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Nutrient limitation affects presynaptic
structures through dissociable
Bassoon autophagic degradation
and impaired vesicle release

Alberto Catanese1,2, Débora Garrido1,2, Paul Walther3,
Francesco Roselli1,4 and Tobias M Boeckers1

Abstract

Acute mismatch between metabolic requirements of neurons and nutrients/growth factors availability characterizes

several neurological conditions such as traumatic brain injury, stroke and hypoglycemia. Although the effects of this

mismatch have been investigated at cell biological level, the effects on synaptic structure and function are less clear.

Since synaptic activity is the most energy-demanding neuronal function and it is directly linked to neuronal networks

functionality, we have explored whether nutrient limitation (NL) affects the ultrastructure, function and composition of

pre and postsynaptic terminals. We show that upon NL, presynaptic terminals show disorganized vesicle pools and

reduced levels of the active zone protein Bassoon (but not of Piccolo). Moreover, NL triggers an impaired vesicle release,

which is reversed by re-administration of glucose but not by the blockade of autophagic or proteasomal protein

degradation. This reveals a dissociable correlation between presynaptic architecture and vesicle release, since restoring

vesicle fusion does not necessarily depend from the rescue of Bassoon levels. Thus, our data show that the presynaptic

compartment is highly sensitive to NL and the rescue of presynaptic function requires re-establishment of the metabolic

supply rather than preventing local protein degradation.
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Introduction

Neuronal biology involves energy-intensive activities
such as maintenance of membrane potentials, intracel-
lular transport and protein turnover, requiring continu-
ous metabolic support.1 In fact, acute deprivation of
metabolites results in sudden neurological dysfunction
and, if sustained long enough, permanent neurological
damage. Acute mismatch between the required meta-
bolic substrates and the ones available to neurons char-
acterizes several severe clinical conditions: in traumatic
brain injury, spreading wave of depolarization induces
a state of hyperglycolysis and the rapid depletion of
substrates for intermediate metabolism2; in stroke, the
sudden decrease in blood flow deprives neurons both of
oxygen and of metabolic substrates3; in hypoglycemia-
induced encephalopathy (a condition associated with
excess of insulin or sulphonylurea therapy in

humans),4 glucose deprivation leads to neuronal loss
even in normoxic conditions.5

The neuronal responses to sudden changes in nutrients
availability are subject of intense investigation: upon
oxygen limitation, alternative usage of glucose in
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pentose phosphate pathway rather than in the glyco-
lytic pathway provides increased resilience to neuronal
death.3 Likewise, sudden deprivation of nutrients and
growth factors activates autophagic degradation in
neurons.6

However, despite synaptic vesicle (SV) cycling and
postsynaptic potentials are the most energy-demanding
function in the CNS,1,7 very little is known about how
synapses react to sudden nutrient limitation (NL).
Indeed, disruption of glucose influx into presynaptic
terminals is sufficient to prevent SV endocytosis and
recycling, preventing repetitive firing.8 Nevertheless,
the broad consequences of NL on the architecture of
synaptic terminals, and their functional implications,
have not been fully investigated. Scaffold proteins are
fundamental organizing blocks of pre- and postsynap-
tic terminal architectures. In the presynapse, the multi-
domain scaffold proteins Bassoon and Piccolo9,10 play
an important role in tethering and priming SV to the
release site: improper stoichiometry of Bassoon or
Piccolo results in the decrease in vesicle release.11

In addition, Bassoon constitutively limits autophagy
in presynaptic terminals,12 and Bassoon loss results in
the ubiquitination of vesicle proteins and their removal
from the presynapse.13 On the other hand, the electron-
dense postsynaptic structure of excitatory synapses (the
postsynaptic density or PSD) is organized by interact-
ing scaffold proteins such as the PSD95 (MAGUK)14

family members and the Shank family members
(Shank1, 2 and 3),15 which regulate glutamate receptors
turnover and endocytosis,16 signaling proteins, actin
cytoskeleton17 and dendritic spine morphology.18 PSD
proteins are subject to ubiquitination19 and are subject
to an intense turnover rate, being degraded according
to the rate of synaptic activity20 in physiological
conditions and upon pathogenic cues such as in neuro-
degenerative diseases.21,22

Here we have investigated the effect of NL on the
synaptic levels of several pre- and postsynaptic scaffold
proteins and on the overall synaptic architecture.
We have found that NL induces ultrastructural and
functional changes at the presynaptic sites associated
with reduced Bassoon pool and, through independent
mechanisms, with the significant decrease in SV release,
which recovers upon nutrients re-supply.

Material and methods

Animal ethics statement

All animal experiments in this study were approved by
the review board of the Land Baden-Württemberg
(Permit Number Nr. O.103) and performed in compli-
ance with the ARRIVE Guidelines and with the guide-
lines for the welfare of experimental animals issued by

the Federal Government of Germany and the Max
Planck Society. Sprague-Dawley rats were purchased
from Janvier Labs.

Cell culture and NL protocol

Primary cultures of rat hippocampal neurons were pre-
pared from rat embryos (Sprague-Dawley rats, Janvier
Laboratories) at E17–18 as described previously and
detailed in Supplementary Methods.23,24 Experiments
were performed at 14 days in vitro (DIV14).
According to previously published reports in which
no mitotic inhibitor was used to limit glial prolifer-
ation,25,26 with this protocol we generated mixed
cultures of neurons (70%) and astrocytes (30%), for
brevity referred to as ‘‘neuronal culture.’’

In the nutrient-limitation (NL) experiments, NBþ

medium was replaced with Hank’s Balanced Salt
Solution (HBSS) for 1, 3, 5, or 10 h. HBSS is commonly
used as NL medium for a large number of cell types,
including neurons.27–31 Concentration of D-Glucose in
HBSS was 5.555mM (for comparison, 25mM in
Neurobasal), and therefore compared to DMEM or
Neurobasal-based starvation media simulates a reduced
availability of glucose, aminoacids and growth factors.
For nutrients re-establishment experiments (time
course shown in Figure 2(e)), HBSS was replaced in
each well after 5 h by the corresponding conditioned
NB medium for 2 or 5 h. Conditioned medium was pre-
viously collected at the beginning of the experiment and
kept at 37�C.

The autophagy inhibitor 3-Methyladenine (3-MA,
final concentration 10mM, InvivoGen) or the prote-
asome inhibitor Bortezomib (PS-341, final concentra-
tion 0.1mM, Selleck Chemicals) was added to
the culture medium (NBþ or NL) for 5 h.32,33

Control cultures were treated with 0.1% DMSO as
vehicle control.

