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Gap junctions in retinal photoreceptors suppress voltage noise and facilitate input of rod signals into the cone pathway during mesopic
vision. These synapses are highly plastic and regulated by light and circadian clocks. Recent studies have revealed an important role for
connexin36 (Cx36) phosphorylation by protein kinase A (PKA) in regulating cell– cell coupling. Dopamine is a light-adaptive signal in the
retina, causing uncoupling of photoreceptors via D4 receptors (D4R), which inhibit adenylyl cyclase (AC) and reduce PKA activity. We
hypothesized that adenosine, with its extracellular levels increasing in darkness, may serve as a dark signal to coregulate photoreceptor
coupling through modulation of gap junction phosphorylation. Both D4R and A2a receptor (A2aR) mRNAs were present in photorecep-
tors, inner nuclear layer neurons, and ganglion cells in C57BL/6 mouse retina, and showed cyclic expression with partially overlapping
rhythms. Pharmacologically activating A2aR or inhibiting D4R in light-adapted daytime retina increased photoreceptor coupling. Cx36
among photoreceptor terminals, representing predominantly rod– cone gap junctions but possibly including some rod–rod and cone–
cone gap junctions, was phosphorylated in a PKA-dependent manner by the same treatments. Conversely, inhibiting A2aR or activating
D4R in daytime dark-adapted retina decreased Cx36 phosphorylation with similar PKA dependence. A2a-deficient mouse retina showed
defective regulation of photoreceptor gap junction phosphorylation, fairly regular dopamine release, and moderately downregulated
expression of D4R and AC type 1 mRNA. We conclude that adenosine and dopamine coregulate photoreceptor coupling through opposite
action on the PKA pathway and Cx36 phosphorylation. In addition, loss of the A2aR hampered D4R gene expression and function.

Introduction
Gap junctions are fundamental elements of neuronal wiring in
the retina (Bloomfield and Völgyi, 2009). Photoreceptor gap
junctions have critical functions in visual information process-
ing. Cell– cell coupling improves the signal/noise ratio over much
of the photoreceptor operating range (Lamb and Simon, 1976)
and may improve contrast detection and detection of small stim-
uli (Lebedev et al., 1998; Li et al., 2012). Rod– cone coupling
allows pathway convergence (Nelson, 1977; Schneeweis and
Schnapf, 1995; Trümpler et al., 2008), forming a medium-

sensitivity pathway that functions during mesopic vision when
the rod pathway becomes saturated (DeVries and Baylor, 1995).

Photoreceptor coupling depends on a circadian rhythm and
light/dark adaptation. It is maximal at night in dark-adapted con-
ditions and minimal under light-adapted conditions (Wang and
Mangel, 1996; Ribelayga et al., 2008). Changes in photoreceptor
coupling are driven by gap junction phosphorylation and depen-
dent on protein kinase A (PKA) activity (Li et al., 2009). There is
a direct correlation between connexin35 (Cx35) (the fish ho-
molog of mammalian Cx36) phosphorylation and photoreceptor
coupling such that both are high in darkness at night, and low
under daytime illumination (Li and O’Brien, 2012; Li et al.,
2009).

The catecholamine dopamine is released from dopaminergic
amacrine cells. Dopamine displays light-adaptive effects, acting
both as a neurotransmitter and a neurohormone on a variety of
retinal neurons (Pierce and Besharse, 1985; Weiler et al., 1988;
Dearry and Burnside, 1989). Dopamine synthesis and release are
stimulated by light, and in some species, controlled by a circadian
clock so that dopamine release is highest during the daytime in
light and lowest at night in darkness (Kramer, 1971; Iuvone et al.,
1978; Nir et al., 2000; Doyle et al., 2002b; Ribelayga et al., 2004).
In photoreceptors, activation of dopamine D4 receptors (D4R)
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suppresses the light-sensitive pool of cAMP (Cohen and
Blazynski, 1990; Cohen et al., 1992), reduces PKA activity, and
downregulates type 1 adenylyl cyclase (AC1) expression (Jackson
et al., 2009). A circadian rhythm of extracellular adenosine in the
retina has the opposite phase as does dopamine, displaying an
increased level in darkness and at night compared with illumina-
tion (Ribelayga and Mangel, 2005). Adenosine regulates a largely
overlapping suite of photoreceptor functions in the opposite
manner as does dopamine (Rey and Burnside, 1999; Stella et al.,
2002, 2003). Activation of A2a receptors (A2aR), which are ex-
pressed on photoreceptors (Blazynski, 1990; Kvanta et al., 1997),
stimulates intracellular AC and thus increases cAMP level
(Londos et al., 1980; Friedman et al., 1989).

In the current study we examined the hypothesis that D4R and
A2aR may coregulate photoreceptor coupling through antago-
nizing actions on gap junction phosphorylation using C57BL/6
mice. In this animal model, melatonin synthesis is constitu-
tively low due to a natural mutation in the arylalkylamine
N-acetyltransferase gene (Roseboom et al., 1998), and thus do-
pamine release is mainly controlled by light (Doyle et al., 2002a).
We found that A2aR played a dark-adaptive role in regulating
photoreceptor coupling. The regulation is primarily direct
through the control of PKA activity in the photoreceptor, but
may also be partially indirect, through the modulation of D4R
gene expression.

Materials and Methods
Animals. The wild-type (WT) mice used in the current study were
C57BL/6 from The Jackson Laboratory (stock# 000664). The A2aR-
deficient mice have a hybrid genetic background of 129-Steel and
C57BL/6 (Chen et al., 1999). All mice used in this study were 1.5– 4
months old. Within the same types of experiment, mice at matched ages
were chosen to avoid the possible variability in gap junction physiology
caused by aging (Fujisawa et al., 1976; Hansen et al., 2005). Animals of
both sexes were used. Animals were maintained on a daily 12 h light/dark
(L/D) cycle. Zeitgeber time 0 (ZT0) is defined as time of lights on (7:00
A.M.); while ZT12 is defined as time of lights off (7:00 P.M.). Procedures
were approved by the Animal Welfare Committee at the University of
Texas Health Science Center at Houston.

Materials. Reagents were purchased from the following sources: Ames’
medium w/L-glutamine was from US Biological. The D4R agonist
PD168077 maleate (PD) and antagonist L-745870 trihydrochloride, the
A2aR agonist CGS21680 hydrochloride (CGS) and antagonist 8-(3-
Chlorostyryl) caffeine (CSC) were purchased from Tocris Bioscience.
cAMP analogs, PKA activator Sp-8-CPT-cAMPS (Sp), and PKA inhibi-
tor Rp-8-CPT-cAMPS (Rp) were from Axxora. In studies using PD, CGS
or CSC, 0.1% dimethylsulfoxide (DMSO; Sigma-Aldrich) was used to
increase the solubility of drugs. The corresponding control used 0.1%
DMSO as well.

Tracer coupling measurements. We estimated gap junction coupling
between photoreceptors by measuring tracer diffusion of Neurobiotin
(Vector Laboratories) using the cut loading technique as described in
detail previously (Ribelayga et al., 2008; Li et al., 2009; Choi et al., 2012).
In brief, mice were killed by cervical dislocation and eyes were quickly
dissected in oxygenated Ames’ medium (supplemented with 12 mM

NaHCO3, pH 7.4) at 37°C, and the retinas were flat mounted onto nitro-
cellulose filter paper (EMD Millipore). The flat-mount retina was incu-
bated in Ames’ for 45 min, followed by an additional 20 min with or
without drugs at 37°C. Then the retina was cut with a dewaxed feather
blade that had been dipped in 5% Neurobiotin with or without 2% lysine
fixable dextran conjugated to fluorescein (10,000 MW; Life Technolo-
gies). Retina pieces were incubated with Ames’ medium with or without
drugs for 15 min at 37°C and subsequently fixed with 4% paraformalde-
hyde (PFA) in 0.1 M phosphate buffer, pH 7.5 (PB) overnight at 4°C. All
experiments involving dark-adapted retina were conducted in darkness

or under infrared light. During all steps before fixation was completed,
lighting conditions remained the same.

Fixed, washed retina tissue was labeled with 0.75 �g/ml Cy3-
conjugated streptavidin (Jackson ImmunoResearch) at 4°C overnight or
together with 25 �g/ml fluorescein-labeled peanut agglutinin (PNA;
Vector Laboratories) for 3 d. Retina tissue was flat mounted on slides
with Vectashield mounting medium (Vector Laboratories). Cut loading
fills cells nonselectively throughout the retina along the slice plane. To
study photoreceptor coupling, digital images at the level of photorecep-
tor inner segments were taken using a Zeiss LSM 510 Meta confocal
microscope. Similar settings of pinhole, contrast, and brightness param-
eters were used for all experimental conditions. Projections of two adja-
cent confocal images comprising 0.9 �m focal depth were used for
analysis. Under each condition, samples were collected from three to five
different animals from least two separate experiments.

