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1. Introduction

Communication between cellular organisms occurs, among
other mechanisms, through the release of specific biochemical
or chemical messengers by an emitting cell, generally coupled
to a specific detection of these messengers by a receiving cell.
According to the target or the scope of the information
exchanged, these messengers are released into biological fluids
(for instance, into the blood flow), a restricted volume (i.e., a

[J 2008 American Chemical Society
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synapse), or the extra-body environment (as for pheromones).
Whatever the communication procedures are, an infinitely
minute number of molecules are released during a brief fraction
of time (i.e., milliseconds to seconds) by a living cell outside
its cytoplasm, that is, in the extracellular medium. Such infinitely
small quantities thus represent a challenge as compared with
the actual analytical standards. Moreover, the completion of the
whole secretion event within a very short time, as well as the
fact that the moment of release is “decided” by the cell itself,
obviously increase the difficulties of such an analytical detection.

The huge difficulty of the analytical detection of these
events can be transposed in terms of the signal-to-noise ratio,
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that is, the main requirement for the quality of the biological
information. Taking for granted that the receptor of the
material released has been selected to be thermodynamically
and kinetically adequate, a good signal-to-noise ratio requires
only a sufficient concentration (and not a sufficient amount
since only chemical recognition rates matter) of the chemical
or biochemical messengers near the receptor. As a conse-
quence, the signal-to-noise constraint can be overcome by
constraining the release of a small number of molecules to
the local area of the receptor to give a large concentration
only in the close vicinity of the receptor. This is easily done
by restricting the volume in which the messengers are
released. It must be emphasized that this is the solution
retained by Nature in its biological synapses, so as to detect
kinetically with a high signal-to-noise ratio the release of
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zepto- to attomoles of chemical messengers released during
a millisecond time scale.

As we will present in this review, this solution is readily
adaptable to electroanalytical purposes. Indeed, whether the
molecules released are electroactive and identifiable elec-
trochemically, positioning an electrode at micrometric or
submicrometric distances from a living cell allows restriction
of the extracellular volume in which the molecules produced
by the cell are released. It then ensures an adequate signal-
to-noise ratio and a complete collection of fluxes of chemical
messengers emitted by the cell under the electrode surface.
For instance, one femtomole delivered in a volume of a
thousand cubic micrometers creates a millimolar concentra-
tion rise, that is, a concentration variation that can be
monitored kinetically via electrochemical techniques with
an excellent signal-to-noise ratio, provided that the electrode
does not pick up too much noise through its surface.

Ultimately, electrodes pick up electrical noise through their
capacitance (through their overall conducting surface area),
while the analytical information (the faradaic current) arises
only from the surface area exposed to the cell release. Thus,
using an electrode with an active surface matching that of
the examined cell decreases the noise, while it does not affect
at all the collection and provides the required quality and
intensity to the analytical information. This maximizes the
signal-to-noise ratio and simultaneously ensures a quantitative
collection efficiency from different release points since this
artificial synaptic cleft covers the whole cell-emitting surface.
Indeed, because cell dimensions are in the micrometer range,
using microelectrodes therefore allows one to perform
measurements at the single cell or few cells level. Further-
more, positioning a microelectrode at micrometric distances
from an isolated living cell ensures the most adequate signal-
to-noise ratio and guarantees that the collection of electro-
active chemicals released at the surface of a single living
cell is quantitative. In other words, the microelectrode/living
cell assembly (Figure 1) constitutes a semi-artificial synapse
with all of the advantages of those built by Nature.

This solution has been mostly used purposely or intuitively
for the investigation of biochemical material release and has
allowed several important biological mechanisms to be
clarified. In this review, we wish to report several important
contributions of electroanalytical techniques over the past
20 years for investigating three major biological processes
at the single cell level (or at least a few cells population):
vesicular exocytosis, oxidative stress, and nitric oxide
metabolism in brain.

2. Monitoring the Exocytosis at Single Living
Cells

2.1. Introduction
2.1.1. Principles of Vesicular Exocytosis

As already mentioned in the Introduction, intercellular
communication occurs through the release of chemical (or
biochemical) messengers from an emitting cell to a target
cell. This transmission is mostly achieved by vesicular
exocytosis, such as in neurons, neuroendocrine cells, or for
the control of hormonal fluxes in blood." The expulsion of
the messengers from the emitting cell and their further
diffusion toward the neighboring cells can be briefly
described as follows. First of all, secretory vesicles located
in the emitting cell cytoplasm are initially filled with the
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Microelectrode

Chemical or
Biochemical Release

Living Cell

Figure 1. Principle of the semi-artificial synapse configuration,
in which a microelectrode is positioned at the top of a living cell
that releases electroactive species.

biochemical messengers (neurotransmitters, hormones, and
peptides).? Second, following an appropriate cell stimulation
(which provokes a Ca®" entry or increase), the available
vesicles dock to the cell membrane through a step requiring
multiple protein—protein interactions, that is, the formation
of SNAREs (soluble N-ethylmaleimide sensitive fusion
protein attachment receptors) complexes (Figure 2, step a).>
By overcoming the natural electrostatic repulsions between
the cell and vesicular membranes, SNAREs allow mem-
branes to interact at molecular distances so that the electrical
field carried by each electroporates them. By local reorga-
nization of phospholipidic bilayers, the formation of a fusion
pore ensues through which the release of the vesicular content
toward the extracellular medium onsets (Figure 2, step b).
In most cell models investigated experimentally, exocytosis
implies “dense-core” vesicles, whose intrinsic properties
make them a better analytical target (see section 2.1.3 for
details). Thus, the cationic messengers are compacted into a
matrix behaving like a polyelectrolytic gel and constituted
of polyanionic proteins such as chromogranins, which fill
the vesicle core.* Because of the formation of the fusion pore,
the first ionic exchanges between this matrix and the
extracellular medium occur spontaneously by allowing
partition of the cations. This provokes a local exchange with
the cations of the external medium and thus a destructuration
of the gel due to the different molecular and supramolecular
interactions. In a natural environment, each messenger cation
is exchanged by a fully hydrated small cation (Na™, H;0™),
and a local matrix swelling is induced. This increases the
Laplace tension over the membranes junction area, which
may ultimately counterbalance the pore edge energy. The
expansion of the pore then takes place, leading to the release
of a larger flux of the chemical messengers into the
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SNAREs assemblies

Neurotransmitter

Extracellular medium

Intracellular medium

Figure 2. Schematic representation of the main phases of dense-
core vesicles exocytosis. After appropriate stimulation, vesicles that
are primed to undergo exocytosis dock to the cell membrane by
the mean of SNAREs complexes (step a). The cell and vesicular
membranes mix and evolve to the formation of a fusion pore,
through which neurotransmitters begin to diffuse out the vesicular
matrix (step b). Resulting from the ionic exchanges (catecholamines
cations vs Na™* or H30™) and water entry between the intravesicular
and the extracellular media, the vesicular matrix swells and provokes
the fusion pore expansion (step c).

extracellular medium (Figure 2, step c), so that an autoac-
celerating release takes place, leading eventually to the full
fusion of the vesicle with the cell membrane. It must be
added that the increase of the cytosolic Ca** concentration
has been evidenced to play concomitantly an important role
during almost all steps of the whole exocytotic process (for
instance, as the disassembly of the actin cytoskeleton).!

2.1.2. Fast Scan Cyclic Voltammetry and Amperometry:
Respective Advantages

Aerobic living cells require oxygen-containing solutions
to perform as close as possible to physiological conditions.
Because O; is in high or comparable concentrations (0.23
mM) vs the released species flowing into the semiartificial
synapse, reductive detection is generally prohibited. Elec-
trochemical measurements of a cell secretion then generally
rely on the oxidation of the molecules released at the
electrode surface located close to the cell membrane. The
recorded currents thus evidence the nature of the molecules
released and their quantities as well as the dynamics of the
release itself. Two main electrochemical techniques have
been used, amperometry and cyclic voltammetry. In amper-
ometry, the working electrode is held at a constant potential
at which the molecules under investigation are oxidizable.
It ensues a continuous recording of the oxidation current as
a function of the time without severe contamination by
capacitive current. However, the “potential information” is
lost. In cyclic voltammetry, the current is recorded as a
function of the potential applied at the electrode (triangular
voltage ramps), so discontinuous monitoring ensues, and
capacitive currents may impede measurements, whenever
they are not stable enough to be subtracted. In the absence
of a semi-artificial synapse configuration, electrochemistry
is coupled to another analytical technique (liquid chroma-
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Figure 3. Background-substracted cyclic voltammograms at 10
V s~ ! of nor-adrenaline (dashed plots) and adrenaline (thin plots)

(20 uM) at a Nafion-coated carbon fiber electrode in pH 7.4-
buffered physiological solution (adapted from ref 7).

tography or capillary electrophoresis). Unfortunately, al-
though such measurements may be achieved at the single
cell level, they merely report confirmations once the whole
exocytotic process has ended.’ For instance, the catechola-
mines content of a single bovine chromaffin cell can be
determined by analyzing the extracellular solution (resulting
from the cell lysis or after exocytosis has occurred) through
microcolumn liquid chromatography coupled with amper-
ometry at a carbon fiber electrode (that is directly inserted
into the end of the capillary column).® This type of study
has allowed the quantification of the amount of catechola-
mines per cell, and it has further evidenced that chromaffin
cells are classified in either a single type of catecholamines
secreted (75% of cells, only adrenaline release or nor-
adrenaline) or a mixture of species (25%, adrenaline/nor-
adrenaline) released. Additionally, the individual cells have
been shown to deliver catecholamines in the same propor-
tions in which they store catecholamines.””® Similar studies
(in which the coupled electrochemical technique is voltam-
metry) were also performed on individual neurons.’'°

Although these postanalytical methods can provide es-
sential data concerning the vesicular content, no temporal
and spatial information could be obtained during the very
exocytotic release act. In the “semi-artificial synapse” mode,
amperometry or voltammetry can be achieved along the
occurrence of effective exocytotic events. Indeed, the whole
release of neurotransmitters by a single cell is the summation
of a series of spatially and temporally independent exocytotic
events.

For example, successive cyclic voltammograms performed
on chromaffin cells at relatively low scan rates (10 V s h
Figure 3) during exocytosis afforded a clear discrimination
between adrenaline and nor-adrenaline releases. Indeed, for
a given voltammogram of catecholamines under physiologi-
cally compatible conditions, a first oxidation/reduction (O,/
R)) system can be observed (oxidation of the catechol
framework into o-quinone during the anodic scan and
subsequent reduction of the latter during the reverse cathodic
scan) (Scheme 1). An additional peak (R») is detected on
the reverse reduction scan for adrenaline, due to a fast
intracyclization reaction that eventually leads to the formation
of a reducible adrenochrome, which is reduced at R, (Figure
3). The cyclization is impossible during the voltammetric
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scan for nor-adrenaline, so that both molecules may be
discriminated through analysis of the R; and R, peak
currents."!

Voltammetric studies performed during the exocytotic
release by a single living cell could thus confirm the results
obtained with chromatography, that is, at least three classes
of chromaffin cells (one that only releases adrenaline, a
second one that only releases nor-adrenaline, and a last one
that releases a mixture of adrenaline and nor-adrenaline) may
be implied during catecholamines secretion in adrenal
glands.” To improve the collection rate of the cyclic
voltammograms during a single cell measurement, a real-
time analysis by fast scan cyclic voltammetry has been
developed. For instance, the temporal resolution falls in the
millisecond range for scan rates of 200—300 V s~ ' >4
Thus, fast scan voltammetry (usually v = 800 V s~ ') also
allows the continuous differentiation of adrenaline and nor-
adrenaline. Indeed, in that case, a second oxidation wave is
only observed for adrenaline at very positive potentials, being
presumably due to the adsorption of the o-quinone form onto
the electrode surface and the subsequent irreversible oxida-
tion of the amine to imine."”

As already mentioned above, electrochemical measure-
ments only require that the vesicular content released may
be oxidized at the surface electrode. Such experiments were
thus also designed to monitor the secretion of peptide
hormone from single melanocytes of the intermediate lobe
of the rat pituitary (oxidation of tryptophan and tyrosine
residues of small proopiocortin-derived peptides secreted
from the cells).'®!’

Yet, because of the discontinuous monitoring and possible
corruption by capacitive currents, cyclic voltammetry mainly
allows the chemical identification of the secreted molecules.
Conversely, amperometry provides much more precise
kinetic information on the exocytotic process itself. Actually,
amperometric analysis of the secretion of neurotransmitters
by a single living cell allows evaluation in real-time of the
whole efficiency of the exocytotic process with a very high
precision from analytical (zeptomoles), temporal (mil-
lisecond), and spatial (electrode diameter, ~7 um) points of
view.'® 20 Practically, a glass micropipette can be positioned
near the cell investigated in the semiartificial synapse

Chemical Reviews, 2008, Vol. 108, No. 7 2589

configuration and is used to administer secretagogues, that
is, stimulating agents that trigger exocytosis (for instance,
nicotine, a K™/Ca>", or digitonine/Ca2+ mixture, Ba’",
etc.'*2%%) via pressure ejection.'® Stimulation can also be
performed with action potentials in the presence of Ca** or
by flash photolysis of caged coumpounds.>*~>® Whatever the
stimulation is, exocytosis is amperometrically depicted as a
series of current spikes that correspond to the detection of
successive exocytotic events, each spike corresponding to
one exocytotic event.'* As compared to cyclic voltammetry
measurements, complex features of the dynamics of the
exocytotic events can be amperometrically obtained. Glo-
bally, four main parameters of the amperometric trace have
been evidenced to reveal the features of secretion events at
a single cell. The first one deals with the number of events
detected per cell (frequency of release), and the others
concern the characteristics of the individual amperometric
spikes and provide individual and statistical data about the
progress of the event itself. The mean frequency of the events
(evaluated experimentally upon counting the number of
events occurring within a selected duration of the secretion
process; see a representative amperometric trace in Figure
4A) testifies to the number of exocytotic events that occur
when the cell is stimulated.

Several mean kinetic parameters can be deduced by
examination of each individual event, that is, of each
amperometric spike (Figure 4B). For instance, the maximum
oxidation current I, (pA) directly gives the maximum flux
of neurotransmitters released during an event. Additionally,
time parameters such as the half-width 7,, (ms; evaluated at
50% of Ina), a rise-time (between the beginning and the
maximum of the spike), or a spike falling-time (delay
between the maximum and the end of the peak or a time
constant resulting from exponentional fits) are readily
determined with a submillisecond precision.”” Because of
the high signal/noise ratio (rms noise between 0.2 and 1 pA),
the messenger fluxes can be amperometrically measured with
a precision in the range of 1000 molecules per ms.?° Besides
these quantitative data, the morphology of a spike is directly
linked to the steps of the exocytotic event. Thus, once the
formation of the fusion pore occurs (see section 2.2.1.),
neurotransmitters begin to diffuse out of the fused vesicle,
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Figure 4. (A) Representative amperometric trace obtained during
exocytosis of a single chromaffin cell (the potential of the carbon
fiber microelectrode is held at 650 mV vs Ag/AgCl; at this value,
all of the catecholamines released during an exocytotic event are
oxidized). (B) Usual amperometric analysis of an exocytotic event:
major relevant quantitative and kinetic parameters extracted from
an amperometric spike.

sometimes leading to different pre-spike features (PSFs)
termed generally as a “foot”. The expansion of the pore is
then detected as a sudden drastic current increase, while the
following current decreases, featuring the end of the event
and then the diffusion of the last neurotransmitters released.?®

Finally, the area of a current spike corresponds to an
electrical charge Q (fC or pC) that directly reflects (by the
mean of the Faraday’s law) the amount of molecules
collected during one individual event. Because collection is
quantitative when the electrode is in the close vicinity of
the cell, this represents the effective quantity released.”® It
must be emphasized that the detection threshold ranges
between 1000 and 10000 molecules for an individual event,
depending on the experimental conditions. Finally, the high
number of data collected (between 50 and 200 nonoverlap-
ping spikes per amperogram are generally analyzed) allows
a statistical and comprehensive analysis of the phenomenon.

Exocytosis of neurotransmitters that can not be easily
oxidized (glutamate, acetylcholine, etc.) is obviously not
amenable to direct amperometry,” although indirect detection
may be applied as for many bioelectrochemical sensors. This
is however at the expenses of collection efficiency and time
resolution. Nevertheless, amperometric measurements allow
precise kinetic quantification of many messengers of impor-
tance in natural exocytotic events and are henceforth
considered as a usual and powerful analytical tool with large
scope. It is worth mentionning that some cells that release
nonelectroactive molecules, such as dog pancreatic duct
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epithelial cells, may be incubated with dopamine (that is
oxidable electrochemically) to amperometrically monitor
their exocytosis subsequently to other analytical techniques.*® >

2.1.3. Cell Models Typically Investigated

Generally, exocytosis is investigated on nonsynaptic cell
models that possess comparatively large-sized vesicles
(0.25—1 um diameter) vs synaptic vesicles (~20—50 nm
diameter) and high neurotransmitter concentrations, which
allow a remarkable detection sensitivity.*®> Hence, this avoids
the usual difficulties in studies of real synapses among which
are the difficulty of neurons culture, the low size of synaptic
vesicles, the weak amount of neurotransmitters released, and
the impossibility of inserting the electrochemical probe into
a synapse without inducing its destructuration.*® Although
they are amperometrically limited by the requirement of an
electroactive substance released during the exocytotic pro-
cess, numerous cell types are available as model systems.
This mainly includes adrenal (bovine, calf, rat, or even
human) chromaffin cells (that release a mixture of catechola-
mines: adrenaline, nor-adrenaline, and dop-
amine),'>1421:25:34-36 ¢ pheochromocytoma (PC12) cells
(that release dopamine after incubation and are derived from
cancerous rat adrenal gland),”f39 mast cells from normal
or beige mice [corelease that of 5-hydroxytryptamine (se-
rotonin) and histamine but involve giant vesicles]**** or
RBL-2H3 mucosal mast cells (serotonin-loaded),43’44 human
or mouse pancreatic f-cells (insulin release, preloading
procedures also allow serotonin release),**’ dog pancreatic
duct epithelial cells (dopamine-loaded),?? trans-differentiated
bovine chromaffin cells thus acquiring a neuronal pheno-
type,”® enterochromaffin cells of the guinea pig ileum
(serotonin),**->* and single melanotrophs of the intermediate
lobe of the rat pituitary (melanocytes secreting hormones
and related peptides).'®!”

Although not involving real synapses (i.e., no intrusion
of the electrochemical probe into the synaptic cleft), works
dealing with neuronal systems have been reported on
invertebrate systems, such as the leech Hirudo medicinalis
(serotonin),”'>* the pond snails Planorbis corneus (dopamine)>*®
and Lymnaea stagnalis (serotonin and catecholamines),> and
the sea hare Aplysia californica (serotonin),’® or on mam-
malian neuronal systems, such as superior cervical ganglion
neurons from neonatal rats (catecholamines mixture),®!
cultured ventral midbrain neurons of rat (dopamine loaded),®*
or dissociated neurons of the sea pansy Renilla koellikeri
(in this case, after cell-loading procedures with dopamine
and nor-adrealine).®® Eventually, amperometric measure-
ments have also been achieved on somata of Substantia Nigra
neurons in rat midbrain slices,®* axonal varicosities of rat
midbrain dopaminergic neurons,®® or individual dopamin-
ergic neurons isolated from the mouse retina.®®

2.1.4. Typical Microelectrodes

Generally, electrochemical measurements aimed to inves-
tigate exocytosis are achieved with carbon fiber microelec-
trodes (usually from 1 to 10 um diameter). The carbon fiber
can be sealed and encased into a glass capillary.'**’
Optimized procedures involve a polymer insulation of
protruding carbon fibers [for instance, polyethylene,®® polypro-
pylene,® or poly(oxyphenylene)’”] before or after glass
sealing. Furthermore, coating of the carbon fiber with a thin
film of the perfluorinated cation-exchange material Nafion
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spikes with a pre-spike feature of foot (PSF). (A) With a “ramp”-
shaped foot. (B) With a “ramp + plateau”-shaped foot. Quantitative
foot parameters oo, froot, and Qfoor calculated before the rising phase
of the spike are given for both PSFs.

has been shown to enhance the selectivity (only the cations,
such as the protonated catecholamines at chromaffin cells,
may then easily permeate the film), although this decreases
the temporal resolution due to the time necessary for secreted
substances to diffuse slowly through the polymer film."?
Coated carbon fiber ultramicrodisk electrodes (CUMDE:5)
can also be prepared by means of cathodic electrophoresis
paint to electrically and chemically insulate the carbon fiber
protruding from a pulled glass capillary.”’ Moreover, am-
perometric measurements at pancreatic [(-cells (insulin
release) have required the use of carbon fiber microelectrodes
modified with a polynuclear ruthenium oxide/cyanoruthenate
film. Such a chemical modification induces a fast catalysis
of insulin oxidation, thus allowing its anodic detection in
physiological buffers.*>">

Recently, “diamond” microelectrodes have been used to
record serotonin release from enterochromaffin cells of the
intenstinal mucosal layer.**° The diamond microelectrode
was formed by overcoating a sharpened 76 um diameter Pt
wire with a thin layer of conducting diamond. Subsequent
insulation with polypropylene allows a conically shaped
microelectrode with a diameter of about 10 um at the tip.

