phos-
phorylates GRK1 to reduce its rhodopsin phosphorylation ability

(19), which, in turn, extends the active lifetime of rhodopsin to
increase the photosensitivity. They also reported lack of phe-
notype in cone dark adaptation, which is consistent with the lack
of responses in our PKAchu cones (Fig. 3 F and G). Therefore,
we speculate that the physiological role of the light-off-induced
PKA activation is the acceleration of rod dark adaptation upon
the transition from a light to a dark environment. Further
physiological studies will be needed to quantitatively describe the
contribution of PKA in rod dark adaptation.

Materials and Methods
Animals. The animal protocols were reviewed and approved by the Animal
Care and Use Committee of Kyoto University Graduate School of Medicine
(MedKyo17539, 17539-2, 18086, 19090, and 20081). Colonies of wild-type
PKAchu (nbio185; NIBIOHN) and PKAchu-NC (nbio186) transgenic mouse
lines were maintained in a heterozygous state on the B6J background. Al-
bino PKAchu was obtained by crossing with B6 albino (Charles River Labo-
ratories Japan). PKAchu Gnat1+/− and PKAchu Gnat1−/− were obtained by
crossing wild-type PKAchu with Gnat1−/− (B6J background; the kind gift
from Vladimir J. Kefalov, Washington University in St. Louis, St. Louis, MO)
for two to three generations.

Two-Photon Live Imaging of the Retinal Explant. A flat-mounted retina was
perfused with oxygenated medium and imaged with an upright multipho-
ton microscope system (Fluoview FV1000MPE; Olympus) using a water im-
mersion objective lens (XLPLN25XWMP; Olympus). Stimulation light was
generated with a custom-made light-emitting diode system (SI Appendix,
Fig. S4) and delivered to the retina through the objective lens.

All additional experimental details are provided in SI Appendix,
Supplementary Methods.

Data Availability. All study data are included in the article and supporting
information.
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