Images were analyzed using SimplePCI (Hamamatsu Photonics) and
MATLAB (MathWorks) software as previously described (Li et al., 2009).
Intensity of Neurobiotin-positive signal was measured in 0.3 �m diam-
eter circles centered on photoreceptor inner segments. Cell– cell spacings
were estimated based upon an average of at least 10 measurements. We
estimated tracer diffusion using a linear compartmental diffusion model
(Zimmerman and Rose, 1985) as applied to neural networks in retina
(Mills and Massey, 1998; O’Brien et al., 2004). This model assumes that
the photoreceptor array behaves as a linear chain of compartments con-
nected by identical gap junctions characterized by a rate-limiting diffu-
sion coefficient (k). Since the model is linear and presumes that loading
occurs in a single compartment, we analyzed narrow clusters of cells
extending perpendicular to the cut edge. Means of diffusion coefficients
from several different clusters in a pair of retinas were used to represent
one animal.

In vitro eyecup incubations. To use pharmacological interventions to study
signaling pathways that control phosphorylation of Cx36, we used an in vitro
eyecup preparation. Mice were killed and the eyes collected. Eyecups were
quickly prepared by removing the anterior segment and lens and then incu-
bated in oxygenated Ames’ medium at 37°C. After 45 min resting, the culture
medium was changed into fresh Ames’ and eyecups were incubated for an-
other 20 min with or without drugs, if applicable. The eyecup was immedi-
ately fixed with 1.5% N-(3-dimethylaminopropyl)-N�-ethylcarbodiimide
hydrochloride (“carbodiimide”; Sigma-Aldrich) in 0.1 M PB, pH 7.5, for 30
min at room temperature and cryoprotected in 30% sucrose at 4°C.

In preliminary studies, we compared the phosphorylation levels of
Cx36 in the outer plexiform layer (OPL; the synaptic layer containing
photoreceptor synapses) in acutely isolated eyes at various states of dark
adaptation to those from in vitro eyecup preparations treated as de-
scribed above. In the acute group, mice were killed and eyes were quickly
collected in ice-cold PBS. A small puncture was made in the center of the
cornea with a sharp needle for easy access of fixative. The eyes were then
immediately fixed with 1.5% carbodiimide in 0.1 M PB for 30 min at
room temperature. Sectioning and immunocytochemistry (see below)
were performed in the same manner for both groups. Results with day-
time light-adapted and 2, 4, and 6 h dark-adapted retina showed no
difference between the two methods in the phosphorylation levels (two-
way ANOVA: methods, p � 0.71; lighting, p � 0.01; n � 3/condition),
supporting the contention that data from the excised eyecup preparation
are representative of processes occurring in the intact eye.

Immunocytochemistry, image acquisition, and phosphorylation level es-
timation. For immunofluorescence localization of Cx36 in the photore-
ceptor layer, mouse eyes were dissected in PBS and lenses were removed.
The eyecup was fixed at room temperature with 2% carbodiimide in 0.1
M PB for 40 min followed by 2% PFA in 0.1 M PB for another 10 min.
Fixed tissue was cryoprotected in 30% sucrose overnight at 4°C, and
embedded in OCT. Tissue was sectioned into 16 �m slices using a cryo-
stat and blocked with 10% donkey serum (Jackson ImmunoResearch) in
PBS with 0.1% Triton X-100 (PBST) at room temperature for 30 min.
Sections were incubated with a variety of antibodies in PBST overnight at
room temperature. Antibodies used included rabbit anti-syntaxin3 (1/
100; gift from Dr. Roger Janz), mouse IgG1 anti-Cx36 (mCx36; 10 �g/ml,
EMD Millipore; MAB3045), goat anti-arrestin (2 �g/ml; Santa Cruz Bio-
technology), mouse IgG2a anti-PSD-95 clone K28/43 (1/100; University
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of California Davis/National Institutes of Health NeuroMab Facility, Da-
vis, CA). Following extensive washing with PBS, sections were incubated
with suitable secondary antibodies including 3.75 �g/ml Alexa Fluor 647
donkey anti-rabbit (Jackson ImmunoResearch; for sytaxin3), 5 �g/ml
Alexa Fluor 555 goat anti-mouse IgG1 (Life Technologies; recognizing
Cx36 while colabeling with mouse IgG2a PSD-95), or 3.5 �g/ml Cy3
donkey anti-mouse IgG (Jackson ImmunoResearch; for Cx36), 5 �g/ml
Alexa Fluor 488 donkey anti-goat IgG (Life Technologies; for arrestin),
and 5 �g/ml Alexa Fluor 488 goat anti-mouse IgG2a (Life Technologies;
for PSD-95). The secondary antibodies were incubated at room temper-
ature for 3 h. Nuclei were counterstained by mounting sections with
Vectashield mounting medium with DAPI (Vector Laboratories).

The phosphorylation state of Cx36 gap junctions was measured by
immunocytochemistry as described previously (Kothmann et al., 2007,
2009; Li et al., 2009). Briefly, cryostat sections of eyecups fixed with 1.5%
carbodiimide were rehydrated with PBST and blocked with 10% donkey
serum in PBST for 1 h at room temperature. The sections were probed at
4°C overnight with mCx36 at 2.5 �g/ml and rabbit anti-Cx36 phospho-
Ser293 (Kothmann et al., 2007) at 0.8 �g/ml in 10% donkey serum with
PBST. The sections were then incubated with Cy3-conjugated donkey
anti-mouse IgG (2.1 �g/ml; Jackson ImmunoResearch) and Alexa 488-
conjugated donkey anti-rabbit IgG (2.0 �g/ml; Life Technologies) at
room temperature for 2 h. Sections were preserved in Vectashield
mounting medium.

Image acquisition and data analysis were described previously
(Kothmann et al., 2007, 2009; Li et al., 2009). In brief, 12-bit photomi-
crographs were taken using the confocal microscope with fixed laser
power settings. The detector gain and offset parameters were adjusted so
that the intensity of most pixels fell within the dynamic range of the
detector and the intensity of the most brightly labeled conditions showed
very limited saturation. For each experiment, once settings were opti-
mized, they remained unchanged for all conditions and treatments to
avoid imaging biases. Images were taken in the OPL randomly selected
within the region from 50 to 80% of the distance from the optic nerve
head to the periphery. Three neighboring scans at 0.3 �m intervals were
stacked to generate a 35 � 16 � 0.9 �m volume, which was exported into
one 12-bit tiff image. Five images were collected from two cryosections of
one eyecup to represent one animal.

The confocal images were analyzed with Simple PCI software
(Hamamatsu) as described previously (Li et al., 2009). In each image,
regions of interest (ROI) were selected to circle mCx36 immunoreac-
tive puncta by applying a 20% threshold. Ideally one ROI represented
one gap junction plaque, although occasionally adjacent gap junctions
were merged into a single ROI. The number of Cx36 plaques was esti-
mated by counting the total number of ROI in each image. The average
ROI count over five images was used to represent one animal. The phos-
phorylation level was estimated by taking a ratio of the intensity of
phospho-S293 to that of mCx36 labeling within each ROI. Since the popu-
lation of phosphorylation state ratios is not normally distributed, the median
was calculated from all Cx36 plaques in five images to represent the phos-
phorylation level of one animal (Li et al., 2009).

In situ hybridization. To localize the A2aR and D4R in the mouse
retina, we performed in situ hybridization (ISH) for each gene. A probe
for the D4R was designed based upon NCBI reference sequence NM
007878.2. To make D4R RNA probes, a 281 bp DNA template was am-
plified by PCR using a cDNA clone (Cat# MMM1013–99622152;

Thermo Fisher Scientific) as template and the following primer set: for-
ward ACCCTACTCAGGGTCCCTTC, reverse GATGTGCACCAC-
GAAGAAAG. Probes for A2aR were designed based upon NCBI
reference sequence NM 009630.2. The DNA template for generating
RNA probes was a 32 mer oligonucleotide (Life Technologies). The an-
tisense sequence is as follows: ATCATCAACTGCTTCACCTTCTTCT-
GCTCCAC. T7 or SP6 RNA polymerase promoters were incorporated
into the oligos, and digoxigenin (DIG)-labeled RNA probes were
synthesized by in vitro transcription (Life Technologies; MAXIscript
kit) in the presence of DIG-dUTP (Roche) following the manufactur-
er’s instructions.

We wanted to compare the transcript levels throughout an L/D cycle.
To accomplish this, mouse eyes were collected at four different time
points: ZT23.5 (dark), ZT5.5 (light), ZT11.5 (light), and ZT17.5 (dark).
Eyes were quickly fixed with 4% PFA in 0.1 M PB for 48 h at 4°C, and then
embedded in paraffin and cut into 9 �m sections using a microtome.
Retina sections were dewaxed, treated with 30 �g/ml proteinase K
(Roche) at 37°C for 20 min, and postfixed in 4% PFA in 0.1 M PB for 20
min. To reduce nonspecific background, sections were incubated with
0.5% acetic anhydride in 0.1 M triethanolamine for 10 min twice, with
rinsing in PBS between incubations. Hybridization was performed over-
night with riboprobes for A2aR at 48°C or for D4R at 60°C. Sections were
then washed at hybridization temperature with buffers at high strin-
gency: 50% formamide with 2� SSC (300 mM NaCl, 30 mM Na3citrate,
pH 7.0) for 30 min, 1� SSC for 30 min, and 0.2� SSC for 30 min.
Nonhybridized RNA probes were deactivated by treatment of 0.2 �g/ml
RNase A (Sigma-Aldrich) at 37°C for 30 min. Hybridization signals were
detected by incubating retina sections with 7.5 mU/ml antibody against
DIG conjugated with horseradish peroxidase (Roche) at 4°C overnight.
On the third day, color was developed with the TSA plus Cy3 system
(PerkinElmer) for various time periods ranging from 30 min to 2 h.

