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Alterations in the levels of synaptic proteins affect synaptic trans-
mission and synaptic plasticity. However, the precise effects on
neuronal network activity are still enigmatic. Here, we utilized
microelectrode array (MEA) to elucidate how manipulation of the
presynaptic release process affects the activity of neuronal net-
works. By combining pharmacological tools and genetic manipu-
lation of synaptic proteins, we show that overexpression of DOC2B
and Munc13-1, proteins known to promote vesicular maturation and
release, elicits opposite effects on the activity of the neuronal
network. Although both cause an increase in the overall number of
spikes, the distribution of spikes is different. While DOC2B en-
hances, Munc13-1 reduces the firing rate within bursts of spikes
throughout the network; however, Munc13-1 increases the rate of
network bursts. DOC2B's effects were mimicked by Strontium that
elevates asynchronous release but not by a DOC2B mutant that en-
hances spontaneous release rate. This suggests for the first time
that increased asynchronous release on the single-neuron level pro-
motes bursting activity in the network level. This innovative study
demonstrates the complementary role of the network level in ex-
plaining the physiological relevance of the cellular activity of pre-
synaptic proteins and the transformation of synaptic release
manipulation from the neuron to the network level.
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Introduction

Understanding the roles of specific proteins in synaptic trans-
mission at the level of single neurons is important, but ulti-
mately, neurons operate together in an ensemble (Brown
et al. 1990; Marom and Shahaf 2002; London and Hausser
2005). Neuronal microcircuits are comprised of neuronal net-
works interacting collectively to produce a functional output
(Cobb et al. 1995; Wang and Buzsaki 1996; Hausser et al.
2004; Grillner et al. 2005). Interestingly, small alterations in
the firing properties of single neurons can alter the activity of
the neuronal circuit (Sharma and Vijayaraghavan 2003;
London et al. 2010). However, the contribution of synaptic
proteins to neuronal network activity is almost completely
unknown. Therefore, understanding the contribution of sy-
naptic proteins to the activity of neuronal networks can eluci-
date the functional roles of the proteins and of the
mechanisms involved in network activity. Specifically, we are
interested in discovering how cellular manipulation of the
presynaptic proteins DOC2B and Munc13-1 affects the func-
tional properties of the neuronal network.

DOC2B and Muncl3-1 are interacting presynaptic proteins
which promote vesicle release (Betz et al. 1998; Augustin
et al. 1999; Groffen et al. 2006, 2010; Friedrich et al. 2008;
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Lou et al. 2008; McMahon et al. 2010). DOC2B enhances
spontaneous release and its effect depends on submicromolar
calcium concentration (Groffen et al. 2010 but see Pang et al.
2011), suggesting that its function depends on the activity of
the neuron (Friedrich et al. 2008; Groffen et al. 2010). Fur-
thermore, a recent study demonstrated a role for DOC2B in
the regulation of asynchronous neurotransmitter release (Yao
et al. 2011) as overexpression of DOC2B in wt neuronal cul-
tures specifically increased the slow phase of synaptic release.
Muncl3-1 enhances vesicle priming and its activity depends
on calcium, Calmodulin, and diacylglycerols (Betz et al. 2001;
Junge et al. 2004; Lou et al. 2008; Dimova et al. 2009; Shin
et al. 2010). As it regulates both Ca**-evoked and spontaneous
release, it has been assumed that it increases the fusion prob-
ability of releasable vesicles (Betz et al. 1998; Rhee et al.
2002; Lou et al. 2005, 2008; Basu et al. 2007). Furthermore,
the interaction between DOC2 proteins and Muncl3-1 in the
molecular level might have a positive role in regulating synap-
tic release (Mochida et al. 1998; Duncan et al. 1999). Thus,
DOC2B and Muncl3-1 utilize both different and interacting
molecular pathways to potentiate presynaptic vesicle release.

A growing body of evidence links between the spon-
taneous activity in neuronal cultures in vitro and the “up” and
“down” states displayed by the neocortex in vivo. Modulation
of the oscillation between up and down states during spon-
taneous activity in vivo has been observed during slow-wave
sleep, selective attention, and short-term memory tasks
(Goldman-Rakic 1995; Luck et al. 1997; Timofeev et al. 2000;
Shu et al. 2003). Therefore, elucidating the principles of spon-
taneous network activity and its manipulation in the culture
might contribution to understanding high-order functions in
the behaving animal (Chiappalone et al. 2009; Hinard et al.
2012). Specifically, carefully regulated presynaptic release by
synaptic proteins might serve as a general mechanism to tune
the synchronization of associated neuronal microcircuits
throughout the neocortex.

In this study, we present a novel platform to study the func-
tional role of synaptic proteins in neuronal network activity.
We used mouse primary cortical neurons cultured on micro-
electrode array (MEA) plates to investigate the impact of
DOC2B or Muncl3-1 overexpression on the spontaneous
activity of neuronal networks. These cultures form ex vivo
neuronal networks which, exhibit recurring patterns of syn-
chronized network-wide spiking activity, often referred to as
network bursts (Van Pelt et al. 2004; Eytan and Marom 20006;
Wagenaar et al. 2006; Baruchi and Ben-Jacob 2007). Our data
demonstrate that Munc13-1 and DOC2B have different effects
on the network activity and that by enhancing asynchronous
release, DOC2B exerts its properties to increase spiking
activity and elevate the synchronization between neurons
within network bursts.



Materials and Methods

Neuronal Culturing on Microelectrode Array

Cortical neuronal cultures were prepared from P1 and P2 newborn mice
(ICR strain). Cortical tissue was separated from the hippocampus and
incubated for 15 min with papain (100 U, Sigma-Aldrich, St. Louis, MO,
USA) in Ca**/Mg**-free Hank’s balanced salt solution (HBSS) (Beit
HaEmek, Israel). The tissue was then mechanically dissociated, and the
cells were plated in Neurobasal-A (Invitrogen, Carlsbad, CA, USA) sup-
plemented with B-27 (Invitrogen) GlutaMAX-I (Invitrogen), antibiotics
(penicillin-streptomycin, Invitrogen), and 5% fetal calf serum to
support glia growth on the day of culture preparation. On the following
day and twice a week thereafter, medium was exchanged with growth
medium, which was similar to the plating medium, but without the
serum. The cells were used for substrate-integrated MEA plates (Multi
Channel Systems, Reutlingen, Germany) or used for microisland prep-
aration (MEA plates were cultured at one million cells in a 100-pL drop
applied to the middle of the plate. Final cell density was estimated at
2500-3000 cells/mm?). Cultures were kept in an atmosphere of 5% CO,,
95% air at 37 °C and were recorded 2 weeks after plating (no significant
difference in culture age), before and after overexpression of the follow-
ing proteins: DOC2B separated by an internal ribosome entry sequence
(IRES) from enhanced green fluorescent protein (GFP) (DOC2B; 15 cul-
tures), DOC2BP?'822N separated by IRES from GFP (DOC2BP?!8:220N,
9 cultures), and Munc13-1 conjugated to GFP (Munc13-1; 11 cultures).
DOC2B and Munc13-1 recordings were compared to age-matched cul-
tures overexpressing GFP (9 cultures for DOC2B and 12 cultures for
Muncl13-1). Strontium experiments were performed on naive cultures
that were applied with 2 mM Strontium (Sigma) and 4 mM EGTA
(Sigma) to replace the existing Ca*" ions in the external solution (Xu-
Friedman and Regehr 2000). To allow long-term (hours) recordings
before and after virus application, custom-made incubation chambers
consisting of a glass cylinder and a plastic ring were glued to MEA
plates with Sylgard® 184 (Dow Corning, Midland, MI, USA). The MEA
plates used in this study consisted of 60 Ti/Au/TiN+R electrodes of 30
pm diameter and 500 pm spacing and were pretreated with polyethyle-
neimine (PEI, 1:5000, Sigma-Aldrich) to promote neuron adhesion.

