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Abstract: Chemical synaptic transmission is central to the
brain functions. In this regard, real-time monitoring of
chemical synaptic transmission during neuronal communica-
tion remains a great challenge. In this work, in vivo-like
oriented neural networks between superior cervical ganglion
(SCG) neurons and their effector smooth muscle cells (SMC)
were assembled in a microfluidic device. This allowed
amperometric detection of individual neurotransmitter release
events inside functional SCG-SMC synapse with carbon fiber
nanoelectrodes as well as recording of postsynaptic potential
using glass nanopipette electrodes. The high vesicular release
activities essentially involved complex events arising from
flickering fusion pores as quantitatively established based on
simulations. This work allowed for the first time monitoring
in situ chemical synaptic transmission under conditions close
to those found in vivo, which may yield important and new
insights into the nature of neuronal communications.

Chemical synaptic transmission is the process whereby one
neuron communicates with other neurons or effector cells. As
such this is crucial to the normal functioning of the nervous
systems. Synapses are composed of presynaptic and postsy-
naptic membranes separated by a narrow (20–40 nm) cleft.
In vivo, chemical synaptic transmission is elicited by an action
potential arriving at the presynaptic button which provokes
an influx of calcium ions through calcium-gated channels. This
in turn causes the fusion of vesicles containing transmitters
whose release and subsequent diffusion across the cleft lead

to the activation of postsynaptic receptors giving rise to an
action potential in the connected neuron or effector cell.[1]

Great achievements in understanding vesicular transport,
complex fusion machineries and mechanisms of vesicular
neurotransmission have been made and were recognized by
the 2000 Nobel Prize in Physiology or Medicine for signal
transduction in the nervous system[2] and 2013 Nobel Prize in
Physiology or Medicine for machinery regulating vesicle
traffic.[3] However the very steps leading to release, that is, the
synaptic vesicular exocytosis itself and its fast triggering of
a postsynaptic signal are far from being fully understood.[4]

Significant scientific challenges remain to be overcome to
elucidate them based on their appropriate monitoring in vivo
and in real time.

As the basic units of nerve system, mature neurons are
elongated and highly branched to form synaptic connections
with other neurons or target cells at extensions distant from
the soma. Traditional Petri dish cultures do not allow
enforcing spontaneous oriented axon growth to create
synaptic connections similar to those forming in vivo where
neuronal axons growth are guided by target neurons or
effector cells. Conversely, microfluidic devices have recently
offered powerful platforms for promoting spontaneous ori-
ented elongation of axons from the soma, thus providing
promising tools for in vitro spontaneous construction of
functional neural networks.[5] On the other hand, ampero-
metric electrochemical detection of chemical messengers
release from single cells at ultramicroelectrodes has played
a significant role in real-time monitoring of individual release
events.[6] Great advances have been achieved in nanofabrica-
tion of nanometer-sized electrochemical sensors[7] prone to be
used for amperometric measurements near or inside cells.[8]

Recently, we were able to directly monitor single vesicular
exocytotic events from inside single synapses with conical
carbon fiber nanoelectrode (CFNE).[9] Measurement of
action potentials stimulated by a receiving neuron after
release by the exciting one would be ideally performed by
patch clamp technique since this would offer both high signal-
to-noise ratio and proper temporal resolution for postsynaptic
membrane potential recording.[10] However, they are still
important technical difficulties in patching subcellular struc-
tures such as neuron synaptic terminals.[11] Consequently,
intracellular recording of electrical potential changes using
nanopipettes potentiometric electrodes appears as the most
effective mean to address this challenge.[12]

Herein, we take advantage of a novel and robust platform
that incorporates the latest progresses in nanoprobes and
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microfluidics. However, in contrast with previous works
involving such techniques[5] we use it to promote the sponta-
neous formation of synapses well-separated from the neuron
bodies. This will serve for real-time monitoring of intra-
synaptic release and subsequent generation of an electrical
potential in a postsynaptic neuron terminal during synaptic
chemical transmission in response to the K+ stimulation of the
distant neuron soma associated to the investigated synapse.
Superior cervical ganglion (SCG) neurons and their effectors
smooth muscle cells (SMCs) were cultured into two separate
chambers of a microfluidic chip interconnected by a series of
transverse microchannels. This allowed SCG axons guided-
growth across the microchannels toward SMCs to sponta-
neously form intercellular communication SCG-SMC net-
works (Scheme 1a).