Some retina sections with ISH completed were subsequently immu-
nostained. Sections were rinsed in PBST for 1 h and blocked with 10%
donkey serum in PBST for 1 h at room temperature. Sections were incu-
bated with 1/1000 sheep polyclonal antibody against tyrosine hydroxy-
lase (EMD Millipore) overnight at room temperature. After rinsing with
PBS, sections were incubated with 5 �g/ml Alexa Fluor 488 donkey anti-
sheep IgG (Invitrogen) for 3 h at room temperature. Images were taken
using a confocal microscope.

Real-time PCR. After mice were killed, eyes were quickly frozen with
liquid nitrogen and stored at �80°C. Retinas were collected in ice-cold
PBS and homogenized in TRI reagent (Sigma-Aldrich). For each animal,
RNA was extracted from retinas of both eyes and treated with TURBO
DNase (Life Technologies) following manufacturer’s instructions. First
strand cDNA was synthesized using SuperScript III Transcriptase (Life
Technologies). Real-time PCR was performed using SYBR Green PCR
master mix (Life Technologies) and the following program: 95°C for 2
min, 40 cycles of 95°C for 30 s, 57°C for 30 s, and 72°C for 30 s in the
Mastercycler EP Gradient PCR machine (Eppendorf). Each sample was
assayed in duplicate. The threshold cycle (CT) of A2aR, D4R, and AC1
gene amplification was normalized with the CT of 18S rRNA, and relative
to the CT of each gene at ZT5.5 in the WT mouse retina using the com-
parative CT method (Schmittgen and Livak, 2008). Information for
primers is provided in Table 1.

HPLC. The concentrations of dopamine and its metabolite dihydroxy-
phenylacetic acid (DOPAC) were assayed in mouse retina by HPLC.

Table 1. Primers for real-time PCR study

Name Primer sequence References

18S rRNA-forward TAGAGTGTTCAAAGCAGGCCCGA Jackson et al., 2009
18S rRNA-reverse ATGCTTTCGCTCTGGTCCGTCTT
A2aR-forward CCGAATTCCACTCCGGTACA Streitová et al., 2010
A2aR-reverse CAGTTGTTCCAGCCCAGCAT
D4R-forward TGCCCTCAACCCCATCATCTACAC Designed using http://frodo.wi.mit.edu/primer3/
D4R-reverse CAACCCCCAGCCTTCATAAGTGGT
AC1-forward CACAGCAGGAACCAAGGCTAAGAA Jackson et al., 2009
AC1-reverse TGCCAACTCGGAGAACAAAGTCGT

Li et al. • Adenosine Regulates Photoreceptor Coupling J. Neurosci., February 13, 2013 • 33(7):3135–3150 • 3137

http://frodo.wi.mit.edu/primer3/


Frozen mouse eyes were homogenized by son-
ication in the presence of 0.1 M perchloric acid
and 0.5 mM ascorbic acid. Homogenate was
centrifuged at 15,000 rpm twice for a total of 50
min. The extract from one eye was assayed to
represent one animal. Samples were resolved in
a Shimadzu HPLC system (Shimadzu Scien-
tific Instruments) using a C18 column (150
mm � 4.6 mm, 5 �m porous silica) with an
isocratic mobile phase containing 50 mM

KH2PO4, 0.02% octyl sodium sulfate, 15%
methanol, and 0.1 mM Na2-EDTA, pH 3.1. Do-
pamine and DOPAC were detected by an am-
perometric detector (BASi) and normalized to
a standard solution containing dopamine and
DOPAC with known concentration in the
same HPLC assay.

Results
Dark adaptation resembles the
nighttime state in C57BL/6 mice
Photoreceptor gap junction coupling is
controlled by a circadian rhythm of dopa-
mine secretion and light conditions (Yang
and Wu, 1989; Wang and Mangel, 1996;
Krizaj et al., 1998; Ribelayga et al., 2008; Li
et al., 2009). The dopamine rhythm is in
turn controlled partially by a potent circa-
dian rhythm in photoreceptor melatonin se-
cretion (Dubocovich, 1983; Dubocovich and
Takahashi, 1987; Nowak et al., 1992). In
C57BL/6 mice, melatonin secretion is consti-
tutively low due to a mutation in the gene for
rate-limiting enzyme of the melatonin syn-
thetic pathway, arylalkylamine N-acetyl trans-
ferase (Roseboom et al., 1998). In these
animals, dopamine secretion is controlled by
light conditions (Doyle et al., 2002a), suggest-
ing that dark adaptation may recapitulate the
nighttime state. To test this hypothesis, we
compared photoreceptor coupling and dopa-
mine secretion in darkness at night to that in
dark-adapted conditions in the daytime.

As previously found in zebrafish (Li et
al., 2009), daytime light-adapted mouse
retina displayed weak tracer diffusion
among photoreceptors, limited to loaded
cells along the cut edge of the retina and
occasionally another row of tracer cou-
pled cells (Fig. 1A). In contrast, nighttime
dark-adapted mouse retina showed ex-
tensive tracer diffusion beyond the loaded
cells of the cut edge, indicating much
more extensive coupling within the pho-
toreceptor network (Fig. 1B). Dark adap-
tation for 2, 4, and 6 h in the daytime also
increased tracer diffusion through the
photoreceptor network (Fig. 1C–E). No
sign of diffusion was observed in labeling
of the lysine fixable dextran (10,000 MW),
which was coapplied with Neurobiotin (data not shown). The
majority of Neurobiotin-loaded cells were not colocalized with
PNA (Fig. 1D), indicating that they are rods. The fraction of
PNA-labeled cones within the Neurobiotin-loaded photorecep-

tor network was 7 � 0.7% (mean � SEM, n � 5) in the daytime
6 h dark-adapted mouse retina. This is about twice the expected
amount based on the abundance of cones in C57BL/6 mouse
retina (Jeon et al., 1998), suggesting that there is some preference
for cones in loading or tracer diffusion. This could simply reflect

Figure 1. Photoreceptor coupling and dopamine release in light- and dark-adapted mouse retina in daytime and at night. Cut loading
was conducted in mouse retina using Neurobiotin (red; A–D) followed by postfixation labeling of cones with PNA (green; A, D). Images
show flat-mounted retina at the plane of the photoreceptor inner segments. Under light exposure in the daytime (A), tracer diffusion was
limited to the cut edge (dashed line). The majority of Neurobiotin-loaded cells were not colocalized with PNA. In the nighttime 6 h
dark-adapted retina (B), Neurobiotin tracer diffusion was much more extensive among the photoreceptor matrix. Daytime photoreceptor
coupling was increased by dark adaptation for 2 h (C), 4 h, and 6 h (D), with a small fraction of cones among the coupled cells (green PNA
label in D). E, Summary of tracer coupling data for day; night; and 2, 4, and 6 h dark adaptation in the daytime (n�5–11 per condition). F,
HPLC analysis of dopamine and DOPAC in whole eyes from animals collected under the same conditions as for tracer coupling measure-
ments (n � 4 – 6 per condition). Data in E and F are mean � SEM; *p � 0.05; **p � 0.01; ns not significant. A and D are projections
comprising 4 �m focal depth; B and C are projections comprising 0.9 �m focal depth.
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the larger size of cone pedicles and a proportionally increased
probability of being damaged by the cut, but may also reflect
isolation of some rods in the network, preventing them from
acquiring tracer.

Tracer diffusion was quantified by fitting Neurobiotin label
intensity in individual photoreceptors arrayed perpendicular to
the cut edge to a compartmental diffusion model (Mills and
Massey, 1998; Li et al., 2009). The increase in calculated Neuro-
biotin diffusion coefficient over the daytime, light-adapted con-
dition was significant in each dark-adapted condition (Fig. 1E),
with 6 h dark adaptation increasing coupling close to the extent
seen in dark-adapted retina at night (one-way ANOVA, p �
0.0003; followed by Bonferroni’s multiple-comparison tests; n �
5–11/condition).

Since dopamine is considered a primary factor controlling
photoreceptor coupling and dopamine release is controlled by
light/dark adaptation, we examined dopamine release under each
lighting condition by measuring the retinal DOPAC/dopamine
ratio. DOPAC is the product of dopamine oxidation by mono-
amine oxidase, and is made from the pool of dopamine that is
taken up into cells from the extracellular space. Therefore the
DOPAC/dopamine ratio is a good index of dopamine turnover
and release (Witkovsky, 2004). As expected, dopamine release
was highest in the daytime light-adapted retina, and reduced in
the nighttime dark-adapted retina (Fig. 1F). Dark adaptation in
the daytime suppressed dopamine release, with 6 h dark adapta-
tion resulting in about half the DOPAC/dopamine ratio as that of
light-adapted retina. The reduction in dopamine secretion was
significant at night and in all dark-adapted daytime conditions
examined (one-way ANOVA: p � 0.001; followed by Bonferro-
ni’s multiple-comparison tests; n � 4 – 6/condition). These re-
sults show that dark adaptation of C57BL/6 mice in the daytime
results in a state that is qualitatively similar to the nighttime state
in that photoreceptor coupling is increased and dopamine release
is reduced.

