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Abstract: The disease retinitis pigmentosa (RP) leads to photoreceptor degeneration by a yet unde-
fined mechanism(s). In several RP mouse models (i.e., rd mice), a high cyclic GMP (cGMP) level within
photoreceptors is detected, suggesting that cGMP plays a role in degeneration. The rap guanine
exchange factor 4 (EPAC2) is activated by cyclic AMP (cAMP) and is an accepted cGMP-interacting
protein. It is unclear whether and how cGMP interacts with EPAC2 in degenerating photoreceptors;
we therefore investigated EPAC2 expression and interactions with cGMP and cAMP in retinas of
the rd1 and rd10 models for retinal degeneration. EPAC2 expression in the photoreceptor layer
increased significantly during rd1 and rd10 degeneration, and an increase in EPAC2 interactions with
cGMP but not cAMP in the rd1 was also seen via a proximity ligation assay on histological sections.
Retinal explant cultures revealed that pharmacological inhibition of the EPAC2 activity reduced
the photoreceptor layer thickness in the rd10 retina, suggesting that EPAC2 inhibition promotes
degeneration. Taken together, our results support the hypothesis that high degeneration-related
cGMP leads to increased EPAC2 and cGMP interactions, inhibiting EPAC2. By inference, EPAC2
could have neuroprotective capacities that may be exploited in the future.

Keywords: retinal degeneration; cGMP; neuroprotective; rap guanine exchange factor 4; photoreceptors;
cAMP

1. Introduction

Retinitis pigmentosa (RP) is a disease of the eye [1–3] whereby the photoreceptors
undergo degeneration, which causes vision impairment and potential blindness [4,5]. The
prevalence of RP is 1 in 3000 to 7000 people worldwide [1,6], yet the underlying mecha-
nism(s) behind the retinal degeneration remains unknown. General treatment options for
RP are lacking, although some gene therapy studies have shown promising results and
entered the clinical stage, with one current approval for Leber’s congenital amaurosis, a
specific RP subtype [5,7,8]. Thus, there is a dire need to decipher the underlying mecha-
nism(s) that give(s) rise to RP and develop more general therapies to prevent photoreceptor
loss and disease progression.

Several RP mutations [9] cause an elevation of potentially toxic cyclic GMP (cGMP)
levels in the photoreceptors in a range of RP mouse models, often referred to as rd (retinal
degeneration) mice [9–13]. cGMP is among the universal second messengers and has nu-
merous interacting proteins, including cGMP-dependent protein kinase (PKG) [11,14–16]
and cAMP-dependent protein kinase (PKA) [15], as well as CNG channels [17], phospho-
diesterases, and cGMP transport proteins [16]. Among these, PKG is overactivated in
connection with RP, and interventions against such overactivation can reduce photorecep-
tor degeneration in RP models [11,18]. Therefore, pharmacological manipulation of other
cGMP-interacting proteins may result in a similar neuroprotective effect.
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In a recent study of ours, the protein rap guanine exchange factor 4 (EPAC2) was
suggested to interact with cGMP [19] in the retina, including in the photoreceptors [20].
The exchange protein EPAC has two isoforms (EPAC1 and EPAC2), and whereas EPAC1 is
activated by cyclic AMP (cAMP) and, to some extent, by cGMP [21,22], EPAC2 is activated
by cAMP and is also an accepted cGMP-interacting protein in vitro [19]. Moreover, upon
cAMP binding, EPAC induces the activation of Ras-like GTPase family members Rap1
and Rap2 [23]. This links cAMP signaling to calcium mobilization, gene transcription,
kinase stimulation, and cellular functions, such as cell proliferation and cell death [24,25].
However, it remains unclear whether cGMP can bind and stimulate EPAC2 directly [21];
on the other hand, it is believed that cGMP has an inhibitory effect on EPAC2 [26].

In the retina, EPAC1 and EPAC2 are expressed within cell bodies in the inner nuclear
layer (INL) [27]. In addition, EPAC2 is expressed in the outer nuclear layer (ONL), where it
has been detected in cone cell bodies, as well as inner and outer segments (IS/OS) [27].

Whether EPAC1 and EPAC2 play a role in RP remains unknown, but they may, as
EPAC was found to be involved in other retinal pathologies (i.e., glaucoma and macular
edema) [28]. Additionally, activation of the EPAC-Rap1 pathway has been suggested to
restore the blood–retinal barrier and protect against permeability problems [29]. However,
the situation is complex because inhibition of EPAC1 or EPAC2 can promote cell survival
of cerebral cortex neurons [30] and retinal ganglion cells [28]; however, activation of EPAC2
can also protect certain cells [31]. This indicates that a positive or negative role for EPAC
may be dependent on the actual system, such that different neurons react differently to
alterations in EPAC2 activity. Interestingly, a common aspect observed for some of the
diseased cells was that their EPAC2 expression was augmented [30,31].