This enabled us to insert a conical CFNE nanotip into
functional SCG-SMC synapses for amperometric monitoring
of single vesicular release events. Simultaneously, a glass
nanopipette electrode was positioned inside the post-synaptic
SMC cytoplasm for recording the postsynaptic potential
responses triggered by the released neurotransmitters (Sche-
me 1b). This work allowed the first in situ direct measure-
ment of critical processes of chemical synaptic transmission
under conditions close to those found in vivo.

Sympathetic innervation modulates the contractile activ-
ity of the vasculature and the growth of blood vessels through
the neural interplay between SCG neurons and SMCs.[13] The
spatially separated bodies of these cells are connected
through elongated axons which form functional neuromus-
cular junctions (NMJ) with SMCs. Communication between
SCGs and SMCs occurs at a distance from SCG soma through
release of neurotransmitters inside NMJ synapses.[13b,c,d] Such
precise targeted functional in vivo arrangements are almost
impossible to systematically achieve with traditional Petri
dish culture models (Supporting Information (SI), Figure S1).
To overcome this difficulty we developed polydimethylsil-
oxane (PDMS) microfluidic chips in which SCG neurons and
SMCs were separately cultured in parallel compartments
connected through a net of microgrooves (5 mm wide, 2.5 mm
high; Figure 1a,b; see more in the Supporting Information)

microfabricated by standard soft lithography techniques.
Dissociated SCG neurons and SMCs were seeded into each
respective compartment and cultured for a certain amount of
time (ca. 3–4 days). SCG axons extended into the micro-
grooves up to the SMC compartment where they formed NMJ
with SMCs (Figure 1a–c, Supplementary Movie 1 and
Movie 2). Directional axons growth and NMJ formation
were efficiently promoted by the effector cells (data not
shown). Immunocytochemistry clearly demonstrated the
physical isolation of axons (stained for tyrosine hydroxylase
(TH), green) from somata via the axon-guiding microgrooves
to formed NMJ with SMCs (stained for a-actin, red) (Fig-
ure 1b,c).

In vivo, acetylcholine (ACh) released from preganglionic
sympathetic nerve terminals stimulates norepinephrine (NE)

release from postganglionic nerve
terminals that then act on SMCs,[14]

and intracellular calcium concen-
tration shows increase in both
postganglionic nerve terminals
and SMCs during this process.[14,15]

The neural networks grown in the
microfluidic chips displayed an
identical behavior. Intracellular
calcium levels were detected by
preloading Fluro4-AM into cells.
The percentages of fluorescence
intensity increase ((F¢F0)/F0, DF/
F0, Figure 1d) allowed assessing to
which extent functional junctions
had been formed between SCG
neurons and SMCs. When SMC

Scheme 1. a) Construction of in vivo-like neuromuscular junction (NMJ) in a microfluidic device.
b) Representation of a carbon fiber nanoelectrode (CFNE) insertion inside a synapse for amperometric
detection and of a glass nanopipette inside a smooth muscle cell (SMC) for post-synaptic potential
recording.

Figure 1. a,b) Bright-field (a) and fluorescent (b) microphotographs
showing the isolation and oriented elongation of axons from the soma
via interconnecting microgrooves to form in vivo-like neuromuscular
junction (NMJ); SCG neurons were labeled with tyrosine hydroxylase
primary antibody (green), SMCs were labeled with a-actin primary
antibody (red). c) Amplified picture of dotted frame in (b) showing 3
varicosities tightly attached on SMC. d) Acetylcholine (ACh) stimulates
increases in cytosolic free calcium concentration inside both SCG
neuron (black line) and SMC (red line) in SCG/SMC co-culture system.