Molecular and Genetic Manipulations

Protein levels were manipulated by viral overexpression which was
carried out by Semliki infectious virions (Ashery et al. 1999) encoding
DOC2B-IRES-GFP, DOC2B?'®??°N_IRES-GFP (Friedrich et al. 2008),
or Munc13-1-GFP virus (Betz et al. 1998). Control virus encoded only
GFP. Virus preparation was described by Groffen et al. (20006).

MEA Data Acquisition and Imaging System

The MEA plate was placed in an MEA1060-Inv-BC-Standard amplifier
(Multi Channel Systems) with frequency limits of 200-5000 Hz and
sampling rate of 10 kHz per electrode. All recordings were performed
in growth medium ([Ca®*]=1.8 mM, Invitrogen). While recording, the
plate was placed on a heating element embedded in the amplifier to
ensure a stable 37°C temperature. The incubation chamber was
covered with a stainless-steel apparatus that delivered the atmosphere
from the incubator via silicone tubes and allowed long-term recordings
of neuronal network activity. Activity was monitored continuously and
spike cutouts were collected and saved to a personal computer via MC
Rack software (Multi Channel Systems). The MEA amplifier was
mounted on an Olympus IX71 inverted microscope. Time-lapse images
were acquired every 15 min with a Retiga SRV digital CCD Camera (QI-
maging, Surrey, BC, Canada) which was controlled by CellAF imaging
software (Olympus). X-Cite fluorescent system delivered UV light to the
microscope (X-Cite 120PC Q, Lumen Dynamics Group, Inc., Mississau-
ga, ON, Canada). A simple self-built switch box allowed time-lapse
imaging that combined bright-field and fluorescent images.

MEA Data Analysis and Visualization

Acquired data were further processed and analyzed with MATLAB
(The Mathworks, Inc.). Spike cutouts of 3 ms triggered with a
threshold of 5-7 standard deviations above noise level for each
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electrode were collected and saved, and the time stamps of each spike
cutout were grouped by electrode, and used to identify network bursts.
Color-coded raster plots were generated by calculating the average inter-
spike interval for each spike (calculated from the average interval of the
spike from the following and preceding spike). Network-burst profiles
were generated from network-burst raster plots by averaging the firing
rate over all the bursts. Hence, the firing rate in the network-burst pro-
files was also normalized to the number of active electrodes to avoid
inter-recording bias (see below and Eytan and Marom 2006). Synchroni-
zation was calculated from the average pairwise Pearson correlation for
all the electrodes that were active in the network bursts. Synchroniza-
tion was then standardized by the firing rate and normalized to be com-
parable between the different conditions. Electrode participation in
network bursts was calculated for each recording and from it the “full-
blown” network bursts were defined as those in which >50% of the elec-
trodes recorded spiking activity.

Network-Burst Detection

The algorithm was based on user-defined parameters and was similar
to that used by Eytan and Marom 2006 (see also Pasquale et al. 2010).
Briefly, potential network-burst peaks were identified when the firing
rate of the active electrodes in the array crossed a predefined
threshold (usually between 1% and 5% of the maximum firing rate in
the entire recording; active electrodes were defined as electrodes
which recorded an average firing rate >0.02 s™" throughout the entire
recording). Next, burst initiation and termination times were ident-
ified by defining the maximum allowed interspike interval inside the
burst (usually 100 ms). Finally, duplicate bursts, short bursts (by burst
duration threshold: 3 ms), weak bursts (by threshold for minimum
number of spikes: 6 spikes) and limited bursts (by threshold for
minimum number of participating electrodes: 3 electrodes) were
removed. Overlapping bursts were united. The burst identification
algorithm was based on the above parameters and was slightly ad-
justed manually to capture all bursts in the recordings and identify
“aborted” and full-blown bursts (as described at Eytan and Marom
2000).

Computational Model

A leaky integrate-and-fire postsynaptic neuron was modeled using a
custom-written MATLAB script. The model simulated the voltage trace
of the postsynaptic neuron as it received excitatory input at various
frequencies from 10 presynaptic neurons. Each presynaptic input was
transformed into a postsynaptic change in membrane voltage [excit-
atory postsynaptic potential (EPSP)] with a predefined decay coeffi-
cient. The parameters used to model the synaptic input were taken
from experimental current-clamp recordings of paired hippocampal
neurons (EPSP decay coefficient: 52 ms, EPSP amplitude: 7 mV), and
the input frequencies were calculated for every presynaptic neuron
from a Poisson distribution (baseline-evoked release frequency:
0.5+0.05 Hz). For each run of the simulation, input frequency was
shifted for 5 s from baseline frequency to 0.5, 1, 2, 4, or 5 Hz and after-
ward shifted back to baseline frequency. Asynchronous release was
simulated by changing the presynaptic input synchrony. Increased
asynchronous release was modeled as additional presynaptic input
events with lower amplitude. The amplitude of the additional asynchro-
nous presynaptic input decayed with an exponential decay coefficient
ranging from 10 to 100 ms. Quantitative data for the computational
model were taken from the average of 30 independent runs of the
simulation for each presynaptic asynchronous decay coefficient.

Microisland Experiments Preparation

Microisland cultures were prepared as follows: Briefly, 0.15% agarose
was spread on 18-mm coverslips and allowed to dry. Then, a custom-
made stamp was used to apply dots of substrate mixture (0.6 pg rat
tail collagen; BD Biosciences, Franklin Lakes, NJ, USA) and 0.3 pg
poly-p-lysine (Sigma) in sterile water. Cells were prepared as de-
scribed above and were plated onto the coverslips (150 000 cells/mL).
Under these conditions, the neurons grew on collagen/poly-p-lysine
dots and formed networks of 20-100 cells. Two weeks after plating,

Lavi et al.



the neurons were infected with Semliki Forest virus carrying either
GFP or DOC2B-IRES-GFP. Experiments were performed 6-8 h after
infection.

Microisland Electrophbysiology

The spontaneous excitatory postsynaptic currents (mEPSCs) were
measured using a EPC-9 patch clamp amplifier (Heka Instruments,
Lambrecht, Germany) and acquired on a Macintosh PPC computer
running Pulse Software (Heka Instruments). The bath solution con-
sisted of (in mM): 140 NaCl, 3 KCl, 2 CaCl,, 1 MgCl,, 10 HEPES,
2 mg/mL glucose, pH 7.3-7.4, osmolarity adjusted to 305 mOsm. For
mEPSC recordings, the bath solution was supplemented with 1 uM te-
trodotoxin (TTX) and 50 pM picrotoxin (PTX). The pipettes were
filled with the intracellular solution consisting of (in mM): 135 KCl,
5 glucose, 10 HEPES, pH 7.3, osmolarity 284 mOsm. Holding poten-
tial was —60 mV; series resistance compensation was usually kept at
70-80%. Only cells with series resistance of <15 MQ were analyzed.
All analyses were performed utilizing the Igor Pro software package
(Wavemetrics, Portland, OR, USA) and custom-written macros. Detec-
tion of mEPSCs was based on threshold crossing (6 times standard
deviation from baseline noise) and first-derivative algorithm.