2.2. Insights Directly Provided by Amperometry
2.2.1. Detection of the Fusion Pore

The fusion pore phase can be detected amperometrically,
although its structure (proteic or lipidic) cannot be solved
by this analytical technique.”® The detection of an ampero-
metric foot related to the pre-release through the fusion pore
was first reported by R. H. Chow et al.,®® followed a few
months later by the group of G. A. de Toledo.”* Both have
shown that a significant proportion (for instance, about 30%
in chromaffin cells, depending on the experimental conditions
and the analysis; see below) of the amperometric exocytotic
events display a foot (commonly named the prespike feature
or PSF). This reflects the onset of the catecholamine release
through the transient fusion pore.”” Consequently, the
amperometric foot (whose shape generally resembles a ramp
or a ramp followed by a plateau of current) directly informs
on the existence of the fusion pore (Figure 5).”° Four PSF
parameters are commonly analyzed: its duration (0, Which
is ascribed to the lifetime of the pore), the charge (Qroor
which is linked to the number of molecules released through
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the pore), the maximum current (/g,0, Which is correlated to
the flux of neurotransmitters released), and the percentage
of spikes with a foot (or PSF frequency) by comparison with
the whole set of spikes analyzed. It must be nevertheless
emphasized that the studies in which these four parameters
are analyzed together are rather scarce because of the intrinsic
difficulty of these measurements (low foot current) by
comparison with those dealing with entire spikes.

The works dealing with the detection of an amperometric
foot are miscellaneous. For instance, several data have raised
the question whether the amperometric foot is linked to the
predissociation of the vesicular matrix.”>””-’® Furthermore,
recent studies on chromaffin and PC12 cells suggested that
the presence of an amperometric foot is correlated to the
vesicular content and size and possibly to the presence of a
liquid film (named a halo) containing few dissolved neu-
rotransmitters molecules when the matrix core is not adherent
to the vesicle membrane.”®”® Indeed, in some vesicles, the
vesicular membrane may not fit tightly around the dense core,
leaving in electron microscopy an electron-lucent halo
separating the dense core from the vesicular membrane.®°
This halo is thus associated with the existence of a liquid
film into some vesicles or at least of a medium in which the
diffusion coefficient of catecholamines is larger than in the
dense matrix.

Hence, at chromaffin and PC12 cells, although a PSF
detected during an exocytotic event reveals that a flux of
catecholamines occurs during the phase of the initial fusion
pore opening, experimental observations based on modifica-
tions of the vesicular content (by L-DOPA or reserpine
treatment) or of the mechanical cell membrane properties
suggest that an amperometric foot does not only correspond
to a prerelease of catecholamines from the vesicular matrix
but also of catecholamines contained in a halo present in a
fraction of vesicles.”®""%? Thus, only these halo-equipped
vesicles would give rise to an amperometric PSF. This brings
up in particular the notion that the PSF frequency would
not be linked to the dynamics of the fusion pore, which is
an intrinsic property of the fusing vesicles. The percentage
of spikes with a foot and the stability of the fusion pore may
then be two independent phenomena that are not necessarily
correlated. A PSF would thus only reflect the presence of a
sufficiently sized halo.®' Interestingly, amperometric studies
of exocytosis at rat pancreatic 3-cells coreleasing GABA,
ATP, and serotonin have evidenced that PSFs are less
frequently observed when ATP is released than for serotonin
or GABA, but also that the relative amplitude of PSF
(amplitude of foot as compared to those of the whole spike)
also depends on the substance released. The PSF events thus
exhibit fusion pore selectivity and compounds may be
differentially released depending on their chemical proper-
ties.®* For a lipidic pore, this seems difficult to rationalize
unless the selectivity is linked to the halo composition, so
that such experiments add to the present view rather than to
the predissociation mechanism.

Additionally, the percentage of spikes with foot has been
evidenced to depend sometimes on the secretagogue, in
agreement with the recognized dependence of vesicular
fusing populations on the stimulus of exocytosis.** For
instance, the PSF frequency for chromaffin cells varies when
comparing digitonin/Ca®" with nicotine,®> whereas the
absence of dependence is observed when comparing Ba®"
and K*/Ca** stimulations.®¢
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In two works reported, a proportion of foot signals did
exhibit rapid fluctuations, and this was interpreted as
evidence of the flickering of the fusion pore, the number
and frequency of the foot flickering being modified by
intracellular Ca®" concentration.?”*® However, this appears
as a scarce experimental observation. Furthermore, some
effects of SNARESs assemblies on the stability of the fusion
pore have also been deduced from the analysis of the
amperometric foot.3°

Actually, the scarceness of studies in which all of the foot
parameters are analyzed together as well as the method of
detection of an amperometric foot (which often depends on
the group) have promoted different interpretations of what
a PSF exactly represents. For instance, a PSF could
sometimes be confused with the superimposition of two
independent spikes temporally close together. Hence, the
relative lack of precision required for amperometry in this
case implies that the amperometric detection of the fusion
pore is henceforth associated to capacitance and conductance
measurements (see section 2.4.).76™8

2.2.2. Mapping the Cell Surface

Usually, the diameter of the carbon fiber microelectrode
is approximately 7—10 um, that is, equivalent to the size of
a single cell, for the reasons of information collection that
we have described above. Decreasing the electrode size to a
lower scale (~1 um) can be achieved through the fabrication
of etched electrodes (mostly carbon fiber electrodes).” In
that case, exocytosis can also be monitored without any clear
modification of the spikes parameters (as compared to those
monitored at the 10 um fiber electrode),”’ except for a
reduced spike frequency (in agreement with the reduced
collection due to a lower electroactive surface relative to the
emission surface area of the cell). This basic property has
been used to map the chromaffin cell surface during the
secretion.””!® Also, the simultaneous recordings of cell
secretion with two etched electrodes has been shown to reveal
that different release sites are present on endocrine cells.
Notably, the correlation between the active zones and a high
local intracellular calcium concentration (“hotspots”) has
been clearly evidenced, suggesting that calcium pumps are
spatially close from fusing points equipped with SNAREs
machineries.'*

Etched electrodes have also been used to map neurite-
emitting chromaffin cells.'”' Indeed, after 3—4 days of
plating, there is a large proportion of chromaffin cells that
become non-spherical. Mapping the release of such bipolar
or tripolar cells has revealed that, contrary to ovoid cells,
the release distribution is not randomly located. It must be
added that the mapping of the cell surface by the means of
etched electrodes has also been successfully achieved on
pancreatic S-cells.'9%1

Additionally, studies dealing with the amperometric detec-
tion of exocytosis at PC12 cells with nanoelectrodes (ca. 100
nm) have been reported.104 In that case, the nanoelectrode
size corresponded to the vesicle diameter range, and exo-
cytosis was rarely detected when the nanoelectrode was
randomly positioned at the top of the cell. Indeed, there was
no detection during ca. 70% of the recordings, and only one
to a few spikes per cell (5 min of recording) were observed
when exocytosis occurred beneath the nanoelectrode. There-
fore, these results support what was already described above,
that is, the existence as well as the distribution of active and
inactive release zones of cell membrane.'®*
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Figure 6. Example of quantitative analysis of dense-core vesicle
size provided by amperometric measurements (the vesicle diameter
is assumed to be proportional to the cube root of the amperometric
spike charge). Two vesicular populations can be fitted with the sum
of two Gaussian distributions. Direct analysis of dense-core vesicle
diameter obtained by electron microscopic measurements gives the
same statistical distributions (adapted from ref 21).

Recently, the fabrication and characterization of carbon
microelectrode arrays (MEAs) have been reported. The
carbon MEAs are composed of few (two, three, or seven)
individually 5 um diameter carbon microdisks embedded in
glass, leading to a 20—40 um diameter array.'®> Ampero-
metric measurements with MEAs have been achieved on
PC12 cells and thus allow one to obtain information about
the spatial heterogeneity of the exocytotic events with a
convenient experimental device.

2.2.3. Evidences of Multiple Vesicular Populations

The modulatory role by intracellular vesicles in the
chemical transmission appears to be related to a distribution
of sizes.® This leads somehow to question if different types
of vesicular populations are implied during exocytosis.
Amperometric data may easily be used to examine this
question. Indeed, the released charge (Q) per amperometric
spike, which represents the number of molecules released
per exocytotic event (also improperly thought as the quantal
size'%®) is related to the vesicular radius by combining the
Faraday’s law and the formula of the spherical volume:'*

1

3 —

r= —Q 3 (1)
8nFC,,,

Assuming that the intravesicular concentration Cye iS a

constant value, as imposed by the very supramolecular
binding of neurotransmitters inside the matrix, one obtains

raQ1/3 2)

Whenever this basic equation holds, it shows that analysis
of the amperometric charge (more particularly its cube root)
is tantamount of the vesicular size. Although chromaffin cells
are usually thought to have a single population of secretory
vesicles, Grabner et al. showed by both electron microscopy
and amperometric analyses that exocytosis at chromaffin cells
involves a dual size-differentiated population of vesicles (see
an example in Figure 6). Indeed, the size distribution
(estimated by optical microscopy or by the mean of Q')
was well-described as the sum of two Gaussians, suggesting
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that secretory vesicles are bimodally distributed with both
large and small events. The very similar distributions
obtained by microscopy (vesicular radius) and amperom-
etry (Q'?) were shown to be consistent, further adding to
the view that chromaffin cells possess at least two
populations of dense-core vesicles with specific secretory
properties.?! Furthermore, a hypotonic extracellular environ-
ment increases the ratio between large- and small-sized
vesicles. Indeed, under hypotonic conditions, the population
of smaller vesicular contents, and therefore of smaller sizes,
results in depressed by comparison with isotonic condi-
tions.'?”

The notion that at least two vesicular populations partici-
pate concurrently in exocytosis appears to be extendable to
other cell types. For instance, similar amperometric results
were recorded on the cell body of the dopamine-containing
neuron of Planorbis corneus.'® As above, the statistical
distribution of Q' values evidenced a release of dopamine
from two classes of vesicles.”*>>7>® Additionally, ampero-
metric measurements performed from undifferentiated rat
PC12 cells'® or Retzius cells of the leech (Hirudo medici-
nalis) led to similar results.”' ™3

Actually, a more accurate analysis of the charge from
amperometric data showed that in chromaffin cells, the Q'
distribution is more reasonably described by the presence
of at least three Gaussian individual populations.®* Moreover,
the mean charge, as well as the relative proportion of each
vesicular population, are clearly affected by the duration of
the cell culture before experiments.>*

2.2.4. Mathematical Models Applied to Amperometric
Spikes

As explained above, the extraction of spikes parameters
is expected to offer a better understanding of the exocytotic
process. To go further, some works have reported on
mathematical models that could provide additional informa-
tion. For instance, A. G. Ewing and colleagues reported on
the amperometric study of exocytosis by PC12 cells or
Planorbis corneus neurons.”>>® In such works, it was
assumed that the shape of the decreasing phase of an
amperometric spike follows a Cottrell-like behavior. Com-
bination with Faraday’s law affords one to correlate the
vesicular radius with the charge released without assuming
a priori a constant intravesicular concentration:

p”2 3 0
Mes= 22 () (3)
i)
On the basis of the same hypotheses, a second model
connected the vesicular and electrode radii and the charge
released:

3
L) D” 30
(re)2 l(l) . t1/2 431/2

“4)

As a result, vesicular size distributions were extracted from
a combination of the electrochemical current and charge. The
comparison with literature data (provided by electron mi-
croscopy analysis) showed that the model behaves very
satisfactorily, although it provides only relative distributions.
Indeed, the value of the diffusion coefficient cannot be
measured with accuracy within this framework.

A full theorical and mathematical model was provided by
C. Amatore and colleagues to describe the shape of an

Chemical Reviews, 2008, Vol. 108, No. 7 2593

individual amperometric spike.?®-293>78:110-111 The diffusion
coefficient of the neurotransmitter inside the swollen parts
of the vesicle matrix could then be determined for each event.
This, as for the Ewing simplified model, allowed through
comparison to the charge Q, an accurate determination of
the intravesicular concentration, showing that it is reasonably
constant, although with a distribution-like behavior.*-'1°

Thus, a full mathematical way analysis could be
developed upon considering that an amperometric spike
results from the convolution of an opening sigmoid type
function with a purely diffusional function. In a first
approach, this convolution was approximated by the
integral of the product of an exponential decaying branch
(diffusion from the spherical matrix) by a Gaussian
(derivative of the sigmoid like opening function) curve.?®
Satisfactory results were thus obtained while fitting an
amperometric spike with the ensuing exponentially modified
Gaussian curves. The Gaussian portion has been evidenced
to reflect a rate-limiting opening of the pore, whereas the
final exponential part is consistent with the diffusional control
of the release, that is, the dissociation of vesicular matrix.
This model, prone to be more realistic and precise than the
one described above, showed clearly that physical chemistry
plays a significant role during exocytotic events and that the
diffusion of the vesicular content is not rate limiting during
the first stages of the process. Physically, the raising part of
the spikes is mostly determined by the fusion itself, while
the descending branch mainly illustrates the rate of diffu-
sional release from the swollen exposed matrix (Figure 7A).

Several other models have been proposed, in particular
by Y. A. Chizmadzhev et al., to rationalize exocytosis by
taking into account the effect of membrane mechanics and
particularly the effects of surface tensions on the stability
of the initial fusion pore.”z’113 Yet, in these models, the
reasons for changes of membrane surface tensions were not
explained, and furthermore, the membrane dynamics were
not related to amperometric measurements. Besides, three
other models have been developed to face amperometric
measurements with the physicochemical characteristics of
exocytotic events. The origin of the driving force of
exocytosis was noteworthily emphasized, from where it
ensues that the main effect is due to changes of Laplace
surface tension of membranes provoked by the swelling of
the vesicle matrix during exocytosis.’® 10111114115 Nore.
over, these three models tempted to couple the membrane
dynamics to the flux of neurotransmitters, measured elec-
trochemically, as based on two main rate-determining
phenomena: (i) the surface tension-induced rate of the pore
opening (i.e., the rate at which the vesicle membrane is
incorporated into the cell membrane) and (ii) the increasing
diffusion rate of neurotransmitters out of the swollen matrix
through its increasing exposed area.

These three models rely on the same conceptual framework
in which each individual amperometric spike i(r) was
assumed to result from the convolution of an opening
function S(7) and a diffusion one W(r) (Figure 7B, 7 being
an adimensional time).” 1111

i(r)=2F°fotlI’(r—u)-%-du (5)

The diffusion function was independently obtained by
the mean of Brownian fits of the descending branch, while
the opening function was linked to the variation of the
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Figure 7. (A) Schematic representations of the different phases of vesicular exocytosis as observed by amperometry. (B) Rationalization
of an amperometric spike (thin solid curve) by the time convolution between membrane fusion (thick solid curve and top left cartoon) and
free spherical diffusion (dashed curve and bottom left cartoon). (C) Schematic representation of a 2D cross-section of the physicochemical
model used to describe the convolution sketched in part B. (D) Left: modeling (symbols) of a typical spike (solid curve) by random walk
simulations as sketched in part C. The inset evidences the perfect agreement between the experimental spike and its physico-chemical
model. Right: opening function extracted after deconvolution of the spike shown on the left. Data from references 78, 110, 111.

vesicular uncovered surface as a function of time (Figure
7C):

S( t) — w (6)

By means of geometrical restriction to diffusion due to
the time-dependent circular section of the fusion junction

zone, this allowed a full Brownian motion fitting of each
spike so that S(z) could be determined for each event without
requiring any a priori assumption except for that of correct-
ness of the formulation in eq 5.

This deconvolution procedure that removes the diffusion
function could be computerized so as to allow the almost
in-time analysis of thousands of experimental spikes, by the
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use of a homemade software to extract each individual
opening function with an extremely high precision through
subsequent iterative procedures (Figure 7D). The excellent
fits that were obtained are consistent with the key role played
by the matrix swelling in producing the driving energy, the
rate of release of which is finely tuned by membrane
dynamics. Furthermore, this model permitted elucidation of
the whole process from an energetic point of view. Indeed,
the refrained swelling of vesicular matrix induces a pressure
onto the vesicle/cell membrane assembly after the initial
fusion pore, which is converted into an increasing virtual
surface tension of the membrane through Laplace’s law. "8 10111
Ultimately, this dominates the edge energy of the initial
fusion pore and provokes its rupture and its further enlarge-
ment. During this phase, the corresponding released energy
is assumed to be converted into heat dissipation due to the
membrane leaflets slipping against each other and against
the intra- and extracellular solutions. As a consequence, the
evolution of the radius R of the rim connecting the cell and
vesicle membranes can be described following eq 7 (where
n is the viscosity of the cell membrane, and o is the
equivalent surface tension maintained by the continuous
Sweuing):78,110,l 11

= 4myR@

W, eleased(a <m/2)= 7TO'R2 =W 0

)

This equation has been shown to be experimentally valid
during the first full-fusion phase (oc < 90°). However, when
the forces exerted by matrix swelling do not apply anymore
onto the membranes (i.e., after the matrix has been exposed
beyond its diametrical plane, a > 90°), the smaller released
energy can be treated as a pseudoedge energy,’®!'*!! 5o
that the radius R of the rim connecting the cell and vesicle
membranes now decreases and its rate of evolution can thus
be written as follows (where p is the equivalent edge energy
of the system):

_ iR
=4mnR a1

®)

The resolution of the eqs 7 and 8 allows the prediction of
the variation of R as a function of the time. Because the
opening function (extracted from the experimental ampero-
metric spikes) can be related to R (for instance, during the
first full-fusion phase, R(f) = Ry sin a(f), where Ry is the
initial unswollen matrix radius), the comparison between
predicted and experimentally deduced temporal evolutions
of R showed that the model predicts very satisfactorily the
dynamics of fusion and release. This emphasizes the
importance of physicochemical parameters during the exo-
cytotic process for which the energy released by the vesicular
matrix swelling through the membranes is dissipated vis-
cously by membrane slipping during the pore enlargement.
Finally, it has to be emphasized that the role played by the
cell membrane viscosity as well as the mechanical membrane
tension has been experimentally confirmed by the mean of
modifications on the extracellular osmolarity or environ-
ment.*> These purposely designed experiments thus con-
firmed the present view of dense-core vesicular release and
offered a strong qualitative background to rationalize many
reported observations.

The experimental testing of these three models required
independent knowledge of several parameters (vesicle radius,

Wreleased(a > ‘7[/2) = _275PR =W

viscous
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transmitter diffusivity within the swollen matrix, surface
tension and viscosity of membranes, etc.),78’1 10ITLIIATLS o
that the analytical treatment of current variations observed
could be used to describe the effective membrane dynamics.
In the first model,”® %" these crucial data were extracted
from each single event observed upon using different
fractions of the current—time spike. Treatment of several
hundreds of spikes from the same cells or a series of cells
evidenced that—as could be guessed because of cellular
variability—these parameters experienced relatively large
variabilities and thus contributed in part to the particular
shape of each spike. In the two other models,''*!"> the
authors treated only a few spikes and decided to rely on
average data for these crucial parameters. In our opinion,
beyond the great qualities of each methodology, this poten-
tially introduced a severe bias in the overall treatment.
Indeed, any neglected variations of the key parameters vs
their assumed average values may have been likely com-
pensated by an appropriate bias into the extracted membrane
mechanics.