Photoreceptor gap junctions contain connexin 36
To study the molecular mechanisms that control photoreceptor
coupling, it is necessary to identify the connexins involved. Cx36
has long been associated with photoreceptor coupling. Deletion
of the Cx36 gene in mice leads to visual transmission deficits in
the rod pathway consistent with loss of rod-cone coupling (Gül-
denagel et al., 2001; Deans et al., 2002; Völgyi et al., 2004). A
longstanding controversy remains in the field regarding which
photoreceptors express Cx36. Cx36 has been detected on cone
pedicles in the mouse (Feigenspan et al., 2004). This is consistent
with its localization at cone– cone gap junctions in fish, amphib-
ian, and chicken retina (O’Brien et al., 2004; Zhang and Wu,
2004; Kihara et al., 2009; Li et al., 2009) and at rod– cone gap
junctions in amphibian, fish, and primate retina (Zhang and Wu,
2004; Li et al., 2009; O’Brien et al., 2012). However, an immuno-
electron microscopy study has found Cx36 only on the cone side
of rod– cone gap junctions in guinea pig (Lee et al., 2003) and
marker gene expression in one of the three Cx36 knock-out lines
shows expression in the outer nuclear layer (ONL) limited to a
group of cells at the outer edge of the ONL, consistent with local-
ization only in cones (Degen et al., 2004; Feigenspan et al., 2004).
Marker gene expression in other Cx36 knock-out lines is more
widespread, consistent with expression in both rods and cones
(Deans et al., 2002) and Cx36 is clearly present at rod–rod gap
junctions in the salamander retina (Zhang and Wu, 2004), mak-
ing an evolutionary argument in favor of its expression in rods in
other vertebrates.

To contribute to this controversy, we performed confocal im-
munofluorescence experiments in mouse retina designed to lo-
calize Cx36 in the photoreceptor layer. Consistent with previous
studies, the majority of Cx36-immunoreactive puncta (red) were
present among photoreceptor terminals and in the OPL, with
smaller numbers of gap junctions apparent among photorecep-
tor somata in the ONL (Fig. 2A–C). Outlines of both rod and
cone photoreceptor terminals were visualized with antibodies
either to PSD-95 (Fig. 2B, green) or syntaxin 3 (Fig. 2A,C–H,
blue), with cones identified by labeling with a cone arrestin anti-
body (Fig. 2A,C–H, green). In Figure 2B, cones can also be iden-
tified by the broader and more irregular outline in PSD-95
immunostaining (Fig. 2B, white x). In these experiments, much
of the Cx36 labeling was found on the borders of rod spherules
(small green circles in Fig. 2B, blue circles in C, E–H), consistent
with either rod–rod or rod– cone gap junctions. Some Cx36 la-
beling in the OPL beneath cone terminals is presumed to belong
to unidentified cone bipolar cells (Fig. 2B–D,F,H, arrowheads).
Labeling of cones with a cone arrestin antibody revealed that
many of the gap junctions among rod spherules actually repre-
sent contacts of rods onto cones (Fig. 2C—H, arrows; Fig. 2D,E,
identical cone pedicles labeled with dark stars). A small number
of Cx36 gap junctions associated with cone terminals appeared to
be at contacts with telodendrial processes from neighboring
cones (Fig. 2G,H, �), but none of these could be resolved
unambiguously. Finally, gap junctions scattered through the
ONL occasionally appeared to be associated with a cone axon,
representing rod– cone contacts, but most appeared to be be-
tween somata of adjacent rods (Fig. 2A,C, white stars). This sug-
gests that rod–rod gap junctions likely contain Cx36, though we
cannot exclude the possibility that undetected cone telodendria
make contacts with rods at these points.

In an EM reconstruction of mouse OPL, Tsukamoto et al.
(2001) identified both rod– cone (�57% of the total) and rod–
rod (�42% of the total) gap junctions among photoreceptor
terminals, axons, and somata in and adjacent to the OPL. A very
small remaining fraction of gap junctions were cone– cone. Our
immunostaining of Cx36 in the mouse retina is consistent with all
of these gap junctions being composed of Cx36. In the subse-
quent experiments, we examine the changes in phosphorylation
state of this heterogeneous pool of Cx36 gap junctions in the
immediate proximity of the OPL. This pool appears to contain a
dominant contribution from rod– cone gap junctions, but likely
also contains rod–rod, cone– cone, and a small pool of bipolar
cell gap junctions.

Gap junction phosphorylation changes in concert with
photoreceptor coupling
Gap junction coupling is controlled by phosphorylation at two
critical regulatory sites in Cx35/36, Ser110 and Ser276/293
(Ser276 in Cx35 is homologous to Ser293 in Cx36) (Ouyang et al.,
2005; Patel et al., 2006; Kothmann et al., 2007; Li et al., 2009). A
strong, positive correlation between Cx35/36 phosphorylation
and neuronal coupling has been demonstrated in both rabbit and
zebrafish retina (Kothmann et al., 2009; Li et al., 2009; Li and
O’Brien, 2012). To test if mouse photoreceptors follow this pat-
tern, we measured the phosphorylation levels of Cx36 in mouse
OPL, where most photoreceptor gap junctions are located. Figure
3, A and B, show that in the OPL the phospho-S293 labeling was
weak in the daytime light-adapted retina and strong in the night-
time dark-adapted retina. Two hour dark adaptation in the day-
time led to increased phospho-S293 labeling (Fig. 3C), and the
phosphorylation signal increased with dark adaptation extended
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to 4 and 6 h (Fig. 3D; 4 h not shown).
Histograms of counts of individual gap
junctions versus phosphorylation level, as
measured by the ratio of phospho-S293/
mCx36, for daytime light-adapted and
nighttime dark-adapted conditions re-
vealed strongly skewed distributions (Fig.
3E). It was not feasible to discriminate indi-
vidual populations of gap junctions from
these data. However, it was apparent that
light adaptation in the daytime resulted in a
leftward shift of the entire distribution, sug-
gesting that the majority of gap junctions
behaved in a similar manner. To quantita-
tively compare conditions, we calculated the
median of the distribution for each animal
in each condition. These comparisons re-
vealed a significant increase in median
phosphorylation level of nighttime dark-
adapted condition versus daytime light
adapted (Fig. 3F, bottom). Dark adaptation
in the daytime also led to a significant
increase in phosphorylation over light-
adapted control at 6 h dark adaptation (Fig.
3F, bottom; one-way ANOVA, p � 0.0094;
followed with Bonferroni’s multiple-
comparison tests; n � 6–9/condition).
There was no difference between 6 h dark
adaptation in daytime and nighttime.

The phosphorylation level of Cx36
represents the median state of the gap
junctions, regardless of any variation in
size of the population. We also evaluated
the total number of Cx36 plaques per unit
volume and compared the Cx36 density
among the conditions. There was no sig-
nificant change in the number of Cx36
gap junctions among any of the condi-
tions examined (Fig. 3F, top; one-way
ANOVA, p � 0.691). This suggests that
changes in photoreceptor coupling were
dominated by changes in gap junction
phosphorylation state, without significant
changes in the number of gap junctions
present. We plotted phosphorylation level
of Cx36 as a function of the diffusion
coefficient data from the tracer cou-
pling experiment. Consistent with previous
studies in zebrafish (Li and O’Brien, 2012),
there is a positive correlation between tracer
coupling and phosphorylation in mouse
photoreceptors (Fig. 4).

Dopamine and adenosine receptors
control Cx36 phosphorylation in an
opposing manner
In zebrafish retina, the changes in photore-
ceptor coupling and Cx35 phosphorylation
associated with daytime and nighttime
states were dependent on PKA activity (Li
et al., 2009). Since dopamine suppresses
AC activity by activating D4R, we hypoth-
esized that adenosine may stimulate AC