In the NL-recovery experiment, neurons were
exposed to NL treatment for 3 h and then either glucose
(addition of 19.445mM to reach a final concentration
of 25mM as in Neurobasal medium), the alanine-
glutamine dipeptide (GlutaMAX, Gibco; 1%), glutam-
ine (Gibco; 1%), BDNF (0.02 mg/ml) or Insulin
(0.6 mM)6 was added to HBSS for 2 h. In the last
30min of the experiments, cells underwent anti-
Synaptotagmin-1 antibody uptake assay (see below),
fixed and processed for immunostaining.

The same protocol was applied to evaluate the con-
tribution of autophagy in the NL-recovery mediated by
single nutrient re-supplementation by inhibiting the
degradative pathway: after 3 h of NL, the alanine-
glutamine dipeptide, 3-MA or the combination of
the two was added to HBSS for 2 h. Cells were then
processed as described above.
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Anti-synaptotagmin-1 antibody feeding protocol

The SV release rate was analyzed using the anti-synapto-
tagmin antibody feeding protocol, as previously
reported.34 Briefly, hippocampal neurons were exposed
for 30min (from 4.5 to 5h in the NL experiment and
in the recovery experiment) to a culture medium
(either NBþ or NL) containing a monoclonal antibody
(diluted 1:500) directed against a luminal epitope of
Synaptotagmin-1 fluorescently labeled with Oyster�550
(105 103C3, Synaptic System). At the end of the anti-
body-feeding step, cells were washed twice in PBS and
were fixed with 4% paraformaldehyde/4% sucrose for
10min. After washing, the cells were processed for immu-
nostaining procedure (see Supplementary Methods).

For the stimulated SV assay, hippocampal neurons
(cultured either in NBþ or HBSS) were incubated for
the last 5min of the experiments with the respective
medium in presence/absence of KCl 55mM and anti-
Synaptotagmin-1 antibody, as previously reported.35

Cells were then processed as reported above.

Primary antibodies

The list of commercial primary antibodies is reported in
Supplementary Methods. The Rb anti-Shank2 and Rb
anti-Shank3 antibodies were available in our labora-
tory and produced as previously described.36,37

Western blot

Western blot of whole-cell protein extracts was per-
formed as previously reported24; the detailed protocol
is reported in Supplementary Methods.

Immunostaining

Immunocytochemistry (ICC) was performed as
described previously24,38 with minor modifications.
The detailed protocol is reported in Supplementary
Methods.

Fluorescence microscopy and image analysis

An upright Axioscope 2 microscope equipped with a
Zeiss CCD camera (16 bits; 1280 ppi� 1024 ppi) and
either a 20� air or a 63� oil immersion objective was
used to acquire single-plane fluorescence images using
Axiovision software (Zeiss). Identical imaging settings
were applied to each experimental group among indi-
vidual experiments. To ensure the blind evaluation of
the images, pictures were acquired by an author (DG)
but analyzed by another author (AC) unaware of the
treatment group. For the assessment of neuronal sur-
vival upon NL, the number of MAP2þ cells displaying
an identifiable nucleus (stained with DAPI) and clearly

identifiable processes was counted in five randomly
selected fields (acquired using a 20� objective) from
two coverslips per condition from each of the three
independent cultures. We considered apoptotic those
neurons showing fragmented nuclei and condensed
chromatin, as previously reported.39,40

To analyze the density and the size of synaptic mar-
kers, images acquired with the Axioscope microscope
were analyzed with ImageJ software as previously
reported.21,22 From each culture replicate (each culture
corresponding to an independent experiment, n¼ 3),
for each conditions, we selected randomly 10–15 neu-
rons from each coverslip, and 2–3 coverslips per groups
were considered; altogether, data shown come from
45–90 neurons per experimental group. Selection of
the neurons was performed in the MAP2 channel to
avoid selection bias. From each neuron, three different
randomly selected 30 mm-long artifact-free dendrites
were considered. Synaptic clusters were identified
according to their proximity to the MAP2þ dendrite
and to the minimal size of 0.1mm2. Images were inten-
sity-thresholded (threshold was selected for each synaptic
protein according to the signal-to-noise ratio and kept
constant across replicates) and individual clusters were
manually traced and their size was logged. In Shank2-
overexpressing neurons, dendrites were identified accord-
ing to their morphology in the GFP channel. For the
analysis of Synaptotagmin-1 clusters (total number and
mean intensity), we used the plug-in Find Foci for
ImageJ41 and MaxEntropy threshold algorithm.

Confocal images were acquired at the resolution of
1024� 1024 pixels using a Leica DMi8 laser-scanning
microscope equipped with an ACS APO 63� oil
immersion objective and optical section thickness of
0.2 mm.

Dendritic spines morphology in Life-Act-expressing
hippocampal neurons22,42 was analyzed using Imaris
software (Bitplane) in confocal images deconvolved
with AutoQuant X software (MediaCybernetics). The
dendritic tree was reconstructed using the Filament
Tracing tool in Imaris. Spines were then identified with
the corresponding wizard (Spine detection) using default
settings (Seed point 0.455mm; Max length 4mm), allow-
ing detection of branched spines and keeping constant
the threshold values within independent experiments.
The spine morphology was performed using Classify
Spines Xtension (Bitplane) using default settings.

The colocalization between Atg5 and Bassoon was
quantified using the Spot detection tool in Imaris
(Bitplane). Briefly, puncta for each protein were
detected semi-automatically in the respective channel
and the interaction between the two markers was
accepted within a minimum distance between the
respective spots of 0.3mm. All the experiments were
performed in minimum of three independent replicates,
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and at least 10 cells per condition were analyzed (three
dendrites for each neuron). Images were manipulated
applying the same parameters for figure display.

Transmission electron microscopy, scanning
transmission electron microscopy tomography,
and quantitative analysis

Transmission electron microscopy (TEM) was per-
formed as previously reported43; the detailed protocol
is reported in the Supplementary Methods.

For scanning transmission electron microscopy
(STEM), tomography samples were prepared as for
TEM (see Supplementary Methods) but the sections
were cut at a microtome setting of 600 nm. The
STEM-tomograms were acquired with a Jeol 2100F
at 200 kV using the brightfield STEM mode as
described by Villinger et al.43 For STEM-tomography,
the specimens were tilted from �72� to 72� with 1.5�

increment. Reconstruction of the tomogram from the
tilt series and the 3D model was performed with the
IMOD software.44

Images were acquired in a Jeol JEM 1400 transmis-
sion electron microscope at a magnification of
80,000� . Only artifact-free synapses, with clearly iden-
tifiable PSD, presynaptic and postsynaptic terminals
were selected for analysis. The PSD area, length and
thickness were measured using ImageJ software apply-
ing a constant threshold as previously reported.21,45

For the analysis of the SV density, vesicles number
and presynaptic terminal size were manually traced in
ImageJ. Synaptic clustering was assessed by the number
of intersections between SV profiles and a superim-
posed grid (5 mm mesh). The normalized number of
vesicles was divided by number of intersections to com-
pute the ‘‘distribution index.’’ Autophagosomes were
identified as round-shaped vesicles surrounded by a
double-membrane and showing either electron-dense
or empty lumen according to published criteria.46,47

Statistical analyses

Data collection and statistical analysis were performed
using Microsoft Excel and GraphPad Prism (Version
7). All the data presented derive from three independent
experiments (neuron preparations) including always the
respective controls.

