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Abstract: Chemical neurotransmission occurs at chemical
synapses and endocrine glands, but up to now there was no
means for direct monitoring of neurotransmitter exocytosis
fluxes and their precise kinetics from inside an individual
synapse. The fabrication of a novel finite conical nanoelectrode
is reported perfectly suited in size and electrochemical proper-
ties for probing amperometrically inside what appears to be
single synapses and monitoring individual vesicular exocytotic
events in real time. This allowed obtaining direct and important
physiological evidences which may yield important and new
insights into the nature of synaptic communications.

Vesicular exocytosis is a fundamental process for inter-
neuronal or neuromuscular communications as well as for the
endocrine glands.[1] Chemical neurotransmitters are trans-
ported intracellularly within vesicles and their release
involves fusion of the vesicle and cell membranes triggered
by Ca2+. The major importance of vesicle traffic and cargo
transport in cells has been well recognized by the award of the
2013 Nobel Prize in Physiology or Medicine jointly to J. E.
Rothman, R. W. Schekman, and T. C. S�dhof for their
seminal discoveries of the relevant transport mode regula-
tions and machineries.[2] However, much less is known about
the mechanisms commanding and regulating the ultimate
stage through which the messengers are delivered into the
extracellular medium, in particular when this occurs in

extremely narrow synaptic clefts.[3] The biggest obstacle up
to now has been due to the lack of accurate tools for highly
sensitive monitoring in real time extremely small neuro-
transmitters fluxes released inside nanometric synaptic gaps.

Amperometry at carbon fiber microelectrodes (CFMEs)
creates an artificial synaptic cleft configuration in which the
target cell is replaced by a Faradaic ultra-microelectrode at
which each released messenger molecule is oxidized so that
released fluxes are directly converted into electrical cur-
rents.[4] To date, amperometry using “artificial synapse”
configuration provided a wealth of information regarding
the final outcome of vesicles release through precise quan-
tification and kinetic characterization of individual exocytotic
events. However, in “artificial synapses”, there is not any
possible feedback regulation between cells.[5] Though this is
not a key issue for endocrine cells, neurotransmitter release in
real synapses involves feedback between postsynaptic and
presynaptic active zones which are facing each other across
synaptic clefts.[6] Therefore, direct probing inside individual
synapses with real-time monitoring of neurotransmitter fluxes
therein is required for understanding the nature of the
chemical neurotransmission in neuronal systems.

To achieve such goal, amperometry at carbon fiber
nanometric electrodes (CFNEs) seems the most promising
method because of the excellent time and space resolution.
However, CFNEs shapes must be adapted in order to be
slipped into synaptic clefts without destroying the local
biological structures. Although great advances have been
achieved in nanofabrication and use of nanometer-sized
electrochemical sensors for measurements near or inside
cells,[7] it is still a great challenge to routinely fabricate
extremely small electrochemical probes with high perfor-
mance.[8] This explains why no means have been proposed so
far for direct monitoring of neurotransmitter exocytotic
release inside individual synapses.

Herein we wish to disclose the fabrication of a novel
CFNE suited for monitoring individual exocytotic events in
real time within what appears to be single synapses based on
the presented evidences (Figure 1, 2). Conical CFNEs were
fabricated by sealing flame-etched carbon fibers inside glass
nanopipettes (Figure 1) so as to expose active conical nano-
tips with dimensions allowing sliding them between two
neurons membranes, namely, inside the space between
neuron varicosities and their underlying soma (Figure 2) to
enable amperometric detection of exocytotic events occurring
therein. All independent tests presented hereafter concur to
the fact that this allowed the first direct and in situ measure-
ments of crucial features of release mechanism inside neural
synapses.
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The facile and robust technique developed to routinely
fabricate CFNEs combined flame-etching procedure[7a,9] with
glass-pulled nanopipettes microfabrication. These were used
to seal and insulate flame-etched carbon nanofibers (Fig-
ure 1a) so as leaving only a protruding cone-shaped CFNEs
with 50–200 nm tip diameter and 500–2000 nm shaft length
(Figure 1b). Further etching with a microforge yielded very
fine conical tips with base radii, a, less than 100 nm and
controlled shaft lengths, h, less than 1 mm (Figure 1c) with
high-aspect ratio H = h/a� 7. The nanotips showed excellent
electrochemical characteristics and large sensitivity. Calibra-
tions with 1 mm ferrocyanide (D = 7.6 � 10�6 cm2 s�1) afforded
limiting current plateaus of approximately 0.15 nA (Fig-
ure 1d) consistent with the 0.17 nA theoretical value pre-
dicted by the equation ilim

cone = 4 FDc a(1+qpH) for steady-
state diffusion at conical electrodes,[10] where q = 0.30661, and
p = 1.14466, F being the Faraday constant, and D and c the
diffusion coefficient and bulk concentration of the redox
probe. The fabrication process was well-controlled and
reproducible with a success rate over 75% (550 CFNEs;
Figure S1). The average capacitance and root-mean-square
(rms) noise of these electrodes were 0.55� 0.24 pF and 460�
115 fA (mean � sd, n = 15), demonstrating the excellent seal
quality between glass shafts and conical carbon nanofibers.

