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Abstract
Neurons are highly polarized cells displaying an elaborate architectural morphology. The design of their dendritic arborization
and the distribution of their synapses contribute importantly to information processing in the brain. The growth and complexity of
dendritic arbors are driven by the formation of synapses along their lengths. Synaptogenesis is augmented by the secretion of
factors, like BDNF, Reelin, BMPs, or Wnts. Exo70 is a component of the exocyst complex, a protein complex that guides
membrane addition and polarized exocytosis.While it has been linked to cytokinesis and the establishment of cell polarity, its role
in synaptogenesis is poorly understood. In this report, we show that Exo70 plays a role in the arborization of dendrites and the
development of synaptic connections between cultured hippocampal neurons. Specifically, while the overexpression of Exo70
increases dendritic arborization, synapse number, and spine density, the inhibition of Exo70 expression reduces secondary and
tertiary dendrite formation and lowers synapse density. Moreover, increasing Exo70 expression augmented synaptic vesicle
recycling as evaluated by FM4-64 dye uptake and the inverse was observed with downregulation of endogenous Exo70.
Monitoring the formation of dendritic spines by super-resolution microscopy, we also observed that mRFP-Exo70 accumulates
at the tip of EGFP-β-actin-positive filopodia. Together, these results suggest that Exo70 is essentially involved in the formation of
synapses and neuronal dendritic morphology.
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Introduction

Synaptogenesis is the process in which synapse contacts are
established between neurons. Although it occurs throughout
an entire lifespan, a rise of synapse formation is observed
during early brain development [1] and this process is essen-
tial to create normal neuronal connectivity. Synapse formation
is also thought to have a synaptotropic effect on the growth
and elaboration of dendritic and axonal arbors [2, 3].
Filopodia extending from the surface of dendrites are dynamic
structures that explore their environment seeking new synap-
tic partners, e.g., neighboring axons [4]. As such, they appear
to play a fundamental role in the formation of synapses and
dendritic spines both in vivo and in vitro [3, 5]. Mechanisms
underlying synapse formation include intrinsic and extrinsic
factors, as well as activity-dependent processes [6].
Dendritogenesis and synaptogenesis are thus believed to share
overlapping mechanisms. For example, membrane traffick-
ing, via small Rab-GTPases and SNARE proteins, is thought
to contribute to the spatially restricted insertion of synaptic
proteins (adhesion molecules, ion channels, and signaling re-
ceptors) at nascent synaptic contact sites [7–10]. Less well
understood is the contribution of the exocyst complex to such
processes.

The exocyst is an evolutionary conserved vesicle tethering
protein complex that is formed by eight subunits: Sec5, Sec6,
Sec8, Sec10, Sec15, Exo84, and twomembrane-targeting sub-
units Sec3 and Exo70 [11]. During exocytosis and before
SNARE-mediated vesicle fusion in yeast, the initial contact
of secretory vesicles with the plasma membrane has been
reported to depend on the exocyst [12, 13]. To date, the
exocyst complex has been found to participate in a number
of cellular processes, including cell division [14], polarized
exocytosis and membrane growth [12, 15, 16], glutamate re-
ceptor trafficking [17, 18], and membrane targeting of the
glucose transporter Glut4 [19]. In developing neurons, the
exocyst has been localized to the tips of neurites and is re-
quired for neurite outgrowth [20]. Moreover, depleting Sec5
or the overexpression of dominant-negative Sec8 and Sec10
was shown to inhibit neurite enlargement in neurons and neu-
roendocrine PC12 cells [21, 22], consistent with a role in
neurite formation. Recently, it has been reported that in
Drosophila Sec6 interacts with Rop, the fly homolog of ver-
tebrate Munc18-1, to regulate development of dendrites [23].
In C. elegans RAB-10 and the exocyst are necessary for den-
dritic arborization [24] and loss of Sec8 affects dendrite mor-
phogenesis [25]. Similarly, in developing rat hippocampal
neurons, it has been observed that Exo70 is required for axo-
nal expansive elongation and axon regeneration [26, 27].

Exo70 can interact directly with the plasma membrane re-
gions containing phosphoinositol-4,5-bisphosphate
(PI(4,5)P2) through a phospholipid binding motif located in
its C-terminus [28, 29], thereby mediating the targeting of the

exocyst complex to the plasmamembrane [30]. This has led to
the hypothesis that Exo70 might be a nucleation factor for the
assembly of the exocyst complex, establishing a contact be-
tween the component of the exocyst in the secretory vesicle
(Sec 5, 6, 8, 10, 15, and Exo84) and the subunits present at the
plasma membrane (Sec3 and Exo70). Additionally, Exo70 is
the only exocyst subunit to induce filopodia formation in dif-
ferent cells types, including neurons, and has been shown to
coordinate cytoskeleton and membrane trafficking by stimu-
lating actin polymerization [31–33].

Taken together, the exocyst complex appears to be an im-
portant regulator of the morphogenic properties of cells. In the
current study, we have examined whether Exo70 is a modu-
lator of dendritic morphology and synaptogenesis of hippo-
campal neurons. Using gain and loss of function and imaging-
based approaches, we find that Exo70 is an important regula-
tor of dendritic branching, as well as the formation of dendritic
spine and synapses between vertebrate hippocampal neurons.

Material and Methods

Antibodies

For Western blot, primary antibodies were mouse GFP
1:1000 (Roche, Germany), mouse Exo70 1:1000 (Santa
Cruz, USA), mouse synaptophysin 1:500 (Santa Cruz,
USA), mouse β-Actin 1:1000 (Sigma, USA), rabbit
ERC2/ELKS2 1:500 (Synaptic Systems, Germany), and
mouse HA 1:1000 (Covance, USA). Secondary antibodies
were horseradish peroxidase-conjugated 1:10000
(Invitrogen, USA). Exocyst subunits mouse antibodies were
used 1:500 (Santa Cruz, USA).

For immunofluorescence assays, primary antibodies were
mouse HA 1:1000 (Covance, USA); rabbit Exo70 1:1000
(Proteintech, USA), mouse MAP2 1:1000 (Santa Cruz,
USA), rabbit Piccolo 1:1000 (Synaptic Systems, Germany),
rabbit Shank3 1:1000 (Synaptic Systems, Germany), and
guineas pig Shank2 1:500 (Synaptic Systems, Germany).
Mouse Bassoon 1:1000 (Synaptic Systems, Germany).
Secondary antibody was highly cross-absorbed Alexa anti-
rabbit, anti-mouse, and anti-guinea pig 1:1000 (Life
Technologies, USA).

