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Abstract
Dopamine can regulate signal generation and transmission by activating multiple receptors and
signaling cascades, especially in striatum, hippocampus, and cerebral cortex. Dopamine modulates
an even larger variety of cellular properties in retina, yet has been reported to do so by only D1
receptor-driven cyclic adenosine monophosphate (cAMP) increases or D2 receptor-driven cAMP
decreases. Here, we test the possibility that dopamine operates differently on retinal ganglion
cells, because the ganglion cell layer binds D1 and D2 receptor ligands, and displays changes in
signaling components other than cAMP under illumination that should release dopamine. In adult
rat retinal ganglion cells, based on patch-clamp recordings, Ca2+ imaging, and
immunohistochemistry, we find that 1) spike firing is inhibited by dopamine and SKF 83959 (an
agonist that does not activate homomeric D1 receptors or alter cAMP levels in other systems); 2)
D1 and D2 receptor antagonists (SCH 23390, eticlopride, raclopride) counteract these effects; 3)
these antagonists also block light-induced rises in cAMP, light-induced activation of Ca2+/
calmodulin-dependent protein kinase II, and dopamine-induced Ca2+ influx; and 4) the Ca2+ rise is
markedly reduced by removing extracellular Ca2+ and by an IP3 receptor antagonist (2-APB).
These results provide the first evidence that dopamine activates a receptor in adult mammalian
retinal neurons that is distinct from classical D1 and D2 receptors, and that dopamine can activate
mechanisms in addition to cAMP and cAMP-dependent protein kinase to modulate retinal
ganglion cell excitability.
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Rod- and cone-driven circuits of duplex retinae enable diurnal animals to extract visual
information at night and by daylight. Following light-induced release from wide-field
interneurons, dopamine is thought to facilitate transitions from rod- to cone-driven signaling
at all levels of the retina by modulating photoreceptor light responses, neurotransmitter
release, neurotransmitter responses, electrical coupling, balance between receptive field
components, voltage-gated currents in nonspiking cells, and spike generation (Witkovsky,
2004). These effects have been reported to be mediated by either classical D1- or D2-type
receptors. At the former, dopamine and D1 agonist effects were attenuated by D1
antagonists, mimicked by raised intracellular cyclic adenosine monophosphate (cAMP)
levels, and unaffected by D2 ligands (e.g., Hensler and Dubocovich 1986; Dearry et al.,
1990; Feigenspan and Bormann, 1994); at the latter, dopamine and D2 agonist effects were
attenuated by D2 antagonists and unaffected by D1 ligands (e.g., Pierce and Besharse, 1985;
Iuvone et al., 1987; Manglapus et al., 1999).

Curiously, both D1 and D2 receptor antibodies, ligands, and mRNA probes bind to the
mammalian retinal ganglion cell layer (Brann and Young, 1986; Cohen et al., 1992; Wagner
et al., 1993; Bjelke et al., 1996; Veruki and Wassle, 1996; Hayashida et al., 2009; Van Hook
et al., 2012). Whereas this could reflect mixtures of cells expressing either D1 or D2
receptors, dopamine responses in other preparations are known to involve more than one
receptor subtype and, in some cases, different signaling cascades and heteromeric receptor
complexes (Neve et al., 2004; Hasbi et al., 2010). Thus, D1 and D2 receptor coexpression
might account for D1 and D2 ligand binding to the ganglion cell layer. This possibility is of
functional interest because dopamine has been found to regulate resting potential, voltage-
gated currents, photocurrents, spiking, and dye coupling in ganglion cells (Straschill and
Perwein, 1969; Liu and Lasater, 1994; Vaquero et al., 2001; Hayashida and Ishida, 2004;
Sakamoto et al., 2005; Mills et al., 2007; Chen and Yang, 2007; Hoshi et al., 2009;
Hayashida et al., 2009; Hu et al., 2010; Van Hook et al., 2012), and dopaminergic activation
of different signaling cascades modulates ion currents at different membrane potentials,
speeds, and locations within striatal, hippocampal, and cortical neurons (e.g., Cantrell et al.,
1999; Trantham-Davidson et al., 2004; Perez et al., 2006; Rashid et al., 2007; Rosenkranz
and Johnston, 2007).

We therefore tested 1) whether illumination and dopa-mine activate signaling cascade
components in addition to cAMP in adult rat retinal ganglion cells; 2) whether ganglion cell
excitability is reduced by dopamine and by SKF 83959 (a dopamine receptor agonist that
does not activate homomeric D1 or D2 receptors); and 3) whether D1 and D2 antagonists
counteract these effects. We report here that full-field illumination elevates cAMP and
activates Ca2+/calmodulin-dependent protein kinase II (CaMKII) in single ganglion cells;
that dopamine induces Ca2+ influx; that ganglion cell spike firing is inhibited by SKF 83959
as well as by dopamine; and that D1 and D2 antagonists counteract all of these effects.
These results provide the first evidence that dopamine and illumination concomitantly
activate multiple dopamine receptors in individual adult mammalian retinal ganglion cells
and that these activate signaling steps in parallel with the prototypical adenylyl
cyclase→cAMP→protein kinase A cascade.

MATERIALS AND METHODS
Animals

Adult rats were used for the studies reported here based on the effect of D1 receptor agonists
on retinal ganglion cell excitability (Hayashida et al., 2009) and on the antibody and ligand
binding results cited in the introduction. To guard against the possibility that dopamine
activates different receptors and signaling cascades at different ages (Fujieda et al., 2003;
Rashid et al., 2007), rats of the same age were used in all experiments. P60-P100 Long-
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Evans rats of either sex were obtained from commercial suppliers (Harlan Bioproducts, San
Diego, CA; Charles River Laboratories, Hollister, CA) and housed in standard cages at
~23°C on a 12/12-hour light/dark cycle. Prior to enucleating eyes for all of the experiments
described here, rats were anesthetized using ketamine/ xylazine (50 mg/kg and 5 mg/kg),
enucleated, and killed by a lethal dose of sodium pentobarbital (150 mg/kg, intraperitoneal
[i.p.]). All animal care and experimental protocols were approved by the Animal Use and
Care Administrative Advisory Committee of the University of California, Davis.

Whole-cell patch-clamp
To record spikes from dissociated retinal ganglion cell somata, we used dissociation
protocols, cell immunopanning by anti-Thy1 antibody, whole-cell patch electrodes, a patch-
clamp amplifier (Axopatch 200B; Molecular Devices, Sunnyvale, CA), stimulus generation
and data acquisition via pCLAMP software (v. 9.2.1.9, Molecular Devices), ruptured-patch
recording mode, U-tube micro-perfusion of solutions, liquid junction potential correction,
and grounding via an agar bridge, as described elsewhere (Hayashida et al., 2009; Stradleigh
et al., 2011). The recording electrode solution contained (in mM): 115 K D-gluconic acid,
15 KCl, 15 NaOH, 2.6 MgCl2, 0.34 CaCl2, 1 EGTA, 10 HEPES, and 5 glutathione
(reduced). The pH of this solution was adjusted to 7.4 by adding methane-sulfonic acid (see
below for the source of all chemicals used in this study). The extracellular solution
contained (in mM): 125 NaCl, 26 NaHCO3, 1.25 NaH2PO4, 3.5 KCl, 1.0 CaCl2, 2.5
MgSO4, 10 D-glucose, and 0.05 sodium metabisulfite. The pH of this solution was adjusted
to 7.4 by bubbling with carbogen (95% O2, 5% CO2). These solutions were designed to
contain physiological Na+, K+, and Ca2+ concentrations. The osmolality of these solutions
measured 260–280 mmol/kg and 290–310 mmol/kg, respectively. All data were collected at
34–35°C.

