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Application of an Epac Activator Enhances Neurotransmitter
Release at Excitatory Central Synapses

Isabella Gekel and Erwin Neher
Department of Membrane Biophysics, Max Planck Institute for Biophysical Chemistry, 37077 Gottingen, Germany

cAMP regulates secretory processes through both PKA-independent and PKA-dependent signaling pathways. Their relative contribu-
tions to fast neurotransmission are unclear at present, although forskolin, which is generally believed to enhance intracellular cAMP
levels by stimulation of adenylyl cyclase activity, was shown to increase vesicular release probability ( p) and the number of releasable
vesicles (N) in various neuronal preparations. Using low-frequency (0.2 Hz) electrophysiological recordings in the presence of the
Epac-selective cAMP analog 8-pCPT-2'-0-Me-cAMP (ESCA, ), we find that Epac activation by this analog accounts on average for 38% of
the forskolin-induced increase in evoked EPSC amplitudes and for 100% of the forskolin-induced increase in miniature EPSC (mEPSC)
frequency in dissociated autaptic neuronal cultures from mouse hippocampus. From paired-pulse facilitation experiments, and consid-
ering the enhancement of mEPSC frequency, we conclude that ESCA;-induced Epac activity is presynaptic in origin and increases p. In
addition, preapplication of ESCA, augmented a subsequent enhancement of evoked EPSC amplitudes by phorbol ester (PDBu). This
effect was maximal when ESCA, application preceded the PDBu application by 3 min. Because the PDBu response was abolished after
downregulation of intracellular PKC activity, we conclude that ESCA;-induced Epac activation leads to presynaptic changes involving

Epac-to-PKC signaling.
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Introduction

Greengard et al. (1970) showed that neuronal activity increases
cAMP levels in superior cervical ganglia. At excitatory mamma-
lian cerebral synapses, cCAMP is known to enhance glutamate
release from presynaptic terminals (Weisskopf et al., 1994; Lef3-
mann and Heumann, 1997). Traditionally, this cAMP-mediated
enhancement of neurotransmitter release was attributed to the
direct activation of protein kinase A (PKA) (Castellucci et al.,
1980; Chavez-Noriega and Stevens, 1994). PKA not only inhibits
potassium channel function (Siegelbaum et al., 1982), but also
regulates vesicular dynamics by phosphorylation of synapsins,
SNAP-25, and voltage-dependent calcium channels (VDCCs)
(Hell et al., 1995; Nagy et al., 2004; Menegon et al., 2006). PKA
has been implicated in the expression of specific forms of long-
term potentiation and long-term depression (Nguyen and Woo,
2003). However, basal neurotransmission and short-term plas-
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ticity were unaffected in neurons deficient for different PKA sub-
units (Brandon et al., 1997).

In 1998, two novel cAMP receptors, Epacl and Epac2, were
identified (de Rooij et al., 1998; Kawasaki et al., 1998). Since then,
PKA-independent, Epac-mediated modulation of secretory pro-
cesses was reported for insulin-secreting B-cells (Holz, 2004),
melanotrophs (Sedej et al., 2005), the crayfish neuromuscular
junction (Zhong and Zucker, 2005), the calyx of Held (Sakaba
and Neher, 2003), and cortical neurons (Huang and Hsu, 2006).
In pancreatic 3-cells and melanotrophs, exocytosis is marked by
two distinct components: the fast component is Epac dependent,
whereas the slow component relies on PKA activity. Epac in-
creases the size of the readily releasable pool (RRP) of secretory
granules (Eliasson et al., 2003). At the calyx of Held synapse, the
adenylyl cyclase agonist forskolin enhances both the number of
releasable vesicles (N) and their release probability ( p) (Kaneko
and Takahashi, 2004). Huang and Hsu (2006) reported similar
changes in p and N for cortical neurons. However, they conclude
that Epac activity does not contribute to the observed forskolin
effect.

Here, we were interested in the contribution of Epac to the
forskolin-mediated facilitation of neurotransmitter release in
cultured excitatory autaptic neurons. Application of the specific
Epac agonist 8-pCPT-2"-O-Me-cAMP (ESCA,) [term adopted
from Holz et al. (2008)] accounts on average for 38% of a
forskolin-mediated increase in evoked EPSC amplitudes. Epac
activation sufficiently explains the forskolin-induced enhance-
ment of miniature EPSC (mEPSC) frequency, whereas no change
of the sucrose-releasable pool of vesicles was observed. We con-
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clude that Epac activity increases vesicular release probability
(p).

Additionally, prior activation of Epac augmented a subse-
quent enhancement of evoked EPSC amplitudes by phorbol es-
ter, presumably involving Epac-to-PKC signaling. Potentiation
of evoked release by phorbol ester results from an increase in the
vesicle number in the RRP (Waters and Smith, 2000).

Our results suggest that Epac either increases the mean vesic-
ular release probability or, in view of the heterogeneity of vesic-
ular release probability (Rosenmund et al., 1993; Moulder and
Mennerick, 2005), modulates a shift between different popula-
tions of vesicles. Moreover, potentiation of evoked EPSCs and
mEPSC frequency was dependent on the initial EPSC amplitude
(EPSC,) of a neuron, and we relate this to the state of maturation
of the culture.