Figure 2. Immunostaining of Cx36 in the mouse outer retina. A, View of the full photoreceptor layer from outer segments (top) to OPL
(bottom) labeled for syntaxin 3 (blue), cone arrestin (green), Cx36 (red), and DAPI (purple). The same color scheme is used in C–H. Cx36
plaques were abundant in the OPL and infrequent between somata in the ONL (white star). B, High-magnification view of the OPL labeled
for PSD-95 (green), Cx36 (red), and DAPI (purple). Numerous rod spherules appear as small circles while fewer cone pedicles are larger,
dimmer, and more irregular in shape (white x). Cx36 plaques were found associated with rod and cone membranes, as well as below cone
pedicles (arrowheads). C, Cone arrestin labeling (green) revealed that many Cx36 plaques associated with rod membranes also contacted
with cone telodendria or axons (arrows). Some small Cx36 puncta in the lower level of ONL seemed not to be associated with a cone,
suggesting possible rod–rod connections (white stars). D, High-magnification view of three cone pedicles showing labeling only for cone
arrestin and Cx36. Fine telodendria extending from the cone pedicle reach out to contact many Cx36 gap junctions within the OPL. Cx36 gap
junctions were also found by the cone axon and inside and underneath the pedicles. The cone pedicle indicated with the black star is shown
again in E with syntaxin 3 labeling (blue) revealing rod terminals. Arrows show contacts between rod spherules and cone telodendria via
Cx36. F–G, Additional views of cones in the OPL showing rod– cone gap junctions (arrows) and potential cone– cone gap junctions (� in
G and H ). Scale bars: (in A, B) 5 �m; (in C—H ) 2 �m.
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activity through A2aR. Activation of A2aR should increase cAMP
level, activate PKA, and enhance Cx36 phosphorylation and pho-
toreceptor coupling. We used an isolated mouse eyecup prepara-
tion to test this hypothesis. Figure 5A shows dose–response

curves for the effects of the A2aR ago-
nist CGS21680 and the D4R antagonist
L-745870 on Cx36 phosphorylation level
in daytime, under light-adapted condi-
tions. Both inhibiting D4R and activating
A2aR increased Cx36 phosphorylation
level in the OPL in a dose-dependent
manner (Fig. 5A; n � 3/condition). The
half maximal effective concentration
(EC50) for CGS21680 was 3.2 �M, 16 times
higher than the EC50 � 0.2 �M for elonga-
tion of isolated green sunfish cone inner
segment–outer segment preparations (Rey
and Burnside, 1999). The half maximal in-
hibitory concentration (IC50) for L-745870
was 0.3 �M, �34 times higher than the
IC50 � 8.7 nM for reversal of sulpiride sup-
pression of 3H-GABA release from rat sub-
thalamic nucleus slices (Floran et al., 2004).
These differences could be due to diffu-
sional barriers in the isolated eyecup prepa-
ration and the relatively short time course of
the experiments, or they could reflect differ-
ences in the receptor properties.

If the increased phosphorylation
level resulted from activation of PKA
through A2aR activation or D4R inhibi-
tion, we hypothesized that suppressing
PKA activity concurrently would pre-
vent the increase in phosphorylation.
Indeed, as shown in Figure 5B, while 10
�M CGS21680 or 3 �M L-745870 signif-
icantly increased phosphorylation, con-
currently applying either drug with 10
�M PKA inhibitor Rp-8-cpt-cAMPS
brought phosphorylation down to the
control level (one-way ANOVA: p �
0.0001; followed with Bonferroni’s

multiple-comparison test; n � 3–12/condition).
In the reciprocal daytime, 6 h dark adaptation experiment

(Fig. 5C), applying 75 nM A2aR antagonist CSC or 200 nM D4R
agonist PD168077, led to dephosphorylation of Cx36 in the
mouse OPL. This dephosphorylation was inhibited by 10 �M

PKA activator Sp-8-cpt-cAMPS (Fig. 5C; one-way ANOVA: p �
0.0001; followed with Bonferroni’s multiple-comparison test;
n � 5– 8/condition), again suggesting that effects of D4 and A2a
receptors on Cx36 phosphorylation in the dark are mediated by
changes in PKA activity.

Provided the positive correlation between Cx36 phosphoryla-
tion and photoreceptor coupling in mouse, we expected that the
high phosphorylation level induced by D4R inhibition and A2aR
activation would be sufficient to increase photoreceptor coupling
in the light-adapted state. Indeed, application of 3 �M L-745870
or 10 �M CGS21680 under photopic light exposure in daytime
resulted in significantly increased spread of Neurobiotin through
the photoreceptor matrix, to an extent similar to that observed
during daytime 6 h dark adaptation (Fig. 6, bottom; one-way
ANOVA, p � 0.0001; followed with Bonferroni’s test; n � 4 –11/
condition). Among the extensively coupled photoreceptor ma-
trix, PNA labeling identified �5 � 0.5% cones in the L-745870-
treated retina and �8 � 1% in CGS-treated retina (Fig. 6, top).
Neither L-745870 nor CGS21680 treatment significantly altered
the proportion of coupled photoreceptor subtypes compared

Figure 3. Phosphorylation state of Cx36 in the OPL in light- or dark-adapted mouse retina in daytime and at night. Phosphor-
ylated Cx36 was labeled with a phospho-specific antibody against S293 of Cx36 (green), in reference to the total Cx36 (mCx36; red).
Cx36 was poorly phosphorylated in daytime light-adapted retina (A, S293-P alone; A�, phospho-S293 and mCx36 merged). In
contrast, 6 h dark-adapted retina at night (B, B�) displayed strongly phosphorylated Cx36. In daytime, dark adaptation for 2 h (C,
C�) or 6 h (D, D�) enhanced phosphorylation of Cx36. E, Histogram of phosphorylation states (phospho-S293/mCx36) of individual
gap junctions in nighttime dark-adapted retina (black symbols) and daytime light-adapted retina (white symbols). Data are
pooled from six nighttime and six daytime animals. F, Bottom, Summary of the median phosphorylation states of OPL Cx36 in
daytime; nighttime; and 2, 4, and 6 h dark adaptation in daytime. Top, Total number of Cx36 plaques per 504 �m 3 sampling
volume for the same samples is plotted. Data in F are means � SEM, n � 6 –9 per condition; *p � 0.05; **p � 0.01; ns not
significant.

Figure 4. Cx36 phosphorylation and tracer coupling of photoreceptors are positively corre-
lated. Based upon data shown in Figures 1 and 3, the relationship between phospho-S293/
mCx36 ratio and diffusion coefficient during cut loading under comparable conditions was
analyzed. The linear regression with R 2 � 0.81 suggested a fairly strong, positive correlation
between phosphorylation level of Cx36 and photoreceptor coupling. Data are means � SEM.
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with daytime dark-adapted retina (t tests; p � 0.06 and p � 0.44
respectively; n � 4 –5/condition) although a reduction in propor-
tion of cones with the D4R antagonist treatment was almost
significant.

To summarize, manipulating the activity of D4R and A2aR
pharmacologically, either in light or dark adaptation in daytime,
is sufficient to change both the phosphorylation state of Cx36 and
photoreceptor coupling. If these effects occur directly through
D4R and A2aR on the photoreceptor membrane, the two
G-protein-coupled receptors would provide forces antagonistic
to each other to regulate AC activity, cAMP level, and PKA activ-
ity. The balance of these opposing forces provides for tight con-
trol of photoreceptor coupling.

Both dopamine D4R and adenosine A2aR are expressed in
photoreceptors in a rhythmic fashion
Both dopamine D4 and adenosine A2a receptors have previously
been localized to photoreceptors (Blazynski, 1990; Blazynski and
Perez, 1991; Cohen et al., 1992; Nguyen-Legros et al., 1996, 1999;
Kvanta et al., 1997; Klitten et al., 2008). Furthermore, the D4R
mRNA displays a diurnal and circadian rhythm in the rodent
retina (Storch et al., 2007; Bai et al., 2008; Jackson et al., 2011). If
D4R and A2aR coordinately regulate photoreceptor coupling,
their rhythmic expression may have an important influence on
the balance of receptor activities that imposes this regulation. To
examine the pattern and rhythmicity of D4R and A2aR expres-
sion, we conducted ISH in mouse retina sampled every 6 h during
an L/D cycle. Figure 7 shows that the D4R transcript signal re-
sided in the photoreceptor layer, mostly within inner segments
(Fig. 7D,D�, arrows) and some signal immediately adjacent to
photoreceptor nuclei (Fig. 7D�, arrowheads), as well as inner

Figure 5. Adenosine A2aR and dopamine D4R regulation of photoreceptor Cx36 phosphor-
ylation in a mouse eyecup preparation. A, Dose–response curves for the A2aR agonist CGS21680
and the D4R antagonist L-745870 to phosphorylate Cx36 in light-adapted daytime retina. Data
are means � SEM; n � 3 per condition. B, In daytime under photopic light exposure, activating
A2aR with 10 �M CGS21680 or blocking D4R with 3 �M L-745870 increased Cx36 phosphory-
lation. These effects were blocked by concurrently applying 10 �M PKA inhibitor Rp-8-CPT-
cAMPS. Applying only 10 �M Rp showed no changes from the control group. Data are means �
SEM; n � 3–12 per condition. C, In daytime dark-adapted retina, inhibiting A2aR with 75 nM

CSC or stimulating D4R with 200 nM PD168077 inhibited Cx36 phosphorylation. These inhibitory
effects were reversed by 10 �M PKA activator Sp-8-cpt-cAMPS; 10 �M Sp alone showed no
changes from the dark-adapted control retina, while 10 �M Rp significantly reduced phosphor-
ylation of Cx36 in the OPL. Data are means � SEM; n � 5– 8 per condition. *p � 0.05; **p �
0.01; ns not significant.