Statistical analysis was performed as follow:
unpaired t test with Welch’s correction and non-
parametric Mann–Whitney test were used to compare
two independent groups (Control vs. NL); one-way
ANOVA followed by Sidak’s post hoc test was used
to evaluate differences among multiple independent
groups. Statistical significance was set at p< 0.05.
Data are presented as fold change relative to the

respective control/baseline (if not differently stated in
the figure legends), and error bars indicate standard
deviation (SD).

Results

In vitro NL suppresses mTOR phosphorylation and
activates autophagy

In order to investigate how the structure and function
of synaptic contacts are affected by the sudden limita-
tion of metabolic substrates, we exploited an in-vitro
NL model (previously reported by Young et al.6 and
Maday et al.48). Rat hippocampal neurons (DIV 14)
were exposed to HBSS in normoxic culture conditions
for 5 h. We confirmed the response of the neurons to
NL demonstrating that, despite no change in the total
amount of mTOR and Akt (Figure 1(a)), 5 h NL caused
a significant decrease of phosphorylated mTOR
(Ser2448; NL: 0.468� 0.235 fold of Control,
p¼ 0.0458) as well as of phosphorylated Akt (Thr308;
NL: 0.348� 0.101 fold of Control, p¼ 0.0098) in
comparison to neurons kept in NBþ medium
(Figure 1(b)).49 Likewise, NL upregulated the autopha-
gic flux, as revealed by the significant increase in the
number of the autophagic receptor p62 clusters located
within the cell somata (NL: 1.536� 0.175 fold of
Control, p¼ 0.0497; Figure 1(c)), while the total levels
of p62 (WB of whole-cell protein extract) were reduced
in NL neurons (NL: 0.419� 0.080 fold of Control,
p¼ 0.0474; Figure 1(d)). Since p62 is recruited to the
autophagosomes and subsequently degraded via lyso-
somes, these data confirmed that NL enhanced the
autophagic flux.50 Nevertheless, 5 h of NL did not
cause any significant decrease in the numbers of neu-
rons in culture (Figure 1(e)). These findings suggest that
neurons can set in motion a coordinated and effective
response to NL without loss of cell viability.

NL activates autophagy specifically at synaptic sites

Next, we explored how NL affected the stability of key
synaptic assemblies in the pre- and postsynaptic com-
partment. Hippocampal neurons fixed after 5 h-NL (or
from control conditions) were immunostained for
MAP2 for dendrite identification and for presynaptic
(Bassoon, Piccolo) and postsynaptic (Shank2, Shank3,
Homer, NR1 and Gephyrin) proteins. Interestingly,
both the number and the size of Bassoon clusters
were significantly reduced by NL (NL clusters
number: 0.485� 0.126 fold of Control, p¼ 0.0316; clus-
ters size: 0.266� 0.235 mm2 in Control vs. 0.218�
0.179mm2 in NL, p< 0.0001; Figure 2(a)), whereas the
number and the size of Piccolo clusters were unaffected
(Figure 2(b)). Surprisingly, NL did not affect the size or
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cluster density of the scaffold proteins Shank2, Shank3,
Homer1, as well as the total levels of Shank2 isoforms
and PSD95 from whole-cell lysates (Supplementary
Figure S1(a) to (e)). Interestingly, while NL did not
alter the number of glutamate receptor NR1 clusters,
it induced an increase in their size (clusters size:
0.293� 0.341mm2 in Control vs. 0.344� 0.414 mm2 in
NL, p< 0.0001; Figure 2(c)). In addition, NL did not
alter the number but caused a significant decrease of
Gephyrinþ cluster size in NL neurons (clusters size:
0.296� 0.248mm2 in Control vs. 0.249� 0.244 mm2 in
NL, p< 0.0001; Figure 2(d)).

Notably, we observed a minor, but not significant
reduction of Shank2 cluster density after 10 h of NL
(Supplementary Figure S1(f)). Moreover, the postsy-
naptic scaffold protein Homer showed no significant
change in its cluster density after 10 h of NL
(Supplementary Figure S1(g)). This suggested that
PSD composition is affected later than the presynaptic
active zone under prolonged stress conditions.

Because of the critical role of Bassoon in regulating
the architecture of presynaptic terminals,51 we mapped
the time course of its disappearance under NL: decrease

in Bassoon cluster density was already detected after 1 h
of NL (1 h NL: 0.894� 0.069 fold of baseline), and it
significantly further decreased after 3 (3 h NL:
0.762� 0.049 fold of 1 h NL, p¼ 0.004) and 5 h of
NL (5 h NL: 0.722� 0.126 fold of 3 h NL, p¼ 0.0117;
Figure 2(e)), suggesting a progressive loss. We com-
pared Bassoon loss with the kinetics of NL-induced
p62 accumulation: although only a minor increase in
the density of p62þpuncta after 1 and 3 h of NL, a
dramatic increase in p62 clusters was detected at 5 h
(5 h NL: 1.754� 0.202 fold of baseline, p¼ 0.0127;
Figure 2(e)). On the other hand, re-incubation of NL
neurons with their respective NBþ conditioned medium
(see Material and Methods) rapidly reverted autopha-
gic induction (density of p62 clusters 2 h after re-incu-
bation was comparable to the one at baseline, p¼ 0.6),
whereas Bassoon levels returned close to baseline level
only after 5 h, even though they appeared still reduced
compared to control (5 h NLþ 5 h nutrient re-establish-
ment: 0.862� 0.092 fold of baseline, p¼ 0.0489). Taken
together, these data show that the kinetics of Bassoon
degradation is faster than the average autophagic flux
in the cell body, whereas restoration of Bassoon takes

Figure 1. NL activates mTOR-dependent autophagy without causing neuronal death. (a and b) Representative immunoblots and

quantitative analysis of total (a) and phosphorylated (b) mTOR (Ser2448) and Akt (Thr308). The phosphorylation levels are reduced in

NL neurons (Control vs. NL: p-mTOR p¼ 0.0458; p-Akt p¼ 0.0098) (c) Representative images of neuronal somata showing increased

accumulation of p62 puncta number upon NL (Control vs. NL p¼ 0.0497) (d) Representative immunoblots and quantitative analysis

showing reduced levels of total p62 in NL neurons (Control vs. NL p¼ 0.0474) (e) Representative wide field images showing that 5 h

NL does not induced neuronal loss, as detected by absence of apoptotic neurons. Experiments were performed in N¼ 3 independent

replicates. Data are displayed as Mean� SD. (*p< 0.05, **p< 0.01). Scale bars represent 10 mm in (c) and 50 mm in (e).
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place significantly slower than the nutrient suppression
of autophagy.