In light of the above, we investigated whether EPAC2 is, in any way, altered upon RP,
whether such potential changes could be caused by cGMP interaction in the retina, and
what this may mean. This was achieved using rd mouse models and healthy wild-type (wt)
counterparts in combination with an organotypic retinal explant system.

2. Results
2.1. EPAC2 Is Expressed in Rod Inner Segments and Perikaryonal Regions

To investigate EPAC2 expression in the photoreceptors, we performed immunostain-
ings in wt and three rd models (i.e., rd1, rd10, and rd2). However, the results from the
rd2 model did not show any significance within this study and are therefore not further
mentioned in this section, although rd2 data can be found in Figure S3.

Staining revealed that EPAC2 was localized in the ganglion cell layer (GCL), INL,
and ONL, as well as in photoreceptor segments in the mouse retina (Figures 1, 2 and S2).
As judged from Figure 2, the staining in the ONL included a perikaryonal localization of
EPAC2. A closer look reveals that the EPAC2 staining did not overlap with the rod-specific
marker rhodopsin (Rho) in the segment region, although Rho seemed to be expressed in
the extensions of many of the EPAC2-positive structures. EPAC2 did not colocalize with
the cone-specific marker peanut agglutinin (PNA); instead, EPAC2 overlapped with the
inner segment marker ATP1A3 (Figure 1). Altogether, this matches an EPAC2 expression in
rod inner segments, as well as in perikaryonal regions of the photoreceptors.

2.2. EPAC2 Is Overexpressed upon Retinal Degeneration

To evaluate whether EPAC2 has an altered expression during the degeneration, we per-
formed immunostainings of retinal sections representing different ages and degeneration
stages of the rd10 and rd1 models. The rd results were then compared to their respective wt
counterparts (Figure 2).

EPAC2 expression was found to be generally higher within the segments than in the
ONL and INL (Figure 2Ai–Bi), and here, rd10 expressed significantly lower EPAC2 when
compared to its wt counterpart (Figure 2Bi, left). Such differences were not seen in the
rd1 model.
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We also quantified EPAC2 in the ONL over time (Figure 2Ai–Bi), including early time
points (rd10: PN17 and rd1: PN11) until stages representing more advanced degeneration
(rd10: PN22 and rd1: PN11 + PN19). Here, both rd10 and rd1 showed a significant temporal
increase in EPAC2 expression within the respective model and when compared to the
relevant wt (Figure 2Ai–Bi).
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Figure 1. EPAC2 protein localization in wt retina. Panels show, from top to bottom, EPAC2 staining, 
photoreceptor markers, merged images, and fluorescence intensity profiles*. (Left panel) EPAC2 was 
expressed in the outer nuclear layer (ONL) and within photoreceptor segments (IS/OS), but there 
was no overlap between EPAC2 and rhodopsin, a marker for rod outer segments (OS); (Middle 
panel). There was no clear indication of colocalization between EPAC2 and peanut agglutinin (PNA, 
a specific glycoprotein binder that binds the extracellular matrix around the inner segments (IS) and 
OS, as well as the synaptic pedicles, of cones [Blanks and Johnson, 1984 [32], Johnson et al., 1986 
[33]). Arrows show PNA localization; no clear colocalization is observed between PNA and EPAC2, 
which is further supported by the fluorescence intensity profile at the bottom. (Right panel) Overlap 
between EPAC2 and ATP1A3, a protein specific for photoreceptor IS (Molday, LL et al., 2019 [34]), 
as indicated by the merged picture and fluorescence intensity profiles. The pictures represent three 
biological replicates per staining. DAPI (blue) was used as a nuclear counterstain. Scale bar: 10 µm. 
* Fluorescence intensity profiles were obtained by analyzing a horizontal line (indicated by a white 
line in the bottom pictures) in the segments and showing the intensities of the respective green/red 
fluorescence in a graph. 