Ca2+ imaging
Changes in intracellular free Ca2+ concentration were detected by ratio-imaging fura-2
fluorescence intensity, following a protocol modified from that of Shahlaie et al. (2010).
Prior to each imaging session, adult rat retinae were dissociated, cells were immunopanned
as in the patch-clamp measurements described here, and fura-2 AM was dissolved in
dimethyl sulfoxide and diluted to a final concentration of 5 μM in Neurobasal-A culture
medium (supplemented with 2% B-27). The culture medium was replaced by this loading
solution for 30–60 minutes at 37°C in the dark, and the loading solution was then replaced
by modified DPBS (Dulbecco’s phosphate-buffered saline supplemented with 10 mM D-
glucose, 5 mM pyruvate, and 0.05 mM sodium metabisulfite). These cells were transferred
to the stage of an inverted microscope, superfused continuously with modified DPBS, and
imaged within 6 hours thereafter at 33–37°C. Individual fura-loaded cells were examined
with a water-immersion 40× objective (CFI Fluor, NA = 1.00; Nikon, Melville, NY) on the
stage of an upright microscope (Eclipse E600FN, Nikon) and excited at 340 and 380 nm
delivered from a xenon arc lamp (Lambda LS; Sutter Instruments, Novato, CA) through the
epifluorescence port. Fura-2 emission was detected with a digital camera (Cool SNAP-ES;
Photometrics, Tucson, AZ) controlled by SimplePCI software (v. 6.0.060805; Hamamatsu,
Sewickley, PA). Cells were imaged at a rate of 1 image per 30 seconds while super-fusing
dopamine receptor agonists and antagonists over them. The SimplePCI software was then
used to calculate ratios of the emission intensities at the two excitation wavelengths to
monitor the relative amounts of Ca2+-bound and Ca2+-free fura-2.

Antibody characterization
The species, type, source, and working concentration of primary antibodies used are listed in
Table 1. The goat polyclonal anti-arrestin antibody (Santa Cruz Biotechnology, Santa Cruz,
CA; sc-34547) was generated against a synthetic peptide corresponding to amino acids 290–
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320 of human retinal arrestin (P10523). The staining pattern in transretinal (“vertical”)
sections matched that observed with other anti-arrestin antibodies in rat retina (Philp et al.,
1987). Preincubation with the immunogen reduced binding to tissue below detectable levels
(result not illustrated).

The goat polyclonal anti-Brn3a antibody (Santa Cruz; sc-31984) was generated against a
synthetic peptide corresponding to amino acids 108–138 of human Brn3a (Q01851). The
staining patterns in vertical sections and flat-mounted preparations matched those found
previously in rat retina with this (Nadal-Nicolás et al., 2009) and other (Wang et al., 2011)
anti-Brn3a antibodies.

The rabbit polyclonal anti-phospho-CaMKII antibody (Cell Signaling Technology, Beverly,
MA; 3361) was generated against a synthetic phosphopeptide corresponding to residues
surrounding Thr286 of human CaMKII. Preincubation with the immunogen reduced binding
to tissue below detectable levels.

The mouse monoclonal anti-cAMP antibody (Abcam AB70280) was generated against
adenosine 3′,5′-cyclic monophosphate conjugated to keyhole limpet hemocyanin.
Preincubation with cAMP reduced binding to tissue below detectable levels. The staining
pattern in vertical sections matched that observed with other anti-cAMP antibodies in rat
retina (Vaquero et al., 2001; Traverso et al., 2002).

The goat polyclonal antibody against choline acetyl-transferase (ChAT; Millipore, Bedford,
MA; AB144P) was generated against ChAT extracted from human placenta. The staining
pattern in vertical sections matched that found previously in rat retina with this (Fyk-
Kolodziej and Pourcho, 2007) and other (Voigt, 1986) anti-ChAT antibodies.

The rabbit polyclonal anti-transducin antibody (Santa Cruz; sc-389) was generated against a
synthetic peptide corresponding to amino acids 90–120 of human transducin alpha 1
(P11488). The staining pattern in vertical sections matched that found previously in rat
retina with this (Song et al., 2007; Chen et al., 2008) and other (Kim et al., 2005) anti-
transducin antibodies.

Immunohistochemistry
The binding of various antibodies was compared in retinae of dark- and light-adapted rats.
As in previous studies of light adaptation (e.g., Song et al., 2007), rats were placed in light-
tight boxes at 7 PM (ZT12). At 1 PM (ZT6) of the following day (viz., after 18 hours of dark
adaptation), one of the boxes was kept dark while the interior of the other box was
illuminated for 45 minutes by two arrays of 505-nm, light-emitting diodes (OVLGC0C6B9;
Optek Technology, Carrollton, TX) attached to the box ceiling (see Results for additional
details). Each rat was then killed (as described above) and enucleated. The eyes were nicked
at the limbus with a scalpel blade and immersed for 18–24 hours at 4°C in fixative
containing 4% paraformaldehyde, 0.1% glutaraldehyde, 200 mM sucrose, and 1 mM EGTA
in sodium borate (33 mM Na2B4O7, pH 10). After rinsing the eyes in a Triton-Tris solution
(100 mM Tris-HCl, 0.1% v/ v Triton X-100, pH 8), the retinae were isolated, trimmed with a
razor, embedded in agarose (type VIIA, A6560; Sigma-Aldrich, St. Louis, MO), and
sectioned on a vibratome (VT1000S; Leica Microsystems, Wetzlar, Germany) at a thickness
of 50 μm into pools of Tris-Triton solution. The sections were then incubated for 24 hour at
4°C in a blocking solution containing normal donkey serum (5% v/v in Tris-Triton, pH 8),
rinsed in Tris-Triton, and incubated for 48 hours at 4°C in primary antibodies (all diluted in
Tris-Triton). The sections were then rinsed in Tris-Triton and incubated overnight at 4°C in
donkey, species-specific, fluorophore-conjugated secondary antibodies (715-485-151,
711-505-152, 705-485-147, 705-495-147; Jackson ImmunoResearch Laboratories, West
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Grove, PA), all diluted in Tris-Triton (typically at 1:500 dilution). The fluorophores were
DyLight488, DyLight549, or DyLight649. The sections were then rinsed in Tris-Triton,
counterstained for 30 minutes at room temperature in Qnuclear Deep Red Stain (1:500 in
Tris-Triton), rinsed in Tris-Triton, mounted to glass coverslips (#1.5), covered with Vecta-
shield mounting medium (H-1000; Vector Laboratories, Burlingame, CA), and secured onto
glass slides. Flat-mounted and organotypically cultured retinae were aldehyde-fixed and
immunostained by the same chemicals, antibodies, and procedural steps as listed above for
sectioned retinae.

For negative controls against nonspecific binding, the antibodies directed against cAMP,
phospho-CaMKII (P-CaMKII), and arrestin were incubated for 24 hours at 4°C with a 3-fold
excess of cAMP (116801; EMD Chemicals, Gibbstown, NJ), P-CaMKII (T286) blocking
peptide (1712S, Cell Signaling Technology), and visual arrestin (E-12) peptide (sc-34357P,
Santa Cruz Biotechnology), respectively. Pairs of vibratome sections (or pairs of flat-
mounted portions) of a given retina were then processed identically except that one was
incubated in raw antibody while the other was incubated in the corresponding, blocked
antibody.

Confocal imaging
Images of the immunohistochemically stained preparations were obtained by exciting the
fluorophores conjugated to the secondary antibodies and confocally imaging the
fluorescence emission on a FluoView FV1000 Confocal System (v. 1.6; Olympus, Center
Valley, PA) interfaced to an Olympus IX-81 inverted microscope. Data were collected using
excitation lasers, objectives, sequential fluorophore excitation, independent fluorescence
emission collection, optical section intervals, and frame averaging as described elsewhere
(Stradleigh et al., 2011). Images of some fields were also collected with differential
interference contrast. Images due to each fluorophore were separated and cropped, and
changes in color space were applied as needed using the public domain program ImageJ (v.
1.45, available on the Internet at http://rsb.info.nih.gov/ij/). Any subsequent adjustments to
brightness or contrast were performed and overlay images were generated in Photoshop CS4
(Adobe Systems, San Jose, CA).

