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Neuronal Epacl mediates retinal neurodegeneration
in mouse models of ocular hypertension
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Progressive loss of retinal ganglion cells (RGCs) leads to irreversible visual deficits in glaucoma. Here, we found that the level
of cyclic AMP and the activity and expression of its mediator Epacl were increased in retinas of two mouse models of ocular
hypertension. Genetic depletion of Epacl significantly attenuated ocular hypertension-induced detrimental effects in the
retina, including vascular inflammation, neuronal apoptosis and necroptosis, thinning of ganglion cell complex layer, RGC loss,
and retinal neuronal dysfunction. With bone marrow transplantation and various Epacl conditional knockout mice, we further
demonstrated that Epacl in retinal neuronal cells (especially RGCs) was responsible for their death. Consistently,
pharmacologic inhibition of Epac activity prevented RGC loss. Moreover, in vitro study on primary RGCs showed that Epacl
activation was sufficient to induce RGC death, which was mechanistically mediated by CaMKil activation. Taken together, these
findings indicate that neuronal Epacl plays a critical role in retinal neurodegeneration and suggest that Epacl could be

considered a target for neuroprotection in glaucoma.

Introduction
Glaucoma, a neurodegenerative disease of the eye, is a leading
cause of irreversible blindness, affecting >70 million people
worldwide (Chen et al., 2018). It is a group of heterogeneous
disorders characterized by the progressive loss of retinal gan-
glion cells (RGCs) and damage of their axons. Since RGCs cannot
regenerate, their death results in irreversible visual loss. High
intraocular pressure (IOP) is considered the most important risk
factor for this disease and is the only treatable target for man-
agement of glaucoma. However, lowering IOP is not always ef-
fective to prevent visual loss in all glaucoma patients (Chen
et al., 2018; Varma et al., 2008). Thus, there is an unmet need
to identify the underlying mechanisms of neurodegeneration
and develop neuroprotective strategies to prevent RGC loss and
disease progression in glaucoma.

cAMP is one of the most common and universal second
messengers and has been previously associated with protein
kinase A to regulate many pathophysiological processes (Cheng
et al., 2008; Taylor et al., 2013). Exchange protein activated by
cAMP (Epac) is a newly identified mediator of cAMP. Upon
cAMP binding, Epac is activated and induces the activation of
Ras-like GTPase family members Rapl and Rap2 (de Rooij et al.,
1998; Kawasaki et al., 1998). Acting through small GTPases, Rapl

and Rap2, Epac links cAMP signaling to calcium mobilization,
kinases activation, gene transcription, and cytoskeleton dy-
namics to regulate cellular functions such as cell proliferation,
death, and hypertrophy (Robichaux and Cheng, 2018; Schmidt
et al., 2013). Two isoforms of Epac have been identified, namely
Epacl and Epac2 (Chen et al., 2014). Epacl is ubiquitously ex-
pressed in tissues and often involved in pathologic conditions
such as cardiac hypertrophy, heart failure, pain perception, and
obesity, while Epac2 regulates physiological processes including
insulin secretion, learning, and memory (Breckler et al., 2011;
Okumura et al., 2014; Srivastava et al., 2012; Wang et al., 2013;
Yan et al., 2013; Zhang et al., 2009). In the retina, Epacl is
expressed in retinal layers containing neurons (Whitaker
and Cooper, 2010), but its pathophysiological role is largely
unknown.

In this study, we found that the level of cAMP and the activity
and expression of Epacl were increased in two glaucoma-
relevant mouse models induced by ocular hypertension; there-
fore, we examined if targeting the cAMP-Epacl signaling pathway
would affect degenerative retinopathy in these models. Our
study demonstrated that genetic deletion of Epacl globally or
specifically in retinal neurons, particularly in RGCs, decreased
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vascular inflammation, reduced neuronal apoptosis and nec-
roptosis, and finally protected against RGC loss and dysfunction
induced by elevated IOP. Furthermore, pharmacologic inhibi-
tion of Epac was neuroprotective, and Epacl activation exerted
neurotoxic effects through Ca?*/calmodulin-dependent protein
kinase I (CaMXKII). These results suggest that neuronal Epacl is
a potential target for novel neuroprotective therapies in glau-
coma pathogenesis.

Results
cAMP/Epac pathway is activated and induces
neurodegeneration in retinal ischemia-reperfusion (IR) injury
To address the pathological role of Epacl in glaucoma, we used
a mouse IR model in which retinal ischemia is induced by a
transient increase of IOP and neuronal cell death occurs within a
few hours to 1 wk (Chi et al., 2014; Ha et al., 2015; Skowronska-
Kraweczyk et al., 2015). This model has been widely used to study
mechanisms of RGC death and neuroprotection in retinopathies
including acute glaucoma (Chi et al, 2014; Ha et al,, 2015;
Hartsock et al., 2016; Li et al., 2018; Skowronska-Krawczyk et al.,
2015; Sun et al., 2010; Wan et al., 2017). We first examined the
activation and expression of Epacl in retinas of WT mice after
retinal ischemia. Our results showed that cAMP, the upstream
activator of Epacl, was up-regulated especially in the cells of the
ganglion cell layer (GCL) 3 h after ischemia compared with sham
control (Fig. 1 A). The activity level of Epac direct downstream
effector, Rapl-GTP, was markedly increased 3 h after ischemia
(Fig. 1 B), suggesting that Epac signaling is activated at this time
point. Other indirect downstream targets of Epac signaling in-
cluding AKT (protein kinase B) and ERK were also activated
after ischemia (Fig. S1 A). Additionally, the levels of Epacl mRNA
and protein were increased 12-24 h after ischemic injury, and
Epacl was mainly localized in the GCL (Fig. 1, C-E). In contrast,
Epac2 expression was decreased (Fig. 1 D). These observations
signify that the cAMP/Epacl pathway may be implicated in IR.
To test this possibility, we used Epacl~/~ mice that are fertile
and show no obvious morphological abnormalities. Their eyes
exhibit normal retinal structure upon histological examination
(Fig. S1 B) and normal retinal neuronal function as determined
by electroretinography (ERG; Fig. S1C). Epacl protein ablation in
the retina of Epacl™/~ mice was validated by Western blot, and its
deficiency did not cause a compensatory change in Epac2 (Fig.
S1, D and E). We next subjected Epacl~/~ mice and age-matched
WT mice to IR and examined retinal cell death shortly after
retinal ischemia by TUNEL (terminal deoxynucleotidyl trans-
ferase dUTP nick end labeling) assay. Compared with WT sham
control, TUNEL staining was largely increased in neurons in the
GCL and inner nuclear layer (INL) of WT retinas 12 h (Fig. 2 A)
and 24 h after ischemia (Fig. S1 F), which is consistent with
previous studies (Ha et al.,, 2015; Nishijima et al., 2007). In
contrast, the number of TUNEL-positive cells was significantly
reduced in Epacl~/~ retinas after ischemic injury, whereas it was
similar in both genotypes at baseline (Fig. 2 A and Fig. S1 F).
Increasing evidence has demonstrated the importance of
necroptosis in retinal cell death (Cai et al., 2015; Do et al., 2017;
Dvoriantchikova et al., 2014; Shosha et al., 2016); therefore, we
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examined the effect of Epacl deletion on necroptosis. At the
molecular level, necroptosis is reported to be regulated by
receptor-interacting protein 3 (RIP3), whose activation is tightly
regulated by phosphorylation. We examined the phosphoryla-
tion level of RIP3 before and after ischemic injury in both WT
and Epacl”/~ mice and observed that phosphorylated RIP3
(pRIP3) was markedly increased in WT ischemic retinas, which
was blunted by Epacl deficiency after injury (Fig. 2 B). Since
plasma membrane permeability is an early hallmark of nec-
roptotic cell death, we further used propidium iodide (PI), which
cannot cross the intact membrane of live cells but can cross
disrupted cell membrane, to detect necroptotic cells (Liu et al.,
2019; Shosha et al., 2016; Unal Cevik and Dalkara, 2003). We
found that PI-positive cells were dramatically increased in the
GCL and INL of WT retinas within 12 h following ischemic injury
in comparison to WT sham control, whereas Epacl deletion re-
duced the number of necroptotic cells after retinal ischemia
(Fig. 2 C). Combined, these observations imply that Epacl up-
regulation mediates retinal neuronal death after ischemic injury
through apoptosis and necroptosis.