Figure 1. EPAC2 protein localization in wt retina. Panels show, from top to bottom, EPAC2 staining,
photoreceptor markers, merged images, and fluorescence intensity profiles*. (Left panel) EPAC2 was
expressed in the outer nuclear layer (ONL) and within photoreceptor segments (IS/OS), but there
was no overlap between EPAC2 and rhodopsin, a marker for rod outer segments (OS); (Middle panel).
There was no clear indication of colocalization between EPAC2 and peanut agglutinin (PNA, a specific
glycoprotein binder that binds the extracellular matrix around the inner segments (IS) and OS, as well
as the synaptic pedicles, of cones [Blanks and Johnson, 1984 [32], Johnson et al., 1986 [33]). Arrows
show PNA localization; no clear colocalization is observed between PNA and EPAC2, which is further
supported by the fluorescence intensity profile at the bottom. (Right panel) Overlap between EPAC2
and ATP1A3, a protein specific for photoreceptor IS (Molday, LL et al., 2019 [34]), as indicated by the
merged picture and fluorescence intensity profiles. The pictures represent three biological replicates
per staining. DAPI (blue) was used as a nuclear counterstain. Scale bar: 10 µm. * Fluorescence
intensity profiles were obtained by analyzing a horizontal line (indicated by a white line in the bottom
pictures) in the segments and showing the intensities of the respective green/red fluorescence in
a graph.
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Figure 2. EPAC2 expression in the rd models compared to their respective wt retina. (A,B) Example
of EPAC2 immunostaining, in this case, rd10, rd1, and wt retina at different ages (i.e., wt/rd10:
PN17, and PN22, wt/rd1: PN11, PN15, and PN19). A negative control with no primary EPAC2
antibody is provided. Scale bar: (A) 10 µm and (B) 50 µm. Panel (Ai) EPAC2 expression analyses in
rd10. Left for the different layers: segments (IS/OS), ONL, and INL; right data from relevant ages
for rd10 and their respective wt counterparts. (Bi) EPAC2 expression analyses in rd1. Left for the
different layers: segments (IS/OS), ONL, and INL; right data from relevant ages for rd1 and their
respective wt counterparts. The EPAC2 expression was generally higher within the segments, and
with respect to these, rd10 had less EPAC2 expression than wt. The ONL and INL values were all
significantly different from the segment values of the corresponding genotype (not labeled in the
figure). Furthermore, data show EPAC2 expression increases significantly over time in both models.
(A,B) Graphs represent three to seven biological replicates with mean ± SD; the two-way ANOVA
was applied, and the levels of significance are * p < 0.05, **** p < 0.0001. Abbreviations the same as in
Figure 1.

2.3. Both cGMP and cAMP Levels Increase in Degenerating Photoreceptors

High intracellular cGMP has previously been indicated as an early degeneration
marker prior to photoreceptor cell death in both rd1 and rd10 models [12,13]. Our results
support this, as no overlap between cGMP and TUNEL-positive (TUNEL+) cells was
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detected in the ONL of the rapidly degenerating rd1 model (Figure 3A–Aii). EPAC2-
interacting cAMP has also been associated with photoreceptor degeneration [35], and our
stainings showed that cAMP, like cGMP, accumulates in dying photoreceptors (Figure 3B–Bii)
in a time-dependent manner (Figure 4). This is, to the best of our knowledge, the first time it
has been shown that cAMP accumulates in rd1 photoreceptors. Moreover, co-stainings with
cGMP and cAMP only showed a few overlaps (Figure 3C–Cii), whereas co-staining of cAMP
and TUNEL resulted in more frequent overlaps (Figure 3B–Bii), which is compatible with
cAMP accumulation in the TUNEL+ photoreceptor nuclei. Photoreceptors that accumulated
cGMP seemed, in co-stainings, to have a higher expression of EPAC2 than the non-dying
cells (Figure 3D–Dii). A similar co-staining with EPAC2 and cAMP was not possible due to
a clash of primary antibodies. Together, this infers that EPAC2, cGMP, and cAMP may all
be relevant for the degeneration process and that their accumulation and the cell death, as
indicated by TUNEL+, may occur in the following proposed order: cGMP→ cAMP→ cell
death (Figure 3, bottom panel).

Figure 3. cGMP, cAMP, and EPAC2 are associated with cell death. All pictures represent the rd1 retina
at PN11. A to D all show: X, first staining; Xi, second staining; Xii, merged stainings; and increased
magnification. (A–Aii) Accumulated cGMP did not overlap with TUNEL+ cells in the rd1 retina.
Arrowheads in A and Ai indicates that there was no obvious overlap between the cGMP and TUNEL+

cells. (B–Bii) Accumulated cAMP overlapped with TUNEL+ cells in some cases. Arrows in Bii
indicate such an overlap (yellow). (C–Cii) cGMP and cAMP showed overlap in a few photoreceptor
nuclei*. A to C suggest that high intracellular cGMP is followed by cAMP accumulation, which in
turn is followed by TUNEL positivity (a proposed order of events is indicated in the bottom panel).
(D–Dii) Accumulated cGMP colocalized with EPAC2 in degenerating cells, where EPAC2 appeared
to have higher expression. Arrowheads point to colocalization of accumulated cGMP and high
EPAC2 expression. The red and blue inserted squares in Di show cells containing augmented EPAC2
expression (small, red, and blue) and magnifications of these (large, red, and blue). Micrographs are
representative of three biological replicates. ONL: outer nuclear layer. As judged by the position and
appearance of the stained structure.
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Figure 4. cAMP level increases within the ONL in degenerating rd1 retinas. The cAMP level was
quantified from immunofluorescence stainings from the two rd models and given as level/area (µm2):
rd10 (left) and rd1 (right), as well as their respective wt counterparts at different ages. cAMP levels
increased with time in rd1 but were not altered significantly in rd10 or wt. Graphs represent three to
six biological replicates, and bars represent mean± SD; levels of significance are: * p < 0.05, ** p < 0.01,
**** p < 0.0001.

