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Abstract

Platinized carbon microelectrodes (~ 10 pm diameter), positioned close (~ 5 um) to
the cell membrane of a human fibroblast, the ensemble constituting a semi-artificial
synapse, are used to monitor events at the cellular level. A few tens of femtomoles of
reactive oxygen species produced and emitted by the cell upon mechanical pricking
with a glass micropipette (~ 1 pm diameter) are released into the liquid film of some
hundred femtolitres comprised between the cytoplasmic membrane and the electrode
surface, leading to a sudden and drastic rise in their concentrations (in the order of
several micromoles). This oxidative stress-type response aims at disarming the
aggressor and is thought to be shared by many (if not all) eukaryotic cells. This method

allows to detect in real time and quantify the species constituting the oxidative burst
cocktail: hydrogen peroxide, H,O,, peroxynitrite, ONO;, nitrogen monoxide, NO°,
and nitrite, NO, . They are likely to derive ultimately from superoxide anion, 0y, and
nitrogen monoxide, NO°, synthesised by NADPH oxidase and NO synthase enzyme

systems, respectively. By placing the microelectrode at different positions about the
injured area of the cell membrane, it was concluded that the signals correspond to a

spherical diffusion of the emitted electroactive species from a point-source.
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Introduction

Aerobic cells are known to actively synthesise reactive oxygen and nitrogen
species, ROS and RNS, under the influence of stimuli like chemical messengers,
xenobiotics, infectious entities (eg. viruses and bacteria) and physical agents (eg. high-
energy radiation, mechanical intrusion). The levels of these potentially hazardous
oxidants are kept under control by reducing substances such as vitamins and
glutathione, and by enzymes like catalase and superoxide dismutase, SOD. However,
in some situations the sudden production of ROS and RNS in quantities well above the
physiological levels may drastically upset this delicate balance, giving rise to a
metabolic condition, in which there is a surplus of oxidising species, known as
oxidative stress [1-3].

Oxidative stress is thought to be involved in the onset of several human
pathologies, namely arthritis, inflammation, ageing, carcinogenesis, Alzheimer disease
and AIDS [1,4-7], and is known to induce apoptosis [8]. Even if the long time effects
of oxidative blasts have been studied based upon the analysis of metabolites and
metabolic pathways, the very primary process at the cellular level, involving the release
of minute amounts of quantity (attomoles to femtomoles) in less than a few seconds,
and being therefore an analytical challenge [9-11], has seldom been analysed in detail
[12]. The strategy followed in this work was inspired by the cunning information
transmission at the neuronal synapse: a tiny amount of neurotransmitter (a few
attomoles) is released into the synaptic volume (= 1 pm’), resulting in a concentration
rise of a few millimolar, easily detected by the receptor neurone. If the latter is
replaced by an electrode positioned close enough (a few microns) to an emitting cell,
the ensemble constitutes a semi-artificial synapse [9,13], fig 1. However, electrodes
pick up noise through their capacitances, ie. their overall surface areas, and for an
adequate signal-to-noise (S/N) ratio to be obtained (still assuming a sudden
concentration rise of a few millimolar in the synapse), microelectrodes (10-20 um
diameter and whose active surfaces match in size the cell membrane area facing them)
were used, since the analytical information derived from the Faraday current ultimately
originating in the living cell was left untouched, while the capacitive noise was

drastically reduced.
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Superoxide, O, ", is constantly produced via a side route of the oxido-reductases
that oxidise C-H bonds, and which constitutes 6-8% of the oxygen metabolism [14].

Also, many cells lines, especially those that are implicated the constitutive immune

response, are known to actively synthesise O, when stimulated [1,16]. It quickly
disproportionates to hydrogen peroxide, H.O,, and molecular oxygen, O,, a process
catalysed by SOD in aerobic cells [1,14]. H,O, may be regarded as a cytotoxic
substance, since it has a life time long enough to be able to diffuse to any cellular
compartment, where it can give rise to hydroxyl radicals, OH, through the Fenton
reaction. The latter species, being a potent hydrogen atom acceptor, may induce
several degenerative processes, namely the peroxidation of biological membranes
[1,14]. In living cells, H,O, is metabolised by catalase, but this enzyme is inhibited by
its own substrate when the latter reaches concentrations larger than the physiological
ones (ie. beyond the nanomolar range), other scavengers requiring at least half an hour
to become operative [1,15]. Other species possibly involved in an oxidative stress

response are nitrogen monoxide, NO', produced by NO synthases (a group of enzymes
that require O; to be operative) [1] and peroxynitrite, ONO;, the outcome of the

coupling between O, and NO" at a rate close to the diffusion limit [17], according to:
0, +NO" — ONO, (k = 2x10"" M''s™).

This work aimed at identifying the chemical species covered by the acronyms
*“ROS™ and “RNS” and at monitoring their emission kinetics in oxidative stress
responses triggered in human fibroblasts (used as models of skin carcinogenesis [13])
resorting to an electrochemical approach.

