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A B S T R A C T

In fragile X syndrome, the absence of Fragile X Mental Retardation Protein (FMRP) is known to alter postsynaptic
function, although alterations in presynaptic function also occur. We found that the potentiation of glutamate
release induced by the β adrenergic receptor (βAR) agonist isoproterenol is absent in cerebrocortical nerve
terminals (synaptosomes) from mice lacking FMRP (Fmr1 KO), despite the normal cAMP generation. The glu-
tamate release induced by moderate stimulation of synaptosomes with 5mM KCl was not potentiated in Fmr1
KO synaptosomes by isoproterenol, nor by stimulating the receptor associated signaling pathway with the
adenylyl cyclase activator forskolin or with the Epac activator 8-pCPT. Hence, the impairment in the pathway
potentiating release is distal to βARs. Electron microscopy shows that Fmr1 KO cortical synapses have more
docked vesicles than WT synapses, consequently occluding the isoproterenol response through which more SVs
approach the active zone (AZ) of the plasma membrane. Weak stimulation of synaptosomes with the Ca2+

ionophore ionomycin recovered the release potentiation driven by forskolin and 8-pCPT but not with iso-
proterenol, revealing an impairment in the efficiency of receptor generated cAMP to activate the release po-
tentiation pathway. Indeed, inhibiting cyclic nucleotide phosphodiesterase PDE2A with BAY 60–7550 reestab-
lished isoproterenol mediated potentiation in Fmr1 KO synaptosomes. Thus, the lack of β-AR mediated
potentiation of glutamate release appears to be the consequence of an impaired capability of the receptor to
mobilize SVs to the AZ and because of a decreased efficiency of cAMP to activate the signaling pathway that
enhances neurotransmitter release.

1. Introduction

Fragile X syndrome (FXS) is the most common inherited intellectual
disability and it is associated with multiple behavioral alterations, in-
cluding cognitive deficits, hyperactivity, anxiety and deficits in social
behavior (Hagerman et al., 2009 and MacLeod et al., 2010). In FXS, the
Fmr1 gene that encodes the fragile mental retardation protein (FMRP) is
silenced. FMRP modulates gene expression through changes in the
stability and transport of its mRNA targets (Kao et al., 2010; Zalfa et al.,
2007) and acting as a suppressor of mRNA translation (Bassell and

Warren, 2008) although in some cases FMRP activates translation (Liu
et al., 2018; Bechara et al., 2009; Greenblatt and Spradling, 2018). In
the absence of FMRP the expression of many postsynaptic proteins is
altered as well as postsynaptic long-term forms of plasticity (Huber
et al., 2002). FMRP is also found in axons and presynaptic nerve
terminals (Akins et al., 2012; Christie et al., 2009) and mRNA targets
encoding for presynaptic proteins were identified (Darnell et al., 2001;
Darnell et al., 2011). Proteomic studies of mice lacking FMRP revealed
a presynaptic phenotype (Klemmer et al., 2011) in which the expression
of many presynaptic proteins is altered including those involved in
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active zone structure, vesicle recycling and neurotransmitter release
(Christie et al., 2009; Liao et al., 2008; Klemmer et al.., 2011; Tang
et al., 2015).

The loss of FMRP enlarges the action potential (AP) and the ensuing
influx of Ca2+ (Deng et al., 2013), contributes to increase the size of the
readily releasable pool (RRP) of synaptic vesicles (SVs) (Thanawala and
Regehr, 2013). The increase in the number of docked vesicles found in
Fmr1 KO neurons (Deng et al., 2011) could be responsible for the en-
hanced neurotransmitter release at synapses lacking FMRP (Deng et al.,
2013), particularly as the number of docked vesicles strongly correlates
with the size of the RRP of SVs (Rosenmund and Stevens, 1996;
Schikorski and Stevens, 2001). In addition to Ca2+, the increase in
diacylglycerol (DAG) levels due to the loss of DAG kinase (Tabet et al.,
2016) in Fmr1 KO cells can also contribute to enlarge the size of the
RRP through the activation of Munc13 proteins. Munc13 activity is
regulated by the DAG (Betz et al., 2001), and by the Ca2+-calmodulin
(CaM) (Dimova et al., 2006; Dimova et al., 2009) and Ca2+-phospho-
lipid binding domains (Shin et al., 2010). Munc13 promotes the open
conformation of syntaxin and initiates SNARE complex formation,
which mediates the tight membrane attachment of SVs and makes them
competent for release (Augustin et al., 1999; Varoqueaux et al., 2002;
Imig et al., 2014).

β adrenergic receptors (βARs) at presynaptic nerve terminals en-
hance neurotransmitter release through the G protein dependent gen-
eration of cAMP and the ensuing activation of the guanine nucleotide
exchange protein directly activated by cAMP (Epac), driving Munc13–1
translocation and an increase in the number of docked SVs (Ferrero
et al., 2013). However, it is unknown whether βAR mediated po-
tentiation of glutamate release is impaired at Fmr1 KO synapses, al-
though the RRP is already enhanced at these synapses and, cAMP sig-
naling cascade is altered. Previous studies have shown a decreased
cAMP production in cells from fragile X patients and Fmr1 KO mice
(Berry-Kravis and Huttenlocker, 1992; Berry-Kravis and Sklena, 1993)
that can be reverted by FMRP overexpression (Berry-Kravis and
Ciurlionis, 1998). In addition, a form of cAMP-dependent LTP that is
expressed presynapticaly is impared in Fmr1 KO mice (Koga et al.,
2015a). The mRNA of the cAMP and cGMP degrading enzyme phos-
phodiesterase 2A (PDE2A) is a prominent target of FMRP in the cerebral
cortex (Maurin et al., 2018a). Thus, the PDE2A enzymatic activity is
increased in the brain of Fmr1 KO mice (Maurin et al., 2018b) ex-
plaining why PDE2A inhibition rescued some behavior deficits in these
animals (Maurin et al., 2018b).