Materials and Methods

Cell culture. For electrophysiological experiments, individual murine and
rat hippocampal neurons forming recurrent excitatory synapses (au-
tapses) were grown in microisland cultures according to a modified pro-
tocol by Bekkers and Stevens (1991). To obtain astrocytes and hippocam-
pal neurons, newborn rats and mice were decapitated according to the
rules of the state and animal welfare committee. Neurons were isolated
from the dentate gyrus (DG) and the hippocampal CA1 region and were
seeded at low density on top of astrocyte microislands. Neuronal cultures
were allowed to mature in Neurobasal A medium supplemented with 2%
B27, 1% GlutaMax-I, 0.2% penicillin/streptomycin (at 5% CO, and 95%
humidity) for at least 8 d before electrophysiological recordings. Only
islands containing single neurons were examined. For immunoblot anal-
ysis neuronal cultures were prepared from the dentate gyrus and the CA1
region of the hippocampal formation of postnatal day 0 (P0)/P1 animals
(rat and mouse) and grown in collagen/poly-p-lysine-coated Petri dishes
(10 cm diameter) in the absence of an astrocyte feeder layer. If not stated
otherwise, cell culture solutions were purchased from Invitrogen.
Immunoblot analysis. Before protein lysate preparation, the cultures
were left untreated (mock pretreatment with external solution used for
electrophysiological recordings containing 2 mm Ca?*/1 mm Mg?") for
control lysates or were pretreated for 2 min with ESCA, (Biolog), fors-
kolin (Sigma), or 6-Bnz-cAMP (Biolog). The duration of the drug treat-
ment and the drug concentrations were chosen as indicated for the elec-
trophysiological experiments. Protein lysates were generated on day in
vitro 10—11 (DIV 10-11) under maintenance of a working temperature
of 4°C. The neuronal cultures were washed with ice-cold Tris-buffered
saline (TBS; 30 mm Trizma-Base, 140 mm NaCl, and 2.7 mm KCI) of pH
7.4-7.6 to stop the pretreatment of the cells and remove the drugs ap-
plied. The cells were mechanically detached in TBS containing 100 mm
phenylmethylsulfonyl fluoride (PMSF) and subjected to centrifugation
for 10 min at 600—800 X gand 4°C. The cell precipitate was lysed for 15
min on ice with a Tris-HCl-based buffer (50 mm, pH 8) containing NaCl
(120 mm), EDTA (5 mm), and Nonidet P-40 Substitute (0.5%, v/v), and
to which protease- and phosphatase-inhibitors like aprotinin (20 ug/
ml), leupeptin (10 ug/ml), PMSF (100 wg/ml), NaF (50 mm), and
Na;VO, (200 um) were added. Cytosolic protein extracts were obtained
by centrifugation at 13,000 X g (4°C, 15 min). Protein content was de-
termined by a standard Bradford assay. SDS-PAGE (Laemmli, 1970) was
performed either on a 7% gel with each lane containing 8 ug of protein
(Fig. 1A) or on a 7.5% gel with each lane containing 3 ug of protein (Fig.
1BI). For Western blot analysis, proteins were transferred to polyvinyli-
dene fluoride membranes (Roche). We generally used TBS solution con-
taining either 0.05% (v/v) (for blocking and antibody solutions) or 0.1%
(v/v) (for wash steps) Tween 20 during the analysis of the Western blots.
When monitoring phosphorylation levels of synapsin, we blocked or
probed the membranes in the presence of 3.5% (w/v) bovine serum
albumin (Fraction V; Sigma) instead of nonfat dry milk. Antigen—anti-
body complexes were visualized by species-specific horseradish-
peroxidase-conjugated secondary antibodies and the enhanced chemilu-
minescence system (SuperSignal West Femto; Pierce). Signal intensities
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Figure 1.  Expression of Epac in neuronal cell cultures. 4, Cultured autaptic neurons express
both Epac isoforms. Lanes, Rat cerebellum lysate, positive control (+), murine dentate gyrus
neurons (m-DG), murine CAT neurons (m-CA1), rat dentate gyrus neurons (r-DG), rat CA1 neu-
rons (r-CAT). Protein bands were detected at the following molecular weights: 126 kDa for
Epac2, 100 kDa for Epac1, and 43 kDa for B-actin. Epac1 experiments were performed in tripli-
cate. BT, Test for the specificity of the Epac-activating cAMP analog, ESCA,. A Western blot
analysis of cAMP- or cAMP-analog-mediated phosphorylation of synapsin | at its PKA phos-
phorylation site (Ser9) is shown. For drug treatment procedure, see Materials and Methods.
B-Actin controls for equal protein loading. B2, Quantitative change in the phosphorylation
level of the PKA site of synapsin . To correct for nonspecific effects (unrelated to drug treat-
ment), which might have been introduced by variability in protein loading, P-Ser9 synapsin |
chemiluminescence intensities were first normalized to the intensities of the corresponding
B-actin values. These values were further normalized to the control intensity value to deter-
mine the increase or decrease in P-Ser9 levels after drug treatment. Values are shown as
mean = SEM based on the number of different Western blot performances. Statistical signifi-
cance was tested by an unpaired two-tailed Student’s ¢ test assuming unequal variances (see
Materials and Methods). Numbers within histogram bars represent the number of
measurements.

were quantified densitometrically (Lumilmager, LumiAnalyst software;
Boehringer Ingelheim). The antibodies (polyclonal) were applied in the
following dilutions: phospho-synapsin (Ser9; Cell Signaling Technol-
ogy), 1:1000; B-actin (I-19; Santa Cruz Biotechnology), 1:500; Epacl
(GeneTex), 1:500; Epac2 (M-18; Santa Cruz Biotechnology), 1:500.
Electrophysiological recordings. Evoked EPSCs were recorded from iso-
lated cultured autaptic neurons from DIV 8 to DIV 15 at a holding
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potential of —70 mV with an EPC-9 patch-clamp amplifier (HEKA).
Neurons were depolarized from —70 to 0 mV for 2 ms every 5 s (0.2 Hz).
The recorded EPSC trace length was 1 s. Current traces were digitized at
20 kHz and filtered at 3 kHz. The extracellular solution (10 mm HEPES,
10 mm glucose, 120 mm NaCl, and 2.4 mm KCl, pH 7.5-7.6; 298 -305
mOsm) contained 2 mm CaCl, and 1 mm MgCl,. Fire-polished patch
electrodes (GB150F-8P; Science Products) with resistances of 2.5-3.5
M) were filled with standard internal KCl solution (136 mm KCl, 17.8
mM HEPES, 12 mMm phosphocreatine Na,, 4 mm ATP-Mg, 1 mm K-EGTA,
0.3 mM GTP-Na,, and 0.6 mm MgCL,, pH 7.4). The uncompensated
series resistance did not exceed 4 M() during whole-cell recording of
autaptic neurons.

Drug application. Drug application was performed by a fast perfusion
system with a solution exchange time ranging from 190 to 300 ms de-
pending on the viscosity of the solution applied as previously described
(Rosenmund et al., 1995). The flow rate from the flow pipes was 0.52 *
0.03 ml/min (mean = SD), corresponding to a rate of 0.07 m/s. In addi-
tion to the local perfusion with flow pipes, the whole bath (volume, 2 ml)
was perfused at 0.8 ml/min to prevent accumulation of drugs. Adequate
positioning and solution exchange was examined at the beginning and
end of each experiment. After every neuronal recording, the bath cham-
ber was cleaned with 70% ethanol and demineralized water to ensure that
no drug-related cross-contamination occurred from one cell measure-
ment to the next. The drugs used and their concentrations were as fol-
lows: 6-Bnz-cAMP (150 wv; Biolog), ESCA, (50 um; Biolog), forskolin
(50 uMm; Sigma), phorbol-12,13-dibutyrate (PDBu) (1 um; Merck Bio-
sciences), and tetrodotoxin (300 nm; Sigma). Most compounds were
diluted into the external solution from concentrated dimethylsulfoxide
(DMSO)-stock solutions. The final concentrations of DMSO were
<0.1%.

Analysis. Off-line analysis was performed with AxoGraph 4.5 (Molec-
ular Devices), Excel (Microsoft), KaleidaGraph 3.0 (Synergy Software),
and IgorPro (WaveMetrics) software. Before analysis with AxoGraph,
EPSCs were offset corrected. The EPSC,, was used as a reference when
comparing the effects under control and drug conditions. The EPSC,
specifies the steady-state EPSC amplitude measured before drug applica-
tion under control condition (and equals the mean EPSC amplitude
usually recorded from a given neuron over the first 2 min). The drug
effect was described by the potentiation factor. This factor was calculated
according to the following equation:

EPSC Amplitude (drug)s.cady state

EPSC Potentiation = EPSC, Amplitude e, s

The potentiation factor corresponds to a normalization of the data and is
denoted by “EPSC Potentiation” in the presented figures. A potentiation
factor of 1.0 means that the EPSC amplitudes remained unchanged after
drug treatment. When time courses are shown, the equation presented
above was modified to

EPSC Amplitude (solution)mepoint

EPSC Potentiation = EPSC, Amplitudesteady -

In this case, the applied solution represented either the control or the
drug solution.