2.3. Using Amperometry as a Routine Technique

As described above, investigations of the exocytotic
process are essentially performed on cell models in which
vesicles are dense-core granules. Neurotransmitters are stored
into a vesicular matrix whose role is not only devoted to the
neurotransmitters storage, although this is a most efficient
way for forming nanopackets. For instance, vesicles in
adrenal chromaffin cells store catecholamines (adrenaline,
nor-adrenaline) at high concentrations (~0.5 M) and at low
pH (~5.5) with other soluble components (ATP, Ca**,
ascorbic acid, etc.) and mainly chromogranins, which allow
the matrix to behave statically (storage) and dynamically
(swelling driving force) as a polyelectrolytic gel. The
cohesion of this complex assembly is notably maintained
by interactions (mainly electrostatic forces and hydrogen
bonds) between the deprotonated carboxylic functions of
chromogranins, the positively charged catecholamines, and
the Ca>" ions. Once the fusion pore formation onsets, ionic
exchanges with the extracellular medium induce a destruc-
turation of the matrix by modifying the local packing forces
and hence its further swelling. As a consequence, it is
expected that the composition of the external environment
(pH, nature and concentration of ions, etc.) have to play a
role on the exocytotic process. More generally, physical and
chemical properties of the systems have been evidenced to
play an important role during the exocytotic mechanism in
addition to biological controlling factors.!'® Yet, the ensuing
energy is dissipated viscously by the membranes. Thus, on
a physicochemical point of view, the exocytotic efficiency
and dynamics are finely regulated by the membrane proper-
ties (resulting from the phospholipidic composition, the
mechanical tension, or the cell membrane viscosity) con-
comitantly to the vesicular matrix role. The situation is akin
to a powerful steam engine (here, the matrix) regulated by
a Watt’s pendulum (here, the membrane) although the
operating energy of the latter is much weaker. Moreover,
the biological parameters, such as the enzymatic systems,
proteins, intracellular calcium concentration, actin cytosk-
eleton, the nature of the secretagogues classically used, and
the cellular machinery that they implied or the biosynthesis
of the secretory vesicles, have been evidenced to have a
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crucial influence, for example, for the docking stage, but
certainly also because they overall tune the membrane
viscosities.

In that way, because of the excellent temporal resolution
as well as the comprehensive dynamic data provided by
amperometry, electrochemical studies have permitted to
obtain some important results that were hidden to other
techniques (for instance, such as patch-clamp; see section
2.4.) or too much corrupted by noise (local optical probes)
to allow a fine understanding at a quantitative level. It must
be specified that the works and results dealing with the
influence of pure biological parameters on exocytosis rarely
involve lone amperometric measurements but use them in
addition to other complementary analytical techniques that
provide important other information. Yet, because of the
scope of this review and the ubiquity of amperometric
investigations,>'?"!'” the following sections will be mostly
devoted to the reports in which amperometry is the main
analytical tool.

2.3.1. pH Dependence of the Exocytotic Release

Because the catecholamines are positively charged due to
their nitrogen protonation, the rate of dissociation of the
matrix (initially at pH ~5.5 before the ionic exchanges with
the extracellular medium) is predicted to increase by impos-
ing higher external pH, that is, by creating a higher pH
gradient. Moreover, because the chromogranin A structure
is pH-dependent, the external pH is also expected to affect
the destructuration of the vesicular matrix. R. M. Wightman
et al. showed that this is the case at adrenal chromaffin cells
by performing amperometric studies at different extracellular
pH values (5.5, 7.4, and 8.2). Although results depend on
the secretagogue used to elicit exocytosis, the changes
observed in spike size and shape are qualitatively consistent
with the interactions between catecholamines and other
intravesicular components.zz’77 For instance, because chro-
mogranin A is a dimer or tetramer species at pH 7.5 and
5.5, respectively, exocytosis at acidic pH is clearly slower
than at physiological pH, in agreement with the stronger
chromogranin aggregation and thus a better binding capacity
with the catecholamines and other cations present inside the
matrix. Furthermore, frequency of the exocytotic events has
been evidenced to decrease at pH 5.5, in line with the
annihilation of the pH gradient.

Unfortunately, the results obtained at chromaffin cells are
difficult to extend to other cell types, due to differences of
compound storage and nature. Thus, amperometric measure-
ments at pancreatic f3-cells (release of insulin and 5-HT)
evidence that acidic pH as compared to physiological pH
(7.4) only affects the insulin release, which thus does not
occur at pH 6.4."% Indeed, contrary to 5-HT (that is
presumably stored in liquid-containing vesicles), vesicular
insulin is enclosed as a hexamer unit associated with two
7Zn>" ions. Therefore, the release of insulin requires the
dissolution of the granule, that is, the dissociation of this
Zn—insulin complex. The insolubility of the Zn—insulin
assembly for pH < 7 totally prevents the exocytotic release
of insulin at pH 6.4. In the same way, increasing the
extracellular pH from 6.9 to 7.9 (6.9, 7.05, 7.4, and 7.9)
induces faster insulin release (narrower insulin spikes)
without affecting the amount of insulin released, whereas
the same treatments had no effect on 5-HT secretion.*’

Finally, the external pH dependence of the exocytotic
release without any secretagogue has been amperometrically
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studied at PC12 cells.''” Thus, decreasing the external pH
from 7.4 to 6.8 has been shown to elicit the exocytotic
process. It is suggested that extracellular acidosis causes
secretion by intracellular acidification.

Internal vesicular pH obviously affects the efficiency of
the release by exocytosis as well. For instance, E. N. Pothos
et al. evidenced amperometrically at chromaffin cells and
enteric neurons that the decrease of the intravesicular pH
enhances the uptake of the secretory vesicles.*® Conversely,
using several drugs that block the vesicle proton pumps and
thus induce a rise of the intravesicular pH causes a decelera-
tion in the kinetics of exocytosis and a reduction in the
catecholamine released content.'?* Indeed, all of the experi-
mental conditions that disrupt the pH gradient limit the
exocytotic release. The effects of the disruption depend
obviously on the drugs used and the amount of catechola-
mines released that can be modified while kinetics remain
unaffected.'*" As already explained above, the “dense-core”
vesicular structure maintains the pH gradient between extra-
and intravesicular media. Thus, at pancreatic S-cells that
release both 5-HT (the 5-HT secretory vesicles have no
dense-core) and insulin (via dense-core vesicles), ampero-
metric measurements showed that only the exocytosis of
insulin is significantly affected by the intravesicular pH
increase.

2.3.2. Effects of the SNAREs Complexes

The first step of a fusion event between the cell and the
vesicular membrane requires an assistance provided by
SNARESs (soluble NSF attachment protein receptor) com-
plexes. Their physicochemical role is to counteract electro-
static repulsions between phospholipid head groups when
the two membranes approach beyond the distance required
for complete double layer screening, viz., enough to mo-
lecularly interact. Briefly, vesicle membrane proteins (VAMP/
synaptobrevin, named v-SNARESs) link to those of the target
cell membrane (SNAP-25 and syntaxin, named t—SNAREs).3
The progressive tightening of the resulting complex then pulls
the two membranes to within angstromic distances of each
other,'?*'? 5o that the electrical field induced locally may
raise enough to electroporate both membranes. After fusion,
v-SNARESs and t-SNAREs evolve into the fused membrane
by forming another extremely stable complex that will be
subsequently disassembled to be reused. Although such
complexes are not supposed anymore to play any energetic
game, they may still play a kinetic role by imposing the local
membrane viscosity and curvature and therefore in tuning
the rate of full fusion (see eq 7).

The essential role of the SNAREs complexes during the
tethering and priming of the vesicles with the cell membrane
has been amperometrically confirmed. For instance, fusion
is inhibited when SNARE:s are cleaved by neurotoxins'2+'?’
or after modifications on the amino acid sequence of one
specific SNARE,'?® both leading to a drastic decrease of the
frequency of exocytotic events. Except for viscosity effects,
SNAREs assemblies are not expected to intrinsically alter
the dynamics of individual fusion events after the initial pore
has been formed. Nevertheless, the formation of the SNAREs
assemblies involves other regulatory-specific proteins that
can significantly affect the bilayer mixing rate and thus the
regulatory kinetics of the exocytotic events itself through
changes in energy dissipation ability. Such an effect has been
shown to depend on the step in which the protein operates,
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as for instance, o.-SNAP, Csp,129 munc 18,°%94130:131

kinase C,'?° or complexin.'*?

protein

2.3.3. Role of the Cell Membrane Physicochemical
Properties

The high temporal and spatial resolution of amperometric
measurements allowed testing the effects due to insertion of
exogenous lipids compounds on the exocytotic events
kinetics. For instance, short incubation times with dilute
solutions of lyso-phosphatidylcholine (LPC) or arachidonic
acid (AA) have been shown to affect the whole exocytotic
process at chromaffin cells by supposedly altering slightly
the composition of the cell membrane outer leaflet. Indeed,
LPC favors the catecholamine release (rate, events frequency,
and charge released), while AA disfavors the exocytotic
process. The observed kinetic features are consistent with a
lipidic fusion pore formation and the physical topological
constraints applied to the cell membrane by the presence of
LPC and AA diluted in the external leaflet (alterations of
the membrane curvature through changes of lipid cone
angle)."** Additionally, similar works at PC12 cells were
performed with other phospholipids such as phosphatidyl-
choline (PC), phosphatidylethanolamine (PE), sphingomyelin
(SM), and phosphatidylserine (PS), although at higher
incubating doses and exposures.'** These studies evidenced
again that the differences in membrane composition, that is,
the localization of the exogenous lipid into the cell membrane
(inner or outer cell membrane leaflet) as well as the
phospholipids electrical charge, directly affect exocytosis.'**

2.3.4. Role of the Extracellular Osmolarity

The role of the extracellular osmolarity (315 mOsm under
isotonic conditions) on the exocytotic phenomenon has been
studied amperometrically at chromaffin cells. Indeed, once
its external osmolarity is perturbed, a chromaffin cell will
lose (hypertonic extracellular medium) or gain water (hy-
potonic extracellular medium) to restore a new osmotic
equilibrium between its extra- and intracellular medium. Yet,
during short times, the cell cannot change its surface
membrane area. As a consequence, from a physicochemical
point of view, this provokes an alteration of the cell
membrane properties (viscosity and mechanical tension),
which indirectly results from the cell swelling or shrinking.
Amperometric measurements evidenced that exocytosis is
drastically favored (frequency, kinetics, and charge released)
under hypotonic conditions (200 mOsm),?*'%7-13% while
hypertonic conditions (630—970 mOsm) tend to inhibit the
exocytotic events.*>'3>13¢ Interestingly, under drastic hy-
pertonic conditions (more than 1000 mOsm), only a few
spikes of low amperometric magnitude remain by comparison
with isotonic conditions, being suggested to feature the
intermediate exocytotic state called “kiss-and-hold” since full
fusion is kinetically hampered.'*® All of these results are in
agreement with the above model predictions, that is, the cell
membrane tension increase (respectively decrease) and its
viscosity decrease (respectively increase) when the cell is
bathed in a hypotonic (respectively hypertonic) medium, thus
modifying the o/y ratio in eq 7. Concomitantly, modifying
the external osmolarity necessarily affects the matrix swelling
energy and kinetics. Thus, the experimental results also
support the importance of the ionic exchanges between the
matrix and the extracellular medium. Indeed, once the matrix
surface is in contact with the extracellular medium, cat-
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echolamine cations start leaving the matrix, due to the high
concentration gradient created. Because of electroneutrality,
this flow of cations must be compensated by cation ex-
changes (H;0™", Na™ vs catecholamines) and water entry
from the extracellular medium. For instance, under hyper-
tonic conditions, the higher external ionic strength minimizes
electrostatic repulsions. Therefore, this may reduce the ease
of fracturation of the compacted matrix, inducing a decrease
of the number of exocytotic events and hence disfavoring
the release of catecholamines. Both predictions have been
observed experimentally,>:107-135:136

2.3.5. Effects of the lonic Extracellular Composition

The works evaluating the effects of the presence of
different cations in the extracellular medium toward the
exocytotic release are numerous. For instance, increasing the
extracellular Zn®" concentration during the secretion of
pancreatic 3-cells increases the kinetics and decreases the
amount of insulin released without affecting serotonin
secretion.’” As already described above, such results are
consistent with the internal structure of the secretory vesicles
since vesicular insulin is stored as a Zn complex. As a
consequence, a Zn>' excess is expected to inhibit the
assembly dissociation.*’

The effects of the presence of some cations as Zn>* or
Cs™* were amperometrically investigated at chromaffin cells
and beige mouse mast cells (that store histamine and
serotonin in a similar manner than chromaffin cells, that is,
by the mean of a protein intragranular complex). The
exocytotic process from both types of cells was altered in
the same way. For instance, the amount of secretion
decreased with the divalent cation zinc but increased with
the monovalent cation cesium. Additionally, the maximum
current of the amperometric spikes recorded in the presence
of Zn*" cations was smaller than those observed with Cs™*
or controls.*® Those results are consistent with the expected
compaction of the vesicular matrix by divalent cations, which
thus cross-link negative charges. Conversely, monovalent
cations as Cs* can not perform such a cross-linking but rather
help the vesicular matrix to swell by dislodging the endog-
enous cations.

The presence of extracellular La** cations during exocy-
tosis at chromaffin cells induces a striking decrease in the
exocytotic events frequency as well as an increase of the
kinetics of release of the remaining ones. This is consistent
with percolation of trivalent cations into the matrix (strong
interactions with the matrix anionic sites), thus causing the
decrease of its swelling and its further efficiency.®® It must
be added that similar ionic effects than those reported above
were also amperometrically observed on isolated granules
of beige mouse mast cells, thus bringing direct support to
the above rationalizations.'?”

Yet, the situation is not as simple. For instance, ampero-
metric measurements at PC12 cells evidenced in a particular
case (exocytosis evoked by muscarine) that high (1 mM)
external La®" or Zn?* concentration blocked the extracellular
Ca*" entry, which is essential in triggering the exocytotic
mechanisms.'*® More precisely, exocytosis elicited by mus-
carine triggers the muscarinic receptor activation, the latter
stimulating Ca®" release from intracellular stores. Such a
release provokes an extracellular Ca*" entry that could be
blocked by La®>" and Zn?**, thus inhibiting the exocytotic
process.
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Alterations of the exocytotic release at chromaffin cells
by extracellular Na™ concentration were also reported.'*® The
absence of extracellular Na™ ions increases the amount of
catecholamines released as well as fastening the kinetics of
the whole process. Additional cytosolic calcium measure-
ments showed that Na™ cations also contribute to a Na—Ca
exchange, the latter influencing the local cytosolic Ca®"
signal responsible for the catecholamines release.

Influence of lanthanide trivalent cations (La3+, Cce*t, and
Pr’™) on Ca** channels during catecholamine secretion in
PC12 and chromaffin cells was also reported.'*® Ampero-
metric measurements then evidenced that replacing Ca®"
with La®>" or other lanthanide ions supported exocytosis in
divalent ion-free solution. Moreover, La®" cations have been
evidenced not to entry into the cytoplasm, while the
lanthanide efficacy seems to depend on ionic radius (La*™"
> Ce** > Pr’™). Globally, those results are consistent with
a size-selective binding interface of trivalent cations at the
L type voltage-gated Ca** channel (VGCC) pore. As a
consequence, occupancy of the channel pore by an imperme-
able cation would lead to a conformational change that is
transmitted to the exocytotic machinery upstream of intra-
cellular cation build-up (intracellular Ca®" concentration).

2.3.6. Effects of the External Temperature

For experimental convenience, the majority of ampero-
metric studies on exocytotic processes are performed at room
temperature (22—25 °C) and thus not under physiological
conditions (37 °C). Nevertheless, several works were de-
signed to evaluate amperometrically how the external tem-
perature affects the efficiency of the whole process. Then,
increasing the external temperature from 21 to 37 °C has
been shown to significantly affect the exocytosis of mast and
chromaffin cells.*

More particularly, kinetics have been evidenced to be
faster, the amount of catecholamines released increasing at
higher temperature.*®'*! The frequency of the events also
increases when the temperature is raised from 22 to 37 °C.
The effects are reversible; the basic cell functions observed
at room temperature are not altered afterwhile. This suggests
that the temperature dependence of the biosynthesis of
catecholamines does not prevail in this case. Actually, the
temperature seems to essentially affect the dissociation rate
of the vesicular content, that is, the swelling of the
matrix.** #1142 From a thermodynamical point of view, the
intravesicular polymer matrix storing the catecholamines
content in chromaffin cells should be more disordered as
temperature increases, due to magnification of entropic
contributions. This is expected to enhance the exocytotic
release efficiency by allowing an easier swelling.

Furthermore, the external temperature can play signifi-
cantly on the physical properties of the cell membrane as
well as the phospholipid molecules forming the fusion pore.®!
From this point of view, a higher temperature is expected to
decrease the membrane viscosity, therefore contributing to
a higher efficiency of the exocytotic events.

2.3.7. Other Modifications of the Extracellular
Environment

Alterations of exocytosis by weak bases were performed
at chromaffin cells. For instance, methylamine, amphetamine,
or tyramine have been evidenced to induce exocytotic release
by allowing the vesicles to trigger their own exocytosis (by
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disrupting some granules after the amine entry into the
cytoplasm, therefore increasing the intracellular Ca®" con-
centration).'** Conversely, hydrazaline (a weak base that is
an antihypersensitive agent) does not seem to evoke exocy-
tosis but rather slows down the rate of catecholamine
exocytosis by reducing the amount of catecholamines
released. This weak base seems to accumulate within
secretory vesicles and to interfere with the storage of
catecholamines.'**

The effects of hypoxia on exocytosis were also investi-
gated. Thus, amperometric studies on PC12 cells showed
that hypoxic conditions (PO, = 11 mmHg) can elicit the
catecholamines release without using any subsequent secreta-
gogue. This result is consistent with an increased activity of
voltage-gated Ca®" channels, leading to an increased Ca®*
influx.""”'"**How hypoxia affects the exocytotic process has
also been studied at intact neuroepithelial body cells (release
of serotonin) in rabbit lung slices."*® Similar conclusions
were then obtained, that is, exocytosis evoked by hypoxia
implies specific Ca** channels.

The effects of nitric oxide (NO") on the late phase of
exocytosis have been amperometrically studied on chromaffin
cells.'"*” Acute incubation of the cells with NO" or NO
donors has been evidenced to exacerbate the exocytotic
release, whereas the converse result is obtained after a
treatment with NO" scavengers or NO synthase inhibitors.
No clear explanation exists up to date. It is suggested that
NO® does not interfere with fusion pores but modifies the
affinity of catecholamines toward the intravesicular matrix,
although the mechanism is unclear.'*’

Finally, acute effects of toluene on vesicular catecholamine
release from PC12 cells have been amperometrically inves-
tigated in toxicological studies. As compared to a K
depolarization-evoked secretion, toluene causes an increase
in release frequency, although the kinetics and amount of
dopamine released are unchanged. However, these effects
are difficult to rationalize since the toluene-induced exocy-
tosis mechanism is likely to be nonspecific.'*® Nevertheless,
exocytosis evoked by toluene may depend on the influx of
Ca”* through voltage-activated Ca®" channels, so the effect
would be linked to an indirect increase in intracellular Ca®"
concentration.

2.4. Coupling between Amperometry and Other
Analytical Techniques

2.4.1. Other Techniques that Afford Detection with
Real-Time Resolution

Real-time information about the exocytotic phenomenon
can be obtained by two other important analytical techniques.
These measurements (based on fluorescence or capacitance
variations) obviously give access to complementary data b
comparison with those provided by amperometry.”?:!!7-149-150

Patch-clamp measurements allow the recording of the cell
membrane surface variation since, upon assuming invariant
composition of the resulting double layer, the cell membrane
capacitance is directly proportional to its own surface. As a
consequence, because each vesicle fusion increases the cell
membrane surface, each exocytotic event is depicted as a
capacitance step during the time course of the exocytotic
release. Practically, a patch of cell membrane is sealed
ohmically at the tip of a micropipette (“cell-attached” mode;
see Figure 8A). For instance, two different configurations
can then be used. The patch can be isolated from the cell
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Figure 8. Schematic representation of the three main patch-clamp/
amperometry combinations. (A) Left, picture of the cell-attached
configuration/amperometry device; right, picture of the inside-out
configuration/amperometry device. In both cases, the carbon fiber
microelectrode that allows the amperometric detection is located
inside the patch pipet. (B) Left, picture of the whole-cell config-
uration/amperometry device; right, schematic example of temporal
correlation between capacitance and amperometric recordings.