Here we found that the glutamate release at Fmr1 KO cere-
brocortical nerve terminals induced by moderate stimulation (5mM
KCl) is not potentiated by the βAR agonist isoproterenol, nor by the
adenylyl cyclase activator forskolin or the Epac activator 8-pCPT, de-
spite the normal βAR expression and cAMP generation. Fmr1 KO sy-
napses have more docked vesicles and as isoproterenol fails to enhance
docking, the recruitment of more SVs for release appears to be impeded.
Interestingly, weaker stimulation of synaptosomes with the Ca2+ io-
nophore ionomycin recovered the release potentiation driven by for-
skolin and 8-pCPT but not by isoproterenol, revealing an impaired ef-
ficiency of receptor generated cAMP to activate the release potentiation
pathway. Indeed, inhibiting cyclic nucleotide phosphodiesterase PDE2A
with BAY 60–7550 reestablished isoproterenol mediated potentiation in
Fmr1 KO synaptosomes. As such, the lack of βAR mediated potentiation
of glutamate release is the consequence of the impaired receptor cap-
ability to mobilize SVs to the active zone (AZ) of the plasma membrane,
together with an impairment in the efficiency of cAMP to activate the
signaling pathway that enhances neurotransmitter release.

2. Materials and methods

2.1. Synaptosomal preparation

In these experiments, all animal handling was performed in

accordance with European Commission guidelines (2010/63/UE) and
was approved by the Animal Research Committee at the Complutense
University. Synaptosomes from the cerebral cortex of 3 adult C57BL/6
mice (2–4months old) were purified on discontinuous Percoll gradients
(GE Healthcare, Uppsala, Sweden) as described previously (Millan
et al., 2002). Briefly, the tissue was homogenized in medium containing
0.32M sucrose [pH 7.4], the homogenate was centrifuged for 2min at
2000 xg and 4 °C, and the supernatant, S1, was then centrifuged again
for 12min at 9500 xg. From the pellets obtained, P2, the loosely com-
pacted white layer containing the majority of the synaptosomes was
gently resuspended in 0.32M sucrose [pH 7.4] and an aliquot of this
synaptosome suspension (2ml) was placed onto a 3ml Percoll dis-
continuous gradient containing: 0.32M sucrose; 1 mM EDTA; 0.25mM
DL-dithiothreitol; and 3, 10 or 23% Percoll [pH 7.4]. After centrifuga-
tion at 25,000 xg for 10min at 4 °C, the synaptosomes were recovered
from between the 10% and the 23% Percoll bands, and they were di-
luted in a final volume of 30ml HEPES buffered medium (HBM:
140mM NaCl, 5 mM KCl, 5 mM NaHCO3, 1.2 mM NaH2PO4, 1mM
MgCl2, 10mM glucose and 10mM HEPES [pH 7.4]). Following further
centrifugation at 22,000 xg for 10min, the synaptosome pellet was re-
suspended in 0.5–1ml of HBM medium and the protein content was
determined by the Biuret method. Finally, 0.75mg of the synaptosomal
suspension was diluted in 2ml HBM and centrifuged at 10,000 xg for
10min. The supernatant was discarded and the pellet containing the
synaptosomes was stored on ice. Under these conditions, the synapto-
somes remain fully viable for at least 4–5 h.

2.2. Glutamate release

Glutamate release was assayed by on-line fluorimetry, as described
previously (Millan et al., 2002). Synaptosomal pellets were resuspended
in HBM (0.67mg/ml) and preincubated at 37 °C for 1 h in the presence
of 16 μM bovine serum albumin (BSA) to bind any free fatty acids re-
leased by the synaptosomes during the preincubation (Herrero et al.,
1991). Adenosine deaminase (1.25 U/mg: Roche Diagnostics, Barce-
lona, Spain) was added for 15min, and a 1ml aliquot of the synapto-
somes was transferred to a stirred cuvette containing 1mM NADP+,
50 U glutamate dehydrogenase (Sigma, St. Louis, MO, USA) and
1.33mM CaCl2, measuring the fluorescence of NADPH in a Perkin
Elmer LS-50 luminescence spectrometer at excitation and emission
wavelengths of 340 and 460 nm, respectively. The data were obtained
at 0.8 s intervals and the fluorescence traces were calibrated by the
addition of 2 nmols of glutamate at the end of each assay. The traces
plotted are the mean of all the individual traces corresponding to a
given condition. Smoothing protocols were applied to reduce the noise
using OriginPro 8 and the Savitzky-Golay method.

The Ca2+-dependent release was calculated by subtracting the re-
lease obtained during a 5-min period of depolarization at 200 nM free
[Ca2+] from the release at 1.33mM CaCl2. Glutamate release was also
induced with the Ca2+ ionophore ionomycin, which was added in the
presence of the Na+-channel blocker tetrodotoxin (1 μM: Abcam,
Cambridge, UK), to prevent the firing of action potentials and therefore,
the AP driven opening of voltage dependent Ca2+ channels. The io-
nomycin-induced release was calculated by subtracting the release
observed during a 8-min period in the absence of ionomycin (basal)
from that observed in its presence. The concentration of ionomycin
(Calbiochem, Darmstadt, Germany) was fixed in each experiment
(0.5–1.0 μM) in order to achieve a release of 0.5–0.7 nmols glu/mg
protein. Finally, the spontaneous glutamate release was determined in
the absence of any stimulation but in the presence of the Na+-channel
blocker tetrodotoxin. In these experiments the βAR agonist iso-
proterenol (100 μM) (Sigma-Aldrich, St. Louis, MO, USA), the adenylyl
cyclase activator forskolin (15 μM) and the phosphodiesterases in-
hibitor IBMX (1mM) (Calbiochem, Damstard, Germany), the Epac ac-
tivator 8-pCPT (50 μM) (Biolog, Life Science Institute, Bremen,
Germany), the PDE2A inhibitor BAY60–7550 (0.5-10 μM) and the PDE4
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inhibitor Rolipram (2-50 μM) (Abcam, Cambridge, UK) and the NO
donor DEANO (20-μM) (Cayman Chemicals, Ann Harbor, MI, USA)
were used.