Epacl deletion results in reduced retinal vascular inflammation
and permeability following retinal ischemia

Following ischemic injury, vascular inflammation and leakage
occur within 24 h and play critical roles in further neuronal
injury (Ha et al., 2015; Zhang et al., 2017). To assess the effects of
Epacl genetic ablation in these processes, we perfusion-labeled
vessels and leukocytes attached to vessels with concanavalin A
(Con A; leukostasis assay) together with CD45 staining to iden-
tify all leukocytes in the retinas of WT and Epacl-deficient
mice (Liu et al., 2019; Rojas et al., 2010). As demonstrated in
Fig. 3, A-C (for central retina) and Fig. S2 (for peripheral retina),
leukocyte attachment to retinal vessels (Con A*, CD45* cells)
and infiltration into the retina (Con A-, CD45* cells), which
are hallmarks of vascular inflammation, were significantly in-
creased in WT mice 24 h after retinal ischemia. Such increases
were substantially abrogated by Epacl deletion. Moreover, to test
the effect of Epacl genetic ablation on vascular leakage, we in-
jected FITC-BSA and measured albumin leakage from vessels to
neuronal retina after ischemic injury. We found that Epacl de-
ficiency significantly inhibited ischemia-induced vascular leak-
age in the retina (Fig. 3 D), although it slightly increased the
baseline of vascular permeability in sham eyes, which is con-
sistent with previous reports (Curry et al., 2019; Kopperud et al.,
2017).

Blockade of Epacl prevents high 10P-induced retinal
neurodegeneration

7 d after retinal ischemia, high-resolution spectral-domain op-
tical coherence tomography (OCT) analysis revealed that the
thickness of ganglion cell complex (GCC, including nerve fiber
layer; GCL, and inner plexiform layer; Yang et al., 2012a) was
dramatically reduced in ischemia-injured WT mice compared
with WT sham controls, indicating degeneration of RGCs and
their axons. However, GCC thickness was significantly pre-
served in ischemia-injured Epacl~/~ mice (Fig. 4 A). To further
assess the impact of Epacl deletion on ischemic injury-induced
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Figure 1. cAMP/Epacl signaling is increased in mouse model of IR injury. WT mice were subjected to IR injury, and retinas or eyeballs were collected at
various times after IR. (A) Representative images of CAMP immunostaining (green) in retinal frozen sections from control (Con) and injured eyes 3 h after IR.
Blue, DAPI staining. n = 4 mice. (B) Active Rapl was assessed by pull-down assay in control and injured retinas 3 h after IR, followed by Western blotting with
anti-Rapl antibody. One representative blot from three independent experiments was shown. Graph represents relative amount of active Rapl. n = 3 mice.
(C) Epacl immunostaining (red) in retinal sections from control and injured eyes 12 h after IR. Blue, DAPI staining. Arrowheads indicate nonspecific staining on
vessels. n = 3-4 mice. (D and E) Epacl and Epac2 mRNA expression by quantitative PCR (n = 4 mice; D) and Epacl protein expression by Western blotting (n = 6
mice; E) in noninjured control retinas or injured retinas 24 h after IR. *, P < 0.05; Student’s t test. Scale bar: 20 um. ONL, outer nuclear layer. Error bars

represent SEM.

loss of RGCs, we stained retinal flatmounts with antibody
against Tujl, which is a marker of RGCs. Consistently, there was
a marked decrease in the number of Tujl-positive cells in WT
retina 7 d (Fig. 4 B), as well as at a longer time point (14 d; Fig. S3)
after retinal ischemia compared with WT sham control, and
Epacl deletion significantly blunted this effect at both time
points, suggesting that Epacl deletion indeed protects RGCs from
cell death rather than just delaying cell apoptosis. To assess the
effect of Epacl deletion on the function of the inner retina, we
used dark-adapted (scotopic) ERG to record the a-wave, b-wave,
and positive scotopic threshold response (pSTR), which reflect
the functions of photoreceptor, bipolar cells, and RGCs, respec-
tively (Ha et al., 2017, 2018; Liu et al., 2019; Saszik et al., 2002).
These analyses showed that the amplitudes of a-wave, b-wave,
and pSTR were all significantly reduced in WT mice 14 d after
retinal ischemia compared with WT sham mice (Fig. 4 C).
However, in mice with Epacl deletion, b-wave and pSTR am-
plitudes after IR were statistically different from those of WT
after IR, indicating a degenerative effect of Epacl on bipolar cells
and RGCs.

Encouraged by the neuroprotective effect of Epacl deletion,
we further tested whether pharmacologic blockade of Epac
can be used to alleviate RGC injury after retinal ischemia. WT
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mice were treated with ESI-09, a potent inhibitor of Epac
signaling (20 mg/kg, i.p.; Ye et al., 2015; Zhu et al., 2015) or
vehicle solution (PBS containing 10% Tween-80 and 20%
ethanol, i.p.) 6 h before inducing high IOP and continuously
injected once a day for 7 d. ESI-09 partially reduced Epac
activity after ischemic injury (Fig. 5 A) and, remarkably,
prevented RGC loss 7 d after retinal ischemia (Fig. 5 B). Al-
together, these results suggest that Epacl is a transducer of
retinal neuronal death and that blocking Epacl is a promising
approach for neuroprotection.

Epacl in resident retinal cells mediates neurodegeneration
after retinal ischemia

After retinal ischemia, infiltration of bone marrow (BM)-
derived leukocytes to the injured eye occurs and contributes to
neuronal damage in the retina (Ha et al., 2015, 2017). Since Epacl
is also expressed in leukocytes (Lorenowicz et al., 2006; Scott
et al., 2016), we aimed to determine whether Epacl expressed in
BM-derived cells or Epacl expressed in retinal cells contribute to
ischemic injury-induced retinal neuronal damage. We made BM
chimeras in which WT mice were lethally irradiated, with a lead
shield used to protect the head and eyes, and BM was recon-
stituted with Epacl/~ (Epacl/~—WT) or WT (WT—-WT) BM

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20190930

620z JequiedeQ G0 uo 3senb Aq 4pd 0606102 Wel/0L9v.2L/0£60610Z8/v/. L z/pd-joie/wal/Bio sseidnyj/:dpy wouy papeojumoq

30f19


https://doi.org/10.1084/jem.20190930

450+ *% *%
400
& 350
© 300+
» 2504
®© 2004

Con

etin
o
ad

£ 1004

TUNEL postivie cells

o
il

Con IR
WT Epac1”

-Con)
8

*kkk *k%k

WT.
o o
e °@

N
b

N
?

of pRIP3 (fold of
s

Con IR
WT Epac1'/'

Relative fluorescence intensity

*kkk *%

Con

Pl positive cells/field
N
&

Con IR
WT Epac1”