Organotypic culture
Whole-mount retina cultures (Koizumi et al., 2007) were incubated in darkness, in a light-
tight incubator, at 37°C and 5% CO2 for 18–20 hour in culture medium (Neurobasal-A,
supplemented with 2% B-27, 1% N-2, 100 U/mL penicillin, 100 U/mL streptomycin, and
1% GlutaMAX. The pH of this solution was adjusted to 7.2–7.3 with NaOH, and the
osmolality was adjusted to 290–310 mmol/kg with sucrose). Each retina was supported on a
cell culture insert (PICM ORG 50, 0.4 μm Millicell; Millipore, Tuliagreen, Ireland) in the
center of a 35-mm tissue culture dish.

Reagents
Reagents were obtained from the following sources: Abbott (Chicago, IL): sodium
pentobarbital (0074-378-05); BDH Laboratory Supplies (Poole, UK): CaCl2; EMD
Chemicals: tetrodotoxin (584411); Invitrogen (Grand Island, NY): custom B-27 Supplement
(0080085-SA), Dulbecco’s phosphate-buffered saline (14040-133 and 14190-144), fura-2
AM (F-1221), GlutaMax (35050-061), Neurobasal-A medium (10888-022), N-2 Supplement
(17502-048), penicillin-streptomycin (15140122), Qnuclear Deep Red Stain (Q10363);
Jackson Immunoresearch: normal donkey serum (017000121); Lloyd Laboratories
(Shenandoah, IA): xylazine (4821); Phoenix Pharmaceutical (St. Joseph, MO): ketamine
(2010025); Sigma-Aldrich (St. Louis, MO): bovine serum albumin, fatty-acid free (A8806),
dimethyl sulfoxide (D2650), dopamine hydrochloride (H8502), S(−)-eticlopride
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hydrochloride (E101), formaldehyde (252549), L-glutathione, reduced (G4251), SCH 23390
[R-(+)-7-chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5-tetrahydro-1H-3-benzazepine; D054],
SKF 83959 [6-chloro-7,8-dihydroxy-3-methyl-1-(3-methylphenyl)-2,3,4,5-tetrahydro-1H-3-
benzazepine hydrobromide; S2816], sodium metabisulfite (255556), (S)-(−)-sulpiride
(S7771); Ted Pella (Redding, CA): glutaraldehyde (18431); Tocris (Ellisville, MO):
raclopride (1810), SCH 39166 [(6aS-trans)-11-chloro-6,6a,7,8,9,13b-hexahydro-7-
methyl-5H-benzo[d]naphth[2,1-b]azepin-12-ol hydrobromide]. All other reagents (NaCl,
EGTA, HEPES, etc.) were obtained from Sigma-Aldrich. Some of the SKF 83959 used in
these experiments was kindly provided by the National Institute of Mental Health Chemical
Synthesis and Drug Supply Program (Research Triangle Park, NC).

RESULTS
This study used whole-cell patch clamp recording, ratiometric fluorescence imaging, and
immunohistochemistry to test whether dopamine activates D1- and D2-type dopamine
receptors in adult rat retinal ganglion cells.

D1- and D2-type receptor antagonists
We began by testing whether D1 and D2 receptor antagonists block receptor activation by
dopamine, while assaying receptor activation by dopamine-induced losses of spikes. To
ensure that we measure effects mediated by receptors on ganglion cells (Hayashida et al.,
2009) rather than receptors on cells presynaptic to ganglion cells (Pourcho, 1982; Thier and
Alder, 1984), and to preclude the possibility that responses are influenced by endogenously
released dopamine (Dearry and Burnside, 1986; Ribelayga et al., 2002; Hu et al., 2010),
spikes were recorded in dissociated single cells. Figure 1 shows spikes elicited by 100-ms
injections of small, intermediate, and larger constant currents (20, 30, and 40 pA,
respectively). These are displayed in successive rows in the order they were recorded,
starting from the top of the left-hand column. As labeled at the left side of each column of
traces, the solution perfused over the cell was changed from control to 5 μM dopamine, to 5
μM dopamine plus 5 μM eticlopride, back to 5 μM dopamine, and finally to 5 μM
dopamine plus 5 μM SCH 23390. These traces show that, at steady state, 1) dopamine
inhibited spiking at all three stimulus intensities; 2) the inhibition showed no sign of
weakening during maintained application of dopamine; 3) the loss of spikes was reversed by
a D2 antagonist (eticlopride) and by a D1 antagonist (SCH 23390); and 4) the number of
spikes elicited in the presence of the antagonists did not exceed those elicited in the control
solution. In the course of suppressing spikes, dopamine inhibited spike firing elicited by the
lowest stimulus intensities before those elicited by stronger stimuli, and each current
injection elicited progressively fewer spikes than in the control solution. Conversely,
antagonists reversed the inhibition of spike firing elicited by the stronger stimulus intensities
before those elicited by the weaker stimuli. We recorded similar effects in a total of six cells.
In four of these, the inhibition of spiking by dopamine (5 μM) was reversed by eticlopride
(1 μM, n = 2; 5 μM, n = 2) and by SCH 23390 (1 μM, n = 2; 2 μM, n = 1; 5 μM, n = 1). In
two additional cells, the inhibition of spiking by dopamine (5 μM) was reversed by a
different D2 antagonist, raclopride (1 μM, n = 1; 2 μM, n = 1; e.g., Fig. 2A). The antagonist
concentrations used in these experiments have been found in other studies to selectively
inhibit responses mediated by homomeric D1 and D2 dopamine receptors (Lee et al., 2004;
Rashid et al., 2007).

The ability of both D1 and D2 antagonists to counteract the dopaminergic inhibition of
ganglion cell spiking resembles effects found in mouse striatal neurons and in
heterologously expressed heteromeric combinations of D1- and D2-type dopamine receptors
(Rashid et al., 2007; Hasbi et al., 2010). Although dopamine would be expected to activate
heteromeric and homomeric dopamine receptors, the synthetic agonist SKF 83959 activates
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two of the heteromers reported to date (D1–D2 and D2–D5) without activating homomeric
D1 receptors (Panchalingam and Undie, 2001; Jin et al., 2003; Rashid et al., 2007; Hasbi et
al., 2010). We therefore tested whether SKF 83959 inhibits ganglion cell spike firing, and
whether this response is antagonized by D1 and D2 antagonists. Figure 2B shows that SKF
83959 (2 μM) inhibits spiking in ganglion cells. As with dopamine, this inhibition showed
no sign of weakening during maintained SKF 83959 applications (not illustrated). Figure 2B
shows that the SKF 83959 response was counteracted by eticlopride (2 μM) and by SCH
23390 (2 μM). At the concentrations used, these antagonists did not completely return
spiking to control levels. However, 1) this was also found with the low concentration of
raclopride used in Figure 2A and with SCH 23390 in Figure 1; 2) repeated current injections
confirmed that SCH 23390 counteracted the inhibition by SKF 83959 (Fig. 2B); and 3) a
fuller reversal of the SKF 83959 response was achieved with 3 μM SCH 23390 (Fig. 2C)
and by washing with agonist-free solution (not illustrated). Figure 2C shows also that SKF
83959 can reduce spike firing, and that SCH 23390 can counteract this response, without
changes in resting potential. This is consistent with effects of dopamine, SKF 38393, and
SCH 23390 on other ganglion cell preparations (Liu and Lasater, 1994; Vaquero et al., 2001;
Hayashida et al., 2009).

