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Abstract
The recently discovered exchange protein directly activated by cAMP (Epac), a guanine exchange
factor for the G-protein RAP-1, is directly activated by cAMP independently of PKA. While cAMP
is known to be an important second messenger in the retina, the presence of Epac has not been
investigated in this tissue. The goal of the present study was to determine if the Epac1 and Epac2
genes are present and to characterize their location within the retina. Western blot analysis revealed
that Epac1 and Epac2 proteins are expressed within the retina, and the presence of mRNA was
demonstrated with the aid of RT-PCR. Additionally, we used immunofluorescence and confocal
microscopy to demonstrate that Epac1 and Epac2 have overlapping as well as unique distributions
within the retina. Both are present within horizontal cells, rod and cone bipolar cells, cholinergic
amacrine cells, retrograde labeled retinal ganglion cells, and Müller cells. Uniquely, Epac2 was
expressed by cone photoreceptor inner and outer segments, cell bodies, and synaptic terminals. In
contrast, Epac1 was expressed in VGlut1 and CtBP2 positive photoreceptor synaptic terminals.
Together, these results provide evidence that Epac1 and Epac2 are differentially expressed within
the retina and provide the framework for further functional studies of cAMP pathways within the
retina.
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Introduction
Cyclic nucleotide second messengers play an important role in signaling pathways within the
central nervous system. Similarly, these cyclic nucleotides are essential for development and
functioning of the retina. The signaling pathway of cGMP is well established within the first
stages of the visual transduction pathway, however less is know about cAMP signaling within
the retina. Some studies have established that cAMP contributes to retinal synapse formation
(Stellwagen et al., 1999), retinal cell death (Linden et al., 2005), and the post-synaptic signaling
for various neurotransmitters (Martins and Pearson, 2008). There is however, an inherent
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problem associated with identifying the specific roles of cAMP, which is the ubiquitous nature
of this second messenger. Anatomical studies of adenylate cyclase, the protein responsible for
cAMP production, have revealed that 9 splice variants are present and differentially expressed
throughout the retina (Abdel-Majid et al., 2002). Similarly, phosphodiesterases (PDEs),
proteins responsible for hydrolyzing cyclic nucleotides, are expressed within the retina
(Santone et al., 2006, Whitaker and Cooper, 2007). Thus, to better understand the function of
cAMP within the retina, a focus on the distribution of functionally related proteins such as the
exchange proteins directly-activated by cAMP is in order.

At present, 3 families of proteins are known to be directly-activated by cAMP: (1) protein
kinase A (PKA) (Seino and Shibasaki, 2005), (2) cyclic nucleotide gated channels (CNGs)
(Craven and Zagotta, 2006, Kaupp and Seifert, 2002), including closely related
hyperpolarization-activated cyclic nucleotide modulated channels (HCN) (Craven and
Zagotta, 2006), and (3) exchange proteins directly activated by cAMP (Epacs) (de Rooij et al.,
1998, Kawasaki et al., 1998). Initially, studies focused on cAMP signaling through PKA, which
was originally believed to be responsible for essentially all cAMP signaling within the CNS
and retina. Originally discovered, photoreceptors (Fesenko et al., 1985), CNGs were
additionally found to be targets of cAMP (Kramer and Tibbs, 1996). Recently these channels
have been localized to various cells throughout the retina including specific bipolar cells
(Ivanova and Muller, 2006, Muller et al., 2003) and retinal ganglion cells (Oi et al., 2008),
where they purportedly contribute to signaling within the neural network of the retina.

Recently discovered Epac proteins also convey cAMP signaling, independently of PKA.
Various studies have reported that PKA and Epac signaling can produce synergistic and / or
antagonistic effects within the same cells (Cheng et al., 2008). A detailed review on Epac
structure has been reported (Bos, 2006). In brief, Epacs are the products of two genes, Epac1
and Epac2. Both Epacs belong to a family of proteins called guanine exchange factors (GEFs).
GEFs catalyze the activation of small monomeric G-proteins by facilitating dissociation of
GDP and replacement with GTP (Vetter and Wittinghofer, 2001). In the case of Epac1 and
Epac2, they catalyze the activation of two G-proteins, Rap-1 and Rap-2 (de Rooij et al.,
2000). Structurally, both Epacs are similar although there is an additional cyclic nucleotide
binding (CNB) site located on Epac2. Both are multi-domain proteins and contain an inhibitory
regulatory domain which contains the CNB and a catalytic domain which contains the GEF
domain.

Advancements in pharmacological agonists and interest in the roles of Epac signaling have led
us to investigate the presence of Epac1 and Epac2 within the retinas of adult, Long Evans
Hooded rats as a prelude to more functional studies. The present study uses western blotting
techniques, RT-PCR, retrograde labeling, and immunofluorescence to establish for the first
time that both Epac genes are present in the retina. We have identified their relative distributions
with the aid of double-labeling immunofluorescence with known retinal cell markers. Portions
of these results have been presented in abstract form (Whitaker and Cooper, 2007 Whitaker
and Cooper, 2008).