Figure 2. Epacl deletion reduces both apoptotic and necroptotic cell death after IR injury. (A) TUNEL assay was conducted on retinal frozen sections
12 h after IR in WT and Epacl~/~ mice. Green, TUNEL-positive cells; red, Pl staining of nuclei. n = 4-5 mice; TUNEL-positive cells in three retinal sections for each
sample were counted under microscope and calculated as average value. (B) RIP3 phosphorylation (green) in retinal sections from WT and Epacl~~ mice 12 h
after IR. Blue, DAPI staining. Arrowheads indicate nonspecific staining on vessels. Bar graph represents the intensity of pRIP3. n = 3 mice; immunostaining
intensity was quantified from three independent observed areas of each retinal section and averaged. (C) Representative images of Pl-labeled necroptotic cells
(red) in retinal frozen section. Pl was injected i.p. 9 h after IR, and eyeballs were collected 3 h after Pl injection for retinal section. Bar graph represents the
number of Pl-positive cells per field. n = 4-5 mice; Pl-positive cells from three independent observed areas of each retinal section were counted. For each eye,
data from three sections were averaged, and the mean of four to five eyes was used as the representative value for each group. **, P < 0.03; ***, P < 0.001;
**¥¥% P < 0.0001; one-way ANOVA. Scale bar: 50 um. ONL, outer nuclear layer. Error bars represent SEM.

cells. In a similar manner, we created WT->Epacl”/~ or
Epacl-/~—Epacl~/~ chimeras (Fig. 6 A). These chimeric mice were
subjected to retinal ischemic injury 6 wk after BM transplan-
tation. 7 d after retinal ischemia, compared with WT—-WT
(control) mice, the loss of GCC thickness and RGC number was
decreased in WT—Epacl/~ (Epacl was intact in leukocytes and
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deleted in retinal cells) and Epacl~/~—Epacl~/~ (Epacl was deleted
in both leukocytes and retinal cells) but not in Epacl/~—WT
(Epacl was deleted in leukocytes and intact in retinal cells; Fig. 6,
B and C). These results indicate that Epacl expressed in resident
retinal cells but not in BM-derived cells is the major effector that
promotes RGC injury after retinal ischemia.
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Figure 3. Epacl deletion decreases leukostasis and permeability in the retina after IR injury. WT and Epac1~/~ mice were subjected to IR, and leukostasis
assay or permeability assay was performed 24 h after IR. (A) Representative images of leukostasis in the central retinas. Green, Con A-labeled retinal vas-
culature and adherent leukocytes; red, CD45 immunostaining for leukocytes. Rectangles in the left rows of images are zoomed in, and arrows indicate sta-
tionary leukocytes adherent to the vascular endothelium. Scale bar: 50 um. (B and C) Bar graphs represent the number of leukocytes adherent to the retinal
vasculature (Con A*, CD45*) per retina and infiltrated leukocytes (Con A, CD45*) per field (four images were taken randomly for each eye and calculated as
average value). n = 5-6 mice. (D) Quantification of permeability 24 h after IR. n = 5 mice. **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; one-way ANOVA. Error

bars represent SEM.

Epacl in microglia/myeloid cells and astrocytes is dispensable
for RGC injury after retinal ischemia

Epacl is expressed in many retinal cell types (Whitaker and
Cooper, 2010). To delineate in which cell type Epacl expres-
sion is responsible for ischemic injury-induced retinal neuron
death, we conditionally deleted Epacl in myeloid/microglia and
astrocytes using the Cre-loxP system. The “floxed” allele has
loxP sites flanking the third to sixth exons of the Epacl gene
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(Yang et al., 2012b). To monitor Cre recombinase activity, Cre
mice were bred with the Rosa26YFP reporter strain (Srinivas
etal., 2001), in which YFP expression will occur upon removal of
a floxed intervening segment by Cre recombinase. We first in-
tercrossed EpacIflo*/ox mice with LysM-Cre mice to generate a
myeloid-specific knockout of Epacl (LysM-Cre; Epaclf/f; Clausen
et al., 1999). In the retina, the YFP expression pattern showed
that Cre activity was confined to Ibal-positive cells (microglia;

Journal of Experimental Medicine
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Figure 4. Epacl deletion prevents cellular/functional loss of RGCs after IR injury. (A) OCT analysis was performed in live WT and Epacl~~ mice for retinal
thickness 7 d after IR. Yellow H lines indicate the thickness of GCC (composed of the retinal nerve fiber layer, GCL, and inner plexiform layer). Bar graph
represents the thickness of GCC. n = 11-13 mice. Scale bar: 100 um. (B) Representative images of retinal flatmounts labeled with Tujl antibody (green) 7 d after
IR in WT and Epacl™/~ mice. Bar graph represents the percentage of Tujl-positive cells per field relative to WT control retinas (WT-Con). Scale bar: 50 pm. n =
7-9 mice; eight images were taken at the peripheral retina for each sample and calculated as average value. ***, P < 0.001; ****, P < 0.0001; one-way ANOVA.
(C) ERG analysis 14 d after IR. Graphs represent average amplitudes of a-wave, b-wave, and pSTR over a range of stimulus strengths. n = 11-15 mice. *, P <
0.05; **, P < 0.03; ***, P < 0.001; Student’s t test for each time point. Error bars represent SEM.

Fig. S4 A). However, deletion of Epacl on myeloid cells did not
abrogate GCC thinning and RGC loss 7 d after retinal ischemia
(Fig. S4, B and C). We further conditionally deleted Epacl in
astrocytes with GFAP-Cre. The YFP expression pattern showed
that Cre activity was confined to the astrocytes in uninjured
retina (Fig. S5 A). Nevertheless, deletion of Epacl in astrocytes
also did not abrogate GCC thinning and RGC loss at 7 d after
retinal ischemia (Fig. S5, B and C). Taken together, these results
indicate that Epacl in microglia/myeloid cells and astrocytes is

dispensable for ischemic injury-induced retinal neurodegeneration
and is not a major mediator of RGC death.

Epacl in RGCs mediates high 10P-induced retinal
neurodegeneration

Synapsin 1 (Synl) is a neuron-specific synaptic vesicle protein
expressed in neurons of retinal GCL and developing INL (Haas
et al., 1990). By crossing Synl promoter-driven Cre mice (Synl-
Cre) with Rosa26YFP reporter mice, we found that YFP was

Liu et al. Journal of Experimental Medicine
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Figure 5. Epac inhibitor prevents RGC loss after IR injury. (A) Active Rapl
in control and injured-retinas from vehicle (Veh) or ESI-09-treated WT mice
3 h after IR. n = 3. (B) Representative images of retinal flatmounts labeled
with Tujl antibody (green) 7 d after IR in vehicle- or ESI-09-treated WT mice.
Bar graph represents the percentage of Tujl-positive cells per field relative to
vehicle-treated control retinas. Scale bar: 50 um. n = 6-10 mice; eight images
were taken at the peripheral retina for each sample and calculated as average
value. ***, P < 0.001; ****, P < 0.0001; one-way ANOVA. Error bars represent
SEM.

predominantly localized in RGCs and some inner neurons in the
INL but not in astrocytes, vascular cells, or Miiller cells (Fig. 7, A
and B), indicating that Syn1-Cre can be used to specifically delete
loxP-flanked genes in RGCs and some inner neurons. Therefore,
in order to investigate the role of Epacl expressed in RGCs in
retinal neuronal injury, we crossed Epaclfo*/flox mice with Synl-
Cre mice to specifically delete Epacl in RGCs (EpacIRCKO: Syni-
Cre; Epacl?’f). We then subjected Epacl*/flox and EpacIRGC-KO
mice to retinal ischemic injury and observed that deletion of
Epacl in RGCs significantly abrogated GCC thinning and RGC loss
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7 d after retinal ischemia (Fig. 7, C and D), which is similar to the
aforementioned results from global Epacl KO mice (Fig. 4, A and
B). Collectively, our data indicate that Epacl deficiency in RGCs
is indeed responsible for their increased survival in the IR
model. Interestingly, vascular inflammation in Epaci®¢¢-X0 mice
was also significantly reduced (Fig. 8), suggesting that Epacl
expression in RGCs not only drives RGC death but also affects
retinal inflammation, likely through the cross-talk between
RGCs and their interacting vascular beds.