We recorded similar effects in a total of six cells. In one of these, the inhibition of spiking
by SKF 83959 (2 μM) was counteracted by SCH 23390 (3 μM) and by a different D2
antagonist (sulpiride, 2 μM; not illustrated); in three other cells, the response to SKF 83959
(2 or 3 μM) was counteracted by SCH 23390 (2 μM, n = 1 cell; 3 μM, n = 2 cells); and in
two additional cells, the SKF 83959 response was counteracted by sulpiride (2 μM SKF
83959, 2 μM sulpiride, n = 1 cell; 6 μM SKF 83959, 6 μM sulpiride, n = 1 cell).

Ca2+

The abilities of dopamine and SKF 83959 to inhibit spike firing, and of D1 and D2
antagonists to counteract these responses, raise the possibility that dopamine activates a
mixture of receptors (e.g., D1 and D1–D2, or D1 and D2–D5) in retinal ganglion cells. SKF
83959 is useful for distinguishing these possibilities because it can elevate intracellular Ca2+

by activating D1–D2 receptors in the absence of extracellular Ca2+ (Lee et al., 2004; Rashid
et al., 2007) and its ability to raise intracellular Ca2+ by activating D2–D5 receptors is
diminished by the removal of extracellular Ca2+ (So et al., 2009; Hasbi et al., 2010).
Moreover, the Ca2+ increases mediated by these heteromeric receptors are antagonized by
SCH 23390 and by eticlopride (Rashid et al., 2007; So et al., 2009). We therefore tested
whether dopamine and SKF 83959 alter intracellular free Ca2+, whether the changes are
blocked by D1 and D2 antagonists, and whether the changes require extracellular Ca2+. As
in other studies, we monitored changes in intracellular Ca2+ from the ratio of fura-2
fluorescence intensities within the profiles of dissociated cells at two excitation wavelengths
(340 and 380 nm). In a total of six cells plated from three dissociations, these ratios rose to
171 ± 25% (mean ± SEM) of the control values within 4 minutes after application of
dopamine (5 μM). Figure 3A shows that addition of either SCH 23390 (5 μM) or eticlopride
(5 μM) counteracted these increases in a single ganglion cell, lowering the Ca2+ to levels
indistinguishable from those measured in control saline. In 2-tailed paired t-tests, the
differences between the fluorescence intensity ratios for each cell measured in control and
dopamine were statistically significant (P < 0.05), and we found no statistically significant
difference between the control values and those measured after addition of either SCH
23390 or eticlopride to the dopamine-containing medium (P = 0.4 for control vs. SCH
23390, Fig. 3B; P = 0.5 for control vs. eticlopride; Fig. 3C).

In a total of 14 cells plated from 12 dissociations, the fura-2 fluorescence intensity ratios
rose to 135 ± 11% (mean ± SEM; P = 0.005, 2-tailed paired t-tests) of the control values
within 4 minutes after application of SKF 83959 (3 μM). Cells that responded to dopamine
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also responded to SKF 83959 (n = 4 cells, plated from three dissociations; Fig. 3D).
Moreover, the response to SKF 83959 (3 μM) was suppressed by eticlopride (3 μM; Fig.
3F,G) and by SCH 23390 (3 μM; Fig. 3H). The SKF 83959 responses tended to be smaller
than those elicited by dopamine, even when both were measured in single cells (e.g., Fig.
3D,E). However, we did not test the basis of this, because high agonist concentrations
activated responses which we could not reverse with antagonists or by extended periods of
washing with agonist-free solutions (not illustrated), and because we were unable to
maintain stable recordings long enough to compare responses of single cells to different
doses of both agonists.

To test the Ca2+-dependence of these responses, we used dopamine (because it is the agonist
released in vivo) and lowered the extracellular Ca2+ level from 1.0 mM to 0.1 mM (by
equimolar Mg2+ substitution in order to avoid changes in surface potential or membrane
permeability). Figure 4 shows that dopamine elevated intracellular Ca2+ slightly, if at all, in
the low Ca2+ medium, but elicited a robust Ca2+ increase when the extracellular Ca2+ was
raised to 1.0 mM. This result is consistent with a dopamine-activated influx of extracellular
Ca2+ and, in turn, the possibility that dopamine activates D2–D5 receptors, rather than D1–
D2 receptors, in ganglion cells.

Because dopamine receptor agonists can elevate free intracellular Ca2+ concentration by
activating phospholipase Cβ (PLCβ) and inositol trisphosphate (IP3) receptors (Neve et al.,
2004), we tested whether dopamine raises Ca2+ in cells exposed to reagents that inhibit
either PLC (U-73122 and edelfosine) or IP3-mediated Ca2+ release (2-
aminoethoxydiphenylborate, 2-APB) in other preparations (Lee et al., 2004; Horowitz et al.,
2005; Rashid et al., 2007; Patel et al., 2009). Figure 5A shows that dopamine (5 μM) failed
to elevate Ca2+ in the presence of 30 μM 2-APB, but elicited clear increases in Ca2+ prior to
the application of 2-APB and also a few minutes after washing the 2-APB-exposed cells
with control solution. Figure 5B shows that, in a total of seven cells plated from three
dissociations, the fura-2 fluorescence intensity ratio rose to 154 ± 21% (mean ± SEM, paired
t-test, P < 0.05) of the control values after application of dopamine (5 μM) prior to the
application of 2-APB, did not rise in the presence of 10–30 μM 2-APB, and then rose to 137
± 15%, (mean ± SEM, paired t-test, P < 0.05) of the control values after washing in 2-APB-
free control saline for 15–30 minutes. By contrast, U-73122 and edelfosine elevated Ca2+ in
the absence of dopamine (results not illustrated). Because these Ca2+ rises were often
irreversible and as large as those elicited in other cells by dopamine, we did not test whether
dopamine increased Ca2+ after exposure to either U-73122 or edelfosine. Although unusual,
previous studies have also reported that U-73122 and edelfosine produced side effects
unrelated to PLC inhibition (Won et al., 2009), including agonist-independent Ca2+

increases (Horowitz et al., 2005).

cAMP and CaMKII
Because illumination increases endogenous dopamine release (Kramer, 1971; Witkovsky et
al., 1993), we next tested whether light altered signaling cascade component levels in retinal
ganglion cells in vivo, and whether SCH 23390 and eticlopride blocked these changes. We
chose to test for changes in cAMP because previous studies found that 1) rat retinal ganglion
cells bind antibodies against D1 receptors (Hayashida et al., 2009); 2) dopamine increased
the number and intensity of cells stained by anti-cAMP antibody in the ganglion cell layer of
turtle (Liu and Lasater, 1994) and goldfish (Vaquero et al., 2001) retinae; and 3) dopamine
increased the fluorescence intensity of a cAMP-dependent protein kinase (PKA) activity
reporter expressed in neonatal rat retinal explants (Dunn et al., 2006). In the same retinae,
we tested for changes in phosphorylated Ca2+/calmodulin-dependent protein kinase (P-
CaMKII) because SKF 83959-induced rises in Ca2+ have been found to trigger CaMKII
phosphorylation (Rashid et al., 2007; Ng et al., 2010) and previous studies detected CaMKII
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in rat retinal ganglion cells (Bronstein et al., 1988; Terashima et al., 1994). For both tests,
we opted against using the fluorescent dyes and fluorophore-conjugated indicators that are
currently available for monitoring changes in cAMP and Ca2+ (Dunn et al., 2006; Berrera et
al., 2008) to avoid direct and indirect activation of photoreceptors (Euler et al., 2009) and of
dopamine release. Instead, we used immunohistochemical methods to compare the number
and intensity of cells that bound antibodies directed against cAMP (Liu and Lasater, 1994;
Vaquero et al., 2001; Traverso et al., 2002) and Thr286-phosphorylated CaMKII (Wayman
et al., 2011) in dark- versus light-adapted retinae.

