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From the early periods of neurogenesis and migration, up until synaptogenesis, both nitric oxide (NO) and its downstream messenger,
cGMP, are thought to influence the development of neurons. The NO/cGMP/cGMP-dependent protein kinase (cGK) pathway regulates the
clustering and recruitment of synaptic proteins and vesicles to the synapse, adjusting the exoendocytic cycle to the intensity of activity
and accelerating endocytosis following large-scale exocytosis. Here, we show that blockage of the N-methyl-D-aspartate receptor impairs
the cycling of synaptic vesicles in a subset of boutons on cerebellar granule cells, an effect that was reversed by increasing cGMP. Furthermore,
we demonstrate that presynaptic cGK type II (cGKII) plays a major role in this process. Using the FM1-43 dye to track vesicle recycling, we found
that knockdown of cGKII and/or the application of a cGK inhibitor reduced the efficiency of synaptic vesicle recycling to a similar extent.
Likewise, in cerebellar granule cells transfected with vGlut1-pHluorin to follow the exoendocytotic cycle, application of a cGK inhibitor slowed
vesicle endocytosis when exocytosis was accelerated through strong and sustained stimulation. Additionally, ultrastructural analysis showed
that cGKII knockdown or inhibition favored the formation of endosomal-like structures after strong and sustained stimulation. We conclude
that cGKII controls the homeostatic balance of vesicle exocytosis and endocytosis in synaptic boutons of rat cerebellar granule cells.
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Introduction
Presynaptic nerve terminals at chemical synapses contain many
synaptic vesicles (SVs), these being filled with neurotransmitter
that is released into the synaptic cleft when the presynaptic neu-
ron is stimulated, thereby eliciting postsynaptic responses (Cou-
teaux and Pecot-Dechavassine, 1970; Sudhof, 2004). After fusion
with the membrane and neurotransmitter release, new SVs are
formed by endocytosis and once recharged with neurotransmitter
they are ready to undergo a new round of exocytosis (Sudhof, 2004;
Kavalali, 2006). This vesicular cycle is a finely tuned sequential pro-
cess that requires the coordination of different proteins and cytoskel-
etal elements. Moreover, there is evidence that phosphorylation/
dephosphorylation fulfils an important role in regulating this cycle
(Cousin et al., 2001; Wenk and De Camilli, 2004).

Nerve transmission is not strictly unidirectional and a variety
of feedback signals of postsynaptic origin flow toward presynap-
tic targets. One such retrograde signal is provided by the nitric
oxide (NO) synthesized in neurons in a Ca 2�-dependent manner
by NO synthase (NOS; Mayer et al., 1992; Panda et al., 2001).
Indeed, the NO activated cGMP pathway fulfils an important role
in coordinating functional and structural alterations at presyn-
aptic and postsynaptic sites in response to neuronal activity
(Wang et al., 2005; Ota et al., 2010).

At presynaptic sites the NO/cGMP pathway regulates the clus-
tering and recruitment of synaptic proteins and vesicles (Rat-
nayaka et al., 2012), and it adjusts the exoendocytic cycle to the
intensity of activity (Micheva et al., 2003; Petrov et al., 2008;
Tegenge et al., 2009; Eguchi et al., 2012). Although these effects
are mostly mediated by activation of a cGMP-dependent protein
kinase (cGK; Xue et al., 2004; Wang et al., 2005), the nature of this
kinase (type I or type II) remains unclear. Activation of cGK
upregulates phosphatidylinositol-4,5-bisphosphate (PIP2), thereby ac-
celerating the endocytosis that follows the large-scale exocytosis
caused by a strong and sustained stimulation (Micheva et al.,
2003; Eguchi et al., 2012). PIP2 binds to the adaptor protein AP2,
which helps localize it to the plasma membrane where it retrieves
SV components through clathrin-mediated endocytosis (CME),
the dominant mode of SV retrieval during mild stimulation
(Granseth et al., 2006). Conversely, during intense stimulation,
activity-dependent bulk endocytosis (ADBE) becomes the dom-
inant mode, involving other adaptor proteins (Clayton et al.,
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2008; Dittman and Ryan, 2009; Cheung and Cousin, 2012). These
two forms of endocytosis can coexist in the same synaptic termi-
nal, and competition between them can regulate the rate and
extent of SV recycling (Voglmaier et al., 2006; Bartolomé-Martín
et al., 2012).

In juvenile cerebellar granule cells, inhibition of soluble gua-
nylyl cyclase (sGC) impairs SV recycling during strong and sus-
tained stimulation (López-Jiménez et al., 2009). In these cells, the
key enzymes in cGMP metabolism and signaling are expressed
strongly, and their activation is linked to NMDA receptor
(NMDAR) stimulation (Jurado et al., 2003). The results we pres-
ent here show that blockage of the NMDAR slows SV recycling
at cerebellar granule cell synaptic boutons during a strong and
sustained stimulation, an effect that is prevented by pharma-

cologically increasing cGMP and that is
mimicked by inhibition and/or knock-
down of cGK type II (cGKII), a down-
stream cGMP effector.

Materials and Methods
Cell culture. Cells were dissociated from the
cerebellum of 7-d-old (P7) Wistar albino rat
pups of either sex, as described previously
(Jurado et al., 2003), and the primary cerebellar
cells isolated were diluted in neurobasal A
supplemented with B27 (Life Technologies),
20 mM KCl, 0.5 mM glutamine and the
stabilized antibiotic antimycotic solution
(Sigma-Aldrich). The cells were seeded onto
poly-L-lysine-coated coverslips at a density of
1–3 � 10 5 cells/coverslip, or in 6-well tissue
culture plates at 3.5 � 10 6 cells/well. The cul-
tures were maintained in a humidified incuba-
tor at 37°C in an atmosphere of 5% CO2 and
after 24 h in culture, 10 �M cytosine-�-D-
arabinofuranoside (Sigma-Aldrich) was added
to restrict glial cell growth. The cultures were
routinely used for experiments between 7 and
9 d in vitro (DIV). All procedures with animals
were conducted under the ethical guidelines
for animal experiments and the regulations es-
tablished in the European Council (Directive
2010/63/EU). The experimental protocol was
approved by the Commission of Animal Ex-
perimentation of the Complutense University.
All efforts were made to minimize the number
of animals used and their suffering.

