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brocortical nerve terminals.

function.

(Background: G protein-coupled receptors generating cAMP at nerve terminals modulate neurotransmitter release.
Results: B-Adrenergic receptor enhances glutamate release via Epac protein activation and Munc13-1 translocation at cere-

Conclusion: Protein kinase A-independent signaling pathways triggered by B-adrenergic receptors control presynaptic

Significance: 3-Adrenergic receptors target presynaptic release machinery.

N

J

The adenylyl cyclase activator forskolin facilitates synaptic
transmission presynaptically via cAMP-dependent protein
kinase (PKA). In addition, cAMP also increases glutamate
release via PKA-independent mechanisms, although the down-
stream presynaptic targets remain largely unknown. Here, we
describe the isolation of a PKA-independent component of glu-
tamate release in cerebrocortical nerve terminals after blocking
Na™ channels with tetrodotoxin. We found that 8-pCPT-2'-O-
Me-cAMP, a specific activator of the exchange protein directly
activated by cAMP (Epac), mimicked and occluded forskolin-
induced potentiation of glutamate release. This Epac-mediated
increase in glutamate release was dependent on phospholipase
C, and it increased the hydrolysis of phosphatidylinositol 4,5-
bisphosphate. Moreover, the potentiation of glutamate release
by Epac was independent of protein kinase C, although it was
attenuated by the diacylglycerol-binding site antagonist cal-
phostin C. Epac activation translocated the active zone protein
Munc13-1 from soluble to particulate fractions; it increased the
association between Rab3A and RIM1« and redistributed syn-
aptic vesicles closer to the presynaptic membrane. Furthermore,
these responses were mimicked by the -adrenergic receptor
(BAR) agonist isoproterenol, consistent with the immunoelec-
tron microscopy and immunocytochemical data demonstrating
presynaptic expression of BARs in a subset of glutamatergic syn-
apses in the cerebral cortex. Based on these findings, we con-
clude that BARs couple to a cAMP/Epac/PLC/Muncl13/Rab3/
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RIM-dependent pathway to enhance glutamate release at
cerebrocortical nerve terminals.

The adenylyl cyclase activator forskolin presynaptically facil-
itates synaptic transmission and glutamate release at many syn-
apses (1-9). Several studies have found that this presynaptic
facilitation is dependent on the activation of the cAMP-depen-
dent protein kinase (PKA) (1, 2, 4, 8), consistent with the find-
ing that many proteins of the release machinery are targets of
PKA, such as rabphilin-3 (10), synapsins (11), Rab3-interacting
molecule (RIM)® (12-14), and Snapin (15). A PKA-dependent
component of release has been identified in studies of evoked
synaptic transmission responses (1, 4), because Na*, Ca®*-de-
pendent K" and Ca®* channels are also PKA targets (16-21).
However, forskolin-induced facilitation of glutamate release
also occurs via PKA-independent mechanisms (5), in which the
exchange protein directly activated by cAMP (Epac) is impli-
cated (7, 9). In fact, forskolin-induced increases in the fre-
quency of miniature excitatory postsynaptic currents are fully
dependent on Epac activation (9).

3The abbreviations used are: RIM, Rab3-interacting molecule; Epac,
exchange protein directly activated by cAMP; BAR, B-adrenergic receptor;
PLC, phospholipase C; PIP,, phosphatidylinositol 4,5-bisphosphate; IP5,
inositol trisphosphate; DAG, diacylglycerol; HBM, HEPES-buffered medi-
um; IP, inositol trisphosphate; IP, inositol monophosphate; NGS, normal
goat serum; IBMX, 3-isobutyl-1-methylxanthine; SV, synaptic vesicle;
8-pCPT, 8-(4-chlorophenylthio)-2’-O-methyladenosine 3’,5’-cyclic mono-
phosphate monosodium hydrate; 6-Bnz-cAMP, N°-benzoyladenosine-
3',5'-cyclic monophosphate; Sp-8-Br-cAMPS, 8-bromoadenosine-3’,
5'-cyclic monophosphorothioate, Sp-isomer; Sp-8-pCPT-2'-O-Me-cAMP,
8-(4-chlorophenylthio)-2'-O-methyladenosine-3’, 5’-cyclic monophos-
phorothioate, Sp-isomer; HCN channel, hyperpolarization-activated cyclic
nucleotide-gated channel; PB, phosphate buffer; ANOVA, analysis of
variance.
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Epac proteins contain multiple domains, including one
(Epacl) or two (Epac2) cAMP regulatory domains and a gua-
nine nucleotide exchange factor (22). Both Epacl and Epac2 are
expressed in the brain, in regions such as the prefrontal cortex,
hippocampus, and striatum (23). Despite the role of Epac pro-
teins in regulating transmitter release, how these proteins inter-
act with the release machinery to enhance its activity at central
synapses is unknown. In non-neuronal preparations, Epac
enhances exocytosis of the acrosome via PLC-dependent Ca>"
mobilization, and it activates small G proteins, including Rap1
and Rab3 (24). Epac2 regulates insulin secretion in pancreatic 8
cells (25) through the activation of PLCe (26), and it binds to the
Rab3-interacting molecule protein (RIM) in the active zone
(27). By contrast, in expression systems (HEK293 cells), Epac
specifically activates PLCe by activating Rap2, provoking inosi-
tol trisphosphate (IP,)-mediated release of Ca®" from internal
stores (28). However, it remains unknown whether the interac-
tions of Epac with the release machinery proteins found in
other secretory systems also occur in central nerve terminals.

The adenylyl cyclase activator forskolin has been widely used
to presynaptically enhance both synaptic transmission and glu-
tamate release at many synapses. Because all isoforms of adeny-
lyl cyclase are stimulated by the GTP-bound « subunit of G
(Gay) (29), and the activation of B-adrenergic receptors (BARs)
mimics the potentiating effect of forskolin on PKA-dependent
neurotransmitter release (4, 20, 30, 31), we sought to determine
whether the PKA-independent effects of Epac are triggered by
the stimulation of G, protein-coupled receptors at central nerve
terminals.

We found that in cerebrocortical nerve terminals, the PKA-
independent component of the forskolin-induced facilitation of
glutamate release can be isolated by blocking Na™ channels
with tetrodotoxin. The BAR agonist isoproterenol mimicked
this response, consistent with the demonstration of presynaptic
BARs in a subset of glutamatergic synapses of the cerebral cor-
tex by immunoelectron microscopy. The PKA-independent
response induced by isoproterenol was mimicked and occluded
by the Epac-selective cAMP analog 8-pCPT. Moreover, both
the isoproterenol- and 8-pCPT-mediated responses were PLC-
dependent, and they were attenuated by the diacylglycerol-
binding site antagonist calphostin C. Furthermore, isoprotere-
nol and 8-pCPT induced the translocation of Muncl3-1, an
active zone protein essential for synaptic vesicle priming, from
soluble to particulate fractions, as well as promoting synaptic
vesicle redistribution to positions closer to the presynaptic
membrane. Finally, 8-pCPT promoted the association of Rab3
with the active zone protein RIM. Based on our findings, we
conclude that the BAR/cAMP/Epac signaling pathway acts on
the Rab3 and Muncl3-1 proteins of the release machinery,
enhancing glutamate release.

EXPERIMENTAL PROCEDURES

Synaptosome Preparations—All animal handling procedures
were performed in accordance with European Commission
guidelines (2010/63/UE), and they were approved by the Ani-
mal Research Committee at Universidad Complutense. Synap-
tosomes were purified from the cerebral cortex of adult (2-3
months old) C57BL/6 mice on discontinuous Percoll gradients
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(Amersham Biosciences) as described previously (32). Briefly,
the tissue was homogenized in medium containing 0.32 M
sucrose (pH 7.4), the homogenate was centrifuged for 2 min at
2,000 X gand 4 °C, and the supernatant was then spun again for
12 min at 9,500 X g. From the pellets obtained, the loosely
compacted white layer containing the majority of the synapto-
somes was gently resuspended in 0.32 M sucrose (pH 7.4), and
an aliquot of this synaptosomal suspension (2 ml) was placed
onto a 3-ml Percoll discontinuous gradient containing 0.32 M
sucrose, 1 mMm EDTA, 0.25 mMm pL-dithiothreitol, and 3, 10, or
23% Percoll (pH 7.4). After centrifugation at 25,000 X g for 10
min at 4 °C, the synaptosomes were recovered from between
the 10% and the 23% Percoll bands, and they were diluted in a
final volume of 30 ml of HEPES-buffered medium (HBM; 140
mM NaCl, 5 mm KCI, 5 mm NaHCO;, 1.2 mm NaH,PO,, 1 mm
MgCl,, 10 mm glucose, and 10 mm HEPES (pH 7.4)). Following
further centrifugation at 22,000 X g for 10 min, the synapto-
some pellet was resuspended in 6 ml of HBM, and the protein
content was determined by the Biuret method. Finally, 0.75 mg
of the synaptosomal suspension was diluted in 2 ml of HBM and
centrifuged at 10,000 X g for 10 min. The supernatant was
discarded, and the pellets containing the synaptosomes were
stored on ice. Under these conditions, the synaptosomes
remain fully viable for at least 4—6 h, as determined by the
extent of KCl-evoked glutamate release.