In each experiment, two groups of rats were dark-adapted overnight in light-tight enclosures.
One group (the “light-adapted” rats) was then illuminated for 45 minutes by light-emitting
diode (LED) arrays attached to the enclosure ceiling, while the “dark-adapted” rats remained
in darkness. The output of one array was constant and measured 1 μW/cm2 (1.3 lux) while
the output of the other array fluctuated sinusoidally at 2 Hz, between 0 and 16 μW/cm2 (0–
46 lux) at the walls near the enclosure floor. The LEDs emitted maximally between 499 and
511 nm to stimulate at and near the peak spectral sensitivity of rat rods and M cones
(Deegan and Jacobs, 1993), the irradiance was within the range that stimulates dopamine
synthesis and utilization in rat retina (Brainard and Morgan, 1987), and the fluctuation rate
was previously shown to increase endogenous dopamine release (Kramer, 1971; Mills et al.,
2007). The retinae of the dark-and light-adapted rats were then collected under dim light
(0.87 μW/cm2) provided by a 650-nm LED. Figure 6 shows that anti-cAMP and anti-P-
CaMKII antibodies did not bind to somatic profiles in the ganglion cell layer of dark-
adapted rats (Fig. 6A,B,D), but that the fluctuating-plus-steady illumination stimulated an
increase in the binding of both antibodies (Fig. 6F,G,I). The cAMP-like immunoreactivity
increased throughout the cytoplasm of ganglion cell layer somata and in small (~1 μm)
points throughout the inner plexiform layer (Fig. 6F,I,K). Preincubation of the cAMP
antibody with cAMP (Vaquero et al., 2001) reduced binding of the primary and associated
secondary antibodies (Fig. 6K) to undetectably low levels (Fig. 6L).

The fluctuating-plus-steady light also increased P-CaM-KII-like immunoreactivity in the
cytoplasm and nuclei of ganglion cell layer somata (Fig. 6G,I,M). Preincubation of the P-
CaMKII antibody with immunogen reduced binding of the primary and associated
secondary antibodies (Fig. 6M) to undetectably low levels (Fig. 6N). Figure 6B shows that
the P-CaMKII-like immunoreactivity is so low in the dark-adapted ganglion cell layer that
the somata appear to be missing, although they are seen in the differential interference
contrast image of the same field (Fig. 6E). Because the staining for choline acetyltransferase
was similarly bright in the inner plexiform layer of the dark-and light-adapted retinae
(compare Fig. 6D,I), differences in other immunoreactivities (between dark- and light-
adapted retinae) are unlikely to be due to differences in antibody diffusion through these
preparations.

In the preparations that bound anti-cAMP and anti-P-CaMKII antibodies (e.g., Fig. 6K,M),
somata were identified as ganglion cells based on their Brn3a-like immunoreactivity (Nadal-
Nicolás et al., 2009) and somata throughout the ganglion cell layer were stained by
Qnuclear. In a total of nine (nonserial) vibratome sections cut from light-adapted retinae, we
found a total of 107 Qnuclear-stained ganglion cell layer somata; 54 of these were Brn3a-
immunopositive (i.e., ganglion cells) and, of these, 52 (i.e., 96%) were cAMP-
immunopositive. Thirty-five other cAMP-immunopositive somata were found in these
sections and these were Brn3a-immunonegative. In a total of two (non-serial) vibratome
sections cut from light-adapted retinae, we found a total of 47 Qnuclear-stained ganglion
cell layer somata; 25 of these were P-CaMKII-immunopositive and, of these, 23 (i.e., 92%)
were Brn3a-immunopositive. Two other P-CaMKII-immunopositive somata were found in
these sections and these were Brn3a-immunonegative. Double-labeled preparations showed
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that P-CaMKII-like immunoreactivity increased in the cytoplasm and nuclei of the ganglion
cell layer somata that displayed an increase in cAMP-like immunoreactivity (e.g., those near
the arrowheads in Fig. 6G,I). These colocalizations, plus the cAMP- and P-CaMKII
immunoreactivity of Brn3a-immunopositive ganglion cells (Fig. 6K,M), provide evidence
that light elevates cAMP and P-CaMKII levels in individual ganglion cells.

Changes in three markers provide independent evidence that the retina in Figure 6A–E was
dark-adapted, and that the retinae in Figure 6F–N were light-adapted. First, illumination
decreased cAMP-like immunoreactivity in the photoreceptor inner segments (Fig.
6C,E,H,J), consistent with observations in other species (Farber et al., 1981; Cohen et al.,
1992; Vaquero et al., 2001; Traverso et al., 2002). Second, illumination decreased arrestin-
like immunoreactivity in the photoreceptor inner segment layer and increased it in the
photoreceptor outer segment layer (Fig. 7A,C,D,F), consistent with translocation from the
inner to outer segments (Calvert et al., 2006). Third, comparison of Figure 7B,C vs. E,F
shows that light reduced transducin-like immunoreactivity in the photoreceptor outer
segments (Calvert et al., 2006).

Results similar to those in Figures 6 and 7 were obtained in each of three experimental
sessions in which the rats were awake and unanesthetized during the dark and light
adaptation steps. Although the light intensities reaching the retinae in these animals may
have varied due to movement, we did not test whether illumination produces similar effects
in animals immobilized by anesthetics, to avoid effects on dopamine release (Masuzawa et
al., 2003), dopamine responses (Seeman and Kapur, 2003), and/or retinal ganglion cell
spiking (Schmidt and Creutzfeldt, 1968).

Lastly, we tested whether D1 and D2 antagonists preclude the increases in cAMP and P-
CaMKII immunoreactivity produced by illumination. Because intraperitoneally injected D1
antagonists block dopamine responses in various brain regions (Terry and Katz, 1994), we
tested whether intraperitoneal injections of either SCH 23390 or SCH 39166 into dark-
adapted rats 15–60 minutes prior to light onset prevented light-induced increases in cAMP
and P-CaMKII immunoreactivity. These injections failed to produce consistent effects. This
was not entirely surprising because previous studies (Jensen and Daw, 1986) showed that
D2 antagonists alter ganglion cell spiking and light responses if applied by superfusion but
not if administered intraarterially. We therefore tested whether D1 and D2 antagonists block
the light response of ganglion cells in isolated retinae. Figure 8 shows that fluctuating-plus-
steady 505-nm light (identical to that used in the whole-animal experiments above)
increased the cAMP and P-CaMKII immunoreactivity of ganglion cell layer somata
(compare Fig. 8A vs. E; B vs. F; C vs. G) in retinae maintained in complete darkness
overnight in organotypic culture (Koizumi et al., 2007), and that the increases in both of
these signals were reduced by application of either 6 μM SCH 23390 (compare Fig. 8I–L vs.
E–H) or 6 μM eticlopride (compare Fig. 8M–P vs. E–H) in absolute darkness 5 minutes
prior to the onset of illumination. We did not test whether SKF 83959 reduces elevation of
cAMP by SKF 81297 (Jin et al., 2003).

Results similar to those in Figure 8 were obtained in each of three experimental sessions in
which the retinae exposed to the different conditions (darkness alone; darkness then
illumination; receptor antagonists prior to and during illumination) were either sliced
portions of a single retina, retinae of both eyes of single rats, or retinae isolated from
different rats. Multiple fields were imaged in each retina to test for consistency of the
immunostaining patterns in each experimental condition. In the light-adapted fields (n = 11,
total area = 0.49 mm2, not counting blood vessels), a total of 1,729 ganglion cell layer
somata were stained by Qnuclear, and 73% of these (n = 1,254) were both cAMP- and P-
CaMKII-immunopositive. The density of these immunopositive cells (~2500 cells/ mm2) is
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less than the maximum ganglion cell density found in adult rat (Reese and Cowey, 1986;
McCall et al., 1987). However, the percent (73%) is greater than the fraction of the ganglion
cell layer somata that has been identified as ganglion cells rather than displaced amacrine
cells (Perry, 1981).