2.3. Western blotting

S1, P2 and synaptosomes proteins (see synaptosomal preparation)
(4 μg of protein per lane) were diluted in Laemmli loading buffer with
β-mercaptoethanol (5% v/v), resolved in SDS-PAGE (8% acrylamide,
Bio-Rad), and analyzed by Western blotting according to standard
procedures. The proteins were transferred to PVDF membranes

(Hybond ECL: GE Healthcare Life Sciences, Madrid, Spain). After sev-
eral washes the membranes were probed with primary antibodies:
polyclonal rabbit anti-β1AR (1:200, Santa Cruz Biotechnology, Paso
Robles, CA, USA) and monoclonal mouse anti-GAPDH (1:10000, Sigma,
St Louis, MO, USA). After several washes, the membranes were in-
cubated with the corresponding IRD-labeled secondary antibodies: goat
anti-rabbit and goat anti-mouse coupled to Odyssey IRDye 800 or
Odyssey IRDye 680 (Rockland Immunochemicals, Gilbertsville, PA,
USA). The membranes were scanned in an Odyssey Infrared imaging
system, and the immunolabeling of proteins was compared by densi-
tometry and quantified using Odyssey 2.0 software. The data were
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Fig. 1. Isoproterenol fails to potentiate KCl-induced release in Fmr1 KO synaptosomes.
A, B, Mean traces from wild type (A) and Fmr1 KO (B) cerebrocortical synaptosomes showing the release of glutamate evoked by 5mM KCl in the presence and
absence (control) of isoproterenol (100 μM) added 1min prior to KCl. C, Diagram summarizing the glutamate release under these conditions. D, E, Western blot
analysis of β1AR amount in S1, P2 and synaptosomes obtained from WT and Fmr1 KO mice. β1AR dimers are readily observed. Data were normalized to WT values.
Immunofluorescence of WT (F) and Fmr1 KO (G) synaptosomes fixed onto poly-L-lysine-coated coverslips and stained with antibodies against: β1AR/synaptophysin.
H, Quantification of the β1AR expression in synaptophysin-containing WT and Fmr1 KO nerve terminals. The inset shows the region indicated by arrows at a higher
magnification. The results are the mean ± S.E.M.: NS P > .05, ** P < .005, *** P < .001, compared to the corresponding control. ANOVA with Bonferroni's test
in release experiments and unpaired Student's t-test in immunofluorescence and western blot experiments were used. Scale bar 5 μm.
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normalized to the GAPDH signal to account for loading differences.

2.4. The cytosolic free Ca2+

The cytosolic free Ca2+ concentration, [Ca2+]c, concentration was
measured with fura-2. Synaptosomes were resuspended (1.5 mg/ml) in
HBM with 16 μM BSA in the presence of 1.3 mM CaCl2 and 5 μM fura-2-
acetoxymethyl ester (fura 2-AM, Molecular Probes, Eugene, OR, USA),
and they were incubated at 37 °C for 25min. After fura-2 loading, the
synaptosomes were pelleted and resuspended in 1.1 ml fresh HBM
medium without BSA. A 1ml aliquot was transferred to a stirred cuvette
and 1.3mM CaCl2 was added. The fluorescence was monitored at 340
and 510 nm. Data points were taken at 0.3 s intervals and the [Ca2+]c,
was calculated using the equations described previously by
Grynkiewicz et al., 1985.

2.5. cAMP levels

The accumulation of cAMP was determined using a cAMP dynamic
2 kit (Cisbio, Bioassays, Bagnols sur-Cèze, France) as described pre-
viously (Ferrero et al., 2016). Synaptosomes were incubated for 30min
at 37 °C (0.67mg/ml) in HBM containing 16 uM BSA and adenosine
deaminase (1.25 U/mg protein). After 15min, 1mM of a cAMP phos-
phodiesterase inhibitor, 3-isobutyl-1-methylxanthine (IBMX: Calbio-
chem, Damstard, Germany) was added and the synaptosomes were then
incubated with the β-AR agonist (100 μM isoproterenol) for 10min. The
synaptosomes were collected by centrifugation for 1min at 4 °C and
16,000 xg, and they were resuspended (0.34 mg/ml) in HBM containing
16 μM BSA and 1mM IBMX. The synaptosomes were transferred to a
96-well assay plate and the following components were added, diluted
in lysis buffer (50mM HEPES, 0.8M potassium fluoride, 0.2% [w/v]
BSA, 1% [v/v] Triton X-100 [pH 7.0]): the europium cryptate-labeled
anti cAMP antibody and the d2-labeled cAMP analog. After incubation
for 1 h at room temperature (RT), the europium cryptate fluorescence
and TR-FRET signals were measured 50ms after excitation at 337 nm
on a FluoStar Omega microplate reader (BMG Lab Technologies, Of-
fenburg, Germany) at 620 and 665 nm, respectively. The specific FRET
(ΔF) signal was calculated using the following equation: ΔF

%=100×(Rpos x Rneg)/(Rneg), where Rpos is the fluorescence ratio
(665/620 nm) calculated in the wells incubated with both donor- and
acceptor-labeled antibodies, and Rneg is the same ratio for the negative
control incubated with only the donor fluorophore-labeled antibody.
The FRET signal (ΔF%), which is inversely proportional to the con-
centration of cAMP in the synaptosomes, was then transformed to the
accumulated cAMP value using a calibration curve prepared using the
same plate.

2.6. Immunocytochemistry

Immunocytochemistry was performed using the following anti-
bodies: affinity-purified rabbit polyclonal antiserum against β1AR
(1:200) (Santa Cruz Biotechnology, Paso Robles, CA, USA); goat anti-
β1AR antibody (1:200) (Sigma, St Louis, MO, USA); mouse monoclonal
antibody against synaptophysin 1 (1:500); mouse monoclonal
Munc13–1 antibody (1:500); rabbit anti Munc13–2 antibody (1:500),
mouse monoclonal anti vGlut1 antibody (1:500) and mouse anti vGlut2
antibody (1:500) all from (Synaptic Systems, Gottingen, Germany). The
procedure was as described previously (Ferrero et al., 2016). As a
control for immunochemistry, the primary antibodies were omitted
from the staining procedure, whereupon no immunoreactivity resem-
bling that obtained with the specific antibodies was detected.