Materials and Methods
Tissue Preparation

Tissues for western blot analysis and rt-PCR, were obtained from euthanized (sodium
pentobarbital, 100mg/kg, i.p.), adult male (250–300g) Long Evan’s hooded rats (Harlan,
Indianapolis, IN). Retinas were removed from each eye and flash frozen in liquid nitrogen.
Dissected tissues which were not used immediately were stored at −80°C for subsequent use.
For immunohistochemistry, rats were deeply anesthetized with sodium pentobarbital (100mg/
kg, i.p.) and transcardially perfused with calcium-free Tyrodes solution, followed by 4%
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paraformaldehyde in 0.1M phosphate buffer (PB), pH 7.4. Eyes were enucleated and post-fixed
overnight in 4% paraformaldehyde at 4°C followed by several rinses in 0.1M PB. Whole eyes
were cryoprotected in 30% sucrose in 0.1M PB for 3–5 days at 4°C before cryostat sectioning
at 14μm. Sections were stored at −80°C for subsequent use. All animals were housed in 12:12
hour light:dark cycle with food and water, ad libitum. The protocols for treatment and care of
all animals used in this study were approved by the University of Louisville Institutional
Animal Care and Use Committee (IACUC) and were carried out in accordance with the
Association for Research in Vision and Ophthalmology (ARVO) guidelines.

Retrograde Labeling
Retrograde labeling from the superior colliculus was used to identify retinal ganglion cells.
Rats were anesthetized with a cocktail of ketamine (37.5mg/kg, i.m.) and xylazine (5 mg/kg,
i.m.) and mounted on a stereotaxic apparatus. The area of incision was cleansed with 70%
ethanol followed by Betadine™ surgical scrub. Following incision, bilateral holes were drilled
over the superior colliculus as measured from bregma using known brain coordinates (Paxinos
and Watson, 2005). Approximately 4–5μl of 1% cholera toxin B subunit (CTB) (Sigma, St.
Louis, MO) was injected bilaterally using a 10μl Hamilton syringe (Hamilton Co., Reno, NV)
(Rivera and Lugo, 1998, Zhang and Diamond, 2006). Animals were given a 7 day recovery
period before being perfused. Sections of superior colliculus were processed and visualized
for CTB to confirm the correct location of the injection sites (data not shown).

Primary Antibodies
Several antibodies were used to differentiate various cells within the retina. Table 1 provides
source, catalog, host, and dilution for all antibodies used in this study. Antibody to Epac1 was
raised against amino acids 1–70 at the N-terminus of human Epac1 sequence. This antibody
detected a ~120kDa band in imunolabeled western blots (manufacturer’s product sheet).
Specificity of this H70 Epac1 antibody has been determined using small-inhibitory-RNA
(siRNA) knockdown, where an absence of Epac1 was determined with the aid of western
blotting (Huston et al., 2008). Antibody to Epac2 was raised against amino acids 1–220 at the
N-terminus of human Epac2 sequence. This antibody detected a 126kDa band in
immunolabeled western blots (manufacturer’s product sheet). Specificity was determined by
the absence of bands in western blots following preadsorption with a recombinant protein
consisting of amino acids 1–436 of the mouse Epac2 sequence (Aivatiadou et al., 2008).

Antibody to vesicular glutamate transporter 1 (VGlut1) labeled ribbon synapses of the
photoreceptor cells and bipolar cells within the outer plexiform layer (OPL) and the inner
plexiform layer (IPL), respectively (Johnson et al., 2003, Mimura et al., 2002, Sherry et al.,
2003). Raised against a synthetic peptide located at the C-terminal end of the rat VGlut1 protein
sequence (GATHSTVQPPRPPPPVRDY), VGlut1 antibody detected a ~60kDa band in
immunolabeled western blots (Melone et al., 2005). Specificity was determined with
preadsorption where immunoreactivity was abolished (Johnson et al., 2003). Also, antibody
to C-terminal binding protein (CtBP2) labeled ribbon synapses (Schmitz et al., 2000, tom Dieck
et al., 2005). The antibody used was raised against the mouse CtBP2 protein at amino acids
361–445 and detected a 48kDa band in immunolabeled western blots (manufacture’s data
sheet).

Antibody to calbindin labeled mammalian horizontal cells (Peichl and Gonzalez-Soriano,
1994, Rabie et al., 1985). The antibody used here was derived against purified bovine kidney
calbindin-D-28K and recognized a ~28kDa band in western blots which was abolished after
preadsorption (Gargini et al., 2007). Antibody to Chx10, a homeodomain protein, was
restricted to bipolar cells in the adult retina (Elshatory et al., 2007, Liu et al., 1994). Raised
against a recombinant protein to amino acids 1 to 131 of N-terminal of the human Chx10
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protein, this antibody detected a ~46kDa protein in western blots of rat retina (manufacturer’s
product sheet). Antibody labeling coincides with previous reports (Elshatory et al., 2007,
Mojumder et al., 2007) and in situ hybridization results (Liu et al., 1994). Antibody to PKCα
specifically labeled rod bipolar cells of the rodent retina (Greferath et al., 1990, Negishi et al.,
1988). Monoclonal antibody to PKCα was raised against proteins derived from rabbit brain
cytosol (Jaken and Kiley, 1987) and detected a ~82kDa band in western blots (Leach et al.,
1988).