Since the effect of NL appeared more pronounced on
the presynaptic terminal composition, we investigated

functional change in vesicle release upon NL. Control
and NL cultures were subject to anti-synaptotagmin 1
(Syt1) uptake assay under baseline culture condition
and after 55mM KCl depolarization.34,35 At baseline,

Figure 2. Synaptic autophagy induces drastic loss of Bassoon. (a, b, c and d) Representative images of dendrites (30 mm) from

Control and NL neurons immunostained against MAP2 and Bassoon (a), Piccolo (b), NR1 (c) Gephyrin (d). NL reduces Bassoon

clusters number (Control vs. NL p¼ 0.0316) and size (Control vs. NL p< 0.0001), but does not affect Piccolo. NL neurons show

increased size of NR1 clusters (Control vs. NL p< 0.0001); and smaller Gephyrin clusters (Control vs. NL p< 0.0001). (e) Time

course analysis of p62 and Bassoon kinetics upon NL (p62: 0 h vs. 5 h NL p¼ 0.0036; 5 h NL vs. 5 h NLþ 2 h NBþp¼ 0.0012; 5 h NL

vs. 5 h NLþ 5 h NBþp¼ 0.0036. Bassoon: 0 h vs. 3 h NL p¼ 0.0002; 0 h vs. 5 h NL p< 0.0001; 0 h vs. 5 h NLþ 2 h NBþp¼ 0.0012; 0 h

vs. 5 h NLþ 5 h NBþ p¼ 0.0489; 1 h vs. 3 h NL p¼ 0.004; 1 h vs. 5 h NL p< 0.0001; 3 h vs. 5 h NL p¼ 0.0117; 3 h vs. 5 h NLþ 5 h NBþ

p¼ 0.0101; 5 h NL vs. 5 h NLþ 2 h NBþ p¼ 0.0017; 5 h NL vs. 5 h NLþ 5 h NBþ p< 0.0001). Experiments were performed in N¼ 3

independent replicates. Data are displayed as Mean� SD. (*p< 0.05, **p< 0.01, ***p< 0.001). Scale bar represents 10mm in (e).
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the intensity and the number of presynaptic terminals
labeled by anti-Syt1 antibody were already reduced
in NL neurons (NL baseline clusters intensity:
0.820� 0.017 fold of Control baseline, p¼ 0.0001; NL
baseline clusters number: 0.450� 0.132 fold of Control
baseline, p¼ 0.0464). Moreover, the intensity of labeled
terminals was strongly increased by KCl depolarization
in Control conditions (ControlþKCl 55mM clusters
intensity: 1.113� 0.012 fold of Control baseline,
p¼ 0.004; ControlþKCl 55mM clusters number:
1.6� 0.265 fold of Control baseline, p¼ 0.0225;
Figure 3), whereas NL neurons failed to increase vesicle
release upon depolarization. Thus, NL displays a
significant effect on specific proteins of presynaptic
terminals, leading to the impairment in SV release,
without apparently affecting major excitatory postsy-
naptic proteins.

TEM reveals reduced SV clustering upon NL

We further investigated the changes imposed by NL
on the architecture of the presynaptic terminal at ultra-
structural levels exploiting high-pressure freezing fix-
ation43 to best preserve synaptic ultrastructure,
followed by TEM of thin sections from hippocampal
cultures subject to NL (or to NBþ). Only synaptic ter-
minals in which both the pre- and postsynaptic

terminals were identifiable in the same TEM image
were considered for analysis. At presynaptic level, no
obvious signs of degeneration (plasmalemmal break-
down, inflated mitochondria, diffuse vacuolization)
were detected in NL compared to NBþ or samples.
However, the clustering of SVs was significantly
decreased (expressed as distribution index, see
Material and Methods) in NL samples compared to
Control conditions (NL: 0.694� 0.432 fold of
Control, p¼ 0.0465; Figure 4(a) and (b)), whereas the
total number of SV per bouton was comparable
between the two treatments. In addition to the reduced
density of SV, NL neurons showed a strong reduction
of docked SV at the presynaptic bouton (number of SV
per 500 nm active zone: Control 3.35� 2.246 vs. NL
1.946� 2.197; p< 0.0001). Notably, NL did not signifi-
cantly alter neither the structures at the postsynaptic
site, nor any morphological parameter of the PSD
(data not shown). Interestingly, the NL postsynaptic
sites displayed a significantly increased frequency
of autophagic vesicles (AVs, identified as double-
membrane vacuoles according to recently published
criteria)46,47 compared to Control (AVs frequency:
0.124� 0.364 in Control vs. 0.382� 0.791 in NL,
p¼ 0.0148; Figure 4(b) and (c)). In contrast, the presy-
napses did not show any increase in the AVs frequency
at this time point (5 h of NL) compared to Control.

Figure 3. NL reduces the release of synaptic vesicles. Anti-Synaptotagmin-1 antibody uptake assay was performed in Control and

NL neurons in basal condition or under KCl-mediated depolarization. Control neurons stimulated with 55 mM KCl for 5 min show a

drastic increase of Syt1 puncta intensity (Control baseline vs. Control KCL 55 mM p¼ 0.004) and number (Control baseline vs.

Control KCL 55 mM p¼ 0.0225). In contrast, NL neurons show at baseline reduced Syt1 immunoreactivity (Syt1 intensity: Control

baseline vs. NL baseline p¼ 0.0001. Syt1 number: Control baseline vs. NL baseline p¼ 0.0464), and forced depolarization does not

increase vesicle release in NL. Experiments were performed in N¼ 3 independent replicates. Data are displayed as Mean� SD.