2.4. EPAC2 Shows Increased Interaction with cGMP during Retinal Degeneration

Based on our observation that both cGMP and cAMP levels increase in the degen-
erating photoreceptors, we next wanted to determine whether EPAC2 would interact
differently with either cGMP or cAMP during disease progression in the two different rd
models. We therefore performed a proximity ligation assay (PLA; Figures 5, S4 and S5). The
quantification was calculated based on the ratio of interaction between EPAC2 and cGMP
within the ONL in the rd10 (ratio = number of detected EPAC2 and cGMP interactions
divided by the ONL area in µm2; hereafter, EPAC2:cGMP; Figures 5A and S4). The PLA
showed no significant differences between rd10 and wt nor over time within either of the
two. However, for the rd1 model, there was a significant ratio increase from PN11 to PN19
(Figure 5B). Interestingly, wt ONL also had, in absolute numbers, many EPAC2:cGMP
interactions, particularly at PN19 (Figure 5B, right), which can be explained by the fact
that wt ONL is thicker and contains more photoreceptors than rd1 at this stage. For EPAC2
and cAMP interactions (i.e., EPAC2:cAMP, Figures 5A,B and S5), the PLA revealed no
significant changes between the rd models and their corresponding wt counterparts.

2.5. Inhibiting EPAC2 Activity Reduces ONL Thickness in the rd10 Model

As previously mentioned, cGMP has an inhibitory effect [26] on EPAC2, whereas
cAMP activates it [21,22]. Therefore, we wanted to determine how manipulation of the
EPAC2 activity would affect the degeneration. The rd10 model was chosen because it has a
more slow-progressing degeneration, which allowed for pharmacological manipulation
to be initiated before the major part of rd10 cell death [13]; therefore, a long treatment
paradigm could be applied (PN12—PN24). To evaluate possible differences in and effects
on EPAC2 activity, a Rap1-GTP assay was utilized. The assay was first used on rd10 and wt
PN17 retinas, which were taken directly from animals without being cultured. Here, the
rd10 retina exhibited lower Rap1-GTP activity than the wt retina (18.85 and 38.85 arbitrary
units (a.u.), respectively; Figure S6). Tests with wt explants in turn suggested that the
activator S-220 and the inhibitor ESI-05 acted according to their description and caused,
respectively, an increase and a decrease in Rap1-GTP compared to the untreated specimen
(Figure S6). The activity of the untreated wt explants was lower than that seen in the
non-explanted wt retina, suggesting that culturing as such may affect EPAC2 activity.
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Figure 5. The extent of cGMP and EPAC2 proximity increases with time in the rd retina. Panel
(A,B) gives PLA ratios (PLA counts over ONL area) and raw PLA counts for various situations: (left)
proximity outcome between EPAC2 and cGMP (EPAC2:cGMP); (middle) proximity outcome between
EPAC2 and cAMP (EPAC2:cAMP); (right) the raw proximity count (PLA count) was provided for
comparison. (A) rd10 did not show any significant alteration between EPAC2:cGMP nor between
EPAC2:cAMP at PN17 or PN22. (B) A significant increase in the EPAC2:cGMP ratio was observed
over time in the rd1 model. Graphs represent three to six biological replicates, and bars represent
mean ± SD; levels of significance are: * p < 0.05. ONL: outer nuclear layer.

Having established that the agents worked as expected, we next performed organ-
otypic retinal explant culturing with retinas from wt and the rd10 model with or without
the inhibitor or the activator (Figure 6). The quantified EPAC2 expression showed that the
EPAC2 inhibitor (ESI-05) significantly decreased EPAC2 expression within the ONL in the
wt retina compared to the untreated control (Figure 6A). By contrast, for the rd10 retina, the
ESI-05 inhibitor produced an increased (but not statistically significant) value of EPAC2
expression when compared to the untreated control (Figure 6A).

To reveal whether inhibition or activation of EPAC2 would influence cell death in
the ONL, a TUNEL assay was performed. Here, the TUNEL+ cells were quantified and
normalized to the ONL area. No difference in cell death was seen between rd10 and wt
with respect to activator/inhibitor conditions or no treatment (Figure 6B). To complement
the TUNEL outcome, the thickness of the ONL was measured. A difference was seen in the
rd10 model, where treatment with the inhibitor resulted in an ONL thickness significantly
less than that after treatment with the activator (Figure 6C), which had an ONL thickness
approximately the same as the control. The wt ONL was not much thicker than that of the
untreated rd10, which was undergoing degeneration, which can be ascribed to differences
related to the use of two strains in these cases (C57BL/6J for rd10 vs. C3H for wt).