Glutamate Release—Glutamate release was assayed by on-
line fluorimetry as described previously (32). Synaptosomal pel-
lets were resuspended in HBM (0.67 mg/ml) and preincubated
at 37 °C for 1 h in the presence of 16 uMm bovine serum albumin
(BSA) to bind any free fatty acids released from synaptosomes
during preincubation (33). Adenosine deaminase (1.25 units/
mg; Roche Applied Science) was added for 30 min, and the
synaptosomes were then washed by centrifugation for 30 s at
13,000 X g and resuspended in HBM. A 1-ml aliquot of the
synaptosomes was transferred to a stirred cuvette containing 1
mM NADP ¥, 50 units of glutamate dehydrogenase (Sigma), and
1.33 mM CaCl,, and the fluorescence of NADPH was measured
in a PerkinElmer Life Sciences LS-50 luminescence spectrom-
eter at excitation and emission wavelengths of 340 and 460 nm,
respectively. Data were obtained at 2-s intervals, and fluores-
cence traces were calibrated by the addition of 2 nmol of gluta-
mate at the end of each assay. In experiments with KCI (5 mm),
the Ca®"-dependent release was calculated by subtracting the
release obtained during a 5-min depolarization at 200 n™ free
[Ca®"] from the release at 1.33 mm CaCl,. Control release was
Ca®"-dependent release induced by KCI (5 mm) in the absence
of any addition. Spontaneous release was measured in the pres-
ence of the sodium channel blocker tetrodotoxin (1 um) at 1.33
mwm CaCl,. Control release was the release after 10 min. In
release experiments with ionomycin and tetrodotoxin, the
sodium channel blocker was added 2 min prior to ionomycin-
induced glutamate release, which was calculated by subtracting
the release observed during a 10-min period in the absence of
ionomycin (basal) from that observed in its presence. The con-
centration of ionomycin (Calbiochem) was fixed in each exper-
iment (0.5-1.0 uM) in order to achieve 0.5— 0.6 nmol of Glu/mg.
The following drugs were administered as indicated in the fig-
ure legends: the adenylate cyclase activator forskolin (15 um),
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the PKA inhibitor H-89 (10 um), the hyperpolarization-acti-
vated cyclic nucleotide-gated (HCN) channel blocker ZD7288
(60 um), the GDP-GTP exchange inhibitor brefeldin A (100
uM), the active PLC inhibitor U73122 (2 uMm), the inactive PLC
inhibitor U73343 (2 um), the diacylglycerol (DAG)-binding
protein inhibitor calphostin C (0.1 um), the PKC inhibitor bis-
indolylmaleimide (1 um), and the calmodulin antagonist calmi-
dazolium (1 uMm), all obtained from Calbiochem; the Epac acti-
vator 8-pCPT-2'-O-Me-cAMP (50 uMm), the cAMP analog
Sp-8-Br-cAMPS (250 um), the PKA activator N°-Bnz-cAMP
(500 M), and the phosphodiesterase-resistant 8-pCPT analog
Sp-8-pCPT-2'-O-Me-cAMP (100 um), obtained from BioLog
(Bremen, Germany); the vacuolar ATPase inhibitor bafilomy-
cin A1 (1 um), obtained from Abcam (Cambridge, UK); and the
BAR agonist isoproterenol (100 um) and antagonist propra-
nolol (100 wMm), obtained from Sigma.

IP, Accumulation—IP, accumulation was determined using
the IP-One kit (Cisbio, Bioassays, Bagnol sur-Céze, France)
(34). Synaptosomes (0.67 mg/ml) in HBM containing 16 um
BSA and adenosine deaminase (1.25 units/mg protein) were
incubated for 1 h at 37 °C. After 25 min, 50 mm LiCl was added
to inhibit inositol monophosphatase. Other drugs were added
as indicated in the figure legends. Synaptosomes were collected
by centrifugation for 1 min at 4 °C and 13,000 X g, and they
were resuspended (1 mg/0.1 ml) in lysis buffer (50 mm HEPES,
0.8 M potassium fluoride, 0.2% (w/v) BSA, and 1% (v/v) Triton
X-100 (pH 7.0)). The lysed synaptosomes were transferred to a
96-well assay plate, and the following HTRF components were
added diluted in lysis buffer: the europium cryptate-labeled
anti-IP; antibody and the d2-labeled IP, analog. After incuba-
tion for 1 h at room temperature, europium cryptate fluores-
cence and time-resolved FRET signals were measured at 620
and 665 nm, respectively, 50 us after excitation at 337 nm, on a
FluoStar Omega fluorimeter (BMG Labtechnologies, Offen-
burg, Germany). The fluorescence intensities measured at 620
and 665 nm correspond to the total europium cryptate emis-
sion and the FRET signal, respectively. The specific FRET signal
was calculated using the following equation: AF% = 100 X
(Ryo5 = Rieg)/(R,), where R, is the fluorescence ratio (665/
620 nm) calculated in the wells incubated with both donor- and
acceptor-labeled antibodies, and R, is the same ratio for the
negative control incubated with only the donor fluorophore-
labeled antibody. The FRET signal (AF%), which is inversely
proportional to the concentration of IP, in the cells, was then
transformed to the accumulated IP, value using a calibration
curve prepared using the same plate.

CAMP Accumulation—AMP accumulation was determined
using a cCAMP dynamic 2 kit (Cisbio). The assay was similar to
that described for IP, except that a 1 mMm concentration of the
cAMP phosphodiesterase inhibitor IBMX (Calbiochem) was
added for 35 min during incubation. The HTRF assay was also
similar to that described for IP,, except that an anti-cAMP anti-
body and a d2-labeled cAMP analog were used.

Immunocytochemistry—Immunocytochemistry was per-
formed using an affinity-purified goat polyclonal antiserum
against B1AR obtained from Sigma-Aldrich and a polyclonal
rabbit antiserum against synaptophysin 1 from Synaptic Sys-
tems (Gottingen, Germany). As a control for the immuno-
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chemical reactions, the primary antibodies were omitted from
the staining procedure, whereupon no immunoreactivity
resembling that obtained with the specific antibodies was
detected.

Synaptosomes (0.67 mg/ml) were added to medium contain-
ing 0.32 M sucrose (pH 7.4) at 37 °C, allowed to attach to poly-
lysine-coated coverslips for 1 h, and then fixed for 4 min in 4%
paraformaldehyde in 0.1 M phosphate buffer (PB) (pH 7.4) at
room temperature. Following several washes with 0.1 M PB (pH
7.4), the synaptosomes were preincubated for 1 hin 10% normal
goat serum (NGS) diluted in 50 mm Tris buffer (pH 7.4) con-
taining 0.9% NaCl (TBS) and 0.2% Triton X-100. Subsequently,
they were incubated for 24 h with the appropriate primary anti-
serum for B1ARs (1:100) or synaptophysin (1:100), diluted in
TBS with 1% NGS and 0.2% Triton X-100. After washing in
TBS, the synaptosomes were incubated with secondary anti-
bodies diluted in TBS for 2 h, Alexa Fluor 488 donkey anti-
rabbit IgG (1:500) and Alexa Fluor 594 Donkey anti-goat IgG
(1:500), both obtained from Molecular Probes, Inc. (Eugene,
OR). After several washes in TBS, the coverslips were mounted
with the Prolong Antifade Kit (Molecular Probes), and the syn-
aptosomes were viewed using a Nikon Diaphot microscope
equipped with a X100 objective, a mercury lamp light source,
and fluorescein-rhodamine Nikon filter sets.

For quantitative analysis, all images were acquired using
identical settings with neutral density transmittance filters.
Background subtraction was performed by applying a rolling
ball algorithm (6 pixel radius), and the brightness and contrast
settings were adjusted according to the negative control values
using Image] version 1.39f (National Institutes of Health). The
number of stained particles larger than 0.5 um was quantified
automatically from binary image masks, discarding the aggre-
gates. Co-localization analysis was performed automatically by
measuring the coincidence area of quantified particles in each
pair of images within the same field.

Electron Microscopy and Synaptic Vesicle Distribution in
Synaptosomes—Synaptosomes (0.67 mg/ml) were incubated
for 1 h at 37 °C in HBM containing 16 um BSA and adenosine
deaminase (1.25 units/mg protein). The BAR agonist isoprot-
erenol (100 uMm) and the Epac activator 8-pCPT-O’-Me-cAMP
(50 um) were added for 10 min prior to washing. Synaptosomes
were washed by centrifugation (13,000 X g for 1 min) and fixed
for 2 h at 4 °C with 4% paraformaldehyde, 2.5% glutaraldehyde
in Millonig’s sodium phosphate buffer (0.1 M, pH 7.3). The syn-
aptosomes were then washed twice and incubated overnight at
4 °C in Millonig’s buffer, after which they were postfixed in 1%
0s0,, 1.5% K;Fe(CN), for 1 h at room temperature and dehy-
drated in acetone. Synaptosomes were then embedded using
the SPURR embedding kit (TAAB Laboratory Equipment Ltd.,
Reading, UK). Ultrathin sections (70 nm) were routinely
stained with uranyl acetate and lead citrate, and images were
obtained on a Jeol 1010 transmission electron microscope (Jeol,
Tokyo, Japan). Randomly chosen areas were then photo-
graphed at a final magnification of X80,000. Measurements
were taken using Image] software. The relative percentage of
synaptic vesicles (SVs) per active zone was calculated in 10-nm
bins at the active zone of the inner layer membrane. The total
number of SVs per synaptic terminal was also determined. To
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better localize the active zone, only nerve terminals containing
attached postsynaptic membranes were analyzed.