Paired-pulse facilitation was calculated as the amplitude of the second
EPSC minus the first, divided by the first.

mEPSCs were detected using a sliding template algorithm (Clements
and Bekkers, 1997). The mEPSC template (linear summation of two
exponentials) length of 15 ms allowed detection of nonoverlapping
mEPSCs. The template was automatically offset to account for fluctua-
tions in the baseline, and the amplitude was scaled to fit the analysis
window. Events were only accepted as mEPSCs when the calculated de-
tection criterion exceeded the SD of the background noise at least 3.5-
fold. To avoid false positive events, we considered only those mEPSCs
that fitted to all of the following imposed criteria: amplitude interval
[—100; —8] pA, rise time [0.24; 0.71] ms, and width [0.67; 4] ms. Events
that fulfilled these criteria were then averaged to obtain a mean ampli-
tude and charge per neuron. The total number of releasable vesicles was
determined by a 4.5 s application of external saline solution made hyper-
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tonic by the addition of 500 mwm sucrose. For every cell analyzed, the total
number of releasable vesicles was defined as the charge during the tran-
sient burst of exocytotic activity that followed application of the hyper-
tonic solution divided by the mean charge of the corresponding mEPSC
(Rosenmund and Stevens, 1996). A pedestal defined by the late-sucrose
response was subtracted from the total charge.

Generally, the measured data are reported as mean * SEM, if they
were averaged over the maximal EPSC,, range. If smaller, defined EPSC,,
intervals were considered, the variability in the measured effects was of
interest, and the data are presented as mean * SD. The calculation of
averages and errors was based on the total number of cells measured. Our
analysis showed that the average data were largely independent on vari-
abilities introduced by differences between cell cultures. The total num-
ber of cells and the number of cultures are given by N and n, respectively.

For normally distributed data, statistical analysis was performed using
either the paired or unpaired two-tailed Student’s ¢ test with *p < 0.05,
**p < 0.01, and ***p < 0.001. In the unpaired case, unequal variances
were considered. Samples showing no normal distribution were statisti-
cally analyzed by the nonparametric Kolmogorov—Smirnov (KS) test.

We adopted the acronym ESCA (Epac-selective cAMP analog) from
Holz et al. (2008) for the 2’-O-methyl-substituted cAMP analogs that
activate the Epac protein family. ESCA, specifically denotes
8-pCPT-2'-O-Me-cAMP.

Results

Cultured autaptic neurons express both Epac (1, 2) isoforms
Electrophysiological experiments performed at the calyx of Held
have shown that the rate of vesicle recruitment is modulated by
the intracellular level of cAMP and that this modulation involves
Epac activity (Sakaba and Neher, 2003; Kaneko and Takahashi,
2004). In the murine and rat brain, both Epac isoforms were
detected at the mRNA expression level (Kawasaki et al., 1998;
Ozaki et al., 2000). Here we determined the protein expression of
Epacl and Epac2 in cultured neurons from the DG and the CA1
region of the hippocampal formation (CA1) of both murine and
rat origin (see Materials and Methods). Western blot analysis of
the corresponding neuronal protein lysates showed that cultured
murine and rat hippocampal neurons express both Epac isoforms
(Fig. 1A).

ESCA, is a specific activator of Epac in autaptic neurons

At present, specificity of cAMP-induced Epac actions is mainly
tested by ESCAs (Holz et al., 2008). ESCAs incorporate a 2'-O-
methyl substitution on the ribose ring of cAMP. This modifica-
tion impairs their ability to activate PKA, while leaving their abil-
ity to activate Epac unaffected, when used at submillimolar
concentrations in vitro (Enserink et al., 2002; Christensen et al.,
2003). At 50 M, ESCA, activates Epac maximally, whereas PKA
function is barely affected (~5-7%) (Christensen et al., 2003). By
quantifying the amount of phosphorylation at the PKA phos-
phorylation site (Ser9) of the presynaptic protein marker synap-
sin I, we confirmed the Epac specificity of ESCA; in neuronal
cultures (Johnson et al., 1972; Menegon et al., 2006). Figure 1 BI
shows the amount of synapsin I phosphorylation at Ser9 after
treatment of neuronal DG cultures with either ESCA, (50 um),
forskolin (50 uM), or 6-Bnz-cAMP (100 um) (see Materials and
Methods). Both forskolin and the PKA-activating cAMP analog
6-Bnz-cAMP, increased synapsin I phosphorylation at Ser9 (Fig.
1B1,B2). Forskolin enhanced synapsin I phosphorylation signif-
icantly by 120 * 20% (mean = SEM; N = 5), whereas 6-Bnz-
cAMP enhanced the phosphorylation at Ser9 by 29% (N = 1)
(Fig. 1B2). In contrast, application of ESCA, (N = 3) did not
increase the phosphorylation level of the synapsin I-PKA site
compared with control condition.
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Figure 2.  ESCA, enhances neurotransmitter release at excitatory autaptic neurons from

dentate gyrus. A, Average EPSCamplitude potentiation (mean = SEM) by 50 um ESCA, (EPSC,
= 5.43 = 0.51 nA, mean == SEM) and 50 pum forskolin (EPSC, = 4.95 = 0.48 nA, mean =+
SEM). Statistical significance was analyzed by using the paired ¢ test. The statistical significance
of the difference between the ESCA, and the forskolin effect was tested by the KS test. BT,
Average time course of EPSCamplitudes in the presence and absence of ESCA, (mean = SEM).
@, ESCA;; N = 27, n = 5 (EPSC, = 7.01 = 0.94 nA, mean == SEM); [, average EPSC
amplitude rundown under control condition; N = 17;n = 2 (EPSC; = 9.2 == 1.5nA, mean =
SEM). The black bar represents the onset and duration of drug application. B2, Average time
course of EPSC amplitudes in the presence and absence of forskolin (mean = SEM). Markers
were used in analogy to the top panel. N = 13;n = 1(EPSC, = 4.76 = 0.81nA, mean = SEM).
C, Analysis of the changes in the AP-related Na *- and K *-current peaks (mean + SEM).
AP-related sodium and potassium currents were observed before every EPSC. Top left, A typical
waveform, indicating negative and positive peaks as values representative for Na ™ currents
and K™ currents. Peak current changes were analyzed for the control rundown condition (top
right) and for both drug conditions (middle, ESCA,; bottom, forskolin). The changes both during
the steady-state phase of drug application and 3 min after drug removal are shown. In the
control rundown experiment, the time intervals for analysis were chosen to match those used in
the drug experiments. Significance was tested by a paired t test. The numbers within the
histogram bars are N values, representing the number of cells. For the control rundown condi-
tion, 13 cells were analyzed.

Application of ESCA, enhances neurotransmitter release
Analysis of neurotransmitter release from excitatory cultured au-
taptic neurons of the murine dentate gyrus revealed that external
application of ESCA, (50 uMm) increased EPSC amplitudes during
low stimulation frequency (0.2 Hz). On average, EPSC ampli-
tudes were potentiated by 23 * 3% (mean *+ SEM; N = 60) (Fig.
2A). This action of ESCA; was mimicked by structurally related
ESCAs, which displayed different membrane permeabilities and
were either resistant to enzymatic hydrolysis or showed higher
affinity toward Epac (see supplemental material, available at
www.jneurosci.org) (Fig. 1 B). This indicates that neither stability
nor the concentration of ESCA; were limiting factors in our
experiments.