Cell transfection. After 4 DIV, a siRNA de-
signed to selectively silence cGKII (Accell
siRNA Ref no. A-092722-15 from GE Health-
care Dharmacon) or an Accell Red Nontarget-
ing siRNA (Ref no. D-001960 from GE
Healthcare Dharmacon) was added to the cells,
which were incubated in Accell siRNA delivery
media (Ref no. B-005000 from GE Healthcare
Dharmacon) supplemented with B27, 20 mM

KCl, 0.5 mM glutamine, and the stabilized an-
tibiotic antimycotic solution. The transfection
efficiency was verified by exciting the cells at
595 nm and visualizing them by fluorescence
microscopy. The silencing of cGKII was veri-
fied by measuring its mRNA transcripts 24 h
and 4 d after transfection by real-time PCR us-
ing the TaqMan Gene Expression Assay
Rn00435938_m1 for cGKII (Applied Biosys-
tems; Life Technologies) and Rn01775763_g1
to assay GAPDH as an endogenous control (Ju-
rado et al., 2003). The levels of cGKII mRNA

were reduced by 81.36 � 3.39% 24 h after transfection with the specific
siRNA and by 81.00 � 1.65% 4 d after transfection, whereas they were
not affected by the scrambled control siRNA. Functional studies were
performed on cells 4 d after transfection.

Dissociated neurons were transfected by electroporation with the
chicken actin pCAGGs vector (1 �g) containing the VGlut1-pHluorin
(VGlut1-pH) construct using an Amaxa Nucleofector II device and the
Rat Neuron Amaxa Nucleofector Kit (Lonza), according to the manufac-
turer’s instructions (program O-03). The cells were then grown as de-
scribed previously until 7– 8 DIV (López-Jiménez et al., 2009).

Vesicle recycling (FM1-43). Recycled SVs were labeled with the cationic
styrylpyridinium dye FM 1-43 (Invitrogen), as described previously
(López-Jiménez et al., 2009; Bartolomé-Martín et al., 2012). Briefly, the
cells were incubated for 10 min in a calcium-free buffer (140 mM NaCl, 5
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Figure 1. Long-lasting NMDAR blockade hindered FM1-43 unloading in a subset of boutons under strong and sustained
stimulation. A, Fluorescence image of cells loaded with FM1-43 (top) and unloaded (middle), and amplified images of the boxed
areas showing group1 (white arrows) and Group 2 boutons (yellow arrows). Bottom, Mask of terminals obtained with Igor Pro
software that fulfils the quality requirement of 0.1 with the Bergsman routine (Materials and Methods). Scale bars, 10 �M. B, Mean
traces of boutons from control cells that undergo strong FM1-43 unloading (Group 1: N � 1342, n � 4 coverslips from 2 different
cell cultures), from APV- (50 �M) � MK801- (1 �M) treated cells (N � 670, n � 7 coverslips from 2 cell cultures), and from
APV�MK801 � 8-BrcGMP- (0.5 mM) treated cells (N � 859, n � 5 coverslips from 2 cell cultures). C, Mean traces of weak FM1-43
unloading boutons (Group 2) from control cells (N � 880, n � 4 coverslips from 2 different cell cultures), APV�MK801-treated
cells (N � 2960, n � 7 coverslips from 2 cell cultures), and APV�MK801 � 8-BrcGMP-treated cells (N � 523, n � 5 coverslips
from 2 cell cultures). D, Distribution of boutons into the two groups (strong or weak unloading).
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mM KCl, 5 mM NaHCO3, 1.2 mM NaH2PO4, 1 mM MgCl2, 10 mM glucose,
10 mM HEPES: López-Jiménez et al., 2009), and then incubated for 3 min
with FM1-43 dye (10 �M) in high-potassium buffer (95 mM NaCl, 50 mM

KCl, 5 mM NaHCO3, 1.2 mM NaH2PO4, 1 mM MgCl2, 1.33 mM CaCl2, 10
mM glucose, 10 mM HEPES, pH 7.4). The coverslips were mounted in a
rapid-switching, pH5 laminar-flow perfusion chamber (Warner Instru-
ments) on the stage of a Nikon Eclipse TE2000-S inverted epifluores-
cence microscope, and they were continuously perfused (1 ml/min)
using a VC6 perfusion system (Warner Instruments). First, they were
washed for 10 min with a calcium-free low-potassium buffer to remove
the surface-bound dye, and then baseline measurements were acquired
over 30 s. Subsequently, the cells were stimulated for 3 min with high-
potassium medium to produce dye unloading. Alternatively, the cells

were stimulated for 10 s with high-potassium medium, followed by per-
fusion of low-potassium medium for 1 min, and then again with high-
potassium medium for 2 min. Temperature was clamped at 37°C with a
TC-344B temperature controlling system (Warner Instruments) to min-
imize the effects of temperature fluctuations. Images were acquired at a
rate of 1 Hz using an iXon EM � EMCCD camera (iXon EM�DU885,
Andor Technology) and fluorescence emission was recorded through a
Nikon CFI Plan Apo VC 60� Oil objective 1.4 (NA). Excitation was
provided by a 479 nm monochromator and the light emitted was col-
lected through a FITC filter.

Analysis of FM1-43. Different fields were selected randomly and indi-
vidual synaptic boutons were analyzed as described previously
(Bartolomé-Martín et al., 2012). Regions-of-interest (ROIs) were iden-
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Figure 2. Prolonged inhibition of cGKs or cGKII KD increases the proportion of nerve terminals with weak unloading. A, Distribution of boutons into the strong or weak unloading groups in control
cells and those exposed to KT5823 (1 �M) for 24 or 96 h. B, Mean traces of strong FM1-43 unloading boutons from control cells (N � 4439, n � 9 coverslips from 4 different cell cultures) or cells
exposed to KT5823 (1 �M) for 24 (N � 806, n � 5 coverslips from 3 cell cultures) or 96 h (N � 563, n � 4 coverslips from 2 cell cultures). C, Mean traces of weak FM1-43 unloading boutons from
control cells (N � 2874, n � 9 coverslips from 4 cell cultures), or cells exposed to KT5823 (1 �M) for 24 (N � 2768, n � 5 coverslips from 3 cell cultures) or 96 h (N � 1577, n � 4 coverslips from
2 cell cultures). D, Distribution of boutons in function of strong or weak unloading in control cells and in cells transfected with a scrambled siRNA or cGKII siRNA (cGKII KD). E, Mean traces of strong
FM1-43 unloading boutons from control cells (N � 4439, n � 9 coverslips from 4 different cell cultures), or cells transfected with a scrambled siRNA (N � 930, n � 3 coverslips from 1 cell culture)
and cGKII KD cells (N � 689, n � 6 coverslips from 3 cell cultures). F, Mean traces of weak FM1-43 unloading boutons from control cells (N � 2874, n � 9 coverslips from 4 cell cultures), scrambled
siRNA transfected cells (N � 583, n � 3 coverslips from 1 cell culture) and cGKII KD cells (N � 3198, n � 6 coverslips from 3 cell cultures). G, Distribution of strong or weak unloading boutons in
control cells and in cGKII KD cells exposed to KT5823 for 24 h. H, Mean traces of strong FM1-43 unloading boutons from control cells (N � 4439, n � 9 coverslips from 4 different cell cultures) and
from cGKII KD cells exposed to KT5823 for 24 h (N � 313, n � 4 coverslips from 2 different cell cultures). I, Mean traces of weak FM1-43 unloading boutons from control cells (N � 2874, n � 9
coverslips from 4 cell cultures) and in cGKII KD cells exposed to KT5823 for 24 h (N � 1427, n � 4 coverslips from 2 cell cultures).
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tified with Igor Pro software to indicate the synaptic boutons. This anal-
ysis was performed according to the automated method described by
Bergsman et al. (2006), with a minimum quality criterion for analysis of
0.1. To determine the extent of dye release, the mean background fluo-
rescence of several cell-free regions was subtracted and the values were
normalized to the initial fluorescence (F/F0). When the rate of dye release
was calculated, we subtracted the remaining fluorescence of each bouton
at the end of the stimulation period. Dye release responses were hetero-
geneous but nevertheless, two main subpopulations of synaptic boutons
were distinguished (Bartolomé-Martín et al., 2012).