Antibody to choline acetyltransferase (ChAT) specifically labeled cholinergic amacrine cells
(Haverkamp and Wassle, 2000, Voigt, 1986). This antibody was raised against a protein
derived from a human placental enzyme which detected ~68kDa protein (Brunelli et al.,
2005). Specificity was previously determined with preadsorption which abolished
immunostaining (Motts et al., 2008). Two antibodies were used to differentiate Müller cells.
Antibody to glutamine synthetase (GS) (Riepe and Norenburg, 1977) and antibody to L-
glutamate / L-aspartate transporter (GLAST) (Lehre et al., 1997, Rauen et al., 1996) specifically
labeled the cytosolic and membrane compartments of Müller cells, respectively (Derouiche
and Rauen, 1995, Ding and Weinberg, 2007). Antibody to glutamine synthetase was raised
against purified protein from sheep brain and detected ~45kDa band in western blots
(manufacture’s data sheet). Antibody to GLAST was raised against a synthetic peptide from
the C-terminus of the rat GLAST sequence (QLIAQDNEPEKPVADSETKM) (manufacturer’s
data sheet) and detected ~65kDa band in western blots (Vermeiren et al., 2005). To label cone
photoreceptors we used the fluorescein isothyocynate (FITC) conjugated peanut agglutinin
(PNA) lectin from Arachis hypogaea, which specifically binds glycoproteins located on the
inner and outer segments and synaptic pedicles of cones (Blanks and Johnson, 1984, Johnson
et al., 1986).

Western Blot Analysis
Frozen retinas were sonicated in ice cold RIPA buffer (50mM Tris-HCl, 150mM NaCl, 1%
Igepal, 0.5% sodium deoxycholate, 0.1% SDS, pH 8.0, Sigma) twice for 5 seconds each. A
cocktail of protease and phosphatase inhibitors were added (1:100 FabGennix, Frisco, TX)
before use. Following sonication, tissue was centrifuged at 4°C under 14,000 r.p.m. for 30
minutes. The supernatant was collected and protein concentration was assessed using a BCA
kit (Pierce Biotechnology Inc., Rockford, IL). 30μg of protein was loaded onto a % SDS-PAGE
gel and electrophoresed at 120V for ~1hr, then transferred to PVDF membranes (Milipore,
Billerica, MA). Membranes were blocked in 5% fat free dry milk dissolved in tris buffered
saline pH 8.0 (TBS) plus 0.1% tween-20 (TBST). Primary antibodies were incubated overnight
at 4°C in 5% bovine serum albumin (BSA) dissolved in TBST (Epac1 1:1000; Epac2 1:1000).
Following several rinses in TBST, a donkey anti-rabbit secondary antibody conjugated to horse
radish peroxidase (1:10000, Jackson Immuno, West Grove, PA) was diluted in 5% milk TBST
and placed on the membrane for 1 hr at room temperature. Application of the secondary
antibody was followed by several washes in TBST. To visualize bands, an ECL visualization
kit (Pierce) was applied to the membrane before exposure on radiographic film. Relative
molecular weights of bands were determined by comparison with protein standards and
compared to reported molecular weights of known Epac proteins.

RT-PCR
Retinal tissue was homogenized in 1 ml of QIAzol Lysis Reagent (Qiagen, Valencia, CA) using
a PolyTron homogenizer. Total RNA was extracted from retinas using the RNeasy Lipid Tissue
Mini Kit (Qiagen) according to manufacturer’s directions. RNA concentration was determined
using a NanoDrop ND-1000 spectrophotometer (NanaDrop Tech., Wilmington, DE). A total
of 10μg of RNA was reverse transcribed using the high capacity cDNA archiving kit (Applied
Biosystgems, Foster, CA) with random primers in accordance with the manufacturer’s
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specifications. PCR reactions were completed in 50μl reactions containing 10ng of reverse
transcribed cDNA, 10mM forward and reverse primers (Integrated DNA Technologies,
Coralville, IA), and TITANIUM™ Taq PCR kit (Clontech, Mountain View, CA) as per
manufacturer’s specifications. For detection of Epac1, the following primers were used
(forward 5′-GTGTTGGTGAAGGTCAATCTG-3′; reverse 5′-CCACACCACGGCATC-3′)
(Ulucan et al., 2007). To detect Epac2 mRNA, the following primers were used (forward 5′-
GTGGGGACGTTTGAACTGATGAGC-3′; reverse 5′-
AGCCTGTACGCCTTGTGATTTCTG-3′) (Kang et al., 2006). PCR conditions used were 95°
C for 1 min, (Denaturing 95°C 30 sec ≫ Annealing 55°C 1 min ≫ Extending 72°C 1 min) for
40 cycles, and lastly 72°C for 7 min on a MJ Research 225 Tetrad Thermal Cycler (Global
Medical Instrumentation Inc., Ramsey, MN). PCR products were detected with ethidium
bromide gels where candidate bands were extracted and purified with QIAquick Gel Extraction
Kit (Qiagen). Authenticity of each band was confirmed using direct sequencing on a CEQ™
8000 Genetic Analysis System (Beckman Coulter Inc., Fullerton, CA) and queried against
NCBI’s Blastn software (Altschul et al., 1997).