Plasmids and Lentiviral Vectors Constructions

The coding sequence of rat Exo70 (Accession no.
NM_022691) was obtained by RT-PCR using total RNA iso-
lated from rat brain. The forward primer Exo70 FP: 5′-
ctcgaggcatgattcccccgcaggaggctt-3′ and the reverse primer
Exo70 RP: 5′-gaattcttaagcagaggtgtcgaagagg-3′ were used to
amplify the full-length ORF of Exo70. The PCR product was
cloned into the pGEM-T plasmid (Promega), verified by
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sequencing and subcloned into the XhoI/EcoRI sites of the
bicistronic lentiviral vector pFUG-1D/2A-HA-W containing
a HA epitope tag at the 5′ end of the cloning site [34] allowing
the N-terminal tagging of the Exo70 construct (Fig. S1A). In
order to obtain pFUR-Exo70-W construct, Exo70 full-length
ORF was cloned into pmRFP-C1 using same XhoI/EcoRI
sites. pFUG-W vector was digested with AgeI and EcoRI to
eliminate EGFP ORF and then mRPF-Exo70 were subcloned
into this construct using AgeI/EcoRI sites. Exo 70-directed
short hairpin RNA (shRNA) was designed using previously
described criteria [35–38]. Target rat sequence accession no.
NM_022691 was used to design the shRNA oligonucleotides
Exo70 shRNA FP: 5 ′-ctagcggaaccaagatttcatgaa-
caagagattcatgaaatcttggttcctttttataat-3′ and Exo70 shRNA
R P : 5 ′ - t a t a a a a a g g a a c c a a g a t t t c a t g a a -
tctcttgaattcatgaaatcttggttccg-3′. One hundred pmoles of each
oligonucleotide was annealed in annealing buffer (100 mM
potassium acetate, 30 mM HEPES and 2 mM magnesium
acetate; pH 7.4) using a Thermocycler (Bio-Rad
Laboratories). Annealed cDNAs were then phosphorylated
using T4 polynucleotide kinase (New England Biolabs) and
cloned as described previously [39] to obtain FUX-off shRNA
plasmid (FUGW H1) and verified by sequencing.

Primary Hippocampal Neuronal Culture

Hippocampal cultures were prepared using a modified
Banker’s culture protocol described by Fernandez et al. [40,
41]. Briefly, hippocampi were dissected from embryonic
Sprague-Dawley rats (E18). Neurons were dissociated with
trypsin and plated at a density of 5.0 × 105 cells/cm2 on
poly-D-lysine (Sigma-Aldrich, USA)-coated coverslips in
12-well cell-culture dishes. Neuronal cultures were main-
tained in Neurobasal media supplemented with B27 (Gibco,
USA), GlutaMAX-I (Gibco, USA), 100 U/ml ampicillin, and
100 μg/ml Streptomycin (Gibco, USA). Hippocampal neuro-
nal cultures were maintained at 5% CO2 at 37 °C. Half of the
medium volume was changed weekly.

Lentiviral Production

HEK293T cells were transfected with the plasmids
pCMVΔR8.9, pCMV-VSVg and the corresponding transfer
vectors (pFUG-1D/2A-Exo70FL-HA-W, pFUG-1D/2A-HA-
W, pFUG-Actin-W, pFUR-Exo70-W, pFUX-Off-W and
pFUX-off[shRNA-Exo70]-W) to produce a functional lenti-
virus as described previously [42]. HEK293T cells were
grown in DMEM supplemented with 10% fetal bovine serum
and 100 U/ml ampicillin and 100 μg/ml Streptomycin (Gibco,
USA). Lentiviral particles were collected from the superna-
tants at 24, 72, and 96 h, centrifuged, passed through a
0.45-μm filter and stored at − 80 °C. The viral titer was deter-
mined by fluorescence analysis of transduced HEK293Tcells.

Transduction of Neuronal Hippocampal Cultures

Primary hippocampal neuronal cultures were infected on the
day of preparation (0 DIV) with 100-μl aliquots of the lenti-
virus preparation, expressing EGFP and the HA-tagged
Exo70 full-length ORF. As a control group, neurons were
transduced with an EGFP only vector (FUG-1D/2A-HA-W).
In spine formation/maturation experiments, 100-μl aliquots of
mRPF-Exo70 and β-actin lentivirus were used to infect neu-
ronal cultures on DIV 0 and DIV 1, respectively. For knock-
down experiments using shRNAs, neurons were infected with
the FUX-Off-W and FUX-off[shRNA-Exo70]-W lentiviral
preparations. Neuronal cultures were fixed at the times indi-
cated in the figure legends with LF fixative solution (60 mM
PIPES, 25 mMHEPES, 10mMEDTA, 2 mMMgCl2, 0,12M
sucrose, 4% paraformaldehyde) for 10 min and then washed
once with phosphate buffer saline (PBS) before processing for
immunostaining.

Fluorescence Microscopy

After fixation, neurons were permeabilized with 0.5% (v/v)
Triton X-100 in 1× PBS for 5 min and washed in 1× in
PBS. Then, cells were incubated 30 min in blocking solution
(2% Glycine, 2% BSA, 5% FBS, 50 mM NH4Cl in PBS). To
study dendrite morphology, neurons were stained with MAP2
and HA antibodies. Highly cross-absorbed Alexa-568 conju-
gated antibodies were used as secondary labels. Coverslips
were mounted on slides with Vectashield (Vector Labs,
USA) medium and images were captured in an Axiovert
A10 Zeiss Microscope equipped with a Retiga-SRV camera
(Q-Imaging) using Q-imaging software.

Confocal and Super-resolution Microscopy

Images to study synapse, dendrite, spine, and mRFP-Exo70
localization were acquired in an LSM780 NLO Zeiss and
super-resolution Elyra S.1 (SR-SIM) microscopes both with
the laser lines 488 and 561 nm and objective 63×, NA/1.4/WD
0.19 mm Plan-Apochromat Oil (CMA Bio-Bio, Universidad
de Concepción). Confocal microscopy for endogenous
Exo70, Shank2, Bassoon, and MAP2 immunostaining were
performed in a Leica SP8 microscope, Objective 63× (Leibniz
Institute for Neurobiology, Magdeburg). 3D reconstructions
were performed by the Imaris software (CMA Bio-Bio). The
density of cells per 18 mm coverslip was 50,000–60,000.

Immunoblot Analysis of Exo70 and EGFP in HEK293
Cells

Prior to homogenization, HEK293Tcells were washed (twice)
in ice-cold 1× PBS buffer containing Complete Protease
Inhibitors Cocktail (Roche, Germany) and cells were removed
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with a rubber policeman. Cells were lysed in homogenization
buffer (10 mM HEPES, 1.5 mM MgCl2, pH 7.4) and the
protein concentration determined by Bradford assay.
Proteins were separated in a 12% SDS-PAGE gel and trans-
ferred to a PVDF membrane (Hybond ECL membrane, GE
Healthcare, USA). After transfer, the membranes were washed
in 1× TBS-T (TBS 0.05% Tween 20) and blocked for 1 h in
blocking solution (5% BSA, 3% milk, 1xTBS-T). After
blocking, the blots were incubated with primary antibodies
in TBS containing 3% FBS and 0.05% Tween-20 for 1 h at
room temperature. After washing three times with 1× TBS-T,
the membranes were blocked again for 1 h at room tempera-
ture and washed with 1× TBS-T. Then, the membranes were
incubated with horseradish peroxidase-conjugated secondary
antibodies (Invitrogen, USA) for 1 h at room temperature.
After washing with TBS, the blots were developed using a
chemiluminescence detection kit (ECL, GE Healthcare,
USA). Images were obtained with an MF-ChemiBIS 2.0 Gel
Documentation System (DNR Bio-Imaging System, USA).

