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Epac2 Mediates cAMP-Dependent Potentiation of
Neurotransmission in the Hippocampus
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Presynaptic terminal cAMP elevation plays a central role in plasticity at the mossy fiber-CA3 synapse of the hippocampus. Prior studies
have identified protein kinase A as a downstream effector of cAMP that contributes to mossy fiber LTP (MF-LTP), but the potential
contribution of Epac2, another cAMP effector expressed in the MF synapse, has not been considered. We investigated the role of Epac2 in
MF-CA3 neurotransmission using Epac2 ~/~ mice. The deletion of Epac2 did not cause gross alterations in hippocampal neuroanatomy
or basal synaptic transmission. Synaptic facilitation during short trains was not affected by loss of Epac2 activity; however, both long-
term plasticity and forskolin-mediated potentiation of MFs were impaired, demonstrating that Epac2 contributes to cAMP-dependent
potentiation of transmitter release. Examination of synaptic transmission during long sustained trains of activity suggested that the
readily releasable pool of vesicles is reduced in Epac2 '~ mice. These data suggest that cCAMP elevation uses an Epac2-dependent
pathway to promote transmitter release, and that Epac2 is required to maintain the readily releasable pool at MF synapses in the

hippocampus.
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Introduction

cAMP plays a role in regulated exocytosis of both secretory gran-
ules and synaptic vesicles. Its major downstream target is com-
monly identified as protein kinase A (PKA), but it has recently
emerged that alternate cAMP targets, the guanine nucleotide ex-
change factors (GEFs) Epacl and 2 (exchange protein directly
activated by cAMP) (Kawasaki et al., 1998; de Rooij et al., 1998),
can also modulate vesicle exocytosis (Seino and Shibasaki, 2005).
These ubiquitous proteins have been ascribed many roles as
cAMP effectors in both the periphery and the CNS, but in both
neuronal and non-neuronal cells there is evidence that a primary
role of Epac activity is regulation of exocytosis (Gloerich and Bos,
2010). Initial evidence of this emerged from studies of insulin
secretion (Kashima etal., 2001), and subsequently from studies at
the neuromuscular junction (Zhong and Zucker, 2005; Cheung
et al., 2006) and central synapses in the brainstem (Kaneko and
Takahashi, 2004; Gekel and Neher, 2008). These studies have
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demonstrated a conserved role for Epac signaling in enhancing
neurotransmitter release (Ozaki et al., 2000). Less is known about
the role of Epac signaling in neurosecretory processes at cortical
synapses. Regulation of transmitter release by cAMP is not ubig-
uitous, but there are several well characterized central synapses
where cAMP elevation in the presynaptic terminal increases
transmitter release. In the hippocampus, mossy fiber (MF) syn-
apses formed between the granule cells in the dentate gyrus and
the proximal dendrites of the CA3 pyramidal neurons are subject
to regulation by cAMP (Weisskopf et al., 1994).
Pharmacological and molecular genetic approaches have es-
tablished the importance of a cAMP-dependent PKA signaling
pathway for long-term potentiation of mossy fiber synapses (MF-
LTP; Weisskopf et al., 1994; Huang et al., 1995). However, inves-
tigation of potential presynaptic PKA substrates has not been able
to fully account for cAMP-dependent potentiation (Castillo et
al., 1997, 2002; Kaeser-Woo et al., 2013), suggesting that other
downstream effectors may also play a role in cAMP-mediated
potentiation of neurotransmitter release at MF terminals. A pos-
sible role for Epac at MF synapses has not been established, but it
is possible that this effector has a central, and as yet unrecognized,
function in neurotransmitter release. Epac is directly activated by
cAMP and has been characterized as a GEF for the GTPases Rap1
and Rap2 (Kawasaki et al., 1998; de Roojj et al., 2000), although it
is not clear how it may regulate exocytosis. The two Epac isoforms
have distinct and differential expression patterns with some over-
lap. Epacl is enriched in the kidney and gonadal tissue with lim-
ited expression in the CNS (Kawasaki et al., 1998). Epac2 is
prominently expressed in the pancreas and brain, where it is
abundant in the cortex and hippocampus and is particularly en-
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riched within the stratum lucidum of the hippocampus in the
terminal field of the MF synapse, suggesting that Epac2 is ex-
pressed at high levels in the presynaptic terminal boutons of MF
axons (Kawasaki et al., 1998).

Here we tested whether Epac2 has a role in MF synaptic trans-
mission by making use of mice in which the primary hippocam-
palisoform of Epac, Epac2, is ablated (Epac2 ~/~). We found that
there were no major alterations in basal synaptic transmission or
in short-term facilitation of MF synapses in Epac2 '~ mice.
However, there were clear deficits in the extent of synaptic poten-
tiation induced by pharmacological elevation of cAMP, or after
tetanus-induced MF-LTP. Sustained stimulation of MF inputs
demonstrated a significantly greater depression during long
trains of synaptic activation in Epac2 ™/~ mice. Analysis of the
steady-state depression during these long trains strongly sug-
gested that the readily releasable pool of vesicles is reduced in
Epac2 ™/~ mice. These observations are the first evidence of a
significant role for Epac2 in regulating MF synaptic transmis-
sion and plasticity, and describe a novel role for Epac2 in
maintaining the vesicular pools required for sustained release
of neurotransmitter.

Materials and Methods

Animals. Epac2 ~/~ mice were obtained (from S. Seino, Kobe University,
Japan; Shibasaki et al., 2007) and backcrossed for at least nine generations
onto a congenic C57BL/6 background. Breeders were maintained as
heterozygous crosses and all experiments were performed blind to geno-
type in age-matched littermates of either sex. Tail biopsies were used to
perform post hoc genotyping of all mice used in the study.