(“inside-out” configuration in which the extracellular side
of the patched cell membrane faces the internal medium of
the pipet; see Figure 8A). Alternatively, the patch can be
broken, thus creating a hole in the plasma membrane and
allowing contact between the pipet solution and the intra-
cellular medium (“whole-cell” configuration in which the
whole cell membrane is immobilized at the tip of the pipet;
see Figure 8B). By comparison with the amperometric
monitoring, the capacitance measurements afford detection
of both exocytotic (fusion between vesicle and cell mem-
branes) and endocytotic (cell membrane retrieval that
counteracts the cell membrane increase by exocytosis) events.
Additionally, exocytotic events implying empty vesicles
(obviously amperometrically silent) can be detected. Con-
versely, no data dealing with the vesicular content may be
provided, and as the amperometric detection, investigation
of the dynamics of the exocytotic process from individual
vesicles is achieved once the fusion event onsets. Furthemore,
the exocytotic events can not be localized at the cell
membrane surface.

Fluorescence techniques allow visualizing or recording
intracellular changes. For example, the fluorescence imaging
or monitoring of Ca®>" intracellular concentration involves
a probe (Indo-1, Fura-2, Fluo-3...) whose fluorescent proper-
ties depends on its binding with the free Ca®" cations, so
changes in fluorescence activity ensues from calcium release.
More particularly, optical techniques based on fluorescence
microscopy allow visualizing the different stages (displace-
ment, docking and fusion) of vesicles during the exocytotic
process. Owing to the fluorescent probe supramolecular
binding properties, specific probes may be targeted to
selected bodies of a cell. For instance, FM 1—43 is a
fluorescent dye whose fluorescence is high when bound to
membranes and low in aqueous medium; green fluorescent
proteins (GFP) are localized into the granule matrix, efc.
Furthermore, evanescent wave fluorescence microscopy
allows the detection in the vicinity of the cell membrane (~
100 nm). As a consequence, the traffic of secretory vesicles
that eventually undergo fusion may be performed in real-
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time. Nevertheless, this technique is generally used for
interrogating the status of the vesicles before and during
fusion and not on the exocytotic event itself. All these
methods rely on a specific decrease of the light noise so that
the signal-to-noise ratio increases, though the signals remain
too weak to allow precise kinetic investigations.

2.4.2. Coupling between Amperometry and Capacitance
Measurements

The first combination between capacitance measurements
and amperometry at carbon fiber microelectrodes was
introduced 15 years ago for investigating exocytosis at
chromaffin and beige mouse mast cells.®®"* In these studies,
the patch-clamp measurements were performed in the whole-
cell configuration (Figure 8B), and a microelectrode was
present outside the micropipette. Correlation between the
amperometric spikes and changes in the cell membrane
capacitance thus allows one to obtain comprehensive infor-
mation (frequency, kinetics, and cell membrane variation)
on the release process. Although several problems are
intrinsic such as a possible delay between the amperometric
and the capacitance recordings,®*"'5! this experimental
combination is henceforth very popular.?”'?715 Simulta-
neous amperometric and patch-clamp recordings allowed
significative improvements on experimental monitoring of
the fusion pore formation and its evolution.”® Other contribu-
tions of interest are miscellaneous. For instance, the coupling
between both techniques has been evidenced to accurately
estimate the endocytosis/exocytosis ratio (Successive exo-
cytotic events induce an increase of the cell membrane
surface area as well as its composition modification. To keep
globally constant the cell membrane surface area, endocytotic
processes concomitantly occur. Endocytosis deals with the
formation of empty vesicles from the cell membrane).'>% '
In mouse pancreatic (-cells, capacitance measurements
evidenced two major exocytotic modes, in which the slowest
one only was accompanied by amperometric events. Am-
perometric spikes could then be kinetically classified in two
groups, leading to the conclusion that several exocytotic
pathways with divergent fusion kinetics occur in S-cells.'>
Furthermore, a detailed comparison of capacitance and
amperometric measurements in bovine chromaffin cells was
attempted by comparing the experimental amperometric
signals with generated amperometric spikes from a given
measgged capacitance increase through Monte Carlo simula-
tions.

Whole-cell capacitance measurements reflect the surface
changes due to exocytosis on the total cell membrane, while
amperometric detection is spatially limited to an electrode
surface that only covers a portion of the cell surface. This
problem can be prevented by achieving such measurements
with the “inside-out” or “cell-attached”” modes, upon which
the carbon fiber microelectrode is inserted into the patch pipet
(Figure 8A).”%°7!5% By comparison with the “whole-cell”
experiments, both configurations enhance the capacitance
measurements resolution, thus allowing studies of “kiss-and-
run” events (i.e., those in which secretory vesicles fuse
transiently with the plasma membrane before they are
internalized and before the full-fusion step may occur),'”
the refinement of the fusion pore analysis,”® or investigations
on the process by which vesicles adapt their membrane area
as a function of the alteration of their catecholamines
content.'® Nevertheless, a distortion of the amperometric
spikes shape can not always be avoided, since the control
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of the distance between the electrode and the patched cell
membrane remains difficult. Indeed, the relatively large
distance of the carbon electrode from the patch can provoke
a diffusion broadening of the spikes morphology.”®*7:15?

2.4.3. Combination of Fluorescence Microscopy and
Amperometry

Direct combination of the amperometric recordings with
intracellular Ca** concentration measurements by fluorimetry
is now common and has unambiguously established the
correlation between the exocytotic phenomenon and the
increase of the Ca>" intracellular concentration,>>3-121.162-164
Moreover, fluorescence imaging of Ca** intracellular con-
centration may also be coupled with amperometry. Notably,
at chromaffin cells, using etched electrodes proved that the
fluorescent Ca®*-“hotspots” (or partial rings found im-
mediately beneath the plasma membrane) are colocalized
with the zones where the catecholamines are released.'®
Similarly, association of amperometry and confocal micros-
copy with Zinquin (a fluorogenic Zn*"-specific indicator)
was used for spatially and temporally coupled measurements
of Zn*" efflux and insulin release from single pancreatic
pB-cells. Once again, using etched electrodes provides the
correlation between the insulin release and the Zn** flux
sites.'®* Additional attempts were performed to improve the
convenience of the combination, that is, by achieving
amperometric and fluorescence measurements using the same
sensor. To do so, fabrication of a dual microsensor was
achieved to simultaneously detect Ca®>" and catecholamines
from individual chromaffin cells. In that case, calcium
green-1 dextran was used as the fluorescent dye being linked
to the tip of a carbon fiber electrode by cross-linking with
5% glutaraldehyde.'®

In all of the above combinations, the fluorescence mea-
surements dealt with the detection of divalent cations (Ca”,
Zn*") through specific molecular probes. To correlate the
fusion zones and the subsequent release of vesicles, am-
perometric and FM1-43 fluorescence measurements were
performed at pancreatic S-cells. In the presence of FM1-43,
once the cell undergoes exocytosis, the increase in membrane
area induces uneven fluorescence increases around the
surface of the cell. By means of etched electrodes, ampero-
metric spikes could then be recorded only at strong fluores-
cent zones whereas cell regions that gave small increases in
membrane fluorescence led to no amperometric detection.'??

Works that couple a fluorescence imaging of the fusing
vesicles with a good amperometric resolution have still not
been reported. Currently, two methodologies seem to pave
the way for such a combination. First of all, M. Lindau and
colleagues reported the microfabrication of electrochemical
detector arrays that consist of four platinum microelectrodes
on a glass coverslip (Figure 9A).'% As a consequence, four
cell membrane exocytotic zones can be simultaneously
recorded amperometrically. Furthermore, concomitant fluo-
rescence imaging of release of acridine orange (a dye that
accumulates in acidic compartments at high concentrations)
from individual vesicles confirmed the electrochemical
position assignments. Indeed, fluorescence flashes could be
spatially correlated with the position of individual release
events (determined after random walk simulations from the
fraction of catecholamines recorded by the individual elec-
trodes).'®® A different strategy involves the simultaneous
observation of fluorescence and amperometric measurements
of exocytosis by single adrenal chromaffin cells on transpar-
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Figure 9. (A) Scheme of a cell releasing neurotransmitters and
locating on electrochemical detector arrays (adapted from ref 166)
consisting of four platinum microelectrodes on a glass coverslip.
The present scheme depicts the cell upper view. Note that the
exocytotic events drawn in the scheme (black circles) occur under
the bottom of the cell. (B) Representation of a secreting cell
(exocytotic events are depicted as black circles) that is adhered
onto a transparent ITO microelectrode device (adapted from ref
167).

ent ITO (indium tin oxide) microelectrodes (Figure 9B).'¢”
Thus, glass slides were coated with a film of ITO (500 nm
thickness). Micrometric disk surfaces of ITO were delimited
by photolithography, affording transparent surfaces of 40—100
um diameter. On such micrometric surfaces of ITO, the
amperometric detection of the exocytosis at single chromaffin
cells could be achieved with a high signal/noise ratio, while
fluorescence observation (where acridine orange is the
fluorescent probe) of exocytotic release was simultaneously
performed on the same support.

2.5. Conclusions and Perspectives

Nowadays, methods of microelectrodes fabrication have
extensively been improved.””!!%%:1% Nevertheless, although
amperometry at carbon fiber microelectrodes remains a very
powerful tool, further improvements are currently required
to go further along the detection and analysis of biological
phenomena as exocytosis. In that sense, many works deal
with modifications of the nature as well as the localization
of the electrochemical sensor. For instance, K. D. Gillis et
al. have reported the amperometric detection of the release
of catecholamines by chromaffin cells on electrochemical
detectors (Au-SiO,) in picoliter-sized wells."”® It must be
emphasized that each well-electrode conforms to the shape
of the cell to capture a large fraction of released catechola-
mine (Figure 10A). Subsequently, combination of ampero-
metric recording on the chip with patch-clamp recordings
of membrane capacitance (whole-cell configuration) can be
performed.

Moreover, a microchip device that uses transparent ITO
electrodes in microfluidic channels has been developed to
measure exocytosis from chromaffin cells (Figure 10B).'”!
Unfortunately, only amperometric measurements relative to
a cell population could be achieved. Nevertheless, this
configuration has been extended to the development of
transparent microchip devices that enable photorelease of
caged Ca’", together with electrochemical detection of
catecholamines secretion from cell arrays or individual cells

and concomitant fluorescent measurements of intracellular
Ca2+.l72
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Figure 10. Schematic representations (dimensions are not to scale for more clarity) of micrometric devices used for amperometric
measurements of exocytosis. (A) Detection of neurotransmitter release of a single cell on Au-SiO; electrodes in picoliter-sized wells.'”® (B)
Detection of neurotransmitter release by a cell population on an ITO electrode-incorporated microchip device.'”" (C) Detection of
neurotransmitter exocytosis of a single cell located into a well on the transparent ITO microelectrode.'®” Basal exocytotic events are detected
at the ITO electrode, while apical events can be monitored by positioning a carbon fiber microlectrode at the apex of the cell.'”® (D)

Detection of exocytosis of one or a few cells on a circular interdigitated structure of mercaptopropionic acid-modified gold electrodes.

174

(E) Detection of exocytosis of a cell population on a MEA-integrated biochip.'”®

As already described above, simultaneous amperometric
detection and visualization of the exocytosis at a single
chromaffin cell positioned in a well on transparent ITO
microelectrode have been reported (Figure 9B).'®” Contrary
to the usual studies performed with a carbon fiber microlec-
trode, exocytotic events are thus detected at the basal pole
of a single cell. Thus, beyond the potential coupling with
fluorescence techniques, this configuration allows the com-
parison of two active zones (apical and basal with both a
carbon fiber and a ITO electrodes, respectively; see Figure
10C) with the same technique, indicating that the efficiency
of the whole process strongly depends on the particular pole
of secretion.'”?

Furthermore, C. Spégel et al. achieved the determination
of dopamine exocytosis at PC12 cells by using mercapto-
propionic acid-modified gold electrodes (MPA prevents the
dopamine polymerization resulting from the electrochemical
detection).'”*'” In this work, a microchip has been devel-
oped for monitoring the release of dopamine by one or a

few cells (Figure 10D). Once again, analysis of exocytotic
events is performed at the basal pole of the cell.

As already mentioned above, the detection of exocytosis
at the single cell level by means of a four platinum
microelectrodes detector was reported by M. Lindau and co-
workers (Figure 9A). Basal exocytosis from a single chro-
maffin cell positioned on top of the array was detected by
the four individual electrodes with a low noise. As a
consequence, the localization of individual release events is
determined from the fraction of catecholamines recorded by
the individual electrodes. Additionally, the electrochemical
position assignments were confirmed by concomitant fluo-
rescence imaging of release from secretory vesicles.'®

Eventually, a biochip integrating a MEA was elaborated
by H. F. Cui et al. to detect exocytosis from dopaminergic
cells, as MNOD cells (Figure 10E).'”® This biochip involved
a silicon-based 5 x 5 array of Au disk microelectrodes (from
10 to 90 um diameter). This device does not currently allow
a detection at the single cell level, the amperometric signals
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Figure 11. Main reactive oxygen species (ROS) and reactive
nitrogen species (RNS) derived from the biological conversion of
oxygen into superoxide ion (O, ") and nitric oxide (NO").

arising from a cell population that adheres randomly to each
Au pad. However, it must be added that in this work, the
cell line could be grown on the surface of the biochip
chamber, showing the biocompatibility of the device.
Additionally, some works report on the implementation
of carbon-fiber microelectrodes in a scanning electrochemical
microscope to combine topographical and electrochemical
studies on the release processes by cellular organisms,
particularly exocytosis at chromaffin or PC12 cells. This
should allow examination of topographical data about the
regions of interest on the cell membrane that are further
spatially addressed with the microelectrode.'”’~'#

3. Monitoring Oxidative Stress at Single Living
Cells

3.1. Introduction
3.1.1. Oxidative Stress Processes

Oxidative stress is a hazardous metabolic situation en-
countered or controlled by aerobic organisms during their
whole life. Aerobic organisms derive ultimately most of their
energy from the controlled oxidation of fat and sugars via
oxygen-atom transfer catalyzed by metalloenzymes. Also,
these metalloenzymes are central actors of the respiratory
chain in mitochondria. However, the same enzymes are
generally good reducing agents, prone to open a side route
in activating dioxygen (the yield may range from a fraction
of a percent to a few percent) leading to oxygen reduction
into superoxide ion (O, 7). Superoxide is the precursor of a
whole series of hazardous species for living systems, coined
the “reactive oxygen species” (ROS; see Figure 11).'8!17184

At physiological pH, superoxide ion is readily scavenged
through its second-order disproportionation (k = 2 x 10°
M !'s!, T =25 °C, pH 7.4) into hydrogen peroxide and
oxygen. This may be even more rapid in living cells when
catalyzed (k =2 x 10° M~ ' s7', T = 25 °C, pH 7.4) by
superoxide dismutases (SOD) (eq 9):

20, (+2H")—H,0,+0, 9)

Two main types of SOD are present in mammalian aerobic
cells: a Mn-based enzymatic center form (Mn SOD) located
in mitochondria and a Cu/Zn-based form (Cu/Zn SOD)
located in cytoplasm, in specific granules and possibly in
membranes.'®>1°! These enzymes are prone to protect cells
from superoxide oxidation of R—H bonds, although this
reaction is generally slow, and also from the reaction of
superoxide with other radicals such as nitric oxide that may
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generate more hazardous compounds (Figure 11 and expla-
nations below).

H,0, formed by O,"" disproportionation is an even more
potent cytotoxic chemical than superoxide since its lifetime
is sufficient to allow its diffusion to almost any cellular
compartment, where it may act as a potential source of
hydroxyl radicals OH" (Figure 11) through the Fenton
reaction. Yet, this requires the presence of iron(Il) free ions
or metalloenzymes.'®*'®* Hydroxyl radicals being among the
best hydrogen atom acceptors, they are prone to induce a
large variety of biological modifications among which the
peroxidation of cell membrane bilipids through the Haber—
Weiss reaction of proteins, DNA bases, and backbone
oxidation or hydroxylation. 8183192

In living cells, H,O, is scavenged primarily by catalase
and second by peroxidases (glutathione peroxidase), which
catalyze, respectively, its fast disproportionation into oxygen
and water or into oxidized organic substrates and water, so
that its concentration is usually maintained at nanomolar
steady-state levels, preventing from the lethal routes men-
tioned above.'®!"'?371¢ However, catalase and peroxidases
are inhibited by their substrate, viz. at high concentrations
of hydrogen peroxide (typically a few tens to a few hundred
millimolars).'?”-'”® Thus, aerobic cells might remain unpro-
tected against H,O, and other ensuing ROS whenever their
concentrations rise rapidly at levels significantly beyond
normal physiological ones.

Besides, the production of superoxide and others ROS may
not only result from side routes of the normal oxidative or
energetic metabolism of cells. Specific processes are used
on purpose by many cell types for communication, for the
control of redox-sensitive mechanisms (gene expression)
leading eventually to the controlled cell death by apoptosis
or for defense against xenobiotics (bacteria, virus, etc.), for
example, as in the case of phagocytes (macrophages and
neutrophils). Several aerobic cells may change their normal
oxygen metabolism so as to produce deliberately important
quantities of superoxide and ROS through the involvement
of specific enzymes such as NADPH oxidases, which
catalyze the following reaction (eq 10):'9°72%

20,+NADPH—20,"” + NADP" +H"  (10)

NADPH oxidase (from the NOX family) activity is of
particular importance in the phagocytosis of bacteria and
viruses by macrophages or neutrophils, the bactericidal
activity being provided essentially by the ROS (and RNS,
see below).

However, uncontrolled excess of ROS production by active
or passive mechanisms amplifies cell damages over long
periods of time. These damages might be prevented by
enzymes (SOD, catalase, and peroxidases mentioned above),
which are aimed to wipe out the ROS excess, and soluble
antioxidant molecules (vitamins, glutathione, and uric acid,
etc.) or repaired by specific enzymes (DNA repair systems,
lysosomes fusion for membrane repair, etc.). Nevertheless,
this may be out of control leading to a critical situation
termed “oxidative stress”. This basically describes an acute
or chronic imbalance between the production of ROS and
the antioxidant and repairing capacities of living cells and
organisms. Oxidative stress processes are suspected to be
involved directly or indirectly (apoptosis) in many human
pathologies (aging, cancers, Parkinson and Alzheimer dis-
eases, autoimmune pathologies, arthritis, etc.). Over the last
three decades, this has prompted a very large number of



Electrochemical Monitoring of Single Cell Secretion

research groups from several disciplines of biology and
medicine to investigate the different stages of oxidative stress.