Immunoelectron Microscopy—Immunohistochemical reac-
tions for electron microscopy were carried out using the pre-
embedding immunogold method as described previously (35).
Three adult C57BL/6 mice (P60) were anesthetized and tran-
scardially perfused with ice-cold fixative containing 4% para-
formaldehyde, 0.05% glutaraldehyde, and 15% (v/v) saturated
picric acid made up in 0.1 M PB (pH 7.4). After perfusion, the
animal’s brain was removed and washed thoroughly in 0.1 M PB,
and 60-um-thick coronal vibratome sections were obtained
(Leica V1000). Free-floating sections were incubated in 10%
(v/v) NGS diluted in TBS and then with goat B1AR antibodies
(Sigma) at a final protein concentration of 3—5 ug/ml diluted in
TBS containing 1% (v/v) NGS. After several washes in TBS, the
sections were incubated with 1.4-nm gold-coupled rabbit anti-
goat IgG (Nanoprobes Inc., Stony Brook, NY). The sections
were postfixed in 1% (v/v) glutaraldehyde and washed in dou-
ble-distilled water, followed by silver enhancement of the gold
particles with an HQ Silver kit (Nanoprobes Inc.). Sections
were then treated with osmium tetraoxide (1% in 0.1 m PB),
block-stained with uranyl acetate, dehydrated in a graded series
of ethanol, and flat-embedded on glass slides in Durcupan
(Fluka) resin. Regions of interest were sliced at a thickness of
70-90 nm on an ultramicrotome (Reichert Ultracut E, Leica,
Austria) and collected on single slot pioloform-coated copper
grids. Staining was performed using drops of 1% aqueous uranyl
acetate followed by Reynolds’s lead citrate, and their ultrastruc-
ture was analyzed on a Jeol-1010 electron microscope.

Quantification of Adrenergic Receptors—To establish the rel-
ative abundance of B1AR subunits in layers III-V of the neo-
cortex, we carried out the quantification of immunolabeling as
follows. We used 60-um coronal slices processed for pre-em-
bedding immunogold immunohistochemistry. The procedure
was similar to that used previously (35). Briefly, for each of three
animals, three samples of tissue were obtained for preparation
of embedding blocks. To minimize false negatives, ultrathin
sections were cut close to the surface of each block. We esti-
mated the quality of immunolabeling by always selecting areas
with optimal gold labeling at approximately the same distance
from the cutting surface. Randomly selected areas were then
photographed from the selected ultrathin sections at a final
magnification of X45,000. Quantification of immunogold
labeling was carried out in sampling areas of each cortex total-
ing ~1,500 wm? Immunoparticles identified for individual
B1AR subunits in each sampling area and present along the
plasma membrane axon terminals were counted. Only axon
terminals establishing synaptic contacts with dendritic spines
or shafts were included in the analysis. A total of 811 axon
terminals were included in the sampling areas establishing clear
synaptic contacts with postsynaptic elements. Of these axon
terminals, only 155 axon terminals were immunopositive for
B1AR, showing a total of 318 gold particles. Then the percent-
age of immunoparticles at the active zone and extrasynaptic
plasma membrane of axon terminals for the B1AR subunits, as
well as the percentage of B1AR-positive and B1AR-negative,
was calculated.
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Controls—To determine the specificity of the methods used
in the immunoelectron microscopy studies, the primary anti-
body was either omitted or replaced with 5% (v/v) normal
serum corresponding to the species of the primary antibody.
No specific labeling was observed in these conditions. Labeling
patterns were also compared with those obtained for calretinin
and calbindin, and only antibodies against B1AR consistently
labeled the plasma membrane.

Muncl3-1 Translocation—Synaptosomes were resuspended
(0.67 mg/ml) in HMB medium with 16 uM BSA and incubated
for 30 min at 37 °C, and adenosine deaminase (1.25 units/mg
protein) was then added for another 20 min. The PLC inhibitors
U73122 (active; 2 uM) and U73343 (inactive; 2 uM), and the
phosphodiesterase inhibitor IBMX (1 mm) were added for 30
min prior to washing. Isoproterenol (100 um) and the Epac
activator 8-pCPT-O’'-Me-cAMP (50 um) were added for 10
min, and the phorbol ester phorbol dibutyrate (1 um) was added
for 2 min. Synaptosomes were washed by centrifugation
(13,000 X g for 30 s) and resuspended (2 mg/ml) in hypo-os-
motic medium (8.3 mm Tris-HCl buffer, pH 7.4) containing the
Protease Inhibitor Mixture Kit (Thermo Fisher Scientific, Inc.,
Rockford, IL). The synaptosomal suspension was passed
through a 22-gauge syringe to disaggregate the synaptosomes,
which were then maintained at 4 °C for 30 min with gentle
shaking. The soluble and particulate fraction were then sepa-
rated by centrifugation for 10 min at 40,000 X g and 4 °C. The
supernatant (soluble fraction) was collected, and the pellet
(particulate fraction) was resuspended in radioimmunoprecipi-
tation assay buffer (1% Triton X-100, 0.5% deoxycholate, 0.2%
SDS, 100 mm NaCl, 1 mm EDTA, 50 mm Tris-HCl (pH 7.4)). In
soluble and particulate fractions, levels of marker proteins were
analyzed either enzymatically (using acetylcholinesterase and
lactate dehydrogenase) or by SDS-PAGE electrophoresis and
Western blotting. Acetylcholinesterase activity was deter-
mined fluorometrically by the Ellman reaction in the presence
of 0.75 mM acetylthiocholine iodide, 0.2 mm 5,5’-dithiobis(2-
nitrobenzoic acid), and 100 mm potassium phosphate buffer
(pH 8). Lactate dehydrogenase activity was assayed following
NADH oxidation in medium containing 1 mm pyruvate, 0.2 mm
NADH, and 50 mMm potassium phosphate buffer (pH 7.4) in the
presence of 0.5% (v/v) Triton X-100. The soluble fraction was
characterized by a high lactate dehydrogenase content (76.8 =
3.4%, n = 5) and low acetylcholinesterase content (19.1 * 5.3%;
n = 5). By contrast, the particulate fraction contained little
lactate dehydrogenase (23.2 = 3.4%, n = 5) but was enriched in
acetylcholinesterase (80.9 = 5.3%, n = 5). Soluble and particu-
late fractions (3 pg of protein/lane) were diluted in Laemmli
loading buffer with B-mercaptoethanol (5% v/v), resolved by
SDS-PAGE (7.5% acrylamide; Bio-Rad), and analyzed in West-
ern blots according to standard procedures. All samples were
normalized to the levels of B-tubulin (soluble and particulate
fractions, respectively) in the same blot. Munc13-1 content was
expressed as a percentage of the integrated intensity of total
soluble and particulate fractions. Goat anti-rabbit and goat
anti-mouse secondary antibodies coupled to Odyssey IRDye
680 or Odyssey IRDye 800 (Rockland Immunochemicals, Gil-
bertsville, PA) were used to quantify the Western blots using
the Odyssey System (LI-COR, Lincoln, NE). The primary anti-
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bodies used to probe Western blots were a polyclonal rabbit
anti-Munc13-1 (1:1000; Synaptic Systems) and a monoclonal
mouse anti-B-tubulin (1:2000; Sigma).