Slice preparation and electrophysiological recordings. Horizontal slices
from the ventral hippocampus (350 wm) were prepared from mice aged
P14-P28 as previously described (Fernandes et al., 2009). Briefly, ani-
mals were anesthetized with isoflurane and decapitated. The brain was
rapidly removed under ice-cold, oxygenated sucrose-slicing ACSF con-
taining the following (in mwm): 85 NaCl, 2.5 KCl, 1.25 NaH,PO,, 25
NaHCOjs, 25 glucose, 75 sucrose, 0.5 CaCl,, 4 MgCl,, 0.5 ascorbic acid,
0.01 pL-APV, and 0.1 kynurenic acid, equilibrated with 95% O,/5% CO,.
Slices were heated to 28.5°C before being returned to room temperature
while slowly exchanging sucrose-slicing ACSF for sodium-ACSF solu-
tion containing the following (in mm): 125 NaCl, 2.4 KCl, 1.2 NaH,PO,,
25 NaHCO;, 25 glucose, 1 CaCl,, 2 MgCl,, 0.01 pL-APV, and 0.1
kynurenic acid. After a 60 min recovery, individual slices were trans-
ferred to a recording chamber and continuously perfused with oxygen-
ated sodium ACSF containing 2 mm CaCl, and 1 mm MgCl,. All
recordings were performed at 30°C. For whole-cell voltage-clamp re-
cordings borosilicate glass electrodes (resistance 2.5—4.5 M) were filled
with an internal solution containing the following (in mm): 95 CsF, 25
CsCl, 10 Cs-HEPES, 10 Cs-EGTA, 2 NaCl, 2 Mg-ATP, 10 QX-314, 5
TEA-Cl, and 5 4-AP, pH adjusted to 7.3 with CsOH. Series resistance was
continuously monitored using hyperpolarizing voltage steps generated
by pClamp 9 software (Molecular Devices), and recordings were dis-
carded if there was a >20% change during the experiment. MF synaptic
currents were evoked using a monopolar glass electrode filled with oxy-
genated ACSF positioned in the stratum lucidum. Criteria for acceptable
MF EPSCs were as previously reported (Contractor et al., 2001; Arm-
strong et al., 2006). EPSCs were isolated using the GABA, receptor an-
tagonists bicuculline (10 um) and picrotoxin (50 um), and NMDAR
antagonist D-APV (50 um). For experiments monitoring progressive
block of NMDAR EPSCs, MF EPSCs were initially recorded at —60 mV,
and the AMPA component was fully blocked with GYKI 53655 (50 uMm).
Following a 15 min incubation of the slice in MK-801 (40 um) without
synaptic stimulation, NMDAR EPSCs were evoked every 30 s in the
continued presence of MK-801, while stepping V,, to +40 mV.

To evoke asynchronous EPSCs (aEPSCs), sodium-ACSF was ex-
changed for strontium-ACSF containing the following (in mm): 125
NaCl, 2.4 KCl, 1.2 NaH,PO,, 25 NaHCO;, 25 glucose, 6 SrCl,, 0.5 CaCl,,
and 2 MgCl,. Events were considered aEPSCs if rise time was <2 ms and
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integrated area was =10. aEPSCs were quantified within a 500 ms win-
dow, beginning 50 ms after the stimulus artifact.

Associational commissural synaptic responses (CA3-CA3) were
evoked using a monopolar glass electrode filled with oxygenated ACSF
and positioned within the stratum radiatum. Data collection and analysis
were performed with pClamp 9, Microsoft Excel, and GraphPad Prism
software. aEPSCs were analyzed using Mini Analysis (Synaptosoft). Two
sample comparisons were made using unpaired two-tailed Student’s ¢
test and multiple comparisons were made using a one-way ANOVA. The
n value represents number of individual recordings. Only one recording
was made from each slice and recordings from at least three animals were
used for each experiment.

CAL1 field recordings. Animals were anesthetized using ketamine/xyla-
zine, and rapid cardiac perfusion was performed with ice-cold sucrose
ACSF containing the following (in mm): 85 NaCl, 2.5 KCl, 1.25
NaH,PO,, 25 NaHCOj, 25 glucose, 75 sucrose, 0.5 CaCl,, 4 MgCl,, 0.5
ascorbic acid, 0.1 kynurenic acid, and 0.01 pL-APV, equilibrated with
95% O, and 5% CO, before decapitation and removal of the brain.
Horizontal slices from ventral hippocampus were prepared as described
above, and transferred to a holding chamber maintained at 28.5°C until
used for experiments. Individual slices were transferred to a recording
chamber, perfused with regular ACSF [containing the following (in mm):
125 NaCl, 2.4 KCl, 1.2 Na,PO,, 25 NaHCO3, 25 glucose, 2 CaCl,, and 1
MgCl, ] and visualized under DIC optics. For extracellular field potential
recordings, electrodes were fabricated from borosilicate glass at a resis-
tance of 3—5 M) and filled with regular ACSF. EPSPs were evoked using
a monopolar glass electrode filled with regular ACSF and placed in the
stratum radiatum in the CA1 region to stimulate Schaffer collateral in-
puts. fEPSP responses were elicited with clearly discernable stimulation
artifact, fiber volley, and EPSP components. After 10 min of stable
(<<15% variability) baseline responses were obtained, LTP was induced
using theta-burst stimulation consisting of 10 bursts of five stimuli at
100 Hz and delivered with an interburst interval of 200 ms. LTP was
quantified during the period 30—40 min following induction. Exper-
iments were performed at 30°C. Data were collected at 20 kHz and
filtered at 4 kHz using pClamp 10 software (Axon Instruments). Sam-
pled data were analyzed off-line using Clampfit 10.2. The 10-50% rise
slope of fEPSP responses was measured and normalized to the calcu-
lated average 10-50% rise slope obtained during the 10 min baseline
period.

Immunohistochemistry. Immunostaining for synaptoporin was per-
formed on sections from paired age-matched 2- to 6-month-old
Epac2 ™" and Epac2 ~/~ mice. Mice were perfused with ice-cold PBS
followed by 4% PFA, and brains were extracted and stored overnight in
4% PFA at 4°C. Coronal sections were cut between bregma —1.50 and
—2.30 mm on a Leica vibratome at 50 uM, permeabilized in 0.1% Triton
X-100 in PBS for 90 min at room temperature (RT), and incubated
overnight in PBS at 4°C with rabbit anti-synaptoporin (Synaptic Systems;
1:1000). Sections were washed in PBS and incubated with Alexa Red
594-conjugated donkey anti-rabbit secondary IgG (1:2000) for 90 min at
RT. Sections were washed in PBS, transferred onto glass slides to dry, and
mounted in Vectashield medium containing DAPI. Measurements of the
infrapyramidal blade (IPB) and suprapyramidal blade (SPB) lengths
were performed on a minimum of three sections per animal from three
animals.