Immunohistochemistry
Frozen tissue sections were initially thawed, encircled with a pap pen smear, and rehydrated
in tris-buffered saline (TBS) pH 7.2. Slides were then blocked in 10% normal donkey serum
(NDS, Jackson Immuno) diluted with 0.05% triton X-100 in TBS (Tx-TBS) for 1 hr at room
temperature. After the blocking step, sections were incubated with primary antibodies
overnight at 4°C. Following several rinses in TBS, species specific secondary antibodies, which
were raised in donkey and conjugated to Cy2, Fitc, Cy3, and / or Cy5 (1:200, Jackson Immuno),
were added to the slides in 5% NDS Tx-TBS for 1 hr at room temperature. This was followed
by several rinses in TBS then sections were coverslipped using freshly made Mowiol (Sigma).

Image Acquisition and Processing
Immunofluorescent images were obtained using a laser confocal microscope (Olympus) and
digitized with Fluoview 500 software (Mellville, NY). Adobe photoshop v9.02 (Adobe
Systems Inc., San Jose, CA) was used to sharpen images, adjust brightness and contrast, and
compose the final images.

Results
Overall Expression and Distribution of Epac1 and Epac2

The presence of Epac proteins within the retina was determined with the aid of western blotting.
Both Epac1 (Fig. 1A) and Epac2 (Fig. 1B) were found to be present within the retina at the
expected sizes of ~120kDa and ~126kDa, respectively. The presence of Epac mRNAs within
the retina was examined with the aid of RT-PCR. Candidate bands (Fig. 1C) were excised,
sequenced, and confirmed as Epac1 and Epac2 using Blastn (NCBI).

The relative distributions of Epac1 and Epac2 were determined using immunohistochemistry.
Low magnification images of Epac1 and Epac2 reveal overlapping and also unique
distributions within the retina (Fig. 2). Epac1 was expressed within both synaptic layers, the
outer plexiform layer (OPL) and inner plexiform layer (IPL). Additional expression was
located within cell bodies of the inner nuclear layer (INL) and ganglion cell layer (GCL). Epac2
expression was also found within the INL and GCL cell bodies. Uniquely, Epac2
immunoreactivity was specifically expressed within the inner and outer segments, as well as
cell bodies of the outer nuclear layer (ONL), and processes with the appearance of
photoreceptor synaptic terminals in the OPL.
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Epac expression within the photoreceptor terminals
Overall distribution of Epac1 indicated a presence within the OPL. To determine whether
Epac1 was expressed within photoreceptor terminals, we co-labeled with two commonly used
markers for photoreceptor ribbon synapses, CtBP2 (Schmitz et al., 2000, tom Dieck et al.,
2005) and VGlut1 (Johnson et al., 2003, Mimura et al., 2002, Sherry et al., 2003). Both CtBP2
(Fig. 3C) and VGlut1 (Fig. 3E) immunolabeling was restricted to the outer boundary of the
OPL within photoreceptor terminals as previously reported (Johnson et al., 2003, Mimura et
al., 2002, Schmitz et al., 2000, Sherry et al., 2003, tom Dieck et al., 2005). Epac1 was found
to colocalize with both CtBP2 (Fig. 3B) and VGlut1 (Fig 3D). Epac2 was also found within
the OPL, although the expression pattern was specific to large synaptic structures indicative
of cone pedicles. To pursue this possibility we co-labeled with the PNA lectin, which is specific
to cone photoreceptors and pedicles (Blanks and Johnson, 1984, Johnson et al., 1986). The
results demonstrate colocalization of PNA labeling and Epac2 (Fig. 4A). Higher magnification
revealed that Epac2 was completely expressed by the cone cells with expression in the inner /
outer segments, cell body, and the PNA-labeled cone pedicles (Fig. 4B–D). Collectively these
results indicate that both Epacs are expressed within photoreceptor terminals, where Epac2
was selectively expressed within cones (Fig. 4D).