Knock-down shRNA Cell Assay

The Exo70-directed shRNAs were assessed in HEK293T
cells. Cultures at 50% of confluence were co-transfected with
pFUR-Exo70-W, a plasmid expressing a mRFP-tagged
Exo70, and pFUX-Off-W (Control) or pFUX-[shRNA
EXO70]-W plasmids in a 1:5 ratio. Expression levels of
Exo70 and actin were assessed after 72 h by Western Blot
analysis.

FM Dye Uptake

To label functional neurotransmitter release sites, hippocam-
pal neurons were infected with lentiviral vectors on day of
plating and functional labeling of presynaptic boutons was
performed with FM4–64 (N-(3-triethylammoniumpropyl)-
4-(p-dibutylaminostyryl)pyridinium, dibromide) (Molecular
Probes, USA) at 15 DIV as described [63]. Briefly, neurons
were incubated in Tyrodes saline solution (119 mM NaCl,
2.5 mM KCl, 2 mM CaCl2, 2 mM MgCl2, 25 mM HEPES,
30mMGlucose, buffered to pH 7.4) containing 15μMFM4–
64. The cultures were then stimulated for 30 s at 10 Hz with
1 ms pulses, to load recycling vesicles sites with FM4-64,
before washing cells with 1 mM ADVASEP 7 (β-
Cyclodextrin Sulfbutyl Ether; Cydex, USA) for 1 min. Dye
unloading was performed by stimulating the cultures with a
second 30 s 10 Hz train. Images were obtained in load and
unload conditions on a custom-built [39] scanning confocal
microscope (Axiovert 100TV; Carl Zeiss, Inc., Germany)
equipped with a 40 × 1.3 NA Plan Neofluar objective (Carl
Zeiss, Inc., Germany) and 488 nm and 514 nm lasers
(Sapphire 488-20CDRH and Compass 215 M-20;

Coherent). FM dye uptake for Exo70-shRNA studies was per-
formed as described [43].

Isolation of Subcellular Protein Fractions, Protein
Quantitation, and Immunoblot Analysis

All manipulations were carried out on ice or at 4 °C. The
forebrain was isolated from 12-week-old female Wistar rats
and the fractionation was carried out as described by Smalla
et al. [44]. Briefly, the forebrains were homogenized in buffer
A (5 mM Hepes, pH 7.4; 320 mM sucrose) containing a pro-
tease inhibitor cocktail (ThermoFisher Scientific, Waltham,
Massachusetts, USA) and phosphatase inhibitors (NaF,
Na3VO4 and Na4P2O7). The cell debris and nuclei were re-
moved by centrifugation for 10 min at 1000g (P1 pellet), after
that, the supernatant 1 (S1) was centrifuged for 20 min at
20,000g getting the supernatant 2 (S2) and pellet 2 (P2, crude
membrane fraction). The P2 pellet was loaded on top of a
0.32/0.85/1.0/1.2 M sucrose gradient and centrifuged for 2 h
at 100,000g. The fractions obtained from this first sucrose
gradient included myelin (MY), light membrane (LM), or
synaptosomes (S). For the isolation of synaptic vesicles
(SV), synaptic membranes (SM), and postsynaptic densities
(PSD), the synaptosomal fraction was divided into two equal
fractions: one of them was submitted to osmotic shock with 5
volumes of 1 mM Tris-HCl pH 8.1 and stirring in an ice bath
for 30 min, and then was loaded in the top of a 0.0/0.85/1.2 M
sucrose gradient giving rise to SVand SM fractions. The other
half of the synaptosomal fraction was submitted to Triton
X-100 0.5% extraction and was loaded on the top of a
0.32/0.85/1.2/2.0 M sucrose gradient to isolate the PSD
fraction. The presence of Exo70, synaptophysin and
ELKS2/ERC2 in the different fractions was determined
by immunoblot analysis.

Image and Statistical Analysis

The quantitative analysis of dendrite morphology was carried
out with ImageJ (NIH) software with the assistance of the
NeuronJ Plugin. All the dendrites from each neuron were
quantified for parameters such as length, primary, secondary,
and tertiary dendrite number. Quantitation of synaptic puncta
was performed by visually counting puncta along three den-
drites from each neuron. NeuronJ was used to measure the
length of the dendrites, then synaptic density was calculated
(Puncta/μm of dendrite). To quantify puncta intensity,
OpenView 3 software [45] (provided by Noam Ziv) was used.
Dendritic spine morphology categories (i.e., thin, mushroom
and stubby) were determined using established parameters
[46, 47]. Spine dimensions considered as follows: Thin,
length 0.5–4.0 μm and bulb width 0.6 μm; mushroom, length
0.5–2.5 μm and bulb width 1.4 μm; stubby, length 1.0 μm and
bulb width 1.0 μm.All data are expressed as the mean ± SEM,
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the number of experiments is indicated in the corresponding
figures. Difference between groups was determined Tukey’s
HSD analysis to establish significant differences. A p < 0.05
value was considered significant.

Results

Lentiviral Expression of Exo70

Exo70 is a subunit of the exocyst complex. While a role in
axonal growth [20, 26] and the insertion of postsynaptic
AMPA receptor has been described [18], the contribution of
Exo70 to dendritic morphogenesis has not been investigated
in detail. To explore this latter possibility, we overexpressed
recombinant HA-tagged Exo70 in cultured hippocampal neu-
rons via a bicistronic lentiviral expression system (Fig. S1a)
[34]. The correct size protein expression was evaluated in
HEK293T cells 48 h after transfection by immunoblot analy-
sis (Fig. S1b). By placing the 1D/2A element between EGFP
and HA-Exo70 in the bicistronic vector, we anticipated that
cleavage would generate several protein species. Consistent
with this concept, we observed a 26-kDa band immune-
positive EGFP band, present in the constructs (Fig. S1b, left
panel).We also observed a small amount of uncleaved protein,
representing Exo70 domains fused to EGFP, and correspond-
ing to Exo70FL (~98 kDa) (Fig. S1b, left panel). As Exo70 is
HA-tagged at the N-terminus, it was also possible to detect it
in Western blot with HA antibody (Fig. S1c). The construct
expressed the protein of the expected size, Exo70FL (~
72 kDa) (Fig. S1b, right panel). The maximum transduction
efficiency expressed as the percentage of neurons transduced
with the lentiviral vector was on average 90% (Fig. S1c). We
did not observe any decrease in the number of transduced
neurons during the time in culture (data not shown).

Hippocampal neurons were infected with the Exo70
lentiviral construct on the day of plating and fixed on day
in vitro (DIV) 15. Infected cells were identified by the expres-
sion of EGFP that filled most of the neuronal perikaryon and
neurites (Fig. 1a, left panel). Staining of these cells with HA
antibody revealed a slightly punctuated pattern mainly along
membranes for Exo70FL with some diffuse localization with-
in neurites and filopodia-like structures (Fig. 1a, gray images).
The control vector, expressing only the HA tag, showed only a
very modest fluorescence staining with the HA antibody, like-
ly due to a rapid degradation of the peptide (Fig. 1a, gray
images). Interestingly, monitoring cell morphology of DIV 7
neurons exploiting the soluble EGFP signal revealed a signif-
icant increase in filopodia along neurites (most likely den-
drites) from cells co-expressing HA-Exo70FL (Fig. 1b, c).
These results agree with previous reports in several cells lines
[33, 48, 49], where the expression of the Exo70 induces the
formation of filopodia-like structures.