Western Blotting

Western blot experiments were performed according to standard pro-
cedures. In general, cortical cultures were infected with Semliki
Forest virus carrying DOC2B-IRES-GFP (6 cultures) or Munc13-1-GFP
(3 cultures) and 7 h later, proteins were extracted by a solubilization
buffer. The protein extracts (~70pug protein) were run on an
SDS-polyacrylamide (12%) gel and then transferred to nitrocellulose
membrane by electroblotting. After blocking, the membrane was incu-
bated with the following primary antibodies (incubated in 1% bovine
serum albumin with 0.05% azide): rabbit anti-DOC2B (1:500), rabbit
anti-Munc13-1 (1:2000), rabbit anti-Synaptotagmin-1 (1:1000), mouse
anti-clathrin heavy chain (1:1000), rabbit anti-B-tubulin (1:500), rabbit
anti-NV-methyl p-aspartate receptor 2B (NR2B; 1:400), rabbit anti-
tomosyn (1:2000), mouse anti-glutamate receptor 2 (GluR2; 1:1000),
rabbit anti-Munc 18-1 (1:1000), rabbit anti-postsynaptic density-95
(PSD95; 1:1000). Next, the membranes were incubated with the
appropriate secondary horseradish peroxidase-conjugated antibody
and detection was performed using enhanced chemiluminescence sol-
ution (Pierce, Idaho, IL, USA) and exposure to Super RX film (Fujifilm,
Tokyo, Japan). DOC2B and Munc13-1 protein quantities were normal-
ized to the quantity of Clathrin heavy chain protein and B-tubulin
(respectively), which was not affected by viral overexpression.

T

1 ytochemical Staining

Neuronal cultures were plated onto coverslips pretreated with PEIL
(1:5000, Sigma; 300 000 cells/mL) and maintained at 37 °C in growth
medium for 2 weeks, as described above. Cultures were then infected
with the DOC2B-IRES-GFP or Muncl3-1-GFP-carrying Semliki Forest
viruses. Next, cultures were fixed in 4% paraformaldehyde for 45 min,
permeabilized with 0.2% Triton X-100 for 5 min and blocked for 1 h
in normal goat serum (200 pg/mkL), all at RT. Thereafter, cultures were
incubated with primary mouse anti-neuronal nuclear protein antibody
(NeuN, 1:20, Millipore, Billerica, MA, USA) or primary mouse anti-
Glutamate decarboxylase 67 protein antibody (GADG67, 1:1000, Milli-
pore) and labeled with the relevant secondary 568 nm Alexa Fluor®
antibody (1:1000, Invitrogen). Finally, all cultures were incubated for
5 min with Hoechst dye to stain cell nuclei and coverslips were
mounted on slides. Control stains were as described above but lacked
the primary antibodies.

Immunocytochemical Imaging and Analysis

Fluorescent images were acquired with a Nikon DS-Fil camera
mounted on a Nikon 80i microscope. Images were taken at 20x mag-
nification through FITC, TRITC, and DAPI filters. To subtract nonspe-
cific staining, we used control coverslips, which lacked the primary
antibody, and lowered the exposure to minimum. Neuronal infection

efficacy, defined as the percentage of neurons that were infected, was
determined from 12 cultures infected with the DOC2B-IRES-GFP
Semliki Forest virus and 8 cultures infected with the Munc13-1-GFP
Semliki Forest virus. Infection of inhibitory neurons was determined
from 11 cultures infected with the DOC2B-IRES-GFP Semliki Forest
virus and 8 cultures infected with the Munc13-1-GFP Semliki Forest
virus. We analyzed the images with Image-Pro Plus software (Media
Cybernetics, Silver Spring, MD, USA) by presetting a threshold for
every antibody. All analyses were inspected manually.

Results

Efficient Expression of DOC2B in Microelectrode

Array Plates

In order to investigate the role of synaptic proteins in neur-
onal network activity, we first set up the MEA system with the
DOC2B protein (the same method was later applied to
Muncl3-1). DOC2B is known to regulate both the spon-
taneous miniature neurotransmitter release (minis) (Groffen
et al. 2010; Pang et al. 2011) and the asynchronous phase of
synaptic release from single neurons (Yao et al. 2011).
To clarify the effect of DOC2B on neuronal networks, we
overexpressed DOC2B in high-density cortical mouse neur-
onal networks (~2500-3000 cells/mm?, see Materials and
Methods section). Neurons were cultured on MEA plates and
recorded after 2 weeks, before and after overexpression of
DOC2B-IRES-GFP or the control protein GFP in cultures pre-
pared from the same animals (Fig. 14). To understand the
effect of DOC2B on neuronal networks, we examined its
effect on spontaneous network activity. Each MEA plate con-
sisted of 59 recording electrodes, each capable of recording
the activity of several neurons (Fig. 1B). Spike cutouts were
extracted from each recording electrode by adjusting a prede-
fined threshold and were analyzed with custom-written
MATLAB algorithms (see Materials and Methods section).
Data were visualized by raster plots, in which each row indi-
cates the activity recorded by a single electrode, and each
black bar represents a neuronal spike (Fig. 1B). Typical spon-
taneous activity consisted of periods of increased network-
wide burst activity followed by interburst periods with de-
creased activity; Figure 1B corresponds to 3 short network
bursts (the left one is boxed in dark gray) separated by 2
longer periods of decreased interburst activity.

As we wanted to see a clear network effect and to minimize
adaptation processes, we aimed at a fast and efficient
expression that would alter DOC2B levels in a large number
of neurons collectively. We compared the chemical-based
transfection method with 2 virus-based infection systems: the
Lentivirus system and the Semliki Forest virus system.
Chemical-based transfection proved to be fast but resulted in
very low efficiency. On the other hand, the Lentivirus system
led to very high infection efficiency but had a lag of 24-48 h,
which can result in more significant adaptation processes oc-
curring in the network (Lazarevic et al. 2011). In contrast, the
Semliki Forest virus expression system was fast (reaching
high expression levels within few hours) and resulted in a
homogeneously high infection rate that favored neuronal in-
fection over glial infection and promoted a network-wide
effect (Supplementary Fig. S1). To characterize the time
course of DOC2B expression in the neuronal network, we
quantified the increase in DOC2B expression levels by
western blot analysis and compared the results with the time
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Figure 1. Cortical network on microelectrode array (MEA) overexpressing DOC2B. (A) Fluorescent cells overexpressing DOC2B and GFP on a MEA plate show high infection
efficiency. The black circle is a 30-um-diameter electrode embedded in the MEA plate (scale bar 100 um). (B) Raster plot of spontaneous network activity recorded from the
MEA plate consisting of periods of network-wide synchronized activity in the form of network bursts followed by periods of relative quiescence. Each black bar denotes a spike.
Each row represents the activity recorded by a single electrode. One of the network bursts is enclosed in a dark gray square (right: zoom in on the single network burst
demarcated with a dark gray square on the left) showing the high levels of activity in most electrodes at the beginning of the burst that ceases gradually. (C) Western blot (WB)
analysis 3, 5, 7, 9, and 11 h after application of the DOC2B virus shows a gradual increase in DOC2B expression levels with no change in the level of the control protein (clathrin
heavy chain, CHC). (D) Integrated analysis of GFP fluorescence and DOCZB protein levels as extracted by the WB analysis shows that DOC2B expression starts already 3-5 h
after infection (right axis), concomitant with the increase in GFP fluorescence intensity over time (left axis). () Excitatory spontaneous activity (mEPSC) recorded in the presence
of TTX and PTX from neurons in microislands overexpressing DOC2B (DOC2B, top trace) or the control green fluorescent protein (GFP bottom trace). (F) DOC2B overexpression
increased mEPSC frequency but did not change the amplitude of single mEPSCs (**P < 0.01, Student's t-test, 14 DOC2B and 12 GFP cultures).