Figure 6. Effects of D4R antagonist and A2aR agonist on photoreceptor tracer coupling.
Bottom, 3 �M D4R antagonist L-745870 and 10 �M A2aR agonist CGS21680 increased the
diffusion coefficient of Neurobiotin tracer coupling in daytime light-adapted retina. Data are
means � SEM, n � 4 –11 per condition; ** represent significance versus daytime light-
adapted condition at p � 0.01. No difference was detected among daytime dark-adapted
condition and either drug treatment in light-adapted condition (dark-adapted data are replot-
ted from Fig. 1E). Top, Proportion of coupled cones identified by PNA staining in the same
experiments (scatter plot of raw data with mean � SEM).
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nuclear and ganglion cell layers (Fig. 7A,D). The sense probe
resulted in no signals at all time points (Fig. 7D	, ZT17.5 shown).
In the inner nuclear layer (INL), some neurons were colabeled
with an antibody against tyrosine hydroxylase, suggesting that

the dopaminergic amacrine cells express D4R (Fig. 7A, inset).
The localization of D4R is consistent with previous reports by
ISH in rodents (Cohen et al., 1992; Klitten et al., 2008). Moreover
the D4R transcript displayed a strong rhythmicity during the

Figure 7. ISH for dopamine D4R and adenosine A2aR in mouse retina at different time points during an L/D cycle. A–D, D4R mRNA signal (red) was located in photoreceptors, most INL neurons,
and ganglion cells. The sense probe resulted in negative labeling at all time points (ZT17.5 shown in D�). Some cells in the INL showed positive tyrosine hydroxylase antibody colabeling (green; inset
in A). DAPI was used as nuclear counterstain (blue). The D4R transcript level was high at night (A, D) and low during the day (B, C). E–H, A similar distribution pattern was observed for the A2aR
transcript (red), with signal observed in the upper ONL (arrowheads), most cells in the INL, and some ganglion cells. Sense probe labeled negatively at all time points (ZT23.5 shown in E�). The A2aR
transcript seemed high before light onset and during mid-day. Interestingly the A2aR mRNA was mainly located surrounding the somata in the upper ONL (arrowheads in E, E�, and F ), with some
mRNA signal in the inner segments (arrow in E�). In contrast, the majority of D4R mRNA was located in the inner segments (arrows in D and D�), with minor signal surrounding photoreceptor somata
(arrowheads in D�). Merged images combining bright field and fluorescence microscopy to provide image of photoreceptor outer segments (D�, E�).
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course of the day–night cycle: high in the
darkness near the middle of the night and
declining to a minimum near the end of
the daytime. This pattern was observed in
most of the D4R-positive retinal neurons
and has been previously described (Storch
et al., 2007; Bai et al., 2008; Jackson et al.,
2011).

Interestingly, the cellular distribution
pattern of A2aR transcript seemed similar
to that of D4R (Fig. 7E–H), with the sense
probe providing negative signals (Fig. 7E	,
ZT23.5 shown). Most INL neurons and
some ganglion cells showed prominent
A2aR transcript signal. The antibody
against tyrosine hydroxylase failed to label
dopaminergic cells in this preparation,
possibly due to the prolonged TSA incu-
bation required to detect the short cRNA
probe for A2aR. A2aR mRNA transcript
in photoreceptors was mainly localized to
the cytoplasmic space surrounding the
soma (Fig. 7E�, arrowheads), in contrast
to the inner segment localization of D4R
mRNA hybridization (Fig. 7D�, arrows).
This is similar to the pattern of A2aR
mRNA localization reported in rat retina
(Kvanta et al., 1997). The temporal ex-
pression of A2aR partially overlapped
with D4R mRNA, with ISH labeling being
highest before light onset and declining to
a minimum near the end of the daytime.
This expression pattern seems to occur in
most A2aR-positive neurons in the retina.

Adenosine receptor 2a �/� mice have
defects in the regulation of
photoreceptor coupling and gap
junction phosphorylation
The pharmacological data thus far sup-
port the hypothesis that A2aR and D4R
regulate photoreceptor coupling in an op-
posing manner. If the A2aR provides the
positive driving force, it is expected that
loss of the A2aR will lead to uncoupling of
photoreceptors and dephosphorylation of Cx36 due to the dom-
inance of the D4R-dependent negative driving force. However,
Neurobiotin tracer coupling was significantly higher in the day-
time under light exposure in the A2a�/� mouse than in WT
mouse retina (Fig. 8A; one-way ANOVA, p � 0.0003; followed
with Bonferroni’s multiple-comparison test; n � 4 –18/condi-
tion). As expected, the A2aR agonist CGS21680 (10 �M) had no
effect on A2a�/� mouse retina, while it significantly increased
coupling in the photoreceptor network of WT mice. The fraction
of coupled cones in A2a�/� retina was 6 � 1.1%, not statistically
different from the daytime dark-adapted WT retina (t test, p �
0.45, n � 5/condition).

In keeping with the unusually high photoreceptor coupling,
light-adapted A2a�/� retina displayed an unusually high level of
Cx36 phosphorylation in the OPL (Fig. 8B). The phosphorylation
level was not changed by application of the A2aR agonist
CGS21680 (10 �M), the D4R antagonist L-745870 (3 �M), or the
PKA activator Sp-8-CPT-cAMPS (10 �M), although phosphory-

lation was significantly reduced by 10 �M PKA inhibitor Rp-8-
CPT-cAMPS (one-way ANOVA: p � 0.0001; followed with
Bonferroni’s multiple-comparison test; n � 5–13/condition).
This suggests that PKA activity was nearly maximal and not ef-
fectively suppressed by D4R activation in the light-adapted state.
Cx36 was significantly less phosphorylated in A2a�/� retina
compared with WT retina following 6 h dark adaptation in the
daytime (Student’s t test, p � 0.026; n � 5– 6/condition), suggest-
ing that PKA activity could not increase during dark adaptation.
Finally, there was no difference in Cx36 phosphorylation level
between light- and dark-adapted states at a comparable time in
day in A2a�/� mice (Student’s t test, p � 0.33).

We also examined the Cx36 phosphorylation level in the OPL
of WT and A2a�/� mouse retina sampled every 6 h through an
L/D cycle. The WT retina displayed a rhythmic pattern of Cx36
phosphorylation with a minimum before light onset and a max-
imum near midnight (Fig. 8C, ZT17.5). A2a�/� retina displayed
a significantly disrupted rhythm with a small peak during the day

Figure 8. The A2a �/� mouse retina showed abnormal photoreceptor coupling and Cx36 phosphorylation. A, Neurobiotin
tracer coupling in daytime light-adapted conditions in WT and A2a �/� photoreceptors either in control conditions or with 10 �M

A2aR agonist CGS21680. Asterisks represent significance compared with the WT control condition (*p � 0.05; **p � 0.01;
***p � 0.001; ns not significant). CGS21680-induced expanded tracer coupling in WT but had no effect in the A2a �/� mouse
retina. WT data are replotted from Figure 6. B, Cx36 phosphorylation state in daytime light-adapted conditions in WT and A2a �/�

OPL. A2a �/� mouse retina displayed significantly elevated Cx36 phosphorylation. This high phosphorylation did not respond to
10 �M A2aR agonist CGS21680, 3 �M D4R antagonist L-745870, or 10 �M PKA activator Sp-8-CPT-cAMPS, but was reduced by 10
�M PKA inhibitor Rp-8-CPT-cAMPS. Compared with the light-adapted state, 6 h dark adaptation in the daytime in A2a �/� retina
failed to induce any change in Cx36 phosphorylation. Significance of pairwise comparisons is noted above brackets identifying the
pairs. C, The phosphorylation state of OPL Cx36 in retinas collected every 6 h during an L/D cycle. Both WT and A2a �/� retina
displayed rhythmicity, peaking at ZT17.5 in the WT while peaking at ZT5.5 in the A2a �/�. Compared with the WT retina, the
A2a �/� retina showed abnormally high phosphorylation at ZT5.5 and lower phosphorylation at ZT17.5. Significance of pairwise
comparisons is noted above brackets identifying the pairs. Data are means � SEM.
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(ZT5.5) and depressed phosphorylation near midnight (Fig. 8C;
two-way ANOVA: time of the day: p � 0.012, mouse strain: p �
0.0001; n � 3–7/condition).

These results show that the A2aR is essential for regulation of
photoreceptor gap junction coupling and phosphorylation. The
unusually high photoreceptor coupling and Cx36 phosphoryla-
tion in light-adapted retina and the lack of response to D4R an-
tagonists suggest two possibilities: (1) the loss of the A2aR leads to
a low dopamine release so that PKA activity is not suppressed by
activation of the D4R or (2) the loss of the A2aR may result in
downregulation of the D4R signaling cascade in photoreceptors.

To examine the first hypothesis, we measured dopamine and
DOPAC in the A2a�/� and WT mice throughout the course of an
L/D cycle, as well as during light or dark adaptation in the day-
time. A2a�/� mice showed a rhythm that was statistically indis-
tinguishable from the WT mouse retina (Fig. 9A; two-way
ANOVA: time of day, p � 0.0023; mouse strain, p � 0.37; n �
3/condition). The dopamine release rhythm in WT mouse retina
showed elevated DOPAC/dopamine in the daytime in the pres-
ence of light and reduced DOPAC/dopamine in darkness (Bon-
ferroni’s tests: p � 0.05, ZT23.5 vs ZT5.5, ZT23.5 vs ZT11.5; p �
0.01, ZT5.5 vs ZT17.5, ZT11.5 vs ZT17.5). A2a�/� mouse retina
showed a similar rhythmicity; however, with only one pair of
time points being significantly different (Bonferroni’s tests: p �
0.05, ZT5.5 vs ZT17.5), suggesting that the dopamine release
rhythm may be slightly dampened in the A2a�/� mouse. Among
all conditions examined, there was no significant difference in the
sum of dopamine and DOPAC (two-way ANOVA: time of the
day, p � 0.07; mouse strain, p � 0.18), indicating normal dopa-
mine synthesis in the A2a�/� mouse.