Synaptosomes (0.67 mg/ml) were added to medium containing
0.32M sucrose [pH 7.4] at 37 °C, allowed to attach to poly-L-lysine
coated coverslips for 1 h and then fixed for 4min with 4% paraf-
ormaldehyde in 0.1M phosphate buffer (PB, pH 7.4) at RT. Following
several washes with 0.1M PB [pH 7.4], the synaptosomes were pre-in-
cubated for 1 h in 10% normal donkey serum (NDS, Jackson
ImmunoResearch, West Grove, PA,USA) diluted in 50mM Tris buffer
[pH 7.4] containing 0.9% NaCl (TBS) and 0.2% Triton X-100.
Subsequently, they were incubated overnight at 4 °C with the appro-
priate primary antiserum against β1ARs (1:200) and synaptophysin
(1:500), diluted in TBS with 1% NDS and 0.2% Triton X-100. After
washing in TBS, the synaptosomes were incubated with secondary an-
tibodies diluted (1:200) in TBS for 2 h: Alexa fluor 488 Donkey anti-
mouse IgG; Alexa fluor 488 Donkey anti-goat IgG and Alexa fluor 594
Donkey anti-rabbit IgG (Molecular Probes, Eugene, OR, USA). After
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Immunofluorescence of WT (A,D) and Fmr1 KO (B,E) cerebrocortical synaptosomes fixed onto poly-L-lysine-coated coverslips and stained with antibodies against:
β1AR/vGlut1 (A,B) and β1AR/vGlut2 (D,E). C,F, Quantification of the β1AR expression in vGluT1- and vGluT2- containing WT and Fmr1 KO nerve terminals. The
inset shows the region indicated by arrows at a higher magnification. The results are the mean ± S.E.M.: NS P > .05, compared to the corresponding WT data using
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several washes in TBS, the coverslips were mounted with Prolong
Antifade Kit (Molecular Probes, Eugene, OR, USA) and the synapto-
somes were viewed on a Nikon Diaphot microscope equipped with a
100× objective, a mercury lamp light source and Nikon fluorescein-
rhodamine filter sets.

For quantification, all the images were acquired using identical
settings and neutral density transmittance filters. Background subtrac-
tion was performed by applying a rolling ball algorithm (10 pixel ra-
dius), and the brightness and contrast settings were adjusted according
to the negative control values using Image J 1.39f (http://rsb.info.nih.
gov/ij). The number of stained particles larger than 0.5 μm was

quantified automatically from the binary image masks, discarding ag-
gregates. Co-localization analysis was performed automatically by
measuring the area of coincidence of particles quantified in each pair of
images within the same field.

2.7. Analysis of synaptic vesicle distribution at the active zone by electron
microscopy

Coronal vibratome slices (325 μm thick: Leica VT 1200S vibratome)
were obtained in ice-cold Ringer's solution (119mM NaCl, 2.5 mM KCl,
1.3 mM MgSO4, 2.5 mM CaCl2, 26 mM NaHCO3, 1mM NaH2PO4,
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10mM glucose) and kept in a holding chamber containing Ringer's
solution for at least 1 h. After transferring the slices to a superfusing
chamber for recording, the Ringer's solution was supplemented with
50 μM picrotoxin (to block GABAA receptors) and it was equilibrated in
95% O2/5% CO2. The flow rate was 1ml/min and the temperature was
maintained at 25 °C using a temperature controller (TC-324C Warner-

Instruments), treating the slices for 10min with isoproterenol (100 μM)
in some cases. Immediately afterwards, the slices were fixed for 45min
at 37 °C by immersion in 3.5% glutaraldehyde in PB and they were then
left in the glutaraldehyde solution for 30min at RT before storing them
for 20 h at 4 °C. The slices were then rinsed six times with large volumes
of 0.1 M PB and the cerebral cortices were dissected out, post-fixing
them in 1% OsO4–1.5% K3Fe(CN)6 for 1 h at RT. After dehydrating
through a graded series of ethanol (30, 50, 70, 80, 90, 95 and 100%),
the samples were embedded using the SPURR embedding kit (TAAB,
Aldermaston, UK). Ultrathin ultramicrotome sections (70–80 nm thick:
Leica EM UC6 Leica Microsystems, Wetzlar, Germany) 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 from layers II/III of somatosensory cortex were
then photographed at 80,000× magnification and only asymmetric
synapses with clearly identifiable electron-dense postsynaptic densities
(PSDs) were analyzed, measuring them with ImageJ software. The re-
lative percentage of SVs per AZ was calculated in 10 nm bins at the AZ
of the inner layer membrane and the total number of SVs per synaptic
terminal was also determined. The data were analyzed blind to the
genotype and treatment.

2.8. Statistical analysis

The data were analyzed using GraphPad. InStat (2. 05a) software,
employing ANOVA with Bonferroni's test or the unpaired two-tailed
Student's t-test. The data are represented as the mean ± S.E.M.:
*p < .05, **p < .01, ***p < .001. Differences were considered sta-
tistically significant when p < .05 with a confidence limit of 95%.

3. Results

3.1. Isoproterenol fails to enhance KCl evoked release in Fmr1 KO
synaptosomes

The depolarization of synaptosomes with a low concentration of KCl
induces submaximal release of glutamate, allowing this release to be
further potentiated by Gs coupled βARs that target the release ma-
chinery (Ferrero et al., 2013). In wild type (WT) cerebrocortical sy-
naptosomes, KCl (5mM) induced a release, measured in nmols of glu-
tamate/mg protein of (1.45 ± 0.12, n=16) was potentiated by the
βAR agonist isoproterenol (100 μM: 2.20 ± 0.15, n=16, P < .001,
Fig. 1A,C), consistent with the receptor capability to generate cAMP
and its subsequent effect on the release machinery (Ferrero et al.,
2013). By contrast, isoproterenol failed to enhance release in synapto-
somes that lack FMRP, isolated from Fmr1 KO mice (1.45 ± 0.08 and
1.56 ± 0.05 in the presence and absence of isoproterenol, n=9,
P > .05: Fig. 1B,C).