In a second set of experiments, application of forskolin signif-
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icantly enhanced EPSC amplitudes on average by a factor of 60 +
6% (mean * SEM; N = 46) (Fig. 2A). Forskolin is generally
believed to enhance intracellular cAMP levels by activation of
adenylyl cyclases (Vincent and Brusciano, 2001; Willoughby and
Cooper, 2006). Thus, Epac activation can explain on average
~38% of the forskolin-induced increase in evoked EPSC ampli-
tudes. A contribution of Epac activity to the observed forskolin
response is further supported by the analysis of the washout
phases of both the ESCA,; and the forskolin response (Fig.
2 B1,B2). After ESCA, application, the washout phase was fitted
by a monoexponential function with a decay time constant of
13 = 1 s (mean = SD) (Fig. 2BI). In the case of forskolin appli-
cation, the washout phase was best described by a biexponential
function, where the fast decay time constant was 18 * 3 s
(mean * SD), followed by a much slower decay with a time
constant of 192 = 23 s (Fig. 2 B2). Therefore, the forskolin effect
on EPSC amplitudes can be attributed to complex cAMP signal-
ing. We attempted to demonstrate experimentally a possible role
of HCN channels in the cAMP- or ESCA,-mediated responses
(Zhong and Zucker, 2005), however without positive results (see
supplemental material, available at www.jneurosci.org) (Fig. 2).
Our electrophysiological recordings suggest that HCN channel
function is absent from autaptic excitatory DG neurons. In con-
trast to rat dentate granule cells, which show a high HCN channel
mRNA and protein expression level for all known isoforms
(Monteggia et al., 2000; Notomi and Shigemoto, 2004), HCN
isoforms are absent or barely detectable above background in
murine dentate granule cells (Moosmang et al., 1999; Santoro et
al., 2000). Overall, our data indicate that Epac activity contributes
to the forskolin response in murine excitatory autaptic DG neu-
rons, that it is involved in the fast mode of the forskolin response,
and that it does not act via HCN channels.

Finally, we analyzed the action potential (AP)-related Na ™
and K™ currents that preceded the autaptic EPSC (Fig. 2C, top
left). Changes in these voltage-gated currents may affect our mea-
surements of evoked EPSCs by two means: first, the overlap of the
time course of these voltage-gated currents and the EPSC may
contaminate measurements of the EPSC amplitude, and second,
their modulation by drug application may change the shape of
the action potential and thereby additionally modulate neuro-
transmitter release. To exclude a contamination of the measured
EPSC by AP-related current traces, we applied CNQX to measure
the postsynaptic AMPA receptor current as a difference current.
The size of the EPSC amplitude was not affected by the shape of
the preceding AP-related current traces (see supplemental mate-
rial, available at www.jneurosci.org) (Fig. 1A). Forskolin-
induced changes in the EPSC amplitude were confirmed. Still,
ESCA, and forskolin differently inhibited the AP-related currents
(Fig. 2C). ESCA, depressed only the Na™ current significantly,
whereas forskolin reduced both the Na * and the K* currents. In
contrast to the Na * current, forskolin-mediated inhibition of the
K™ current was reversible. Neither Na * nor K™ currents showed
a significant rundown during control EPSC amplitude record-
ings. These observations provide further evidence that ESCA,
specifically targets Epac at the concentration used. The inhibition
of K™ current can be attributed to PKA activity (Siegelbaum et
al., 1982).

Potentiation induced by pharmacological agents depends on
the initial EPSC amplitude, the type of neuronal preparation,
and animal species

The magnitude of EPSC amplitude potentiation induced by
short-term application of forskolin (2 min) or ESCA; (1.2 min)
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Figure3.  The magnitude of the drug-induced EPSC amplitude potentiation can be correlated to the size of the EPSC, ampli-
tude. Electrophysiological recordings of excitatory DG neurons. A, Left, cAMP-related EPSC amplitude potentiation versus the
EPSC, amplitude (mean = SD). I, ESCA, (50 um); N = 60; n = 13; A, forskolin (50 wm); N = 46; n = 3. Individual data points
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fitted by a biexponential function. Right, Representative EPSC sample traces before and after ESCA, or forskolin application for
both small (a) and large (b) EPSC,, as marked by arrows in the left panel. AP-related currents were blanked out. B, Left, EPSC
amplitude potentiation induced by PDBu (1 jum) versus the EPSC, amplitude (mean = SD). O, Murine DG; N =350 =7; O,
murine CA1; N = 5; @, rat CAT; N = 16; n = 3. Data binning and layout of the figure are as in A. The PDBu data were fitted by
abiexponential function. Right, The time course of the PDBu effect on EPSCamplitudes (mean == SEM) depends on the hippocam-
pal region used for the preparation of neuronal cultures. O, Murine DG; N = 7;n = 1 (EPSC, = 3.33 = 0.51 nA, mean = SEM);
¢, ratCA1; N =6;n = 1(EPSC, = 3.37 £ 0.7 nA, mean = SEM). (7, Drug-induced EPSCamplitude potentiation as a function
of culture age (DIV; mean == SEM). A, DIV8—10; B, DIV 11-15. The numbers within the histogram bars are N values, representing
the number of cells. Significance was tested by a KS test. €2, Dependency of the EPSC, on the age of the culture (DIV; mean == SD).
@, Mean control EPSC, for a given culture age. The number in brackets indicates the number of cells measured for a given culture
age. Gray open circles indicate individual EPSC, data points measured at a certain culture age; white open squares, triangles, and
circles indicate mean EPSC, values of the cells from €7.

J. Neurosci., August 6, 2008 - 28(32):7991-8002 * 7995

presynaptically enhance neurotransmitter
release (Malenka et al., 1986), was more
pronounced for small EPSC, than for
larger ones (Fig. 3B). In Fig. 3C, we corre-
lated the drug-induced EPSC amplitude
potentiation with the age of the dentate
gyrus culture (DIV) to account for a pos-
sible maturation aspect that may underlie
the observed effect dependency on EPSC,,.
Overall, the EPSC potentiation effects
were larger for younger (DIV 8-10) than
for older (DIV 11-15) cell cultures (Fig.
3CI).

The age of the culture not only deter-
mined the amount of EPSC amplitude po-
tentiation, it additionally influenced the
mean EPSC, amplitude. The increase in
the mean EPSC,, amplitude with age could
be described by a power law (Fig. 3C2).
However, the variation in EPSC,, was large
for any given age. To reduce this experi-
mental variability, we chose the EPSC,
amplitude as our reference for further
analysis of the drug-mediated EPSC am-
plitude potentiation.

Dependency on EPSC, extended to
properties beyond those of the evoked
EPSCs. Under control condition, both
mEPSC amplitudes and frequency in-
creased in size with larger EPSC, values
(Fig. 4A). Mean frequency of quantal
events covered a 22.6-fold range (from
0.18 = 0.06 Hz at an EPSC,, of 0.4 nA to
4.06 = 1.12 Hz at an EPSC, of 12 nA,
mean * SEM) (Fig. 4C). Correlation of
control mEPSC amplitudes and frequency
with the age of the culture showed that
both increased with age, being signifi-
cantly larger for DIV 11-14 than for DIV
8-10. The average control mEPSC ampli-
tude significantly (p < 0.01) increases
from 44 £ 2 pA (mean = SEM; N = 69)
for DIV 8-10to 52 = 2 pA (mean * SEM;
N = 32) for DIV 11-14, whereas the aver-
age control mEPSC frequency significantly
(p < 0.001) increases from 1 = 0.02 Hz
(mean = SEM; N = 69) to 3.5 = 0.6 Hz
(mean *£ SEM; N = 32). Similar effects of
cell culture age on mEPSC frequency and
amplitude were previously observed by
Gottmann et al. (1994).