The capability of these CFNEs for electrochemical
monitoring of neurotransmitter vesicular release was tested
using chromaffin cells and compared to usual 5 mm diameter
CFMEs. In both cases, well-defined amperometric spikes
were recorded, provided the CNFEs were positioned with
their cone shaft touching the cell surface (CFMEs: Fig-
ure S2a; CFNEs: Figure S2b). Though having a much smaller
surface area (ca. 3–4%) than the CFMEs, high detection
probabilities (ca. 21% vs. CFMEs) were obtained at CFNEs
(Figure S2b) evidencing the gain in collection because of fast
side diffusion of neurotransmitters towards the nanometric
conical surface.[11] These results thus demonstrated that albeit
their different sizes and different manufacturing procedures,
CFNEs and CFMEs displayed similar properties for real-time
monitoring of neurotransmitter release.

Previous studies showed that sympathetic neurons in
culture formed complex interconnecting networks and syn-
apses by numerous axonal varicosities.[12] Quantal release of
norepinephrine (NE) from superior cervical ganglion (SCG)
neurons has also been electrochemically detected by placing
CFMEs above clusters of SCG cells or varicosities.[12b,13] This
encouraged us to let isolated SCG neurons interconnect and
build synapses (Figure S3) while observing completion of
these phases with a 100 � oil immersion objective (Figure S4).
CFNEs could then be carefully slipped inside individual
synapses (Figure S5 and Movie S1) for amperometric mon-
itoring.

For our purpose here we first wished to ensure that the
synapses were not destroyed, that is, properly sealed back
after CFNEs were positioned inside them and that CNFEs
insertion did not altered the electrochemically active surface.
To test for these critical issues we performed a series of
controls based on the biocompatible [Ru(NH3)6]

2+/3+ redox
pair and evaluated its limiting currents at different insertion
depths inside the synapses.[7d] Figure S6 exemplifies that the

Figure 1. Fabrication and characterization of CFNEs. a) Schematic
diagram showing main process for fabrication of conical CFNEs,
a glass capillary was pulled to form a glass sub-micropipette, and
a 7 mm radius carbon fiber was flame etched to form a needle shape
nanotip. The etched carbon fiber was then inserted into the sub-
micropipette and then fused. b) Global view (scanning electron
microscopy) of a conical CFNE showing its shaft; the scale bar is
100 mm. c) Amplified picture of its tip; the scale bar is 1 mm. d) Cyclic
voltammogram from a conical CFNE in 1 mmoll�1 potassium ferricya-
nide.

Figure 2. a) Schematic representation of a nanosensor’s tip inside an
individual synapse. b) SEM pictures showing a synapse formed
between cultured superior cervical ganglion (SCG) sympathetic neu-
rons; the scale bar is 1 mm. c,d) Bright-field photomicrographs show-
ing the tip of a sensor inside a synapse between a varicosity of a SCG
neuron and the soma of another SCG neuron (c), and inside a synapse
between a varicosity of a SCG neuron and smooth muscle cell (d); the
scale bars are 5 mm.
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RuII/III currents dropped to ca. 50% of their values outside the
synapse after half-insertion of the active nanotips and down to
ca. 7 % after complete insertion, indicating a satisfactory
sealing of synapses around the conical CFNE shafts. The
baseline and noise levels did not change when the whole
active electrode area was inserted into the cleft and the
limiting currents were restored to their original value after
withdrawing CFNEs from synapses. Altogether these suc-
cessful tests ensured that in the next series of experiments any
neurotransmitter fluxes detected by inserted CFNEs arose
from within the synapses and that the insertion process did
not affect the surface of CFNEs or their sensitivity.

After insertion of CFNEs in synapses, and elicitation of
release by high-K+ solution puffs, well-defined quantal
amperometric spikes were recorded in ca. 48% of cases
(Figure 3a). Amperometric peaks displaying two distinct

characteristics were recorded. Approximately 42% of
spikes, termed hereafter “simple” events, exhibited a single
rising phase followed by a single falling one (Figure 3a,c)
being well-separated in time (ca. 40 ms average separation)
from the previous and next release events. Their average
amplitude (Imax), durations (t1/2), and number of released
molecules were 7.64� 0.32 pA, 0.53� 0.01 ms, and 1.77�
0.16 � 104 molecules, respectively. The remaining 58 % of
events, termed “complex events”, consisted in sequences of
typically 2 to 5 sub-spikes (only 10 % displayed more than 5
sub-spikes) with overall longer durations (t1/2

complex = 2.90�
0.13 ms, Figure 3b,d,e) and more released molecules (3.98�
0.37 � 104 molecules) than that of single events. Each of such
sequence was separated from the previous or following
release events by a 40 ms average time as observed as for

single events. Within a given sequence, the sub-spikes
exhibited well-defined rising and falling phases with smaller
t1/2

sub values than for single events (Figure 3a) and were
separated by 2 ms (Dtsub = 2.30� 0.18 ms, Figure 3b) from the
previous or following one of the same sequence. Statistical
analyses based on the mean separation time between simple
events[14] could not accommodate the high frequency occur-
rence of so small time delays between sub-spikes of complex
ones.