(*p< 0.05, **p< 0.01, ***p< 0.001). Scale bar represents 10mm.
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Figure 4. Reduced vesicle density and postsynaptic morphological alterations in NL neurons. (a) Example of electron micrographs of

synaptic contacts from Control and NL neurons. NL neurons show reduced clustering of SV at presynaptic boutons (Control vs. NL

p¼ 0.0465), as well as a significant reduction of docked SV (Control vs. NL p< 0.0001). Higher magnification shows docking vesicles

(white arrowheads) at the active zone. (b) Representative 3D reconstruction of transmission electron tomography showing reduced

SV clustering in NL synapses (Pre – presynaptic terminal; Post – postsynaptic terminal; arrowhead indicates an AV). (c) Example of

electron micrographs of synaptic contacts from Control and NL neurons. NL increases the frequency of AVs at the postsynaptic site

(Control vs. NL p¼ 0.0148). The higher magnification shows the typical double membrane characterizing AVs. (d) Representative

confocal images of Control and NL neurons overexpressing LifeAct construct to visualize F-Actin (RFP-tagged). Control and NL

neurons have comparable number of dendritic spines, but NL reduces the spine length (Control vs. NL p¼ 0.0007). Experiments

were performed in N¼ 3 independent replicates. From each independent specimen, 45–50 synapses for condition were evaluated

in ultrastractural analysis. Data are displayed as Mean� SD (*p< 0.05, ***p< 0.001). Scale bars represent 500 nm in (a) and (c),

15 mm in (d).

Catanese et al. 1931



We set out to investigate if the induction of autop-
hagy in the postsynaptic side could affect the overall
morphology of dendritic spines despite the unmodified
PSD. Since reconstruction of spine morphology in suf-
ficient numbers is not feasible in TEM, we investigated
hippocampal neurons transfected with the LifeAct-
RFP F-actin sensor42 and imaged with confocal micros-
copy to quantify spine features.22 Although spine dens-
ity (for stubby, mushroom and thin spines, identified
according to Risher et al.52 Figure 4(d)) was compar-
able in NL and Control neurons both on proximal and
distal dendrites, spines exposed to NL appeared to be
significantly shorter (Spine length: 0.999� 0.312 mm
in Control vs. 0.728� 0.303 mm in NL, p¼ 0.0007;
Figure 4(d)). Taken together, these data show that
NL triggers an extensive remodeling of pre and post-
synaptic structures.

Rescue of presynaptic Bassoon does not re-establish
SV release

Since autophagy has been shown to be a key process
induced by NL,6 we assessed if NL could induce autop-
hagy activation locally in synapses by monitoring the
levels of Atg5, which is part of the E3 ligase complex
involved in LC3 lipidation.53 High-resolution confocal
images confirmed that Atg5 clusters were localized in
close proximity to MAP2þ cytoskeleton, as well as
within it, indicating localization also in synapses
(Figure 5(a)). In NBþ condition, in fact, Atg5 clusters
could be identified in close proximity of MAP2þ den-
drites, but only a minority of synapses (identified by
Bassoon staining) were positive for Atg5 (5.9� 3.88%).
The density of Atg5 clusters along dendrites increased
upon NL (NL: 2.182� 0.476 fold of Control, p< 0.0001)
and a significantly larger fraction of Bassoonþ synapses
were associated with Atg5 puncta (19.16� 6.329 % in
NL; Control vs. NL p¼ 0.0475; Figure 5(a)).

Since Bassoon is a major organizer of the presynaptic
active matrix,51 we wondered if Bassoon degradation
could be directly linked to the disorganization of the
SV pool and the related functional effects. First, we
explored if retrograde signaling54 from the post-synapse
could enhance the stability of the presynaptic architec-
ture and Bassoon levels in NL. To this aim, we over-
expressed Shank2-GFP (or GFP alone) in a sparse
population of cultured neurons and investigated the
loss of Bassoon clusters apposed to Shank2-overexpres-
sing neurons upon NL. Upon NL, Shank2-overexpres-
sing cells displayed only a trend toward reduced loss of
Bassoon clusters (NLþGFP vs. NL Shank2 p¼ 0.09;
Supplementary Figure S2), implying that cell-autono-
mous processes regulate loss of Bassoon clusters.

We explored if Bassoon levels could be rescued by
blocking either the proteasomal or the autophagic

pathway for protein degradation. Hippocampal
neurons subject to NL or in Control conditions
were co-treated for 5 h either with the autophagy inhibi-
tor 3-MA or the 20 S proteasome inhibitor Bortezomib
(PS-341) (or vehicle control, DMSO 0.1%).
Interestingly, we found that blockade of autophagy
prevented the loss of Bassoon clusters in NL neurons
(NLþ3-MA: 1.709� 0.128 fold of NLþvehicle,
p¼ 0.0196; Figure 5(b)) but did not exert any effect in
Control conditions. In contrast, co-treatment with the
proteasome inhibitor not only prevented the loss of
Bassoon clusters in NL (NLþPS-341: 2.268� 0.186
fold of NLþvehicle, p< 0.0001; NLþPS-341:
1.547� 0.186 fold of Controlþvehicle, p¼ 0.0016;
Figure 5(b)), but also increased Bassoon clusters
number above baseline in non-deprived neurons as
well (ControlþPS-341: 1.284� 0.020 fold of
Controlþvehicle, p¼ 0.0487; Figure 5(b)). These find-
ings suggest that Bassoon is mainly degraded by the
ubiquitin-proteasome system, but also that a consistent
pool of this scaffold protein is specifically subject to
macroautophagy-mediated degradation upon NL.

Finally, we verified if preventing Bassoon loss by
autophagy or proteasome blockade was sufficient
to restore proper SV release in presynaptic
terminals. Interestingly, the intensity (NLþvehicle:
0.701� 0.139 fold of Control, p¼ 0.0093; NLþ3-MA:
0.743� 0.042 fold of Control, p¼ 0.0183; NLþPS-341:
0.703� 0.149 fold of Control, p¼ 0.082) and the
number (NLþ vehicle: 0.668� 0.101 fold of Control,
p¼ 0.005; NLþ 3-MA: 0.640� 0.1 fold of Control,
p¼ 0.0036; NLþ PS-341: 0.692� 0.075 fold of
Control, p¼ 0.0063) of Syt1þ terminals were still
reduced in NL neurons treated with 3-MA or
Bortezomib compared to Control neurons (Figure 5(c)).

Thus, NL effects on presynaptic SV release are
extensive and although the loss of Bassoon may be
involved in this phenotype, elevation of Bassoon is
not sufficient to rescue it.