In summary, our results suggest that a
maturation aspect may underlie the EPSC,
amplitude and needs to be considered as a
normalizing factor. Therefore, we will use

was dependent on the EPSC,, (for definition, see Materials and  the EPSC, as a reference in all our analyses of drug-induced
Methods) (Fig. 3A). Regardless of the EPSC, amplitude, ESCA;  changes in evoked EPSCs. The EPSC, reflects a certain initial
invariably caused less potentiation than forskolin. The forskolin ~ functional state of a neuron, which is determined by the number
response was particularly pronounced for EPSC, < 1nA,aprop-  of synapses, the quantal size, and the release probability of a

erty not shared by the ESCA |-mediated activation of Epac. How-  vesicle.

ever, dependency on EPSC,, was not restricted to pharmacologi- Differences between species or neuronal preparations addi-
cal agents modulating cAMP signaling. Similarly, an increase in  tionally influenced the drug-related enhancement of neurotrans-
EPSC amplitudes induced by PDBu, a phorbol ester known to  mitter release. Unlike in murine DG and CA1 neurons, ESCA;
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Figure 4.  ESCA, application enhances mEPSC frequency. For every individual cell, mEPSC
events were recorded for at least 1 min from murine DG neurons in the absence or presence of
cAMP-related pharmacological agents. To prevent AP-related calcium influx, sodium channels
were blocked by coapplication of 300 nm TTX. A, Representative mEPSC sample traces for the
control (DIV 10 and DIV 14) condition and the corresponding ESCA, (50 um) or forskolin (50 rum)
treatment. B, mEPSC amplitude versus the EPSC, amplitude. Black circles, Control; squares,
ESCA,; N = 47;n = 3; gray circles, forskolin; N = 11;n = 2. Inset, Mean mEPSC sample traces
are shown for control and ESCA, treatment. Arrows indicate their corresponding data points in
the curve. ¢, mEPSC frequency versus the EPSC, amplitude. Significance was tested by a paired
t test. Black circles, Control; N = 101; n = 9; squares, ESCA,; N = 47; n = 3; gray circles,
forskolin (50 m); N = 11;n = 2.In Band ¢, mEPSC data are pooled over the following EPSC,
intervals: from >0to <<1nA, from 1to <<2nA, from 2to <<4nA, from4to <<10nA,and =10
nA. The values are presented as mean = SEM. The number of cells in the EPSC, classes is given
in parentheses.

application did not elicit an acute response in rat CAl neurons
(data not shown). In contrast, the PDBu response showed no
significant species difference when comparing rat and murine
CAl neurons. However, the PDBu response was more pro-
nounced for murine DG neurons than for murine/rat CA1 neu-
rons (Fig. 3B). When considering an EPSC,, of 3.33 = 0.51 nA

Gekel and Neher e Neurotransmission Involves Epac Function

(mean * SEM), the PDBu-induced steady-state EPSC amplitude
potentiation in rat CAl neurons was only half the steady-state
potentiation observed for murine DG neurons (Fig. 3B, right).

ESCA,-mediated Epac activation is presynaptic in origin and
increases the release probability for a fusion event

Both forskolin and ESCA, enhanced mEPSC frequency (Fig.
4A,C) without changing the mEPSC amplitude (Fig. 4B).
mEPSC frequency was increased by up to fivefold during ESCA,
application for young cell culture ages (DIV 8-10) (see supple-
mental material, available at www.jneurosci.org) (Fig. 3A2). The
average increase was by a factor 0of 2.9 * 0.5 (mean = SEM; N =
20). The ESCA -induced enhancement of mEPSC frequency was
prominent for the EPSC,, amplitude interval of [2; 10] nA. For
EPSC, amplitudes <0.5 nA, no ESCA;-mediated potentiation of
mEPSC frequency was detectable.

The average potentiation of mEPSC frequency by application
of forskolin (3.4 = 0.4, mean = SEM; N = 10) was not signifi-
cantly different from the one induced by ESCA, (2.7 = 0.6,
mean = SEM; N = 15) when considering similar distributions of
EPSC, values and the same cell culture ages (DIV 11-14) for both
drug treatments. Therefore, we conclude that Epac activation can
account for 100% of the forskolin effect on mEPSC frequency.
Because we did not observe a change of mEPSC amplitude after
brief ESCA, application, the observed ESCA, response on spon-
taneous release is presynaptic in origin. Paired-pulse experiments
further validated the presynaptic locus of the ESCA, response:
there was on average a 55% decrease in paired-pulse facilitation
with ESCA,, consistent with an increased probability of release
(see supplemental material, available at www.jneurosci.org) (Fig.
3B).

Next, we addressed the question of whether the number of
vesicles that can be released with a brief pulse of hypertonic su-
crose solution is modulated by ESCA, (Fig. 5). Application of 500
mM sucrose solution maximally releases all vesicles in close prox-
imity to the active zone (Rosenmund and Stevens, 1996). We
calculated the number of vesicles released by sucrose under con-
trol condition and in the presence of ESCA; (for details on the
calculation of the vesicle numbers, see Materials and Methods).
ESCA, was applied for 72 s before sucrose stimulation. For any
given EPSC, value, we detected no significant difference between
the number of released vesicles in the absence or presence of
ESCA, (Fig. 5B). This shows that the average number of sucrose-
releasable vesicles is not changed during application of ESCA;.
Given the finding that ESCA, increases action potential-evoked
EPSCs and that quantal size is unchanged after Epac activation,
we conclude that the drug increases the mean release probability.
In view of the heterogeneity in release probability (Moulder and
Mennerick, 2005), this change can be either a general increase in
p or else a shift between different populations of vesicles.

cAMP-to-PKC signaling occurs after ESCA-induced

Epac activation

Next, we tested whether application of ESCA, and of phorbol
esters may affect similar signaling pathways. Phorbol esters were
shown to enhance evoked and spontaneous neurotransmitter re-
lease in various neuronal preparations (Malenka et al., 1986;
Parfitt and Madison, 1993; Chen and Roper, 2003; Searl and
Silinsky, 2003). They modulate both the number of readily releas-
able vesicles (Stevens and Sullivan, 1998; Waters and Smith,
2000) and the vesicular release probability (Rhee et al., 2002; Basu
et al., 2007). We stimulated neurons with ESCA, before applica-
tion of PDBu (for details, see Fig. 6), and subsequently recorded
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Figure5. The number of sucrose-releasable vesicles is not affected by ESCA, application. A,

Representative control sucrose sample traces (a—e) for selected EPSC, amplitudes (see B).
Arrowheads indicate onset and end of sucrose (500 mw) application. B, Linear dependency of
vesicle numbers on the EPSC, amplitude (mean == SD). The vesicle number was calculated as
described in Materials and Methods. @, Control; N = 50; n = 6; [, ESCA, (50 pm); N = 44;
n = 3. Data points were binned for the following EPSC; intervals: <<0.5 nA, from 0.5 to 1nA,
from >1to <<4nA, from 4to <<10nA, from 10 to <<15nA, and >15 nA. The number of cells
inthe EPSC, classes is given in parentheses. The arrows (a—e) indicate the EPSC, values for the
control sample traces shown in A.

the PDBu-mediated changes in EPSC amplitudes at 0.2 Hz in the
absence of ESCA,. We found a prominent interaction between
the two stimuli.