course of GFP fluorescence increase following DOC2B-IRES-
GFP infection using time-lapse imaging. Western blot analysis
demonstrated that the expression level of DOC2B starts to in-
crease 3 h after infection, reaching ~12-fold increase after 6 h
(Fig. 1C,D; n=6 cultures). Accordingly, GFP fluorescence
began to increase as early as 3—4 h after infection and contin-
ued to increase linearly up to 8 h (=4 cultures, Fig. 1D). We
thus performed all our measurements 5-7 h after infection
with the Semliki Forest virus and visually confirmed GFP flu-
orescence in each recording. We assume that DOC2B is
already localized in synapses at the time of experiments as
previous work by Groffen et al. (2006) showed that 6-9 h
after infection DOC2B was already localized in synapses. Im-
munofluorescence quantification of NeuN, a neuronal nuclei
marker, in neuronal cultures infected with the DOC2B-
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expressing virus showed infection was restricted mainly to
neurons (Supplementary Fig. S14, 86.5 = 1.2% of the cells that
were infected by the virus were neurons) and that ~50% of
the neurons in the network were infected by the virus
(50.8+1.8%, n =12 cultures). To rule out effects on the levels
of other synaptic proteins, we used western blot to analyze
the expression levels of key presynaptic and postsynaptic pro-
teins and found that the levels of Munc18-1, Munc13-1, Sy-
naptotagminl, Tomosyn, NR2B, GluR2, Clathrin heavy chain,
and PSD95 were not altered following DOC2B overexpression
(Supplementary Fig. S10).

To verify that DOC2B overexpression enhanced spon-
taneous release in our system, as previously described by
Groffen et al. (2010), we recorded spontaneous neurotrans-
mitter release by patching a single neuron in small neuronal
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networks consisting of 20-100 cortical neurons grown on mi-
croislands (Lau and Bi 2005) in the presence of TTX and PTX.
As expected we found a 2- to 3-fold increase in the frequency
but not in the amplitude of excitatory mini release (mEPSC)
following DOC2B overexpression (5.7 + 0.8 Hz in 14 DOC2B-
expressing microislands compared to 2.4+0.6Hz in 12
control GFP microislands; mean+SEM; P<0.01 Student’s
t-test; Fig. 1E,F).

DOC2B Overexpression Increases Firing Rate

Within Network Bursts

Understanding the effect of DOC2B overexpression on the
activity of neuronal networks cultured on MEA plates was
done by recording 1 h of spontaneous activity before DOC2B
expression and 1 h of spontaneous activity 5-6 h after the in-
troduction of the DOC2B-carrying virus. Hence, each exper-
iment had its internal control in the form of activity before the
application of the virus. Control recordings were done in a
similar manner on neuronal networks expressing the
GFP-carrying virus. For each recording, we generated color-
coded raster plots, based on the average interspike interval
for each spike in each electrode (Fig. 24; 120 s of a sample
recording before and after DOC2B overexpression). DOC2B
overexpression increased the global spike rate (49 +10%,
P<0.001 Student’s t-test; Fig. 3E) and the activity within
network bursts, but did not change the frequency of network
bursts (Fig. 2B; firing rate profile of the activity shown in
Fig. 2A4). Specific analysis of network bursts (Fig. 2C; single
network bursts from each sample recording displayed at
Fig. 24) showed that DOC2B overexpression not only signifi-
cantly increased the firing rate within the network burst (i.e.,
more spikes in each network burst; 24 + 6%, P<0.01 Student’s
t-test; Fig. 3E), but it also significantly increased the number
of electrodes participating in the network bursts (i.e., the
number of electrodes recording neuronal activity in the
network bursts was increased; 8 + 2%, P<0.01 Student’s #-test;
Figs 2C and 3E). Surprisingly, DOC2B did not enhance the
average number of spikes between network bursts (10 + 33%)
and did not change the interburst interval (-12+11%).
Notably, the control GFP virus did not induce any significant
change in the burst activity parameters (Figs 2D and 3E, light-
gray bars). We further examined the effect of DOC2B on the
spiking pattern within network bursts by generating network-
burst profiles (see Materials and Methods section and Eytan
and Marom 20006). We aligned all network bursts in a single
experiment to their time of initiation and averaged the firing
rate throughout the network burst (Fig. 34; sample recording
before and after overexpression of DOC2B). In the specific
example shown in Figure 34, it is clearly seen that the
network-burst profile reached higher values after DOC2B
overexpression while the duration was not significantly
altered (4 +3%). To quantify these effects, we averaged all
DOC2B recordings before and after DOC2B overexpression
(Fig. 3B). The network-burst profiles reached peak activity
within approximately 100-150 ms from the beginning of the
burst and then decayed slowly up to 1.5 s (Fig. 3B). Examin-
ation of the average network-burst profiles before and after
introduction of DOC2B showed a 19% increase in the average
firing rate that began around the burst’s peak (Fig. 3B, full
arrow) and lasted throughout the burst (Fig. 3B; for each re-
cording, the firing rate was averaged by the number of

recording electrodes to avoid inter-recording bias, see
Materials and Methods section for more details). In contrast,
GFP overexpression caused a slight insignificant decrease in
average burst firing rate.

Baseline MEA recordings showed high variability in spon-
taneous activity between different neuronal cultures. To over-
come this variability and isolate the contribution of DOC2B to
the spiking burst profile, we subtracted the burst profile
before DOC2B of each recording from that after DOC2B over-
expression and averaged over all DOC2B recordings. The
same procedure was also performed for the GFP-expressing
cultures. It is clear that DOC2B networks show an increase of
up to 6.7 Hz per electrode in average firing rate (Fig. 3C,
ADOC2B, black trace) throughout the network burst while
GFP networks show almost no change (Fig. 3C, AGFP, light-
gray trace). These data, together with the finding that DOC2B
does not enhance spike activity between the network bursts
suggest an activity-dependent contribution of DOC2B to the
neuronal network activity.