Co-immunoprecipitation—Synaptosomes (0.67 mg/ml) in
HBM containing 16 um BSA and adenosine deaminase (1.25
units/mg protein) were incubated during 1 h at 37 °C before the
Epacactivator 8-pCPT-O'-Me-cAMP (50 um) was added for 10
min. In some experiments, the PLC inhibitor U73122 (2 um, 30
min) was added. Synaptosomes were collected by centrifuga-
tion at 13,000 X g and kept at —80 °C until used. Control and
treated synaptosomes were solubilized with radioimmunopre-
cipitation assay buffer for 30 min on ice. The solubilized extract
was then centrifuged at 13,000 X g for 30 min, and the super-
natant (1 mg/ml) was processed for immunoprecipitation, each
step of which was conducted with constant rotation at 0—4 °C.
The supernatant was incubated overnight either with an affin-
ity-purified rabbit anti-RIM1« polyclonal antibody (Synaptic
Systems) or an IgG-purified mouse anti-Rab3 monoclonal anti-
body (clone 42.1; Synaptic Systems). Next, 50 ul of a suspension
of protein A cross-linked to agarose beads (Sigma) was added,
and the mixture was incubated for another 2 h. Subsequently,
the beads were washed twice with ice-cold radioimmunopre-
cipitation assay buffer and twice with the same buffer but
diluted 1:10 with Tris-saline (50 mm Tris-HCI (pH 7.4), 100 mm
NaCl). Then 100 ul of SDS-PAGE sample buffer (0.125 m Tris-
HCI (pH 6.8), 4% SDS, 20% glycerol, 0.004% bromphenol blue)
was added to each sample, and the immune complexes were
dissociated by adding fresh dithiothreitol (DTT; 50 mm final
concentration) and heating to 90 °C for 10 min. Proteins were
resolved by SDS-PAGE on either 7 or 12% polyacrylamide gels,
and they were transferred to PVDF membranes using a semidry
transfer system. The membranes were then probed with the
indicated primary antibody and a horseradish peroxidase
(HRP)-conjugated anti-mouse IgG or anti-rabbit IgG (Thermo
Fisher Scientific). The immunoreactive bands were visualized
by chemiluminescence (Pierce) and detected in a LAS-3000
(FujiFilm Life Science, Woodbridge, CT).

Statistics—Data are presented as mean * S.E. Student’s
unpaired ¢ test or ANOVA was used for statistical analysis as
appropriate; p values are reported throughout, and significance
was set as p < 0.05. The Kolmogorov-Smirnov test was used for
the significance of cumulative probabilities.

RESULTS

Tetrodotoxin Isolates a PKA-independent Component of For-
skolin-potentiated Glutamate Release—The adenylyl cyclase
activator forskolin is commonly used to increase intracellular
cAMP levels and to enhance synaptic transmission (1, 4), prin-
cipally via mechanisms that include the modulation of ion
channels and/or the modulation of the release machinery. In
the search for the best stimulating protocol to isolate the PKA-
independent component of the cAMP-dependent release,
nerve terminals were stimulated with KCl. Depolarizing nerve
terminals with KCI opens voltage-dependent Ca®>" channels
and triggers glutamate release. Forskolin enhanced the release
stimulated with a low (5 mm) KCI concentration (172.2 = 2.9%,
n=6,p <0.001, ANOVA; Fig. 1, A and B). The PKA inhibitor
H-89 strongly reduced the forskolin-induced potentiation,

31374 JOURNAL OF BIOLOGICAL CHEMISTRY

although a significant potentiation of release was still observed
(138.8 = 3.2%, n = 10, p < 0.001, ANOVA; Fig. 1, A and B).
Previous experiments with cerebrocortical nerve terminals and
slices have shown that forskolin potentiation of evoked release
relies on a PKA-dependent mechanism, whereas forskolin
potentiation of spontaneous release is mediated by PKA-inde-
pendent mechanisms (4, 9). To isolate the cAMP effects on the
release machinery, we measured the spontaneous release that
results from the spontaneous fusion of synaptic vesicles after
blocking Na™ channels with tetrodotoxin to prevent action
potentials. Forskolin increased the spontaneous release of glu-
tamate (171.5 = 10.3%, n = 4, p < 0.001, ANOVA; Fig. 1, Cand
D) by a mechanism largely independent of PKA activity,
because a similar enhancement of release was observed in the
presence of H-89 (162.0 = 8.4%, n = 5, p < 0.001, ANOVA; Fig.
1, C and D). However, the spontaneous release observed in the
presence of tetrodotoxin was sometimes rather low, making
difficult the pharmacological characterization of the response.

Alternatively, we used the Ca>" ionophore ionomycin, which
inserts into the membrane and delivers Ca>* to the release
machinery independent of Ca>" channel activity. The adenylyl
cyclase activator forskolin strongly potentiated ionomycin-in-
duced release in cerebrocortical nerve terminals (272.1 * 5.5%,
n =7,p <0.001, ANOVA; Fig. 1, E and F), an effect that was
only partially attenuated by the PKA inhibitor H-89 (212.9 *
6.4%, n = 6, p < 0.001, ANOVA; Fig. 1, E and F). Although
glutamate release was induced by a Ca®>" ionophore, and it was
therefore independent of Ca>" channel activity, it is possible
that spontaneous depolarizations of the nerve terminals
occurred during these experiments, promoting Ca”>* channel-
driven Ca*>* influx. To investigate this possibility, we repeated
these experiments in the presence of the Na™ channel blocker
tetrodotoxin, and forskolin continued to potentiate glutamate
release in these conditions (170.1 * 3.8%, n = 9, p < 0.001,
ANOVA; Fig. 1, E and F). Interestingly, this release was now
insensitive to the PKA inhibitor H-89 (177.4 = 5.9%,n="7,p >
0.05, ANOVA; Fig. 1, A and B).

Further evidence that tetrodotoxin isolates the PKA-independ-
ent component of the forskolin-induced potentiation of glutamate
release was obtained in experiments using the cAMP analog
6-Bnz-cAMP, which specifically activates PKA. 6-Bnz-cAMP
strongly enhanced glutamate release (178.2 * 7.8%, n = 5, p <
0.001, ANOVA; Fig. 1B) in the absence of tetrodotoxin, but it only
had a marginal effect in its presence (112.9 * 3.8%, n = 6, p > 0.05,
ANOVA; Fig. 1B). Based on these findings, all subsequent experi-
ments were performed in the presence of tetrodotoxin and iono-
mycin because these conditions isolate the H-89-resistant compo-
nent of release potentiated by cAMP, and in addition, control
release can be fixed to a value (0.5— 0.6 nmol) large enough to allow
the pharmacological characterization of the responses.

The Ca®>* ionophore ionomycin can induce a Ca®"-inde-
pendent release of glutamate due to decreased ATP and
increased depolarization, although this is unlikely to occur at
the very low concentrations (0.5-1.0 um) of ionomycin used in
this study. Indeed, the presence of a release component resist-
ant to the vacuolar ATPase inhibitor bafilomycin would be
indicative of the existence of a non-vesicular and Ca**-inde-
pendent release. We found that the incubation of the nerve
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FIGURE 1. Tetrodotoxin isolates a PKA-independent component of forskolin-potentiated glutamate release. The Ca>*-dependent release of glutamate
induced by 5 mm KCl (A and B), the spontaneous release of glutamate in the presence of 1 um tetrodotoxin (Cand D), and the glutamate release induced by the
Ca?* ionophore ionomycin (0.5-1 um) in the presence or absence of 1 um tetrodotoxin added 2 min prior to ionomycin (E and F) were measured in the absence
and presence of forskolin and in the absence and presence of the PKA inhibitor H-89. Forskolin (15 um) was added 1 min prior to ionomycin. In experiments with
the PKA inhibitor H-89 (10 um), synaptosomes were incubated with the drug for 30 min. B, D, and F, diagrams summarizing the data pertaining to the
potentiation of release under different conditions. Control release corresponds to that induced by 5 mm KCl, tetrodotoxin, ionomycin or by tetrodotoxin plus
ionomycin alone. The specific PKA activator 6-Bnz-cAMP (500 um) was added 1 min prior to ionomycin. Data represent the mean = S.E. (error bars). NS, not

significant (p > 0.05); ***, p < 0.001, compared with the control (symbols inside the bars) or with other conditions as indicated in the figure.

terminals with bafilomycin (1 uMm, 45 min) reduces to virtually
zero the ionomycin-induced release (0.02 * 0.03 nmol of glu-
tamate, n = 4) compared with untreated controls (0.58 * 0.02,
n = 3; Fig. 2A). Thus, the release of glutamate induced by iono-
mycin exclusively originates from a vesicular pool.

The Activation of B-Adrenergic Receptors and the Epac Pro-
tein Enhances PKA-independent Glutamate Release—Whereas
Ca®"-dependent adenylyl cyclase isoforms are expressed at
nerve terminals, all adenylyl cyclase isoforms are stimulated by
G proteins (29). Therefore, receptor coupling to G, and to
cAMP-dependent pathways would be expected at the presyn-
aptic level. Previous studies have demonstrated that the BAR
agonist isoproterenol enhances cAMP levels, evoked glutamate
release (4, 32), and evoked synaptic transmission (8). We found
that in the presence of tetrodotoxin, isoproterenol enhanced
ionomycin-induced release (173.1 = 3.8%, n = 23, p < 0.001,
ANOVA; Fig. 2, A and B), an effect that was abolished in the
presence of the BAR antagonist propanolol (106.5 * 3.1%, n =
6, p > 0.05, ANOVA) but not by the PKA inhibitor H-89
(178.1 = 3.3%, n = 7, p < 0.01, ANOVA; Fig. 2B). Hence, the
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response to isoproterenol in the presence of tetrodotoxin is
fully PKA-independent. Importantly, isoproterenol qualita-
tively but not quantitatively mimicked the potentiating effect of
forskolin on glutamate release. Thus, the maximum release
induced by isoproterenol (100 um) was equivalent to that
induced by a submaximal concentration of forskolin (15 um).
Significantly greater glutamate release was obtained with max-
imal concentrations (100 um) of forskolin (288.3 = 6.3%, n = 4;
data not shown), suggesting that the expression of BARs may be
restricted to a subpopulation of adenylyl cyclase-containing
nerve terminals. Indeed, the cAMP analog Sp-8-Br-cAMPS
mimicked the potentiating effect of isoproterenol on ionomy-
cin-induced glutamate release (175.5 + 3.2%, n = 11, p < 0.001,
ANOVA; Fig. 2B). Moreover, the adenylyl cyclase activator for-
skolin increased cAMP levels (451.6 + 41.7%, n = 5, p < 0.001,
Student’s ¢ test; Fig. 2C), as did isoproterenol, albeit to a lesser
extent (194.2 = 24.2%, n = 6, p < 0.001; Student’s ¢ test), indi-
cating that BARs mediate increases in cAMP levels.