We analyzed murine DG neurons, which so far proved to be
susceptible to ESCA, application. In addition, rat CA1 neurons
were chosen to serve as a negative control for a putative interac-
tion of the PDBu- and the ESCA, -activated pathways, because
application of ESCA, did not elicit an acute increase in EPSC
amplitudes in this preparation (data not shown). These mecha-
nistic differences in the ESCA, response for mouse and rat neu-
rons may result from differential protein expression ratios for
both Epac isoforms. Cultured murine neurons show a higher
Epac2-to-Epacl protein expression ratio than cultured rat
neurons.

We analyzed the changes of the PDBu response induced by
prestimulation with ESCA |, and differentiated between different
classes of EPSC,. Prestimulation with the cAMP analog increased
a subsequent PDBu response in murine DG neurons, but not in
rat CA1 neurons (Fig. 6 B). The difference was detectable for all
EPSC, values <10 nA. Statistical analysis of the PDBu potentia-
tion values for murine DG neurons showed that the ESCA,-
induced enhancement of the PDBu response is significant ( p <
0.0001). Thus, a modulation of the PDBu response occurs only
for neurons, which also show an increase of neurotransmitter
release during prestimulation with the Epac-specific cAMP ana-
log (see above). Sample traces from murine DG neurons show the
ESCA,-induced enhancement of the PDBu response (Fig. 6A).
The amount of potentiation depended on the time interval be-
tween ESCA | and PDBu application. The resulting time course of
relative EPSC amplitude potentiation peaked at the interapplica-
tion interval (IAI) of 3 min (Fig. 6C), with the enhancement of
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Figure 6.  ESCA, application enhances a subsequently induced PDBu response. 4, Stimula-

tion protocol and sample traces. Before PDBu (1 wum) application for 2 min, cultured neurons
were stimulated at various IAls for 1.2 min with ESCA, (50 m). EPSCs were recorded at 0.2 Hz.
Average traces of one complete experiment (numbered 1-4) are shown for IAl = 2 min.
AP-related currents were blanked. The reference PDBu trace was calculated from the basal EPSC
(3) according to the fit of the PDBu reference curve shown in Fig. 3B (left). B, Dependency of the
PDBu effect on EPSC, in the presence (+) or absence (—) of neuronal prestimulation with
ESCA, for both murine DG neurons [DG, ., orDG,_,] and rat CA1 neurons [CAT . ]. O, Murine
DG(—), control value; @, murine DG(+), ESCA, prestimulation; N = 21; n = 5. O, Rat
CA1(—), control value; #,rat CA1(+), ESCA, prestimulation; N = 11;n = 2.Inthe case of the
murine DG neurons, the PDBu effects for the IAls 0 and 1 min were pooled to increase the
number of data points. Similarly, for rat CAT neurons, the PDBu effects corresponding to the IAls
1and 2 min were pooled. For all curves, individual data points were binned in classes of 1 nA for
EPSC, > 0.5 nA. The PDBu-generated EPSC potentiation values are shown as mean = SEM for
murine DG neurons and as mean == SD for rat CAT neurons. C, Time dependency of the ESCA,-
induced enhancement of the PDBu effect. Black circles, murine DG; gray circles, murine CAT;
diamonds, rat CAT1. Values from different age and EPSC, classes were pooled by averaging for
each 1Al the relative difference of PDBu-induced EPSC amplitude potentiations (“rel. EPSC Po-
tentiation diff.”):

rel. EPSC Potentiation diff. =

EPSC Potentiation g psca, — EPSC Potentiation, re ence
EPSC Potentiation,cerence — 1

X 100%;

for the definition of “EPSC Potentiation,” see Materials and Methods. Values are presented as
mean = SEM. Statistical significance was tested by a KS test. The number of cells for distinct 1Als
is given in parentheses.

the PDBu response developing slowly and decaying over several
minutes. For murine CA1 neurons, the size of the PDBu response
enhancement at an interapplication interval of 1 min was com-
parable with that observed for murine DG neurons (other IAIs
were not analyzed). Rat CA1 neurons showed an ESCA;-induced
PDBu response enhancement neither at an interapplication in-
terval of 1 min nor at one of 2 min. These data demonstrate that
for murine DG and CA1 neurons, ESCA, application exhibits a
slow mode of action in addition to its rapid enhancement of
EPSC amplitude during low-frequency stimulation. Considering
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Figure 7.  Inhibition of PKC activity by bisindolylmaleimide | reduces the PDBu response. 4,

Time course of the EPSCamplitude potentiation of dentate gyrus autapses by 1 v PDBu in the
absence or presence of 1.2 um Bis | during 0.2 Hz stimulation (mean == SEM). Horizontal bars
show the onset and the duration of drug application. @, Reference PDBu response (—Bis I);
N'=24;n =6 (EPSC, = 435 = 0.51nA, mean = SEM); <, PDBu response in the presence
of Bis | (+Bis1); N = 31;n = 3 (EPSC, = 4.69 == 0.49 nA, mean = SEM). B, PDBu-mediated
EPSCamplitude potentiationin the absence (—) or presence (+) of Bis | versus EPSC, (mean
SD). Individual data points were binned in classes of 1 nA for EPSC, > 0.5 nA, and mean drug
effects were calculated for each class. The continuous line is the fit to the values from Figure 38
(left); ¥, expected reference PDBu response calculated from the EPSC, amplitudes of the cells
used in the Bis | experiment and the curve fit of the reference PDBu “potentiation curve” (con-
tinuous line) (Fig. 3B, left); 4, mean PDBu response measured in the presence of Bis |; <,
individual data points measured in the presence of Bis I.

the fast washout of the ESCA, response (7 ~ 13 = 1 s; mean *
SD) (Fig. 2 B1), we conclude that the ESCA |-mediated enhance-
ment of the PDBu response over a time scale of minutes presum-
ably involves a complex signaling cascade either converging to or
complementing PDBu-activated signaling pathways.

To define the role of the classical phorbol ester receptor, PKC,
for the observed cAMP-to-PDBu effect, we inhibited the enzy-
matic kinase function in situ in the absence of ESCA,-mediated
Epac stimulation. During electrophysiological recordings, preap-
plication of the PKC-antagonist bisindolylmaleimide I (Bis I; 1.2
M) significantly (p < 0.0001) inhibited the PDBu-mediated
potentiation of EPSC amplitudes on average by 60 * 19%
(mean * SD; N = 31) (Fig. 7). In addition, it led to a long-lasting
suppression of EPSCs (Fig. 7A) as reported by Rhee et al. (2002).
Bis I does not inhibit the activity of Munc13, another putative
presynaptic PDBu target crucial for neurotransmitter release, in
vitro (Betz et al., 1998). Thus, the nonblocked PDBu response
may be attributable to activation of Muncl3. However, we can-
not exclude that an incomplete kinase block may explain the
remaining PDBu response as well in this experimental design.
Moreover, application of Bis I reduced AP-related sodium and
potassium currents by 12.4 = 1.6% (mean = SEM) and 14 *
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1.7% (mean = SEM), respectively. Both current type changes are
significant at the 1% level.