The expression of βARs was determined by western blotting. No
change was found in Fmr1 KO S1 (82.0 ± 14%, n=4, P= .3559) and
P2 (115 ± 9%, n=4, P= .3667) fractions compared to WT. However,
β1ARs expression in Fmr1 KO synaptosomes was reduced to
(70 ± 3.0%, n=4, P= .0076, Fig. 1D,E) of WT. To assess that a de-
creased expression of β1ARs occurs in Fmr1 KO synaptosomes we per-
formed immunofluorescence experiments in the whole population of
nerve terminals using antibodies against β1ARs and the SVs protein
synaptophysin. No change was found between WT (38.4 ± 2.0% of
cerebrocortical synaptosomes double labeled with β1AR/synapto-
physin, n=23, fields: Fig. 1F,H) and Fmr1 KO synaptosomes
(39.6 ± 1.5% double labeled with β1ARs/synaptophysin (n=25
fields, P= .64: Fig. 1G,H). We also studied β1ARs expression by im-
munofluorescence in the subpopulation of glutamatergic nerve term-
inals with antibodies against the vesicular glutamate transporters
vGlut1 and vGlut2. No change was found between WT (20.5 ± 2.0%,
n=15 and 18.8 ± 2.1%, n=9, Fig. 2A,C,D,F) and Fmr1 KO
(20.5 ± 2.3%, n=13, P= .99 and 24.4 ± 4.1, n=11, P= .26, of
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P < .01, *** P < .001 compared to the corresponding WT data using an un-
paired Student's t-test.

N. García-Font, et al. Neurobiology of Disease 130 (2019) 104482

6



synaptosomes double labeled with βAR/vGlut1, and βAR/vGlut2, re-
spectively, Fig. 2B,C,E,F). Then, immunofluorescence experiments do
not support that a change in the expression of β1ARs in Fmr1 KO glu-
tamatergic nerve terminals is responsible for the lack of isoproterenol
dependent potentiation of glutamate release.

Munc13 proteins play a central role in the potentiation of neuro-
transmitter release (Rhee et al., 2002; Rosenmund et al., 2002). We
found that the expression of Munc13–1 and Munc13–2 was similar in
the whole population of WT (47.6 ± 5.5%, n=9 and 47.7 ± 5.9%,
n=9, Fig. 3A,C,D,F) and Fmr1 KO synaptosomes (51.8 ± 2.3%, n=9,
P= .49 and 42.6 ± 3.4%, n=9, P= .4702, of synaptosomes double
labeled for Munc13–1/synaptophysin and Munc13–2/synaptophysin,
respectively, Fig. 3B,C,E,F). Although, the expression of Munc13–1 and
Munc13–2 proteins is not altered in the whole population of nerve
terminals, more βARs are expressed in Munc13–2-containing nerve
terminals of Fmr1 KO (11.5 ± 1.0%, n=26, P= .12 and
29.0 ± 3.5%, n=14, P= .0189 Fig. 3H,I,K,L) compared to WT ani-
mals (14.0 ± 1.1%, n=15 and 18.8 ± 2.3%, n= 14, of synapto-
somes double labeled for βAR/Munc13–1 and βAR/Munc13–2, re-
spectively, Fig. 3G,I,J,L). As Munc13–2 is also involved in the
potentiation of neurotransmitter release (Rosenmund et al., 2002;
Martin et al., 2018) it is unlikely that the enrichment of βAR in the
Munc13–2-containing subpopulation of Fmr1 KO nerve terminals is
responsible for the lack of βAR mediated potentiation.

Ca2+ homeostasis is altered in fragile X syndrome (Deng et al.,
2013; Ferron et al., 2014; Castagnola et al., 2018). We measured the

depolarization induce Ca2+ influx in fura-2 loaded synaptosomes. The
10mM KCl induced responses in synaptosomes are sensitive to the Na+

channel tetrodotoxin indicative of the generation of action potentials,
but not those by 30mM KCl responses (Godino et al., 2007). We found
that Ca2+ influx with 30mM KCl was similar in WT (193.6 ± 9.4 nM,
n=29) and Fmr1 KO synaptosomes (199.3 ± 7.1 nM, n=20, P= .63,
Fig. 4A,B). However, Ca2+ influx induced by 10mM KCl was larger in
Fmr1 KO (172.8 ± 8.2 nM, n=12, P= .009) than in WT
(135.4 ± 9.6 nM, n=8, Fig. 4C,D) compatible with prolonged action
potentials of Fmr1 KO synapses (Deng et al., 2013). The [Ca2+]c levels
prior to depolarization were also higher in Fmr1 KO (76.2 ± 3.7 nM,
n=21, P= .0008) than in WT synaptosomes (57.7 ± 3.4 nM, n=18,
Fig. 4E). Then, Ca2+ homeostasis is deregulated in Fmr1 KO cere-
brocortical synaptosomes.

βARs activate adenylyl cyclase to generate cAMP, which activates
downstream signaling to potentiate spontaneous release (Ferrero et al.,
2013). However, the failure of isoproterenol to potentiate release is not
due to receptor inability to generate cAMP, as the increase in cAMP
induced by isoproterenol in WT synaptosomes (149.6 ± 6.0%, n=10)
was similar to that in Fmr1 KO synaptosomes (147.4 ± 5.0%, n=8,
P= .99: Fig. 4F) consistent with immunofluorescence experiments
showing no change in receptor expression.

The adenylyl cyclase activator forskolin (15 μM) enhanced gluta-
mate release in WT synaptosomes (2.04 ± 0.10 and 1.18 ± 0.04 in
the presence and absence of forskolin, n= 10, P < .001: Fig. 5A,C) but
not in Fmr1 KO synaptosomes (1.14 ± 0.14 and 1.16 ± 0.14 in the
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Fig. 5. Activation of the βAR-associated signaling pathway at the level of the adenylyl cyclase (forskolin) or Epac proteins (8-pCPT) also fails to enhance KCl-evoked
release.
Mean traces from wild type (A,D) and Fmr1 KO (B,E) cerebrocortical synaptosomes showing the release of glutamate evoked by 5mM KCl in the absence (control)
and in the presence of forskolin (15 μM: A,B) or 8-pCPT (50 μM: D,E), added 1min prior to KCl. Diagrams summarizing release in the presence of forskolin (C) and 8-
pCPT (F). The results are presented as the mean ± S.E.M.: *** P < .001. compared to the corresponding control. ANOVA with Bonferroni's test.
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presence and absence of forskolin, n= 8, P > .05: Fig. 5B,C). Thus, the
impairment of βAR mediated potentiation occurs downstream of cAMP.