By intracellularly opening HCN channels, cAMP may, in
turn, increase nerve terminal depolarization and thereby
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FIGURE 2. The activation of B-adrenergic receptors and the Epac protein enhances PKA-independent glutamate release. A, glutamate release was
induced by the Ca?* ionophore ionomycin (0.5-1 uMm) in the presence of tetrodotoxin (TTx; 1 um), added 2 min prior to ionomycin. The vacuolar ATPase
inhibitor bafilomycin was added at 1 um for 45 min. The BAR agonist isoproterenol (/so; 100 uM) and the specific Epac activator 8-pCPT (50 um) were added 1
min prior to ionomycin. Band D, the diagrams summarize the data pertaining to glutamate release under different conditions. Control release corresponds to
thatinduced by ionomycin alone. The cAMP analog Sp-8-Br-cAMPS (250 M) and the phosphodiesterase-resistant 8-pCPT analog Sp-8-pCPT were added 1 min
prior to ionomycin. The BAR antagonist propanolol (100 um), the PKA inhibitor H-89 (10 um), the HCN channel blocker ZD7288 (60 um), and the GDP-GTP
exchange inhibitor brefeldin A (BFA; 100 um) were added 30 min prior to ionomycin. C, changes in cAMP levels induced by forskolin and isoproterenol. Results
are presented as the -fold increase compared with the basal cAMP levels in control synaptosomes (3.3 = 0.4 pmol/mg). E and F, the addition of forskolin plus
8-pCPT or isoproterenol plus 8-pCPT resulted in a subadditive response indicating occlusion. Diagrams show release induced by forskolin (15 wm), 8-pCPT (50
uM). or isoproterenol (100 um), alone or in combination (Fsk/8-pCPT or Iso/8-pCPT). Dashed lines, the sum of individual Fsk and 8-pCPT responses or Iso and
8-pCPT responses. Solid lines represent the response when the two activators were added in combination. Data represent the mean = S.E. (error bars). NS, p >
0.05; **, p < 0.01; ***, p < 0.001 compared with the control (symbols inside the diagram) or the other conditions indicated in the figure.

enhance glutamate release. The HCN channel blocker ZD7288
(36) had no effect on isoproterenol-induced glutamate release
(175.0 = 3.8%, n = 4, p > 0.05, ANOVA; Fig. 2B), excluding a
role for HCN channels in this response. Epacl and Epac2 are
cAMP-dependent guanine nucleotide exchange factors for the
small GTPases Rapl and Rap2, and they are important media-
tors of the actions of cAMP (22). The specific membrane-per-
meant Epac activator 8-pCPT-2'-O-Me-cAMP (8-pCPT)
enhanced ionomycin-induced glutamate release (180.1 * 4.3%,
n =8, p <0.001, ANOVA; Fig. 2, A and D), an effect that was
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resistant to PKA inhibition with H-89 (180.2 = 9.4%, n = 3, p >
0.05, ANOVA; Fig. 2D). The effect of the Epacactivator 8-pCPT
was validated by the use of the phosphodiesterase-resistant
8-pCPT analog, Sp-8-pCPT, which enhanced ionomycin-in-
duced glutamate release to a similar extent (193.4 = 5.5%,n = 8,
p < 0.001, ANOVA; Fig. 2D). If Epac proteins mediate forsko-
lin-potentiated glutamate release at some point downstream of
cAMP, then the response to the Epac activator 8-pCPT should
be occluded by forskolin. In support of this hypothesis, there
was a weaker response to the combined addition of forskolin
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and 8-pCPT (196.8 = 1.9%, n = 6, p < 0.001, ANOVA) than the
sum of the individual responses (8-pCPT, 180.1 = 4.3%, n = 8;
forskolin, 168.5 = 3.0%, n = 6; Fig. 2E), suggesting that both
compounds enhance glutamate release via the same signaling
pathway. Similar results were obtained when the Epac activator
8-pCPT was combined with the B-adrenergic receptor agonist
isoproterenol (Fig. 2F). The GDP-GTP exchange inhibitor
brefeldin A (BFA), which inhibits Epac responses (36), reduced
the responses induced by 8-pCPT (122.3 = 5.5%, n = 6, p <
0.01, ANOVA; Fig. 2D), isoproterenol (133.2 + 3.8%,n = 6,p <
0.05, ANOVA), and the cAMP analog Sp-8-Br-cAMPS
(133.7 = 5.5%, n = 3, p < 0.05, ANOVA,; Fig. 2B).

In parallel experiments in which the spontaneous release of
glutamate was determined by blocking Na* channels with
tetrodotoxin, but in the absence of ionomycin, we found that
the B-adrenergic agonist isoproterenol and the Epac activator
8-pCPT both enhanced the H-89-resistant component of spon-
taneous release (135.5 * 6.3%, n = 5, p < 0.001, ANOVA and
154.3 = 3.1%, n = 5, p < 0.001, ANOVA, respectively).

The Activation of B-Adrenergic Receptors and the Epac Pro-
tein Activates PLC—In non-neuronal secretory systems, Epac2
is linked to the activation of PLC-€ and the hydrolysis of phos-
phatidylinositol bisphosphate (PIP,) (25, 26, 28), resulting in
the production of IP; and DAG. We investigated whether phar-
macological inhibition of PLC activity altered isoproterenol-
induced glutamate release. Interestingly, the facilitatory action
of isoproterenol was significantly reduced in the presence of the
PLC inhibitor U73122 (136.4 = 7.2%, n = 7, p < 0.05, ANOVA;
Fig. 3, A and B), whereas its inactive analog U73343 had no such
effect (167.5 = 55%, n = 7, p > 0.05, ANOVA; Fig. 3B).
8-pCPT-induced release was reduced by U73122 (126.1 = 4.4%,
n =5, p <0.001, ANOVA) but not by U73343 (162.3 = 6.2%,
n = 3, p > 0.05; Fig. 3C).

Based on these findings, we investigated the role of PIP,
hydrolysis and the subsequent formation of DAG and IP; in this
process. The activity of PLC-linked GPCRs can be monitored
by measuring the accumulation of IP; rather than that of IP,
following LiCl inhibition (34). Isoproterenol increased the
accumulation of IP, (143.7 = 10.5%, n = 12, p < 0.05, ANOVA;
Fig. 3D), an effect that was abolished by the PLC inhibitor
U73122 (99.3 £ 2.4%, n = 6, p > 0.05, ANOVA). The Epac
activator 8-pCPT also increased IP, accumulation (165.5 =
11.5%, n = 6, p < 0.01, ANOVA) in a manner sensitive to the
PLC inhibitor U73122 (100.5 * 3.5%, n = 4, p > 0.05; Fig. 3D).
These data indicate that BARs and Epac activate PLC in nerve
terminals, implicating this signaling pathway in the potentiat-
ing effects of BARs on glutamate release.

Because isoproterenol and Epac proteins enhance PIP,
hydrolysis to generate IP, and DAG, we next investigated the
sensitivity of release facilitation to protein kinase C inhibitors.
Bisindolylmaleimide, a specific inhibitor of protein kinase C
that prevents ATP binding, had no effect on the facilitatory
effects of isoproterenol (167.4 = 3.4%, n = 8, p > 0.05) or Epac
(167.4 = 3.4%, n = 8, p > 0.05, ANOVA,; Fig. 3, A-C), whereas
calphostin C reduced the facilitation of glutamate release by
both isoproterenol (132.9 = 7.3%,n = 7, p < 0.01, ANOVA; Fig.
3, A and B) and 8-pCPT (135.8 = 55%, n = 6, p < 0.01,
ANOVA; Fig. 3C). In addition to preventing diacylglycerol
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binding, calphostin C inhibits non-kinase DAG-binding pro-
teins, such as the Munc13 family (37). Munc13 proteins play a
key role in the priming of synaptic vesicles for release, and they
are activated by calmodulin as well as by DAG and Ca®" (38).
The facilitatory effect of isoproterenol on glutamate release was
reduced by the calmodulin antagonist calmidazolium (129.1 *
3.3,n=7,p<0.01, ANOVA), and it was abolished when calmi-
dazolium was administered in combination with calphostin C
(101.1 = 3.0%, n = 7, p > 0.05; Fig. 3B). Similarly, the facilitatory
effect of the Epac agonist 8-pCPT on glutamate release was
reduced by the calmodulin antagonist calmidazolium (142.4 *+
2.9%, n = 6, p < 0.05, ANOVA), and it was abolished when calmi-
dazolium was administered in combination with calphostin C
(107.7 £ 4.4%, n = 7, p > 0.05, ANOVA; Fig. 3C). However, it
remains to be determined whether Muncl13 is the only calmidazo-
lium-sensitive component of the BAR-activated pathway.