VGlut1-pH imaging. We used a direct optical presynaptic readout
based on the pH-sensitive GFP pHluorin (Miesenböck et al., 1998)
tagged to the luminal domain of the vesicular glutamate transporter to
analyze the distribution of vesicles in the recycling and resting pool. The
size of the recycling vesicle pool was measured as the �F elicited by a large
stimulus (50 s) with 50 mM KCl in the presence of bafilomycin A1 (0.5
�M), a V-type ATPase inhibitor that blocks vesicle reacidification (San-
karanarayanan and Ryan, 2001). This saturation indicates that all recy-
cling vesicles underwent at least one round of fusion, and thus the �F in
this experiment offers a measure of the size of the recycling pool. The
total vesicle population was visualized by the subsequent application of
NH4Cl saline. Bafilomycin A1 (baf) blocks reacidification of endocytosed
SVs, making the VGlut1-pH fluorescence indicative of exocytosis alone.
These curves were adjusted to the equation: (F ) � Fmax*t/(� � t), where
� is the time constant (time to reach half Fmax). In the absence of baf,
stimulation elicits exocytosis (an increase in fluorescence) followed by
endocytosis (fluorescence decay). The decay phase of the VGlut1-pH
signal reflects the rate of synaptic vesicle reacidification that follows ves-
icle retrieval. Reacidification is fast (� � 4 s), such that the decline in the
VGlut1-pH signals is a measure of endocytosis close to real-time (Atluri
and Ryan, 2006; Granseth et al., 2006). The curves were fit to single
exponential decay curves beginning at a time point offset from the end of
the stimulus that is approximately equal to twice the reacidification time
constant, where the exponential time course is dominated by endocyto-

sis. F � F0�Ae �t / �, where � is the time constant for endocytosis. Images
were acquired at a rate of 4 Hz and averaged into one single frame per
second to enhance the signal-to-noise ratio, resulting in an actual read-
out of 1 Hz.

Electron microscopy. To visualize the effect of the different treatments
or experimental conditions on the distribution or recycling of SVs within
the presynaptic terminals, cultured cerebellar granule cells subjected to
different treatments were maintained under basal conditions or stimu-
lated for 3 min with 50 mM KCl in HEPES-buffered medium (HBM), and
then maintained at rest for 10 min in 5 mM KCl in HBM, emulating our
protocol for the loading and washing of the FM1-43 dye. After stimula-
tion, the cells were fixed at 4°C for 2 h with 4% paraformaldehyde/2.5%
glutaraldehyde in Milloning sodium phosphate buffer (0.1 M, pH 7.3).
The cells were then washed twice and kept overnight at 4°C in Milloning
buffer. At this point, the cells were postfixed in 1% OsO4 for 1 h at room
temperature and dehydrated in ethanol. To detach the cell layer from the
plate, cells were treated with propylene oxide and the entire monolayer
was collected and embedded using the SPURR embedding kit (TAAB).
Alternatively, cells were maintained on coverslips until they were embed-
ded in Spurr (Spurr Embedding Kit, TAAB) and after 24 h, the coverslips
were removed with liquid N2. Ultrathin sections (70 nm) were routinely
stained with uranyl acetate and lead citrate, and images were obtained on
a JEOL 1200 EX II transmission electron microscope. Synapses were
identified as containing a cluster of synaptic vesicles in close proximity to
a membrane with docked (from a morphological point of view) vesicles.
Synapses were also considered to contain mitochondria and to have an
apposed postsynaptic cell or dendrite. Measurements were taken with the
aid of ImageJ software and two parameters were analyzed: the diameter
of the SVs and the rest of the organelles in the bouton, and the number of
each organelle within the active zone (AZ).

Statistical analyses. The data were analyzed with Statgraphic, Origin-
Pro 8.0 or SigmaPlot 10 statistical software. Comparison of two indepen-
dent groups was performed using the unpaired t test, Mann–Whitney or
Kolmogorov–Smirnov test. Comparison of several independent groups
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Figure 3. Acute inhibition of cGKs decreases the proportion of nerve terminals that undergo strong unloading. A, Experimental protocol. B, Distribution of strong or weak unloading boutons from
control cells and those exposed to KT5823 (1 �M) for 30 min before the loading step and during the washing period. C, Mean traces of strong FM1-43 unloading boutons from control cells (N � 1158,
n � 5 coverslips from 3 different cell cultures) and those exposed to KT5823 (1 �M) for 30 min (N � 263, n � 5 coverslips from 2 cell cultures). D, Mean traces of weak FM1-43 unloading boutons
from control cells (N � 902, n � 5 coverslips from 3 different cell cultures) and those exposed to KT5823 (1 �M) for 30 min (N � 1060, n � 5 coverslips from 2 cell cultures).
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was achieved by one-way ANOVA, the latter revealing significant general
group effects. In all analyses, a familywise 95% confidence level ( p 	
0.05) was applied: n indicates the number of individual experiments
performed from at least three different cell cultures, and N indicates the
number of specimens analyzed (ROIs, boutons, etc.).