Given the partial action of the PKC-blocking drug, we thought
to test the involvement of PKC by an alternative approach in
which we downregulate intracellular PKC activity. It was previ-
ously shown that prolonged stimulation of cells with PDBu (1
M) downregulates PKC activity in differentiated PC12 cells and
sympathetic neurons (Matthies et al., 1987). This PKC down-
regulation results from proteasomal degradation of the enzyme
(Lee et al., 1997). Therefore, we preincubated murine DG neu-
rons for 16 h with 1 um PDBu and tested for the PDBu-mediated
effect on EPSC amplitudes after a 5 min wash. This wash time was
considered to be sufficient for the removal of the preapplied
PDBu, given a washout time constant for the acute PDBu re-
sponse of T, hou(PDBu) = 35.7 = 4.1 s (mean = SD) (Fig. 3B,
right). The PDBu-mediated effect on EPSC amplitudes was re-
duced for all EPSC, classes (Fig. 8A). On average, the PDBu
response was significantly (p < 0.0001) reduced by 93 * 12%
(mean * SD; N = 19). In contrast, mean EPSC,, values were not
significantly different between control measurements (1.88 =
0.36 nA, mean = SEM; N = 15) and those after PDBu pretreat-
ment (1.87 = 0.42 nA, mean * SEM; N = 19). Similarly, mEPSC
frequency was not changed when comparing control (0.29 = 0.15
Hz, mean = SD; N = 6) and PDBu-pretreated (0.31 = 0.09 Hz,
mean * SD; N = 5) neurons for a given class of EPSC, values
(0.83 £ 0.48 nA) (Fig. 8C,D). From the occurrence of mEPSCs at
normal rates, we conclude that long-term pretreatment with
PDBu did not cause a major loss of Muncl3 protein function,
because Varoqueaux et al. (2002) presented evidence that neu-
rons lacking Munc13 show neither evoked nor spontaneous re-
lease, despite forming a normal number of synapses with typical
ultrastructural features. We conclude that PKC activity is re-
quired for the enhancement of EPSC amplitudes by PDBu.

Finally, we observed that potentiation of neurotransmitter re-
lease by acute ESCA, application persisted after prolonged pre-
incubation with PDBu, whereas a subsequent PDBu response was
abolished (see supplemental material, available at www.
jneurosci.org) (Fig. 4). Moreover, ESCA; did not lead to a PDBu
response after subsequent PDBu application in neurons pre-
treated with PDBu.

Discussion

In the present study, we investigated the contribution of the novel
cAMP-target Epac to the cAMP-mediated enhancement of glu-
tamate release from presynaptic terminals at excitatory hip-
pocampal synapses during low stimulation frequency. First, we
showed that ESCA,-mediated Epac activation modulates neuro-
transmitter release from murine DG neurons by increasing the
mean vesicular release probability, either because of a general
increase in p or because of a shift between different populations of
vesicles. Second, we provided evidence that brief ESCA, applica-
tion leads to presynaptic changes persisting for several minutes.
These persistent changes were attributed to interacting ESCA, -
and PKC-signaling pathways.

ESCA,-activated Epac function complements PKA activity

Specific activation of Epac by ESCA; presynaptically increased
neurotransmission from cultured excitatory neurons of the mu-
rine dentate gyrus (Figs. 1 BI,B2, 2). Previous studies examining
the calyx of Held (Sakaba and Neher, 2003; Kaneko and Taka-
hashi, 2004) and the crayfish neuromuscular junction (Zhong
and Zucker, 2005) reported similar PKA-independent presynap-
tic effects. In cultured excitatory DG neurons, brief ESCA, appli-
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Figure 8.  Downregulation of PKC activity by prolonged preincubation of neuronal cultures with PDBu abolishes the PDBu
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logical recordings. A, EPSC amplitude potentiation = preincubation with PDBu for 16 h. Individual data points were binned in
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2.18 = 0.28 nA, mean == SEM); A, mean PDBu responses after preincubation with PDBu; <, individual PDBu responses after
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bation with PDBu (mean = SEM, significance tested by a KS test). The recordings for both conditions were not obtained from
identical cells. Therefore, we generated three different control values for the mean PDBu effect. m, Potentiation values measured
in the absence of PDBu preincubation (N = 21; n = 5). ¢, Potentiation values generated from the biexponential curve fit of the
PDBu reference curve (Fig. 38, left) using the individual EPSC, amplitudes measured after preincubation (N = 19; n = 2).d,
Potentiation values after preincubation with DMSO for 16 h (volume of application corresponded to the one used for pretreatment
with PDBu; N = 11; n = 3). The average EPSC, == SEM (2.10 == 0.59 nA) for the initial amplitude distribution used for din B is
indicated by a light gray bar in A. C, Top two traces, Sample traces for control and preincubation condition. Lowest traces,
Superimposed traces of detected mEPSC events (24 events for control; 29 events for the preincubation condition). D, Dependency
of the mEPSC frequency on the preincubation condition. 4, Mean control frequency; N = 6 (EPSC, = 0.83 == 0.48 nA, mean *
SD); <, individual control data points; gray circle, mean frequency after 16 h preincubation with PDBu; N = 5 (EPSC, = 0.81 =
0.82 nA, mean = SD); O, individual preincubation data points.
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constitutive activation of endogenous
Epac or PKA. In fact, experiments per-
formed by Chevaleyre et al. (2007) suggest
that both PKA-dependent and PKA-
independent cAMP-mediated signaling
pathways are involved in the maintenance
of synaptic transmission during low-
frequency stimulation.

Traditionally, PKA was believed to be
the key player when modulating plasticity
at central excitatory synapses. Considering
its short-term actions, PKA not only in-
hibits potassium channel function
(Siegelbaum et al., 1982), but additionally
phosphorylates synapsins, SNAP-25, and
voltage-dependent calcium channels (Hell
et al., 1995; Nagy et al., 2004; Menegon et
al., 2006). In our experiments, potassium
current was indeed affected by forskolin
but not by ESCA;-induced Epac
activation.

Acute application of pharmacological
agents modified neurotransmitter release
from cultured autaptic excitatory neurons
depending on the EPSC,, (Fig. 3A,B) and
the age of the culture (Fig. 3C). Similarly,
in slices of layer V cortical neurons, poten-
tiation of neurotransmitter release by for-
skolin exhibited a dependency on the age
of the animal, being more pronounced for
younger than for older animal ages
(Huang and Hsu, 2006). Our forskolin
data suggest that notably for small EPSC,
and younger cell culture ages (DIV 8-10),
cAMP-signaling pathways other than
those induced by Epac activation have a
high impact on neurotransmission (Fig.
3A,C1,C2). Both HCN channels and PKA
may account for the larger forskolin re-
sponse. However, our experimental results
failed to demonstrate the contribution of
HCN channels to hyperpolarization-
activated currents (see supplemental ma-
terial, available at www.jneurosci.org)
(Fig. 2A1,A2), in agreement with the ab-
sence or very low expression of HCN

cation enhances EPSC amplitudes on average by 23 * 3%
(mean = SEM; N = 60). This effect explains on average 38% of a
forskolin-induced increase in evoked EPSC amplitudes (60 =
6%, mean = SEM; N = 46). In slices of layer V cortical neurons,
ESCA, or forskolin potentiated EPSP slopes to a comparable ex-
tent (Huang and Hsu, 2006). In contrast to our findings and to
results from the crayfish neuromuscular junction (Zhong and
Zucker, 2005), Huang and Hsu (2006) concluded that Epac ac-
tivity does not contribute to the forskolin-mediated increase of
EPSP slopes.