The Activation of B-Adrenergic Receptors and Epac Promotes
Muncl3-1 Translocation—The active zone protein Muncl13-1
is a phorbol ester receptor essential for synaptic vesicle prim-
ing, and it plays an important role in the potentiation of neu-
rotransmitter release (39 —41). Munc13-1 is distributed in two
biochemically distinguishable soluble and insoluble pools (39,
42, 43). Because diacylglycerol and phorbol esters increase the
association of Muncl3-1 to the plasma membrane (37), we
investigated whether the activation of BAR or Epac altered the
subcellular distribution of Munc13-1 in the soluble and partic-
ulate fractions derived from synaptosomes after hypo-osmotic
shock (which are enriched in cytosolic/plasma membrane and
vesicular proteins, respectively) (44). The Munc13-1 content in
the soluble and particulate fractions was determined in West-
ern blots, and the soluble/particulate Munc13-1 ratio in control
nerve terminals was 0.46 * 0.04 (z = 10). This value decreased
significantly following exposure to the Epac activator 8-pCPT
(0.24 = 0.03, n = 10, p < 0.01, ANOVA; Fig. 44), indicating
translocation of the Munc13-1 protein from the soluble to the
particulate fraction. This shift was prevented by the PLC inhib-
itor U73122 (0.40 = 0.07, n = 5, p > 0.05, ANOVA) but not by
its inactive counterpart U72343 (0.20 = 0.03,n = 5, p < 0.01,
ANOVA; Fig. 4A). Isoproterenol translocated Munc13-1 to the
particulate fraction (0.33 * 0.03, n = 13, p < 0.01, Student’s ¢
test; Fig. 4B) in the absence of the phosphodiesterase inhibitor
IBMX. In the presence of IBMX, the subcellular distribution of
Muncl3 (0.30 = 0.02, # = 6) was also shifted from soluble to
particulate fractions by isoproterenol (0.20 £ 0.03, 7 = 6, p <
0.05, Student’s ¢ test; Fig. 4B). Phorbol dibutyrate served as a
positive control and induced strong Muncl3-1 translocation
(soluble/particulate ratio 0.12 * 0.02, n = 9, p < 0.01; data not
shown). Overall, these data indicate that Epac protein activa-
tion promotes the translocation of Munc13-1 protein from the
soluble to the particulate fraction within nerve terminals and
that increases in cAMP by BAR agonist isoproterenol pro-
moted Munc13-1 translocation.

Epac Activation Enhances the Interaction between Rab3 and
RIM Proteins—In non-neuronal preparations, Epac proteins
activate small G proteins like Rap1 and Rab3 (24) and then bind
to the active zone protein RIM (27, 45). Small G proteins cycle
between active GTP-bound and inactive GDP-bound states
(46). Rab3 proteins are attached to synaptic vesicles in their
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FIGURE 3. B-Adrenergic receptors and Epac proteins activate PLC. A, glutamate release was induced by the Ca®" ionophore ionomycin (0.5-1 um) in the
presence of tetrodotoxin (TTx; 1 um) added 2 min prior to ionomycin. The BAR agonist isoproterenol (Iso; 100 wm) was added 1 min prior to ionomycin. The PLC
inhibitor U73122 (2 um), the PKC inhibitor calphostin C (0.1 um), and bisindolylmaleimide (1 um) were added 30 min prior to the ionomycin. B and C, the
diagrams summarize the data pertaining to release potentiation under different conditions. Control release corresponds to that induced by ionomycin alone.
The specific Epac activator 8-pCPT (50 um) was added 1 min prior to ionomycin. The inactive PLC inhibitor U73343 (2 um) and the calmodulin antagonist
calmidazolium (1 um) were added 30 min prior to ionomycin. D, isoproterenol and 8-pCPT increased the accumulation of IP;. Synaptosomes were incubated
for 10 min with isoproterenol (100 um) and 8-pCPT (50 um). The PLC inhibitor U73122 (2 um) was added 30 min prior to isoproterenol or 8-pCPT. The results are
presented as the -fold increase relative to the basal IP, levels in control nerve terminals (4.6 + 0.4 pmol/mg) and in U73122-treated synaptosomes (2.4 = 0.3
pmol/mg). The data represent the mean = S.E. (error bars). NS, p > 0.05; **, p < 0.01; ***, p < 0.001, compared with the control (symbols inside the diagram) or

other conditions indicated in the figure.

GTP-bound state and serve as key modulators of neurotrans-
mitter release. The N-terminal sequence of RIM (a Rab-inter-
acting molecule) mediates its simultaneous binding to Munc13
and Rab3, where it acts as a priming factor and a vesicular GTP-
binding protein, respectively (47). It has been suggested that
this ternary Rab3/RIM/Munc13 interaction approximates syn-
aptic vesicles to the synaptic machinery. Accordingly, we aim to
test whether Epac activation enhanced the interaction between.
To this end, we performed coimmunoprecipitation experi-
ments in soluble cerebrocortical synaptosome extracts that had
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been shown by Western blotting to contain both RIM1a and
Rab3A (Fig. 54, Crude). The anti-Rab3A antibody was able to
immunoprecipitate a band of ~25 kDa, which apparently cor-
responded to Rab3A protein, as expected. The amount of
immunoprecipitated Rab3A was unaffected by the treatment of
synaptosomes with either 8-pCPT or U73122 (Fig. 54, IP:
Rab3A). Interestingly, the anti-RIM1a antibody was able to
immunoprecipitate from soluble cerebrocortical synaptosome
extract a band corresponding to Rab3 protein (Fig. 54, IP:
Rimla). This band did not appear when an irrelevant rabbit IgG

VOLUME 288+-NUMBER 43-OCTOBER 25,2013



Epac-mediated Potentiation of Glutamate Release by BAR

A Control  8-pCPT U73122 U73343 B IBMX  IBMX Control  Iso
8-pCPT 8-pCPT Control Iso
s PsP s P s P s P S P S P S P oup
Munct3-1 e bl - - Bl - el A — M”n°13'1——""——“—'-‘——u;m
a
BAUbUIN e — e —— ——-.ﬂkDa Blubulin e — e e e = == T
100+ 100+
o
B " > e
iz o i -~
‘g‘ § 80 NS *gé 80+
€& €S
38 60 8% 60
T w < ®
&5 35
M)
o = 40 1 s 2 404
- = o
33 23 A =
£ 20 = S 204 H
& 8
0- 0
s P 8 P 8 P S8 P S P S P S P s P
0.5 NS 0.54 =
jo
f + 8 B3
3 044 3 0.4+ .
£ £
S ® 1 ©
@a 0.3 2L 0.3
o3 - oz © .
55 33
E(% 0.24 (% 0.2 4
8 2
5 014 S 01
0.0
Control  8-pCPT U73122 U73343 IBMX IBMX Control Iso
8-pCPT  8-pCPT Control Iso