Expression of Exo70 Modulates Dendritic Branching

In addition to the increase in filopodia, neurons overexpress-
ing HA-Exo-70FL appeared to exhibit an increase in dendritic
branching (Fig. 1b), a phenotype not previously reported. To
explore this further, we analyzed several dendritic parameters,
including the number of primary, secondary, and tertiary den-
drites in neurons overexpressing the Exo70 construct. This
was accomplished by imaging DIV 15 neurons after fixation
and staining with the dendritic microtubule-associated protein
2 (MAP2), a highly specific somatodendritic marker (Fig. 2a).
In transduced EGFP-positive cells, the number of secondary
(HA 7.0 ± 0.35, FL 11.5 ± 1.0) and tertiary dendrites (HA
1.05 ± 0.31, FL 3.15 ± 0.37) but not primary dendrites were
affected by the overexpression of Exo70FL compared to their
respective controls (Fig. 2b). Both the length as the proportion
of primary dendrites were not affected by the overexpression
of Exo70FL (Fig. 2c); however, the same parameters were
increased in the case of secondary dendrites when compared
to the control (length: HA 25.35 ± 3.45, FL 34.85 ± 21.15;
proportion: HA 0.15 ± 0.04, FL 0.29 ± 0.04; p < 0.005) (Fig.
2d). This indicates that the effect of Exo70FL on dendritic
arborization specifically affects higher order branching of den-
drites. To assess whether these effects were restricted to prox-
imal or distal dendrite branching, a Sholl analysis [50] was
performed to monitor changes in the dendritic tree. The anal-
ysis revealed that overexpression of Exo70FL leads to a sig-
nificant increase of intersections, and hence dendrite numbers,
within a distance of 20–45 μm to the cell soma as compared to
controls (Fig. 2a, right panel).

The changes induced by Exo70FL in the number of sec-
ondary and tertiary dendrites could be seen at an earlier stage,
i.e., DIV 7 (Fig. S2a, b). This suggests that initial effects of
Exo70 overexpression on secondary and tertiary dendrites act
already in immature neurons. At this stage, primary dendrite
length (HA 38.85 ± 2.65; FL 42.11 ± 2.90) and number (HA
5.30 ± 0.30; FL 5.47 ± 0.33) did not change (Fig.S2b, c). A
significant increase in secondary dendrite number (HA 4.00 ±
0.28; FL 6.63 ± 0.59, b, c) p < 0.01) and tertiary dendrite num-
ber (HA 0.44 ± 0.14; FL 1.15 ± 0.25, p < 0.05) was observed
(Fig. S2b). A Sholl analysis shows that the complexity of
dendrites increases slightly (Fig. S2a, graph).

As the overexpression of Exo70FL in hippocampal cul-
tures affects dendritic branching, we asked whether loss of
function experiments would have an opposite effect. To ad-
dress this, we generated a short hairpin RNA (shRNA) that
reduced expression of Exo70 by approximately 50% in
HEK293T cells (Fig. 3b). We transduced neurons at DIV 0
with a lentivirus vector containing the Exo70 shRNA and that
also expresses EGFP and analyzed them at DIV 15 by staining
for MAP2 after fixation (Fig. 3a). Sholl analysis shows that a
reduction of endogenous Exo70 produces a decrease of inter-
sections in dendrites beyond 45 μm (Fig. 3c). Interestingly,
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neurons expressing Exo70-directed shRNA showed 33%
(p < 0.05) and 50% (p < 0.005) decrease in the number of
secondary and tertiary dendrite, respectively (Fig. 3d). No
effect on primary dendrite number was observed (Fig. 3d).
Primary dendrite length was decreased by 23% (p < 0.005)
compared to neurons transduced with the control virus, while
the number of primary dendrites that branch remained un-
changed (Fig. 3e). In neurons expressing Exo70 shRNA sec-
ondary dendrite length and branching was decreased by 37%
(p < 0.005) and 33% (p < 0.05), respectively (Fig. 3f). These
results show that inhibition of Exo70 expression induces the
opposite effect seen in the overexpression experiments and
suggest that the regulation of Exo70 expression plays an im-
portant role in modulating dendritic branching during neuro-
nal development.

The exocyst complex was first described as an octameric
complex working as a whole in several basic cellular func-
tions; however, some subunits have been related to specialized
functions as is the case of Exo70. It could be thought that by
altering the expression of an exocyst subunit the expression of
another component could be affected and, therefore, the
change in the dendritic/spine structure observed after

modifying Exo70 levels could be a consequence of the alter-
ation of the levels of another subunit. To explore this possi-
bility, we evaluated whether overexpression of Exo70 alters
the expression levels of other exocyst subunits (Fig. S3). We
overexpressed GFP-Exo70 in HEK293T cells and analyzed
the expression of several exocyst subunits by Western blot.
The presence of GFP-Exo70 and endogenous Exo70 was
evaluated with a specific antibody (Fig. S3b). The overexpres-
sion of GFP-Exo70 is clearly visible and is overexpressed
several folds in comparison with the endogenous Exo70
(Fig. S3b). This overexpression results in a change on the
phenotype of the transduced cells, showing an increase in
lamellipodia and filopodia as expected (Fig. S3a, inset). The
increase in Exo70 expression and the change in the cell phe-
notype did not alter the expression levels of Sec5, Sec6, Sec8,
and Sec10 subunits as analyzed by Western blot (Fig. S3c),
suggesting that Exo70 does not modulate the expression of the
others Exocyst subunits.

To verify the specificity of the effect observed with the
overexpression of Exo70 on the dendritic tree, we
overexpressed Sec5 and Sec6 subunits in hippocampal neu-
rons. Figure 4a shows two neurons DIV 15 stained with

Fig. 1 Characterization of Exo70FL expression by lentiviral vectors in rat
hippocampal neurons. a Rat hippocampal neurons were transduced at the
day of plating (0 DIV) with bicistronic lentivirus expressing EGFP and
Exo70FL, fixed at DIV 15 and immunostained with HA antibody.
Exo70FL displays a discontinuous membrane staining pattern in
neurites and is present in filopodia. Insets are magnifications of boxes
indicated in HA staining. b Representative images showing EGFP

expression on neurites section of cultures fixed at DIV 7. An increase
in filopodia formation is observed in neurons transduced at DIV 0 with
the Exo70FL lentivirus. c Quantitative analysis of filopodia density
induced by overexpression of Exo70FL. Each experimental group
considered 2 independent experiments. Values represent means ± SEM,
n = 15 neurons per experiment, ***p < 0.005
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MAP2, transfected with Sec5 or Sec6 (green fluorescence).
The dendritic tree was compared between transfected and
non-transfected neurons within the same coverslip. The anal-
ysis of Sholl shows that Sec5 and Sec6 expression did not
affect the complexity of the dendritic tree (Fig. 4a, graph),
and neither of these two subunits affected the length and num-
ber of primary dendrites, nor the number of secondary

dendrites (Fig. 4c, d). These findings confirm a specific effect
of Exo70 on hippocampal neuron dendritic arborization.