Isoproterenol-induced potentiation of glutamate release requires the
exchange proteins directly activated by cAMP, Epac (Ferrero et al.,

2013) which have emerged as alternative cAMP targets in neuro-
transmitter release (Huang and Hsu, 2006; Gekel and Neher, 2008;
Ferrero et al., 2013; Fernandes et al., 2015). Thus, the Epac activator 8-
pCPT (50 μM) enhanced glutamate release in WT synaptosomes (from
1.14 ± 0.07, n=5, to 1.86 ± 0.09, n=7, P < .001: Fig. 5D,F), al-
though it failed to enhance such release in Fmr1 KO synaptosomes
(1.37 ± 0.10 and 1.24 ± 0.05, n=5, P > .05: Fig. 5E,F).

3.2. Fmr1 KO synapses have more docked SVs

The finding that stimulating the signaling cascade triggered by
isoproterenol at different levels failed to potentiate glutamate release
suggests that the impairment may occur distal to receptor signaling,
affecting the release machinery. The βAR mediated potentiation of
glutamate release involves an increase in the number of docked SVs
(Ferrero et al., 2013), while the distribution of SVs at the AZ of Fmr1 KO
hippocampal synapses is altered (Deng et al., 2011). We found that
Fmr1 KO cerebrocortical synapses have more docked vesicles
(4.17 ± 0.16, n=131 synapses: Fig. 6D,F) than WT synapses
(2.38 ± 0.11, n=112 synapses P < .001: Fig. 6A,C). As βAR medi-
ated potentiation of release is associated with an increase in the docked
SVs, it is likely that the failure of βARs to potentiate release reflects the
failure of this receptor to augment SV docking at Fmr1 KO synapses.
Indeed, isoproterenol failed to augment the SVs docked at Fmr1 KO
synapses (4.47 ± 0.15, n=135 synapses and 4.17 ± 0.16, n=131
synapses, in the presence and absence of isoproterenol, P > .05:
Fig. 6E,F), while isoproterenol did increase the docked SVs at WT sy-
napses (from 2.38 ± 0.11, n=112 synapses to 4.55 ± 0.16, n=124
synapses, P < .001: Fig. 6B,C). Then, the capability of βARs to increase
docking of SVs is occluded at Fmr1 KO cerebrocortical synapses.

3.3. Forskolin and 8-pCPT but not isoproterenol enhance ionomycin-
induced glutamate release at Fmr1 KO synapses

The number of docked SVs is strongly correlated to the size of the
RRP of vesicles (Rosenmund and Stevens, 1996; Schikorski and Stevens,
2001), which represents the vesicles ready to fuse that define the re-
lease probability and synaptic strength. We measured the spontaneous
release of glutamate after blocking Na+ channels with TTX in order to
prevent APs. The spontaneous release of glutamate from WT synapto-
somes was increased by isoproterenol from 1.54 ± 0.07 nmols of
glutamate/mg protein (n= 5) to 2.05 ± 0.06 (n=6, P < .001:
Fig. 7A,C). By contrast, in Fmr1 KO synaptosomes the stronger spon-
taneous release (1.94 ± 0.06, n=5, P < .01) was not affected by
isoproterenol (2.01 ± 0.08, n=4, P > .05: Fig. 7B,C). Then, the
spontaneous release reflects the number of docked vesicles and its po-
tentiation by isoproterenol is occluded in Fmr1 KO synaptosomes.

Spontaneous glutamate release results from spontaneous fusion of
one vesicle that occurs at resting concentrations of cytosolic Ca2+ or
after the stochastic opening of one Ca2+ channel (Kaeser and Regehr,
2014). Given that evoked release is more relevant physiologically, we
induced Ca2+ dependent release with the Ca2+ ionophore, ionomycin,
which inserts into the membrane and delivers Ca2+ to the interior of
the cell, thereby inducing glutamate release. One advantage of iono-
mycin is that we can adjust the concentration of ionomycin to release
only a small amount of glutamate, which might represent a fraction of
the RRP of SVs. In WT synaptosomes, ionomycin-induced release
(0.47 ± 0.03 nmols of glutamate/mg protein, n= 12) was enhanced
by isoproterenol (0.84 ± 0.05, n=17, P < .001: Fig. 8A,C), yet iso-
proterenol failed to enhance glutamate release from Fmr1 KO synapses
(0.47 ± 0.03, n=16 and 0.49 ± 0.03, n=13, in the presence and
absence of isoproterenol, P > .05: Fig. 8B,C). Thus, isoproterenol also
fails to potentiate glutamate release, even when a weak stimulation is
used. By contrast, the adenylyl cyclase activator forskolin enhanced the
ionomycin-induced release in Fmr1 KO synaptosomes (1.16 ± 0.09,
n=6 and 0.58 ± 0.03, n=2, in the presence and absence of
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forskolin, P < .05: Fig. 8E,F), as well as in WT synaptosomes
(1.30 ± 0.11 nmols, n= 6 and 0.61 ± 0.05, n=4, in the presence
and absence of forskolin, P < .01 Fig. 8D,F). The activation of the βAR
signaling cascade at the level of Epac proteins with 8-pCPT, also po-
tentiated the ionomycin-induced release in Fmr1 KO synaptosomes
(1.07 ± 0.07, n=11 and 0.50 ± 0.03, n=4, in the presence and
absence of 8-pCPT, P < .001: Fig. 8H,I) to a similar extent as in WT
synaptosomes (1.14 ± 0.06, n=7 and 0.58 ± 0.04, n=4, in the
presence and absence of 8-pCPT, P < .001: Fig. 8G,I). Thus, weak
stimulation of synaptosomes recovered the potentiation of glutamate
release in Fmr1 KO synaptosomes, yet only when the βAR dependent
signaling cascade was activated downstream of the receptor.