DISCUSSION
Dopamine modulates retinal function on a global scale. Although the full extent of this
control is not yet known in any species, dopamine has been found to alter biophysical
properties of at least some members of every cell class, and to regulate membrane proteins
ranging from Na+-K+-ATPase and connexins to Na+, Ca2+, K+, mixed-cation, and Cl−

channels gated by cGMP, cAMP, voltage, glutamate, and/or GABA. Whereas each of these
effects has been reported to be mediated by either a D1 or D2 receptor, and to involve a
change in cAMP concentration, the present study provides evidence that, in adult
mammalian retinal ganglion cells, dopamine activates multiple receptors and, in turn, a
signaling cascade in parallel with an adenylyl cyclase→cAMP→PKA sequence. Cascades
consistent with the results published to date are discussed below, along with functional
advantages they might confer.

Multiple signaling cascades
Dopamine appears to activate two pairs of signaling components in retinal ganglion cells:
cAMP and PKA, and Ca2+ and CaMKII. The primary lines of evidence for the former are
that 1) membrane-permeable cAMP analogs and an adenylyl cyclase activator mimic effects
of dopamine (Liu and Lasater, 1994; Stellwagen et al., 1999; Vaquero et al., 2001;
Hayashida and Ishida, 2004; Chen and Yang, 2007; Hayashida et al., 2009; Van Hook et al.,
2012); 2) an inhibitor of transmembrane adenylyl cyclases (2′,5′-dideoxyadenosine) blocks
the elevation of cAMP by dopamine (Dunn et al., 2009); 3) dopamine activates PKA (Dunn
et al., 2006); and 4) PKA inhibitors preclude dopamine responses (Liu and Lasater, 1994;
Vaquero et al., 2001; Chen and Yang, 2007; Van Hook et al., 2012). These responses have
displayed two similarities. First, dopamine has elevated cAMP and activated PKA,
regardless of species and at different ages (Figs. 6, 8; see also Liu and Lasater, 1994;
Stellwagen et al., 1999; Vaquero et al., 2001; Dunn et al., 2006; Chen and Yang, 2007).
Second, some of the adenylyl cyclase activated by dopamine appears to be Ca2+-insensitive
because dopamine inhibits spiking under conditions that block voltage-gated Ca2+ influx
(Vaquero et al., 2001; Hayashida and Ishida, 2004; Chen and Yang, 2007; Hayashida et al.,
2009) and reduce dopamine-activated rises in Ca2+ (Fig. 4).

In parallel with this cascade, our results show that dopamine also elevates intracellular free
Ca2+ levels (Figs. 3–5), that light adaptation increases P-CaMKII immunoreactivity in
ganglion cells (Fig. 6), and that D1 and D2 antagonists block this Ca2+ rise (Fig. 3) and
CaMKII activation (Fig. 8). This is consistent with the elevation of Ca2+ by dopamine in
neonatal rat retinal ganglion cell layer somata (Stellwagen et al., 1999) and with the
presence of calmodulin and CaMKII in adult rat retinal ganglion cell layer somata (Wood et
al., 1980; Bronstein et al., 1988; Yoshida et al., 1996). Our findings that light adaptation
activates CaMKII is of particular interest for two reasons.

One is that dopamine activates CaMKII more rapidly than PKA, at least in heterologously
expressed homomeric and heteromeric receptors (Lee et al., 2004; Rashid et al., 2007). It is
not yet known how quickly dopamine activates these kinases in ganglion cells or how
quickly ganglion cells can respond to dopamine. To date, we and others have only found
slow and sustained responses (e.g., Fig. 1; see also Thier and Alder, 1984; Liu and Lasater,
1994; Feigenspan and Bormann, 1994; Hayashida and Ishida, 2004; Hayashida et al., 2009),
and presume these are sufficient given the sustained release of dopamine during daylight
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hours (Witkovsky et al., 1993). At the same time, the light fluctuations that release
dopamine in situ (Fig. 8; also Kramer, 1971; Mills et al., 2007) would be expected to cause
membrane potential fluctuations in ganglion cells. Because these may partially inactivate
voltage-gated currents that contribute to ganglion cell spiking (Kim and Rieke, 2003;
Hayashida and Ishida, 2004), it will be of interest to compare the speeds at which dopamine
and voltage fluctuations modulate excitability when methods for doing so become available.

Second, our detection of P-CaMKII in light-adapted ganglion cell nuclei and cytoplasm
(Fig. 6) suggests that dopamine exerts an even broader range of influences than previously
thought. Because light adaptation elevated cAMP and activated CaMKII in individual
ganglion cells (Figs. 6, 8), cytoplasmic PKA and CaMKII might coordinate to control net
phosphorylation levels; alternatively, CaMKII might phosphorylate proteins at different sites
than PKA and/or proteins besides those listed above (e.g., Lisman et al., 2012). However,
because light adaptation also generated P-CaMKII in ganglion cell nuclei (Figs. 6, 8), our
results contrast with the cytoplasmic localization of calmodulin (Pochet et al., 1991) and
raise the possibility that dopamine phosphorylates nuclear proteins as well as cell membrane
proteins. One possibility is cAMP-response element binding protein, known to be
phosphorylated by flashing light (Yoshida et al., 1995) and by CaMKII (Takeda et al., 2007)
in the rat retinal ganglion cell layer. Consistent with the possibility that this light response
occurs in other species, anti-P-CaMKII antibodies also bind to the cytoplasm and nuclei of
ganglion cell layer somata in mouse retina (Hauck et al., 2006).

D1 and D2–D5 receptors
Comparisons with heterologously expressed dopamine receptors and other central neurons
suggest that two types of receptor might mediate adult rat retinal ganglion cell responses to
dopamine. One is D1 (a.k.a. D1a), based on the binding of monoclonal and polyclonal
antibodies directed against amino acid sequences in the rat D1 receptor but not the rat D5
(a.k.a. D1b) receptor (Hayashida et al., 2009). Our finding that SCH 23390 blocks light-
induced elevation of cAMP in ganglion cells is consistent with this receptor type, because
SCH 23390 binds to D1 receptor protein in rat retina (Makman and Dvorkin, 1986), D1a
receptors characteristically activate adenylyl cyclases (Neve et al., 2004), and enzyme-
linked immuno-assays have shown that SCH 23390 blocks the elevation of cAMP by
dopamine in rat retinal ganglion cells (G.J. Partida, H. Oi, C.S. Lester, and A.T. Ishida,
unpubl. obs.).

The other is a heterooligomeric D2–D5 receptor (So et al., 2009; Hasbi et al., 2010), based
on the inhibition of spike firing by SKF 83959 (Fig. 2), the blockade of agonist responses by
D1 and D2 antagonists (SCH 23390, eticlopride, raclopride, and sulpiride; e.g., Figs. 1, 2),
the elevation of free intracellular Ca2+ by dopamine in a Ca2+-containing external solution
but substantially less after replacing most of the external Ca2+ with Mg2+ (Fig. 4), the
suppression of agonist responses by an IP3 receptor antagonist (2-APB; Fig. 5), and the
SCH 23390- and eticlopride-sensitive activation of CaMKII by light (Fig. 8).