Results
NMDAR blockage hinders SV recycling in a subset of boutons
under strong and sustained stimulation
To visualize SV recycling, we examined the ability of rat cerebellar
granule cells to incorporate the fluorescent styryl dye FM1-43
into SVs when stimulated with 50 mM KCl (Fig. 1A, top), and
their capacity to unload it after another round of stimulation with
50 mM KCl (Fig. 1A, middle). Cell stimulation with 50 mM KCl in
the presence of 1.33 mM external Ca 2� provokes a depolarization
that is associated with the massive influx of Ca 2�, resulting in a
typical biphasic profile of dye unloading (Klingauf et al., 1998;
López-Jiménez et al., 2009; Bartolomé-Martín et al., 2012). The
initial phase of this dye loss (�20 s) can be attributed to dye
release from vesicles in a rapidly mobilizable pool (Pyle et al.,
2000; Mozhayeva et al., 2002), whereas the slow phase (20 –180 s)
reflects the replenishment of this rapidly mobilizable pool with
the reserve pool (Pyle et al., 2000; Mozhayeva et al., 2002). Ac-
cording to the dye unloading parameters, two populations of
boutons could be distinguished on granule cells, although both
displayed a biphasic profile (López-Jiménez et al., 2009;
Bartolomé-Martín et al., 2012): Group 1 with strong (
40% of
the initial fluorescence) and rapid unloading (�1 � 9.8 � 1.2 s, �2

� 96.2 � 11.4 s; Fig. 1B); and Group 2 with milder (	40% of the
initial fluorescence) and slower unloading (�1 � 16.4 � 3.0 s, �2

� 120.4 � 26.7 s; Fig. 1C).
The differences in unloading between synaptic terminals dis-

playing strong and weak dye unloading may indicate that they
have distinct recycling capacities, possibly due to the different
contributions of the two main endocytotic mechanisms: CME or
ADBE (Voglmaier et al., 2006; Bartolomé-Martín et al., 2012).
The distribution of boutons into these two groups could be mod-

ified by treatments that accelerate or slow SV recycling, such as
prolong inhibition of sGC with ODQ or of synaptic activity with
tetrodotoxin (López-Jiménez et al., 2009; Bartolomé-Martín et
al., 2012). In control cells 7 DIV, 59.17 � 4.74% of boutons
belonged to Group 1, yet when NMDARs were blocked by a 24 h
exposure to a mixture of APV (50 �M) and MK-801 (1 �M), this
percentage dropped to 21.45 � 2.19% (p 	 0.00001; Fig. 1D).
Moreover, this effect was reverted by the presence of 8-Br-cGMP
(51.5 � 2.5%; p 	 0.00001 compared with APV�MK-801-
treated cells and p � 0.20198 compared with controls), indi-
cating that the intrinsic activity in the culture activated
NMDAR and cGMP synthesis, presumably via the NO synthe-
sis (Jurado et al., 2003) that regulates SVs recycling (López-
Jiménez et al., 2009).

cGKII knockdown (KD) or inhibition impairs
vesicle recycling
To assess whether the cGMP effector cGK is involved in SV recy-
cling, cells were incubated with a specific inhibitor of these ki-
nases. Like NMDAR blockers, prolonged exposure (24 or 96 h) to
KT5823 (1 �M) decreased the proportion of Group 1 nerve ter-
minals that displayed strong dye loss under control conditions
(60.70 � 2.72%) to 23.12 � 2.55% after 24 h (p 	 0.00001) and
27.56 � 4.26% after 96 h (p 	 0.00001; Fig. 2A). Conversely,
KT5823 increased the proportion of synaptic terminals that only
weakly unloaded the dye (Group 2) from 39.30 � 2.73% in con-
trol cells to 76.88 � 2.54% (p 	 0.00001) after 24 h in the pres-
ence of KT5823, and 72.44 � 4.26% (p 	 0.00001) after 96 h (Fig.
2A). KT5823 did not alter the extent of dye release by Group 1
boutons (Fig. 2B), whereas the magnitude of dye loss of Group 2
boutons after 24 h in the presence of the inhibitor was reduced by
25% after a 2.5 min KCl perfusion (Fig. 2C). However, the veloc-
ities, measured as the slopes of the two components of unloading,
were unchanged by these inhibitors.

Our analysis strongly suggested that cGK activation is neces-
sary for efficient recycling of SVs under strong and sustained

A
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Figure 4. cGKII inhibition after the loading step does not impair SV recycling. A, Experimental protocol showing the two unloading stimuli. B, Mean traces of FM1-43 unloading boutons from
control cells (N � 3668 from n � 7 coverslips from 3 different cultures), cells exposed to KT5823 (1 �M, 30 min) after FM1-43 loading (N � 1382 from n � 4 coverslips from 3 different cultures)
and cells exposed to KT5823 (1 �M, 30 min) before FM1-43 loading (N � 1686 from n � 5 coverslips from 3 different cultures). C, Cumulative probability plots of unloading after the first stimulus
(10 s, 50 mM KCl � 1 min, 5 mM KCl) for control cells or cells incubated with KT5823 before ( p � 0.000, Kolmogorov–Smirnov) or after ( p � 0.155, Kolmogorov–Smirnov) loading. D, Cumulative
probability of unloading after the second stimulus (2 min, 50 mM KCl) in control cells or cells incubated with KT5823 before ( p � 0.000, Kolmogorov–Smirnov) or after ( p � 0.000, Kolmogorov–
Smirnov) loading.
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stimulation, as occurred in other neurons (Eguchi et al., 2012;
Taoufiq et al., 2013). Both cGKI and cGKII are expressed by
cerebellar granule cells, both in vivo and in vitro, (Jurado et al.,
2004, 2005), and thus we assessed the specific involvement of
cGKII in these events by silencing its expression using a specific
siRNA. This approach reduced cGKII mRNA levels by 81.36 �
3.39% within 24 h and by 81.00 � 1.65% 4 d after transfection. By
contrast, the levels of cGKI assessed 4 d after transfection in West-
ern blots were equivalent in control and in siRNA transfected
cells (data not shown). Although cGKII expression (and there-
fore recycling) was not modified by a scrambled siRNA, cGKII
KD notably increased the proportion of slow recycling boutons
(80.74 � 3.12% in cGKII KD vs 39.30 � 2.73% in control or
38.5 � 2.29% in scrambled siRNA transfected cells, p 	 0.00001;
Fig. 2D). In addition, whereas the extent of dye released by Group
1 boutons was slightly altered by cGKII silencing (Fig. 2E), the
extent of dye release by Group 2 boutons was largely reduced but
without affecting the velocity of unloading (Fig. 2F).