Presence of Exo70 in Synaptic Compartments

Exo70 is a subunit of the exocyst complex that associates to
membranes through lipid-binding motifs [28]. This is in

Fig. 2 Expression of Exo70FL modulates changes in dendritic
arborization in hippocampal neurons. a Rat hippocampal neurons were
transduced at the day of plating (0 DIV) with bicistronic lentivirus
expressing EGFP and Exo70FL, fixed at DIV 15 and immunostained
for MAP2. Sholl analysis was performed to show the degree of
arborization. Dendritic parameters were quantified as: b number of
primary, secondary and tertiary dendrites. c Length primary dendrites

and proportion of primary dendrites that branch. d Length of secondary
and proportion of secondary dendrites that branch in hippocampal
neurons. Each experimental group included 3 independent experiments.
Quantification was made in binary saturated MAP2 immunofluorescence
images using ImageJ. The quantification was carried out on all dendrites
per neuron. Values represent means ± SEM, n = 20 neurons per
experiment. *p < 0.05, ***p < 0.005
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Fig. 3 Reduction of endogenous Exo70 expression reduces primary and
secondary dendrite length, and number of secondary dendrites. a Rat
hippocampal primary neurons were transduced with lentivirus
containing Exo70-directed shRNA and control vector (FUX-Off) at
DIV, 0 fixed at DIV 15 and immunostained for MAP2. b Knock-down
assay in HEK-293T cells transfected with Exo70-directed shRNA. Co-
transfected rat mRFP-tagged Exo70 was evaluated and shows a reduction
of the endogenous protein by ~ 50% as evaluated by immunoblot analy-
sis. c Sholl analysis was made to show the degree of arborization due to

the decrease of Exo70 protein by Exo70-shRNA. Dendritic parameters
were quantified as d number of primary, secondary, and tertiary of den-
drites, e length primary dendrites and proportion of primary dendrites that
branch, f length of secondary dendrites and proportion of secondary den-
drites that branch. Each experimental group included 2 independent ex-
periments. Quantification was made in binary saturated MAP2 immuno-
fluorescence images using ImageJ. The quantification was carried out on
all the dendrites per neuron. Values represent means ± SEM, n = 15 neu-
rons per experiment. *p < 0.05, ***p < 0.005)

Mol Neurobiol (2019) 56:4620–4638 4627



accordance with a role in the addition of membranes during
dendritogenesis. Previous studies have observed components
of the exocyst in axons and dendrites and associated with the
insertion of AMPA-type glutamate receptors at the postsynap-
tic membrane [18]. As synaptogenesis is tightly coupled to
dendritic arborization [51], it is conceivable that the exocyst
and Exo70 contribute to dendritogenesis by influencing syn-
apse formation. As an initial test of this hypothesis, we exam-
ined whether Exo70 biochemically associates with synaptic
junctional protein preparations. This was accomplished by
Western blotting of biochemically fraction at brain mem-
branes [44, 52]. Data presented in Fig. 5 shows that Exo70
is present in synaptosomes (SYN), synaptic membranes (SM),
as well as in purified postsynaptic density protein (PSD) frac-
tions. A dim band is observed in the synapse vesicle fraction,
and its strong presence in SM and PSD fractions suggests that
Exo70 is associated with synaptic junctions. Gradient perfor-
mance was controlled by assessing the distribution of the pre-
synaptic proteins ERC2/ELKS2, an active zone scaffolding
protein, and synaptophysin, a synaptic vesicle (SV) protein
which were distributed as expected (Fig. 5).

Since these biochemical experiments do not distin-
guish between proteins associated with the pre or

postsynaptic side of the synaptic junction, we used im-
munocytochemistry to examine the spatial distribution of
Exo70 in cultured hippocampal neurons at DIV 21. As
described previously [18] antibodies against Exo70 re-
vealed a punctate staining pattern along MAP2 positive
on dendrites (Fig. 6). Many of the Exo70 positive puncta
exhibited a spiny pattern along dendrites that occasional-
ly were situated juxtaposed to Bassoon puncta (Fig. 6a;
yellow arrowheads) and did colocalize with Shank2 (Fig.
6b; yellow arrow), suggesting a postsynaptic localization
Exo70. Consistent with this conclusion, a 3D reconstruc-
tion of several spiny synapses using Imaris software re-
vealed that endogenous Exo70 (Fig. 6c) co-localized
with the PSD protein Shank2 in dendritic spines, while
recombinant mRFP-tagged Exo70 became localized in
the spine heads of β-actin stained dendritic spines (Fig.
6d). Although less obvious, we also detected Exo70
along MAP2 negative processes that co-localized with
Bassoon, consistent with an axonal distribution at an or-
phan synaptic site or inhibitory synapses (Fig. 6a, white
arrows). Together, these data are consistent with a pres-
ence of Exo70 at excitatory synapses and dendritic
spines.

Fig. 4 Overexpression of Sec5 and Sec6 did not affect dendrite arbor. a
Rat hippocampal neurons were transfected either with Sec5 or Sec6 and
fixed a 15 DIV and immunostained for MAP2. Sholl analysis was

performed to determine dendritic arbor complexity. b Primary dendrite
length. c Primary dendrite density. d Number of secondary dendrites.
Values represent means ± SEM, n = 10 neurons per experiment
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Expression of Exo70 Modulates Synapse Formation

To investigate whether the increase in complexity of dendrite
morphology induced by Exo70 is accompanied by an increase
in synapse formation, we overexpressed Exo70 in hippocam-
pal neurons transduced the day of plating and analyzed the
effect on the number and distribution of synapses identified
either with antibodies against Piccolo, a presynaptic active
zone marker (Fig. 7a), or the postsynaptic marker Shank3
(Fig. 7b) at DIV 15. Quantifying the number of Piccolo pos-
itive puncta per μm of dendrites revealed a ~1.8-fold, increase
in puncta density in Exo70FL-expressing neurons compared
to HA control (Fig. 7a; HA 0.39 ± 0.02/μm, Exo70FL 0.71 ±
0.03/μm; p < 0.005). When we tested for the postsynaptic
marker Shank3, we also detected a ~ 1.5-fold increase in
puncta density (Fig. 7b, e; HA 0.49 ± 0.01/μm, Exo70FL
0.72 ± 0.04/μm; p < 0.005). To assess changes in synapse size,
we analyzed changes in the puncta intensity of Piccolo or
Shank3-positive puncta. Here, we observed a small but signif-
icant increase in the average Piccolo puncta fluorescent inten-
sity upon Exo70FL overexpression (Fig. 7a). Conversely, the
overexpression of Exo70FL had no significant effect on
Shank3 puncta fluorescent intensity (Fig. 7b).

Next, we asked whether down-regulating the expression of
endogenous Exo70 would affect the synapse number. As ex-
pected, knock-down of Exo70 with a specific shRNA not only
reduced the number of Piccolo puncta per length of dendrites
(by ~ 34%) (Fig. 7c), but also the fluorescence intensity per
putative presynaptic bouton (by ~ 20%) (Fig. 7c). These re-
sults suggest that Exo70 plays a role in the formation and/or
stability of hippocampal synapses.