Int. J. Mol. Sci. 2022, 23, 4619 8 of 16

Figure 6. Inhibition of EPAC2 activity decreases ONL thickness in the rd10 model. (A) Inhibition of
EPAC2 activity by ESI-05 in rd10 explants (treatment paradigm: PN12-PN24) caused a numerical but
not significant increase in EPAC2 expression compared to the control (Ctrl, i.e., untreated retina) and
the S-220-treated retina. For the wt retina, the activator S-220 reduced EPAC2 expression significantly
in the ONL compared to Ctrl. (B) The rd10 explants had significantly more TUNEL-positive cells
compared to their healthy counterparts. No differences in the number of TUNEL+ cells was associated
with the treatments. (C) ESI-05 treatment leads to a significant reduction in ONL thickness in rd10
explants but not in wt explants. (D) Examples of stainings, forming the basis of the graphs above. All
figures represent mean ± SD. Results represent three to six biological replicates. The Kruskal–Wallis
statistical method was applied to identify statistical significance (* p < 0.05). The dotted line in figure
C marks the ONL (outer nuclear layer). Scale bar = 20 µm.

3. Discussion
3.1. EPAC2 Is Expressed in Rod Inner Segments and Perikaryonal Regions

In contrast to a previous study of the normal rat retina by Whitaker et al. [27], we did
not see EPAC2 localized to the outer segments in the wt mouse, nor did we observe that
EPAC2 was expressed selectively within the cone cell inner and outer segments. However,
we did see that EPAC2 was expressed in the inner segments of rods and in the ONL, INL,
and GCL. Whitaker et al. also noted EPAC2 expression in, for instance, the INL and GCL27,
which makes antibody differences or other technical aspects a less likely reason for the
discrepant photoreceptor results and instead suggests that EPAC2 is localized differently in
rat and mouse retina.

3.2. EPAC2 Is Overexpressed upon Retinal Degeneration

It was clear that although rd1 and rd10 have similar mutations (see below), they
displayed differences in our study for some parameters. However, in concert, they support
our conclusion that EPAC2 is implicated in photoreceptor degeneration. First, at an early
degeneration time point, EPAC2 expression in rd10 segments (which is limited to inner
segments; see further down) was lower than in the corresponding wt segments (inner
and outer), suggesting that EPAC2 may be responding to the degeneration processes. In
contrast, this was not observed in rd1, which is likely due to inherent differences in the
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models, including segment status. The rd1 retina has a fast degeneration, peaking at PN14,
and has poorly developed inner and outer segments [36,37], whereas the rd10 progression
is slower, peaking around PN18. Additionally, as opposed to rd1, the PDE6β protein can
be detected early in rd10 segments (PN10), albeit at reduced levels compared to wt [38].
EPAC2 expression in the segments could thus be affected by genetic, as well as structural,
differences during degeneration. Second, the expression of EPAC2 in the ONL, which
shrinks due to cell death [12,13], was increased with time in both rd1 and rd10. Regardless
of the differences in EPAC2 expression in the segments, the increased EPAC2 expression in
the ONL therefore connects it with degeneration. Opposite to rd1 and rd10, the rd2 model
did not show any significant results in the above-mentioned experiments. However, this
could be due to the models’ different mutations, where rd1 and rd10 have mutations in the
PDE6β, a phototransduction enzyme, whereas rd2 has a mutation in the structural PRPH2
protein. Apart from other potential effects of this mutation difference, it is important to note
that the PRPH2 mutation prevents the rd2 photoreceptors from forming outer segments [39].
This most likely also affects events in the inner segments, such as rhodopsin production,
as active rhodopsin is not measurable in the rd2 retina [39]. As EPAC2 is expressed in the
inner segments, the lack of outer segments in rd2 could thus have cellular consequences
that stretch as far as to EPAC2 responses in general. Furthermore, it can be suggested
that if cGMP can mediate EPAC2 activity in the retina, then due to the lower cGMP level
within rd2 [13,40], cGMP might not influence EPAC2 as much as otherwise seen in the rd1
and rd10.

3.3. The EPAC2 Interactors cGMP and cAMP Accumulate during Degeneration

EPAC2 interacts with both cAMP and cGMP [21,22], so the photoreceptor EPAC2
could be influenced by alterations in the levels of these nucleotides. The compromised
PDE6β activity in rd10 and rd1 leads to the accumulation of photoreceptor cGMP [13]. Here,
we demonstrated that such accumulation is true also for cAMP, in particular for rd1. In
part, the increased cAMP as such may be the consequence of a potential—activatory or
inhibitory—by high cGMP levels acting on the cAMP hydrolyzation through the cGMP-
regulated PDEs (PDE2 and/or PDE3) [41]. A dysregulation might also, by feedback, affect
cAMP production via adenylyl cyclase, which is known to have a connection to retinal
degeneration [42].

It has been suggested that cAMP protects against photoreceptor degeneration in the
early stages [35], and although the mechanisms have not been specifically studied, one
possibility is that this is brought about by cAMP’s ability to activate EPAC [19]. The rd1
retina showed both cellular colocalization of EPAC2 and cGMP and increased EPAC2:cGMP
interactions with time, but neither of these was seen for cAMP. In fact, the above-reported
cAMP level in rd10 could match the low EPAC2:cAMP interactions in the same model.
Although the low EPAC2:cAMP interactions in rd10 were not significantly different from its
wt, they were seemingly lower than the situation in rd1. Moreover, the EPAC2 activity was
lower in the degenerating rd10 retina than in healthy wt (EPAC activity was not measured
in rd1). Altogether, supports an early cGMP and EPAC2 increase in the degenerating
photoreceptors, which allows for more EPAC2:cGMP interactions at the expense of cAMP
activation of EPAC2.