3.4. Inhibiting phosphodiesterase PDE2A restores the isoproterenol induced
potentiation of release

The failure of isoproterenol but not of forskolin or 8-pCPT to en-
hance ionomycin-induced release is not due to a failure in receptor
signaling, as a similar amount of cAMP is found in Fmr1 KO and WT
synaptosomes in the presence of isoproterenol. However, the lower
efficiency of cAMP to activate downstream targets could be related to
changes in cAMP metabolism due to enhanced phosphodiesterase ac-
tivity (Maurin et al., 2018b). We found that the inhibition of phos-
phodiesterase activity with the pan-inhibitor IBMX restored the po-
tentiation of isoproterenol-induced release in Fmr1 KO synaptosomes
(0.84 ± 0.03 nmols of glutamate/mg protein, n=15, P < .001,
Fig. 9B,G). A similar result was obtained with the specific PDE2A in-
hibitor BAY 60–7550 (2 μM) (0.90 ± 0.05, n=6, P < .01, Fig. 9C,G)
but not with the specific PDE4 inhibitor rolipram (50 μM)
(0.68 ± 0.04, n=4, P > .05, Fig. 9D,G). Control release of Fmr1 KO
synaptosomes in the absence of isoproterenol was (0.49 ± 0.03,
n=13, Fig. 9A,G). Then, PDE2A activity seems to be responsible for
the low efficiency of cAMP to activate the signaling pathway leading to
glutamate release potentiation. cGMP binds to PDE2A and induces a
conformational change that increases several times its activity to me-
tabolize cAMP (Zhang et al., 2015). We tested whether increasing
PDE2A activity abolish isoproterenol-induced potentiation of release in
WT synaptosomes. A way to increase cGMP levels is with a nitric oxide
(NO) donor through guanylate cyclase stimulation. We found that the
NO donor DEANO abolishes the isoproterenol-induced potentiation of
release in WT synaptosomes (0.96 ± 0.05, n=12, P < .001 and
0.50 ± 0.03, n=9, P > .05, in the absence and presence of DEANO,
Fig. 9E,F,H). Then, the lack of βAR mediated potentiation of glutamate
release is a consequence of the impaired capability of these receptors to

mobilize SVs to the AZ of the plasma membrane and to the weaker
efficiency of cAMP to activate the signals that potentiate neuro-
transmitter release.

4. Discussion

The data presented here show that βAR activation fails to potentiate
glutamate release at Fmr1 KO synapses because they have more docked
vesicles and consequently, βAR activation fails to induce further
docking. Weak stimulation of synaptosomes with ionomycin reveals the
lower efficiency of cAMP to activate the potentiation pathway, as the
adenylyl cyclase activator forskolin and the Epac activator 8-pCPT but
not the βAR agonist isoproterenol potentiate glutamate release. Indeed,
inhibiting cyclic nucleotide phosphodiesterase PDE2A with BAY
60–7550 reestablishes the isoproterenol mediated potentiation in Fmr1
KO synaptosomes. Thus, the lack of βAR mediated potentiation of
glutamate release reflects the impaired capacity of the receptor to
mobilize SVs to the AZ and the decreased efficiency of cAMP to activate
the signaling that enhances neurotransmitter release (See Graphical
Abstract).

β-ARs potentiate glutamate release via Gs protein dependent gen-
eration of cAMP and the subsequent activation of Epac and PLC which
drives Munc13–1 translocation and increases docked SVs (Ferrero et al.,
2013). Presynaptic receptors coupled to cAMP generation also increase
the SV size (Steuer Costa et al., 2017). The number of docked SVs
correlates strongly with the size of the RRP (Rosenmund and Stevens,
1996; Schikorski and Stevens, 2001), which represents the vesicles that
are ready to fuse with the plasma membrane. Moderate stimulation
(KCl 5mM) of synaptosomes prevents β-AR mediated potentiation of
release likely due to the depletion of the RRP. The RRP represents only
a fraction of the recycling pool of SVs (Rizzoli and Betz, 2005) and β-
ARs fail to induce further SV docking at Fmr1 KO synapses. The oc-
clusion of the isoproterenol-induced increase in docking could result
from the enhanced docking that basally exists at Fmr1 KO synapses
(Deng et al., 2011). Munc13 proteins play an essential role in SV
docking through the formation of the Munc13-Rim1-Rab3 (Dulubova
et al., 2005) and the SNARE complex. (Ma et al., 2011). An excess of SV
docking could result from increased Munc13 activity driven by the
enhanced DAG (Tabet et al., 2016) and Ca2+ levels, which are also
deregulated at Fmr1 KO synapses (Ferron et al., 2014; Castagnola et al.,
2018, and Fig. 4C,D,E). FMRP directly interacts with voltage gated
Ca2+ channels altering Ca2+ homeostasis through reduction of Ca2+

channels degradation and increasing channel density at nerve terminals
(Ferron et al., 2014; Castagnola et al., 2018). The lack of FMRP also
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Fig. 7. The lack of FMRP increases the spontaneous release of glutamate and occludes isoproterenol induced potentiation.
The spontaneous release of glutamate was measured in the absence of any stimulation and in the presence of the Na+ channel blocker tetrodotoxin (1 μM) added
2–3min prior to measuring spontaneous release. A,B, Isoproterenol (100 μM) increases the spontaneous release from WT (A) but not in Fmr1 KO (B) synaptosomes. C,
Quantification of the changes in spontaneous release under these conditions: *** P < .001 compared to the corresponding control data (untreated) ## P < .01
comparing the basal data between WT and Fmr1 KO slices. ANOVA with Bonferroni's test.
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indirectly increases Ca2+ influx by action potential broadening due to
decreased function of Ca2+ activated K+ channels (Deng et al., 2013)
Therefore, understanding the factors that contribute to the enhanced
docking at Fmr1 KO synapses is essential to propose pharmacological
strategies to restore the distribution of SVs and presynaptic potentiation
by βARs.

Further evidence that a deficit in SV availability underlies the im-
paired release is the recovery of β-ARs-mediated potentiation when the
stimulus intensity is reduced with the Ca2+ ionophore ionomycin to
induce a control release to 0.5–0.7 nmols. This weak stimulation with
ionomycin, however, uncovered a decrease in the efficiency of cAMP
signaling as release potentiation is restored when the βAR signaling