Epac expression within the horizontal cells
Antibody to Epac1 and Epac2 label cells located at the inner boundary of the OPL similar to
the location of horizontal cell somata. To test for the presence of Epacs in these cells we double
labeled with antibody to calbindin, previously demonstrated to specifically label all
mammalian horizontal cells (Peichl and Gonzalez-Soriano, 1994, Rabie et al., 1985). Antibody
to calbindin labeled horizontal cell somata (Fig. 5C, D). Both Epacs colocalized with calbindin
containing horizontal cells (Fig. 5E, F). Some Epac containing cell bodies were not labeled
with anti-calbindin. These may be the cell bodies of bipolar cells as described below.

Epac expression within the bipolar cells
To date, 9 different cone bipolar cell types and one rod bipolar cell type have been identified
in the mammalian retina with cell bodies typically located within the middle to outer INL
(Ghosh et al., 2004, Pignatelli and Strettoi, 2004). Similarly, both Epac-antibodies labeled cell
bodies located within the same area of the INL (Fig. 6A, E). To determine whether Epacs were
expressed by bipolar cells, we used antibodies to PKCα, which label all rod bipolar cells
(Greferath et al., 1990, Negishi et al., 1988) and Chx10 a purported pan-bipolar cell marker
(Elshatory et al., 2007, Liu et al., 1994). We found that both Epacs were expressed in rod bipolar
cells which we characterized as containing both PKCα and Chx10 labeling and in cone bipolar
cells characterized by only Chx10 labeling (Fig 6D, H).

In addition, Epac1 antibody labeling was expressed within the IPL where bipolar cells
terminate. VGlut1 antibody, in addition to labeling ribbon synapses of photoreceptor cells in
the OPL, also labels ribbon synapses of bipolar cells within the IPL (Johnson et al., 2003,
Mimura et al., 2002, Sherry et al., 2003). To determine whether bipolar cell terminals express
Epac1 we co-labeled with an antibody to VGlut1. Figure 7 demonstrated colocalization of
VGlut1 and Epac1 within some bipolar cell terminals. These colocalizations were most
apparent within rod bipolar cell terminals defined by their large lobular synapses located at the
inner-most boundary of the IPL, close to the retinal ganglion cell layer

Epac expression within the amacrine cells
Epac1 and Epac2 are both expressed within cell bodies located within the inner boundary of
the INL, perhaps indicative of amacrine cell bodies. Additionally both Epacs were present
within numerous cells of the GCL, which contains over 50% displaced amacrine cells (Jeon et
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al., 1998). Cholinergic amacrine cells are a subset of amacrine cells with somata located within
the INL and with displaced somata located within the GCL (Perry and Walker, 1980, Voigt,
1986). To determine the presence of Epac within these cells we double labeled with an antibody
to ChAT. ChAT is expressed by cholinergic amacrine cells both within the INL and in the GCL
and also labels their respective terminals corresponding to outer OFF cholinergic synapses and
inner ON cholinergic synapses (Haverkamp and Wassle, 2000, Voigt, 1986). Co-labeling
revealed that Epac1 colocalized with cell bodies of the INL and GCL, but were not expressed
within their respective terminals (Fig. 8C). Epac2 also colocalized with cholinergic amacrine
somata within the GCL, but demonstrated a weak expression within ChAT somata of the INL
(Fig. 8F).

Epac expression within the retinal ganglion cells
Approximately 90% of all rat retinal ganglion cell axons terminate within the superior
colliculus and can be labeled by retrograde transport (Linden and Perry, 1983). In the current
study we employed CTB as a retrograde label to positively identify retinal ganglion cells.
Following 1 week of retrograde transport we observed that CTB was present within ganglion
cell somata and their dendrites located within the middle to outer boarder of the IPL (Fig. 9B,
E), as reported elsewhere (Zhang and Diamond, 2006). Double-labeling demonstrated that both
Epac1 and Epac2 were expressed in retinal ganglion cells (Fig. 9C, F).

Epac expression within the Müller cells
Müller cells are the major glial constituent of the retina (Jeon et al., 1998) and participate in
multiple functions including recycling of neurotransmitters such as glutamate (Ehinger and
Falck, 1971, White and Neal, 1976). Two antibodies raised against GS and GLAST were used
to identify Müller cell cytosol and plasma membrane, respectively (Derouiche and Rauen,
1995, Ding and Weinberg, 2007). Double-labeling was used to demonstrate that both Epac1
and Epac2 colocalize with Müller cell bodies within the INL (Fig. 10).

Discussion
To better understand the roles of cAMP it is helpful to focus on the proteins that are downstream
targets of the cAMP message. Previous studies have investigated the contributions of PKA and
CNGs, but we are unaware of any study focusing on the presence or effects of Epac signaling
within the retina. In the current study we demonstrate for the first time that 1) Epac1 and Epac2
are abundant within the retina and 2) they are differentially expressed. Figure 11 summarizes
these findings.