Epacl induces RGC death through CaMKII

To determine potential mechanisms by which Epacl induces
RGC death, we performed in vitro experiments with primary
RGC cultures using the two-step immunopanning technique (Ha
et al., 2015, 2017, 2018). When primary RGCs were challenged
with 8-pCPT-2-O-Me-cAMP-AM (007-AM), a selective Epac
agonist prodrug with enhanced cell-permeable potency to in-
duce Epac activation (Vliem et al., 2008), it dramatically induced
the death of RGCs isolated from WT mice but not those from
Epacl~/~ mice (Fig. 9 A), suggesting that Epac activation is suf-
ficient to induce RGC death and that the effect of 007-AM is
mainly mediated by Epacl. CaMKI]J, a serine-threonine kinase, is
one of the major downstream targets that mediate the biological
effects of Epac (Liu and Schneider, 2013; Métrich et al., 2008;
Ohnuki et al., 2014; Pereira et al., 2007, 2015). Upon 007-AM
treatment, CaMKII activity was increased in RGCs (Fig. 9 B). As a
means to define the downstream molecule that was responsible
for Epacl activation-induced RGC death, we treated RGCs with
007-AM in the presence of CaMKII inhibitor (KN93, 1 pM) to-
gether with inhibitors that block other potential downstream
targets of Epac, including p38MAPK (SB202190, 10 pM), JNK
(JNK inhibitor, 10 uM), protein kinase C (GF109203X, 100 nM),
and PI3K/AKT (LY294002, 10 pM). After examining cell death
by TUNEL assay, we observed that CaMKII inhibitor KN93 ro-
bustly abrogated the ability of 007-AM-induced RGC death
(Fig. 9 C).

To determine the potential involvement of CaMKII in Epacl-
mediated RGC injury in vivo, we examined the phosphorylation
levels of CaMKII in the retinas of WT and Epacl~/~ mice 3-24 h
after retinal ischemia. We found that phosphorylation of CaMKII
was increased in WT retinas after ischemic injury (Fig. 9, D and
E), while its activation was suppressed by Epacl deletion (Fig. 9
E). Furthermore, the administration of CaMKII inhibitor KN93
to WT mice significantly attenuated IR-induced RGC loss, which
recapitulates the phenotype found in Epacl/~ mice (Fig. 9 F).
These data suggest that CaMKII is a key mediator of Epacl-
mediated RGC death.

cAMP/Epac pathway mediates RGC damage in
microbead-induced glaucoma

Acute glaucoma is caused by a rapid or sudden prominent in-
crease of IOP because of halted aqueous outflow due to blockage
of drainage canals, and prompt treatment is needed to avoid
irreversible retinal neuronal damage (Ang and Ang, 2008;
Weinreb et al., 2014). In contrast, chronic glaucoma (also known
as primary open-angle glaucoma), the most prevalent form of
glaucoma, is caused by decreased aqueous outflow due to the
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slow clogging of the drainage canals, resulting in moderate but
sustained IOP increase that leads to progressive degeneration
of RGCs and their axons. To further address the pathologic
role of Epacl in glaucoma, we used a mouse microbead-induced
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glaucoma model that has been widely used to study RGC injury
in glaucoma (Cone et al., 2010, 2012; Sappington et al., 2010;
Yang et al., 2012a). In this model, polystyrene microbeads were
injected intracamerally and accumulated in the iridocorneal
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GCC. Bar graph represents the thickness of GCC. n = 6-9 mice. Scale bar: 100 um. (D) Representative images of retinal flatmounts labeled with Tuj1 antibody
(green) in Epac1® and Syn1-Cre; Epac1V® mice 7 d after IR. Scale bar: 50 um. Bar graph represents the percentage of Tujl-positive cells per field relative to
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angle and Schlemm’s canal (Fig. 10 A) and partially blocked the
drainage of aqueous humor, resulting in a moderate but sus-
tained increase in IOP similar to that in chronic glaucoma
(Fig. 10 B). Consistent with the results from the IR model, cAMP
accumulated in the cells of the GCL (Fig. 10 C), and Epacl protein
was markedly increased (Fig. 10, C and D) in glaucomatous
retinas of WT mice 7 d after microbead injection compared with
sham controls. A marked decrease in RGC number was observed
in glaucomatous retinas of WT mice in comparison with control
eyes 6 wk after microbead injection (Fig. 10 E). Although Epacl-/~
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mice had IOPs similar to those of WT mice (Fig. 10 B), Epacl
deletion markedly attenuated RGC loss (Fig. 10 E). These results
indicate that Epacl plays a critical role in neurodegeneration
during chronic glaucoma.

Discussion

Mechanisms of RGC injury in glaucoma remain to be elucidated.
In the present study, we demonstrated that the activity and
expression of Epacl were increased in two experimental mouse
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sample and calculated as average value; ****, P < 0.0001; one-way ANOVA. Scale bar: 50 um. ONL, outer nuclear layer. Error bars represent SEM.

models of ocular hypertension that have been used to study
mechanisms of RGC injury and neuroprotection in glaucoma,
and that deletion of Epacl prevented RGC loss and preserved its
function. Moreover, by selectively deleting Epacl in different
cell types, we found that Epacl expressed in RGCs played a key
role in inducing RGC death in a process involved in the activa-
tion of CaMKII Using Epac inhibitor ESI-09, our data further
showed that pharmacologic blockade of Epac is beneficial and
preserves RGCs after retinal injury. Given that RGC loss results
in irreversible vision loss in glaucoma and that lowering IOP, the
only proven therapeutic option to treat this disease, is not al-
ways effective to prevent visual loss in all glaucoma patients,
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pharmacologic interventions that can save RGCs and preserve
vision are highly desired. Our study suggests that Epacl is a
novel target for neuroprotection in glaucoma and warrants
further investigation of this pathway in glaucoma and evalua-
tion of the effects of newly developed Epac inhibitors (Ye et al.,
2015).

cAMP regulates many pathophysiological events, yet its role
in retinal neuronal injury is less known. Since activation of
protein kinase A prevents neuronal apoptosis by multiple
mechanisms, including phosphorylation of GSK-3p, inhibition of
the apoptotic activity of GSK-3p, and prevention of mitochon-
drial Ca%* overload by phosphorylation of the mitochondrial
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Na*/Ca2* exchanger (Kostic et al., 2015; Li et al., 2000), it is
possible that increase in cAMP is an endogenous protective
mechanism that prevents retinal neuronal injury. Nevertheless,
it has been shown that blocking A,4R (Liu et al., 2016; Madeira
et al., 2015, 2016), a Gs protein-coupled receptor that induces
cAMP formation, or activating Gi protein-coupled receptors
(e.g., SST2R or opioid receptors) that inhibit cAMP production
(Abdul et al., 2013; Cervia et al.,, 2003; Husain et al., 2009;
Kiagiadaki and Thermos, 2008), significantly prevents retinal
neuronal injury, suggesting a damaging role of cAMP signaling
in retinal neuropathy. This contradiction suggests that other
molecules downstream of cAMP mediate its effect on neuronal
injury. Our study indicates that Epacl is one such mediator,
since global or RGC-specific deletion of Epacl protects RGCs from
high IOP-induced injury. This study is in line with previous
work showing that activation of Epac leads to apoptosis in cor-
tical neurons and Epacl deletion abolishes 3-nitropropionic
acid-induced neuronal apoptosis (Suzuki et al., 2010). Interest-
ingly, while we found that Epacl plays a pathologic role in RGC
injury, a recent study showed that deleting Epacl in endothelial
cells accelerated retinal neuronal injury and capillary degener-
ation after ischemic injury (Liu et al., 2018). This discrepancy
suggests that Epacl may exert different functions in different
cell types. It is also important to point out that while mice with
C57BL/6 background were used in this study, mice used in the
aforementioned study were on mixed background (B6/129S).
Therefore, the discrepancy could also be due to the different
genetic backgrounds of mice used. While Epac activation in
different cell types may exert diverse effects, its activation in
neurons as well as in cardiomyocytes causes cell damage and
leads to disease (Laudette et al., 2019; Okumura et al., 2014;
Singhmar et al., 2016; Wang et al., 2013). A recent study further
shows that Epac inhibition reverses mechanical allodynia and
loss of intraepidermal nerve fibers in a mouse model of
chemotherapy-induced peripheral neuropathy (Singhmar et al.,
2018).