The silencing of cGKII effectively occluded the effect of
KT5823 and no additional effect was observed when it was added
to cGKII KD cells 24 h before studying SV behavior (Fig. 2G–I),
indicating that KT5823 did target cGKII when impairing vesicle
cycling. The proportion of boutons that displayed strong dye loss
was 15.15 � 1.51% (p 	 0.00001 vs control, and p � 0.39556 vs
cGKII KD), whereas the percentage of those that displayed weak
unloading was 84.85 � 1.50% (p 	 0.00001 vs control, and p �
0.39983 vs cGKII KD). The velocity of the slow component of
release by Group 1 boutons was significantly enhanced by this
combined treatment (0.32 � 0.03 to 0.52 � 0.01 a.u./min, p 	
0.00001).

Acute inhibition of cGK also impairs vesicle recycling
We next addressed whether long lasting inhibition of the enzyme
was necessary to impair vesicle recycling. Accordingly, we as-
sessed the effects of an acute 30 min exposure to KT5823 (1 �M)
before the FM1-43 loading of cells, which was maintained until
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Figure 5. cGKII KD or inhibition increased the presence of endosomal-like structures under strong and sustained stimulation. In electron microscopy experiments, cells were stimulated (50 mM

KCl, 3 min) to mimic the FM1-43 loading step or they were maintained at rest. A, Electron micrographs of cerebellar granule cells at rest (left) or after stimulation (right). B, Distribution of AZs (in
percentages) with organelles 
40 nm (endosomal-like structures) at rest or after stimulation in cells under different experimental conditions. C, The ratio of organelles 
40 nm/organelles 	40
nm at rest or after stimulation in cells under different experimental conditions: #represents significance of each condition with respect to the control, and *represents the significance
between the basal and stimulated cells in each condition. Data are mean � SEM of control AZs (at rest, n � 22), stimulated control AZs (n � 27, *p � 0.0223, Mann–Whitney), KT 30
min AZs at rest (n � 43), KT 30 min stimulated AZs (n � 55, *p 	 0.0001, #p � 0.0162, Mann–Whitney), KT 24 h AZs at rest (n � 26), KT 24 h stimulated AZs (n � 38, *p 	 0.0001,
#p � 0.0321, Mann–Whitney), cGKII KD AZs at rest (n � 31), and cGKII KD-stimulated AZs (n � 27, *p 	 0.0001, #p � 0.0077, Mann–Whitney). D, sSVs/AZ in AZs with an organelles

40 nm/organelles 	40 nm ratio above the average value: *represents the significance between the basal and stimulated cells in each condition. At rest: n � 10, control; n � 12, KT
30 min; n � 10, KT 24 h; n � 10, cGKII KD. Stimulated: n � 9, control ( p � 0.12, Mann–Whitney); n � 12, KT 30 min ( p � 0.09, Mann–Whitney); n � 6, KT 24 h ( p � 0.004,
Mann–Whitney); and n � 8, cGKII KD ( p � 0.0029, Mann–Whitney).
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the unloading step (Fig. 3A). The presence of KT5823 caused a
reduction in the proportion of boutons with strong dye loss
(Group 1) similar to that produced by the long-term inhibition
or knockdown of this protein (Group 1: control 51.80 � 7.07%;
KT5823, 30 min, 20.45 � 1.30%; p � 0.00614; Fig. 3B), and with
a concomitant increase in the boutons with weak unloading
(control 48.2 � 7.07%; KT5823, 30 min, 79.55 � 1.30%; p �
0.00614). Moreover, the extent of unloading was strongly modi-
fied in the two populations of boutons (Fig. 3C,D).

Vesicular cycle is a finely tuned process of sequential events.
Thus, to analyze which part of vesicle cycling (approach and
membrane fusion or membrane retrieval) was hindered by cGK
inhibition, the cells were exposed to the inhibitor before or after
dye loading and unloading was then stimulated in two steps: a
10 s perfusion of a high-potassium buffer followed by 1 min of
low-potassium to evoke the release of the rapidly mobilizable
pool; and a 2 min perfusion of high-potassium to evoke the re-
lease of the total mobilizable vesicles (Fig. 4A). When the average
responses of all the responding boutons from cells maintained in
the presence or absence of KT5823, both before or after the load-
ing step, were compared, a clear reduction in unloading was ob-
served when cGK was inhibited before FM1-43 loading (�30%;
Fig. 4B–D). However, when the inhibitor was added after the
loading step, no significant effect on the unloading caused by the
first 10 s stimulus (Fig. 4B,C), and only a small reduction in
unloading provoked by the second stimulus (Fig. 4B,D), was
observed. This observation suggests that cGK activity is necessary
for the first steps of SV retrieval after the massive exocytosis
caused by a strong and sustained stimulation, whereas the inhi-
bition of cGK has minimal effects on SVs once they are formed.
The reduction in unloading observed when cGK was inhibited
before dye loading may be due to enhanced endosome formation
(Bartolomé-Martín et al., 2012), making the endocytosed fluo-
rescence less mobilizable.

cGKII KD or inhibition increases the number of organelles
with a diameter >40 nm within the bouton after strong and
sustained stimulation
To examine the proportions of the distinct organelles in the bou-
tons, cells were maintained at rest or stimulated for 3 min with 50
mM KCl to mimic the FM1-43 dye loading protocol, and then
washed and fixed as described before. The average number of
organelles (small synaptic vesicles, sSVs; organelles 	40 nm) and
endosomes (organelles 
40 nm), and also the endosome/sSV
ratio was assessed in 22–55 AZs in each state. At rest, AZs con-
tained sSVs (37.86 � 3.56) and only very few larger organelles
(1.36 � 0.32; Fig. 5A,D). Knockdown or prolonged inhibition of
cGKII increased the number of organelles with a diameter 	40
nm (58.45 � 5.79, p � 0.0099 for cGKII KD; 55.03 � 5.50, p �
0.0172 for KT5823 24 h; and 47.02 � 4.39, p � 0.32473 for
KT5823 30 min), whereas it did not modify the number organ-
elles 
40 nm (0.96 � 0.38, p � 0.7654 for cGKII KD; 0.48 � 0.15,
p � 0.2266 for KT5823 24 h and 1.05 � 0.21, p � 0.6775 for
KT5823 30 min). Moreover, the percentage of AZs with large organ-
elles was very similar in all experimental conditions (Fig. 5B).