Exo70 Overexpression Increases the Number
of Functional Presynaptic Release Sites

The ability of Exo70 to modulate the intensity of Piccolo
puncta suggests that it might also influence the docking, fu-
sion and recycling of SVs within presynaptic boutons. To

explore this possibility, we measured the density of recycling
sites of SVs utilizing the styryl dye FM4-64 [53] at boutons of
neurons expressing Exo70FL or HA alone (Fig. 8a). First, we
explored the efficiency of SV exocytosis. Boutons of control
neurons and neurons expressing Exo70FL loaded with FM4-
64 were stimulated for 30s at 10 Hz and the fraction of re-
leased FM4–64 dye/puncta was measured. Boutons overex-
pressing Exo70FL displayed enhanced exocytosis (5.75 ±
0.19) compared to control boutons (4.30 ± 0.40) (Fig. 8a).
Also, the density of FM4–64 positive puncta increased signif-
icantly with the expression of Exo70FL (1.0 ± 0.22/μm) com-
pared with control (0.55 ± 0.07/μm) (Fig. 8a). This suggests
that the increased number synaptic puncta observed in Fig. 7
are likely to reflect active synapses.

When expression of endogenous Exo70 was downregulat-
ed, we observed a dramatic decrease in the efficiency of the
FM dye discharge (Fig. 8b) suggesting a specific role of
Exo70 in the presynaptic terminal. This together with the
presence of Exo70 in the presynapsis (colocalization with
Bassoon, Fig. 6a white arrows) and the increase of the FM
load/unload ratio observed with the Exo70 overexpression,
suggests a role of this subunit of the exocyst in the efficacy
of the release of the synaptic vesicles. It will be interesting to
investigate at what level of the synaptic vesicle cycle this
protein is participating; however, this is beyond the scope of
this article.

Exo70 Overexpression Increases Dendritic Spine
Density and Induces a More Mature Spine Phenotype

Excitatory synapses are often formed on the tips of dendrit-
ic spines, small protrusions present along the length of
neuronal dendrites. As Exo70FL was observed to increase
the number of functional synapses, it was of interest to
examine whether it also influenced the maturation and mor-
phology of dendritic spines. This was accomplished by co-
infecting neurons with two lentiviruses: one expressing
EGFP-β-Actin to visualize the spines and the second

Fig. 5 Endogenous Exo70 is associated to synapse junctions. The brains
from 12 weeks-old rats were fractionated by differential centrifugation
(see methods). Equivalent volumes of samples from each fraction were
loaded in order to determine molecular distribution of Exo70 protein.
Distribution of Exo70, the presynaptic scaffolding protein ERC2/

ELKS2 and the synaptic vesicle marker synaptophysin in the different
brain fractions. S2: supernatant 2; P2: pellet 2; MY: myelin; LM: light
membrane; SYN: synaptosomes; SV: synaptic vesicles; SM: synaptic
membranes; LR: lipid raft; PSD: postsynaptic density
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expressing mRPF-Exo70FL at the day of plating. Neurons
were then fixed at DIV 21 (Fig. 9a) representing a relative-
ly mature stage of neuronal development. Consistent with
an increase in synapse number (see Fig. 7a, b), we ob-
served that mRFP-Exo70FL significantly increased the den-
sity of dendritic spines (0.69 ± 0.02/μm) compared to con-
trol (0.57 ± 0.02/μm) (p < 0.005) (Fig. 9c).

During development, spinogenesis proceeds from initially
small filopodia-like appearance to more mature, i.e., stubby
and mushroom-shaped morphology. Our analysis of EGFP-
Actin/mRFP-Exo70FL expressing neurons revealed that
Exo70FL overexpression decreased the density of filopodia
(control, 0.34 ± 0.01/μm; Exo70FL, 0.10 ± 0.01/μm) (Fig.
9d) as well as the average spine length (control, 1.85 ±

Fig. 6 Endogenous Exo70 is found in both pre- and postsynaptic com-
partments. Rat hippocampal neurons were fixed at DIV 21 and immuno-
stained for a Exo70, the presynaptic marker Bassoon and the dendritic
marker MAP2, or b Exo70, the postsynaptic density protein Shank2 and
MAP2. Exo70 co-localized with Bassoon in MAP2 free neurites (white
arrows), and on structures that appear to be dendritic spines aligned with

Bassoon-positive presynaptic boutons (yellow arrowheads) in (a). Yellow
arrows in (b) show co-localization of Exo70 with Shank2. c 3D-
reconstruction and blend projection of confocal images of endogenous
Exo70, Shank2 and MAP2. d 3D-reconstruction of mRFP-Exo70 and β-
actin of images acquired by super-resolution microscopy
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0.05 μm; Exo70FL 1.39 ± 0.09 μm) (Fig. 9e), whereas the
width of the spine heads significantly increased (control,
0.64 ± 0.07 μm; Exo70FL, 0.94 ± 0.07 μm) (Fig. 9f). These
observations agree with the assumption that Exo70 promotes
the maturation of spines.

We analyze more thoroughly filopodia/spines development
by studying and comparing the number of filopodia and spines
in stages DIV 7, 15 and 21 in neurons overexpressing
Exo70FL. In Fig. 10a are represented neurons transducedwith
the bicistronic lentivirus containing GFP (pseudocolor in
gray) and Exo70FL. Quantification of filopodia and spines

shows that in control neurons filopodia increases with the
a g i n g c u l t u r e a n d d e c r e a s e i n c u l t u r e s
overexpressing Exo70FL (Fig. 10b). The number of spines
increases in both cases with the age of the culture but there
is a higher density of spines in DIV 15 and DIV 21 in neurons
that overexpress Exo70 compared to the control. These results
suggest that Exo70 induces early maturation of the spines,
probably due to the higher density of filopodia observed be-
tween DIV 7–15 with overexpression of the protein, but also
the overexpression of Exo70 results in more spines as seen in
DIV 15 and 21 compared to control neurons.

Fig. 7 Overexpression and downregulation of Exo70 alters synapse
density in hippocampal neurons. a, b Representative images showing
EGFP expression and immunostaining for synaptic marker proteins.
Neuronal cultures were transduced with bicistronic lentivirus expressing
Exo70FL at 0 DIVand fixed at DIV 15. Neurons were immunostained for
a Piccolo and b Shank3 to visualize pre- and post-synaptic sides, respec-
tively. Bottom panels correspond to magnifications of dendrite sections
marked in upper panels. Synaptic density was quantified in primary den-
drites with n = 20 neurons. Synaptic puncta intensity quantification was
carried out in three primary dendrites per neuron with OpenView3 soft-
ware. n = 10 neurons per experiment. Each experimental group included

3 independent experiments. Values represent means ± SEM. *p < 0.05,
***p < 0.005. A.U.: arbitrary units. c Neuronal cultures were transduced
with lentivirus expressing EGFP and Exo70-directed shRNA and EGFP
at DIV 0 and fixed at DIV 15. Representative images showing EGFP
expression and Piccolo staining. Lower panels; magnifications of dendrite
sections boxed in the above panel. Synaptic density was quantified in 3
primary dendrites per neuron, n = 15 neurons. Synaptic puncta intensity
quantification was carried out in total dendrite number per neuron. n = 10
neurons per experiment. Each experimental group included 2 indepen-
dent experiments. Values represent means ± SEM, ***p < 0.005. A.U.:
arbitrary units
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Interestingly, Exo70 seems to be located primarily at the tip
of the filopodia and spines throughout spinogenesis (Fig.S4).
For example, in representative epifluorescence images,
mRPF-Exo70FL was observed at the tip and along the shafts
of filopodia at DIV 7 and DIV 11 (Fig. S4). Likewise, mRPF-
Exo70FL accumulated in the head of mature dendritic spines
in DIV 21 neurons (Fig. S4). Analysis by super-resolution
microscopy revealed that mRPF-Exo70FL is indeed located
predominantly at the tip of filopodia and within the spine
heads of mushroom and stubby spines (Fig. 11a–d) consistent
with a role for Exo70 in synaptogenesis and maturation of
dendritic spines.