Reduced SV release is reversed by glucose
supplementation independently from restoration
of Bassoon levels

Finally, we explored the minimal metabolic require-
ment for the reversal of the vesicles release loss asso-
ciated with NL. To this aim, after 3 h of complete NL,
hippocampal neurons were exposed to NL medium
spiked with a single metabolic substrate: glucose, or
the alanine-glutamine dipeptide (henceforth Ala-Gln).
Moreover, to investigate the contribution of growth
and neurotrophic factors to the NL-induced pheno-
type, in independent experiments, we added BDNF or
insulin to HBSS after the initial 3 h of NL.
Interestingly, we observed that glucose addition rescued
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the intensity (NLþGlucose: 1.537� 0.169 fold of NL,
p¼ 0.0115) and the numbers (NLþGlucose: 1.258�
0.086 fold of NL, p¼ 0.008) of Syt1 puncta when
compared to what observed in NL-treated neurons

(Figure 6(a)). Moreover, the Ala-Gln dipeptide rescued
the release of SV as well, even if less effectively than
glucose (NLþAla-Gln Syt1 intensity: 1.423� 0.158 fold
of NL, p¼ 0.0369). Of note, supplementation of Gln

Figure 5. Blocking degradative pathways prevents Bassoon degradation, but not the decrease of SV release. (a) Representative

confocal images of dendrites (30 mm) from Control and NL neurons immunostained against MAP2, Atg5 and Bassoon. NL increases

Atg5 clusters along the dendrites (Control vs. NL p¼ 0.0387), as well as the number of Bassoon synaptic clusters positive for the

autophagic marker (Control vs. NL p¼ 0.0475). (b) Representative images of dendrites (30 mm) from Control and NL neurons. Cells

were treated with DMSO (Vehicle), 3-MA or PS-341 and immunostained against MAP2 and Bassoon. Both 3-MA and PS-341 treat-

ments prevent the reduction of bassoon clusters number upon NL (ControlþVehicle vs. NLþVehicle p¼ 0.0196; ControlþVehicle

vs. Controlþ PS-341 p¼ 0.0487; ControlþVehicle vs. NLþ PS-341 p¼ 0.0016; NLþVehicle vs. NLþ 3-MA p¼ 0.0034; NLþVehicle

vs. NLþPS-341 p< 0.0001; NLþ 3-MA vs. NLþ PS-341 p¼ 0.0196). (c) Anti-Synaptotagmin-1 antibody uptake assay was performed in

Control and NL neurons treated with DMSO (Vehicle), 3-MA or PS-341. Blocking degradative pathway does not restore SV release

(Syt1 intensity: ControlþVehicle vs. NLþVehicle p¼ 0.0093; ControlþVehicle vs. NLþ 3-MA p¼ 0.0183; ControlþVehicle vs.

NLþPS-341 p¼ 0.0082. Syt1 numbers: ControlþVehicle vs. NLþVehicle p¼ 0.005; ControlþVehicle vs. NLþ3-MA p¼ 0.0036;

ControlþVehicle vs. NLþPS-341 p¼ 0.0063). Experiments were performed in N¼ 3 independent replicates. Data are displayed as

Mean� SD. (*p< 0.05, **p< 0.01). Scale bars represent 10mm in (c).
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alone was comparable to Ala-Gln treatment (NLþGln
Syt1 intensity: 1.002� 0.009 fold of NLþAla-Gln,
p¼ 0.872; NLþGln Syt1 numbers: 0.949� 0.044 fold
of NLþAla-Gln, p¼ 0.512; data not shown). In con-
trast, supplementation of BDNF did not rescue neither

the number nor the fluorescence intensity of Sytþ

puncta. Interestingly, insulin addition rescued the
number of Syt1 clusters in comparison to NL
(NLþInsulin: 1.227� 0.027 fold of NL, p¼ 0.0053),
but did not increase the intensity of those clusters

Figure 6. Single metabolite supplementation restores SV release, but not Bassoon levels. (a) Anti-Synaptotagmin-1 antibody uptake

assay was performed in Control and NL neurons co-treated for the last 2 h of NL protocol with BDNF, Insulin, Glucose or Ala-Gln.

NL neurons fed with glucose and Ala-Gln show rescued SV release, while Insulin exerts a positive effect only on the number of Syt1

clusters (Syt1 Intensity: Control vs. NL p¼ 0.0111; Control vs. BDNF p¼ 0.0127; Control vs. Insulin p¼ 0.0346; NL vs. NLþGlucose

p¼ 0.0115; NL vs. NLþAla-Gln p¼ 0.0369. Syt1 numbers: Control vs. NL p¼ 0.0028; Control vs. NLþBDNF p¼ 0.0008; NL vs.

NLþInsulin p¼ 0.0053; NL vs. NLþGlucose p¼ 0.008; NL vs. NLþAla-Gln p¼ 0.0073). (b) Representative images of dendrites

(30 mm) from Control and NL neurons. Cells were co-treated for the last 2 h of NL protocol with Glucose, Ala-Gln, Insulin or BDNF

and immunostained against MAP2 and Bassoon. Glucose re-supplementation does not rescue the levels of synaptic Bassoon (Control

vs. NL p¼ 0.0001; Control vs. NLþBDNF p¼ 0.0006, Control vs. NLþInsulin p¼ 0.0019; Control vs. NLþGlucose p¼ 0.0001;

Control vs. NLþAla-Gln p¼ 0.0006). Experiments were performed in N¼ 3 independent replicates. Data are displayed as Mean� SD.

(*p< 0.05, **p< 0.01, ***p< 0.001). Scale bar represents 10mm in (a).
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(Figure 6(a)). Thus, although insulin activated vesicle
cycling in a large fraction of synapses, in absence of
metabolic substrates, vesicle release remained strongly
reduced.

Interestingly, the nutrient-dependent rescue of SV
release appeared to be independent from Bassoon’s
levels: in fact both the re-administration of glucose,
or the Ala-Gln treatment, did not restore the number
of Bassoon clusters (Figure 6(b)). Of note, BDNF did
not rescue Bassoon levels upon NL as well, and re-
supplementation of insulin triggered a minor (but still
not significant) increase in Bassoon clusters compared
to NL.

Finally, we set out to investigate the contribution of
Bassoon’s autophagic degradation in the reduced
release of SV triggered by NL. To this end, neurons
were exposed once again to 3 h of NL before adding
3-MA, Ala-Gln, or the combination of the two. The co-
treatment with 3-MA and Ala-Gln rescued only as
much as Ala-Gln alone the intensity (NLþAla-Gln:
1.423� 0.158 fold of NL, p¼ 0.0299; NLþ 3-
MAþAla-Gln: 1.347� 0.031 fold of NL, p¼ 0.0481)
and the numbers (NLþAla-Gln: 1.327� 0.008 fold of
NL, p¼ 0.0021; NLþ 3-MAþAla-Gln: 1.503� 0.019
fold of NL, p< 0.0001) of Syt1þ puncta, whereas 3-
MA alone was ineffective (Supplementary Figure
S3(a)). Notably, the co-treatment rescued also the
levels of Bassoon (NLþ3-MAþAla-Gln: 1.632� 0.182
fold of NL, p¼ 0.0470), but in this case, the effect was
comparable to what exerted by 3-MA alone (NLþ 3-
MA: 1.832� 0.013 fold of NL, p¼ 0.0018;
Supplementary Figure S3(b)), whereas Ala-Gln alone
was ineffective. Taken together, these results confirm
that reduced SV release and reduced levels of Bassoon
represent distinct events triggered by NL.