Synaptosomal preparation. Hippocampi were dissected from age-
matched Epac2 */* and Epac2 ~/~ mice and homogenized in buffer (15
mM Na TES, 0.3 M sucrose, and 1 mm MgSO,,, pH 7.4) using 0.25 mm
clearance and 0.15 mm clearance dounces. Homogenates were filtered
through 100 and 70 wm nylon filters (H1) and centrifuged at 900 X g for
10 min at 0-5°C. Pellets were washed in ice-cold buffer and the centrif-
ugation and wash steps repeated. Pellets were suspended in 18% (w/v)
Ficoll in cold buffer and centrifuged at 7500 X g for 40 min. The super-
natant was collected and diluted with 2 volumes ice-cold buffer and
centrifuged at 13,000 X g for 20 min. The resulting pellet (P3) was sus-
pended in 500 ul Krebs bicarbonate medium (5 mm Na,COj, 20 mm TES
salt, 0.5 mm KH,P0,, 122 mMm NaCl, 3.1 mm KCI, and 11 mM p-glucose,
pH 7.4) and centrifuged at 20,800 X g for 15 min at 4°C. Pellets were snap
frozen and stored at —80°C until used for Western blot analysis.
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Western blot. Ten microgram protein aliquots were mixed with
NuPAGE LDS Sample Buffer (4X) and 0.5 M DTT and boiled at 95°C
before separating on 4%—12% NuPAGE Bis-Tris gels in 1 X MOPS run-
ning buffer (Invitrogen). Proteins were transferred to Millipore
Immobilon-P polyvinylidene difluoride membranes (Millipore), stained
with Ponceau S, and imaged on a scanner. Membranes were then blocked
in 5% nonfat dry milk in Tris-buffered saline (TBS) and 0.1% Tween 20
(TBST; Sigma) for 1 h at RT, then incubated in primary antibody
(Epacl,Santa Cruz Biotechnology, 1:1000; Rapl, Millipore, 1:500;
Rab3a, Santa Cruz Biotechnology, 1:1000; synaptoporin, Synaptic Sys-
tems, 1:1000; PSD-95, NeuroMab, 1:1000; CASK, NeuroMab, 1:1000;
RIM1af, Synaptic Systems, 1:1000; munc-13, Synaptic Systems, 1:500).
Blots were washed in TBST and incubated for 1 h in HRP-conjugated
(Jackson ImmunoResearch Laboratories) secondary antibody (1:10,000)
in 5% milk in TBST. Immunosignals were detected using enhanced
chemiluminescence (Luminata Forte; EMD Millipore) and quantified
using a Kodak Image Station 400R imager. Densitometric analyses of
immunoblots and images of Ponceau S-stained blots were performed
using Kodak Molecular Imaging Software SE. Immunosignals were nor-
malized to the measured intensity of whole-lane Ponceau S (total pro-
tein) staining.

Transmission electron microscopy. Age-matched mice (P25) of each
genotype (n = 3 per genotype) were anesthetized by intraperitoneal
injection of a ketamine (0.5 mg/ml)/xylazine (5 mg/ml) 0.9% saline so-
lution (0.1 ml/g body weight) and transcardially perfused with 30 ml
ice-cold PBS (0.1 m), followed by 50 ml ice-cold fixative [4% PFA and 1%
glutaraldehyde (GA) in PBS]. Brains were removed and stored at 4°C
overnight in fixative. Horizontal hippocampal slices (350 wm) were
prepared the next day in the same orientation as used for electrophysio-
logical recordings and rectangular sections of hippocampal tissue con-
taining the CA3 region were dissected. Tissue sections were postfixed in a
0.1 M Na-cacodylate solution (2.5% GA, 1% osmium tetroxide). Samples
were dehydrated through a graded ethanol series and embedded in an
epoxy resin. Before embedding, tissue sections were cut and stained with
cresyl violet to confirm proper orientation for visualization of mossy
fiber synapses. After embedding, ultrathin (90 nm) sections were cut
using a Leica ultramicrotome, stained with 2% uranyl acetate and lead
solution, and mounted on grids. Sections were visualized using an FEI
Tecnai Spirit G2 120 kV TEM. TEM images were captured at magnifica-
tions from 13,000X to 30,000X and digitally stored for analysis. MF
synapses were visually identified and contained characteristic morpho-
logical features including numerous synaptic vesicles, mitochondria, ir-
regular shaped terminals, and complex postsynaptic spines with multiple
postsynaptic densities. Analysis of TEM images was performed blind.
FIJI software was used to measure active zone (AZ) length and synaptic
vesicle diameter, calculated by averaging two measurements per vesicle
taken at perpendicular axes.

Results

Epac2 is the primary Epac isoform expressed in the brain and
mRNA for Epac2 is particularly enriched in the DG and CA3
regions of the hippocampus (Kawasaki et al., 1998). To deter-
mine whether Epac2 protein is localized to MF synapses we iso-
lated the P3 fraction from MF synaptosome preparations
(Armstrong et al., 2006), which have been demonstrated to be
enriched in proteins from the large MF boutons (Terrian et al.,
1988). Consistent with the mRNA distribution we found that
Epac2 protein was present in the MF bouton-enriched P3 frac-
tion in Epac2 ™/ mice, but was absent in the synaptosomes from
Epac2 ~/~ mice (Fig. 1A). cAMP signaling can promote neurite
outgrowth (Song et al., 1997), therefore, it is possible that abla-
tion of Epac2 might affect MF axonal development and targeting.
The MF axons project to two distinct regions of the CA3; the SPB
terminates in stratum lucidum and the IFB traverses the stratum
oriens. Immunocytochemical staining with the presynaptic
marker synaptoporin, which is abundant in MFs, enabled visual-
ization and calculation of the SPB/IFB ratio, which might be
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Figure1. MFaxon targeting is not affected by loss of Epac2. A, Representative Western blots
of Epac2 expression from mossy fiber synaptosomal fractions from Epac2 ™/ and Epac2 ~/~
mice. Epac2 expression was not detected in samples obtained from Epac2 ~/~ mice (n = 3
paired preparations). B, Immunofluorescence staining of mossy fiber marker synaptoporin
(red) and principal cell nuclei (DAPI) in hippocampal sections from Epac2 */* and Epac2 '~
mice. Measurements of the SPB and IPB are indicated by dotted lines. C, Ratios of SPB to IPB
bundle length were not significantly different between Epac2 */* and Epac2 /™ mice (n =
4 paired experiments, p > 0.05). H, homogenate; P2, small synaptosomes; P3, large synapto-
somes/mossy fiber giant boutons.

expected to be disrupted in the case of axon guidance or pruning
deficits (Bagri et al., 2003; Fig. 1B). Measurement of IFB and SPB
lengths in knock-out and control mice did not demonstrate any
difference in the length of either tract, or in the ratio of SPB/IPB
length (Fig. 1C), indicating that loss of Epac2 activity does not
disrupt appropriate targeting or pruning of MF inputs to the CA3
region.