3.4. Inhibiting EPAC2 Activity Reduces ONL Thickness in the rd10 Model

The inhibitor reduced EPAC2 activity in wt explants, as measured by an Rap1-GTP
activity assay, but it also caused a significantly lower EPAC2 expression in the wt ONL.
The latter was unexpected because, if anything, a compensatory increase would have been
anticipated, and we currently have no explanation for this.

During EPAC2 inhibition in the rd10 explants, there was no significant effect on EPAC2
expression. However, the ONL thickness was reduced, which is likely the result of increased
photoreceptor cell death. Further studies may reveal whether different EPAC2 activation
paradigms instead will have an opposite effect and prevent such cell death. The lack of
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effect on TUNEL of the inhibitor could be due to the fact that the peak of rd10 TUNEL
positivity had already passed by several days at the time of analysis [13]. The peak of
TUNEL positivity for a particular photoreceptor is most likely to last less than 10 h [12], and
the absence of accumulated differences at any given time point would then make detection
of smaller effects less likely. The outcome suggests that inhibition of EPAC2 activity is
detrimental to photoreceptors (Figure 7).

Figure 7. Illustration of cGMP’s suggested effect on EPAC2 activity based on data from both rd1 and
rd10. In the rd10 model, EPAC2 activity is decreased compared to wt. Therefore, as a speculation,
the rd10 model may compensate for the activity loss by expressing more EPAC2 protein over time
within the ONL, which was also seen with rd1. The decreased EPAC2 activity could be the result
of increasing cGMP levels, which compete with cAMP for the binding of EPAC2. Increased cGMP
binding might in turn prevent stimulation of protective pathways, even if the cAMP level would
subsequently increase. The up and down arrows indicate an increase or decrease, respectively, of
either Rap1 activity or EPAC2 expression.

4. Materials and Methods
4.1. Materials

All chemicals were commercially available. Protease inhibitor (cat no. P5726), phos-
phatase inhibitor (cat no. P3840), and TUNEL assay (cat. no. 12156792910) were from
Sigma (St. Louis, MO, USA). The Bio-Rad Protein Assay Kit (cat. no. 5000112) and DL-
dithiothreitol (DTT, cat. no. 1610610) were from Bio-Rad (Munich, Germany). PageBlue
protein staining solution (cat. no. 24620), Nupage gels 4–12% (cat. no. NP0322PK2), Nu-
Page sample buffer (cat. no. NP0008), MOPS buffer (cat. no. B0001), prestained PageRuler
(cat. no. 26616), and Pierce ECL Western blotting substrate (cat. no. 32106) were from
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Thermo Scientific (Waltham, MA, USA). The recombinant EPAC2 (ab153155) protein was
purchased from Abcam (Boston, MA, USA). EPAC2 activator (S-220; cat. no. B 046) and
EPAC2 inhibitor (ESI-05; cat. no. M 092) were purchased from BIOLOG Life Science
Institute (Bremen, Germany). All utilized antibodies and dilutions are listed in Table 1.

Table 1. Antibody list.

Antibody Provider Cat. No. Dilution IF/PLA

Sheep anti-cGMP Provided by Harry W.M. Steinbusch,
Maastrich University, the Netherlands [43] Not applicable 1:500

Rabbit anti-EPAC2 Sigma (St. Louis, MO, USA) ABN492 1:300

Mouse-anti Rhodopsin Sigma (St. Louis, MO, USA) Mab5316 1:300

Rabbit-anti cAMP Sigma (St. Louis, MO, USA) 07-1497 1:300

Lectin PNA Alexa Fluor™ 594
Conjugate Thermo Scientific (Waltham, MA, USA) L32459 1:1000

Mouse-anti ATP1A3 Abcam (Cambridge, UK) Ab2826 1:300

4.2. Animals

Animals used were the following three different rd mouse lines—C3H rd1/rd1 (rd1 [44]),
C57BL/6J rd10/rd10 (rd10, RRID:MGI:3581193, The Jackson Laboratory, Bar Harbor, ME,
USA), and C3H rd2/rd2 (rd2 [45])—as well as the healthy counterpart wild-type C3H [44].
No randomization of mice nor any sample calculation was performed in this study. All
lines are kept and bred in-house. The animals were housed under standard white cyclic
lighting, had free access to food and water, and were used irrespective of sex. All the
procedures were performed following the issued local animal ethics committee (permit
#M92-15 and 02124/2020) and the ARVO statement for the use of animals in ophthalmic
and visual research. All efforts were made to minimize the number of animals used and
their suffering. Prior to eye enucleation, the mice were sacrificed as required by the permit.
The study was not preregistered.