Current research in this domain has established that the
imbrication of ROS metabolism with that of nitric oxide
(NO) in oxidative stress is general and appears ubiquitous
in many physiological or pathological situations. Nitric oxide
(more properly nitrogen monoxide) displays very different
effects (positive or negative) in organisms as a function of
its concentration and of the local conditions prevailing in
vivo. NO® mostly originates from the activation of a class
of enzymes, the NO synthases (three different mammalian
types, plus a supposed mitochondrial form), which catalyze
its formation along two steps (eqs 11 and 12):2042%7

L-arginine + INADPH +
0, — N“-hydroxy-L-arginine + INADP" + H,O0 (1)

N“-hydroxy-L-arginine + 0.5NADPH + O, —~ NO® +
L-citrulline + 1.5NADP™ + H,O0 (12)

Nitric oxide is a weak oxidant by itself and alone does not
cause oxidative stress. In fact, it is at most a weak reductant
associated with the strong oxidizing species NO™.?® Nev-
ertheless, it reacts extremely fast with paramagnetic species,
so whenever O,” and NO® are produced in the same cell
environment or in closely related ones, they may couPle at

a rate close to the diffusion limit (~3—19 x 10° M~ ' s,
eq 13)?°%721% to form the potent peroxynitrite anion:
0,” +NO"—ONOO™ (13)

Peroxynitrite is reported to be the source of many
oxidative, nitrating, or nitrosating processes involving several
cell components and has therefore been the focus of broad
research over the past decade. At physiological pH, perox-
ynitrite may decompose through the intermediate formation
of its conjugated acid ONOOH (pK, ~ 6.8),%''2!> which
undergoes two facile decomposition routes. One goes through
the formation of the very reactive radicals NO," and OH"
and is considered as biologically feasible, especially in
nonpolar environments (e.g., membranes) where the lipo-
philic ONOOH species may accumulate spontaneously.
Besides, peroxynitrite anion ONOO™ may react in biological
conditions with carbon dioxide (overall constant k = 3—6
x 10* M~ s 1) 2142162218 This mechanism competes with
the direct decomposition of ONOO ™ since CO, concentration
in vivo is quite high (12—30 mM in blood). It appears that
a significant fraction of the short time living species
ONOOCO; ", forming along this process, ends up into the
potent nitrating and caboxylating radicals NO," and CO5"".

Similarly, when diffusing over significant distances from
its source, NO" is expected to react significantly (k = 2 x
10° M~ s7H219220 with oxygen (eq 14) although more
slowly than with superoxide. Yet, this species is present at
rather important concentrations (ca. 0.23 mM in air saturated
physiological solutions) in extracellular fluid or in blood:

4NO"+0,+2H,0—4NO, +4H"  (14)

The side reactions of nitric oxide oxidation may form species
such as NO," and N,Os, which are also very efficient nitrating
and nitrosating compounds. Finally, although the in vitro
decomposition of nitric oxide and peroxynitrite leads ulti-
mately to a combination of the very stable nitrite and nitrate
ions. Depending on nitric oxide concentration in vivo, these
ions may accumulate in cells and their environment. Such
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processes may then generate very reactive intermediates such
as NO,", N,Os, or NO™, suspected to be at the origin of
nitrated, nitrosated derivatives of amino acids, thiols, and
other important biological components.

The existence of such a series of complex and intricately
interconnected pathways, which necessarily follow any
simultaneous production of superoxide and nitrogen mon-
oxide by living cells, explains why determining the very
nature of the ROS and/or RNS compounds and quantifying
them has not yet been fully characterized in the majority of
oxidative stress processes. The origin and mechanism of these
processes have been mostly hypothesized based upon the
observation of cell metabolites (requiring hours to years to
appear) or biological cascades triggered by specific effects
on cellular activation mechanisms such as gene expression
(hours or days). Despite the apparent ubiquity and importance
in aerobic cells of the ROS and RNS, few analytical methods
have been developed to monitor directly their production by
living cells, that is, for investigating the processes at the very
origin of oxidative stress and henceforth primarily responsible
for its severe consequences. As for the investigations on the
exocytotic release, electrochemistry on microelectrodes
became a method of choice in this regard during the last 15
years because of the electroactivity of several important ROS
and RNS, as discussed below. We wish to report in the
following an overview of the studies that have demonstrated
at the single cell level or in some cases on a small group of
cells, the range of applications of electrochemical measure-
ments of oxidative stress processes.

3.1.2. Electroactive Species Implicated in Oxidative
Stress

The ability of the electrochemical methods to detect in
biological conditions some of the ROS and RNS mentioned
above (or presented in Figure 11) obviously depends on two
main factors: the half-wave potential of the redox couple
involving a given ROS or RNS and the time-life of this
compound when produced by a living cell, since this latter
commands its permanence and diffusion into cells or tissues
and eventually toward the electrode surface. Moreover, the
ultimate goal here being the analysis on single aerobic living
cells, measurements must be conducted in aqueous medium
(buffer) in the presence of oxygen (solutions in equilibrium
with normal atmosphere). As already mentioned previously,
this condition mostly precludes the use of the reduction
domain for electrochemical analyses since the reduction of
oxygen takes place at low reductive potentials on most
electrode surfaces [e.g., —0.1 V vs SCE (saturated sodium
calomel electrode) on platinum microelectrodes], while
oxygen concentration in the close environment of the cell
may vary during oxidative stress processes due to its
consumption. Thus, a direct reductive analysis of any other
electroactive species would be generally convoluted with
oxygen detection although this has been neglected in many
reports pretending to detect superoxide. The reductive
detection may then only be used through indirect processes
via the recycling of a mediator oxidized at the electrode
surface at low potentials. Examples of such mediated
detections of RNS are described in section 3.3 of the review.

Hydroxyl radical OH" is among the most reactive radical
found in biochemistry since it can abstract a hydrogen atom
from any C—H bond. This species is thus definitively not
able to diffuse anywhere from its generation point in the
cell, and particularly toward an electrode surface without
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reacting with other molecules, such as the cell membrane
constituents. The eventuality of its detection would require
positioning the electrode surface at a nanometric distance
from its source, which is out of our present experimental
limits in electrochemistry at living cells. In agreement, to
our best knowledge, the direct electrochemical detection of
hydroxyl radicals in vivo has not yet been reported.

The nitrogen dioxide NO," time life is reported to be
significantly longer under biological conditions than that of
hydroxyl radical (microsecond domain vs nanosecond do-
main, respectively). This would be compatible with a direct
electrochemical detection although it would represent an
analytical challenge. Furthermore, the standard potential of
the redox couple for the oxidation of NO," into NO," has
beenmeasuredas E(NO, " /NO,") =+1.56 V vs NHE,2*8:209-221.222
which imposes high potentials close to the water oxidation
wall. These conditions strongly limit the probability for a
direct detection of NO," through its oxidation, and to the
best of our knowledge, such results have not been reported
so far into biological conditions.

Conversely, the primary radical species that lead to the
complex family of ROS and RNS, that is, superoxide and
nitric oxide, are certainly more ‘“easy” targets for their
electrochemical detection by oxidation. Moreover, detecting
the primary species of oxidative or nitrosative stress is of
large interest for understanding the initiation steps of these
processes. The thermodynamic data providing the following
standard potential of the redox couple for the oxidation of
NO® [E*(NOT/NO") = +1.21 V vs NHE] and a standard
potential of the redox couple for the oxidation of O,
[E®'(0,/0,"") = —0.33 V vs NHE] do not preclude a priori
their detection.?*®2°*??! From a kinetic point of view, the
life span of each of these primary species strongly depends
on the local conditions in cells for their production. Nitric
oxide at nano- to micromolar local concentrations may
diffuse over micrometric distances, and its detection in the
extracellular space is thus feasible. Moreover, the high
lipophilic character of NO® and the slight lipophilic character
of O," allow their diffusion through cell membranes and
henceforth their detection by a microelectrode placed outside
the cell, provided that the diffusing fluxes are sufficient to
be monitored with a sufficient signal/noise ratio. Besides,
the possibility that these species can be produced by
enzymatic systems located in cell membranes, such as the
NADPH oxidases (NOX family) for superoxide and consti-
tutive NO synthases for NO®, has to be considered. Under
such conditions, the distance between the two sources should
minimize direct reactions between NO® or O, , thus
providing a better probability for their observation.

Several other neutral or anionic ROS and RNS are also
good candidates for their detection and the characterization
of oxidative or nitrosative stress at living cells. Concerning
ROS, hydrogen peroxide is probably the most stable com-
pound among this family of species albeit its reputation. Its
lifetime in vivo depends essentially on its possible reaction
with free metallic ions such as iron(II) or catalase present in
the medium. The redox potential of its couple [E°'(H,O,/
0,) = —0.146 V vs NHE] makes it a good candidate for
direct detection on cells. Nitrite anion is also a very stable
compound in vivo, and the redox potential of its couple
[E®"(NO,"/NO, ) = +0.99 V vs NHE] is compatible with
direct electrochemical oxidation. Nitrite anions are essentially
the end products of nitric oxide metabolism and are classi-
cally used as an indirect marker of oxidative or nitrosative
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stress with the problem that its basal levels may be quite
high. Nitrate anions are extremely difficult to oxidize
[E°"(NO;"/NO; ) = +2.50 V vs NHE] in the absence of an
enzymatic transducing system and are also stable end
products of RNS 298209221 Thep  these two compounds did
not stimulate much interest for their direct analysis on single
cells. Conversely, the most intermediate and reactive species,
peroxynitrite (both anionic and acidic form), is a proper target
for electrochemical measurements. Other methods reported
in the literature for peroxynitrite detection are rooted on
fluorimetric and chemiluminescence analysis although they
are indirect and not very selective.?**~?*® Quantization and
kinetic profiles of species release by single cells or a small
population are also impossible by such methods. In contrast,
electrochemistry at microelectrodes offers the considerable
advantage of a direct and local detection of peroxynitrite at
the single cell level. The basic form ONOO ", the major one
in aqueous media at physiological pH, is the best candidate
for analysis since its formal redox potential is quite low
[E°'(ONOO’/ONOO ™) = +0.20 V vs NHE], making its
direct oxidation possible. The acidic form ONOOH is a priori
only reducible at potentials lower than —1 V.**” Besides,
the overall decomposition kinetic of peroxynitrite is in the
subsecond range.??*2%?22122% Consequently, considering an
electrochemical sensor positioned close to the cell source of
peroxynitrite, that is, under some conditions equivalent to
the ones used for NO” or O," detection (actually the species
that lead to ONOO™ and ONOOH), it may be possible to
detect and monitor peroxynitrite before it reacts with its
biological targets or before its spontaneous decomposition.

3.1.3. Electrode Surface Modifications for the Selective
Detection of Specific ROS and RNS

Among the different species mentioned above, several of
them are oxidizable at bare surfaces of carbon (carbon fiber),
platinum, or even gold, although in this latter case the usable
range of potentials in oxidation is rather limited (typically
below 0.4 V vs Ag/AgCl). First, the primary species of
oxidative stress, NO® or O," ", can be detected at the usual
bare microelectrode surfaces, platinum and carbon. This
property was used initially for in vitro purposes but also in
the first attempts of detection at living cells, as shown in the
different examples of application below. Apart from kinetic
considerations that determine the lifetime of a species such
as superoxide, as detailed above in section 3.1, O, is
thermodynamically oxidizable at low potentials, typically
+0.1 V vs Ag/AgCl at carbon fiber microelectrodes.??>°
This feature is advantageous since it precludes easily from
the simultaneous detection of oxidizable interferences that
can be found in biological media (uric acid, ascorbic acid,
etc.). Despite, many groups have developed more sophisti-
cated sensors to obtain a high selectivity of detection for
superoxide. This subject was recently reviewed by M. Yuasa
and K. Oyaizu**' who distinguished sensors modified with
either a protein, cytochrome ¢ (used apart for spectropho-
tometric measurements of superoxide), or SOD (the natural
selective scavenger) or with synthetic materials, including
polypyrole films containing metal particles or porphyrin
complexes. Cell measurements of superoxide, as detailed
below, have been, however, mostly based on the use of
carbon surfaces or cytochrome c-modified gold electrodes.

Although nitric oxide is also oxidizable with a moderate
overpotential at platinum or platinized surfaces and to a lesser
extent at carbon surfaces, its detection potential that provides
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a maximum sensitivity is about 0.7 V vs Ag/AgCl.>3*%%>
Many biological substances are oxidizable at this potential,
and it is therefore necessary in many cases of analysis to
increase the selectivity by a surface modification of the
electrode. On that purpose, different types of films have been
reported in the literature as tools to limit, by size exclusion
(polymethylcellulose for instance) or charge exclusion
(Nafion) processes, the diffusion of other undesired molecules
toward the electrode surface. Several important results
regarding biological mechanisms that involve nitric oxide
(see sections 3.6 and 3.7) such as in the brain were obtained
based on the use of millimetric or micrometric, platinum or
carbon electrodes simply modified by one or two different
layers of these polymers. In the mid-nineties, several groups
reported a second generation of nitric oxide sensors based
on carbon or platinum surfaces modified by redox poly-
mers. %% A first advantage was the ability to electrodeposit
films of redox complexes such as porphyrins and thus to
control the surface topology and eventually the electrode
sensitivity. The sensitivity is increased due to the catalytic
effect provided by a porphyrin (metal centers of Ni, Cu, Co,
or Mn) enabling it to reach concentration levels of NO in
the range of a few nanomolars.***** Another advantage has
been the better selectivity afforded by the porphyrin catalyst
since the different ROS and RNS are not oxidized as easily
as nitric oxide on that surface. Besides, microelectrodes
modified by porphyrin complexes were developed in the last
years for the detection of a major RNS, the peroxynitrite
anion (see below). L. T. Jin and colleagues*' and recently
F. Bedioui and colleagues®** reported the reduction of
ONOO™ at manganese tetraaminophthalocyanine-modified
electrodes, although the exact mechanism of detection was
not identified. The main advantage of these electrodes is the
low potential (0 to —0.5 V vs Ag/AgCl) applied for
peroxynitrite detection and consequently their almost im-
munity vs interfering oxidizable compounds.

3.2. Detection of Superoxide and Hydrogen
Peroxide Released by Cells in Culture

3.2.1. Detection of Superoxide at Bare Carbon and Gold
Microelectrodes on Phagocytes and Vascular Cells

Pioneering work in the field of detection of species related
to oxidative stress was reported by the group of H. A. O.
Hill in the mid-eighties. This group worked previously on
SOD activity and investigated the possibility to detect
superoxide anion release by human blood neutrophils. 230243
Two main series of results were reported. In the first one,
superoxide anion was detected directly by its oxidation wave
at low potential (+50 mV vs Ag/AgCl) on the surface of a
millimetric pyrolytic graphite electrode. The electrode was
“opsonized”, that is, its surface was modified by depositing
an immunological factor, the immunoglobulin G (IgG). This
was obtained by adsorbing the immunological factor through
simple dipping of the electrode into a solution of IgG.
Measurements were made into a buffer solution containing
neutrophils previously purified and used in suspension. The
neutrophils that met the electrode surface were activated by
the deposit of IgG and rapidly initiated a respiratory burst
response. Such a typical response of neutrophils and mac-
rophages during immunological processes is indeed known
for decades to be a key factor of phagocytosis. The increase
of oxygen consumption (the respiratory burst) by activated
phagocytes correlated with the activation of their NADPH
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Figure 12. (A) Detection on an opsonized (IgG modified) gold
microelectrode of superoxide release by a single neutrophil. At time
t (indicated by an arrow), neutrophils were added to the buffer
solution where the microelectrode is placed and one of them is
supposed to encounter the microelectrode surface and be activated
(adapted from ref 230). (B) Detection on a PMA-modified carbon
fiber microelectrode of superoxide release by a single phagocyte
(HL-60 cell line). The microelectrode surface was positioned in
contact with one isolated cell at # = 0 min (adapted from ref 244).
(C) Detection of O, on a ferricytochrome c-modified gold
electrode and detection of NO” on a commercial selective electrode
at a submillimetric distance from a layer of 10° glioblastoma cells
(A172 line). The LPS stimulation was applied to cells preactivated
by IFN-y for 24 h (adapted from ref 253). (D) Detection on a
platinized carbon fiber microelectrode (10—15 um diameter) of
hydrogen peroxide release by a single human fibroblast in culture.
Left, view under the microscope of the experimental setup; right,
typical response detected on a single fibroblast after its membrane
depolarization by a microcapillary.

oxidases that catalyze the formation of superoxide and
hydrogen peroxide. Furthermore, O,"" released by neutro-
phils in their environment has been shown to be detected on
the graphite electrode surface. The selectivity for O," of
such an analysis was supported by the observation of a strong
decrease of response when SOD or when N-ethyl-maleimide
(NEM, a strong but nonselective inhibitor of NADPH
oxidases) was injected into the medium.

In a second series of experiments, a gold microelectrode
of 10 um diameter was used instead of the classical pyrolytic
graphite millimetric electrode.?*° The microelectrode surface
was again opsonized by IgG and placed into a suspension
of fresh neutrophils, as described before. The contact between
cells and the microelectrode surface induced very low
variations of current, in the range of 1—1.5 pA, with a spike-
shaped kinetic profile (see Figure 12A). Control experiments
in the presence of SOD or NEM (see above) showed that
superoxide was responsible for this oxidation current or at
least was primarily related to the oxidized species. Measure-
ments of the oxygen consumption rate by the neutrophils
and its ensuing evaluation for a single cell led the authors
to conclude that the oxidative bursts detected on their
opsonized microelectrode originated in most of cases from
the activation of a single neutrophil being in contact with
the electrode surface. These seminal results seem to be the
first demonstration of the perfect suitability of electrochemi-
cal methods for the detection of ROS species implicated in
oxidative stress at the level of one living cell.

In 1996, K. Tanaka et al. reported studies
confirmed and refined the work of H. A. O. Hill et al.
Superoxide production by phagocytes in culture (HL-60 cell
line) was detected on a 10 um diameter carbon fiber

244,245 that
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microelectrode. The microelectrode surface was also op-
sonized by dipping it into a solution of human IgG, a
procedure akin to that of Hill’s group, or modified by
adsorption of an activator, the phorbol ester PMA (4-phorbol-
12-f3-myristate-13-acetate). Cells were immobilized on cov-
erslips and, consequently, easy to localize for analysis
without relying on a hypothetical interaction between the
cells in suspension and the electrode surface. When the
microelectrode surface was set in contact with the surface
of a phagocyte, the cell shape changed, and a phagocytosis
process initiated. As reported in Figure 12B, amperometric
currents detected at +0.1 V vs Ag/AgCl, a potential sufficient
to oxidize superoxide into oxygen on the carbon surface,
provided slow developing signals in both condition of cell
activation. Their maximum amplitude was in the range of a
few picoampers. The authors assumed that the collection
efficiency of superoxide secretion from the cell attached to
the electrode surface was total, so that they could estimate
the maximum rate and total amount of release: 1.2 fmol

min~' and 15 fmol total for IgG activation and 0.4 fmol

min~' and 30 fmol total for PMA activation. The very low
noise level of the background current (about 0.1 pA) led these
authors to draw the conclusion that the oscillations on the
cell signal analyzed for 1—3 h originated from variations of
the cofactor NADPH. Indeed, this may be used by cells to
modulate their NADPH oxidase activity or other enzymes

activity also dependent on NADPH metabolism.

On the basis of the work of K. Tanaka et al., several groups
have used carbon fiber microelectrodes to monitor superoxide
release by living cells into biological situations different as
the one exposed above.?**** In particular, C. Privat et al.
have reported measurements of O,” produced by vascular
cells (endothelial and smooth muscle cells).>*® Indeed,
oxidative stress following overproduction of superoxide (and
possibly nitric oxide) at the vascular level may lead to local
dysfunctions. This has been recognized as a key factor in
atherosclerosis, ischemia/reperfusion injury, etc. The elec-
trode surfaces were electrochemically pretreated, and mea-
surements were conducted by differential pulse amperometry
between 0 and +0.1 V vs SCE. The authors also carefully
calibrated their carbon fiber microelectrodes (7 um diameter)
against superoxide solutions prepared from dissolved KO,
over a wide range of pH values (7.4—14). This procedure
offered an excellent sensitivity for O," (0.8 nM/pA), while
the low potential applied provided selectivity. In these
experiments, the sensing property of the electrodes was
separated from the cell stimulating step, that is, did not
involve adsorption of chemical or immunological agents on
the electrode surface. Vascular cells in culture were stimu-
lated independently by cytokine IL-1/, after positioning via
a micromanipulator the microelectrode surface at close
distance from cells, that is, supposedly a few tens of
micrometers. The configuration ensured an efficient collec-
tion of superoxide release, without a priori any significant
loss of response due to reaction with NO°, which was not
supposed to be produced in these conditions. These hypoth-
eses were supported by the low local concentrations of
superoxide detected, being in the range of tens of nanomolar.
However, because the superoxide disproportionation involves
a second order dependence on its concentration (eq 9), such
a low level may result either from the fact that effectively
such low level production occurred (i.e., O,"~ could diffuse
unaltered to the electrode surface) or from the fact that a
larger level production was almost entirely scavenged by the
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disproportionation before its detection could occur. This is
a general caveat in the detection of superoxide flows out a
cell and applies as well to Hill’s or Tanaka’s reports.
Therefore, one may be extremely careful when deriving
interpretations based on the low levels of superoxide (nM)
in cellular bursts. Note that this applies as well to the cases
described hereafter since the problem is independent of the
nature of the detection step but depends only on the distance
traveled by the superoxide ion from its source to the electrode
surface.