Infiltration of leukocytes to the injured eye accelerates retinal
neuronal damage after ischemia (Ha et al., 2015, 2017). Since
Epacl is expressed in leukocytes (Lorenowicz et al., 2006; Scott
et al,, 2016) and Epac/Rapl signaling promotes leukocyte mi-
gration and activation by enhancing monocyte adhesion and
chemotaxis in a Pl-integrin-dependent manner (Lorenowicz
et al, 2006) and improves neutrophil phagocytosis (Scott
et al., 2016), it is likely that deleting Epacl in immune cells
may attenuate retinal inflammation as well as neuronal damage.
However, our study found that introducing Epacl~/~ BM to WT
mice (Epacl/~—WT) did not attenuate GCC thinning (the same
as in WT—-WT mice), indicating that Epacl in immune cells had
no effect on RGC survival after injury. In contrast, although both
WT->Epacl~/~ and WT->WT mice had WT leukocytes, the GCC of
WT—Epacl~/~ was thicker than that of WT-WT, indicating that
deleting Epacl in retinal cells attenuated RGC loss. Given that
expression of Epacl in glial and myeloid cells did not contribute
to IOP-induced retinal pathology (Fig. S4 and Fig. S5), and that
global deletion of Epacl or systemic treatment of Epac inhibitor
prevented RGC damage, Epacl activation in retinal neurons may
have a dominant role in driving retinal neuropathy in glaucoma.
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Moreover, a significant reduction of leukocyte recruitment in
Epacl~/~ and EpacIRSC-KO mice suggests that activation of Epacl in
neurons may have an impact on vascular alterations via the
cross-talk between neurons and vessels. This notion is further
supported by our data that Epacl deletion substantially attenu-
ated IR-induced increase in retinal vascular leakage, although
activation of Epac is known to promote the integrity of endo-
thelial cell junctions. During retinal ischemic injury, stressed
and dysfunctional neurons may send signals to vasculature to
regulate its response, including causing vascular inflammation
and barrier breakdown. Consequently, deletion of Epacl not only
attenuated retinal neuronal injury but also reduced vascular
changes in the IR model.

Many kinases, including CaMKII, JNK, p38MAPK, protein
kinase C, and AKT, are involved in the pathophysiological events
induced by Epac activation (Breckler et al., 2011; Robichaux and
Cheng, 2018). Our study demonstrates that CaMKII was rapidly
activated after IOP-induced retinal ischemia in an Epacl-
dependent manner and that blocking CaMKII markedly atten-
uated RGC death in vivo and in vitro, highlighting the critical
involvement of CaMKII in Epacl-induced retinal neuronal in-
jury. Epac-mediated CaMKII activation has been well docu-
mented in the literature. It is known that upon activation by
Epac, Rap binds to and activates phospholipase C €, resulting in
hydrolysis of phosphatidylinositol 4,5-bisphosphate, formation
of inositol triphosphate, and subsequent release of Ca?* from
intracellular stores. Elevated intracellular Ca>* leads to the ac-
tivation of CaMKII, which further autophosphorylates at thre-
onine 286, causing enhanced and prolonged kinase activity
(Oestreich et al., 2009). In cardiac myocytes and skeletal muscle
cells, the Epac/CaMKII pathway regulates Ca** homeostasis,
excitation-transcription coupling, and gene expression and is
involved in cardiac hypertrophy, arrhythmia, and skeletal hy-
pertrophy (Liu and Schneider, 2013; Métrich et al, 2008;
Ohnuki et al., 2014; Pereira et al., 2007, 2015). Nevertheless, it is
largely unknown whether the Epac/CaMKII pathway regulates
neuronal function or death, although it is well appreciated that
CaMKII can induce cell apoptosis and necroptosis via JNK-
mediated Fas/FasL expression, mitochondria-initiated intrinsic
apoptotic pathway, and triggering the opening of the mito-
chondrial permeability transition pore (Goebel, 2009; Jiang
et al., 2014; Joiner et al., 2012; Liu et al., 2013; Timmins et al.,
2009; Toledo et al., 2014; Zhang et al., 2016). Our work repre-
sents the first to link the Epac/CaMKII pathway to neuronal
damage, particularly in the context of experimental glaucoma.
This study, together with studies showing that CaMKII mediates
retinal neuronal and vascular injury in diabetic retinopathy
and is involved in growth factor-induced retinal and choroidal
neovascularization (Ashraf et al., 2019; Kim et al., 2010, 2011;
Li et al,, 2015), highlights the potential value of Epacl/CaMKII
inhibition in treating a variety of retinopathies. Of note, an in-
teresting quality of Epac signaling has been compartmentaliza-
tion of the protein. The formation of a B-arrestin-CaMKII-Epacl
complex allows its recruitment to the plasma membrane,
where it permits activation of Epacl by Bl-adrenergic recep-
tor stimulation-induced cAMP and subsequent CaMKII acti-
vation (Mangmool et al., 2010). Meanwhile, perinuclear Epacl
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localization can induce activation of calcineurin/nuclear factor
of activated T-cells and CaMKII/histone deacetylase hypertro-
phic pathways (Pereira et al., 2015). Future studies will ex-
amine whether Epacl in RGCs assumes a perinuclear location or
is more associated with microtubules in order to better un-
derstand Epacl-induced RGC death.

In summary, using genetic and pharmacologic approaches,
we demonstrate that blockade of Epacl is neuroprotective in
mouse models of ocular hypertension. On the other hand, acti-
vation of Epacl induces RGC death via CaMKII. Since Epacl is
also expressed in neurons in the brain, and its level is increased
in Alzheimer’s disease, further investigation of Epacl in neuro-
nal injury in other neurodegenerative models such as traumatic
optic neuropathy, stroke, and Alzheimer’s disease may address
whether activation of Epacl is a unified mechanism of neuronal
injury or is a mechanism applicable only to glaucoma.

Materials and methods

Animals

Epactflox/flox (stock no. 018389), Synl-Cre (stock no. 003966),
GFAP-Cre (stock no. 024098), LysM-Cre (stock no. 004781),
and Rosa26YFP (stock no. 006148) mice were purchased from
the Jackson Laboratory. C57BL/6 mice were originally ob-
tained from the Jackson Laboratory and subsequently bred in
the animal care facility at the University of Texas Medical
Branch. Epacl™/~ mice were kindly provided by Dr. Ju Chen
(University of California, San Diego, San Diego, CA) and de-
scribed previously (Yan et al., 2013). All transgenic mice were
backcrossed into C57BL/6 background before using to gener-
ate tissue-specific knockout mice. Mice were maintained on a
12:12 light/dark cycle with food and water available ad libi-
tum. All experimental procedures and use of animals were
approved by the Institutional Animal Care and Use Committee
of the University of Texas Medical Branch.