4.3. Organotypic Retinal Explant Culture

Organotypic retinal cultures derived from rd10 and wt animals were prepared under
sterile conditions as previously described [46,47]. Animals at postnatal day 12 (PN12)
were sacrificed, and eyes were enucleated and incubated in R16 basal medium (07491252A;
Gibco) with 1.2% proteinase K (10103533; Thermo Fisher, Waltham, MA, USA) for 15 min
at 37 ◦C to separate the retinal pigment epithelium (RPE) from the sclera. This was
followed by adding 10% fetal bovine serum (10082139; Thermo Fisher) plus rinsing in R16
medium to block proteinase K activity. The retina with attached RPE was flat-mounted on
a culture membrane insert (PIHP03050; Merk Millipore, Burlington, MA, USA) with the
RPE facing the membrane. The membrane inserts were plated in six-well culture plates and
incubated with R16 culture medium complemented with supplements and free of serum
and antibiotics in a humidified incubator (5% CO2) at 37 ◦C. For the first 48 h, the retinas
were left undisturbed to adapt to the culturing conditions. They were then treated with
either EPAC2 activator (S-220) or inhibitor (ESI-05) at 50 µM or kept as untreated controls;
the latter was given a similar dilution solvent (DMSO was used to dissolve the S-220 and
ESI-05) volume. In both cases, the medium, including the additions, was changed every two
days. The culture paradigm used was from PN12 to PN24. The culture was terminated with
2 h of fixation in 4% paraformaldehyde (PFA), cryoprotected with graded sucrose solutions
containing 10% sucrose followed by 25% sucrose, and then embedded in a BSA-based
embedment solution (A2153-100G; Sigma, St. Louis, MO, USA). Tissue sections of 12 µm
were prepared using a Thermo Scientific NX50 microtome (Thermo Scientific, Waltham,
MA, USA) and thawed on Superfrost Plus slides (R. Langerin, Emmendingen, Germany).
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4.4. Immunofluorescence

Retinal cryosections obtained from all rd or wt mice were rehydrated in PBS and
pre-incubated for 1 h at 22 ◦C in blocking solution (1% BSA, 0.25% Triton in PBS). Sections
were then incubated with primary antibodies overnight at 4 ◦C (antibodies and dilutions
are given in Table 1) and rinsed in PBS. Corresponding secondary antibodies labeled
with Alexa fluor 488 or Texas red fluorescent dye (Invitrogen, Carlsbad, CA, USA and
Abcam, Biomedical Campus, Cambridge, UK) were added for 45 min at 22 ◦C. After
rinsing, the tissues were mounted in Flouroshield mounting medium with DAPI (Abcam,
Biomedical Campus, Cambridge, UK) for nuclear counterstaining. For visualization of
dying photoreceptors on sections of cultured retinas, a TUNEL assay kit conjugated with
TMR red (Roche Diagnostic, Basel, Schweiz) was applied according to the manufacturer’s
instructions. For the intensity measurements, all stainings at the respective ages (i.e., wt:rd1,
wt:rd10, and wt:rd2) were performed in pairs (wt + model) in an identical fashion (i.e., same
pAb and sAb solutions and incubation times). Furthermore, images were taken using
identical microscope settings using Zen (2.5) blue edition software (Zeiss Zen 3.3 software).
The immunofluorescence intensity, outer nuclear layer (ONL) thickness, and TUNEL-
positive cells were then quantified by first outlining the ONL area using DAPI as a reference,
after which the respective values were quantified using GraphPad Prism 8. The choice
of using fluorescent intensity rather than Western blotting for quantifying, e.g., EPAC2
expression, was based on the questions we wanted to ask. Because we were interested in
separating data from, for instance, ONL and segments, we needed an approach that allows
this in a strict and repeatable fashion, which excluded Western blotting. In the latter, it
is not possible to isolate pure photoreceptors or their segments without the risk of losing
important parts of the desired area or of contaminating the samples with other retinal
cells—both of which would result in a false output.

For the in vivo experiments, each time point represents between three and seven bi-
ologically independent sections, whereas for the organotypic retinal explants, each data
point represents three to six replicates. All samples were quantified using Zen (2.5) blue
edition software (Zeiss Zen software). The area of interest was measured by defining the
segments, ONL, and INL, and the latter two were highlighted with the aid of DAPI staining.
Segments were identified above the ONL, and the fluorescent intensity from the EPAC2
expression within these marked areas was then quantified by the software. For multiple
statistical comparisons between the respective rd and wt and their different layers, as well
as EPAC2 expression within the ONL at different time points, a Kruskal–Wallis or two-way
ANOVA test with the Holm–Sidak correction was applied. The test was performed using
GraphPad Prism 8. Error bars in figures represent SD. Levels of significance are * p < 0.05,
** p < 0.01, *** p < 0.001, and **** p < 0.0001. Fluorescent images displayed within this
report have been adjusted with respect to the fluorescent intensity to improve their clarity
and visibility.