The Regulation of Asynchronous but Not Spontaneous
Release by DOC2B Enbances Activity Within Network
Bursts

DOC2B has been shown to positively regulate nonsynchro-
nous synaptic release by enhancing both spontaneous neuro-
transmitter synaptic release (Groffen et al. 2010; Pang et al.
2011) and asynchronous synaptic release (Yao et al. 2011). To
understand which of these molecular features elicits the effect
on neuronal network activity, we utilized a combination of
pharmacological and genetic manipulation tools. To mimic
the effect of enhanced asynchronous release, we applied
Strontium, which is known to increase asynchronous synaptic
release (Goda and Stevens 1994; Xu-Friedman and Regehr
1999) on wt cultures. To mimic the effect of enhanced spon-
taneous release, we overexpressed the constantly active
DOGC2BP?18220N 53 mutated form of DOC2B, which has been
previously shown to increase mini release in a calcium-inde-
pendent manner 3 times greater than DOC2B overexpression
(Groffen et al. 2010). We performed the analysis described
above and extracted the network-burst profiles to isolate the
effect of DOC2BP?'%22°N expression and Strontium appli-
cation on the activity of neuronal networks. Our results de-
monstrated that application of Strontium not only significantly
increased the global firing rate (133 + 28%, P<0.01 Student’s
t-test; Fig. 3E) but also increased the firing rate within
network bursts (Fig. 3D dark gray) in a manner very similar
to the effect of DOC2B but with higher intensity (172 +32%
increase in the number of spikes and 44 + 10% increase in the
number of electrodes which record neuronal activity in
network bursts; P<0.01 Student’s t-test; Fig. 3D,E) and with
an up to 35-Hz increase in firing rate within the network
bursts. It should be noted that application of low concen-
trations of Strontium elicited smaller elevation in burst activity
mimicking more accurately DOC2B effects (Supplementary
Fig. S2), and the effect also showed linear correlation with
Strontium concentration. In contrast to the Strontium effects,
DOGC2BP?18220N expression substantially decreased the firing
rate within network bursts and the participation of neurons in
the network bursts (—=39+8% decrease in the number of
spikes and —18+5% in the number of electrodes which
record neuronal activity in network bursts; P<0.05 Student’s
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Figure 2. DOC2B overexpression increases average firing rate and the number of electrodes which participate in neuronal network bursts. (4) Color-coded raster plots displaying
2 min of spontaneous activity before (left) and after (right) overexpression of DOC2B. For every electrode (in each row), each spike is colored by the average interspike interval (1/
ISI; electrodes are ordered by activity level, most active electrodes at the top). (B) Firing rate of spontaneous network activity shows an increase in the global firing rate (spike/s
normalized by the number of active electrodes; taken from the same 2 min in A). (C.0) Color-coded raster plots focused to single networks burst emphasize the effect of DOC2B
(C) and GFP (D) on network activity (taken from the same 2 min in A). (C) Following DOC2B overexpression, the spiking frequency in the network burst increases and more
electrodes participate in it. (D) Following control GFP overexpression, the spiking frequency in the network and the number of participating electrodes do not change considerably.

t-test; Fig. 3E). These results suggest that enhancing asynchro-
nous release increases firing rate during neuronal network
bursts and that the enhancement of network-burst activity by
DOC2B stems from its effect on asynchronous but not from
spontaneous release. We therefore assumed that DOC2B over-
expression and Strontium application would induce
additional similar effects on the network activity that were un-
covered in the following experiments.

To verify our assumption, we performed a more detailed
analysis on the 2 postulated modes of activity of DOC2B.
First, we analyzed the percentage of electrodes that partici-
pate in the network bursts. We created cumulative histogram
representing the percentage of electrodes that were active in
each burst. Evidently, following DOC2B overexpression and
Strontium application, the ratio of electrodes which partici-
pate in network bursts increased, as indicated by the right-
shifted curve (Fig. 4A4). However, overexpression of
DOC2BP?'822N  ghifted the curve leftward and hence
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decreased the participation of electrodes within network bursts.
To better quantify these results, we used the method described
by Eytan and Marom (2006) to identify full-blown and aborted
network bursts. Bursts in which >50% of the electrodes partici-
pated were defined as full-blown bursts and bursts in which
<50% of the electrodes participated were defined as aborted
network bursts (Fig. 4B; full-blown bursts in black, aborted
bursts in gray). DOC2B overexpression (Fig. 4B) and Strontium
application significantly increased the ratio of full-blown bursts
supporting the hypothesis that they induce a similar mode of
action in the network level (Fig. 4C; *P<0.05 **P<0.01 Stu-
dent’s t-test). In contrast, DOC2BP218220N qeocreased this ratio
compared with GFP control cultures. Higher ratio of full-blown
bursts suggests that the same input that drives the network
burst recruits more neurons for the network burst (Eytan and
Marom 20006). This might come from enhanced synaptic trans-
mission or from an increase in the activation of previously sub-
threshold nonactivated neurons (perhaps due to accumulation

Lavi et al.
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Figure 3. Sustained DOC2B effect throughout the network burst. (A) A sample network-burst profile before (gray) and after (black) DOC2B overexpression shows the average
firing rate throughout the network burst. DOC2B overexpression increases the average firing rate, specifically around the burst peak. (B) Average network-burst profiles from all
DOC2B recordings before and after overexpression of DOC2B (gray and black traces, respectively; n = 15 DOC2B networks) show an increase in firing rate throughout the
network burst. (C) To isolate the contribution of DOC2B to network activity for each experiment, the activity profile before DOC2B was subtracted from the activity profile after
DOC2B and ADOC2B profile was generated (black trace) and averaged for all DOC2B experiments. The same procedure was applied to generate the AGFP profile (light-gray
trace). As indicated by the black trace, following DOC2B overexpression, the average firing rate is higher throughout the burst while the AGFP profile displayed little change.
(D) Average A network-burst profiles for Strontium application (dark-gray top trace; n = 6 Sr>* networks) and DOC2B2'®220N overexpression (light-gray bottom trace; n = 9
DOC2BP2"8220N network). Strontium application increases network-burst firing rate while DOC2B2'8220N overexpression decreases network-burst firing rate. (F) Average change in

global and burst parameters supports the profiles analysis in D and shows a significant

increase in number of spikes and the number of neurons participating in network bursts for

DOC2B overexpression and Strontium application and a significant decrease in the same parameters for DOC2B2'822N overexpression (comparison of each recording to itself
prior to manipulation; 15 DOC2B recordings, 9 GFP recordings; 6 Strontium recordings, 9 DOC2B2'8220N recordings; *P < 0.05, **P < 0.01, ***P < 0.001, Student’s t-test).

of activity induced by the enhanced asynchronous release). In
any case, it would suggest that the same synaptic output pro-
duced by the driving force of the network bursts now activates
more neurons within the burst and the output/input ratio
within the network burst increases (Eytan and Marom 20006;
Eckmann et al. 2008).