How retinal ganglion cells utilize D1 and/or D2-D5 receptors will depend on their
distribution in structural compartments of single cells (Hersch et al., 1995; Lee et al., 2004),
the G-proteins recruited (Neve et al., 2004), whether dopamine activates Ca2+-stimulated as
well as Ca2+-insensitive adenylyl cyclases (Abdel-Majid et al., 2002; Dunn et al., 2009) in
individual cells, whether the effects of calmodulin and adenylyl cyclase activation are
additive or synergistic (Gnegy et al., 1984; Sano, 1985), the duration and intensity of Ca2+

rises (Dunn et al., 2006, 2009), and the relative strengths of the signals they drive. For
example, the rise in cAMP could be due to activation of adenylyl cyclases by D1a receptors
and Gs or Golf (Neve et al., 2004), or to activation of adenylyl cyclases by Ca2+ influx
following D2–D5 receptor and Gq activation (Hasbi et al., 2010). Likewise, the rise in free
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Ca2+ (which activates CaM and CaMKII) could result from activation of D2–D5 receptors,
PLCβ, and Ca2+-induced Ca2+ influx (So et al., 2009) or from activation of Ca2+ channels
by a D1 receptor-mediated cAMP rise (Surmeier et al., 1995). Clearly, the means to
compare the distribution of dopamine receptors and G-proteins would help sort through
these possibilities. Unfortunately, we know of no previous demonstration that rat retinal
ganglion cells bind antibodies directed against Gs, Golf, and/or Gq. Moreover, the anti-D2
and anti-D5 receptor antibodies we have tested to date did not stain ganglion cells
consistently, or with sufficient intensity, to test for colocalization with D1 receptors.

Previous studies used radiolabeled ligands, fluorophore-conjugated ligands, and anti-D1 and
anti-D2 receptor antibodies to map dopamine receptors in mammalian retinae (Schorderet
and Nowak, 1990; Witkovsky, 2004). Except for intrinsically photosensitive ganglion cells
(Van Hook et al., 2012), these studies did not identify any of the labeled cells as ganglion
cells, visualize the shape of any single ganglion cells, or resolve whether receptors are
homomerically or heteromerically organized. Because 1) more than 10 morphological types
of ganglion cell have been identified in rat retina (see Stradleigh et al., 2011); 2) it is not
known if all cell types possess the same receptor cohort (Cohen et al., 1992; Wagner et al.,
1993; Mills et al., 2007; Chen and Yang, 2007; Hayashida et al., 2009; Huberman et al.,
2009; Hu et al., 2010; Van Hook et al., 2012); and 3) D1 and D2 receptors are known to
colocalize at some, but not all, points in the membranes of single central neurons (Hersch et
al., 1995; Lee et al., 2004), identifying the receptors mediating dopamine responses of
ganglion cells in further detail will require methods to localize receptor types precisely, in
various combinations, on a large scale, and with single-cell resolution. Detailed maps of
dopamine receptors might identify structural compartments (e.g., dendrites vs. somata)
where dopamine effects result from D1 receptor-driven cAMP increases and/or D2 receptor-
driven cAMP decreases (Mills et al., 2007; Chen and Yang, 2007; Hu et al., 2010; Van
Hook et al., 2012), and other compartments where D1 and D2 antagonists exert similar
effects, and dopamine regulates both cAMP and CaMKII, as we report here. Our results
predict that SKF 83959 binding sites should identify the latter.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Eticlopride and SCH 23390 block inhibition of spike firing by dopamine. Voltage responses
to 100-ms constant-current injections in a single, dissociated retinal ganglion cell. Ruptured-
patch, whole-cell mode at 35°C. Injection timing and intensity (20–40 pA) are indicated
above the first row of traces and were identical in all other rows. Recordings displayed in the
order they were collected, from upper left to lower right. Elapsed time indicated along the
left side of each column of traces. Dopamine (5 μM), eticlopride (5 μM), and SCH 23390 (5
μM) included in superfusate as labeled next to each row of traces. First three rows show
consistency and frequencies of spiking elicited in control solution. Dopamine inhibits this
spiking, and both eticlopride and SCH 23390 block this inhibition. Note that dopamine was
applied continuously from the fourth row of spikes (t = 2 min) until the end of the recording
(lower right corner), and the antagonists were added to the dopamine-containing superfusate.
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Figure 2.
Block of spike firing inhibition by dopamine and by SKF 83959. Recording conditions as in
Figure 1. Each row (A–C) shows voltage responses of a single dissociated retinal ganglion
cell to 100-ms constant-current injections in solutions as labeled. Triangles and horizontal
lines mark ground level for each row of recordings. (A) Spikes in control solution (left),
inhibition of spike firing by dopamine (5 μM, middle), and reversal of this inhibition by
raclopride (1 μM) (right). (B) Inhibition of spike firing by SKF 83959 (2 μM) is
counteracted by eticlopride (2 μM) and by SCH 23390 (2 μM). After the control spikes
were recorded in A–C, the indicated agonists (dopamine, SKF 83959) were continuously
superfused over the cells recorded from for the remainder of each recording. Antagonists
were applied together with the agonist and were washed away with agonist-containing
superfusate. The inhibition of spiking is partially reversed by each antagonist at the
concentrations shown. Repeated current injections confirm that SCH 23390 counteracts the
inhibition by SKF 83959 (B). A fuller reversal of the SKF 83959 response was achieved
with 3 μM SCH 23390 (C).
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Figure 3.
SCH 23390 and eticlopride block increases in intracellular free Ca2+ by dopamine and by
SKF 83959. A: Continuous plot of fluorescence intensity ratio (340/380 nm) of fura-2
(Ca2+-bound/Ca2+-free) in single retinal ganglion cell. Cell is continuously superfused with
saline at 33°C. Dopamine (DA, 5 μM), SCH 23390 (5 μM), and eticlopride (5 μM) were
included in superfusate during times indicated by horizontal bars under fluorescence ratio
plot. Dopamine elevates free Ca2+, and both SCH 23390 and eticlopride suppress this
increase. Note that dopamine was applied continuously from t = 250 seconds until t = 1,400
seconds, and that each dopamine receptor antagonist reduces Ca2+ back to the control level.
After washing away the dopamine and eticlopride, dopamine elicits a third increase in Ca2+