4.5. Proximity Ligation Assay (PLA)

PLA was performed on cryosections of 4% PFA-fixed retinas using a Detection
Reagents Red kit (cat no. DUO92008; Sigma, St. Louis, MO, USA); the PLA Probe anti-
rabbit or anti-goat MINUS; and the antibodies cGMP, cAMP (for antibody specificity; see
Figure S1), or EPAC2 (for antibody specificity; see Figure S2). The cGMP and cAMP anti-
bodies had a PLUS probe, and the EPAC2 had a MINUS probe attached using Duolink®

In Situ Probemaker PLUS (cat no. DUO92009; Sigma, St. Louis, MO, USA) or MINUS (cat
no. DUO92010; Sigma, St. Louis, MO, USA). All PLA reagents were from Duolink (Olink
Bioscience, Uppsala, Sweden). The procedure followed the manufacturer’s instructions.
In short, the retinal sections were permeabilized and blocked with a blocking solution
(1% BSA, 0.25% Triton X-100 in PBS) for 45 min at 22 ◦C, and primary antibodies were
incubated overnight at 4 ◦C. The ligation and amplification steps were performed using
the Detection Reagents Red kit reagents, followed by the addition of a mounting medium
with DAPI. To visualize the PLA punctuations, pictures were taken of the whole retinal
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cross-sections at 20x magnification using a Zeiss Axio Imager M2 microscope (Carl Zeiss,
Oberkochen, Germany). The total number of PLA punctuations and area of the ONL in the
images from samples from three to six biological replicas were quantified with the aid of
Zen (2.5) blue edition software (Zeiss Zen software). The PLA images had not been made
unidentifiable prior to quantification. To consider the decreasing ONL area and avoid
bias due to degeneration, the results were depicted with histograms as the ratio of PLA
punctuations over the area (µm2) in the ONL using GraphPad Prism 8.1.

4.6. Rap1-GTP Activity Assay

Retinas from wt and rd10 (PN17, wt = 16 retina; rd10 = 15 retina), as well as cultured
wt (PN17, Ctrl = 10 retina; S-220 = 10 retina; ESI-05 = 11 retina) retinas that had been
pharmacologically manipulated for 1 h with either S-220 or ESI-05 or kept untreated (Ctrl),
were collected and snap-frozen until further use. The Rap1-GTP assay was conducted
as described by the manufacturer, with a few modifications to avoid sample loss. This
included that the retinas were times kept on ice at all times and lysed with ice-cold lysis
buffer, including phosphatase and protease inhibitor, followed by centrifugation at 6000× g
for 15 min at 4 ◦C. The soluble fraction’s protein concentration was measured by the Bio-
Rad protein assay kit. The affinity precipitation of activated Rap1 was prepared by adding
100 µL glutathione resin to a tube, followed by centrifugation at 6000× g for 1 min at 4 ◦C
to discard the liquid from the resins. The resins were then washed with lysis buffer, and
the buffer was removed after centrifugation, as described above. GST-RaIGDS-RBD (20 µg)
was added to the resins together with a 1.5 mg retinal sample per condition. The samples
were left to incubate for 1 h at 4 ◦C under rotation, after which the resins were washed
with lysis buffer thrice before adding 25 µL loading buffer to the resins and heating the
samples at 95 ◦C for 5 min. After adding 25 µL of the isolated activated Rap1 to the gels,
20 µg of raw lysate from the original samples was also loaded to the gel. Western blot
was performed as previously mentioned; the primary antibody Rap1 (ab75871, Abcam)
was used to detect the protein at 21 kDa. The Rap1 band’s intensity was normalized to
the Coomassie-blue-stained gels before the Rap1-GTP was normalized to the total amount
of Rap1 in the samples. It should be noted that the Rap1-GTP activity assay was only
performed once per sample type due to the large amount of retinas required to obtain
a signal. Furthermore, we applied the whole retina, even if this meant that we lost the
determination of various layers. The assay requires homogenization of tissue samples,
so the use of histological sections like in the EPAC2 measurement was not possible, nor
was it possible to isolate pure photoreceptors without the risk of loss or contaminating the
samples with other retinal cells. It is therefore important to notice that this assay reflects
the total Rap1-GTP activity within the whole retina.

5. Conclusions

We used immunostainings and organotypic retinal cultures in combination with
well-established rd models (i.e., rd1, rd10, and rd2), as well as their respective healthy
counterparts, to investigate the involvement of EPAC2 in degenerating photoreceptors.
The results showed increased EPAC2 expression with time in the rd1 and rd10 models and
increased EPAC2:cGMP interactions in rd1. In turn, the latter prevented EPAC2, which
is normally activated by cAMP binding, from exerting photoreceptor-protective actions
(Figure 7). Prevention of cGMP binding to EPAC2 may thus, after further exploration,
become an interesting novel route to photoreceptor protection.
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