..Angewandte
Zuschriften

9446 www.angewandte.de Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2015, 127, 9445 –9450

http://www.angewandte.de


were cultured alone in the absence of SCG neurons, 10¢4m
NE elicited an increase (DF/F0 = 0.52� 0.03, mean �SE) in
intracellular calcium concentration while the addition of ACh
(10¢4m) did not induce any increase in intracellular calcium
concentration (data not shown) evidencing that SMC were
functional and confirming that ACh alone could not directly
regulate intracellular calcium level in SMC. Conversely, in
SCG and SMC co-cultured system, stimulation by ACh
caused an increase in intracellular calcium concentration in
both SCG neurons (Figure 1d, black line, DF/F0 = 0.45� 0.02,
n = 3) and SMCs (Figure 1d, red line, DF/F0 = 0.28� 0.01, n =

3), indicating that ACh can indirectly modulate intracellular
calcium level in SMC through activation of SCG neurons as
occurs in vivo. Beyond morphological microscopic observa-
tions this established that functional junctions spontaneously
formed between postganglionic sympathetic neurons and
SMC in the co-culture microchips.

Conical carbon fiber nanoelectrodes (CFNEs) were
prepared as previously reported.[9] Briefly, a glass sub-micro-
pipette pulled by a laser micropuller was used to seal and
insulate flame-etched[16] carbon nanofiber; the protruding
conical nanotip was further etched with a microforge to
provide a very fine electroactive tip of 50–200 nm diameter
with a controlled 500–2000 nm shaft length (Figure 2a, Fig-
ure S2). After formation of functional NMJ with SMCs,
a CFNE nanotip was slipped into a randomly selected SCG-
SMC synapse located in the SMC compartment for ampero-
metric detection (Scheme 1a, Figure 2b). The interest of

using the microfluidic platform described above was that the
selected synapse could be tracked back through microscopy
to SCG neuron soma in the SCG compartment. This allowed
to specifically stimulate it with a 70 mm K+ pulse while
ensuring that no unwanted stimulation occurred near the
investigated synapse, thus mimicking actual neuronal behav-
ior (note that this contrast with the measurements we
reported previously).[9] This elicited a series of well-defined
amperometric spikes after a short time delay (Ttr� 1–5 s,
Figure 2c). A high percentage of events displayed in the
amperometric trace exhibited a complex structure (59.8 %,
137 complex spikes from 229 events) similar to those
previously recorded in conventional Petri dish co-culture
system and ascribed to flickering fusion pores.[9] Complex
events comprised a series of short related spikes emitted over
longer overall durations (t1/2 = 1.27� 0.09 ms, mean � s.e.m.,
Figure 2c) which differed from the single-spike features of
simple events (t1/2 = 0.43� 0.01 ms, Figure 2d). Furthermore,
compared with the single-Gaussian distribution of ampero-
metric peak height of simple events, complex events revealed
a bimodal distribution with a larger population centered at ca.
5 pA and a smaller one centered at ca. 9 pA, that is,
approximately equal to that of simple events (Figure 2e).
Precise simulations[17] of flickering current intensities dis-
played during complex events established that these events
corresponded to fusion pores transiently opening up to
a radius of ca. 1.2 nm and closing again (Figure 3). Interest-
ingly, as from patch-clamp measurements on endocrine

catecholaminergic cells, 1.2 nm is
the mean radius value of initial
fusion pores.[18] Since the machiner-
ies giving rise to initial pore forma-
tion (SNAREs, etc.)[4c] are
expected to be involved in catecho-
laminergic neurons, this result
strongly suggest that complex
events correspond to rapid flicker-
ing of initial fusion pores (Kiss and
Run)[10] although they lead to
almost full release. Indeed the
average number of released mole-
cules (53000 in Figure 3, yet 33000
for all complex events) matches the
expected number for this type of
vesicles.[20]

The present results and those
we reported from measurements in
conventional Petri dishes co-cul-
tures show phenomenological
agreement but led to significantly
different detection probabilities
(Figure 2 f). The detection proba-
bility inside NMJ synaptic clefts
spontaneously constructing in chips
was 74.6%, being higher (p< 0.05)
than that for Petri dish cultured
ones (61.0 %). This suggests that
NMJ junctions spontaneously
formed by SCG axons guided by