3.2.2. Detection of Superoxide by Cytochrome c-Modified
Gold Electrodes on Neuronal Cells

Let us present a seminal study from the group of C. J.
McNeil. Starting in 1989, these authors have proposed a new
concept for electrodes preparation to improve their selectivity
toward superoxide.”>" These studies were based on milli-
metric electrodes and did not apply initially to single cell
but to confluent cell layers. We believe nevertheless that the
present principle of electrode modification may be used for
the preparation of microelectrodes and that single cell
analysis would be possible with such sensors. Hence, the
authors have developed millimetric gold electrodes modified
by a deposit of ferricytochrome ¢,*7>>3 a protein classically
used for indirect spectrophotometric measurements of su-
peroxide produced by living cells in culture since the reaction
between the two compounds is very fast (k =2 x 10° M ™!
s~!, eq 15):¢

ferricytochrome ¢ (Fe*) + O," — ferrocytochrome ¢
(Fe™)+0, (15)

Ferricytochrome ¢ was covalently immobilized by a thiol
derivative (DTSSP) linker interacting with the protein and
the gold surface (SAM formation through Au—S bonds). This
was decided for providing a better selectivity for O,
particularly against NO", than that offered by neat carbon or
gold electrodes. A complete study in vitro with solutions of
superoxide generated enzymatically by a system xanthine/
xanthine oxidase established the interest of the concept based
on the electro-oxidation of the reduced cytochrome c, thus
providing a catalytic effect on the response. Consequently,
these modified microelectrodes offered a high sensitivity for
0,"", for example, 2 pM/pA. 235

Each electrode was used in conjunction with a second
electrode, a commercial NO® sensor, for simultaneous
measurements of O,” and NO produced by neuronal cells
in culture (different cell lines were analyzed). The data
presented in Figure 12C were obtained from simultaneous
measurements with the two types of sensor over a layer of
adherent glioblastoma cells (A172 cell line).?>? Their oxida-
tive stress response was stimulated by the addition of PMA
(a phorbol ester activating NADPH oxidases as explained
before) or LPS (lipopolysaccharide-a, an endotoxin origi-
nating from fragments of bacteria walls, known to activate
NO synthases) to the buffer solution. On the basis of the in
vitro tests, the authors assumed no possible interference
between the two sensors, that is, that superoxide was not
detected by the NO° sensor and the O, sensor was
insensitive to NO". Simultaneous measurements gave them
the ability to observe the cross-reaction between O,” and
NO’ under their experimental conditions. Following addition
of the stimulus (LPS in Figure 12C), a rapid increase of NO’
was detected and even possibly amplified under conditions
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of NO synthases preactivation (inducible NOS induction by
the cytokine interferon-y), while superoxide was not detected.
When the production of NO® decreased, superoxide began
to be observed showing that in the initial phase of the cell
response, O, was certainly titrated by the excess of NO®
to form ONOO . To the best of our knowledge, these studies
reported one of the first examples of direct and selective
simultaneous measurement of different primary species of
oxidative stress at living cells and the observation of reaction
between these species to form RNS.

The present experimental protocol and modified electrodes
were used for different biological applications by several
groups including the one of C. J. McNeil. Particularly, it
was used to investigate the relations between oxidative stress
and the growth of different neuron types in culture including
motor neurons, as models of pathological processes occurring
in the central nervous system.”>”**® However, the applicabil-
ity of their analytical method to quantitative biological studies
may have been limited by the low efficiency of superoxide
collection for the submillimetric distances separating the
electrode surface and the layer of cells. The spontaneous
formation (viz., without catalase involvement) of H,O, in
these conditions is certainly not negligible (see above),
although it was not evaluated. Similarly, peroxynitrite formed
by coupling between NO® and O, could not be measured
directly. Yet, ONOO™ may reoxidize ferricytochrome c and
interfere with measurements over long times since the
reaction is quite slow.?>® Nevertheless, these studies on cell
colonies established that the detection of side products of
superoxide and nitric oxide was feasible so that their
extension would be of great importance for characterizing
quantitatively and in real-time the very nature and origin of
oxidative stress processes occurring in aerobic cells.

3.2.3. Detection of Hydrogen Peroxide by Platinized
Carbon Fiber Microelectrodes on Skin Fibroblasts

Among the different ROS, hydrogen peroxide is the most
stable one and is consequently an essential marker of
oxidative stress. Our group decided to focus initially on its
detection in the mid-nineties through the development of
microelectrodes allowing its monitoring on single cells.?*°
It was previously established that H,O, oxidation was
difficult on any type of carbon surfaces, while its oxidation
on bare polished platinum surfaces induced the formation
of platinum oxide and peroxide and, consequently, led to
unstable electrochemical responses. Meanwhile, several
groups working in the development of glucose sensors have
shown that hydrogen peroxide produced by glucose oxidase
could be easily and quantitatively detected by oxidation on
black platinum or platinized electrode surfaces.?®'°* Black
platinum was thus electrodeposited from a Pt(IV) solution
following a 4e”~ reduction into Pt(0) on a microelectrode
surface (eq 16)

PtCl,>~ +4e” —Pt"+ 6Cl1~ (16)

A stable irreversible voltammetric wave (2e oxidation
process, Eip = +0.25 V vs SSCE) for H,O, could be
observed on platinized carbon fiber microelectrodes (1—30
um diameter). Moreover, the platinized surface being a rough
deposit, such microelectrodes possess a huge active area,
which ensures a high sensitivity for HO, detection. The limit
of sensitivity determined by amperometry at +0.55 V vs
SSCE was a few nanomolars, the selectivity being provided
by the electrode potential, and was attested by control

Chemical Reviews, 2008, Vol. 108, No. 7 2607

experiments in the presence of added catalase or o-dianisi-
dine.

Because of their excellent analytical properties, these
modified microelectrodes were applicable for monitoring
oxidative stress responses on single human skin fibroblasts.
These cells are the main constituents of skin dermis and as
a consequence are the site of some of the oxidative damages
induced by UV-A and -B from sunlight or other chemicals
in contact with the skin. Under oxidative stress conditions,
DNA alterations of fibroblasts might be amplified and lead
the cell to shift toward a cancerous state.'®2°%26* S Arbault
et al. have shown that fibroblasts were able to produce
oxidative bursts under depolarization of the cell membrane
induced by a mechanical stress.”°>*°> This was obtained by
puncturing the membrane with the tip of a microcapillary
without inducing cell disruption and death (the cells recov-
ered all their functions after a few hours in culture medium).
The shaft of microelectrodes was insulated to detect elec-
troactive species only at their very tip surface. Because of
their small size (10—15 um tip diameter), they could be
positioned via a micromanipulator at a few tens of microme-
ters above the cell surface, that is, in experimental conditions
for which any loss of H,O, through its reaction with other
compounds should not occur. The variation of amperometric
current detected immediately after the microcapillary punc-
ture on the cell membrane (see Figure 12D) corresponded
to an active response of the cell and not to the passive release
of electroactive species diffusing from the cytosol or from
storage vesicles. Experiments in the presence of scavengers
(catalase or o-dianisidine, a substrate for peroxidases) showed
that hydrogen peroxide was the major detected component
of the cell response. In later studies, inhibitors of NADPH
oxidases confirmed that H,O, detected by the microelectrodes
had an enzymatic origin®®> and that the kinetic profile of
the oxidative bursts measured on fibroblasts (Figure 12D)
or lymphocytes was dependent on metabolic factors govern-
ing NADPH oxidases activity.?¢32¢7

Nevertheless, several results led C. Amatore et al. to
consider that oxidative bursts detected on different cell types
were not exclusively related to hydrogen peroxide production.
For instance, they reported that a residual signal was always
observed in experiments with catalase but also that the
amplitude of bursts was increasing at amperometric potentials
higher than the one of H,O, plateau potential. The hypothesis
of a simultaneous production of O," /H,0, and NO" has been
further examined, as is detailed below.

3.3. Detection of Nitric Oxide and Peroxynitrite
Releases by Single Cells in Culture

3.3.1. Detection of Nitric Oxide by Porphyrin Modified
Microelectrodes at Single Cells from a Cardiac
Endothelium

The group of T. Malinski was one of the first to describe
an electrochemical NO® sensor and its application to cell
measurements of nitric oxide release. They reported in 1992
the development of a carbon fiber microelectrode whose
surface was modified by the electrodeposit of a film of nickel
porphyrin.>*® They have further used and adapted such
sensors for numerous biomedical studies. Particulary, T.
Malinski et al. have modified their electrodes to match the
specific conditions of a single cell analysis on cells in culture
or located on the surface of the endocardium (rabbit heart).2®
The active tip of the electrochemical sensor was reduced in
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Figure 13. (A) Left, release of nitric oxide detected by a porphyrin-
modified microelectrode placed 10 um from the surface of an
isolated endothelial cell (endocardium of rabbit) stimulated by a
calcium ionophore (A23187) at t+ = 0 s; right, exponential decay
of the signal amplitude with the distance between the sensor tip
and the cell surface. (B) Time course of peroxynitrite detected by
a Mn(TAPc)/PVP-modified microelectrode inside a single beating
heart cell in culture after its ischemia/reperfusion. (C) Determination
by platinized carbon fiber microelectrodes of the species (H,O,,
ONOO™, NO,, and NO") released by single murine macrophages
during oxidative burst responses. Evaluation of the flux of the
primary species (O, and NO) produced by a macrophage.

diameter to reach a value of 2—5 um instead of the initial
value of 50—60 ym.235’269’270 Second, the electrode was
inserted into a catheter, so that the tip of the sensor was
recessed (5—6 um) within the catheter tip and was thus
protected in the case of experiments performed directly in
the tissue. Each electrode was tested and calibrated with pure
NO" solutions of concentration ranging from 5 x 107 to 3
x 107°mol L™".

Experiments were performed on cells mechanically re-
moved from the surface of left heart ventricle of an
anesthetized rabbit. Cells were subsequently plated on usual
coverslips and maintained in life in an appropriate buffer.
The tip of the porphyrinic microelectrode was then positioned
via a micromanipulator over the surface of a single endot-
helial cell, considering that the zero distance was obtained
when touching the cell membrane, which was evidenced by
a signal artifact. Then, the electrode tip was retracted to a
10 um height. The cell was subsequently stimulated follow-
ing the injection into its environment of a calcium ionophore
solution (compound A23187 that induces transient opening
of calcium channels, 8 uM final concentration) leading to
the activation of NO synthases (constitutive enzymes of
endothelial type). The release of NO" detected by amper-
ometry started less than a second after the cell stimulation
(see Figure 13A). The signal reached its maximum in about
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1 s and returned to baseline after about 10 s. Its amplitude
(in concentration of NO®) was highly dependent on the
distance between the sensor tip and the cell surface.
Logically, the maximum value, close to 1 4M, was obtained
when placing the sensor nearest to the membrane surface
(see Figure 13A). This observation is consistent with the
principles described in the introduction of the chapter. The
quantification of release from a single living cell is highly
dependent on the collection efficiency of the electrode surface
and of the volume of dilution defined by the distance between
that sensor surface and the cell source of active species.
Consequently, even for stable species released, minimizing
this distance ensures better conditions for analysis of the true
nature of the biological information, although this may lead
to an indirect blasting of the cell surface by the products
resulting from the electrochemical detection.

This first series of studies of NO® detection on single cells
allowed comparison of the response of endothelial cells
obtained from the surface of endocardium of normal or
hypertensive rats. Nitric oxide release was lower in hyper-
tensive rats (NO® is the major vaso-relaxing compound) in
agreement with former studies reporting a weaker relaxation
of smooth muscle cells from these animals as compared to
the wild-type ones. However, the authors showed that the
lower NO® responses were very sensitive to SOD indicating
that a large part of NO” produced by cells was not detected
by the electrode. It may be suggested that it was consumed
through its reaction with O, before diffusing to smooth
muscle cells and inducing their relaxation. Consequently,
these studies hypothesized that the formation of RNS
occurred preferentially in the hypertensive rats, this event
leading potentially to the pathophysiological consequences
observed in this animal model but also in humans.

3.3.2. Detection of Peroxynitrite by Modified
Microelectrodes during Ischemia of Endothelial Cells from
Heart

The direct electrochemical detection on living cells of
peroxynitrite anion release was simultaneously reported by
two groups in 2000, each one using a different type of
electrode and focusing on a different biological application.
We will emphasize first on studies reported by the group of
L. T. Jin, who had previously reported the development of
microelectrodes modified by metallophtalocyanines or Schiff
bases as sensors for nitric oxide and superoxide.?*?-*7'~%73
In the studies that we wish to detail here, the authors have
prepared cylindrical carbon fibers or platinum microelec-
trodes, whose surfaces were modified by the deposit of
tetraaminophtalocyanine manganese(Ill) [Mn(TAPc)] as a
catalyst for peroxynitrite reduction and subsequently modified
by a membrane of the catanionic polymer polyvynilpyridine
(PVP). Briefly, cylindrical carbon fiber microelectrodes (7
um diameter) were chemically etched to provide electrodes
of 1 um diameter at the tip and tens of micrometers long.
Then, their surfaces were electrochemically cleaned into
H,SO,, dried, and modified by the electrodeposition of poly-
Mn(TAPc) through voltammetric scanning of the potential
between +0.5 and +1.0 V vs Ag/AgCl. Prior to in vitro tests
or cell experiments, the electrodes were modified by a layer
of PVP to perform as a cation repulsive barrier and also as
a diffusional barrier for large biological molecules. These
two characteristics are prone to significantly improve the
selectivity of these microelectrodes for ONOO , although
they may decrease the electrode response time. PVP was
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simply deposited from a solution allowed to dry onto the
electrode surface.

In vitro tests with pure peroxynitrite solutions established
that this species was detectable by its reduction into nitrite
and nitrogen dioxide electrocatalyzed by Mn(TAPc) at low
potential (+0 V vs Ag/AgCl). This potential value in
conjunction with PVP layer properties afforded a large
immunity to many interferents including several ROS (O,
H,0,), RNS (NO’, NO, ), dioxygen, or other molecules that
may be present in cell cytosol (L-arginine, NADPH, ascorbic
acid, etc.). These modified microelectrodes displayed a limit
of sensitivity of 18 nM for ONOO ™ when used in conjunc-
tion with differential pulse amperometry (DPA). The useful
analytical range was comprised between this lower limit up
to a few hundreds of micromolars.

These electrodes were then used for intracellular measure-
ments of ONOO ™ produced into myocardial cells isolated
from the heart ventricle of neonatal rats. Peroxynitrite is
suspected to be a major component of cardiac injury in the
situation of heart ischemia, followed by reperfusion, although
this hypothesis was previously inferred only on the basis of
indirect markers of a nitrosative stress (staining of nitroty-
rosine residues). The micrometric size tip of their micro-
electrodes was inserted into the beating heart cell. Despite
the stress that it may induce in the cell (see below), they did
not observe any significant change of baseline level of
peroxynitrite concentration. After continuous ischemia of the
cell, the signal ascribed to peroxynitrite progressively
increased to reach a plateau after 15 min and stayed at the
same level of concentration (70 nM) for about 15 other
minutes (see Figure 13B). Then, the signal decreased until
reperfusion of the cell that induced an increase of perox-
ynitrite concentration higher than the initial ischemic step.
Control experiments involving an inhibitor of NO synthase
or SOD or melatonin, a potent pharmaceutical inhibitor of
ONOO ", fully supported the conclusion that the variations
of signal detected intracellularly by the modified microelec-
trodes reflected peroxynitrite concentration changes. These
results provided a direct evidence that peroxynitrite was a
major mediator of cardiac injuries occurring during ischemia/
reperfusion process.

This hypothesis is further supported by results reported
recently by the group of T. Malinski.?’* These authors have
coupled three types of modified carbon microelectrodes (3—4
um diameter, named nanosensors), poised at different
potentials to detect simultaneously O,"~, NO", and ONOO™
over the same layer of endothelial cells. Despite the fact that
the authors did not discuss the occurrence of a possible
simultaneous detection within a micrometric environment of
the three different species, they reported the detection of
peroxynitrite in the presence of its two mother species. Bursts
of O,"", NO", and ONOO™ were simultaneously detected
after a single endothelial cell stimulation by a calcium
ionophore. These results were used to evaluate the ratio
between nitric oxide and peroxynitrite concentrations de-
tected in different conditions. Such a ratio clearly decreased
in cells from hypertensive animals and following reperfusion
of a vessel. These results recently reported by the group of
Malinski demonstrated at most that electrochemical analysis
at micro- or nanoelectrodes was a very powerful technique
for studying local dysfunction of an endothelium in the in
vivo condition.
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3.3.3. Detection of Peroxynitrite by Platinized
Microelectrodes on Single Skin Fibroblasts or Single
Macrophages

Starting from the results described above in section 3.2.3,
our group demonstrated in 2000 through the development
of an original experimental protocol that oxidative bursts
detected on single cells could be decomposed and quantified
into their content in ROS and RNS.?**-%7>"277 In this series
of studies, the distance between the microelectrode tip and
the cell surface where the activation is applied was minimized
to ensure the detection of species with short time lives, such
as peroxynitrite, that would not be able to diffuse to the
electrode surface before decomposing with the former
arrangement.”® The collection efficiency of the cell response
increased and was maximal (>90%) when the distance was
lower than 5 um, indicating that species released by the cell
in its environment were quantitatively detected, although the
electrode—cell distance was large enough to avoid blasting
the cell by the oxidation products of its released species.*’°

Then, numerous experiments conducted at different am-
perometric oxidative potentials on a large number of cells
(about 1000 fibroblasts from the same wild type control
strain) have shown that the cell oxidative response increased
in amplitude with the potential and, consequently, that this
response included the measurement of several electroactive
species. These data enabled to construct an equivalent steady-
state voltammogram of the average cell oxidative burst
content by measuring the current vs the potential (over the
potential range between +150 to +900 mV vs SSCE). The
voltammogram depicted three different plateaus correspond-
ing at least to three oxidation waves. Comparison of these
waves to the oxidative responses obtained in vitro with the
same electrodes for stable solutions of several ROS and RNS,
potentially derived from superoxide and nitric oxide, led to
the conclusion that the two higher potential waves featured
(in terms of their potential position and transfer kinetic) the
detection of NO" and NO, .228:273:276 Conversely, the wave
detected at low potentials did not correspond to the detection
of a single species among all ROS and RNS, which could
be tested. An exhaustive study of peroxynitrite anion
electrochemistry, as well as that of H,O,, on platinum and
platinized surface of electrodes established that this oxidation
wave corresponded to a mixing of H,O, and ONOO™
oxidation waves, both being located within a near range of
potentials.?*® Finally, the arithmetic addition of the volta-
mmetric response of four different species (H,O,, ONOO™,
NO’, and NO, ) adjusted in concentration was in perfect
agreement with the voltammogram determined from the cell
oxidative response.?’®%”” This analysis demonstrated that the
evoked oxidative bursts of fibroblasts corresponded to the
emission of a complex cocktail involving several ROS and
RNS. Each species, including the very reactive peroxynitrite,
could be characterized and selectively quantified by am-
perometric measurements at several potentials. Note that
NO;  anions could not be detected due to their electro-
inactivity in our experimental conditions.