Next, we analyzed the network synchronization in the
different experimental conditions. Synchronization is a funda-
mental feature of neuronal network activity, allowing it to
generate various activity rhythms and transmit information
(Cobb et al. 1995; Wang and Buzsaki 1996). We further

investigated the interaction of spiking activity of neurons
within the network burst by analyzing the network synchroni-
zation with the average pairwise Pearson correlation (Fig. 54;
as described in the Materials and Methods section). The syn-
chronization was normalized by the number of participating
electrodes and the firing rate of each burst to isolate the syn-
chronization pattern. To account for interculture variability,
we subtracted the synchronization before manipulation from
the synchronization after manipulation and averaged over all
recordings. Cultures overexpressing DOC2B and cultures with
Strontium displayed a significant increase in synchronization,
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no change and DOC2BP%'8-220N

primarily around the burst’s peak. However, cultures expres-
sing DOC2BP?1822N exhibited a reduction in average syn-
chronization (Fig. 5B).

Taken together, the results above suggest that the effect of
DOC2B overexpression on neuronal network activity is
similar in several aspects to the effect elicited by Strontium
application. As the increase in Strontium concentration is line-
arly correlated with the increase in peak network-burst firing
rate (Supplementary Fig. S2), we suggest for the first time
that, by promoting asynchronous release in the neuronal
level, DOC2B increases the synchronization on the network
level. To understand how an increase in asynchronous release
in the neuronal level could account for increased activity
during network bursts, we utilized a computational model.

Our model was based on a postsynaptic neuron, which re-
ceives inputs from 10 presynaptic neurons (presynaptic
events) and integrates them to changes in its membrane
potential (EPSPs; Fig. 64; leaky integrate-and-fire neuron). If
the membrane potential passed a specific threshold (Fig. 6B;
dashed line), the neuron fired an action potential and the
number and frequency of action potentials were measured as
the output of this neuron. The model simulated the response
of the neuron to presynaptic inputs at low-frequency between
bursts (0.5 Hz; baseline condition from 10 presynaptic
neurons) and high-frequency within bursts (1-5Hz). We
simulated the increased asynchronous release as additional
presynaptic events with lower amplitude that decayed expo-
nentially (see Materials and Methods section) and tested the
number of action potentials elicited by the postsynaptic
neuron under various frequencies of presynaptic events
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networks show a decrease in the ration of full-blown bursts.

(Fig. 6B; various burst intensities). It was clear that increased
asynchronous release rendered the neuron more sensitive to
presynaptic events, and thus it became more active at lower
input frequencies (Fig. 6B). Consequently, the same input
spike frequency caused the neuron to generate more action
potentials as the contribution of the asynchronous release in-
creased. Interestingly, a 10-fold increase in asynchronous
release, which markedly increased the action potential elicited
within bursts, did not cause the neuron to generate action
potentials at baseline condition (i.e., between bursts; Fig. 6C;
0.5-Hz simulated baseline condition between bursts). This
model could explain how an increase in asynchronous release
by DOC2B and Strontium can increase the network-burst
activity within the bursts without increasing the firing rate
and the number of spikes between network bursts.

Muncl3-1 Overexpression Decreases Network Burst

Firing Rate but Increases Network-Burst Frequency

Both DOC2B and Muncl3-1 are known as proteins that
promote synaptic transmission, albeit in different mechan-
isms. While DOC2B enhances spontaneous and asynchronous
release (nonsynchronous), Muncl3-1 is known to enhance
vesicle maturation and priming of synaptic vesicles in general
(Betz et al. 1998; Augustin et al. 1999; Tokumaru and Augus-
tine 1999; Ashery et al. 2000; Lou et al. 2005, 2008; Weimer
et al. 2006). We utilized the Semliki Forest virus to express
Munc13-1-GFP in neuronal cultures plated on MEAs and com-
pared its effect on network activity to cultures infected with
GFP virus (recording was performed in the same manner as
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(*P < 0.05, **P < 0.01, ***P < 0.001, ANOVA for repeated measurements).

described above for DOC2B). As with DOC2B, we verified the
expression efficiency and found that 37% of the neurons were
overexpressing Munc13-1 along with a 2-fold increase in the
expression level of Muncl3-1. Examination of the spon-
taneous network activity recorded before and after Munc13-1
overexpression produced several findings: first, an increase in
the total number of spikes per minute as predicted from a
protein that enhances synaptic release (18 + 6%, P<0.05 Stu-
dent’s i-test). In addition, we discovered 2 interesting changes
in the pattern of the network bursts: a significant decrease in
firing rate within network bursts (—29 + 6% P<0.01 Student’s
t-test; Fig. 74,C) and an increase in the frequency of network
bursts indicated by a 42 + 6% decrease in the interburst inter-
val (P<0.01 Student’s #-test; Fig. 7B). We further analyzed the
network-burst profiles to isolate the effect of Muncl3-1
(Fig. 7C; as described above by subtracting the activity of
each recording from itself prior to manipulation), and found
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Figure 6. Increased asynchronous release enhances a model-neuron response to
presynaptic input. (4) The membrane potential of a postsynaptic leaky
integrate-and-fire neuron was simulated as it integrated presynaptic events to EPSPs
(baseline frequency 0.5 Hz) from 10 presynaptic neurons at various frequencies. The
parameters of the EPSPs (amplitude and decay kinetics) were measured
experimentally from cultured neurons and were used as a baseline parameter for
EPSP kinetics (baseline EPSP decay time constant of 52 ms; EPSP amplitude 7 mV).
(B) The model simulated periods of low input frequency (representing periods
between bursts) and periods of intense input frequency (representing periods of
bursts) under 3 different asynchronous release conditions (i.e., 3 different decay time
constants). Asynchronous release was simulated by changing the presynaptic input
synchrony which decayed with an exponential decay coefficient ranging from 10 to
100 ms (Tau). For each asynchronous release condition, the Tau remained constant
while the EPSP spike frequency was changed between 1, 2, 4, and 5 Hz (indicated
by the gray bars under the voltage trace) for 5 s and then changed back to baseline
frequency. Gray dashed line indicated voltage threshold for action potential. More
action potentials were elicited under EPSPs with longer time constants (bottom
trace). (C) Higher asynchronous release decay coefficient increased the number of
action potentials generated by the neuron during periods when input frequency was
>1Hz (i.e., periods of bursts; on average per presynaptic neuron; in comparison to
baseline decay coefficient; ***P < 0.001, ANOVA for repeated measurements).

that throughout the network burst, Munc13-1 decreased the
firing rate by 9 Hz (Fig. 7D). Thus, it appears that although
both DOC2B and Munc13-1 positively regulate synaptic trans-
mission and enhance the number of spikes in the network,
Muncl3-1 has an opposite effect to the effect of DOC2B on
the activity within the burst. A possible explanation for this is
the ability of Munc13-1 to enhance priming for synchronous
and nonsynchronous synaptic release (Augustin et al. 1999;
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Figure 7. Munc13-1 redistributes network spiking activity. (4) Gray-scale raster plots demonstrate that Munc13-1 overexpression decreases the spiking frequency in the
network bursts (indicated by the brighter colors). (B) Network firing rate (normalized per electrode) before and after Munc13-1 overexpression (sample recording; representative
trace). While each network burst shows lower spiking activity, the prevalence of network bursts is increased following Munc13-1 overexpression. (C) Average network-burst
profiles from all recordings before (light-gray) and after (dark-gray) overexpression of Munc13-1 (n = 11 Munc13-1 networks). (D) The change in the network-bursts spiking
profile following Munc13-1 overexpression. Munc13-1 overexpression decreases network-burst firing rate by 9 Hz while GFP overexpression induces almost no change.
(E) Comparison of DOC2B and Munc13-1 overexpression effects on network activity parameters. While Munc13-1 overexpression decreases the number of spikes within network
bursts by 29%, it increases the frequency of network-burst occurrence by 42% (as evident in the decreased interburst interval; **P < 0.01 ***P < 0.001 Student's t-test).