Elevation of cAMP by the application of the diterpene forsko-
lin (FSK) produces a long-lasting increase in glutamate release
from MF synapses (Weisskopf et al., 1994). To determine
whether Epac2 contributes to cAMP-induced potentiation of MF
neurotransmitter release, we made whole-cell voltage-clamp re-
cordings from CA3 pyramidal neurons and evoked MF EPSCs
(Fernandes et al., 2009). Application of FSK (50 uM) to stimulate
cAMP production produced a long-lasting elevation in the EPSC
amplitude in Epac2 */*. The peak potentiation during FSK ap-
plication at 20 min after onset of administration was 562.8 =
43.6% (n = 5; Fig. 2A). In recordings from Epac2 '~ mice, FSK
also enhanced release; however, the peak potentiation of the
EPSC 20 min after onset of application was lower (350.7 =
28.5%, n = 7; p = 0.0017, unpaired ¢ test). Similarly the long-
lasting potentiation 20—30 min after washout of FSK was signif-
icantly lower than observed in Epac2™" mice (Epac2™/*:
4455 * 66.4%, n = 5; Epac2 ' ":276.4 * 27.8%,n = 7,p =
0.0252, unpaired ¢ test; Fig. 2A—C). This demonstrates that a
component of cAMP-mediated potentiation of MF synapses re-
quires Epac2. The paired-pulse ratio (PPR), which can be used as
a proxy for the relative release probability, was not different be-
tween the two genotypes during baseline (PP40 Epac2™*/*:
3.06 = 0.58,n = 5; PP40 Epac2 ' :2.72 + 0.33,n = 7; p = 0.594
by unpaired t test; Fig. 2D). The PPRs decreased significantly
from their baseline values in both genotypes, but were not differ-
ent compared with each other at 20—30 min following washout of
FSK (Epac2 */*:1.76 + 0.45,n = 5; Epac2 ' ": 1.50 = 0.20, n =
7, p = 0.577, unpaired t test; Fig. 2D), indicating that in both
genotypes the primary action of FSK was presynaptic in elevating
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Figure 2.  cAMP-mediated potentiation of transmitter release is impaired in Epac2 '~

mice. A, Grouped data of time course of MF facilitation by diterpene FSK in hippocampal slices
from Epac2 */* and Epac2 ~/~ mice. Shaded area represents application of 50 um FSK. B,
Representative EPSC traces from Epac2 */* (Bi) and Epac2 '~ (Bii). Traces are shown for
baseline period (1) and after potentiation (2). Calibration: Bi, 200 pA, 20 ms; Bii, 400 pA, 20 ms.
C, Summary of all data of FSK potentiation calculated as the potentiation of the EPSCamplitude
between 50 and 60 min compared with the baseline amplitude (0—10 min), *p < 0.05 by
unpaired t test. D, Paired-pulse ratio of EPSCs (PP40 ms) for each recording during baseline and
after FSK potentiation for Epac2 */* (black) and Epac2 ~/ (gray) mice. E, Time course for FSK
potentiation of MF transmission in the presence of the PKA inhibitor KT-5720 (1 m, pre-
incubated for at least 1 h). F, Summary of all data of FSK potentiation calculated as the poten-
tiation of normalized EPSC amplitude between 50 and 60 min (*p << 0.05 by unpaired  test).

release probability. To determine whether the residual potentia-
tion seen in the Epac2 ~/~ mice was mediated by PKA, we mea-
sured FSK potentiation of MF synapses in the presence of the
selective PKA inhibitor KT-5720 (1 uM, pre-incubated for =1h).
Surprisingly we found that KT-5720 had very little effect on FSK
potentiation in slices from Epac2 */* mice (Epac2 */*: 406.1 +
112%, n = 8). However, in slices from Epac2 /= mice FSK
potentiation was almost completely blocked by KT-5720
(Epac2 ~/7:128.2 * 29.7%, n = 4, p = 0.044, unpaired ¢ test; Fig.
2E,F), further supporting a role for both Epac2 and PKA in
cAMP-dependent facilitation of MF transmission.

MEF-LTP is dependent on presynaptic elevations of cAMP and
is occluded by prior application of FSK (Weisskopf et al., 1994).
PKA activity has been directly implicated in MF-LTP (Huang et
al., 1995), butitis also suggested that noncanonical CAMP targets
are involved (Mellor et al., 2002; Huang and Hsu, 2003; but also
see Chevaleyre and Castillo, 2002). To determine whether Epac2
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Figure3.  MF-LTP is impaired in Epac2 ~/~ mice. 4, Time course of MF-LTP in Epac2 */*
mice. Black bar represents application of group Il mGluR agonist DCG-IV at the end of each
experiment. Inset shows representative traces from one recording during baseline (1) and after
20-30 min after LTP induction (2). B, Average time course of LTP for all recordings from
Epac2 ~/~ mice. The magnitude of LTP measured as the potentiation 20 —30 min after induc-
tion compared with the baseline amplitude (0—10 min) is significantly reduced in the knock-
out recordings. ¢, Cumulative probability distribution of MF-LTP of all recordings. D, Paired-
pulse ratios measured at 40 ms interpulse intervals during baseline and after LTP induction.
Calibration for EPSC traces: 200 pA, 20 ms.