Mouse model of retinal IR

Mice (8-10 wk old) were anesthetized by i.p. injection of a
mixture of 100 mg/kg ketamine hydrochloride and 10 mg/kg
xylazine hydrochloride. After 0.5% proparacaine hydrochloride
was applied topically and the pupils were dilated with 1% tro-
picamide and 2.5% phenylephrine, the anterior chamber of the
right eye was cannulated with a 30-gauge infusion needle con-
nected to a reservoir of sterile saline, which was elevated to
maintain the IOP at 110 mm Hg for 45 min. The contralateral left
eye without elevating the pressure served as control. The ani-
mal’s temperature was maintained using a heat pad. Eyes or
retinas were collected at the indicated time points after IR. ESI-
09 (20 mg/kg; SMLO814; Sigma-Aldrich), KN-93 (2.5 mg/kg;
422708; Sigma-Aldrich), or vehicle (PBS containing 10% Tween
80 and 20% ethanol) was i.p. injected 6 h before IR was per-
formed and once a day thereafter for 6 d.

Microbead-induced glaucoma model

Microbead-induced glaucoma was induced using a modified
protocol based on previous publications (Sappington et al., 2010;
Yang et al., 2012a). Mice (8-10 wk old) were anesthetized by i.p.
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injection of a mixture of 100 mg/kg ketamine hydrochloride and
10 mg/kg xylazine hydrochloride. After 0.5% proparacaine hy-
drochloride was applied topically and the pupils were dilated
with 1% tropicamide and 2.5% phenylephrine, the cornea was
gently punctured using a 30-gauge needle. Next, 2 pl of 1-um-
diameter polystyrene microbead suspension (containing 3.0 x
107 beads) followed by an air bubble, 2 pl of 6-pm-diameter
polystyrene microbead suspension (containing 6.3 x 10¢ beads,
Polysciences), and 1 pl of PBS containing 30% Healon was in-
jected into the anterior chamber using a 32-gauge needle
(Hamilton Company) connected to a syringe (Hamilton Com-
pany), which induced moderate elevation of IOP for 6 wk. An
equivalent volume of PBS was injected into the contralateral
eyes to serve as control (sham). IOP was measured using a to-
nometer (TonoLab, Colonial Medical Supply) 3 d after injection
thereafter until 6 wk after injection between 3 p.m. and 5 p.m. to
minimize diurnal variability.

BM transplantation

BM transplantation was performed as described previously (Ha
etal,, 2017). In brief, recipient WT or Epacl~/~ mice at 6 wk of age
were irradiated at a dose of 8.5 Gy (850 rads) using a Gammacell
40 irradiator (MDS Nordion), with a lead shield used to protect
the head and eyes. BM cell suspensions from donor WT or
Epacl~/~ mice were prepared by flushing femurs and tibias with
PBS using a 23-gauge needle. Following washing, cells were
counted and resuspended in Dulbecco’s PBS without Ca2*/Mg2*
before injection. Within 24 h after irradiation, recipient mice
were reconstituted with 200 pl cell suspension containing
0.7-1.0 x 107 cells via tail vein injection. 6 wk later, chimeric
mice were subjected to IR.

High-resolution en face OCT

7 d after IR, mice were anesthetized with an i.p. injection of a
mixture of 100 mg/kg ketamine and 10 mg/kg xylazine. After
pupils were dilated with tropicamide and phenylephrine, mice
were positioned on the imaging platform for radial and annular
scans with a Spectral Domain Ophthalmical Imaging System
(Envisu R2200, Bioptigen; Ha et al., 2018; Liu et al., 2017; Yang
et al., 2012a). A representative radial B-scan from the same lo-
cation of the retina was selected for illustrative purposes only.
For quantification, annular scans consisting of 1,000 A-scans x
100 B-scans covering a donut-shaped area centered at the optic
nerve disc were performed. The inner and outer radii of the
donut-shaped area were 200 and 700 pm from the center of the
optic nerve disc, respectively, in order to remove variance of
optic nerve head measurement. OCT depth thickness report and
analysis were generated from Bioptigen’s automated segmen-
tation algorithm developed for the murine eye. The thickness of
each retinal layer presented in the report for each eye was an
average of 100,000 measurements (A-scans) in the donut-
shaped area, which accurately measured retinal thickness and
excluded the necessity to register and quantify the same ana-
tomic landmark between different animals. The GCC is the sum
of the three innermost layers: the nerve fiber layer, the GCL, and
the inner plexiform layer (Ha et al., 2018; Liu et al., 2017; Yang
et al., 2012a).
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Histologic examination

The eyes were embedded in optimal cutting temperature com-
pound, frozen, and cryosectioned to a thickness of 10 pm. Sec-
tions were then stained with H&E. The thickness of total retina
and individual retinal layers was measured with LAS EZ soft-
ware (Leica).

Leukostasis

Retinal leukostasis assay, which allows labeling of leukocytes
adherent to the retinal endothelium, was performed as de-
scribed previously (Liu et al., 2019; Rojas et al., 2010). This assay
has been widely used to study retinal vascular inflammation in
mouse models of retinopathies (Al-Shabrawey et al., 2008; Chen
et al., 2013; Gubitosi-Klug et al., 2008; Liu et al., 2019; Moore
et al., 2003; Rojas et al., 2010). Briefly, 24 h after IR procedure,
mice were deeply anesthetized by i.p. injection of a mixture of
100 mg/kg ketamine hydrochloride and 10 mg/kg xylazine hy-
drochloride. After the chest cavity was carefully opened, a 20-
gauge perfusion cannula was introduced into the aorta, and mice
were perfused with 10 ml PBS through the left ventricle of the
heart to remove nonadherent blood cells. Next, 10 ml FITC-
conjugated Con A lectin (40 ug/ml in PBS, pH 7.4; RL-1002,
Vector Laboratories) was perfused to label the adherent leu-
kocytes and vasculature, followed by 10 ml PBS perfusion to
remove the residual unbound Con A. After eyeballs were
collected and fixed with 4% paraformaldehyde (PFA) over-
night, retinas were dissected and stained with anti-CD45 an-
tibody (1:400, 550539, BD Biosciences). Leukocytes inside the
blood vessels (leukostasis) are Con A*, CD45* (green and red
fluorescence), while leukocytes outside the blood vessels
(leukocytes infiltrated into the retina) are Con A-, CD45* (only
red fluorescence). The total number of the adherent leuko-
cytes per retina and leukocytes infiltrated into the retina per
field were counted.

Permeability assay

24 h after IR, mice were anesthetized and injected with FITC-
BSA (Sigma-Aldrich, 100 mg/kg body weight) through the tail
vein. 1h after injection, whole blood was obtained from the right
ventricle and centrifuged at 2,000 g for 15 min for plasma, which
was diluted 100 times with 1x Passive lysis buffer (Promega).
Next, mice were perfused via the left ventricle with PBS to re-
move intravascular blood. The whole retinas were isolated from
eyeballs carefully to avoid contamination of aqueous humor,
homogenized with 1x Passive lysis buffer, and centrifuged at
16,600 g for 15 min. Subsequently, fluorescence intensity in the
supernatant from the retinal homogenate and diluted plasma
were measured by Synergy H1 Hybrid Multi-Mode Reader (Bio-
tek) with excitation at 485 nm and emission at 528 nm. Retinal
homogenate and diluted plasma from mice without FITC-BSA
injection were used as blank. Finally, fluorescence intensity in the
retina was adjusted by retinal weight and the fluorescence of the
plasma and normalized to noninjured retinas from WT mice.