Further studies on cells (fibroblasts or macrophages)
treated with different pharmacological agents, such as
enzymatic inhibitors, established that this complexity re-
flected the simultaneous activation of two enzymatic systems
of NADPH oxidase and NO synthase types following the
cell stimulation. These were responsible for the separate
production of the two primary species, O, and NO® (Figure
11),275 277 which could combine afterwhile. The determina-
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tion of the individual fluxes of the different species released
by the cells (Figure 13C, left) allowed us to reconstruct the
fluxes of production of the primary species giving rise to
these ROS and RNS (Figure 13C, right). Indeed, because
all species originate from O, and NO" (Figure 11), their
primary fluxes could be evaluated based on matter conserva-
tion and Faraday’s law:

(q)oz.i)prod — 2((DH202)mes + ((I)ONO()i)mes + (q)Nof)mes
17

((I)N O.)prod: ((I)No-)mes+ ((I) ONof)mes 4 (q)NOf)mes
(18)

Each curve was subsequently integrated and provided a
measurement of the total amount of each compound produced
during the oxidative burst. For both primary species, the
quantities were found to lie in the range of tens of
femtomoles and spectacularly consistent (Figure 13C, right).
Although such magnitude may be considered as infinitely
small from a macroscopic point of view as well as from the
actual analytical standards, when considering the “living
space” of a single cell (i.e., a few times its own dimensions),
these amounts are not negligible in terms of local concentra-
tions (viz., of the kinetic effects) that they produce. They
indeed correspond to very high and therefore efficient
concentrations of messenger, activator, or toxic molecules
near the stimulated cell. The results presented here have led
ultimately to several applications for biomedical purposes,
such as studies of oxidative stress implication in HIV
infection of blood lymphocytes**”*’® or oxidative stress
implication in the carcinogenesis of skin fibroblasts.?¢3-26

3.4. Future Analytical Challenges: The
Development of Integrated Microsystems and
Scanning Electrochemical Microscopy (SECM)

Current and future analytical challenges of oxidative stress
studies at living cells concern the improvement of spatial and
kinetic resolutions, as well as the achievement of statistically
significant multiple parallel analyses to provide acute, efficient,
and rapid systems for large-scale pharmacological and medical
tests. Such improvement of spatial resolution for cell measure-
ments is under process based on recent developments of SECM
and nanoelectrodes. Several groups have shown recently that
SECM (named BIO-SECM by some authors) was efficient to
scan the surface of a single cell and thus to probe its membrane
sites of secretion.'”*"'80279-282 particularly, the group of W.
Schuhmann has reported the detection of NO® released by
single endothelial cells while precisely controlling the
distance between the microelectrode’s tip and the cell
surface.?’® The best reported resolution of SECM on cells
is about 1 um,*’***! that is, lower than the one provided by
AFM techniques.®® In the close future, the development of
nanoelectrodes should efficiently lower this resolution and
should provide the opportunity to distinguish different sites
of release on a cell membrane. The decrease of sensor size
will also logically favor an improvement of the kinetic
resolution. Approaching closer to the source of electroactive
species (without interfering with the cell activity) would
diminish the response time (diffusion time) of the setup and
may improve the detection of short time living species, such
as peroxynitrite. One may further imagine the possibility to
insert a nanometric tip size electrode into a cell without
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significantly disrupting its membrane or provoking intracel-
lular damages (lethal damages) to measure intracellular
oxidative events.?®*

In addition, the single cell experiments described in this
chapter are highly time-consuming and involve high per-
sonnal expertises. Single cell studies, although important for
resolution, are not statistically significant because of the
rather large variation in cell metabolic activities. Hence, any
significant information generally requires an average of
20—50 individual cell response measurements, which adds
even more to the time consumption of experiments. Conse-
quently, efforts are currently conducted in many groups to
provide microsystems that may yield automatized analyses
of single cells at a large scale. Recent reports by several
groups established that microsystems integrating at least a
set of three electrodes for measurements, a microfluidic
chamber and channels for incubation and cell stimulation as
well as a local Pathway to other detection methods, is entirely
feasible.”>%° Different strategies have been explored,
involving sensing microelectrodes that are microfabricated
as pillar cones,294 bands,?® or as circle surfaces®®” located
directly inside the chamber where the cells are cultured or
separated from the chamber by a membrane through which
molecules such as nitric oxide may diffuse easily.”*29%%
As mentioned previously in the case of exocytosis studies
(see section 2.5), a few microsystems aimed to single cell
detection have already been reported, but this is a domain
that is presently under constant and rapid evolution.

3.5. In Vivo Electrochemical Detection of
Oxidative Stress: Particularities of Brain Studies

3.5.1. Analytical Properties of the Sensors Used in the
Brain

This section is devoted to enlighten the electrochemical
measurements of ROS or RNS, which had been performed
in brain environment, including brain slices or the whole
organ in living animals. Thus, we wish to focus on the
amperometric detection of nitric oxide in brain tissues but
also to report several rare studies on the direct electrochemi-
cal measurements in the brain of other direct oxidative stress
markers such as superoxide anion. Moreover, we have limited
this part of this review to the field of single cell measure-
ments in brain tissues, at the most to several cells monitored
by micrometric size electrodes. The reader of this Chemical
Reviews issue is encouraged to consult the paper by R. M.
Wightman et al., which deals more widely with the monitor-
ing of neurotransmitters in the living brain.

Seminal studies on the NO® electrochemical detection have
been reported since the early nineties, simultaneously with
the emergence of microelectrodes. The brain is a complex
environment to screen analytically with chemical sensors
because: (i) the analytes to be detected are frequently present
in very low concentrations like micro- or nanomolar ranges,
and generally, they are very unstable with short lifetimes,
like for nitric oxide; (ii) they need to be detected in the
presence of numerous other interferents, which often have
high electrochemical activities toward common sensors; (iii)
the biological, biochemical, and physiological processes that
are investigated in these tissues have to be disturbed as little
as possible by the invasion of the probe and without
disturbing or destroying these delicate samples; (iv) a lot of
surface sensor pollution, like protein fouling or adsorption,
occurs while the measurements are performed and can affect
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greatly the microelectrode response. All of these constraints
make such detections arduous and challenging. Consequently,
to perform significant surveys, the ideal analytical sensor
must be highly sensitive and selective, must be calibrated
before and after the measurements, must have a very fast
response time, and must possess a micrometric size, and the
general properties of the medium to be scrutinized must be
perfectly understood. Obviously, a good analytical sensor
for brain studies is a compromise between these different
properties.236:296-298

In that way, measuring nitric oxide in the brain is
complicated by the presence of numerous other endogenous
electroactive species like dopamine metabolites such as 3,4-
dihydroxyphenylacetic and homovanillic acids, the antioxi-
dant ascorbic acid, or neurotransmitters (adrenaline, nor-
adrenaline, dopamine, and serotonin).??%3%

3.5.2. Advantages of Amperometry for Nitric Oxide
Detection in the Brain

As already mentioned previously, amperometry is the
simplest electrochemical experiment: In this method, the
potential of the electrode is fixed so that the concentration
of the detected analyte is maintained at zero at the micro-
electrode surface during the whole electrochemical measure-
ment. Thus, the monitored current is only limited by the mass
transport rate of the analyte toward the electrode surface.
The current is then directly proportional to the average
concentration of the analyte within the diffusion layer of the
electrode at all times and is measured continuously at the
microelectrode and generally implies long monitoring dura-
tions, so that its digital storage is generally required. This
technique thus offers the best temporal resolution as com-
pared to other electrochemical techniques. Indeed, it allows
to follow the fast changes of chemical concentration that
happen while neurochemical brain processes occur. However,
amperometry has poor electrochemical selectivity; therefore,
numerous surface modifications have been performed for
nitric oxide detection in the brain such as those cited above
(see section 3.1.3): incorporation of enzymes, ion-exchange
membranes (like Nafion or other membranes in Clark type
probes or commercial WPI probes), use of porphyrin, or
deposit of black platinum. Enzymes produce enhancement
of current via their substrates, but selectivity is not necessarily
a guarantee of this surface modification since the enzyme
or the membrane may be not selective under their conditions
of use. The calibration for such modified sensors is then
difficult in complex environments like the brain. Ion-
exchange membranes are selective, like Nafion, which
prevents access onto the microelectrode surface of anionic
metabolites, such as nitrites, but they have the drawback of
decreasing the temporal response of the sensor. Finally, the
response time is also mainly fixed by the chosen digital
sampling rate, the signal-to-noise ratio, and the filter of the
used potentiostat. Among the other electrochemical ap-
proaches, chronoamperometry has less selectivity than vol-
tammetry or differential pulse voltammetry since the potential
information is lost but has a lower time resolution than fast
scan cyclic voltammetry. Therefore, none of these various
electrochemical techniques offers real universal advantages
for brain measurements, but each of them has specific
advantages for a particular problem. All in all, amperometry
appears to be the most convenient method for in vivo
detection of nitric oxide in the living brain, as we will
discover below.
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3.6. Detection of Oxidative Stress in the Central
Nervous System

3.6.1. Electrochemical Detection of Nitric Oxide in Brain
Slices

The first study using an electrochemical microprobe for
detecting nitric oxide release in brain tissue was led by K.
Shibuki.?*?*°! The design of his NO" probes was similar to
that of miniature oxygen electrodes.’** A glass micropipette
was broken unevenly to form an oblique opening with a
diameter between 150 and 250 um and was filled with 30
mM NaCl and 0.3 mM HCI (pH 3.5). The tip was then sealed
with a thin membrane of chloroprene rubber with a thickness
less than 1 um. As a cathode, a piece of platinum wire was
inserted into the pipet, and as an anode, a piece of silver
wire was inserted in it. The output current of the probe
correlated linearly with the NO" concentration at the tip, and
the sensitivity of the probe was found to be between 3.5
and 106 pA per 1 uM change in NO" concentration at the
cathodic voltage of +0.8 V. This probe showed no sensitivity
to oxygen or to oxidized derivatives of NO". The NO' release
from sodium nitroprusside, a classical nitrovasodilator,>*?
was successfully detected by the probe. The NO® probe
inserted into the molecular layer of a rat cerebellar slice
detected a response corresponding to 8—58 nM of NO°
concentration following electrical stimulation of the white
matter. This response was blocked reversibly by a toxin
(tetrodotoxin, 1 M) and was attenuated by hemoglobin (1
or 10 uM) present in the medium (Figure 14A). This seminal
study demonstrated that an electrochemical NO® probe was
suited to the detection of endogenous NO® release in a brain
tissue. It had a sufficiently fast response time (1 s); however,
its tip size was too big to achieve the monitoring of a single
cell secretion, and one main inconvenience was the variability
between different probes. Thus, the detection mostly con-
cerned the emission of a group of neurons in the cerebellar
slice with a specifically calibrated electrode for each
measurement.

Nicotine-evoked nitric oxide release in a rat hippocampal
slice was then performed in 1998 by a carbon fiber
microelectrode covered with Nafion and o-phenylenedi-
amine.*** This study investigated the possible regulation of
NO® by cholinergic agonists in rat hippocampus. The
electrochemical NO® probe was a single (30 um outer
diameter) carbon fiber type modified with Nafion and
o-phenylenediamine.*® Acetylcholine or nicotine was de-
livered by injection from pipettes placed within 300 ym from
the NO" sensor (Figure 14B). Both induced NO" signals rising
up to a micromolar range concentration in the rat hippoc-
ampus slice and lasting for few minutes. These data
supported the hypothesis that nicotine is able to evoke long-
lasting NO® release in the hippocampus. Moreover, these
electrodes offered a better spatial resolution in allowing
detection of nitric oxide from a few cells thanks to the
reduced size of the sensor (30 um).

C. S. Leonard et al. used in 2001 a porphyrinic microprobe
to monitor NO" in brain slices of the mesopontine tegmen-
tum.**® The sensor was modified for enhanced NO" selectiv-
ity based on the work of Mitchell and Michaelis.*** This
involved carbon fiber-based sensors modified chemically
thanks to the use of membranes of polymers such as nickel
porphyrin, Nafion, immobilized ascorbic acid oxidase, and
either polypyridinium or polylysine. These modifications
provided good selectivity for anodic detection of NO". The
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Figure 14. (A) Responses evoked by white matter stimulation and
recorded through NO® probes (similar to miniature oxygen elec-
trodes) inserted into the molecular layer of cerebellar slices. The
white matter was stimulated at 20 Hz for 5 s (horizontal bar), but
for the dotted curve, there was an additional and simultaneous
application of a toxin (1 uM tetrodotoxin). Adapted from ref 232.
(B) Acetylcholine (left) and nicotine (right)-evoked overflow of
NO’ in a rat hippocampal brain slice measured by a Nafion and
o-phenylenediamine-treated carbon fiber microelectrode. Adapted
from ref 304. (C) L-Glutamate-induced efflux (current/time profile)
of NO’ recorded in the CA1 region of hippocampal slice following
a 2 min perfusion of 5 mM L-glutamate (left) and 10 uM NMDA
(right). Adapted from ref 307.

response time of these probes was found to be 500 ms, and
the amperometric detection limit was 0.5 nM in NO°
concentration; L-arginine, L-NAME, and CO did not interfere
since they were not detected by the probes. The efficiency
of the sensors was tested ex vivo in brain slices and in the
anesthetized brain where exogenous NO® was injected, with
detection limits of 8 and 173 nM NO’, respectively. Ad-
ditionally, the cholinergic neurons of the mesopontine
tegmentum were investigated since they appear to play a
strategic role for generating arousal and rapid eye movement
during sleep.’®® They express high levels of the enzymes
NO synthases; therefore, the authors investigated whether
or not their firing induced increases in local endogenous nitric
oxide concentration levels. Such as in the work of D. A.
Smith et al.,>** NO" measurements were made with a
relatively small probe, allowing detection of the responses
from a few neurons. Indeed, the microprobe measured 35
um diameter and was inserted in brain slices. Local electrical
stimulation at 10 or 100 Hz produced responses that were
attributed to nitric oxide at a nanomolar range of concentra-
tion. A NO synthase inhibitor, N®-nitro-L-arginine-methyl-
ester at 1 mM, reduced the peak production by 92%, and
the responses were shown to depend on extracellular Ca**,
both controls validating the ascription of the signals to NO".
Collectively, all of these results demonstrated that cholinergic
neuron activity plays a major role on controlling extracellular
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nitric oxide concentration, probably via somatodendritic nitric
oxide production.

Finally, the group of R. M. Barbosa recently developed
in 2005 carbon fiber microelectrodes with Nafion and
o-phenylenediamine to measure NO® in brain slices from
CA1 region of the hippocampus.>®” Nafion films were
deposited onto the microelectrode surface by simply dipping
it into a 5% solution followed by a drying stage for 10 min
at 170 °C. o-Phenylenediamine was then electropolymerized
over the electrode surface by holding it at +0.9 V vs Ag/
AgCl. NO’ concentrations were monitored in brain slices as
a function of L-glutamate and N-methyl-D-aspartate perfusion
(Figure 14C). The principal result of this study was to
establish that such sensors were sensitive enough to follow
NO’ concentration changes in the brain with a sensitivity of
954 £ 271 pA/uM and a detection limit of 6 £ 2 nM. This
detection was shown to be independent of the presence of
interferents like ascorbate, nitrite anions, or H,O,. Further-
more, these sensors appear ideally suited for the discovery
of NO’-regulated pathways for memory and learning pro-
cesses in the rat hippocampus.

These seminal investigations established that the electro-
chemical measurements of in vivo NO® concentrations bring
crucial information about NO" pathways, which are difficult
or impossible to achieve by other methods since NO® is a
fast diffusible messenger molecule, which plays an essential
role on numerous physiological processes in the brain.

3.6.2. Electrochemical Detection of Nitric Oxide Directly in
the Brain

From 1993 and over the ensuing years, A. Meulemans
reported the possibility of direct oxidative detection of nitric
oxide upon using commercial carbon fiber microelectrodes
(Tacussel, France). These cylindrical sensors had a 8§ um
diameter and ca. 500 um length. For measurements, they
were pretreated by performing 200 scans from O to +2 V vs
SCE in PBS, at pH 7.4, and then coated with a cellulose
membrane (to prevent the effects of protein adsorption). NO*
measurements were performed by differential pulse volta-
mmetry based on the electrochemical wave detected at +0.95
V vs Ag/AgCl. Calibrations involved NO® solutions in PBS.
The sensor sensitivity was reported to vary from 250 to 500
pA/uM, although this depended on the success of the
microelectrode treatment. The detection limit was around the
micromolar range. The electrodes did not respond to nitrite
anions, ascorbic acid, or serotonine up to millimolar con-
centrations. However, these sensors did not detect NO® either
in biological samples such as solutions of purified NO
synthases or directly into brain tissues. This prompted A.
Meulemans to raise an interesting and uncommon hypothesis
according to which NO synthases transform L-arginine to
N-nitroso-L-arginine but do not lead to liberation of free
NO.***>!% This was backed on direct measurements of
N-nitroso-L-arginine (NA) in rat brain frontal cortex with
these carbon fiber microelectrodes and differential pulse
voltammetry. On that purpose, a carbon microelectrode was
inserted at a fixed depth (125 um) into the frontal cortex of
a living animal.*'? A constant level of neuronal NA of 0.66
mM was found in this region of the rat brain over a few
hours. Applications of competitive inhibitors of brain NO
synthase and NO" donors resulted in the disappearance of
NA levels. On the contrary, perfusions of classical ROS
scavengers had no effects on NA frontal cortex concentra-
tions, which remained at a constant level. These interesting
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results seemed to indicate that NA is produced continuously
at a high level by rat cortex neurons. Moreover, they
represent an elegant measurement of an uncommon species
associated with nitrosative stress directly in the intact brain
of a living animal. The use of 8 um diameter sensors allowed
NA detection from a very few neurons, that is, closer to the
single cell level than what was achieved in other studies cited
in this subsection.

In vitro and in vivo performances of o-phenylenediamine-
and Nafion-covered carbon fiber microelectrodes were tested
in terms of their ability to detect NO® and then used to
measure NO® diffusion in the extracellular space of the rat
brain.>*® These electrodes were of 30 um diameter and were
compared with nickel porphyrin type NO® sensors to
determine which system had the most sensitivity and
selectivity for NO°. It appears that electrodes treated with
Nafion first, followed by o-phenylenediamine, offered better
analytical detection characterictics than the others. They were
very sensitive to NO® with a detection limit of 35 4 7 nM.
Besides, they were highly selective against nitrite anions
(>900:1), dopamine (>300:1), and ascorbate (>600:1). They
displayed good linearity in 0—6 M NO" range (R* = 0.997).
The authors also reported preliminary direct measurements
of diffusion of NO" from a point source in the rat striatum.
Male rats were anesthetized and prepared for in vivo
electrochemical recordings. An Ag/AgCl reference electrode
(200 um diameter) was implanted into the brain at a site
remote from the recordings areas. NO” (2 mM in PBS, pH
7.4) was loaded into a single-barrel micropipette with a
10—15 um o.d. tip diameter. The micropipette was attached
to the NO® sensor with a tip separation of 325—375 um, a
distance that was accurately measured after introduction for
calculation of NO" diffusion coefficient. Typical profiles of
diffusion curves following injection of NO® were obtained,
and interestingly, the decay of the curve shows that NO" is
not degraded or removed as rapidly as one might expect for
such a reactive molecule in an overall aerobic environment.
The apparent diffusion coefficient of NO® was calculated on
the basis of the rise times of all of the signals recorded in
the brain striatum. The mean value was 1.2 & 0.2 x 107
cm?/s, that is, higher than those of other present molecules
such as ascorbate, as predicted. These electrodes seemed to
offer good recording features necessary for the reliable
detection of NO® in intact brains.

B. Fabre et al. showed an interesting voltammetric
detection of NO” in rat cortex based upon a carbon fiber
microelectrode modified by a poly(N-methylpyrrole), incor-
porating a [(H,0)Fe"PW,,03]*~ sublayer and covered by
Nafion, and upon using differential normal pulse voltammetry
(DNPV).*'* In solution, a linear response was reported
between NO® oxidation currents measured by DNPV and NO*
concentrations ranging from 107’ to 107 M, with a
sensitivity of 2.65 + 0.15 nA/uM. This probe was then
inserted in the rat brain and displayed good efficiency to
detect in real time NO" release. The validation of this last
statement was supported by the electrode response decay
after injections in the brain of a NO synthase inhibitor.
Anesthetized male rats were used, and the rat head was
immobilized in a stereotaxic frame. Then, the craniectomy
was achieved by incising the cranial cutaneous plane. The
skull was accessible, and the orifices allowing reference
(occipital cortex), auxiliary (occipital cortex), and working
(right frontal cortex) electrodes to be placed were made with
a dentist’s drill. As soon as the electrodes were implanted
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at 1 mm depth, DNPV measurements started (one cycle every
2 min). Over the +0.4 and 1.35 V range, an anodic peak
was observed at 0.65 £ 0.02 V. This value was identical to
the one determined by other authors.?*® The electrochemical
response of this system was stabilized after 15 cycles. These
results were encouraging because they demonstrated the
ability of these sensors to detect NO® under chronic condi-
tions when inserted in the brain of a freely moving animal.