Why study Epacs?
There is still much to be learned about the functioning of cAMP within the retina. Adenylate
cyclases are found throughout the retina implying multiple, potential roles of cAMP (Abdel-
Majid et al., 2002). Anatomical localization of PKA subtypes provides evidence that
downstream cAMP components are specifically localized to specific retinal cell types
(Mataruga et al., 2007). This is also true for different CNG and HCN genes (Mataruga et al.,
2007, Muller et al., 2003, Oi et al., 2008). We demonstrate here that while the localization of
Epac1 and Epac2 are differentially expressed, there are also instances of co-expression within
the same cell types. Interestingly, within brain and spinal cord tissue Epac1 was expressed only
during embryonic and neonatal time points, whereas Epac2 expression was highly expressed
in adulthoot rather than embryonic or neonatal time points. (Murray and Shewan, 2008).
Furthermore, PKA and Epac signaling can provide synergistic effects such as neurite extension
(Christensen et al., 2003), regulation of neurotensin secretion (Dodge-Kafka et al., 2005), and
regulation of phosphodiesterases (Li et al., 2007). In contrast, PKA and Epac signaling can
have antagonistic effects including regulation of protein kinase B (PKB) phosphorylation (Mei
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et al., 2002), acetylcholine regulation (Brock et al., 2007), and plasticity (Ster et al., 2009).
How then does cAMP differentiate between Epac and PKA? Differential distribution of PDE
proteins lead to compartmentalization of cAMP signaling (Houslay et al., 2007, Huston et al.,
2008). We have previously reported that PDE4 proteins are differentially expressed within the
retina (Whitaker and Cooper, 2007). Variable PDE distributions may provide a potential
mechanism to segregate Epac signaling from PKA (Huston et al., 2008).

Role of cAMP within cone photoreceptor inner and outer segments
In the current study, we demonstrated Epac2 expression within cone photoreceptor cell inner
and outer segments. Proposed functions of cAMP within photoreceptors include disk shedding
(Besharse et al., 1982) and inhibition of G-protein coupled receptor kinases (Horner et al.,
2005). Decreases in cAMP following a light stimulus are attributed to dopamine D4 receptors
located within photoreceptors which negatively regulates adenylate cyclases (Cohen and
Blazynski, 1990, Cohen et al., 1992). Developmentally, anti-apoptotic effects of dopamine
within the retina were only partially blocked with PKA inhibition indicating a potential role
for Epacs in dopamine transmission (Varella et al., 1999). At this time however, the function
of Epac2 within photoreceptors is unknown but could be related to these previously described
pathways.

Role of cAMP in neurotransmitter release within the photoreceptor synapses
Both Epac1 and Epac2 are expressed within photoreceptor terminals. Epac1 expression
colocalized with two known terminals markers, CtBP2 and VGlut1, where Epac2 was
specifically expressed within cone pedicles. Evidence of the importance of cAMP in synapses
is highlighted in studies of hippocampal (Nguyen and Woo, 2003) and cerebellar (Linden and
Ahn, 1999) plasticity where it facilitates transmitter release (Fiumara et al., 2004).
Hippocampal plasticity, both long term potentiation (LTP) and long term depression (LTD)
were altered following application of cAMP agonists (Nguyen and Woo, 2003). Specifically,
PKA facilitated LTP (Greengard et al., 1991, Wang et al., 1991) while inhibiting LTD
(Kameyama et al., 1998, Santschi et al., 1999). Epac signaling has also been addressed using
a hippocampal model of synaptic plasticity where it promoted a novel form of hippocampal
LTD purportedly through a pre-synaptic mechanism (Ster et al., 2009), unlike the effect of
PKA. Epac activation can regulate neurotransmitter release (Zhong and Zucker, 2005). A
proposed mechanism for the neurotransmitter release is through the interaction between Epacs
and the binding partner, piccolo (Fujimoto et al., 2002, Ozaki et al., 2000), a protein expressed
in terminals, including photoreceptor synapses (Dick et al., 2001). The functional involvement
of Epacs in photoreceptor terminals has yet to be determined. However both reportedly play
significant roles in synaptic transmission throughout the CNS.

Role of cAMP within the traditional rod and cone pathway
There is evidence that cAMP signaling contributes to both ON and OFF cone bipolar cell
signaling (Bragadottir and Jarkman, 1995, Maguire and Werblin, 1994). Immunohistochemical
evidence demonstrated that PKA type II is selectively localized to a subtype of cone bipolar
cells, type 3b, whereas HCN4 selectively labeled type 3a cone bipolar cells (Mataruga et al.,
2007). This differential localization provides insight into the cellular specificity of cAMP
signaling. While the current study did not attempt to localize Epacs to specific subtypes of
bipolar cells, we do demonstrate the presence of both Epacs within rod bipolar cells and putative
cone bipolar cells immuno-labeled with Chx-10, a pan-bipolar cell marker (Elshatory et al.,
2007, Liu et al., 1994). These results collectively indicate that cAMP is expressed and most
likely contribute to bipolar cell signaling through multiple effector proteins.