Immunostaining of retinal whole mounts and counting of RGCs
The eyes were fixed in 4% PFA at 4°C overnight. Next, retinas
were dissected from the choroid and sclera, washed with PBS,
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blocked, and permeabilized with PBS containing 5% normal goat
serum and 0.3% Triton-X-100 for 3 h. Subsequently, retinas
were incubated with antibodies against Ibal (1:200, 019-19741,
Wako), Tujl (1:400, 801202, BioLegend), YFP (1:1,000, ab13970,
Abcam), or GFAP (1:200, Z033401-2, Dako) at 4°C overnight.
After washing, retinas were incubated with Alexa Fluor 488- or
594-conjugated secondary antibodies (1:400, Life Technologies)
at 4°C for 4 h. Finally, retinas were mounted for confocal mi-
croscopy (LSM 510 Meta, Carl Zeiss). To count RGCs, eight
nonoverlapping images were taken at the peripheral region of
each retinal flatmount stained with Tujl antibody. RGCs were
manually counted, and the average value was calculated for each
sample.

Immunofluorescence

The eyes were fixed with 4% PFA in 0.1 M phosphate buffer
for 60 min, equilibrated in 30% sucrose overnight, embedded
in optimal cutting temperature compound, frozen, and cry-
osectioned to a thickness of 10 pm. Sections were then post-
fixed with 4% PFA in PBS for 10 min, rinsed with PBS,
permeabilized with PBS containing 0.1% Triton X-100 for
15 min at room temperature, and blocked with PowerBlock
(Biogenx) for 1 h. Subsequently, sections were probed with
isolectin B4 or primary antibodies against cAMP (1:400, 07-
1497, EMD Millipore), Epacl (1:250, SC28366, Santa Cruz Bio-
technology), glutamine synthetase (1:1,000, AB302, EMD
Millipore), YFP (1:2,000, ab13970, Abcam), pRIP3 (1:2,000,
ab205421, Abcam), or pCaMKII (1:1,000, ab32678, Abcam).
After three washes with PBS, sections were incubated with
Alexa Fluor 488- or 594-conjugated secondary antibodies
(1:1,000, Life Technologies), mounted with medium containing
DAPI (Abcam), and imaged with epifluorescence microscopy or
confocal microscopy (Carl Zeiss).

Isolation of primary RGCs

Primary RGCs were isolated according to the two-step im-
munopanning protocol. In brief, retinas were collected from WT
mouse pups at postnatal day 4-5 and dissociated in a papain
solution (15 U/ml) at 37°C for 30 min. Next, dissociated retina
cell suspensions were incubated with anti-macrophage antise-
rum (Accurate Chemical) to remove macrophages and microglial
cells. Subsequently, nonadherent cells were incubated with
mouse Thy-1.2 antibody (BD Biosciences) to purify RGCs, which
were then released by incubation with trypsin solution and
quenched by the addition of 30% FBS and 1 mg/ml of ovomucoid
trypsin inhibitor in Neurobasal medium. After counting, RGCs
were plated on poly-p-lysine and laminin-coated plates. For
TUNEL assay, RGCs were seeded in a 24-well plate at a density of
1.8 x 105 cells/well and treated with 007-AM (10 pM) in the
presence or absence of kinase inhibitors for 18 h, the optimal
time required for peak DNA fragmentation by both extrinsic and
intrinsic apoptosis inducers in primary RGCs (Dun et al., 2007;
Ha et al, 2011, 2012). After treatment, RGCs were fixed and
subjected to TUNEL to detect cell death. For Western blot assay,
RGCs were seeded in a six-well plate at a density of 1.8 x 10°
cells/well and treated with 007-AM (10 uM) for 3 and 6 h the
next day.

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20190930

620z JequiedeQ G0 uo 3senb Aq 4pd 0606102 Wel/0L9v.2L/0£60610Z8/v/. L z/pd-joie/wal/Bio sseidnyj/:dpy wouy papeojumoq

15 of 19


https://doi.org/10.1084/jem.20190930

TUNEL

TUNEL was performed using ApopTag Fluorescein In situ
Apoptosis Detection Kit (EMD Millipore) according to the
manufacturer’s instructions. Retinal sections or RGCs were
prepared as described above and counterstained with DAPI to
label nuclei. After staining, images were taken by epifluor-
escence microscopy, and TUNEL-positive cells were counted.
The percentage of apoptotic RGCs in vitro was calculated as
the ratio of TUNEL-positive cells to DAPI-positive cells per
field of view.

Pl uptake

PI uptake assay was performed to label necrotic cells as de-
scribed previously (Liu et al., 2019; Shosha et al., 2016; Unal
Cevik and Dalkara, 2003). Briefly, mice were given i.p. admin-
istration of 5 mg/kg PI (Thermo Fisher Scientific) 9 h after IR.
Then, eyeballs were harvested for cryosectioning 3 h after PI
injection. The total number of PI-positive cells per section was
counted under fluorescence microscopy.

Active Rapl pull-down

GTP-bound Rapl was detected using a Rapl Activation Assay
Kit (EMD Millipore) according to the manufacturer’s in-
structions. Briefly, retinas were lysed in lysis buffer supple-
mented with protease inhibitor. Retinal lysates were then
incubated with GST-RalGDS-RBD fusion protein and gluta-
thione resin beads for 1 h at 4°C. Proteins collected on the
beads were subjected to SDS-PAGE, followed by immuno-
blotting with anti-Rapl antibody.

Western blot

Retinas were homogenized using an electric homogenizer in
radioimmunoprecipitation assay lysis buffer (50 mM Tris-HCI,
pH 7.4, 150 mM NaCl, 0.25% deoxycholic acid, 1% NP-40,
and 1 mM EDTA) with Complete Protease and Phosphatase
Inhibitors (Roche Applied Science). Protein concentration was
quantified using the Bradford assay (Bio-Rad) according to
the manufacturer’s instructions. Protein sample was diluted
in loading buffer and heated at 95°C for 10 min. Equivalent
amounts of protein were electrophoresed on 10% or 12% SDS-
polyacrylamide gels and transferred to polyvinylidene fluoride
membranes. After the membranes were blocked with 5%
nonfat dry milk for 1 h at room temperature, they were incu-
bated overnight at 4°C with primary antibodies against Epacl
(1:500, 4155, Cell Signaling Technology) and pCaMKII (1:2,000,
ab32678, Abcam). After three washes with Tris buffered saline
and Tween 20, the membranes were incubated for 1 h at room
temperature with HRP-conjugated secondary antibody (1:2,000;
Amersham Biosciences). After washing, proteins were detected
by enhanced chemiluminescence (Pierce) using either x-ray
film or the Bio-Rad ChemiDoc XRS+. For internal control,
membrane was probed for a-Tubulin mouse monoclonal anti-
body (Sigma-Aldrich). The band intensities were quantified
using Image] (National Institutes of Health) and normalized
against a-Tubulin. Relative changes in protein expression were
calculated in relation to control retinas and expressed as x-fold
change.
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Real-time quantitative RT-PCR

Total RNA was isolated from the retina using RNAqueous-
4PCR kit (Life Technologies) according to the manufacturer’s
instructions. After quantification with NanoDrop, RNA was
converted to cDNA using High Capacity cDNA Reverse
Transcription Kit (Life Technologies). Quantitative PCR was
performed with SYBR Green Master Mix (Applied Biosystems)
using a StepOnePlus PCR system (Life Technologies). Primer
sequences were as follows: Epacl For (forward), 5'-AATGGC
TGTGGGAACGTATCTC-3' Epacl Rev (reverse), 5'-CCTGGTTAG
GGAGCCAAACA-3'; Epac2 For, 5'-TGCAAACACTGCCAGAAC
AGT-3’, and Epac2 Rev, 5-GAGCGGCATCCGGATTG-3'; and
Hprt For, 5'-GAAAGACTTGCTCGAGATGTCATG-3', and Hprt
Rev, 5'-CACACAGAGGGCCACAATGT-3'. The fold difference was
calculated by the AACT method using Hprt as the internal control.