Tokumaru and Augustine 1999; Ashery et al. 2000; Lou et al.
2005, 2008; Weimer et al. 2000). It is possible that by increas-
ing the readiness of vesicles for release in each neuron,
Muncl3-1 enhances the occurrence of bursting activity on the
network level, even before full replenishment of vesicles
occurs in each neuron. This in turn leads to recurring bursting
activity in which each burst displays a lower level of activity
(both in the number of spikes and the peak firing rate).
Comparing the network effects of DOC2B and Muncl3-1
overexpression reveals the connection between their effect on
the single-neuron level and the network level. While DOC2B
increases the number of spikes in network bursts, it does not
change the frequency of network-burst occurrence; however,
Munc13-1 clearly decreases the number of spikes in network
bursts while increasing the frequency of network-burst occur-
rence (Fig. 7E; increased burst occurrence is indicated by the
reduced interburst interval; *P<0.01 **P<0.001, Student’s
t-test). Thus, although DOC2B and Munc13-1 enhance vesicle
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fusion to facilitate synaptic release in the cellular level (Betz
et al. 1998; Friedrich et al. 2008), they seem to display differ-
ent effects on the network level.

Discussion

Utilizing the unique advantages of the MEA system, we exam-
ined how DOC2B and Muncl3-1 contribute to neuronal
network activity. Although DOC2B and Muncl3-1 share the
ability to enhance vesicle fusion and facilitate synaptic release
in the cellular level, we show here for the first time that they
display different effects on the network level. While the firing
rate within network bursts was increased by DOC2B, it was
reduced by Munc13-1; however, Munc13-1 increased the rate
of network bursts. This difference emphasizes that enhance-
ment of synaptic release is an intricate process that might
have different manifestations in the single-neuron level and in
the network level.

Lavi et al.



DOC2B Enbances Activity Within Network Bursts

by Increasing Asynchronous Release

DOC2B has been previously implicated as a positive promoter
of activity-dependent exocytosis (Groffen et al. 2006; Frie-
drich et al. 2008) which enhances spontaneous and asynchro-
nous neurotransmitter release (Groffen et al. 2010; Pang et al.
2011; Yao et al. 2011). Here, we demonstrated for the first
time its effects on neuronal network activity, which suggest
that DOC2B has a functional role in the regulation of bursting
activities in neuronal networks. Using the unique advantages
of the MEA system (Stegenga et al. 2008; Chiappalone et al.
2009), we were able to record the activity of cortical neurons
before and after expression of DOC2B, overcome the intercul-
ture variability and isolate the contribution of DOC2B to the
neuronal network activity profile. This contribution was re-
flected in an augmentation of the number of spikes and an
increase in the number of active neurons during the network
burst. Although DOC2B was previously shown to increase
asynchronous and spontaneous synaptic release, DOC2B
overexpression did not cause a homogeneous increase in
neuronal network activity, as one might have predicted, but
rather caused a specific increase in neuronal activity only
during network bursts.

To understand the contribution of DOC2B to network
activity, we applied a combination of pharmacological tools,
genetic manipulations, and computational simulation. As sig-
nificant knockdown of DOC2B takes several days to reach full
potential (Pang et al. 2011; Yao et al. 2011) and we wanted to
avoid adaptation processes that can occur during this period,
we focused our experiments on enhancing the molecular
properties of DOC2B by overexpression. As Strontium appli-
cation enhances asynchronous release (Goda and Stevens
1994; Xu-Friedman and Regehr 1999; Shin et al. 2003), we
utilized Strontium to mimic the effect of DOC2B in promoting
asynchronous release (Yao et al. 2011). Indeed, application of
Strontium acted in the same manner as DOC2B overexpres-
sion by increasing the network-burst activity, the ratio of full-
blown bursts and the network-burst synchronization. Next,
we utilized the mutated form of DOC2B, DOC2BP>!8220N
which has been shown to constantly increase the rate of spon-
taneous release in a calcium-independent manner up to 3
times more than DOC2B (Groffen et al. 2010). The effect of
this mutant on the network level was a decrease in the firing
rate and in the synchronization within network bursts. It should
be noted that although the contribution of DOC2BP*'%22N tq
asynchronous release has not been shown, it is unlikely that
overexpression of DOC2BP?'822%N would lead to an increase in
asynchronous release but rather an overall increase in spon-
taneous release that causes synaptic depletion. This can be sup-
ported from experiments performed in DOC2BP*&20N.
expressing chromaffin cells showing a reduced sustained
release component and depression during repeated stimulation
(Friedrich et al. 2008). Therefore, we suggest that it is the role
of DOC2B in enhancing the asynchronous release, but not the
spontaneous release, that enhances network bursts. Further-
more, assuming that spontaneous, asynchronous, and synchro-
nous release share the same resources for synaptic release (as
suggested by Pang et al. 2006; Sun et al. 2007 but see Sara et al.
2005; Fredj and Burrone 2009), it is clear why superfluous
spontaneous release in DOC2BP?'##2°N suppresses synchro-
nous and asynchronous release. Cohen and Segal (2011)

showed that lower availability of releasable vesicles reduced the
activity within network bursts. Assuming a zero-sum hypothesis
for the number of available vesicles, one can assume that a
massive increase in the spontaneous activity seen in
DOC2BP?'822M (Groffen et al. 2010) would decrease the size
of the releasable vesicle pools, leading to reduced vesicle avail-
ability and reduced release during the bursts. Nevertheless, as
this mutated form of DOC2B might cause other changes in the
synapse, other possibilities should be considered.

The connection between an increase in asynchronous
release in the single-neuron level and increased network-burst
activity has been described in the past (Lau and Bi 2005; Jones
et al. 2007). To understand how this increase in firing rate
occurs exclusively within bursts upon an increase in asynchro-
nous release by both DOC2B and Strontium, we simulated the
response of a neuron to presynaptic inputs within bursts and
between bursts. Our model predicted that an increase in the
asynchronous phase of the EPSP allows better temporal and
spatial summation and increases the response on the neuron
only for higher presynaptic input frequencies (>1 Hz for the
parameter used in the model). Under these conditions, the
probability for summation increases and synaptic integration
increases the frequency of action potentials only within bursts.
This explains how an increase in asynchronous release could
lead to an increase in network-burst spiking activity without
increasing interburst activity. As the increase of asynchronous
release by DOC2B and Strontium induced changes in the
network activity, DOC2B might carry a functional role in
tuning network-bursting activity in the behaving animal.