Discussion

The exocyst complex basic function is the tethering of secre-
tory vesicles during the process of membrane addition for
polarized outgrowth [54], and its protein components have
been involved in specialized membrane processes in neurons,
mainly in invertebrates. Here, we report on a more general role
of the exocyst and in particular Exo70 during dendritogenesis,
synapse and spine formation. We show that in the rat brain
Exo70 distributes with major synaptic protein fractions (Fig.
5). Therefore, we performed experiments aimed to modulate
the expression of Exo70 and evaluate its effect on neuronal
maturation including dendrite branching, and synapse forma-
tion and spine maturation. To this end, we employed an over-
expression and a knock-down strategy for Exo70 in primary
hippocampal neurons taking advantage of a third-generation
full-length HA-tagged Exo70. Lentiviral-mediated protein ex-
pression in cultured neurons by itself results in low and con-
stant expression and, more importantly, it does not affect net-
work activities [55]. Our results suggest that not only is
Exo70 expressed during early stages of neuronal morpho-
genesis within dendrites and synapses, but also seems to
play an active role in the arborization of dendrites, spine
morphogenesis and synapses formation, consistent with a
dynamic role for this exocyst component during the entire
neuronal development.

Exo70 and Dendrite Branching of Hippocampal
Neurons

In the present work, we show that Exo70 overexpression
increases the number of secondary and tertiary dendrites.
Conversely, inhibition of Exo70 expression by shRNA
resulted in a reduction of dendrite length, including pri-
mary dendrites. The fact that no effect is observed on
primary dendrites upon overexpression of Exo70, might
be due to the relatively slow onset of expression accom-
plished by the lentivirus system. In neurons transduced at
the day of plating, EGFP expression usually is not

observed before 3 DIV, a period that coincides with the
formation of the first neurites in hippocampal neuron
cultures as they transition from stage two to stage three
neurons [41]. A role in primary dendrite formation of
Exo70 seems to be unmasked upon attenuation of
Exo70 expression via shRNA knock-down of Exo70.
Though also here a lentivirus system is used, small con-
structs of shRNA may be expressed much faster than FL-
proteins. This would suggest a critical time window for
Exo70 action on primary dendrite branching during the
very first days in culture.

To the best of our knowledge, there is no report in
mammalian neurons involving the Exo70 protein in den-
drite arborization. However, several subunits of the
exocyst complex (Sec5, Sec6, and Sec8) have been
linked to dendritic growth and patterning in invertebrates
[23, 25]. In sensory PVD neurons of C. elegans, the
exocyst complex was proposed to act as an effector of
the GTPase Rab10 promoting docking and fusion of se-
cretory vesicles during dendrite growth and branching
[25]. In Drosophila class IV neurons, the knockdown
of Rab10 and Exo84 induced a reduction in the dendritic
arbor [25]. Intriguingly, knockdown of Rab10, and two
Exo70 interactors, Sec8 or Exoc84, did not alter dendrite
length in cultured rat hippocampal neurons but did lead
to a dramatic reduction in the density of dendritic spines
at 21 DIV [25]. Also, in Drosophila, a role was given to
the exocyst complex in the development of dendrites of
C4da neurons which elaborate highly complex dendritic
arbors [23]. In that study Ras opposite (Rop), the
Drosophila ortholog of mammalian Munc18-1, mediated
dendrite growth together with the exocyst subunit Sec5
and Sec6. Both Rop and the exocyst proteins were most-
ly found in primary dendrites, where exocytosis was the
main mechanism of membrane outgrowth driven for
these proteins. The authors postulated that terminal den-
dritic growth most probably depends on the diffusion of
material from primary dendrites [23].

In vertebrates, many molecules of diverse function have
been described to have a role in the growth and arboriza-
tion of dendrites [56]. These proteins include regulators of
transcription [57, 58], secreted proteins [59–63], regulators
of cytoskeletal dynamics [64–66], motor proteins [61, 67],
and proteins of the secretory pathway and endocytic path-
way [68, 69]. In these last studies it was reported that the
addition of lipids and proteins through exocytosis is funda-
mental for the growth of dendrites. In the case of Exo70,
there is only one report in hippocampal neurons where this
exocyst subunit participates in membrane expansion at the
axonal growth cone [26]; however, a role in dendrite arbor
as mentioned above has not been explored. Therefore, we
are the first to report a role of the Exo70 exocyst subunit in
dendrite growth and branching.
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Exo70 and Dendritic Spines Density and Maturation

In young cultures, we observed that Exo70 overexpression
induces filopodia formation. Since filopodia are the precursors
of dendritic spines, we decided to study Exo70 role on these
neuronal protrusions. The maturation of dendritic spines has
been extensively studied [70–73]. Shortly after initial axo-
dendritic contact, PSD-95 clusters emerge in motile filopodia
triggering its retraction to form a protospine that stabilizes the
nascent synapse [70]. This transition is seen in P4 juvenile rats

where synapses are forming. Thus, retraction of filopodia is
the process that neurons use to form excitatory synapses on
dendritic spines. Generally, filopodia are described as anten-
nas that cells use to explore their microenvironment, and in
neurons, it has been observed that filopodia have a role in
synaptogenesis [5]. In addition, Sekino and colleagues pro-
posed that filopodia are essential for dendritic spine formation
following initial axo-dendritic contact [3]. Unstable
protospines are often referred as learning spines. As they ma-
ture, they acquire a mushroom shape that appears more stable
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[74]. During this early phase, spine length is shortened, and
spine head enlarges. Increases in spine volume are closely
related to the accumulation of glutamate receptors [75] and

the reorganization of the actin cytoskeleton within spines [76].
Accordingly, we found that Exo70 overexpression increased
the number of mature spines and decreased the number of
filopodia in mature neurons. Within dendritic spines, much
of the overexpressed Exo70 was found at the spine head,
while the endogenous protein, detected by specific antibodies,
was localized within the spine shaft and head. The latter sug-
gests that Exo70 might define spine domains to attract incom-
ing vesicles with cargos. Exo70 increases the number of ma-
ture spines probably by regulating the delivery of functional
important postsynaptic proteins including glutamate receptors
[18, 75]. A cross-talk might occur among exocyst subunits at
spines since Sec8 and Exo70 have been found to mediate the
targeting and insertion of AMPA receptors, respectively [18].
Also, the delivery of NMDA receptors to the cell surface of
neurons is mediated by Sec8 [77]. Another link between the
exocyst and postsynapse formation has been recently de-
scribed. In that study, the small GTPase Ral was shown to
mediate synaptic activity with the recruitment of exocyst pro-
teins to postsynaptic zones of the NMJ of Drosophila. The
same was observed in cultured hippocampal neurons where
activated Ra1A increased Sec5 in spines together with an
increase in dendritic spine density [78]. Those observations
and the data presented in the present work suggest a role of the
exocyst in synaptic plasticity. A reorganization of the actin
cytoskeleton might also be involved [76] as Exo70 is known
to interact with Arp2/3 [31, 33] a protein complex which has
been shown to modulate spine maturation [79].