Furthermore, their current peak distribution was bimodal
in opposition to the near-Gaussian current distribution of
simple events (Figure 3 f). Altogether, such unique properties
of complex events clearly characterize them as belonging to
an entirely different class than single ones, thus evidencing
that different types of vesicle fusion modes co-exist inside
synapses as reported for gland cells.[15, 16]

In another series of experi-
ments we compared events
detected with one CFNE inserted
inside a synapse to those simulta-
neously detected with another
CFNE placed on the top of the
corresponding varicosity in
a “semi-artificial synapse” config-
uration (Figure 4a,b). Current
spikes recorded simultaneously
at both electrodes exhibited fully
distinctive features (Figure 4c).
Detection probabilities, exocyto-
sis frequencies and complex
events detection percentage dras-
tically differed between the two
positions. Among the 110 dual-
electrode 100 seconds recordings
performed, 48.2 % evidenced cur-
rent spikes were recorded from
inside synapses, while only 24.5%
could be detected from above
(Figure 4d); furthermore, in aver-
age, 32.7� 5.7 current spikes were
detected inside synapses while
only 4.8� 1.4 were recorded
above (Figure 4 e); in addition,
58% of detected events were

complex ones inside synapses while this was only 13%
above synapses. Although these simultaneous comparisons
confirmed the reality of release from varicosities top
areas,[12b, 13] the different characteristics observed validates
the non-uniform distribution of active release zones, and the
fact that they obey different and unsynchronized processes.
This definitively confirms that neurons display different
vesicle fusion modes at different parts of their axon buttons.
The synaptic membrane facing its postsynaptic target pos-
sesses more active hot spots[6] and gives rise to a larger
amount of complex events.

To evaluate the scope of the method, neuromuscular
synapses were also investigated (Figure S7, and Movie S2).
Amperometric spikes evoked by high-K+ solution evidenced
high percentage of complex events (52.3 % of 459 events

Figure 3. Nanoelectrode amperometry inside synapse between SCG neurons to monitor vesicular
exocytosis. a) High K+-induced amperometric spike and two complex events were amplified above;
b) Representative examples of complex events; c,d) the upper panel shows examples of a simple and
a complex amperometric current trace; the lower panels show the first derivative (dI/dt) of the current.
The solid and dotted lines are threshold of 3.0 � rms noise and 5.0 � rms noise respectively; e,f) Histo-
grams of simple (red) versus complex (blue) events characteristics in t1/2(n=400 simple events and
n =532 complex events) and peak heights (n = 433 simple events and n= 544 complex events).
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recorded) (Figure S8a,b). Overall the characteristics of the
detected events were very similar to those described above for
SCG-SCG synapses: complex events showed longer durations
(t1/2

complex = 1.77� 0.10 ms) than simple ones (t1/2 = 0.39�
0.02 ms, Figure S8c) and a bimodal current spike distribution
was again observed for complex events while single ones
displayed a classical near-Gaussian distribution (Figure S8d).
This demonstrate that CFNE-amperometry has broad appli-
cation range for monitoring and characterizing neurotrans-
mitter release inside synaptic clefts and therefore offers an
excellent procedure for better understanding of synaptic
communication.

In summary, we developed a nanoelectrode-based
amperometric method for direct monitoring vesicular exocy-
tosis occurring inside individual synapses with high spatio-
temporal resolution in real time. The versatility and impor-
tance of this new tool and method has been demonstrated by
real-time monitoring inside neuronal junctions and neuro-
muscular junctions. Of particular importance is that these
results have established that a large percentage (> 50%) of
exocytotic events involved complex sequence of events totally

distinct from the usual single spike events detected by
amperometry with CFMEs at endocrine cells. Though, the
biological mechanisms underlying the occurrence of these
complex events remain to be elucidated, complex events
features are very suggestive of “Kiss and Run” ones
(K&R).[15,16] Indeed, if transposed to amperometry, K&R
features observed with patch-clamp[15] are expected to lead to
sequences of complex spikes as those observed in this work.
Though this is currently investigated in our joint team, our
present results demonstrate that this is a major mode of fusion
for NE release inside SCG synapses. In addition, the above
results directly confirm that the active release zones in
synaptic buttons are mostly concentrated in the regions facing
the postsynaptic targets. Though, less active ones located
outside the cleft release apparently without any synchroniza-
tion.

The perfect ability of this new amperometric method to
monitor and quantify neurotransmitter release in real time
directly inside single synapses is expected to allow over-
coming several previous limitations and offering a better
understanding of the true nature of neuronal communica-
tions.
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