In the 6 h dark adaptation paradigm, no difference in
DOPAC/dopamine was observed between the WT and A2a�/�

mouse retina in either daytime, light-adapted control, or dark-
adapted conditions (Fig. 9B; two-way ANOVA: lighting, p �
0.0001; mouse strain, p � 0.81; n � 4 – 6/condition). Dark adap-
tation significantly reduced DOPAC/dopamine in WT and
A2a�/� mouse retina (Student’s t tests: WT, p � 0.001; A2a�/�,
p � 0.01). In each of these conditions, the total amount of dopa-
mine plus DOPAC remained constant in both animal types (two-

way ANOVA: lighting, p � 0.29; mouse
strain, p � 0.13). These results provide
evidence that the A2aR had little or no
influence on dopamine synthesis or the
control of dopamine release. Since dopa-
mine release in the A2a�/� mouse was not
significantly different from in the WT
while regulation of photoreceptor cou-
pling and Cx36 phosphorylation were sig-
nificantly different (Fig. 8), and in the
A2a�/� mouse retina dopamine release
was significantly decreased by dark adap-
tation compared with light adaptation
while Cx36 phosphorylation remained in-
distinguishable (Figs. 8, 9), it is likely that
dopamine release is not a major contribu-
tor to the effects of A2aR knock-out on
control of photoreceptor gap junction
phosphorylation.

D4R and AC1 gene expression are
downregulated in the A2a �/�

mouse retina
To test the hypothesis that the D4R signal-

ing cascade may be compromised in the A2a�/� animals we ex-
amined transcript levels of D4R, A2aR, and AC1 by real-time
PCR (Fig. 10). Both A2a�/� and WT mice showed rhythmicity in
D4R gene expression (Fig. 10A; two-way ANOVA: time of the
day, p � 0.0001; mouse strain, p � 0.04; n � 3–5/condition;
followed with Bonferroni’s test). Consistent with the ISH data in
Figure 7 and previous reports with WT mouse and rat retina (Bai
et al., 2008; Klitten et al., 2008; Jackson et al., 2011), D4R tran-
script was higher at ZT17.5 and ZT23.5 during darkness at night
compared with the levels at ZT5.5 and ZT11.5 during the day
(Fig. 10A; Bonferroni’s tests: p � 0.001, ZT23.5 vs ZT5.5, ZT23.5
vs ZT11.5; ZT5.5 vs ZT17.5; p � 0.01, ZT11.5 vs ZT17.5). The
D4R gene expression in A2a�/� mouse retina peaked at ZT17.5
and remained low the rest of the day (Bonferroni’s test: p � 0.01,
ZT23.5 vs ZT17.5, ZT11.5 vs ZT17.5; p � 0.001, ZT5.5 vs
ZT17.5). There was a significant reduction of D4R gene expres-
sion at ZT23.5 in the A2a�/� mouse retina compared with the
WT (Bonferroni’s test: p � 0.001).

Expression of A2aR was also rhythmic in the WT mouse ret-
ina. It peaked at ZT23.5 and declined at subsequent times
throughout the light cycle (Fig. 10B; one-way ANOVA: p �
0.008; followed with Bonferroni’s test: p � 0.05, ZT23.5 vs ZT5.5,
ZT23.5 vs ZT11.5, ZT23.5 vs ZT17.5; n � 4 –5/condition). The
A2aR mRNA remained undetectable in the A2a�/� animals at all
time points (n � 3/condition).

Expression of AC1 displayed a similar pattern to that observed
for A2aR in WT, peaking at ZT23.5 and declining for the rest of
the day (Fig. 10C; two-way ANOVA: time of day, p � 0.048;
mouse, p � 0.05; followed with Bonferroni’s test: WT, p � 0.01,
ZT23.5 vs ZT5.5, p � 0.001, ZT23.5 vs ZT17.5; n � 3– 4/condi-
tion). In the A2a�/� mouse retina, AC1 mRNA was significantly
downregulated at ZT23.5 compared with the WT retina (Bonfer-
roni’s tests, p � 0.01), with the result that there was no significant
fluctuation of AC1 mRNA through the day (Bonferroni’s tests,
p � 0.47).

We further examined the expression pattern of D4R in the
A2a�/� retina using ISH. Weak D4R mRNA signal close to back-
ground was observed in the inner segments, ONL, and INL (Fig.
10D–G). Compared with the WT retina (Fig. 7A–D), signal at

Figure 9. HPLC analysis of dopamine release in A2a �/� and WT mouse retina. A, Both A2a �/� and WT mouse retina
displayed rhythmic dopamine release, as measured by DOPAC/dopamine during an L/D cycle. Significance of pairwise comparisons
is noted above brackets identifying the pairs. There was no statistically significant difference in rhythm of dopamine release
between WT and A2a �/� mouse retina (see text). B, During daytime, 6 h dark adaptation significantly reduced dopamine release
in both WT and A2a �/� mouse retina. No significant difference in dopamine release was detected in either condition between the
WT and the A2a �/� mouse retina; *p � 0.05; **p � 0.01; ***p � 0.001. Data are means � SEM.
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ZT23.5 was substantially reduced in the A2a�/� mouse retina
(Fig. 10D). The reduction in D4R mRNA signal was more dra-
matic than that suggested by real-time PCR, requiring different
confocal parameters during imaging. The differences between
ISH and real-time PCR signals may result from different sensitiv-
ity of the probes, which were nonoverlapping, or possibly to
mRNA degradation. Nonetheless, these results support the hy-
pothesis that D4R expression is compromised in the A2a�/�

mouse. The downregulated D4R and AC1 expression could
explain the abnormal regulation of photoreceptor coupling and
gap junction phosphorylation observed in the A2a�/� animals.

Discussion
Light adaptation in the retina involves a number of mechanisms
that collectively allow the nearly 10 log unit daily variation in
environmental lighting intensity to be captured and coded into
useful information by the retinal output neurons, the retinal gan-
glion cells. No single adaptation mechanism works throughout
the range of environmental light intensity; each operates in a
certain range to effect the nearly linear increment threshold rela-
tionship described by Weber’s Law (
I/I � constant) (Dowling,
2012). Changes in photoreceptor coupling constitute one of these
adaptation mechanisms. These changes are most apparent as
changes in rod input into the cone pathway, or cone input into
the rod pathway, via rod– cone gap junctions. This plasticity was
first described in amphibian retina, in which cone input into the

rod pathway increases with background illumination (Yang and
Wu, 1989), a change controlled by D2-like dopamine receptors
(Krizaj et al., 1998). In contrast, in teleost fish and mammalian
retinas, rod input into the cone pathway is suppressed by light
adaptation and D2-like dopamine receptor activation (Mangel et
al., 1994; Wang and Mangel, 1996; Ribelayga and Mangel, 2010;
Ribelayga et al., 2002, 2008). This difference is likely related to the
distinct physiological differences in retinas with large rods and a
coarse cone matrix (amphibian and turtle retinas that have been
studied) versus those with fine rods optimized to transmit single
photon signals (Berntson et al., 2004; Sampath and Rieke, 2004).
In the latter, changes in rod– cone coupling appear to occur in a
relatively narrow range of light intensities in the mesopic state,
the transition zone from rod-mediated scotopic vision to cone-
mediated photopic vision (Krizaj, 2000). In this range, the sup-
pression of rod– cone coupling has the fairly obvious benefit of
preventing saturated rod signals from invading the cone pathway.
Cones are also extensively coupled under the same scotopic con-
ditions (Li et al., 2009). The value of extensive cone– cone cou-
pling in scotopic conditions is less apparent, and we have
suggested that it serves the rod pathway as a mechanism to inte-
grate and code rod responses to bright lights (Li et al., 2009) while
also extending the dynamic range of rod output synapses (Attwell
et al., 1987; Li et al., 2012). It should be noted that some electro-
physiological studies of mammalian photoreceptors have failed

Figure 10. Gene expression of D4R, A2aR, and AC1 in the WT and A2a �/� mouse retina. A, Real-time PCR data of D4R mRNA displayed rhythmicity during an L/D cycle in both WT and A2a �/�

mouse retinas. In WT retina it was high at ZT17.5 and ZT23.5 in the darkness during nighttime, and remained low under the daytime light. In the A2a �/� mouse retina the D4R mRNA peaked at
ZT17.5 and remained low during the rest of the day. Pairwise comparisons of relative D4R mRNA level showed a significant reduction in the A2a �/� mouse retina at ZT23.5. B, Level of A2aR mRNA
in WT mouse retina was rhythmic during an L/D cycle, peaking at ZT23.5 and remaining low at subsequent time points. A2aR transcript was negative in the A2a �/� mouse retina. C, The AC1 mRNA
in the WT mouse retina displayed its peak level at ZT23.5 and remained relatively low at other time points. No rhythmicity was observed in the A2a �/� mouse retina, and the AC1 transcript was
significantly diminished at ZT23.5 compared with WT mouse retina. Data are means � SEM; **p � 0.01, ***p � 0.001. D–G, ISH for D4R mRNA in the A2a �/� mouse retina. Scattered D4R signal
(red) was detected in the photoreceptor and INLs, and some ganglion cells. The expression of D4R seemed relatively high at ZT17.5 (G), while remaining low at other time points during the L/D cycle
(D–F ). DAPI (blue) nuclear counterstain suggested that the general morphology of the A2a �/� seemed normal.
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to find any modulation of coupling (Schneeweis and Schnapf,
1999; Li and DeVries, 2004). It is not clear why this is the case, but
could be a result of potent circadian control of photoreceptor
coupling (Ribelayga et al., 2008) or strong Ca 2� buffering in
whole-cell recording configurations (see discussion below).