deletion has an impact on MF-LTP we made voltage-clamp re-
cordings of MF EPSCs and induced LTP using tetanic stimulation
(three 1 s trains at 100 Hz, given at 0.05 Hz) in the presence of the
NMDAR antagonist D-APV (50 uMm). In recordings from
Epac2 *'* mice the EPSC measured 20—30 min after LTP induc-
tion was potentiated to 183.1 = 22.5% (n = 9). In interleaved
recordings from Epac2 ~/~ mice the amplitude of LTP was signif-
icantly lower (130.2 = 10.6%, n = 11, p = 0.0366, unpaired ¢ test;
Fig. 3A-C). The PPR of EPSCs was significantly decreased in
recordings from both genotypes (Epac2™*: baseline PP40
2.45 + 0.32, LTP PP40 1.57 * 0.24, n = 8 cells; Epac2 ~/~: base-
line PP402.82 * 0.34, LTP PP40 1.57 + 0.20, n = 11; Fig. 3D). In
some recordings the potentiation immediately following LTP in-
duction (post-tetanic potentiation, PTP) looked lower in
Epac2 /7, although this was not significantly different from re-
cording in Epac2 /" mice (PTP Epac2 ™/ ":760.2 + 221%, n =9
cells; PTP Epac2 ~/7:401.9 * 76.5%, n = 11, p = 0.116, unpaired
t test; Fig. 3A,B). To determine whether LTP deficits in these
mice were more widespread, we also examined LTP in the Schaf-
fer collateral CA1 synapse where LTP uses different signaling
pathways and is expressed postsynaptically (Bliss and Col-
lingridge, 1993). We observed no genotypic differences in the
magnitude of CA1 LTP (CA1 LTP Epac2 "/ ":135.9 * 8.4%, n =
5; CA1 LTP Epac2 ~/7: 128.0 * 2.2%, n = 4, p > 0.511) consis-
tent with a prior study in an independently engineered Epac2 knock-
out mouse (Yangetal.,2012). These results indicate Epac2 isa cAMP
target in the mossy fiber synapse and contributes to cAMP-
dependent presynaptic potentiation of synaptic transmission.
Epac2 may play a role at several distinct points of the synaptic
vesicle cycle that can affect other release parameters including
synaptic vesicle release probability (Pr) or vesicle trafficking from
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Figure4.  MFSTPand AMPA/NMDA ratios are unaffectedin Epac2 ~/~ mice. 4, Paired-pulse
facilitation over a range of interpulse intervals at MF-CA3 synapses in Epac2 ™/" and
Epac2 '~ mice. A representative example of a recording from an Epac2 ~/~ mouse is shown
at the top. Calibration: 50 ms. B, Frequency facilitation at MF-CA3 synapses. Bi, Time course of
FF from a single representative experiment in Epac2 '~ mouse. Bi, Representative MF EPSC
traces recorded at 0.05 and 1 Hz. Calibration: 200 pA, 10 ms. Biii, Summary of all frequency
facilitation recordings. No significant difference was observed in 1 Hz FF between the two
genotypes (n = 16 for both Epac2 */* and Epac2 ~/ ™). €, Facilitation of EPSCs to short stim-
ulus trainsat 10 and 20 Hz. The facilitation ratio was calculated as the amplitude of the fifth EPSC
in the train to the first EPSC in the train. No significant difference was observed in short-term
facilitation between genotypes at 10 Hz or 20 Hz. D, Progressive block of synaptic NMDAR
currents by 40 um MK-801 at MF synapsesin slices from Epac2 */* and Epac2 ~/~ mice. Inset,
Representative traces from a single experiment of the initial NMDAR current (sweep 1) and after
block (sweep 60). Calibration: 100 pA, 10 ms. Ei, Representative MF EPSC traces recorded at
—70mV and -+40 mV in Epac2 ™/ (left) and Epac2 ~/~ slices (right). The amplitude of the
AMPA component was measured as the peak at —70 mV and the NMDA component was
measured in a 2.5 ms window, 60 ms after the onset of the outward current at +40 mV.
Calibration: Epac2 ™™, 100 pA; Epac2 ~/~ 200 pA, 20 ms. Eii, Grouped data for all AMPA/
NMDA recordings. There was no significant difference between the two genotypes (p > 0.05,
ttest).

distinct pools. To further define how Epac2 might regulate re-
lease at this synapse we monitored short-term plasticity (STP),
which is largely defined by the basal Pr and is dependent upon
elevations in presynaptic calcium (Regehr et al., 1994; Salin et al.,
1996). Pairing synaptic stimulation at several interstimulus inter-
vals allowed us to calculate the PPR. We found no difference in
the average PPR between interleaved recordings in Epac2 ™" and
Epac2 /"~ littermates (Fig. 4A), indicating that lack of Epac2 ac-
tivity does not affect basal Pr. Similarly, when we delivered a
transient increase in stimulation frequency from 0.05 to 1 Hz to
facilitate release (Regehr et al., 1994), we found no significant
difference in short-term frequency facilitation (FF) between the
two genotypes (FF Epac2 */*:293 = 37%, n = 16; FF Epac2 ' :
253 & 22%, n = 16, p = 0.290 unpaired ¢ test; Fig. 4B). In addi-
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tion, short trains at higher stimulation frequencies (five stimuli at
10 Hz or 20 Hz) also facilitated synaptic transmission equiva-
lently in recordings from both genotypes (10 Hz; Epac2 ™/™:
3.09 * 0.4, n = 7; Epac2 ' 7: 2,58 = 0.3, n = 9, p = 0.0967,
unpaired t test; 20 Hz Epac2 */*:2.68 = 0.3, n = 7; Epac2 ' :
2.72 £ 0.5, n =9, p = 0.568, unpaired ¢ test; Fig. 4C). Thus the
ability of MF synapses to transiently facilitate across a range of
stimulus frequencies is not affected by the loss of Epac2 activity,
suggesting MF synapses in Epac2 /" mice have normal release
probability. As a second way to assess any potential effect that
Epac2 knock-out has on MF release probability, we measured the
rate of NMDAR block by the use-dependent antagonist MK-801
(Rosenmund et al., 1993; Weisskopf et al., 1994). In the presence
of MK-801, synaptic NMDARSs are progressively blocked during
repetitive stimulation at a rate proportional to the probability of
transmitter release. Therefore, a faster rate of NMDAR block
would indicate a higher probability of release. The rate of MK-
801 block of MF NMDARs was no different between genotypes
(number of events to reach 50% inhibition, Epac2+/ *:20.6
4.0, n = 8 cells; Epac2 ~/7: 18.1 = 3.0, n = 5 cells; p = 0.458,
unpaired ¢ test), suggesting that Epac2 knock-out does not alter
vesicular Pr (Fig. 4D).