Dark-adapted ERG analysis

ERG analysis was performed during daytime as described pre-
viously (Ha et al., 2017, 2018; Liu et al., 2019). In brief, 14 d after
IR, mice were dark-adapted overnight, anesthetized, and kept at
a constant body temperature of 37°C on a self-heating platform.
After dilation of the pupil with a mixture of atropine and
phenylephrine and lubricating the cornea with Celluvisc, gold
ring electrodes were placed on the surface of the cornea. Next,
ERG responses were measured using the Espion system (Diag-
nosys). pSTRs were recorded in response to a series of white
flashes with intensities ranging from -4.3 to -3.2 log cd - s/m?.
The a-wave amplitude is measured from baseline to the trough
of a-wave. The b-wave amplitude is generally measured from
the trough of a-wave to the peak of b-wave.

Statistics

Data were presented as mean + SEM and analyzed by Student’s
t test or one-way ANOVA followed by Newman-Keuls post hoc
test. Statistical analysis was conducted using Prism (Graph-
Pad Software). A P value <0.05 was considered statistically
significant.

Online supplemental material

Fig. S1 shows activation of Epac downstream targets (AKT and
ERK) after ischemia and characterization of the retina of Epacl~/~
mice. Fig. S2 shows Epacl deletion decreases leukostasis in the
peripheral retina after IR injury. Fig. S3 shows that Epacl dele-
tion prevents RGC loss 14 d after IR. Fig. S4 shows that Epacl
deletion in myeloid cells does not affect RGC death after IR. Fig.
S5 shows that Epacl deletion in astrocytes does not affect RGC
death after IR.
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Figure S1. Examination of downstream targets of Epacl signaling after ischemic injury and characterization of the retina of Epacl~/~ mice.
(A) Phosphorylation of AKT and ERK in WT retinas at various time points after ischemia injury. (B) Eyeballs were collected from WT and Epacl~~ mice for
retinal structure in H&E-stained retinal sections. Bar graph represents quantification of the thickness of total retina and individual retinal layers. n = 3-4 mice.
Scale bar: 50 um. (C) Representative graphs of the a-wave and b-wave amplitude from ERG recordings of WT and Epac1™/~ mice. (D) Epacl protein expression
by Western blot analysis. n = 3 mice. (E) Epac2 mRNA expression by quantitative PCR. n = 8 mice. (F) Epacl deletion reduces apoptotic cell death after IR.
TUNEL assay was conducted on retinal frozen sections 24 h after IR in WT and Epac1~~ mice. Green, TUNEL-positive cells; blue, DAPI staining of nuclei. Bar
graph represents the number of apoptotic cells per retinal section. n = 5 mice; TUNEL-positive cells in three retinal sections for each sample were counted
under microscope and calculated as average value. ****, P < 0.0001; one-way ANOVA. Scale bar: 50 um. IPL, inner plexiform layer; I1S/OS: inner segment/outer
segment; ONL, outer nuclear layer; OPL, outer plexiform layer. Error bars represent SEM.
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Figure S2. Epacl deletion decreases leukostasis in the retina after IR injury. Representative images of leukostasis in the peripheral retinas. WT and
Epacl~~ mice were subjected to IR, and leukostasis assay was performed 24 h after IR. Green, Con A-labeled retinal vasculature and adherent leukocytes. Red,
CD45 immunostaining for leukocytes. Rectangles in the left rows of images are zoomed in, and arrows indicate stationary leukocytes adherent to the vascular
endothelium. Scale bar: 50 um. n = 5-6 mice. Error bars represent SEM.
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Figure S3. Epacl deletion prevents RGC loss 14 d after IR. Representative images of retinal flatmounts labeled with Tujl antibody (green) 14 d after IR in WT
and Epacl™~ mice. Bar graph represents the number of Tuj1-positive cells per field. Scale bar: 50 pm. n = 8-9 mice; eight images were taken at the peripheral
retina for each sample and calculated as average value. ****, P < 0.0001; one-way ANOVA. Error bars represent SEM.
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Figure S4. Epacl deletion in myeloid cells does not affect RGC death after IR. (A) LysM-Cre mice were crossed with Rosa26YFP reporter mice to generate
LysM-Cre; Rosa26YFP mice. Retinal flatmounts were stained with antibodies against YFP (green) and microglial marker Ibal (red). Arrows indicate microglia.
Scale bar: 25 pm. (B) OCT analysis in live Epac1"® and LysM-Cre; Epac1V mice for retinal thickness 7 d after IR. Yellow H lines indicate the thickness of GCC.
Bar graph represents the thickness of GCC. n = 10-12 mice. Scale bar: 100 um. (C) Representative images of retinal flatmounts labeled with Tujl antibody
(green) in EpacI®and LysM-Cre; EpacI mice 7 d after IR. Scale bar: 50 um. Bar graph represents the number of Tujl-positive cells per field. n = 11 mice; eight
images were taken at the peripheral retina for each sample and calculated as average value. ****, P < 0.0001; one-way ANOVA. Error bars represent SEM.
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Figure S5. Epacl deletion in astrocytes does not affect RGC death after IR. (A) GFAP-Cre mice were crossed with Rosa26YFP reporter mice to generate
GFAP-Cre; Rosa26YFP mice. Retinal flatmounts were stained with antibodies against YFP (green) and astrocyte marker GFAP (red). (B) OCT analysis in live
Epac1® and GFAP-Cre; Epac1/® mice for retinal thickness 7 d after IR. Yellow H lines indicate the thickness of GCC. Bar graph represents the thickness of GCC.
n = 5-7 mice. Scale bar: 100 pm. (C) Representative images of retinal flatmounts labeled with Tujl antibody (green) in Epac1¥" and GFAP-Cre; Epac1"® mice 7 d
after IR. Scale bar: 50 um. Bar graph represents the number of Tujl-positive cells per field. n = 6-7 mice; eight images were taken at the peripheral retina for
each sample and calculated as average value. ****, P < 0.0001; one-way ANOVA. Error bars represent SEM.

Liu et al.

Epacl mediates retinal neurodegeneration

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20190930

S4

620z JequiedeQ G0 uo 3senb Aq 4pd 0606102 Wel/0L9v.2L/0£60610Z8/v/. L z/pd-joie/wal/Bio sseidnyj/:dpy wouy papeojumoq


https://doi.org/10.1084/jem.20190930

	Neuronal Epac1 mediates retinal neurodegeneration in mouse models of ocular hypertension
	Introduction
	Results
	cAMP/Epac pathway is activated and induces neurodegeneration in retinal ischemia
	Epac1 deletion results in reduced retinal vascular inflammation and permeability following retinal ischemia
	Blockade of Epac1 prevents high IOP
	Epac1 in resident retinal cells mediates neurodegeneration after retinal ischemia
	Epac1 in microglia/myeloid cells and astrocytes is dispensable for RGC injury after retinal ischemia
	Epac1 in RGCs mediates high IOP–induced retinal neurodegeneration
	Epac1 induces RGC death through CaMKII
	cAMP/Epac pathway mediates RGC damage in microbead

	Discussion
	Materials and methods
	Animals
	Mouse model of retinal IR
	Microbead
	BM transplantation
	High
	Histologic examination
	Leukostasis
	Permeability assay
	Immunostaining of retinal whole mounts and counting of RGCs
	Immunofluorescence
	Isolation of primary RGCs
	TUNEL
	PI uptake
	Active Rap1 pull
	Western blot
	Real
	Dark
	Statistics
	Online supplemental material

	Acknowledgments
	References

	jem20190930si.pdf
	Outline placeholder
	Supplemental material




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue true
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 299
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 299
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