Figure 2. Nanoelectrode amperometric monitoring of vesicular release of neurotransmitters inside
synapses formed between SCG neurons and SMC inside microfluidic chip. a) SEM of a carbon fiber
nanoelectrode. b) Bright-field photomicrographs showing the tip of a sensor inserted inside a synapse
between a varicosity of a SCG neuron and a SMC. c) High K+-induced amperometric spikes with the
four labeled typical complex events being enlarged above (enlarged views of simple events are not
shown since they display a single spike). d,e) Histograms of simple (red) versus complex (blue)
events t1/2 characteristics (n =219 for simple events and n = 240 for complex ones; see t1/2 definition
in (c) or maximum current peak intensities (n = 294 for simple events and n= 401 for complex
ones). f) Detection probabilities inside SCG-SMC synapses forming spontaneously in chips versus
those formed statistically in Petri dish co-cultures. g) Detection probabilities of complex spikes
(n= 92) detected inside SCG-SMC synapses in chip-cultured systems versus above single varicos-
ities; error bars represent standard errors, and independent-samples T test was used to calculate P
values.
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their effector cells resembled more closely to in-vivo neural
connections than those formed statistically in conventional
Petri dish co-cultures of both cell types (Figure S1).

Remarkably, large differences were observed in the
complex events percentages between measurements inside
NMJ clefts (59.8 %) and on isolated varicosities
that did not formed NMJ synapses (16.6 %). High
percentage of complex events occurred inside
functional synapses, being much larger than for
isolated varicosities (p< 0.001, Figure 2g), again
suggesting that the present methodology led to
the formation neural chains closely mimicking
real ones. Indeed, the results in Figure 3 evidence
that these complex events featured Kiss and Run
release rather than Extended Kiss and Run[21] or
Full Fusion that would correspond to much larger
fusion pore radii.

To examine the innervation of SCG neuron
on SMCs, postsynaptic membrane potentials
were recorded using conventional glass micro-
electrodes rather than by patch clamp since
cultured SMC could not yield high resistance
seals required by the latter. Intracellular record-
ing of membrane potential were thus monitored
by inserting a glass nanopipette electrode
(GNPE) inside the target SMC cytoplasm.
GNPEs were fabricated from borosilicate capil-
laries with filaments using a Sutter P-2000 laser
puller (see supporting information); the inner
diameters of the resulting tips were controlled to
be less than 300 nm (Figure 4 a,b).

The ability of GNPEs inserted in SMCs for
measuring cell membrane potential changes
during long-time recordings was first assessed.

Measurements were carried out
with a high impedance amplifier
at zero current. Figure 4 d shows
the electrical potential changes
during a typical electrophysiologi-
cal experiment involving a KCl
filled GNPE penetration inside
a cell and its subsequent with-
drawal. The potential dropped
steeply when a nanopipette crossed
the cell membrane and gradually
settled at a constant level while the
cell membrane sealed around its
shaft forming a high-resistance seal
with the GNPE[12a] thus allowing
measuring the stable rest trans-
membrane potential (RMP) at ca.
42 mV. After the GNPE was with-
drawn from the cell the potential
returned to its extracellular zero
value. GNPEs were then tested for
intracellular monitoring of sponta-
neous activity of SCG neurons.
Inserting a GNPE into an SCG
soma allowed recording an action

potential typical for SCG neurons (about 40 mV, inset of
Figure 4d). This series of tests successfully validated the
principle of transmembrane potential measurement with
GNPEs.

Figure 3. Top row: Physico-mathematical simulations of the current intensities of four different typical
complex events (data points indicate actual current measurements and solid curves the reconstructed
currents; the overall number of molecules released during each complex event is indicated in each
panel). Bottom row: Time variations of fusion pores angular aperture (in degrees) reconstructed from
the simulations for each complex event shown immediately above (the horizontal line is the limit
expected for a fusion pore radius of 1.2 nm assuming a mean vesicle radius of 25 nm).[4c, 19]

Simulations were performed assuming a diffusion rate of 4.0 Ö 104 s¢1 of catecholamine cations inside
vesicles during release. No other adjustable parameter was used. (See SI and Ref. [17]).