A recent study reported that knock-out of both Epacl and
Epac2 isoforms reduced the strength of excitatory synapses in the
CA1 region of the hippocampus, although Epac2 knock-out
alone had no effect (Yang et al., 2012). To determine whether
there were changes in postsynaptic strength at the MF synapse, we
recorded MF EPSCs with cells voltage clamped at —70 mV to
measure the peak AMPA component and at +40 mV when the
outward NMDA current can be measured 60 ms after the onset of
the outward current (Marie et al., 2005). A comparison of the
AMPA to NMDA EPSC ratio in the two genotypes did not un-
cover any differences (Fig. 4E), indicating that there are no major
alterations in postsynaptic glutamate receptors at MF synapses.
Measuring the decay of the responses, we found no differences in
the deactivation kinetics of either EPSC component (tau decay
Epac2 . AMPA 8.4 = 0.6, NMDA 40.0 = 2.1 ms; n = 10 cells;
Epac2 ~/~: AMPA 8.9 * 0.5, NMDA 34.0 = 2.5 ms; nn = 7 cells;
p = 0.093, unpaired ¢ test).

In pancreatic B-cells Epac2 interacts with two regulators of
vesicle priming, RIM and Munc13, to potentiate insulin secretion
(Ozaki et al., 2000). In the CNS disrupting the function of either
RIM1af or Muncl3-1 impairs MF-LTP without disrupting STP
(Castillo et al., 2002; Yang and Calakos, 2011), findings that are
similar to what we have observed in Epac2 ~/~ mice. It is possible
that Epac2, RIM1af3, and Muncl3-1 function in concert in MF
terminals and ablation of Epac2 might result in compensatory
changes in the expression of other presynaptic proteins. There-
fore, we performed Western blot analysis on hippocampal MF
synaptosomes (in the P3 fraction) to determine protein expres-
sion of several presynaptic proteins in Epac2*/" and Epac2 ™/~
mice. Interestingly, there were no significant differences detected
in expression of RIM1a3 and Munc13-1 or in the low-abundant
isoform cAMP-GEF Epacl (Fig. 5A, B). We also did not observe a
difference in the expression of the small GTPase Rap1, which is
one downstream effector of Epac signaling, or the postsynaptic
protein PSD-95, which also is found in the P3 synaptosomal frac-
tion (Armstrong et al., 2006). However, we did observe a small,
but significant, reduction in the expression of three of the pre-
synaptic proteins that we probed, including the scaffolding pro-
tein CASK (p = 0.0369, paired t test, n = 3), the synaptic vesicle
membrane protein synaptoporin (p = 0.002, paired ¢ test, n = 3),
and most notably the vesicle-associated protein Rab3A (p = 0.0315,
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Figure 5.  Expression levels of Rab3A, CASK, and synaptoporin (Synprn) are significantly reduced in MF synaptosomes from synaptic current. During the train MF EP-
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tions, runin parallel, from Epac2 ™/ and Epac2 /™ mice. B, Quantification of grouped Western blot data from MF synaptosomal
preparations. Expression level of proteins of interest normalized to total protein. *p << 0.05, paired ¢ test.

n = 3), an RIM1 interacting protein proposed as a direct target for
Epac (Branham et al., 2009; Fig. 5A, B).

To assess whether there were morphological changes in syn-
aptic structure in Epac2 '~ mice that might affect synaptic prop-
erties, we used transmission electron microscopy to visualize MF
terminals, presynaptic AZs, and synaptic vesicles. Mossy fiber
boutons were clearly identifiable from their unique architecture
and the presence of a large number of synaptic vesicles and AZs were
visible as electron-dense regions on the presynaptic membrane (Fig.
6A,B). Measuring the cross-sectional area of the AZ in ultrathin
sections from three animals per genotype (Epac2 ™/ ": 35 MF bou-
tons analyzed, 60 AZ total; Epac2 ~/~: 20 MF boutons analyzed,
46 AZ total) we found a small but significant reduction in the
measured AZ lengths in Epac2 '~ animals (Epac2 */*: 244.0 +
12 nm; Epac2 ~/7: 206 = 10 nm; p = 0.022, unpaired ¢ test; Fig.
6C). There was no difference in the average diameter of individ-
ual vesicles measured in each genotype (Epac2 */*: 38 = 1 nm,

SCs were facilitated, but the extent of fa-
cilitation gradually reduced during the
train (Fig. 7A). Comparing recordings
from Epac2 '~ and Epac2 /" mice there
was a clear reduction in both the peak fa-
cilitation early in the train and in the response during the later
part of the train in the Epac2 ~/~ mice (Fig. 7A). We plotted the
normalized cumulative EPSC and used a linear regression fit of
the last 50 events in the train to obtain a functional estimate of
Ng. There was a significant difference in the y-intersect of the
extrapolated fit in recordings from Epac2 ~/~ mice or littermate
controls (Epac2 ™/": 423.8 = 90.3, n = 9; Epac2 ' ": 196.7 =
32.5,n = 10; p = 0.0246, unpaired ¢ test; Fig. 7 B, Ciii). To exper-
imentally determine the value of quantal size (g), we could not
simply measure spontaneous mEPSC amplitude because CA3 py-
ramidal neurons receive multiple inputs from other synapses.
Therefore, to measure the quantal size of MF synapses, we selec-
tively activated the MF pathway and evoked asynchronous release
by replacing extracellular Ca*" with a Sr’>*-containing ACSF
(Bekkers and Clements, 1999; Lawrence et al., 2004). aEPSCs
were detected up to several hundred milliseconds following stim-
ulation of the MF inputs (Fig. 7Ci). The mean amplitude of the
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aEPSCs was not significantly different in
Epac2™/* and Epac2 ™'~ (Epac2*'*:
14.9 = 3.5 pA, n = 3 cells, 1611 events;
Epac2 /7:16.6 = 1.2 pA, n = 5 cells, 3276
events; p = 0.603, unpaired ¢ test; Fig.
7Cii). Therefore q is not altered in MF
synapses in Epac2 ~/~ mice. As we did not
find a difference in g, these data indicate
that N, the number of readily releasable
vesicles, is significantly reduced in
Epac2 ™'~ mice. To investigate whether
this reduction in the RRP was a general
synaptic dysfunction linked to the loss of
Epac2, we also analyzed the cumulative
EPSC duringlong trains (300 stimuli at 10
Hz) at associational-commissural (A/C)
synapses between CA3 pyramidal neurons
(CA3-CA3). We found the functional es-
timate of N*q at this synapse was not sig-
nificantly different between Epac2™/*
and Epac2 /™ (Epac2 /":51.3 +7.7,n=
8 cells; Epac2 ~/7:66.9 = 21.4, n = 6 cells;
p = 0.569 by unpaired t test). This study
proposes a novel mechanism for enhance-
ment of transmitter release at MF syn-
apses involving a noncanonical cAMP
target and uncovers a novel role for Epac2
as a synapse-specific regulator of the RRP
of vesicles.