FIGURE 4. The activation of B-adrenergic receptors and the Epac protein promotes the translocation of the Munc13-1 protein. Shown is Munc13-1
protein content in the soluble (S) and particulate (P) fractions of control synaptosomes and those stimulated with the specific Epac activator 8-pCPT (50 um, 10
min) (A) orisoproterenol (100 um, 10 min) (B) in the presence or absence of active U73122 (2 um, 30 min) or inactive U73343 (2 um, 30min). When indicated, the
phosphodiesterase inhibitor IBMX (1 mm, 30 min) was added. The top diagrams show the quantification of Munc-13-1 content in the soluble and particulate
fractions of the synaptosomes. The sum of the soluble and particulate fraction values was taken as 100%. The ratio of Munc13-1 content in soluble versus
particulate fractions was calculated in each experiment and is shown in the bottom panels. The data represent the mean = S.E. (error bars). NS, p > 0.05;
*,p < 0.05;**, p < 0.01;*** p < 0.001 compared with either the soluble or particulate fraction or the soluble/particulate ratio in control synaptosomes.
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FIGURE 5. Epac activation enhances Rab3A-RIM1« interaction in cerebrocortical synaptosomes. A, co-immunoprecipitation of Rab3A and RIM1a. Cere-
brocortical synaptosomes were incubated in the absence or the presence of 8-pCPT (50 um) and in the absence and presence of the PLC inhibitor U73122 (2
M), solubilized and subjected to immunoprecipitation with mouse anti-FLAG antibody (4 wg; IP: IgG,,,), mouse anti-Rab3A antibody (4 w.g; IP: Rab3A), rabbit
anti-FLAG antibody (4 ug; IP: IgG,), and rabbit anti-RIM1« antibody (4 ug; IP: Rim1c). Extracts (Crude) and immunoprecipitates (/P) were analyzed in Western
blots (/B) probed with mouse anti-Rab3A antibody (1 wg/ml). Immunoreactive bands were detected as described under “Experimental Procedures.” B,
quantification of 8-pCPT-induced Rab3A-Rim1a interaction in the absence and presence of U73122. The ratio between Rab3A immunoprecipitated with
anti-Rim1a« and anti-Rab3A (IP ratio) was calculated and normalized to the IP ratio found in the untreated cerebrocortical synaptosomes (Control). Data
are expressed as the mean = S.E. of three independent experiments. Asterisks indicate data significantly different from the control condition. NS, p >
0.05; %, p < 0.01.
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was used for immunoprecipitation (Fig. 54, IP: IgG,), showing
that the reaction was specific and that the detected band indeed
corresponded to Rab3A protein. Moreover, when the synapto-
somes were pretreated with 8-pCPT, an apparent increase in
the amount of immunoprecipitated Rab3A was observed (Fig.
5A, IP: Rimla). Thus, quantification of the corresponding
Western blots showed a significant increment (122 * 6%, n = 3,
p < 0.05, ANOVA) of the Rab3A immunoprecipitated with
anti-RIM1a antibody when the synaptosomes were incubated
in the presence of the Epac cAMP receptor 8-pCPT. The PLC
inhibitor U73122 did not change the Rab3 immunoprecipitated
(86 = 3%, n = 3, p > 0.05, ANOVA) but prevented the increase
of immunoprecipitated Rab3 induced by 8-pCPT (99 * 6%, n =
3, p > 0.05, ANOVA). Overall, these results suggested that the
Rab3A and RIM1a protein might assemble into stable protein-
protein complexes in the rat cortex that survive the solubiliza-
tion and co-immunoprecipitation conditions employed. The
stability of these oligomeric complexes indicates that they
might be physiologically relevant in vivo.

The Activation of B-Adrenergic Receptors and the Epac Pro-
tein Promotes the Approximation of Synaptic Vesicles to the
Active Zone—The data presented above demonstrate that BAR
and Epac activation promotes the translocation of the
Munc13-1 protein and enhances the interaction between Rab3
and RIM, three proteins known to form a complex essential for
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priming SVs to a release-competent state (47). Thus, we
assessed whether BAR and Epac increased the number of SVsin
the vicinity of the active zone by performing electron micros-
copy on synaptosomes. Exposure of synaptosomes to isoprot-
erenol and 8-pCPT significantly increased the proportion of
synaptic vesicles within 10 nm of the active zone plasma mem-
brane (controls, 4.6 * 0.6%, n = 76; isoproterenol-treated syn-
aptosomes, 7.5 = 0.8%, n = 48, p < 0.001, Student’s ¢ test;
8-pCPT-treated synaptosomes, 9.3 * 1.4%, n = 42, p < 0.001,
Student’s ¢ test; Fig. 6, A-C, E, and F) without altering the total
number of SVs per active/release site (controls, 30.7 = 2.4; iso-
proterenol-treated synaptosomes, 33.3 = 3.1, p > 0.05, Stu-
dent’s ¢ test; 8-pCPT-treated synaptosomes, 35.3 £ 3.5, p >
0.05, Student’s ¢ test; Fig. 6D). Furthermore, isoproterenol and
8-pCPT significantly modified cumulative probability of SV
distribution within 10 nm of the active zone plasma membrane.
Hence, the functional and biochemical changes induced by the
BAR and Epac protein correlate with the structural changes
associated with the redistribution of SVs closer to the active
zone in the presynaptic membrane.

B,-Adrenergic Receptors Are Expressed Presynaptically—The
BAR agonist isoproterenol mimics forskolin in potentiating
glutamate release, suggesting that these receptors are expressed
presynaptically at glutamatergic terminals. Moreover, BAR
immunoreactivity at presynaptic specializations, as occasion-
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FIGURE 7. B,-Adrenergic receptor subunits are mainly localized at presynaptic sites in the cortex. A-C, representative images of the BAR in layers llI-V of
the cortex detected by pre-embedding immunogold staining. Immunoparticles for the 31AR were mainly detected at the active zone (arrowheads) and along
the extrasynaptic membrane (arrows) of axon terminals (at), where they established excitatory synapses with dendritic spines (s) and at postsynaptic sites on
both the spines and dendritic shafts (Den) of cortical pyramidal cells. Scale bars, 0.2 um. D, quantification of the localization of B1AR subunits (percentage) to
asymmetric synapses at axon terminals. £, images show synaptosomes fixed onto polylysine-coated coverslips and double-stained with antisera against the
B1AR and the vesicular marker synaptophysin. Data represent the mean = S.E. (error bars). Scale bar, 10 um. F, quantification of BAR expression in synapto-

physin-containing nerve terminals.

ally observed by electron microscopy, may be associated with
catecholaminergic neurons (48). Accordingly, we analyzed the
precise subcellular localization of this receptor in putative
asymmetric glutamatergic synapses.

We used immunoelectron microscopy to assess the subcel-
lular localization of B-adrenergic receptor 1 subunits in axon
terminals of the neocortex. Fig. 7, A-C, shows a representative
image of the B-adrenergic receptor in layers III-V of the cortex,
as detected using a pre-embedding immunogold technique.
The B-adrenergic receptor is expressed postsynaptically in
spines and dendrites as well as presynaptically. At the presyn-
aptic level, the B1AR was detected in around 19% of all axon
terminals analyzed. In these immunopositive B1ARs, most of
the labeling was found in axons establishing asymmetrical,
putative glutamatergic synapses, mostly in the active zone (274
of 318 immunoparticles) and also at extrasynaptic sites (44 of
318 immunoparticles) (Fig. 7, A-C). The B1 adrenergic recep-

OCTOBER 25,2013 +VOLUME 288+-NUMBER 43

tor was expressed in 22.5 = 2.1% of asymmetrical synapse axon
terminals (474 synapses from three cortices; Fig. 7D).

We also determined the expression of the B1AR immunocy-
tochemically by labeling synaptosomes with antisera against
the vesicle marker synaptophysin and the B1AR. We found that
30.0 = 1% of nerve terminals containing synaptophysin (2,290
synaptic boutons from 25 fields) also expressed the B1AR (Fig.
7, E and F). In synaptosomal preparations, glutamatergic nerve
terminals accounted for 79.8% of the synaptophysin-positive
particles (49), and we identified similar proportions of glutama-
tergic nerve terminals expressing B1ARs by electron micros-
copy and immunocytochemistry.

DISCUSSION

By blocking Na™ channels at cerebrocortical nerve terminals
with tetrodotoxin, we describe here the isolation of a PKA-
independent component of forskolin-potentiated glutamate
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release. The activation of the Epac protein with 8-pCPT mim-
icked this forskolin-mediated response, which involved PLC
activation, translocation of the active zone Munc13-1 protein
from the soluble to the particulate fraction, and the approxima-
tion of SVs to the presynaptic membrane. In addition, 8-pCPT
promoted the association of Rab3A with the active zone protein
RIM1a. Finally, we demonstrated the coupling of BARs to this
cAMP/Epac/PLC/Muncl3/Rab3/RIM-dependent pathway to
enhance glutamate release.

Glutamatergic Synaptic Boutons Express [3;,-Adrenergic Re-
ceptors—The BAR agonist isoproterenol mimics forskolin in
potentiating glutamate release, consistent with our observation
of B1AR subunits at axon terminals that establish asymmetric
putative glutamatergic synapses. Presynaptic labeling revealed
that BARs were mainly located in the active zone, from where
they modulate the release machinery. Ultrastructural and
immunocytochemical studies showed that BARs were only
expressed in a fraction of cerebrocortical synaptic boutons,
whereas functional data demonstrated that BAR-induced
release was less than that induced by a maximal concentration
of forskolin, suggesting that other receptors or presynaptic sig-
nals may also activate PKA-independent Epac-dependent path-
ways in our experimental conditions. There are abundant func-
tional data supporting the existence of presynaptic BARs. For
example, isoproterenol-induced increases in synaptic trans-
mission, in several brain areas, are consistently associated with
a decrease in paired pulse facilitation and/or an increase in the
frequency of miniature or spontaneous excitatory postsynaptic
currents, without significantly affecting their amplitude (20,
31). However, there is no structural evidence demonstrating
the subcellular localization of BARs to support these func-
tional findings. Although BAR labeling has been described in
presynaptic membrane specializations, these receptors were
expressed by catecholaminergic neurons, because they were
co-labeled with antiserum against the catecholamine-syn-
thesizing enzyme tyrosine hydroxylase (48).

The finding that 3;-adrenergic receptors are expressed in a
subset of cerebrocortical nerve terminals is in agreement with
functional experiment looking at SVs redistribution. Thus, iso-
proterenol redistributes SVs to closer positions to the active
zone plasma membrane in around 20% of the nerve terminals
(Fig. 6G), which is very close to the subset of nerve terminals
found to express the receptor both in immunoelectron micros-
copy and immunocytochemical experiments.