Discussion

In this work, we demonstrate that sudden NL results in
acute changes in (mainly) presynaptic structure and
function, involving rapid and selective degradation of
Bassoon, disorganized SV pool, and reduced SV
release. Notably, the effect of NL on Bassoon and on
SV release can be mechanistically dissociated: the
former (but not the latter) depends on autophagy and
the latter (but not the former) depends on the limitation
of energy substrates. In fact, the impairment in SV
release induced by NL is reversible upon nutrient res-
toration, implying that it is not a sign of degenerating
neurons but rather a functional response likely aimed at
limiting energy requirements under metabolic stress.

What is the role of the selective Bassoon degradation
in the presynaptic response to NL? The single-KO of
Piccolo or Bassoon determines no SV clustering pheno-
type, indicating their functional redundancy, and even

the combined KO of Bassoon and Piccolo, character-
ized by a significant decrease in SV, displays normal
electrophysiological responses.55 According to this
redundancy, loss of Bassoon only, upon NL, should
not result in a direct effect on SV clustering. In fact,
restoration of Bassoon levels by autophagy or prote-
asome inhibition is not sufficient to rescue the SV
release phenotype, whereas re-establishment of SV
release by glucose takes place without restoration of
Bassoon levels.

Despite Bassoon and Piccolo redundancy, Bassoon-
specific functions in presynaptic biology have been
reported56,57: in particular, Bassoon has been shown
to be a negative regulator of autophagy in synapses.12

Thus, although unrelated to SV release, the loss of
Bassoon upon NL may be the initial step toward a
more profound disassembly of the presynaptic terminal
by autophagy or by ubiquitin/proteasome pathways.13

Interestingly, autophagy-mediated degradation of
Bassoon appears to be an NL-specific response, since
under physiological conditions Bassoon is mainly a
substrate of proteasomal degradation58; actually,
Bassoon has not been reported before to be itself an
autophagy substrate.

On the other hand, our data show that SV de-clus-
tering is a functional response to NL and that impair-
ment in SV release is independent of Bassoon levels.
In fact, SV recycling requires the largest energy expend-
iture in neuronal physiology7 and may especially
affected by the metabolic stress under NL. In fact, pre-
synaptic glycolysis is critical to maintain SV release
under stress in C. Elegans59; likewise, blocking local
glycolysis or limiting the synaptic access to glucose
(by knock-down of the glucose transporter GLUT4)
severely slows down SV fusion and recycling.7,8 At
least in C. Elegans, assembly of synaptic glycolytic
enzymes metabolons in response to metabolic stress
does not take place on SV themselves but rather on
the SYD-2 scaffold protein,59 a member of the active
zone matrix similar to Liprin-a60 which, in turn, inter-
act with Bassoon through ELKs protein.61,62 Thus, it is
possible that loss of presynaptic scaffold proteins may
make presynaptic glycolysis less efficient, in particular
under metabolic stress. In this direction, insulin, which
was shown to suppress NL-induced autophagy,6

restored a large fraction of SV-releasing synapses
although, in absence of glucose restoration, amount
of SV released remained very limited.

The vulnerability of the ultrastructure and function
of presynaptic terminals observed in our NL model is
coherent with observations in TBI and stroke models.
In fact, rapid and selective loss of presynaptic proteins
such as synaptophysin63 but not of SNARE factors64

has been reported in controlled-cortical injury models
and acute dysfunction of presynaptic terminals has
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been reported in hippocampus subject to fluid-percus-
sion injury65; within the limitation of EM performed on
pathology specimens, structural damage to the pre-
synaptic terminal has been detected in cortical biopsies
from TBI patients.66 In addition, dysfunction at synap-
tic level, and in particular in presynaptic terminals, has
been reported in stroke models: brief hypoxia is suffi-
cient to block presynaptic vesicle release without loss of
membrane potential.67,68

Notably, it has been hypothesized that specific dys-
function of presynaptic terminals, rather than damage
to whole neurons, may subsume transient neurological
deficits in a subset of stroke patients in which gross
MRI abnormalities are not observed.69 Although
in vivo experiments provide the best models for trans-
lational applications, the multiplicity of concomitant
factors (hypoxia, NL, inflammation) makes difficult to
disentangle the relative contribution of each of them on
synaptic phenotypes. By using an NL-only approach,
we have demonstrated that hypoxia is not a prerequisite
of presynaptic dysfunction, which can be evoked by the
sudden limitation of nutrients alone. Nevertheless,
some features of NL appeared to be shared by
oxygen/glucose deprivation (OGD) models. In fact,
the increase in synaptic levels of the NR1 subunit we
have observed is in agreement with the increased NR1
surface expression observed in hippocampal slices upon
OGD70 and thought to be part of long-term potenti-
ation (LTP) of excitatory synapses induced by brief
ischemia.71 Of note, the enrichment in NR1 subunits
appears in our model under considerably less severe
metabolic stress (no oxygen deprivation, reduced but
available glucose). Since in the NL the neurotransmitter
release appears to be reduced, one may speculate that
the upregulation of NR1 contributes to a homeostatic
response aimed at maintaining stable the synaptic input.
It is possible to speculate that, under NL, a sudden
decrease in overall vesicle release may result into the
reduced excitation of principal neurons. Since loss of
synaptic excitation (due to reduced vesicle release) may
increase neuronal vulnerability,72 the increased postsy-
naptic NMDAR response, together with reduced inhib-
ition (leading to an acute change in excitation/inhibition
balance), may have a protective goal; however, when left
unchecked, this response might contribute to the hyper-
excitability of neurons upon metabolic stress and the
ensuing seizures (e.g. in hypoglycemia73 or in the acute
phase of traumatic brain injury).74

Despite its simplicity, NL triggers a multiplicity of
responses affecting differentially the composition of the
presynaptic terminal: the induction of autophagy and
the metabolic impairment appear to co-exist in the NL
model. At least in TBI model, blockade of autophagy
has been considered a viable option to prevent neuro-
logical damage (structural and functional)75 and has

been associated with a preservation of synaptic
proteins.76 However, our data show that, although
autophagy blockade can prevent the loss of specific pre-
synaptic proteins (such as Bassoon), prompt resupply
of metabolic substrates appears to be a more effective
strategy to restore synaptic function.