Discussion
The MF-CA3 pyramidal cell synapse in
the hippocampus is notable not only for
its dynamic STP (Salin et al., 1996) but
also for a form of LTP dependent on ele-
vations of cAMP in the presynaptic termi-
nal (Weisskopf et al., 1994). Prior studies
using pharmacological approaches have
demonstrated that PKA is a critical down-
stream target of cAMP (Huang et al.,
1994; Weisskopf et al., 1994), and it has
been proposed that enhancement of PKA
activity is the principal pathway for the
facilitation of neurotransmitter release
from MF terminals following LTP induc-
tion (Huang et al., 1994; Weisskopf et al.,
1994; Lonart et al., 1998). In this study we
investigated the potential contribution of
an alternate cAMP substrate, Epac2, to
MF synaptic transmission and plasticity.
We found that there were deficits in LTP
of MF synapses in Epac2 ~/~ mice, which
might be explained by an alteration in the
available pool of releasable vesicles. These
results propose a novel role for Epac2 as a
major regulator of synaptic plasticity in
the CA3 region of the hippocampus.

A number of recent studies concerning
modulation of neurotransmission by

Epac proteins have provided some indication of the physiological
functions that these molecules fulfill as mediators of cAMP-
dependent signaling. Initial investigations used pharmacological ap-
proaches in in vitro systems to dissect the role of Epac in enhancing
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Figure 6. MF synaptic ultrastructure in Epac2 /. A, B, Representative electron micrographs of MF synapses from an
Epac2 /™ mouse brain, taken at 23,000 X (Ai) and 13,000 X (Bi); Aii and Bif are magnified areas from Ai and B, respectively, to
illustrate AZ length measurements (between hashed red lines). Scale bars: Ai, Aii, 200 nm; Bi, 500 nm; Bii, 200 nm. Arrowheads
indicate sites where AZs are apposed to PSDs. C, Analysis of AZ length from all experiments, *p << 0.05, unpaired t test.
D, Measurement of vesicle diameter in MF bouton from Epac2 */* and Epac2 /™ mice. Sp, spine; MFB, mossy fiber bouton.
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boutons. 4, Time course of EPSC facilitation during trainsin Epac2 */* and Epac2 ~/~ mice. B, Analysis of cumulative MF EPSCs in
Epac2 */* (black) and Epac2 ~/ (gray). Red lines indicate linear regression fit to the last 50 events and extrapolated to time =
0 to provide estimates of N*q. Ci, Cii, Measurement of quantal content (q) by evoking aEPSCs. i, Representative examples of
evoked synchronous release events in normal extracellular Ca* and asynchronous release events (inset, indicated by gray arrows)
inSr2* from Epac2 '~ mice. Red arrows indicate time of stimulus. Calibration: 100 pA, 50 ms. Cii, Group data, all experiments for
measurement of amplitude of quantal MF events (p > 0.05, unpaired t test). Gii, Group data of measured N*q for Epac2 */* and
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(black) and Epac2 '~ (gray). Inset, Summary of N*q product from A/C recordings (p > 0.05, unpaired t test).

neurotransmission. In pituitary melanotrophs Epac and PKA
function cooperatively to enhance secretion, acting on distinct
phases (Sedej et al., 2005). Epac mediates serotonergic enhance-
ment of synaptic transmission at the crayfish neuromuscular
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junction in a cAMP-dependent fashion, but the mechanisms of
action remain unknown (Zhong and Zucker, 2005). At the calyx
of Held, application of FSK, cAMP, or Epac-selective agonists
increased both release probability and the total number of releas-
able synaptic vesicles, independent of any effect on presynaptic
Ca’* or K" currents, suggesting that Epac is a major effector of
cAMP-induced synaptic facilitation (Kaneko and Takahashi,
2004). Similar findings were reported in autaptic murine hip-
pocampal cultures, where application of the Epac-selective cAMP
analog 8-pCPT was found to mimic FSK by acting presynaptically
to increase both evoked EPSC amplitudes and mEPSC frequency
(Gekel and Neher, 2008). These lines of evidence suggest a broad
role for Epac as an effector for cAMP in promoting synaptic
vesicle exocytosis.

Both the size and refill rate of the RRP at the MF synapse is
critical to maintaining high-fidelity neurotransmission (Suyama
etal., 2007); therefore, any factor that affects the size of the RRP
could potentially impact expression of MF-LTP. We have found
that Epac2 plays a role in maintaining the size of the RRP in MF
synapses similar to already described roles for Epac2 in mediating
a cAMP-dependent increase in the RRP of B-islet cells (Seino and
Shibasaki, 2005; Shibasaki et al., 2007) and at the calyx of Held
(Kaneko and Takahashi, 2004). This role of Epac is synapse spe-
cific as we did not observe a change in RRP size at A/C synapses in
Epac2 ~/~ mice; however, it would be interesting in future work
to test for a similar role at synapses that are known to be regulated
by presynaptic cAMP.