B-Adrenergic Receptors Enhance Glutamate Release via a
PKA-independent, Epac-dependent Mechanism—We previ-
ously reported that forskolin potentiates tetrodotoxin-sensitive
Ca®"-dependent glutamate release in cerebrocortical synapto-
somes (4, 6). This effect was PKA-dependent because it was
blocked by the protein kinase inhibitor H-89, and it was associ-
ated with an increase in Ca®>" influx. Here, we demonstrate that
forskolin also stimulates a tetrodotoxin-resistant component of
release that is insensitive to the PKA inhibitor H-89. This
response was mimicked by specific activation of Epac proteins
with 8-pCPT. Moreover, Epac activation largely occluded both
forskolin and isoproterenol-induced release, suggesting that
these compounds activate the same signaling pathways. PKA is
not the only target of cAMP, and Epac proteins have emerged as
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multipurpose cCAMP receptors that may play an important role
in neurotransmitter release (9), although their presynaptic tar-
gets remain largely unknown. Epac proteins are guanine nucle-
otide exchange factors that act as intracellular receptors of
cAMP. These proteins are encoded by two genes, and the Epacl
and Epac2 proteins are widely distributed throughout the brain.
Several studies have shown that cAMP enhances synaptic
transmission via a PKA-independent mechanism in the calyx
of Held (5, 7), whereas others have described presynaptic
enhancement of synaptic transmission by Epac. Spontaneous
and evoked excitatory postsynaptic currents in CA1 pyramidal
neurons from the hippocampus are dramatically reduced in
Epac null mutants, an effect that is mediated presynaptically as
the frequency but not the amplitude of spontaneous excitatory
postsynaptic currents is altered (50). Epac null mutants also
exhibit short but not long term potentiation in CA1 pyramidal
neurons from the hippocampus in response to tetanus stimula-
tion (50). In the calyx of Held, the application of Epac to the
presynaptic cell mimics the effect of cAMP, potentiating
synaptic transmission (7). Finally, in hippocampal neural
cultures, Epac activation fully accounts for the forskolin-
induced increase in miniature excitatory postsynaptic cur-
rent frequency (9).

B-Adrenergic Receptors Target the Release Machinery through
the Activation of Epac Protein—Despite the remarkable advances
in our understanding of the molecular mechanisms responsible
for neurotransmitter release, very little is known of the mecha-
nisms by which presynaptic receptors target release machinery
components to regulate presynaptic activity. Here, we reveal an
important link between BARs and the release machinery appa-
ratus, given that BAR activation promoted the translocation of
the active zone Munc13-1 protein from the soluble to particu-
late fractions in cerebrocortical synaptosomes. We also found
that BAR and Epac activation stimulated phosphoinositide
hydrolysis and that BAR- and Epac-mediated increases in glu-
tamate release were partially prevented by PLC inhibitors.
Hence, it would appear that the DAG generated by BARs can
enhance neurotransmitter release through DAG-dependent
activation of either PKC or Munc13 (51). BAR-mediated gluta-
mate release was unaffected by the PKC inhibitor bisindolylma-
leimide, but it was partially sensitive to calphostin C, which also
inhibits non-kinase DAG-binding proteins, such as Munc13-1.
These findings suggest that the DAG generated by BAR
activation contributes to the activation/translocation of
Munc13-1, which contains a C1 domain that binds DAG and
phorbol esters (52, 53). Members of the Muncl3 family
(Munc13-1, Munc13-2, and Munc13-3) are brain-specific pre-
synaptic proteins (42) that are essential for synaptic vesicle
priming to a fusion-competent state (54, 55) and for short term
potentiation of transmitter release (40, 56). Cerebrocortical
nerve terminals express either Munc13-1 or Muncl3-2, or a
combination of both proteins (57). Although most glutamater-
gic hippocampal synapses express Munc13-1, a small subpop-
ulation express Muncl13-2 (56), yet phorbol ester analogs of
DAG potentiate synaptic transmission at both types of synapse
(56). Our finding that BAR and Epac activation enhances glu-
tamate release is consistent with an increase in synaptic vesicle
priming, activation of both promoting PIP, hydrolysis,
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FIGURE 8. B-Adrenergic receptors potentiate glutamate release at cerebrocortical nerve terminals. Shown is a schemeillustrating the putative signaling
pathway activated by BARs. The BAR agonist isoproterenol stimulates the G protein, adenylyl cyclase thereby increasing cAMP levels. cAMP in turn activates
Epac, which can promote PLC-dependent PIP, hydrolysis to produce DAG. This DAG activates and translocates Munc13-1, an active zone protein essential for
synaptic vesicle priming. Activation of the Epac protein also enhances the interaction between the GTP-binding protein Rab3A and the active zone protein
Rim1a. These events promote the subsequent release of glutamate in response to Ca®* influx. AC, adenylate cyclase.

Munc13-1 translocation, and an increase in the number of syn-
aptic vesicles at the plasma membrane in the vicinity of the
active zone. However, whereas the PLC inhibitor U73122 abol-
ishes the effects of BAR and Epac activation on PIP, hydrolysis
and Muncl3-1 translocation, it only partially attenuated its
effect on glutamate release, suggesting an additional Epac-me-
diated signaling module that is independent of PLC. Epac proteins
have been shown to activate PLC. Indeed, BARs expressed in
HEK-293 cells promote PLC activation and Ca*>* mobilization via
a Rap GTPase, specifically Rap2B, which is activated by Epac (28).
Epac activation also induces phospholipase C-dependent Ca*"
mobilization in non-neuronal secretory systems, such as human
sperm suspensions (24), whereas Epac-induced insulin secretion
in pancreatic 3 cells is lost in PLCe knock-out mice (26).

Our finding that Epac increases the association between
Rab3A and RIM1a reveals another link between BARs and pro-
teins of the release machinery. Although the enhanced interac-
tion between Rab3A and RIM1a may be a consequence of the
Epac-induced translocation of Muncl3, three proteins known
to form a tripartite complex essential for vesicle priming (47),
Epac proteins can activate additional signaling pathways that
involve small G proteins, including Rab3A. Rab3A is a small
GTP-binding protein that attaches reversibly to the membrane
of synaptic vesicles (58), and it cycles between a vesicle-associ-
ated GTP-bound form and a cytosolic GDP-bound form (59).
GTP-bound Rab3A facilitates the docking of vesicles to the
plasma membrane (60). Electrophysiological studies in the hip-
pocampal CA1 region of mice lacking the Rab3A protein have
demonstrated increased synaptic depression after short trains
of repetitive stimuli (61). Rab3 also serves to redistribute crucial
presynaptic active zone components that influence the efficacy
of individual release sites (62). One possibility is that Epac pro-
teins enhance the activation of Rab3A by promoting the forma-
tion of the GTP-bound active form, enhancing its interaction
with other active zone proteins, including RIM1«. Such behav-
ior would contribute to the formation of the tripartite Rab3A-
RIM1a-Muncl3 complex, which in turn would increase the
priming of vesicles to a release-competent state. In support of
this hypothesis, Epac proteins activate the small G proteins
Rapl and Rab3A to induce exocytosis in non-neuronal systems
(24), whereas Epac? interacts with RIM2 to promote insulin
secretion in a cAMP-dependent, PKA-independent manner in
pancreatic B cells (27, 45, 63).
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Both aRIMs are Rab3 effectors, which are most abundantly
expressed in mammals as RIM1a and RIM2 isoforms (12, 64,
65). The aRIMs are required for synaptic vesicle priming and
short and long term synaptic plasticity (66 —69). RIMs tether
Ca®" channels to the presynaptic active zone (70), and they
activate vesicle priming by reversing the autoinhibitory
homodimerization of Munc13 (71). Consistent with this central
role, the deletion of RIM proteins ablates neurotransmitter
release (70). aRIM proteins are key organizers of the active zone
because they directly or indirectly interact with all other known
active zone proteins, including the Rab3A and Muncl3 pro-
teins (47). Accordingly, selective disruption of the aRIM-
Muncl3-1 interaction decreases the size of the ready releasable
vesicle pool in the calyx of Held synapse (47). The enhanced
interaction of Rab3A and RIM 1« described in the present study
following Epac activation may reflect an increase in the forma-
tion of the tripartite Rab3A-RIM-Muncl3 complex and in the
priming of SVs. This proposal is consistent with our functional
and structural data demonstrating that the activation of BARs
and Epac enhances glutamate release, increasing the number of
vesicles in the vicinity of the presynaptic plasma membrane.

In conclusion, BARs at nerve terminals increase cAMP levels
and initiate a PKA- independent response that involves PLC-
mediated hydrolysis of PIP, stimulated by Epac activation. This
results in the production of DAG, which in turn activates/trans-
locates the Munc13-1 protein to the active zone. Furthermore,
the activation of BARs enhances the interaction between Rab3A
and RIM1a (see scheme in Fig. 8). Thus, BARSs recruit proteins that
are essential to prime SVs to a release-competent state, increasing
the proportion of SVs in the vicinity of the presynaptic membrane
and the subsequent release of glutamate.
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