Muncl3-1 and DOC2B: Interacting Partners in the
Molecular Level Display Opposite Effects in the

Network Level

As for DOC2B, Muncl3-1 has been shown to promote synap-
tic release (Betz et al. 1998; Ashery et al. 2000; Basu et al.
2007). To understand if this property causes the same effect
on network activity, we examined the effects of Munc13-1 on
neuronal activity. Surprisingly, Munc13-1 decreased the firing
rate within network bursts but increased the frequency of
network bursts. This means that, in general, Munc13-1 in-
creased the bursting rhythm of the network but each burst
transmitted less spikes. As the termination of bursts might
occur upon depletion of presynaptic vesicles (Cohen and
Segal 2011), it is reasonable to assume that smaller bursts fol-
lowing Muncl3-1 overexpression come from an insufficient
refilling process (providing fewer resources for the next
network burst). As Muncl3-1 overexpression caused short-
term synaptic depression upon repeated stimulation (Rosen-
mund et al. 2002), it is possible that Munc13-1 overexpression
destabilizes the balance between the priming and the replen-
ishment processes. However, as Muncl3-1 enhances vesicle
priming, it increases the readiness of vesicles for release in
single neurons (Ashery et al. 2000; Rettig and Neher 2002;
Martin 2003; Rosenmund et al. 2003), and this enhances the
occurrence of bursting activity on the network level, even
before the full replenishment of vesicles occurs in each
neuron. Yet, further studies are required to understand the
exact link between the effects on the cellular level and the
effects on network activity of Muncl3-1. Furthermore, as
DOC2B and Muncl3-1 interact in the cellular level through
the DOC2 Muncl3-interacting domain (Mochida et al. 1998;
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Duncan et al. 1999) further and more detailed analysis should
be made to dissect the contribution of this interaction to the
changes in the network-bursting activity.

Although key synaptic proteins affect a clear physiological
activity at the neuronal level, the network activity is driven by
the complex interaction between neurons, which might filter
out or amplify various functional properties (McKinney et al.
1999; Otsu and Murphy 2003). As illustrated in Figure 84,
since DOC2B increases asynchronous release on the neuronal
level its effect on network level focuses primarily on network
bursts. However, Munc13-1, which enhances vesicle priming,
induces redistribution of spiking activity in the network level
(Fig. 8B) reducing activity within the bursts but increasing
burst frequency. Thus, although DOC2B and Munc13-1 share
the ability to enhance vesicle fusion to facilitate synaptic
release in the cellular level (Betz et al. 1998; Yao et al. 2011),
they display different effects on the network level. This differ-
ence emphasizes that enhancement of synaptic release is an
intricate process that might have different manifestations in
the single-neuron level and in the network level. The novel
platform presented in this work also highlights the comp-
lementary role of the network level in explaining the physio-
logical relevance of presynaptic proteins.

Physiological Relevance
The above results suggest that the expression level and
activity of presynaptic proteins can control network-wide
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Figure 8. lllustration of DOC2B and Munc13-1 impact on network-bursting activity
shows divergent effects. While DOC2B enhances the activity within network bursts,
it does not change the occurrence of network bursts (4; DOC2B-black, control-gray).
However, Munc13-1 decreases the network spiking activity within the burst but
enhances bursts frequency (B; Munc13-1: dark gray, control: light-gray). The
network-burst profiles are based on the average firing rates in Figures 3 and 7.
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activity. It is especially interesting to note that the effect of
Muncl3-1 on the bursting pattern of the neuronal network
was achieved by its expression in 37% of the neurons with
only a 2-fold increase in protein quantity. Such changes in the
expression levels are physiologically plausible (Guzowski
et al. 2001; Ronnback et al. 2005; Toscano et al. 2006). Fur-
thermore, plasticity-dependent changes in the activity of sy-
naptic proteins can occur on the seconds time scale and lead
to immediate changes in network activity (Huang and Kandel
1994; Malenka and Nicoll 1999; Castillo et al. 2002; Rosen-
mund et al. 2002); Proteins like Munc13-1 and DOC2B can be
activated by calcium, Calmodulin, and diacylglycerols, which
can boost their activity without the need for translational
modifications. Hence, changes in protein expression or their
activity levels can act as a wider mechanism to tune the burst-
ing regime of neuronal networks.

What could be the implications of these changes on the
function and activity of neuronal networks in the neocortex?
A growing body of evidence connects between the recurrent
synchronized activity in the form of network bursts displayed
by dissociated cortical cultures in vitro and the rhythmic tran-
sition between up and down states identified in the neocortex
in vivo (Baltz et al. 2010; Gullo et al. 2010, 2012; Becchetti
et al. 2012; Hinard et al. 2012). These complex neocortical
rhythmic activities have been linked to sensorimotor gating,
short-term memory storage, and selective attention (Goldman-
Rakic 1995; Luck et al. 1997; Sanchez-Vives and McCormick
2000; Timofeev et al. 2000, 2001; Shu et al. 2003). It has been
even suggested that cultured neuronal network present sleep-
like activity (Hinard et al. 2012) by displaying recurrent burst-
ing periods followed by silent periods reminiscent of the
activity of cortical neuron in vivo during sleep (Steriade et al.
1993; Timofeev et al. 2000). Interestingly, the oscillatory
nature of up and down states could be explained by a modu-
lation of presynaptic release. Specifically, it has been
suggested that while nonsynchronous synaptic release might
maintain the up-state (Timofeev et al. 2000, 2001), synaptic
depression could be used to terminate it and return the
activity to the down state (Hill and Tononi 2005).

As DOC2B and Muncl3-1 change the pattern of bursting
and synchronization of neuronal networks, they could modu-
late the patterns of up and down states. DOC2B, by increasing
asynchronous release, could increase the synchronization of
the network in the up-state and, as suggested by our compu-
tational model, could facilitate the sensitivity of the network
to external input. Alternatively, as Munc13-1 changes the fre-
quency of bursts, it could change the rate of transitions
between up and down and increase short-term memory
capacity and storage (McCormick 2005; Holcman and
Tsodyks 2006; Miller and Wang 2006). In general, activation
or attenuation of specific synaptic proteins might serve as a
powerful computational tool to tune the information flow and
regulate higher functions in the neocortex in vivo (Silva et al.
1996; Dyck et al. 2009, 2011; Blundell et al. 2010; Chen et al.
2011). Interestingly, lack of synchronous release but en-
hanced asynchronous release following Synaptotagmin-1 KO
in the hippocampal CA1 region did not impede acquisition of
contextual fear memories; however, it did impair their pre-
cision. This suggests that the hippocampal CA1l region can
rely on spike bursts to transfer information downstream (Xu
et al. 2012). Therefore, modulation of bursting activity accom-
panying short- or long-term plasticity can control information
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transfer for complex behaviors in the level of the animal.
Nevertheless, the link between neuronal firing, information
content, and physiological relevance is only emerging, and
further experiments and analyses are needed.

Simultaneous measurement of activity from a large number
of neurons has become a key method in the efforts to under-
stand neuronal coding (Brown et al. 2004; Buzsaki 2004;
Stevenson et al. 2008; Weihberger et al. 2012). As synaptic pro-
teins are determinant elements in the activity of synapses, they
play a crucial role in shaping the activity of neuronal networks
(Chiappalone et al. 2009). This, in turn, is linked almost directly
to the plasticity and computational abilities of the network. This
study presented an innovative platform to investigate the func-
tional role of synaptic manipulations in the network level. An
integrated understanding of synaptic protein physiology at the
cellular and network levels promises to uncover the organizing
principles of neuronal network activity.

Supplementary Material

Supplementary material can be found at: http://www.cercor.
oxfordjournals.org/.
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