Isoproterenol

A CB

D E F

WT Fmr1 KO

Control

Forskolin

Control

Forskolin

WT Fmr1 KO

Ionomycin

Con
tro

l
Iso

0.0

0.5

1.0

1.5

)g
m/lo

mn(
esaeler

eta
matul

G

***

esaeler
eta

matul
G

)g
m/lo

mn(

Ionomycin

esaeler
eta

matul
G

)g
m/lo

mn(

Con
tro

l

For
sk

oli
n

0.0

0.5

1.0

1.5

2.0

**

*

esaeler
eta

matul
G

)g
m/lo

mn(

Control

8-pCPT

Control

Ionomycin

WT

Ionomycin

8-pCPT

Ionomycin

Control

Con
tro

l

8-
pC

PT
0.0

0.5

1.0

1.5

2.0

***
***

esaeler
eta

matul
G

)g
m/lo

mn(
Fmr1 KOG H I

WT
Fmr1 KO

WT
Fmr1 KO

WT
Fmr1 KO

)g
m/lo

mn(
esaeler

eta
matul

G

0 2 4 6 8 10

0.0

0.5

1.0

1.5

Time (min)

Isoproterenol

Control

Ionomycin

0 2 4 6 8 10

0.0

0.5

1.0

1.5

Time (min)

0 2 4 6 8 10

0.0

0.5

1.0

1.5

Time (min)
0 2 4 6 8 10

0.0

0.5

1.0

1.5

Time (min)

0 2 4 6 8 10

0.0

0.5

1.0

1.5

Time (min)

)g
m/lo

mn(
esaeler

eta
matul

G

0 2 4 6 8 10

0.0

0.5

1.0

1.5

Time (min)

)g
m/lo

mn(
esaeler

eta
matul

G

Fig. 8. Activating the βAR signaling pathway at the level of the adenylyl cyclase (forskolin) or Epac proteins (8pCPT), yet not with the agonist isoproterenol,
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Mean traces from wild type (A,D,G) and Fmr1 KO (B,E,H) cerebrocortical synaptosomes showing the release of glutamate induced by ionomycin in the presence or
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pathways is activated downstream of the receptor with forskolin or 8-
pCPT, yet not with the receptor agonist isoproterenol. As the generation
of cAMP by the receptor is not impaired in Fmr1 KO synapses, one
possibility is that cAMP is degraded more rapidly in Fmr1 KO than in
WT cells (Maurin et al., 2018b). It is important to note that any po-
tential difference in cAMP degradation will be masked in the cAMP
assay, as the pan-phosphodiesterase inhibitor IBMX is included. Re-
markably, the potentiation of ionomycin-induced release by iso-
proterenol is restored with the pan-PDE inhibitor IBMX and with spe-
cific PDE2A inhibitor BAY 60–7550, but not with the specific inhibitor
of PDE4 rolipram. Then, a decreased efficiency of cAMP to potentiate
release occurs at Fmr1 KO synapses as a consequence of altered PDE2A
activity.

PDE2A is strongly expressed at glutamatergic pyramidal cells in the
cortex (Stephenson et al., 2012) and this protein is localized pre-
synaptically in the active zone associated with docked vesicles (Boyken
et al., 2013). The PDE2A mRNA is a prominent target of FMRP in the
cerebral cortex (Maurin et al., 2018a) and the PDE2A protein is up-
regulated at Fmr1 KO cortical synapses (Tang et al., 2015) as well as its
enzymatic activity (Maurin et al., 2018b). Then, this PDE2A de-reg-
ulation can contribute to a less efficient cAMP signaling and account for
the loss of βAR mediated potentiation of glutamate release at Fmr1 KO
synaptosomes. Thus, the specific inhibitor of PDE2A BAY 60–7550 fully
rescues isoproterenol-induced potentiation of glutamate release. In-
hibiting PDE2A activity restores other presynaptic functions of FMRP
such as the control of axonal growth (Maurin et al., 2018b). PDE2A is
also postsynaptic and its pharmacological inhibition rescue the ma-
turity of dendritic spines, and the exaggerated hippocampal mGluR-
dependent LTP (Maurin et al., 2018b). Another link between PDE ac-
tivity and FXS is provided by the finding that IBMX, but not by PDE4
inhibitor Rolipram rescue sensory processing in Drosophila Fragile X
syndrome mutants (Androschuck et al., 2018).

The NO donor DEANO triggers guanylate cyclase activity and
cGMP, which enhances PDE2A activity. In WT synaptosomes DEANO
abolished isoproterenol-induced potentiation of glutamate release.
Thus, cGMP can be a potential modulator of the efficiency of cAMP
signaling. The cGMP and cAMP degrading phosphodiesterase PDE2A is
up-regulated in Fmr1 KO synapses (Tang et al., 2015) and therefore low
levels of both nucleotides are expected in Fmr1 KO cells making un-
likely the stimulating effect of cGMP on PDE2A. NO triggers GC acti-
vation and increases cGMP which inhibits glutamate release (Sistiaga
et al., 1997) and depresses the SVs RRP (Stanton et al., 2003). Then, an
increase in cGMP levels would cause depression of synaptic transmis-
sion by its direct negative effect on the RRP and through an indirect
effect increasing PDE2A activity and decreasing the efficiency of cAMP
signaling.

To date many studies have focused on the postsynaptic functions of
FMRP although this protein also plays a role in presynaptic compart-
ments. Presynaptic FMRP regulates glutamate release onto neocortical
inhibitory neurons (Patel et al., 2013), protein synthesis-dependent
long-term plasticity (Till et al., 2011), and action potential with de-
pendence on large-conductance calcium-activated potassium channels
(Myrick et al., 2015). Presynaptic Long Term Potentiation (LTP) in the
anterior cingulate cortex (ACC) is absent in Fmr1 KO mice (Koga et al.,
2015a). This form of presynaptic plasticity requires Ca2+-stimulated
adenylyl cyclase and the activation of cAMP/PKA dependent pathways
(Koga et al., 2015b). However, it is not known whether pre-LTP in the
ACC requires the synaptic potentiation produced by βARs, despite the
important role of the ACC in learning, memory and emotional proces-
sing (Frankland et al., 2004), and that mice lacking FMRP suffer from
learning deficits and anxiety (Guo et al., 2012). Therefore, it will be
important to explore whether pre-LTP in the ACC requires the con-
tribution of βARs and whether the recovery of βAR mediated po-
tentiation of synaptic transmission helps to restore brain functions al-
tered in fragile X syndrome.

In conclusion, the data presented here show that the lack of βAR

mediated potentiation of glutamate release is a consequence of the
impaired capability of these receptors to mobilize SVs to the AZ of the
plasma membrane and to the weaker efficiency of cAMP to activate the
signals that potentiate neurotransmitter release.
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