Figure 4. Measurement of cell membrane potentials with glass nanopipettes
(GNPEs). a,b) Scanning electron microscopic pictures showing the global (a) and
amplified view (b) of a GNPE. c) Bright-field photomicrographs showing the tip of
a nanopipette inside a SMC forming a functional NMJ with the SCG varicosity closely
attached to it. d) Changes in electrical potential during a typical electrophysiology
experiment during penetration and withdrawal of a GNPE from the SMCs (arrows);
inset is a typical action potential trace recorded upon inserting a GNPE into a SCG
soma. e) Representative trace of a SMC membrane potential triggered by a 10¢6 m NA
puff onto it. f) Trace of a postsynaptic SMC membrane potential after puffing 70 mm
K+ to stimulate SCG neuron.
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GNPEs were then used to electrically record postsynaptic
cell responses (excitatory junction potential, EJP) following
presynaptic neurons stimuli. After the penetration of GNPE
into the SMC and formation a high-resistance seal (Fig-
ure 4c), control experiments showed that 10¢6m NE stimulat-
ing pulses successfully elicited a sequence of EJP signals (5–
10 mV, n = 10) in chips co-cultured SMCs (Figure 4e). This
indicated that physiological NE-stimulation of the whole
SMC terminal region produced EJPs as those recorded
in vivo, i.e., that the post-synaptic/SMC terminals domains
formed under our conditions exposed an adequate amount of
functional NE-receptors. However, there are reported indi-
cations that the number of receptors present within freshly
formed synaptic clefts, as investigated here, may be less than
occurs in vivo in trained synapses since a non-negligible
fraction of receptors may still have to diffuse across the
postsynaptic membranes to settle inside the synaptic cleft.[22]

To test for this issue, local micro-puffs of 70 mm K+ were
applied in the SCG compartment onto the soma or the axon
of the presynaptic neuron specifically connected to the
investigated SMC. Since it was shown above that under our
conditions release events preferentially occurred inside
synaptic clefts (Figure 2g) without significant activity of
varicosities this procedure allowed scrutinizing the reception
efficiency inside the freshly constructed synapses. Compared
with the signal triggered by local external stimulation of SMC
by NE, the ensuing EJP signals elicited 1–5 s time after the K+

stimulation by NE released inside synaptic clefts yielded quite
small membrane potential signals (0.5–1.5 mV). These con-
sisted in characteristic trains of oscillatory membrane poten-
tial pursued over half a second to a few seconds (Figure 4 f)
being reproducible and perfectly identifiable physiologically.
The magnitude and frequency of intrasynaptic release events
(Figure 2) detected by CFNE measurements suggest that
a decrease of efficiency in intrasynaptic NE release could not
be invoked to account for such reduced EJP signals albeit low
NE doses are known to yield very small potential changes
down to 1 mV.[23] Hence, though other unknown factors may
play a role it is likely that the reduced EJP signals in Figure 4 f
are consistent with a too feeble number of receptors being yet
present into the intrasynaptic sections of the SMC mem-
branes in our freshly formed synapses.[22]

In summary, in vivo-like oriented neural networks and
functional NMJ could be reconstructed in microfluidic chips,
allowing monitor individual vesicular release events inside
synapses as well as the evoked postsynaptic potential signals
in real time by using two kinds of nanoelectrochemical
sensors. The present results established that axon terminals
guided by their effector cells across relatively long distances
compared to their soma form functional junctions and display
high vesicular release activities. Complex vesicular exocytosis
involving flickering pores formation appears as the major
mode of fusion for NE release from inside these reconstructed
SCG-SMC synapses. Furthermore, vesicularly NE release
following K+ stimulation of the distant presynaptic specific
SCG neuron could effectively trigger postsynaptic membrane
potential signals in SMCs. Though the EJP signals resulted
smaller than those occurring in vivo in trained junctions, their
successful recording evidenced the adequate functionality of

SCG-SMC spontaneously reconstructing in the microchips.
Albeit the reason for smaller action potentials remains to be
better understood, this work allow the first in situ direct
measurement of critical integrated processes in chemical
synaptic transmission under conditions close to in vivo
situations.

Keywords: microfluidic chip · nano-sensors ·
neuronal communication · synapse
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