with a peak and rate of rise similar to that of the first response. Summary of measurements
obtained in all imaging sessions with dopamine and SCH 23390 (B, n = 6 cells) and
dopamine and eticlopride (C, n = 3 cells). Fluorescence intensity ratios in test solutions are
normalized for each cell to value measured in control solution. Height of bars plot means.
Error bars plot 1 SEM. D: Continuous plot of fura-2 fluorescence intensity ratio, measured
and formatted as in (A). SKF 83959 (3 μM) and dopamine (DA, 5 μM) included in
superfusate during times indicated by horizontal bars. Both agonists increase free Ca2+, and
these rises are reversed by washing with agonist-free solution. In this and other figures the
response to SKF 83959 rose as quickly as the response to dopamine, but typically reached a
smaller peak amplitude. E: Summary of dopamine and SKF 83959 response amplitudes (n =
4 cells, normalized and formatted as in B) shows that both agonists produced statistically
significant increase in fluorescence intensity ratio. F: Continuous plot of fura-2 fluorescence
intensity ratio, measured and formatted as in (A). SKF 83959 (3 μM) and eticlopride (3 μM)
included in superfusate during times indicated by horizontal bars. G,H: Summary of peak
intensity ratios (normalized and formatted as in A) show that SKF 83959 produced
statistically significant increase in fluorescence intensity ratio and that these ratios were
reduced to control levels by eticlopride (G, n = 5 cells) and by SCH 23390 (H, n = 4 cells).
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Figure 4.
Elevation of intracellular Ca2+ depends on extracellular Ca2+. A: Continuous plot of fura-2
fluorescence intensity ratio, measured and formatted as in Figure 3. Dopamine (DA, 5 μM,
at t = 600–750 sec) barely increases free Ca2+ after extracellular Ca2+ is lowered from 1.0
mM to 0.1 mM, but elicits robust increase in Ca2+ after extracellular Ca2+ is raised back to 1
mM. B: Summary of peak intensity ratios (normalized and formatted as in Fig. 3) shows that
dopamine response was markedly reduced by reducing extracellular Ca2+ from 1.0 to 0.1
mM (n = 4 cells).
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Figure 5.
2-APB blocks elevation of intracellular Ca2+ by dopamine. A: Continuous plot of fura-2
fluorescence intensity ratio, measured and formatted as in Figure 3. Dopamine and 2-APB
are added to superfusate during times indicated by horizontal bars. Due to multiple
applications, time-base is slower than in other figures. First application of dopamine (DA, 5
μM) reversibly elevates intracellular free Ca2+ in control solution. Twenty μM 2-APB
reduces Ca2+ rise by second dopamine application. Thirty μM 2-APB completely precludes
Ca2+ increase by third dopamine application. After washing with control saline for ~1,000
seconds, dopamine elicited a small increase in Ca2+ (at t = 3,300 sec). Ca2+ returned to the
baseline level after washing with control saline. The final dopamine application (around t =
4,000 sec) elicited a robust and fully reversible Ca2+ increase. B: Summary of peak intensity
ratios (normalized and formatted as in Fig. 3) shows that the dopamine response was
suppressed by 2-APB, that this suppression was reversed by washing with control solution,
and that 2-APB by itself did not reduce intracellular Ca2+ level below control levels (n = 7
cells).
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Figure 6.
Light elevates cAMP and activates CaMKII in retinal ganglion cell somata. Vertical
vibratome sections of dark- and light-adapted retinae collected and processed side-by-side;
immunostained for cAMP, phosphorylated CaMKII, cell markers, and a nuclear stain. Fields
are confocally imaged under epifluorescence illumination (A–D,F–I,K–N) or differential
interference contrast (DIC) illumination (E,J). One optical section of a dark-adapted retina
with the cAMP-, P-CaMKII-, and choline acetyltransferase (ChAT)-like immunoreactivities
assigned to the green (A,C,D), red (B,D), and blue (D) channels, respectively. The green,
red, and blue channels are merged in D. E: The DIC image of the same field as in A–D. The
retinal sublayers in A–D match those in E, namely IS (inner segments), ONL (outer nuclear
layer), INL (inner nuclear layer), IPL (inner plexiform layer), and GCL (ganglion cell layer).
C: Imaged at a higher photomultiplier gain than A to show the cAMP signal in the
photoreceptor inner segment layer. F–J show a light-adapted retina, formatted identically as
in A–E. F–I are imaged at identical confocal microscope settings as corresponding panels in
A–D. Light adaptation increases number and intensity of cells binding cAMP and P-CaMKII
antibodies in the ganglion cell layer, without noticeably changing the intensity or
characteristic pattern of ChAT antibody binding in IPL (D,I). Illumination elevates cAMP in
the cytoplasm of ganglion cell layer somata, elevates P-CaMKII in cytoplasm and nuclei of
the same somata (e.g., those at blue arrowheads), and lowers cAMP staining in the IS. K–N
are paired sections of light-adapted retinae, bound to Brn3a and either cAMP or P-CaMKII
antibodies, stained with a nuclear stain (Qnuclear), imaged at identical settings, and oriented
as in A-J. Pairs compare binding of cAMP antibody (K) and cAMP antibody preincubated
in cAMP (L), and P-CaMKII antibody (M) and P-CaMKII antibody preincubated in
immunogen (N). All three color channels are merged in each panel, showing cAMP
elevation (K) and CaMKII activation (M) by illumination in Brn3a-immunopositive
ganglion cells, and the absence of detectable binding of cAMP antibody preincubated in
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cAMP (L) and of P-CaMKII antibody preincubated in immunogen (N) despite light-
adaptation. A magenta-green copy of this figure is available online as Supporting
Information. Scale bar = 20 μm in F (applies to all).
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Figure 7.
Light adaptation of distal retina by illumination that alters cAMP and P-CaMKII in ganglion
cells. A–C: Single vertical vibratome section of the same dark-adapted retina as in Figure
6A–E. D–F: Single vertical vibratome section of the same light-adapted retina as in Figure
6F–J. Sections are immunostained for arrestin (green) and transducin (red), and
counterstained with Qnuclear (blue). C,F: Merge arrestin, transducin, and Qnuclear panels
of dark- and light-adapted retinae, respectively. Each pair of images (A/D, B/E) was
confocally imaged at identical settings. A,C,F: Arrestin immunoreactivity in inner segment
layer of dark-adapted retina but not in light-adapted retina. Comparison of A vs. D, B vs. E,
C vs. F shows that light adaptation increases intensity of arrestin staining and concomitantly
decreases intensity of transducin staining in outer segment layer. Retinal layers labeled in C
and F as in Figure 6. A magenta-green copy of this figure is available online as Supporting
Information. Scale bar = 20 μm in B (applies to all).
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Figure 8.
D1 and D2 antagonists block light-induced cAMP increase and CaMKII activation in situ.
Flat-mounted retinae maintained overnight in absolute darkness by organotypic culture and
immunostained for cAMP and P-CaMKII. These retinae were dissected, cultured, processed,
and imaged together. Each row shows a different retina, confocally imaged at the ganglion
cell layer. Each field is 10,627 μm2 and merges four serial optical sections (0.44-μm steps).
As labeled at the left of each row, A–D was aldehyde-fixed in darkness; E–H was
illuminated (as in Figs. 6, 7) for 45 minutes prior to fixation; I–L was exposed to 4 μM SCH
23390 in darkness for 5 minutes, illuminated for 45 minutes (with an additional 2 μM SCH
23390 added), then aldehyde-fixed; and M–P was exposed to 4 μM eticlopride in darkness
for 5 minutes, illuminated for 45 minutes (with an additional 2 μM eticlopride added), then
aldehyde-fixed. As labeled at the top of the figure, A,E,I,M show the cAMP-like
immunoreactivity in these retinae; B,F,J,N show the P-CaMKII-like immunoreactivity in
the same fields; C,G,K,O merge the cAMP and P-CaMKII fields; and, on top of these,
D,H,L,P show the cells stained by Qnuclear. A magenta-green copy of this figure is
available online as Supporting Information. Scale bar = 20 μm in P (applies to all).
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TABLE 1

Summary of Primary Antibodies

Antibody Immunogen Source Species Concentration

anti-cAMP, clone M486 cyclic adenosine monophosphate
conjugated to keyhole limpet hemocyanin

Abcam (#AB70280) Mouse IgG1, monoclonal 1 μg/mL

anti-P-CaMKII CVASMMHRQEtVE, modified from
human CaMKII, synthetic
phosphopeptide (T286)

Cell Signaling (#3361) Rabbit IgG, polyclonal 1:1000 dilution

anti-arrestin a.a. 290-320, human visual arrestin
(P10523), synthetic peptide

Santa Cruz (#sc-34547) Goat IgG, polyclonal 0.4 μg/mL

anti-transducin a.a. 90-120, human transducin alpha 1
(P11488), synthetic peptide

Santa Cruz (#sc-389) Rabbit IgG, polyclonal 0.2 μg/mL

anti-Brn3a a.a. 108-138, human Brn3a (Q01851),
synthetic peptide

Santa Cruz (#sc-31984) Goat IgG, polyclonal 0.4 μg/mL

anti-ChAT human placental enzyme Millipore(#AB144P) Goat IgG, polyclonal 2 μg/mL

CaMKII: calcium/calmodulin-dependent protein kinase II; ChAT: choline acetyltransferase
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