In view of the modest cAMP-dependent potentiation of EPSC
amplitudes, the total activity of Epac may well be underestimated.
A putative subestimation of the ESCA,; response could not be
related to hydrolysis or membrane permeability of the drug (see
supplemental material, available at www.jneurosci.org) (Fig.
1BI1,B2). However, we cannot exclude an increase in the intracel-
lular cAMP level during 0.2 Hz stimulation or else a putative

channel isoforms at the mRNA level in murine dentate granule
cells (Moosmang et al., 1999; Santoro et al., 2000). On the other
hand, PKA activation by the specific cAMP analog 6-Bnz-cAMP
increased EPSC amplitudes in excitatory murine DG neurons
during 0.2 Hz stimulation (see supplemental material, available
at www.jneurosci.org) (Fig. 2 B).

The age of the animals not only influences the size of the
drug-induced change in evoked release, but also determines
mEPSC amplitude and frequency. Both of these quantities in-
crease with the animal age (Yamashita et al., 2003). In autaptic
hippocampal cultures, similar observations were made. Older cell
cultures show larger mean mEPSC amplitudes and higher mean
mEPSC frequencies (Gottmann et al., 1994). This property is
shared by our control mEPSC recordings. Thus, developmental
changes may likely determine the observed dependency of phar-
macological effects on EPSC,, in neuronal cell cultures. To elim-
inate experimental heterogeneity resulting from developmental
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changes, we analyzed short-term pharmacological effects with
respect to the initial state of a neuron. Moreover, this revealed
features of second-messenger-initiated molecular interactions
underlying the developmentally determined neuronal plasticity.

The ESCA, response sufficiently explains the observed in-
crease in mEPSC frequency after a forskolin-induced elevation of
intracellular cAMP levels. Quantal size was affected neither by
application of forskolin nor by ESCA, (Fig. 4B). In a recent study,
forskolin enhanced mIPSC frequency without affecting quantal
size in the presence of PKA inhibition by cannabinoid receptor
antagonist (Chevaleyre et al., 2007). This study, therefore, is com-
patible with our findings.

Although increasing AP-evoked neurotransmitter release,
ESCA,-mediated Epac activation did not change the number of
releasable vesicles as measured by the application of 500 mm su-
crose solution (Rosenmund and Stevens, 1996) (Fig. 5). How-
ever, this result does not necessarily reflect a general increase in p.
In the past years, several publications have provided evidence that
kinetically distinct heterogeneous release components occur dur-
ing presynaptic depolarization in diverse model systems, such as
the neuromuscular junction, chromaffin cells, hippocampal neu-
rons, and the calyx of Held (Rahamimoff and Yaari, 1973; Neher
and Zucker, 1993; Goda and Stevens, 1994; Sakaba and Neher,
2001; Moulder and Mennerick, 2005). Therefore, the Epac-
induced change in mean p also may represent a shift between
different populations of vesicles.

ESCA,- and PDBu-induced signaling pathways interact
Both the number of readily releasable vesicles (Stevens and Sul-
livan, 1998; Waters and Smith, 2000) and the vesicular release
probability (Rhee et al., 2002; Basu et al., 2007) are thought to be
subject to modification by PDBu. We showed that ESCA, appli-
cation enhanced a subsequent PDBu effect on EPSC amplitudes
(Fig. 6). The amount of enhancement depended on the time in-
terval between ESCA, and PDBu application, and developed
slowly over several minutes. Synergistic interaction of the
forskolin- and PDBu-mediated modulation of excitatory synap-
tic transmission was previously observed in granule cells of the
human dentate gyrus: prior application of forskolin occludes the
effects of PDBu on mEPSC frequency (Chen and Roper, 2003).
Downregulation of PKC activity by prolonged neuronal pre-
treatment with PDBu (Matthies et al., 1987; Popp et al., 2006)
indicated that PKC activity is required for the PDBu response
(Fig. 8). Recently, Wierda et al. (2007) showed that the PDBu
response was abolished in autaptic Munc18-1-null mutant neu-
rons expressing a PKC-insensitive Munc18-1 protein. Munc18-1
is believed to facilitate vesicle docking in a PKC phosphorylation-
independent manner in chromaffin cells: its phosphorylation by
PKC enhances vesicle pool replenishment after a depleting stim-
ulation at a postdocking stage (Nili et al., 2006). However, at
present, little is known about the contribution of PKC-mediated
regulation of VDCCs and calcium influx (DeRiemer et al., 1985;
Swartz, 1993) to the observed PDBu response. From our experi-
mental design, it is unclear whether and to what extent the ob-
served interaction of ESCA - and PDBu-induced signaling path-
ways involves changes of VDCC function and calcium influx.
Because preapplication of the Epac-specific cAMP analog
ESCA, increases the PDBu response (Fig. 6), and because this
response is dependent on PKC/Munc18-1 interaction (Wierda et
al., 2007), we suggest that Epac activity may enhance the PKC/
Munc18-1-mediated vesicle pool replenishment by directly stim-
ulating PKC/Muncl8-1 activity or indirectly by regulating
Muncl3 function and vesicle priming. Two mechanisms can be
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proposed for this action of Epac: plasma-membrane-associated
Epacl (DiPilato et al., 2004) targets PLCe via Rap2B (Evellin et
al., 2002) generating diacylglycerol. This may lead to the activa-
tion and translocation of PKCe to the plasma membrane (Hucho
etal., 2005) or else to the activation of Munc13 via its C1 domain.
Moreover, Rap2B activates the Cdc25 domain function of PLCe
generating the active GTP form of Rapl (Wing et al., 2003). Al-
ternatively, Epac2 was shown to interact N-terminally with the
PDZ domain of the active zone protein RIM1 (Ozaki et al., 2000).
The currently available data establish that RIM1 has a central
function in the regulation of neurotransmitter release (Lonart,
2002). It organizes the docking and priming of vesicles for exo-
cytosis, by regulating the recruitment of Munc13-1 to the active
zone (Andrews-Zwilling et al., 2006), thereby enabling the for-
mation of a Munc13/RIM/Rab3 tripartite complex (Dulubova et
al., 2005). In pancreatic B-cells, cAMP fully rescues the priming
defects caused by Munc13-1 deficiency via Epac and PKA signal-
ing pathways and requires downstream Munc13-1/Rim2 interac-
tion: both the RRP size and the refilling rate of a releasable pool of
vesicles are partially restored after ESCA;-mediated Epac activa-
tion, whereas PKA completely restores the RRP size and partially
rescues refilling kinetics (Kwan et al., 2007).
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