When cells were stimulated there were more AZs that con-
tained large organelles (Fig. 5B) and these organelles were more
numerous, reflected in the increased organelles 
40 nm/organ-
elles 	40 nm ratio (Fig. 5C). In control cells, 23 of 27 AZs con-
tained large organelles, 3.15 � 0.40 on average, which
corresponded to an organelles 
40 nm/organelles 	40 nm ratio
of 0.087 � 0.014. The number of large organelles and their pro-

portion with respect to sSVs increased further in cGKII KD cells,
almost doubling (0.261 � 0.062, p � 0.0077, M-W), and in cells
incubated with KT5823 for 30 min (0.213 � 0.063, p � 0.0162,
M–W) or 24 h (0.230 � 0.076, p � 0.0321, M–W). These results
are consistent with the coexistence of clathrin-dependent bulk
endocytosis following strong and sustained stimulation, and with
the fact that cGKII KD or inhibition favors the formation of
endosome-like structures. In stimulated AZs with an endosome/
sSV ratio equal or above the average value in each experimental
condition, the number of sSVs was lower than that observed in
resting conditions, especially in cGKII KD cells or those exposed
to KT5823 for 24 h AZs (Fig. 5D). These data further emphasize
that endocytosis mediated by large structures is ineffective in
maintaining the pool of small SVs, consistent with the dramatic
decrease in FM1-43 unloading under these conditions.

A

B            

Figure 6. The recycling and resting pool sizes are modified by cGK inhibition. A, Mean
traces of 50 mM KCl (50 s) elicited vGlut1-pHluorin fluorescence in the presence of bafilo-
mycin normalized to 50 mM NH4Cl-elicited fluorescence (maximal fluorescence) in control
(n � 11 coverslips from 4 different cultures) and KT5823-treated neurons (n � 6 cover-
slips from 4 different cultures). Inset, Kinetics of the KCl-elicited fluorescence increase in
the presence of bafilomycin, indicating the � value (time to reach half-maximal fluores-
cence). B, Mean traces of vGlut1-pHluorin fluorescence in the presence of bafilomycin
(absolute values, a.u.) in control (n � 11 coverslips from 4 different cultures) and KT5823-
treated neurons (n � 6 coverslips from 4 different cultures) showing the membrane
fluorescence before stimulation, as well as the increase elicited by 50 mM KCl (50 s) and
NH4Cl perfusion.
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Prolonged cGK inhibition increases the mobilizable and total
vesicular pools, and slows endocytosis following strong and
sustained stimulation
The formation of endosome-like structures is associated with the
exocytosis of more SVs, and hence their increase in cGKII KD
cells, or when this enzyme is inhibited, might be associated with
the exocytosis of more SVs. To assess this possibility, the size of
the mobilizable (recycling) pool was monitored in cells trans-
fected with vGlut1-pHluorin by measuring the increase in fluo-
rescence (Voglmaier et al., 2006) following KCl depolarization
when the interior of the acidified vesicle comes in contact with
the neutral pH of the external medium in the presence of bafilo-
mycin. As a measure of the total population of fluorescently
labeled SVs, KCl depolarization was followed by ammonium
chloride application to produce vesicle deacidification without
exocytosis. We found that the time necessary to reach half-
maximal exocytosis was lower in cells exposed to KT5823 for 24 h
(�control � 5.74 � 0.19 s; �KT5823 � 3.97 � 0.17 s; p 	 0.00001),
and although there were no significant differences in the relative
size of the mobilizable pool between control and KT5823-treated
cells (Fig. 6A), the absolute values of fluorescence indicate that
the size of both the mobilizable and total pools was larger in
KT5823-treated cells (Fig. 6B).

Two additional experimental approaches were used to analyze
how these boutons recycled their membranes. First, we used the
protocol described by Ryan et al. (1993), in which vesicle recy-
cling is triggered by a depolarization and FM1-43 is added after
distinct periods (�t; Fig. 7A). Vesicles that undergo endocytosis
during the delay period escape labeling, whereas vesicles that are
endocytosed after �t incorporate the dye. Under these experi-
mental conditions, cell pretreated with KT5823 showed greater

FM1-43 incorporation than the controls
at most of the times analyzed (Fig. 7B,C),
suggesting that the endocytosis takes place
at longer times after exocytosis ceased
when cGK is inhibited.

In a second approach, we used cells
transfected with vGlut1-pHluorin and
stimulated in the absence of bafilomycin.
In these conditions the individual re-
sponses of the boutons analyzed were
quite heterogeneous but they could be
grouped into four profiles, although the
distribution of the responses into the four
profiles was slightly different in the con-
trol cells and those exposed to KT5823 for
24 h (Fig. 8A). In more than half of the
boutons in control cells or a third of those
in KT5823-treated cells, the rate of endo-
cytosis was higher than the rate of exocy-
tosis for a brief period after the first
exocytotic step. This disequilibrium was
evident through the fluorescent decay,
until a steady-state plateau was reached
that was maintained for a few seconds af-
ter the end of the stimulus (Fig. 8B). The
time constants (�) to reach the steady-
state were similar in both the control and
experimental cells (Table 1), and this
steady-state was the consequence of aver-
aging the behavior of more than one hun-
dred boutons (222 in control and 134 in
KT5823-treated cells), given that the tran-

sitory increases in fluorescence observed in the individual re-
sponses indicate that new exocytotic events took place (results
not shown). The fluorescence decayed to basal levels faster in
control cells and it decayed below basal levels in the cells exposed
to KT5823 (Table 1). The inhibition of cGK diminished the per-
centage of boutons that exhibited this profile, whereas increasing
the proportion of boutons with a slower recovery of basal fluo-
rescence that could be adjusted to a single-phase decay (Profile 2;
Fig. 8C), a similar time constant being displayed in both control
and experimental conditions (Table 1). There was also a trend
(although not significant) toward an increase in the proportion
of boutons that recovered the basal fluorescence in the presence
of the stimulus and that decayed below basal levels after the end of
the stimulus when exposed to KT5823 (Profile 3; Fig. 8D). These
boutons recovered slowly when exposed to KT5823 (Table 1).
Finally, there was a small proportion of boutons (Profile 4; Fig.
8E) in which the fluorescence increased rapidly and remained
high while the stimulus persisted, subsequently decaying but
without reaching basal levels within the next 30 s.