Our exploration of the effect of sudden NL on neur-
onal physiology was focused on synaptic readouts, and
in order to make it experimentally tractable, it has been
performed in a culture enriched with neurons (only less
than 30% of cells were astrocytes). Since astrocytes
and other glial cells have been shown to influence and
support neuronal metabolic needs,1,77 the synaptic
readouts we have identified provide now an entry
point in evaluating how varying ratios of neurons
and astrocytes may affect neuronal sensitivity to acute
mismatch between required and available metabolic
substrates. Of note, glucose, which is directly metabo-
lized at synaptic level,7 provides a more complete SV
release restoration than Ala-Gln, which may require
several metabolic steps involving also astrocytes.78

It has been reported that the sensitivity of neurons of
nutrient deprivation in terms of autophagy induction
and survival, and the related adaptive mechanisms, is
different in cells derived from male or female animals,79

although in conditions of more severe deprivation (no
glucose, piruvate, glutamine) than those used in this
study. Our experimental design did not include a pre-
selection of the embryos and the cultures contain
a mixed population of neurons with either genotype;
further exploration of gender-related responses to
NLs is therefore warranted.

Thus, our data suggest that although treatment of
acute synaptic impairment may be a translationally
relevant goal in conditions of NL (such as in stroke
and TBI),69 it may require a multi-target strategy:
acute restoration of synaptic function may be best
achieved by prompt resupply of energy substrates,
whereas autophagy impairment may preserve the pro-
tein composition of presynaptic terminals.

Funding

The author(s) disclosed receipt of the following financial

support for the research, authorship, and/or publication
of this article: This work was supported by Deutsche
Forschungsgemeinschaft (DFG 1718/7-1) to TMB; by
Deutsche Forschungsgemeinschaft as part of the

Collaborative Research Center 1149 ‘‘Danger Response,
Disturbance Factors and Regenerative Potential after Acute
Trauma’’ (SFB1149-A02 and SFB1149-B05) to TMB and

FR; by the ERANET-NEURON initiative ‘‘External
Insults to the Nervous System’’ and BMBF as part of the
MICRONET consortium (FKZ 01EW1705A) and by the

Baustein program of the Medical Faculty of Ulm
University to FR.

1936 Journal of Cerebral Blood Flow & Metabolism 38(11)



Acknowledgements

The authors are thankful to Ursula Pika-Hartlaub, Bianca

Mekle, Maria Manz and Renate Kunz for the technical support.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest
with respect to the research, authorship, and/or publication

of this article.

Authors’ contributions

AC and TMB conceived the project. AC, FR and TMB
planned the experiments. AC and DG performed experiments
and analyzed data. PW provide support and expertise for

TEM analysis, and performed 3D reconstruction of synapses.
AC and FR wrote the manuscript with help from DG. TMB
supervised the work, corrected the manuscript and provided

funding and materials

Supplementary material

Supplementary material for this paper can be found at the
journal website: http://journals.sagepub.com/home/jcb

ORCID iD

Francesco Roselli http://orcid.org/0000-0001-9935-6899.

References

1. Magistretti PJ and Allaman I. A cellular perspective on

brain energy metabolism and functional imaging. Neuron
2015; 86: 883–901.

2. Giza CC and Hovda DA. The new neurometabolic cas-
cade of concussion. Neurosurgery 2014; 75: S24–S33.

3. Quaegebeur A, Segura I, Schmieder R, et al. Deletion or
inhibition of the oxygen sensor PHD1 protects against

ischemic stroke via reprogramming of neuronal metabol-

ism. Cell Metab 2016; 23: 280–291.
4. Davis EA and Jones TW. Hypoglycemia in children with

diabetes: incidence, counterregulation and cognitive dys-
function. J Pediatr Endocrinol Metab 1998; 11: 177–182.

5. Won SJ, Jang BG, Yoo BH, et al. Prevention of acute/severe
hypoglycemia-induced neuron death by lactate administra-

tion. J Cereb Blood Flow Metab 2012; 32: 1086–1096.
6. Young JE, Martinez RA and La Spada AR. Nutrient

deprivation induces neuronal autophagy and implicates
reduced insulin signaling in neuroprotective autophagy

activation. J Biol Chem 2009; 284: 2363–2373.
7. Rangaraju V, Calloway N and Ryan TA. Activity-driven

local ATP synthesis is required for synaptic function. Cell

2014; 156: 825–835.
8. Ashrafi G, Wu Z, Farrell RJ, et al. GLUT4 Mobilization

supports energetic demands of active synapses. Neuron
2017; 93: 606–615.

9. Gundelfinger ED, Reissner C and Garner CC. Role of
Bassoon and Piccolo in assembly and molecular organiza-

tion of the active zone. Front Synaptic Neurosci 2016; 7: 19.
10. Davydova D, Marini C, King C, et al. Bassoon specific-

ally controls presynaptic P/Q-type Ca(2þ) channels via

RIM-binding protein. Neuron 2014; 82: 181–194.

11. Wang X, Hu B, Zieba A, et al. A protein interaction node

at the neurotransmitter release site: domains of Aczonin/

Piccolo, Bassoon, CAST, and rim converge on the

N-terminal domain of Munc13-1. J Neurosci 2009; 29:

12584–12596.

12. Okerlund NL, Schneider K, Leal-Ortiz S, et al. Bassoon

controls presynaptic autophagy through Atg5. Neuron

2017; 93: 897–913.
13. Waites CL, Leal-Ortiz SA, Okerlund N, et al. Bassoon

and Piccolo maintain synapse integrity by regulating pro-

tein ubiquitination and degradation. EMBO J 2013; 32:

954–969.
14. Sheng M and Hoogenraad CC. The postsynaptic archi-

tecture of excitatory synapses: a more quantitative view.

Annu Rev Biochem 2007; 76: 823–847.

15. Monteiro P and Feng G. SHANK proteins: roles at the

synapse and in autism spectrum disorder. Nat Rev

Neurosci 2017; 18: 147–157.
16. Bhattacharyya S, Biou V, Xu W, et al. A critical role for

PSD-95/AKAP interactions in endocytosis of synaptic

AMPA receptors. Nat Neurosci 2009; 12: 172–181.
17. MacGillavry HD, Kerr JM, Kassner J, et al. Shank-cor-

tactin interactions control actin dynamics to maintain

flexibility of neuronal spines and synapses. Eur J

Neurosci 2016; 43: 179–193.
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