We examined the effect of Epac2 ablation on STP at the MF-
CA3 synapse because it was possible that changes in basal neu-
rotransmission in the knock-out mice affect synaptic release
probability. We did not observe any significant deficits in several
measures of stereotypical STP of MF-CA3 synapses in Epac2 ~/~
mice. It is not surprising that Epac2 ablation does not directly
affect STP since, unlike LTP, transient facilitation of transmitter
release is not dependent on elevations of cAMP in the presynaptic
terminal, but rather on acute elevations of Ca?" within the ter-
minal bouton (Regehr et al., 1994; Salin et al., 1996). Additionally
we found that genetic deletion of Epac2 did not produce a com-
pensatory change in Epacl expression or in two critical presyn-
aptic proteins that interact with Epac2, Riml, and Muncl3-1
(Kwan etal., 2007). This is particularly important because knock-
out or knockdown of these two proteins results in impaired MF-
LTP (Castillo et al., 2002; Yang and Calakos, 2011). We did see
small but significant change in expression of Rab3A, Cask, and
synaptoporin in MF synaptosome fractions, and thus far it is
unclear whether these presynaptic proteins interact in any way
with Epac2. The role of Rab3A is of particular interest as MF-LTP
is abolished in the Rab3A ™/~ mouse, although FSK-mediated
synaptic potentiation remains fully intact (Castillo et al., 1997). It
is difficult to speculate whether this ~20% reduction in expres-
sion of Rab3A directly impacts MF synaptic transmission, and
there have been no published analyses of heterozygous
Rab3A ™/~ mice (in which, presumably, there is a ~50% decrease
in Rab3A expression). Therefore, further detailed study is re-
quired to determine how Rab3A and Epac2 interact with each
other and control transmitter release at MF synapses.

In agreement with a role for both PKA and Epac2 as effectors
for cAMP-mediated synaptic potentiation, we found that inhibi-
tion of PKA, using the selective inhibitor KT-5720 in slices from
Epac2 '~ mice, almost completely eliminated FSK-induced MF
potentiation. Surprisingly, we observed no significant inhibition
of FSK enhancement in slices from Epac2 */* mice. Two prior
studies had reported that KT-5720 partially inhibits MF-LTP
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(Weisskopf et al., 1994; Huang et al., 1995); however, it was not
known whether KT-5720 can block FSK-induced potentiation.
Our results suggest that there is likely a complex dual role for PKA
and Epac2 in FSK potentiation that intriguingly may differ from
the mechanisms engaged when MF-LTP is engaged by synaptic
stimulation.

One possible explanation is that both cAMP effectors act in
parallel, and that Epac2 compensates fully if PKA is inhibited
during FSK potentiation but not after LTP induction. Another
possibility is that cCAMP signaling in MF terminals is normally
compartmentalized to specific subdomains allowing for spatial
segregation of distinct second messenger pathways, as is found in
cardiac myocytes (Vandecasteele et al., 2006) and B-islet cells
(Kashima et al., 2001). Thus FSK potentiation and synaptic stim-
ulation may activate different but overlapping pathways at MF
synapses.

Previous studies have demonstrated that the contribution of
Epac proteins to neurotransmission is not restricted to presynap-
tic terminals, or to promoting excitatory neurotransmission. Ap-
plication of an Epac agonist, 8-pCPT, to hippocampal slices
produced Schaffer collateral-CA1 LTD, which involved a post-
synaptic mechanism requiring internalization of synaptic
AMPARs (Ster et al., 2009). In cortical cultures activation of Epac
produces shrinkage of spines and internalization of AMPARs
(Woolfrey et al., 2009). We did not find any obvious changes in
postsynaptic parameters at MF synapses in Epac2 ~/~ mice. Both
the AMPA/NMDA ratio of MF EPSCs and the amplitude of
quantal MF EPSCs were not changed in the knock-out mice,
suggesting no major changes in the MF post synapse. It is possible
that both Epac isoforms, which would be activated by 8-pCPT,
are required to effect changes in postsynaptic glutamate recep-
tors, and this is supported by evidence that at Schaffer collateral
synapses deletion of both Epacl and Epac2 was required to pro-
duce an observable postsynaptic phenotype (Yang et al., 2012).
Together with our findings, these studies suggest that the Epac
proteins can have multiple effects on hippocampal excitatory
synaptic transmission, which are dependent on the synapse and
on the presence of different Epac isoforms.

The primary finding in our study is that potentiation of MF
synapses both by tetanic stimulation and FSK application was
impaired in the Epac2 ™/~ mice. No prior studies have addressed
a potential role for Epac in regulating MF synapses, but there was
reason to believe that cAMP substrates other than PKA might be
important. Several studies have demonstrated that FSK continues
to transiently or persistently potentiate MF-CA3 synaptic trans-
mission in the absence of several potential PKA targets that are
critical to the expression of MF-LTP (Castillo et al., 1997, 2002;
Kaeser-Woo et al., 2013), indicating the presence of a PKA-
independent pathway in MFs for the enhancement of neu-
rotransmitter release. Moreover, our experiments suggest that
Epac2 has a role in regulating the RRP of vesicles at MF synapses.
A similar mechanism for the potentiation of vesicle release exists
in B-islet cells of the pancreas, where a component of the en-
hancement of insulin secretion in response to elevations in blood
glucose has been shown to depend on Epac2 activity regulating
the releasable pool of vesicles (Ozaki et al., 2000; Kashima et al.,
2001; Kwan et al., 2007). Insulin secretion may provide a model
for investigating the dual cAMP-dependent pathways (Epac2 and
PKA) for enhancement of neurotransmitter release from MF
boutons, as there are distinct parallel components of the poten-
tiation of insulin granule exocytosis dependent on each pathway,
including the involvement of Munc13-1 and Rim proteins (Kwan
etal., 2007), which are both required for long-term enhancement
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of MF-LTP (Castillo et al., 2002; Yang and Calakos, 2011). One
possibility is that the PKA and Epac2 pathways converge at the
interaction between Rab3A, Rim1, and Muncl3-1 at presynaptic
AZs. Knock-out of Rab3A and Rim1 in knock-out mice, and
knockdown of Muncl13-1, results in normal STP but produces
deficits in MF-LTP (Castillo et al., 1997, 2002; Yang and Calakos,
2011). We found very similar alterations in synaptic function in
Epac2 ~/~ mice with no observable changes in STP, but promi-
nent deficits in LTP and FSK induced potentiation. Further stud-
ies are required to determine exactly how these presynaptic
proteins partner to effect changes in transmitter release.

In summary, we have demonstrated a central role for Epac2 in
regulating transmitter release through an effect on the readily
releasable pool of synaptic vesicles at MF synapses. This role of
Epac2 does not impact basal synaptic parameters but has a large
effect on transmitter release during sustained transmission or
after induction of MF-LTP. These studies add to the growing
evidence for an important role for Epac proteins in regulating
both presynaptic and postsynaptic neurotransmission at central

synapses.
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