When the stimulus was reduced to 15 s and the mean of all the
responding boutons was analyzed, the rate of fluorescence recov-
ery was faster following exposure to KT5823 (� � 7.99 � 0.14 vs
12.60 � 0.4 s in control cells, p � 0.0195; Fig. 9A). KT5823 also
altered the distribution of the heterogeneous responses into the
different profiles (Fig. 9B). These responses were grouped into
five different profiles (Fig. 9C–G; Table 2) and the � value was
significantly reduced by KT5823 in most of these. These findings
suggest that long lasting inhibition of cGK only impairs vesicle
cycling under sustained stimulation and that it augments the
proportion of boutons with a slow rate of membrane retrieval,

A

B C

Figure 7. cGK inhibition by KT5823 treatment slows down endocytosis. A, Experimental protocol: cells were stimulated with 50
mM KCl for 1 min and the progression of endocytosis was assessed by applying the dye after a variable delay (delay time, �t). As �t
is prolonged, more endocytosis occurs during this period, reducing the amount of dye subsequently taken up. Dye uptake was
quantified by measuring release signals evoked by later KCl stimuli. B, Ensemble averages of measurements of FM l-43 labeled with
the fluorescence intensity (a.u.) shown for both control and KT5823-treated cells. C, Ensemble averages of measurements of the FM
l-43-labeled showing synaptic vesicle pool size normalized to �t � 0. The number of individual boutons measured for each
condition, where: �t � 0 s (N � 1105 control, N � 1246 KT 24 h), �t � 30 s (N � 1816 control, N � 1660 KT 24 h), �t � 60 s
(N � 1200 control, N � 2250 KT 24 h), �t � 90 s (N � 1216 control, N � 2324 KT 24 h), and �t � 120 s (N � 893 control, N �
1606 KT 24 h). Data were obtained from n � 3 coverslips obtained from two different cell cultures.
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which is compatible with endosomal-mediated endocytosis un-
der strong and sustained stimulation.

Discussion
We previously reported certain heterogeneity in the efficiency of
vesicle recycling in synaptic boutons on cerebellar granule cells
after strong and sustained stimulation (Bartolomé-Martín et al.,
2012), and a slowing down of vesicle recycling as a consequence
of sGC inhibition (López-Jiménez et al., 2012). Indeed, when
cGMP synthesis was inhibited, more boutons exhibited slower
kinetics and less dye loss, suggesting that most of the loaded
vesicles do not complete the exoendocytosis cycle within the time
studied (López-Jiménez et al., 2009). Here, we identified the up-

stream influence of NMDARs and that of cGKII downstream,
both functional components of the cGMP signaling pathway that
regulates vesicle recycling following the extensive exocytosis elic-
ited by a strong and sustained stimulus. Blockage of NMDARs
impairs SV recycling, which was overcome by the addition of
exogenous cGMP, indicating that the intrinsic activity of acti-
vated NMDARs and cGMP synthesis regulates SV recycling
(López-Jiménez et al., 2009), probably via NO formation as dem-
onstrated previously (Jurado et al., 2003). Similar effects on SVs
are produced by a cGK inhibitor or when the expression of cGKII
is silenced, suggesting that the activation of this kinase accelerates
vesicular cycling under our experimental conditions. Although
the effects were similar, the magnitude seems to be stronger when
cGKII was knocked down, which could reflect differences in the
strength or reversibility of the suppression/inhibition of cGKII
activity. KT5823 is an ATP-competitive and reversible inhibitor
of cGK, such that the degree of inhibition greatly depends on its
concentration and the concentration of ATP. Indeed, the effects
of this compound may diminish over time (as its concentration
falls) as it was added to the culture media at 1 �M only once and
the effects provoked were analyzed after 30 min, 24 h, or 96 h.

Although SV recycling involves the fine tuning of sequential
steps, the results obtained here through different experimental
approaches seem to indicate that cGKII activity is important for
efficient endocytosis during strong and sustained stimulation.
On the one hand, FM1-43 unloading was only impaired when
cGK was inhibited before the loading step, whereas inhibition of
cGK after loading, and when endocytosis had finished, only had a

A B D

C E

Figure 8. Heterogeneous profiles for vGlut1-pHluorin fluorescence recovery after strong and sustained stimulation (50 s, 50 mM KCl) in control cells and those exposed to KT5823 for 24 h. A,
Proportions of the four types of profiles found in control (n � 10 coverslips from 4 cultures) and KT5823-treated cells (n � 8 coverslips from 4 cultures). B, Profile 1: mean traces of KCl-elicited
vGlut1-pHluorin fluorescence normalized to NH4Cl-elicited fluorescence in control (N � 222 boutons) and KT5823-treated neurons (N � 134 boutons). C, Profile 2: mean traces of KCl-elicited vGlut1-pHluorin
fluorescence normalized to NH4Cl-elicited fluorescence in control (N � 116 boutons) and KT5823-treated neurons (N � 168 boutons). D, Profile 3: mean traces of KCl-elicited vGlut1-pHluorin fluorescence
normalized to NH4Cl-elicited fluorescence in control (N � 60 boutons) and KT5823-treated neurons (N � 96 boutons). E, Profile 4: mean traces of KCl-elicited vGlut1-pHluorin fluorescence normalized to
NH4Cl-elicited fluorescence in control (N � 21 boutons) and KT5823-treated neurons (N � 14 boutons).

Table 1. Time constants for the exocytosis and endocytosis associated with the
different response profiles after strong and sustained stimulation

Time to reach half-maximal
response (�, s)

Time recovery constants �1
and �2 (s)

Profiles Control KT5823 p Control KT5823 p

1 6.41 � 0.10 5.99 � 0.41 
0.05 13.50 � 1.71 10.24 � 0.69 0.113492
9.32 � 0.76 19.71 � 4.34* 	0.00001

2 6.06 � 0.05 6.27 � 0.13 
0.05 35.39 � 1.41 37.62 � 1.38 0.261021
3 6.73 � 0.20 5.92 � 0.18 
0.05 14.57 � 0.46 19.07 � 0.72* 	0.00001
4 4.93 � 0.10 4.50 � 0.19 
0.05 32.91 � 6.62 37.77 � 6.59 0.610233

Cells were stimulated with 50 mM KCl for 50 s and the increase in fluorescence was adjusted to (F) � Fmax*t/(�� t),
where � is the time necessary to reach half-maximal fluorescence. The fluorescence decay was adjusted to F �
F0�Ae �t/ �, where � is the time constant for the basal recovery. Data are mean � SEM from individual experi-
ments control (control, n �10; KT-5823-treated cells, n �8). * represents the significance between the control and
the KT5823-treated cells.
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minimal effect on unloading. On the other hand, the endocytotic
rate after a strong and sustained stimulus was slower when cGK
was inhibited. These results are consistent with observations at
synapses in hippocampal cultures (Micheva et al., 2003), and at
the calyx of Held synapses in rodent brainstem slices (Eguchi
et al., 2012; Taoufiq et al., 2013), where retrograde activation
of cGK by the NO released from postsynaptic cells accelerates

vesicle endocytosis, strengthening exoen-
docytic coupling at high-frequency stim-
ulation. In these studies, cGK activation
increased the amount PIP2 and favored
CME after high-frequency stimulation
(Micheva et al., 2003; Eguchi et al., 2012).
Interestingly, the slowing of endocytosis
due to cGK inhibition in cerebellar gran-
ule cells was only observed under strong
and sustained stimulation, suggesting that
cGK activation favors CME and probably
increases PIP2 levels, as occurs in other
synapses (Meijering et al., 2004; Eguchi et
al., 2012). Increased PIP2 levels may favor
endocytosis by recruiting AP2 to the mem-
brane, subsequently promoting clathrin-
coated vesicle formation (Slepnev and De
Camilli, 2000).