Retinal wave propagation guide synapse formation in the developing retina (Firth et al.,
2005). These waves have been shown to be dependent upon PKA (Stellwagen et al., 1999).
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Possible upstream components include the neurotransmitters such as acetylcholine and GABA
(Feller et al., 1996, Fischer et al., 1998). In the current study we examined colocalizations
between Epacs and ChAT positive cholinergic amacrine cells. Our data demonstrate that both
Epacs colocalize within cholinergic cells which begs the question of their functioning within
developmental synapse formation. Inhibition of PKA attenuates synapse formation during
development (Stellwagen et al., 1999), which would lead one to believe that Epac might not
be involved. The particular function(s) of Epac within cholinergic amacrine cells is unknown
at this time. However, it was recently reported that Epac activation produces opposite effects
compared to PKA activation within a cholinergic cell culture paradigm (Brock et al., 2007).
Further work will be necessary to examine Epac signaling in retinal development.

Role of cAMP in retinal ganglion regeneration
In the current study we demonstrate that both Epacs are expressed in retrograde labeled retinal
ganglion cells. Elevation of cAMP has been demonstrated to successfully promote axonal
regeneration within various in vitro and in vivo paradigms (Berry et al., 2008, Hannila and
Filbin, 2008, Liu and Brady, 2004). Within the visual system increased cAMP significantly
increases axonal regeneration following optic nerve crush (Chierzi et al., 2005, Choi et al.,
2003, Monsul et al., 2004, Watanabe et al., 2003). Furthermore, Epac has been recently
implicated in aiding neurite regeneration within spinal cord tissue (Murray and Shewan,
2008), providing a possible role for Epac within retinal axon regeneration.

Conclusion
This is the first study to establish the presence and expression of both Epac genes and their
protein products within the retina. Our results indicate that these genes are expressed within
the retina and have a differential distribution. Epac1 was specifically expressed at the synaptic
layers and the ganglion cell layer. Epac2 expression was concentrated within cell bodies and
the cone pedicles. These results contribute to an understanding of the involvement of the second
messenger cAMP within the retina. This study provides the framework for numerous further
functional studies which will begin to differentiate PKA vs Epac mediated signaling.
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Abbreviations

BCA bicinchoninic acid

cAMP cyclic adenosine monophosphate

cDNA complimentary deoxynucleic acid

cGMP cyclic guanosine monophosphate

ChAT choline acetalytransferase

CNB cyclic nucleotide binding site

CNG cyclic nucleotide gated channel

CNS central nervous system

CTB cholera toxin B subunit

CtBP2 C-terminal binding protein 2
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Cy2 cyanine