Regulating rod– cone coupling within a narrow range of light
adaptation requires a finely tuned synaptic mechanism. For
mouse photoreceptors, we find that this mechanism depends on
the phosphorylation and dephosphorylation of Cx36, as found
previously for zebrafish photoreceptors (Li et al., 2009). Cx36
phosphorylation state correlated well with photoreceptor tracer
coupling through a nearly 20-fold dynamic range, with no change
in numbers of gap junctions (Figs. 3, 4), a finding very similar to
that in rabbit AII amacrine cells (Kothmann et al., 2009). In
photoreceptors, phosphorylation depends on the activity of PKA,
which functions as the central point of regulatory control. In this
study, we have found that PKA activity is coordinately controlled
by opposing actions of dopamine D4R and adenosine A2aR.
These receptors sample extracellular cues that are regulated in an
opposing fashion with respect to light adaptation and circadian
time, providing reinforcing stimuli that will steepen the change in
AC activity with light or dark adaptation.

D4R and A2aR canonically couple via Gi and Gs, respectively;
G-proteins that have opposing effects on AC (Olah and Stiles,
1992; Chio et al., 1994). The theoretically simplest mechanism to
regulate coupling would involve competition between the two G
proteins to activate or inhibit the cyclase. However, the AC that
has been shown to couple to D4R in photoreceptors, AC1, is a
Ca 2�-calmodulin stimulated AC that is quite sensitive to intra-
cellular Ca 2� concentration but rather poorly activated by Gs
(Sadana and Dessauer, 2009). Furthermore, mouse cone photo-
receptor synaptic terminals have been found to undergo a large
drop in intracellular Ca 2� in response to light adaptation
(Johnson et al., 2007), a change that should reinforce the inhibi-
tory effect of Gi on AC1 activity. Thus fluctuations of intracellular
Ca 2� during light and dark adaptation may reinforce the effects
G proteins to regulate coupling.

The signaling mechanism of A2aR and D4R may be compli-
cated by the potential for direct physical interaction of the two.
Adenosine A2a and dopamine D2 receptors (D2R) have been
found to dimerize in a variety of expression systems and neurons
(Kull et al., 1999; Canals et al., 2003; Fuxe et al., 2007). This results
in allosteric modulation of receptor function. For example, acti-
vation of A2aR reduces the affinity of D2R for dopamine and
other agonists, while not affecting binding of antagonists (Ferre
et al., 1991; Dasgupta et al., 1996; Ferraro et al., 2012). Interac-
tions of A2aR with D4R are largely unstudied, although peptides
corresponding to the receptor interaction domains of A2aR and
D4R do form stable complexes, as do A2aR and D2R peptides
(Woods, 2010). Thus it is likely that these receptors interact to
modify their signaling properties.

There are further interactions of A2aR and D4R at the level of
gene expression. This is exemplified by the downregulation of
D4R transcript and loss of D4R antagonist responsiveness in the
A2a�/� mice. It was previously noted that knock-out of the D4R
resulted in reduction of AC1 expression (Jackson et al., 2009,
2011). Indeed, AC1 expression was reduced at its daily peak time
in A2a�/� mice in concert with the reduction of D4R expression
at its peak time, suggesting that expression of several elements of
this signaling pathway are coregulated. A2aR activity has also
been reported to regulate gene expression of other G-protein-
coupled receptors such as adenosine A1R in chicken retina
(Pereira et al., 2010) and D2R in PC-12 cells (Stonehouse et al.,

2003). What mechanisms control these compensatory changes in
gene expression remain to be elucidated.

Rhythmic expression of D4R and A2aR contributes to the
regulation of coupling at the transitions between night and day.
The minimum Cx36 phosphorylation state occurred at ZT23.5,
in anticipation of daylight and following the nocturnal peak in
D4R transcript level (Fig. 8C). Since C57 BL/6 mice lack substan-
tial circadian control of dopamine secretion (Pozdeyev et al.,
2008), this minimum is likely to be driven by buildup of D4R
sensing dopamine released in the dark. In similar fashion, the
increase in Cx36 phosphorylation before nightfall may result
from removal of D4R receptors as a result of normal protein
turnover, and consequent reduction in inhibitory signaling to
AC. The slight phase lag in A2aR transcript levels may also result
in a relative increase in A2aR abundance compared with D4R
later in the day, priming the system to respond to the nocturnal
increase in adenosine.

Electrical synapses are found throughout the CNS. It has be-
come abundantly clear that plasticity is a fundamental property
of electrical synapses composed of Cx36 and should be consid-
ered in all electrically connected circuits. This plasticity is driven
by a number of complex signaling mechanisms that differ among
cell types. Activity-dependent potentiation dependent on NMDA
receptors has been observed in Mauthner cell and AII amacrine
cell electrical synapses (Yang and Faber, 1991; Pereda and Faber,
1996; Kothmann et al., 2012). This mechanism depends on the
activation of CaMKII and phosphorylation of the connexin
(Pereda et al., 1998; Kothmann et al., 2012). The close association
of Cx36 with NMDA receptors has been observed ultrastructur-
ally in a number of other locations in the CNS as well (Rash et al.,
2004), suggesting that this is a widespread mechanism. An
activity-dependent depression of electrical coupling has also been
observed in Mauthner cells and in thalamic reticular neurons
(TRN) and requires metabotropic glutamate receptors in the
TRN (Yang and Faber, 1991; Landisman and Connors, 2005;
Haas et al., 2011). The molecular mechanism that effects the
electrical synaptic depression has not been explored, though it
likely involves activation of a phosphatase to reduce gap junction
phosphorylation.

Plasticity dependent on neurohormones, such as that in the
photoreceptor, is also a widespread phenomenon. Dopamine
modulation of electrical coupling has been documented in many
systems, but its mechanisms and outputs can vary. While activa-
tion of D4R in the photoreceptor reduces coupling by suppress-
ing PKA activity and reducing Cx36 phosphorylation, activation
of D1R in AII amacrine cells reduces coupling by increasing PKA
activity (Hampson et al., 1992; Mills and Massey, 1995). This
depends on activation of protein phosphatase 2A and reduction
in Cx36 phosphorylation (Kothmann et al., 2009). In contrast,
dopamine increases electrical synaptic transmission at the Mau-
thner cell mixed synapse via D1R activation in a PKA-dependent
manner (Pereda et al., 1992, 1994). The latter system functions as
do photoreceptors, with coupling and presumably Cx35 phosphor-
ylation directly linked to PKA activity. In each of these neural sys-
tems, an integrated signaling pathway controls the phosphorylation
state of the gap junctions so that electrical synaptic connectivity can
be regulated by the local environment.
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Willecke K, Ammermüller J, Weiler R (2004) Expression of connexin36
in cone pedicles and OFF-cone bipolar cells of the mouse retina. J Neu-
rosci 24:3325–3334. CrossRef Medline

Ferraro L, Beggiato S, Tomasini MC, Fuxe K, Antonelli T, Tanganelli S
(2012) A(2A)/D(2) receptor heteromerization in a model of Parkinson’s

disease. Focus on striatal aminoacidergic signaling. Brain Res 1476:96 –
107. CrossRef Medline

Ferre S, von Euler G, Johansson B, Fredholm BB, Fuxe K (1991) Stimulation
of high-affinity adenosine A2 receptors decreases the affinity of dopamine
D2 receptors in rat striatal membranes. Proc Natl Acad Sci U S A 88:
7238 –7241. CrossRef Medline

Floran B, Floran L, Erlij D, Aceves J (2004) Dopamine D4 receptors inhibit
depolarization-induced [3H]GABA release in the rat subthalamic nu-
cleus. Eur J Pharmacol 498:97–102. CrossRef Medline

Friedman Z, Hackett SF, Linden J, Campochiaro PA (1989) Human retinal
pigment epithelial cells in culture possess A2-adenosine receptors. Brain
Res 492:29 –35. CrossRef Medline

Fujisawa H, Morioka H, Watanabe K, Nakamura H (1976) A decay of gap
junctions in association with cell differentiation of neural retina in chick
embryonic development. J Cell Sci 22:585–596. Medline
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