It is accepted that although CME is the
dominant mode of SV retrieval during
mild stimulation (Granseth et al., 2006),
ADBE is the dominant mode during in-
tense stimulation (Clayton et al., 2008;
Cheung and Cousin, 2012). These two
forms of SV retrieval can coexist in the
same synaptic terminal, although their
contributions may differ from one bou-
ton to the next (Voglmaier et al., 2006;
Bartolomé-Martín et al., 2012), and com-
petition between them can regulate the
rate and extent of SV protein recycling
(Voglmaier et al., 2006; Foss et al., 2013).
The lowering of PIP2, and thus an impair-
ment of CME, might favor recycling
through the endosomal-mediated path-
way. Alternatively, the formation of endo-
somes has been linked to large-scale
exocytosis (Clayton et al., 2008; Cheung
and Cousin, 2012) and to the immaturity
of the presynaptic endocytotic machinery
(Shetty et al., 2013). These two situations
could explain the existence of endosomal-
like structures in stimulated cells, given
that the cells used in this study (7 or 8
DIV) are not fully mature and 3 min
stimulation with 50 mM KCl produces
large-scale exocytosis. Indeed, more endo-
somal-like structures were evident after
inhibition or knockdown of cGKII, sug-
gesting a stronger contribution to endo-
somal recycling that could be at least
partially attributed to an increase in exo-
cytosed vesicles because the recycling or
the total pool sizes were larger in KT5823-
treated cells, even though no differences
in the relative size were observed. The in-

creases in the total vesicle pool caused by prolonged exposure to
KT5823 or by cGKII KD were also observed at the ultrastructural
level. Moreover, enhanced endosomal recycling might be a conse-
quence of impaired CME, possibly due to a reduction in PIP2 levels
after inhibition or knockdown of cGKII, as discussed previously.

Although cGK was previously shown to regulate the rate of
endocytosis, the nature of this protein was not identified (Mi-
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Figure 9. Heterogeneous profiles for vGlut1-pHluorin fluorescence recovery after strong stimulation (15 s, 50 mM KCl) in control
cells and those exposed to KT5823 for 24 h. A, Mean traces of KCl-elicited vGlut1-pHluorin fluorescence normalized to NH4Cl-
elicited fluorescence for the total number of boutons analyzed in control (N � 646 boutons, n � 10 coverslips from 4 different
cultures) and KT5823-treated neurons (N � 362 boutons, n � 8 coverslips from 4 different cultures). Inset: Normalized fluores-
cence recovery adjusted to monoexponential decay, � (time constant for decay in seconds). B, Percentages of the five types of
profiles found in control (n � 10 coverslips) and KT-treated cells (n � 8 coverslips). C, Profile 1: mean traces of KCl-elicited
vGlut1-pHluorin fluorescence normalized to NH4Cl-elicited fluorescence in control (N�214 boutons) and KT5823-treated neurons
(N � 165 boutons). D, Profile 2: mean traces of KCl-elicited vGlut1-pHluorin fluorescence normalized to NH4Cl-elicited fluores-
cence in control (N � 180 boutons) and KT5823-treated neurons (N � 62 boutons). E, Profile 3: mean traces of KCl-elicited
vGlut1-pHluorin fluorescence normalized to NH4Cl-elicited fluorescence in control (N�128 boutons) and KT5823-treated neurons
(N � 46 boutons). F, Profile 4: mean traces of KCl-elicited vGlut1-pHluorin fluorescence normalized to NH4Cl-elicited fluorescence
in control (N � 57 boutons) and KT5823-treated neurons (N � 56 boutons). G, Profile 5: mean traces of KCl-elicited vGlut1-
pHluorin fluorescence normalized to NH4Cl-elicited fluorescence in control (N�67 boutons) and KT5823-treated neurons (N�33
boutons).
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cheva et al., 2003; Eguchi et al., 2012; Taoufiq et al., 2013). Two
cGK isoforms (cGKI and cGKII) have been identified in mam-
malian tissue (Butt et al., 1993; Francis and Corbin, 1994; Vaan-
drager et al., 1996; Vaandrager et al., 1997) and both are
expressed in cerebellar granule cells (Jurado et al., 2004, 2005).
Myristoylation of Gly-2 after removal of the N-terminal methio-
nine residue anchors cGKII to the plasma membrane (Vaan-
drager et al., 1996), two events that are required for it to
phosphorylate several proteins. Given this subcellular localiza-
tion of cGKII, it is understandable that many of the processes
regulated by it occur in membrane domains. In neurons, cGKII is
mainly located in the neuropil (de Vente et al., 2001), suggesting
that it may play an important role in synaptic transmission. We
have shown here that in cerebellar granule cells, cGKII activity at
presynapses is necessary to maintain efficient SV recycling under
strong and persistent stimulation, affecting the rate of endocyto-
sis. Indeed, both cGKII knockdown and pharmacological inhibi-
tion with KT5823 (which inhibits both cGK isoforms) impair
recycling, and no additional effects were observed when the two
were combined. On the other hand, it has also been shown pre-
viously that cGKII phosphorylates GluA1 at S845 after NMDAR
stimulation, augmenting the surface expression of AMPARs at
both synaptic and extrasynaptic sites in such cells (Incontro et al.,
2013) and in hippocampal neurons (Serulle et al., 2007), indica-
tive of an important role for this kinase at the postsynapse. Thus,
as shown previously at hippocampal synapses (Wang et al., 2005)
or at rat lateral amygdale synapses following fear conditioning
(Ota et al., 2010), the NO-cGMP pathway may serve to coordi-
nate presynaptic and postsynaptic events in cerebellar granular
cells in response to a strong and sustained stimulus, with cGKII
representing a key protein in these mechanisms.

In conclusion, we have identified novel physiological func-
tions for cGKII, which positively regulates synaptic vesicle endo-
cytosis in cultured cerebellar granule cells. While further work is
required to define the molecular mechanisms that may underlie
this activity, our data establish cGKII as an important element in
maintaining high-fidelity synaptic transmission under strong
and sustained stimulation.
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