Cy3 indocarbocyanine

Cy5 indodicarbocyanine

dNTP deoxyribonucleotide triphosphates

ECL enhanced chemiluminescence

Epac exchange protein directly activated by cAMP

FITC fluorescein isothyocynate

GABA γ amino butyric acid

GCL ganglion cell layer

GDP guanosine diphosphate

GEF guanine exchange factor

GLAST L-glutamate / L-aspartate transporter

GS glutamine synthetase

GTP guanosine triphosphate

HCN hyperpolarization-activated cyclic nucleotide modulated channel

HRP horseradish peroxidase

INL inner nuclear layer

IPL inner plexiform layer

IS/OS inner and outer segments

kDa kiloDaltons

mRNA messenger ribonucleic acid

ONL outer nuclear layer

OPL outer plexiform layer

PDE phosphodiesterase

PFA paraformaldehyde

PKA protein kinase A

PKCα protein kinase C α-subunit

PNA peanut agglutinin

PVDF polyvinylidene fluoride

RT-PCR reverse transcriptase polymerase chain reaction

TBST tris buffered saline and tween-20

Tx-TBS triton X-100 and tris buffered saline

UCR1 upstream conserved region 1

UCR2 upstream conserved region 2

VGlut1 vesicular glutamate transporter 1
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Figure 1.
Epac protein and mRNA expression in the rodent retina. Epac1 (A) and Epac2 are represented
within the retina at their predicted sizes 120kDA and 126kDA, respectively. RT-PCR of Epac1
and Epac2 within the retina (E) reveals bands of the predicted size for both Epacs.
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Figure 2.
Epac expression in the rodent retina. Immunofluorescent images of Epac1 (A), Epac2 (C), and
negative controls (B, D) demonstrate their differential localizations. Epac1 was expressed
primarily within the inner retina where it localized to cell bodies and synaptic regions. Epac2
however, was expressed primarily within cell bodies of all layers and also within distinctive
structures of the OPL. Scale bar = 50μm.
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Figure 3.
Epac1 expression in the photoreceptors. Co-labeling of Epac1 (A) with CtBP2 (C) and VGlut1
(E). CtBP2 and VGlut1 labeling was restricted to the outer margin of the OPL within
photoreceptor synapses. Epac1 was highly expressed throughout the OPL and shared
colocalization with both CtBP2 (B) and VGlut1 (C). Merging all three images reveal
colocalizations between all three antibodies, this is denoted by the white color (F). Scale bar
= 25μm.
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Figure 4.
Epac2 expression in the photoreceptors. Double-labeling of Epac2 at low magnification (A)
and high magnification (B) with PNA (A, C). PNA specifically binds glycoproteins on cone
photoreceptor inner and outer segments and cone pedicles (arrow). At low magnification Epac2
and PNA double-labeling reveals colocalization with the majority of PNA labeled
photoreceptors. Higher magnification (D) demonstrates the presence of Epac2 throughout the
PNA labeled cone cell. Scale bar = 10μm (B–D) and 25μm (A).
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Figure 5.
Epac expression within the horizontal cells. Double-labeling of Epac1 (A) and Epac2 (B) with
calbindin (C, D). Calbindin specifically labels all horizontal cell bodies. Both Epacs (E, F)
colocalized with calbindin positive horizontal cells (arrow). Scale bar = 25μm.
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Figure 6.
Epac expression within the bipolar cells. Triple-labeling of Epac1 (A) and Epac2 (E) with
Chx10 (B, F), and PKCα (C, G). PKCα immunoreactivity is present within bipolar cells,
whereas PKCα expression is limited to rod bipolar cells. Both Epacs (D, H) colocalized with
rod bipolar cells, which also contain Chx10 (arrowhead) and putative cone bipolar cells which
are negative for PKCα labeling (arrow). Scale bar = 25μm.
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Figure 7.
Epac1 expression within the bipolar cell terminals. Double-labeling of Epac1 (A) with VGlut1
(B). VGlut specifically labels bipolar cell ribbon synapses within the IPL. Epac1 (C) weakly
colocalized with VGlut1, primarily within the larger terminals located at the inner boundary
of the IPL, indicative of rod bipolar cell terminals (arrow). Scale bar = 10μm.
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Figure 8.
Epac expression within the cholinergic amacrine cells. Double-labeling of Epac1 (A) and
Epac2 (D) with ChAT (B, E). ChAT is expressed by cholinergic amacrine cells located at the
INL and displaced cholinergic amacrine cells at the GCL and 2 strata within the IPL, an outer
OFF cholinergic layer and an inner ON cholinergic layer. Epacs1 (C) colocalized with ChAT
positive amacrine cells of both the INL (arrow) and GCL (arrowhead). Epac2 (F) was
colocalized with ChAT positive cells of GCL (arrowhead), but demonstrated weak
colocalization with ChAT cells of the INL (arrow). Scale bar = 25μm.

Whitaker and Cooper Page 23

Neuroscience. Author manuscript; available in PMC 2011 February 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 9.
Epac expression within the retinal ganglion cells. Double-labeling of Epac1 (A) and Epac2
(D) with CTB (B, E). Immunodetection of retrograde labeled retinal ganglion cells with CTB
demonstrates expression within multiple retinal ganglion cell bodies and their dendrites within
the IPL. Both Epacs (C, F) colocalized with retinal ganglion cell bodies (arrow). Scale bar =
25μm.
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Figure 10.
Epac expression within the Müller cells. Triple-labeling of Epac1 (A) and Epac (D) with GS
and GLAST (B, E). GS and GLAST are expressed within Müller, specifically GS was
expressed within the cytosol and GLAST was expressed at the plasma membrane.
Classification of Müller cell bodies were determined by having both GS and GLAST
immunoreactivity. Both Epacs (C, F) colocalized with Müller cell bodies. Scale bar = 10μm.
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Figure 11.
Summary of Epac expression within the rodent retina. Epac1 and Epac2 expression within
various cell types where G – ganglion cells, Ch cholinergic amacrine cells, M – Müller cells,
CB – cone bipolar cells, RB – rod bipolar cells, H – horizontal cells, C – cones, and R – rods.
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Table 1

List of primary antibodies, source, species, hosts, and dilutions used for immunofluorescence microscopy.

Antibody Source Catalog /Clone No. Host Dilution

Epac 1 Santa Cruz
Biotechnologies, Santa
Cruz, CA

SC-25632; H-70; Lot
# E1905

Rabbit 1:100

Epac 2 Santa Cruz Biotechnologies SC-25633; H-220;
Lot #B1705

Rabbit 1:50

VGLUT1 Chemicon Temecula, CA AB5905 Guinea Pig 1:1000

CtBP2 BD Biosciences, San Jose,
CA

612044; clone 16 Mouse 1:500

Calbindin Sigma, St. Louis, MO C9848; clone CB-955 Mouse 1:500

Chx10 Exalpha Biologicals, Inc,
Watertown, MA

X1180P Sheep 1:500

PKCα Upstate, Lake Placid, NY 05–154; clone M4 Mouse 1:500

Choline Acetyltransferase (ChAT) Chemicon AB144P Goat 1:200

Glutamine Synthetase Chemicon MAB302; clone GS-6 Mouse 1:1000

GLAST Chemicon AB1782 Guinea Pig 1:1000

CTB List Biological
Laboratories, Inc,
Campbell, CA

703 Goat 1:1000
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