Fig. 9 Exo70FL overexpression promotes spine maturation in
hippocampal neurons. a Representative images showing the expression
of EGFP-β-Actin and mRFP-Exo70FL in primary neurons. Neuronal
cultures were transduced at DIV 0 with monocistronic lentivirus FUR-
Exo70-W and at DIV 1 with FUG-Actin-W expressing mRFP-
Exo70 and EGFP-Actin, respectively and fixed at DIV 21. b
Representative images of EGFP-β-Actin in control dendrites and after

co-expression with mRFP-Exo70 showing an effect in spine number and
morphology. c Quantification of dendritic spine density shown in (a) and
(b). d Quantification of filopodia density shown in (a) and (b). e
Quantification of length, and f head width of spines. All parameters were
quantified in three primary dendrites per neuron. Each experimental
group considered 2 independent experiments. Values represent means ±
SEM, n = 20 neurons per experiment. ***p < 0.005

�Fig. 8 Overexpression and downregulation of Exo70 alters recycling
vesicles sites in hippocampal neurons. a Representative images
showing EGFP (left panels) expression and FM 4–64 fluorescence
(middle panels). Neuronal cultures were transduced with lentivirus
expressing control-HA (upper panels) and Exo70FL (lower panels) at
DIV 0 and FM 4–64 uptake was tested at DIV 15. First, neurons were
depolarized as described in methods (Load) in the presence of FM 4–64.
To unload, neurons were washed thoroughly with a second depolarization
step. Images were obtained under load and unload conditions.
Magnifications of dendrite section stained with FM 4–64 dye as shown
as pseudocolor. Exocytosis ratio was calculated from FM 4–64 fluores-
cence intensity in load condition versus the fluorescence intensity in
unload condition (load/unload intensities) (see upper graph). The amount
of recycling vesicle sites was determined from the number of FM 4–64
puncta density after loading (see lower graph). b Representative images
showing neuronal cultures transduced with Exo70-shRNA at 10 DIVand
analyzed at DIV 15. Images were selected for measuring FM fluorescence
intensities using region of interest areas (ROI) of 1.5 × 1.5 μm (b, a`,
white arrow, pseudocolor to see recycling sites). ROI of the non-
transfected dendritic tree were used as depolarization control with KCl
(b, b`, red). c Graphs show unloading of the sites marked with FM 4–64
in neurons transfected with Exo70-sh-RNA (green; a`) and not
transfected as control (red; b`). The number of sites marked with FM
4–64 per neurite length is shown in the graph to the right. Images were
obtained using identical settings for laser power, confocal thickness, and
detector sensitivity. All measures were carried at room temperature
(25 °C). For the quantitation, 3 primary dendrites per neuron were used,
n = 8 neurons per experiment. Each experimental group included 2 inde-
pendent experiments. Values represent means ± SEM. ***p < 0.005.
A.U.: arbitrary units
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Fig. 11 Model proposed for the modulation of synaptogenesis and spines
by Exo70. Representative super-resolution images taken at 21 DIV show-
ing that Exo70 is associated with dendritic membranes (a), Exo70 is
located at the tip of filopodia (b, white arrow head), and in dendritic spine
heads (c). Examples show thin morphology (top), mushroom head shaped
(mid) and stubby (bottom) spines. d Model proposed of Exo70

modulation of filopodia and spines at dendritic processes. The process
is hypothesized to start with the recruitment of Exo70 to the plasma
membrane and induce the formation of the filopodia. After filopodia find
a synaptic companion they form a dynamic protospines. Subsequently,
spines canmature in synaptically active neurons. Exo70 could be detected
at all stages of spine maturation

Fig. 10 Effect of Exo70 over-expression on the temporality of filopodia/
spine maturation during neuronal development. a Hippocampal neurons
were transduced at the day of plating (0 DIV) with bicistronic lentivirus
expressing EGFP and Exo70FL, fixed and analyzed at DIV 7, 15, and 21
to quantified filopodia (white arrow) and spines development (yellow

arrow), b graph showing the quantification of filopodia and spines at
different days of cultures. Each experimental group considered 2 inde-
pendent experiments. Values represent means ± SEM, n = 20 neurons per
experiment. *p < 0.05, **p < 0.005
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Exo70 Role in Functional Synapses Density

The increase in dendrite branching and spine density was ac-
companied by a major synaptic puncta density of Piccolo,
Shank3, and an increase in FM dye-labeled puncta, suggesting
an increase in functional synaptic contacts. The number of
synaptic proteins might also be modulated by Exo70 since at
the level of individual synapses the intensity of Piccolo
puncta, but not Shank3 increased slightly with Exo70 overex-
pression. Interestingly, shRNA-mediated knockdown of
Exo70 decreased the density and intensity of synaptic puncta.

Additionally, the exocyst complex appears to extend
its function to the presynapse as two exocyst subunit
Sec6 and Sec8 were found associated with the tips of
growing neurites, filopodia and growth cones [21], as
well as within the presynaptic compartments [20], prob-
ably facilitating the delivery of vesicles to nascent active
zones. When we analyzed neurons of DIV 21 by immu-
nofluorescence with an antibody specific for Exo70, this
protein besides being in dendrites and spines, showed an
axonal dotted pattern that regularly colocalized with
Bassoon. The presence of Exo70 in axons is not unex-
pected since a previous report showed the presence of
Exo70 in an axonal growth cone preparation isolated
from rat fetal brain [26]. In the latter study Exo70 to-
gether with TC10 play a role in membrane expansion
regulated by IGF-1 in developing axons [26]. The pres-
ence and colocalization of Exo70 with Bassoon at mature
presynapses are intriguing and our FM dye data suggest
a role for this exocyst component in synaptic vesicle
release, something interesting to explore in future stud-
ies. No further studies have addressed the presence of
Exo70 at the presynapses of mature neurons.

Summarizing, the present findings position Exo70 in the
group of proteins that modulate neuronal dendritic tree. As
the presence of Exo70 appears to be both presynaptic and
postsynaptic, the effect of Exo70 on dendrite arborization
could be explained by its direct action in one of the synaptic
compartments or in both. In one scenery, postsynaptic
Exo70 might directly act on dendrite membrane expansion
through its well-known role in vesicular membrane exocy-
tosis. The latter situation is supported by the fact that Exo70
increased filopodia number in young DIV 7 hippocampal
neurons, a period of low synaptic contacts. Another situa-
tion could be that pre- and postsynaptic Exo70 interacts
directly with the machinery involved in the formation of
active zones and postsynaptic densities, respectively, in-
creasing the number of functional synapses and synaptic
activity, what in turn will modulate the dendrite arbor
[80–82]. Finally, the presence of Exo70 at the shaft and
head of dendritic spines argues in favor of a direct role in
the maturation of dendritic spines and a role in synaptic
plasticity.
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