Commercial NO” probes from WPI, based on Clark oxygen
electrodes equipped with a gas permeable membrane (of
unknown composition), were directly used by L. Cherian et
al. in 2000.%"° Their tip diameter was 200 #m (ISO-NOP200,
World Precision Instruments, Sarasota, FL), and their detec-
tion was based on the oxidation of NO™ at a working
electrode potential of +0.85 V vs Ag/AgCl. Each electrode
was calibrated before and after measurements with a NO*
donor: S-nitroso-N-acetly-D,L-pencillamine (SNAP). They
were inserted into a rat brain at a depth of 1.5 mm after
controlled cortical impact injury performed with an impactor
tip (8 mm diameter) at a velocity of ~5 m/s, during ~130
ms and producing a brain deformation of 3 mm. Immediately
after the injury, the NO" sensor could be placed and an
increase in NO” concentrations was noted rising from baseline
values up to a level of 83 £ 16 nM as compared with 0.5 £
4 nM in the control animals. Then within minutes, NO°
concentrations fell and remained at an average of 25 nM
lower than initial levels for at least 3 h after injury. The initial
NO’ concentration increase was correlated with the rise in
blood pressure and intracranial pressure in response to the
initial injury. Pre-injury treatment with the NO synthase
inhibitor L-NAME decreased the NO" signal just after injury
but resulted in higher intracranial hypertension. Henceforth,
mortality was of 67% with L-NAME pre-treatment, as
compared with 1% for untreated animals. These data
suggested that reduced NO® production plays a major role
in the reduction of the cerebral blood flow after a severe
traumatic brain injury.

Voltammetric measurements of extracellular NO" in vivo
directly in rat brain (nucleus tractus solitarius) were per-
formed with carbon fiber microelectrode coated with Nafion
and electropolymerized with o-phenylenediamine by W. C.
Wu et al.>'® The sensors used were based on those proposed
by M. N. Friedemann et al. in 1996.%° This study was aimed
to support increasing evidence that NO® was involved in the
central cardiovascular regulation. Therefore, the authors
directly measured extracellular NO" levels in anesthetized
cats. They established that local application of L-arginine
induced NO® overflow, hypotension, and bradycardia in the
nucleus tractus solitarius (NTS). Microinjections of L-NAME
into the NTS elicited dose-dependent hypertension and
decrease of NO" levels, giving evidence that NO" is tonically
active on vessels in NTS and alternation of NO" levels in
NTS altering blood pressure in this region of brain. This last
study brought another piece of evidence about the role of
nitric oxide in controlling the brain vascular system, sug-
gesting that NO® is central for the control of vasodilation of
blood vessels. This particular role of nitric oxide will be the
subject of the following subsection.
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3.7. Neurovascular Coupling: Toward the
Electrochemical Detection of Nitric Oxide on a
Single Cell Neuron

Neurons are the cells that perform the fundamental tasks
of information integration and control. They gather, depend-
ing on the circuit to which they belong, process and relay
specific types of information in the brain. There are increas-
ing evidences that the neuronal activity itself can act as a
key regulation factor for local cerebral perfusion and control
of cerebral blood flow (CBF). It is well-established that when
a local or global neuronal activity occurs in the brain, CBF
does increase proportionally to the level of this activity.*'”
This experimental fact named ‘“neurovascular coupling” is
localized to the active brain regions, and this close relation-
ship “neuronal activity/CBF” has provided strategies for
functional brain imaging and mapping using the changes in
CBF as a clue of “brain working”.>'®3!"” However, the
vascular mechanisms by which a local neural activity
commands CBF were still poorly understood at the beginning
of the nineties despite the fact that this main hypothesis was
developed by C. S. Roy and C. S. Sherrington since 1890.%°
These authors lucidly proposed that active neurons release
vasoactive substances that diffuse to local vessels and induce
their vasodilation leading to increasing local CBF.**! In this
section, we will report the works through which different
authors have correlated measurements of vasoactive sub-
stances production, namely, nitric oxide, with CBF in brain
tissues or intact brains. In this presentation, we will consider
first studies involving groups of neurons to proceed up to
recent studies investigating this correlation at the single cell
level.

The group of T. Malinski proposed first the use of
porphyrin microsensors (4—6 um carbon fiber diameters) to
measure cortical NO” concentration within ischemic tissue
(ischemia features inadequate blood supply to a local area
due to blockade of the blood vessels to the area), in parallel
with local cerebral blood flows measured by laser Doppler
flowmetry.*** Rat animals were anesthetized, and arterial
catheters were placed in the right femoral artery and vein
for continuous monitoring of mean blood pressure. A three-
electrodes system was used for measurement of NO release.
The working NO® electrode was stereotaxically implanted
perpendicularly in the ipsilateral parietal cortex; the counter
(platinum wire of 0.25 mm) and reference electrodes were
placed slightly further outside of the zone investigated. The
regional CBF was measured with a flowmeter, and its
changes were expressed as percentage change in flow. The
preischemic or basal NO" concentration in brain was found
to be below the sensor’s detection limit, that is, 10 nM. The
maximum concentrations of NO® during middle cerebral
artery occlusion and reperfusion raised, respectively, up to
1.47 £ 0.45 and 0.54 + 0.24 uM. Use of a NO synthase
inhibitor, L-NAME, before inducing ischemia reduced NO*
release to 0.04 £ 0.02 M during artery occlusion and totally
inhibited it after reperfusion. Administration of L-arginine
restored NO® release but did not overcome the effect of
L-NAME on mean arterial blood pressure. The appearance
of the NO signal at +0.65 V (differential pulse voltammetry)
as well as the sensitivity of the NO® response to L-NAME
injections were invoked as proof as the specificity of the
sensors. Thanks to the reduced size of these NO® sensors,
NO’ production was detected in the cortex region of living
rats from a few stimulated neurons. However, the stimulation
was not selective but affected necessarily all of the neurons
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of the cortex, and the released NO” could not be taken as
originating from a single cell production.

The group of D. G. Buerk reported four interesting studies
on the same subject from 1996 to 2004.3%3732° First, they
performed direct electrochemical measurements of NO® and
simultaneous measurements of cat optic nerve head (ONH)
blood flow by laser Doppler flowmetry (LDF) during
neuronal activity increased by diffuse luminance flickering
light stimuli. Cats were anesthetized. Nafion polymer-coated
recessed gold microsensors with tip dimensions around 5
um or less were used.*>* The microsensors were checked
by detecting dissolved NO" gas based on the electrochemical
oxidation reaction:

NO"+40H —NO,; +2H,0+3e" (19)

at a potential of +800 mV vs Ag/AgCl (amperometric
techniques). Electrodes were placed near the ONH (<10 um
away) under microscope viewing, avoiding visible blood
vessels. Experimental LDF and NO® values were obtained
during 10—15 Hz flicker at the maximum luminance from a
photic stimulator. For normal physiological conditions, there
was a consistent increase in ONH blood flow with each
flicker stimulus. During the stimulus, NO® increased by 88
£ 23 nM above basal NO° levels. After inhibition by NO
synthase inhibitors, NO® concentrations were significantly
lower. The authors concluded that NO” plays a key vasodila-
tory role in the ONH by modulating blood flow during the
enhancement of neuronal activity by light flicker stimuli.

Second, they determined the impact of elevated partial
pressures of oxygen, or hyperoxia, on the steady state
concentration of NO® in the cerebral cortex. After animals
were anesthetized, the scalp was removed, and a 4 mm hole
was drilled through the skull with a bone drill. Rodents with
implanted O,- and NO-specific microelectrodes (these last
are based on the ones of their first study) were analyzed.*®
In summary, cerebral cortex blood flow, measured by LDF
probes, increased during hyperoxia (excess oxygen in body
tissues or higher than normal partial pressure of oxygen) and
caused elevations of steady-state NO concentrations. Hy-
peroxia was thus considered to initiate increase in NO°
synthesis.

Third, dynamic measurements of NO in tissue during
functional activation of rat somatosensory cortex by forepaw
stimulation associated with simultaneous blood flow mea-
surements with LDF were performed.**® In these two types
of measurements, the electrodes were basically the same as
before, a small opening being made in the thinned skull for
positioning the NO" sensing electrode at a precise angle so
as to penetrate in the brain under the LDF probe. The NO®
microelectrode sampled over a much smaller and more
spatially localized tissue volume than the LDF measurements.
An initial peak of 125.5 + 32.8 nM of NO" was reported to
occur within 400 ms after forepaw stimulation, followed by
a rapid peak increase in blood flow. The delay noted between
the NO® peak and the change in blood flow might reflect the
time required for the vascular muscle to relax. Indeed, this
is thought to involve NO” reaction with guanylate cyclase
(supposedly active on dilation once activated by NO® release
from neuronal tissue) followed by an additional time featur-
ing the effective vascular smooth muscle relaxation. Although
the interpretation of local NO® changes may be further
complicated by its transport, the NO" microelectrodes used
herein in combination with LDF were crucial in linking the
spatial and temporal changes in NO" and blood flow.
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In a fourth study, the same authors investigated the changes
in NO" concentrations in the cerebral cortex during experi-
mental CO poisoning. In particular, N-methyl-D-aspartate
(NMDA) sensitive neurons were investigated.*?° Rats were
anesthetized, the NO® electrode was placed into the cerebral
cortex together with the LDF probe as described above, and
the rats immobilized in a chamber were led to breath CO.
Elevations in cortical NO" concentration and in blood flow
recorded as LDF were observed within minutes of exposure
to CO. This was ascribed to neuronal NOS (nNOS) activation
thanks to control experiments involving a selective nNOS
inhibitor and experiments with nNOS knockout mice. Neu-
ronal NOS activation appeared to be a consequence of
NMDA neuronal receptors activation. In conclusion, these
results demonstrated that the perivascular oxidative stress
involving NO® contributes to NMDA receptors activation.
Large elevations in brain of NO" concentration during CO
exposure were attributable to nNOS activity linked to calcium
influx through NMDA channels. Albeit they brought ex-
tremely important informations, the authors concluded that
a precise understanding of the process by which each regional
event communicates from the perivascular zone to neurons
requires additional investigations.

This important dense work of the group of D. G. Buerk
about the existence of links between species production (NO")
and cerebral perfusion offered a comprehensive view of the
phenomenon to a local, yet macroscopic, level. However,
as for T. Malinski’s work, the stimulations were not selective
and thus certainly triggered activity of all neurons of the
scanned brain region. So, the NO® signals were certainly due
to a massive population of cells and maybe to collective/
synergetic effects.

R. H. Fabian et al. developed an original study where they
used a modification of a previously described electrochemical
method to monitor superoxide anion and CBF in a model
for understanding focal ischemia and reperfusion in cortical
brain regions of living anesthetized rats.?>”*%” A platinized
carbon fiber electrode was coated with cytochrome c¢ to
respond to superoxide anion thanks to the fact that superoxide
reduces cytochrome ¢, which is restored by giving back an
electron to the electrode. This type of platinized carbon fiber
electrode was initially designed for hydrogen—oxygen fuel
cells; it used the same hydrogen—oxygen reaction as that
sewing for hydrogen clearance measurements of CBF. This
led the authors to propose that this sensor was ideal for
coupling superoxide detection and CBF measurements.
Superoxide anion concentration levels and CBF could then
be measured simultaneously at almost the same tissue
localization so that both local parameters could be correlated.
Their results indicated that exposure of pial and cerebral
vasculatures to a proinflammatory cytokine, IL-1/, increased
cerebrovascular injury by accelerating recruitment of neu-
trophils, which produced superoxide anion during the rep-
erfusion phase. However, the sensor was not specific for
superoxide and could also react with H,, for example.
Moreover, the location of the probe in brain, because of its
relatively big size (4 mm? surface area), was delicate and
could even be critical because the probe could not detect
local variability of CBF but averaged out the CBF variability
over the pial surface.

The experimental limits encountered in the studies de-
scribed above led recently the groups of C. Amatore and J.
Rossier to define and apply a protocol for examining the
nature of the neurovascular coupling at the level of a neuron
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and a few vessels in the cerebellum. As reported before in
section 3.3.3, our group developed previously platinized
carbon fiber microelectrodes for single-cell measurements
of oxidative stress species. This type of simple modified
electrode has been shown recently to match very well the
conditions for measurements of species such as nitric oxide
in brain tissues.**® Platinized carbon microelectrodes were
characterized in vitro in a configuration of u-FIA (flow
injection analysis at micrometric scale) vs solutions of nitric
oxide, obtained from pure NO® gas solubilized in PBS or
from a NO" donor (DEA-NO) in PBS.*?® The main advan-
tages of these microelectrodes are their fast time response,
their linear response in current over almost four decades of
NO’ concentration, and their adjustable sensitivity through
precise control of the quantity of black platinum deposited
on their carbon-bevelled surface. Moreover, these micro-
electrodes of about 10 um final diameter were designed to
be sensitive only at the surface of their tip. In comparison
with carbon fiber electrodes where the whole surface (shaft)
of the fiber is uncovered and sensitive (see the review by
R. M. Wightman in this issue), this property is essential for
localized analyses aimed to investigate single cell behavior
in a tissue such as the brain.

Studies of the neurovascular coupling could thus be
achieved on acute slices of rat cerebellum with the aim of
investigating the underlying hypothesis that certain neurons,
the interneurons (stellate, basket, and granule cells), are the
major actors involved in the control of cerebellar flow.??%-33°
Practically, the tip of a 10 um diameter platinized carbon
fiber microelectrode was inserted via micromanipulation in
the cerebellar slice (300 um thick) at a few tens of
micrometers depth to reach the undamaged molecular layer,
which contains interneurons and microvessels (Figure 15).
Simultaneously, microvessels dilatation or constriction was
followed by infrared video microscopy. To warrant the
validity and selectivity of the measurements, these studies
were conducted in three steps. First, the slice was perfused
with a solution of NO” donor (DEA-NONoate 100 uM in
PBS). The flux of nitric oxide diffusing into the slice was
monitored by amperometry (650 mV vs SSCE) at the
microelectrode surface, and a simultaneous dilatatation of
microvessels was observed, asserting the direct relation
between the two phenomena. Second, a selective pharma-
cological stimulation of nNOS containing neurons (see
above) was achieved by NMDA. Although the whole slice
was perfused, the release of NO® was detected by the
microelectrode in the close environment of a few neurons
around that stimulated in the molecular layer. Local fluxes
of about 150 amol of NO per second were recorded, which
was sufficient to induce the dilatation of surrounding vessels.
Control experiments with nNOS or neuronal activity inhibi-
tors, or by applying a different detection potential at the
microelectrode, demonstrated the strong specificity for nitric
oxide in the monitored responses. These checks confirmed
the validity of the electroanalytical approach so that the more
challenging experiment consisting of measuring the release
of NO® by a single interneuron (stellate cells) of the
cerebellum during the neuro-vascular coupling (Figure 15)
was undertaken. This was achieved by placing the sensitive
surface of a platinized microelectrode at less than 5 um from
a cell body while stimulating it electrically by patch clamp
(whole cell technique) with a glass microelectrode (Figure
15A). Thus, the evoked neuronal activity was followed by a
local minute release of NO® at a rate of a few tens of amol/s,
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Figure 15. (A) Left axis, mean NO® current induced by 2 min evoked firing (black line) of stellate neuron cells (containing NO synthases)
recorded at 20—25 (green) or 30—35 °C (red) and of Purkinje neuron cells (“control” cells without NO synthases) recorded at 20—25 °C.
Right axis, equivalent NO” flux measured by the platinized carbon fiber microelectrode. Inset, location of the NO” probe in the vicinity of
a patched cell. (B) Infrared images of a responsive microvessel to depolarization of a stellate neuron cell illustrating diameter changes
(indicated by the arrows) during the dilatation (left, preconstricted; right, evoked firing); scale bar, 10 um. (C) Mean vascular dilation
induced by 2 min of evoked firing (black line) of stellate neuron cells recorded at 20—25 (green) or 30—35 °C (red), showing no statistical
differences between the two conditions. (D) Confocal image of a stimulated stellate neuron cell (biocytin labeled, green) and the responsive
blood vessel (immunodetected for the protein laminin, red). The stimulated cell exhibits several neuronal processes coursing towards the
reactive blood vessel, which is also shown in part B. Adapted from ref 329.

while a concomitant increase of nearby microvessels diameter nor vasodilatation. These experimentally challenging results
was measured (Figure 15B,C). Besides, the stimulation in thus demonstrated and quantified the major role of specific
the same conditions of non-nitrergic cells such as Purkinje interneurons, namely, the stellate cells, in the fine-tuning of

cells did not produce any release of electroactive compound blood flow at the surface of cerebellum (illustrated by
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fluorescence staining in Figure 15D) through local NO*
release during their activation. In addition, as apparent in
Figure 15B microscopic views, the capillary dilatations
occurred at specific areas where the capillary is initially
constricted so as to impede the transit of red cells. The
moderate but effective dilatation of such constrictions by the
NO® flux released by active neurons located within ca. 50
um of such features allows the blood red cells transit. In
other words, this work identified that blood supply regulation
in the brain is finely controlled by a series of valves
commanded by active neurons in their vicinity.

Finally, theorical models were reported to provide quan-
titative information on the local concentration of the flux of
nitric oxide in the brain. Theoretical treatments were es-
sentially designed to model the diffusion and action of NO*
in the brain (cerebellum) to quantify nitric oxide release in
normal and pathological mechanisms of brain function.**'~33*

It was thus shown that the stimulated neuron produced an
exceptional concentration of a few 100 nM at its surface.
This concentration wave diffused spherically around the
source so that a few nanomolar basal NO" level was restored
beyond a spherical volume of ca. 50 um radius. In other
words, the stimulated neuron “spoke” efficiently to any blood
vessel located within this volume (50—70 #m mean separa-
tion between blood capillaries) and had no influence on the
capillaries located further apart. In retrospect, this established
that activation of large continuous domains of the brain, as
evidenced by functional IRM or PET scan investigations,
necessarily implies a continuous chain of active neurons
stimulating an adjacent network of blood flow through a
hopscotch pathway of local capillary controlled dilatation.*’

4. Conclusions

The different aspects reviewed above clearly evidence that
molecular electrochemistry at microelectrodes has brought
many beneficial and original views to enhance the fine
understanding of central processes of cellular biology.
Initially, this field was considered as a topical curiosity,
bringing notes of exotism among the community of elec-
trochemistry. Yet, because of its growing success in ad-
dressing several central issues that could not be examined
by any other techniques and to its spreading interest among
neurobiologists, the area has rapidly widened; this is now a
mature tool able to tackle the most difficult problems of
cellular metabolism either at the single cell stage or in living
tissues (see R. M. Wightman et al. in this issue).

This does not mean that the methods will stay in their
present state of development because their successes claim
for specific improvements so as to increase their time and
topological resolution and adapt them to specific issues.

Also, it should be mentioned that since cells have highly
variable metabolism even among single genetic lines, studies
performed at the single cell level allow delineating precisely
the extent and limits of these variabilities. However, the price
for such performance is that substantiation of statistical issues
generally requires fastidious repetition of series of experi-
ments. A way to overcome this difficulty is offered by
microfluidic manipulations of living cells. Because micro-
electrodes may be easily implemented onto microfluidic
driven chips, it is expected that the next generation of
methods will involve chips in which any selected and precise
number of cells may be stimulated and examined electro-
chemically. This will also enable their coupling to different
spectroscopic methods. Such devices are already appearing

Chemical Reviews, 2008, Vol. 108, No. 7 2617

in the literature as outlined in the present review. Another
predictable development is the coupling of the nanoelectro-
chemical biological probes to AFM, STM stages, or SECM
to enable examination of cellular properties at the nanoscale
level. Finally, decreasing the size of the electrodes to
nanometric scales, including a few nanometer length of their
shaft, should enable the harmless penetration of cellular
compartments so as to more precisely investigate the central
contribution of intracellular organelles, which presently
cannot be resolved.
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