Results and Discussion

An oxidative stress response was triggered in human fibroblasts by pricking the

cytoplasmic membrane with a sealed glass micropipette (~ 1 pm diameter) [18], fig 1.
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Fig 1 - Snapshot (left) and schematic representation (right) of a semi-artificial synaptic
configuration consisting of a human fibroblast (on the bottom of a Petri dish) with an
ultramicroelectrode positioned above it. A micropipette used to induce the oxidative
burst is inserted between them.

A microelectrode poised at appropriate constant potentials and placed a few
micrometers above the injured area [18] detects the flow of electroactive species
emitted by the cell in the form of a Faradaic current, fig 2. Each electrode consists of
carbon disk rendered more sensitive to small molecules through platinization. This
markedly increases the electrode capacitance, ruling out the use of transient methods
like fast cyclic voltammetry (ca. 50-100 Vs™). Slow potential scan rates (< 1 Vs™) are
also excluded, since the scan durations would roughly match the signal half-widths
(fig 2), resulting in very distorted voltammograms [19]. The electrochemical analysis
had, then, to rely on the collection of independent amperograms, each obtained at
different potentials on different cells [20]. This leads to another problem: cell
variability. Indeed, all fibroblasts on a Petri dish are not expected to be exactly at the
same metabolic stage, and the intensity of the responses varies when they are
mechanically stimulated. This drawback may be skirted by collecting enough curves at
each potential so that the resulting average amperogram is affected by a small standard
deviation (viz. within +5% for a 70% confidence level, or £10% for a 95% confidence
level). Statistically meaningful data were obtained with 25 to 40 individual

measurements per potential (fig 2).
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Fig 2 - Left: time dependence of the anodic currents monitored at different potentials
after the stimulation of a human fibroblast by the micropipette, when the electrode
(10 um radius) is positioned at h =5 um right above the cell (d = 0 um). From bottom
to top: the electrode potential, E, was varied from 300 to 850 mV vs. SSCE by steps
of 50 mV. Each curve represents the average of 25 to 40 individual events. Right:
normalization of the traces relative to their individual maximum current value.

Fig 2 shows that the Faradaic current, i, increases with the applied potential,
hinting at the involvement of several electroactive species [21]. The response kinetics
does not correspond to simple diffusion of electroactive species from the cell, but
reflects an active production process [13]. Also, since the normalised curves roughly
coincide, the burst revealing a single flux temporal flow, it is licit to think that the
species probably have sizes close to each other and interact with the solvent in a similar
way. Last but not least, the current maximum, (i"™)msx. is reached after a time lag, tmax.
which is independent of the electrode-cell distance (provided this remains below
10 um), and larger than the microelectrode response time (a few milliseconds) [22].
For a vertical separation of 5 um and D = 2x10” cm’s”, and assuming that D = h*/t,
the diffusional flight is estimated at 12 ms, a value smaller than the characteristic time
of the oxidative burst response, implying that the curves reflect the kinetics of release
of small species into the extracellular fluid without any significant distortion by
diffusion or by the electrode response time [19].
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Fig 3 - Symbols: experimental variations of the current maxima, (i™™)max, of the curves
shown in fig 2 with the electrode potential, E. Curve: predicted voltammogram for a
virtual solution of 1.4 uM H,0,, 1.7 uM ONO,, 19 uM NO’ and 4 uM NO; .

The symbols in fig 3, obtained by plotting (i™™)mx of the amperograms in fig 2 as
a function of the potential, E, reveal the presence of three oxidation waves (A, B and
C) with half-wave potentials, E» (£5 mV), at 290 (A), 555 (B) and 730 (C) mV vs.
SSCE, which require the involvement of at least three species. Waves B and C
correspond to the oxidation of NO™ (one-electron) and nitrite, NO, (two-electron),
respectively, as revealed by the close match with authentic steady state
voltammograms obtained in vitro with the same microelectrodes in PBS solutions of
these two species (fig 4): the half-wave potentials coincide, as do the kinetics of the
charge transfer [23,24].

Assigning a species to wave A is not straightforward: among the three most
plausible candidates, 02.,-, H,0, and ONO, , the first may be excluded bearing in mind
its near diffusion limit coupling with NO' yielding ONO, [17], the second has
Eiz =250 mV vs. SSCE (two-electron), and the direct electrochemical behaviour of

the third has recently been investigated [25].
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Fig 4 - Comparison of the experimental data determined between 275 and 875 mV vs.
SSCE (solid symbols) to the in vitro voltammograms of NO™ (19 pM) and NO,
(4 uM) under identical conditions. The assignment of H,O, and ONO, to wave A is
explained below.

Peroxynitrite is a short-lived species at physiological conditions (tjz = 1 s at
T =25°C and pH = 7.4) since it decays to nitrite and nitrate ions via the intermediate
formation of its conjugated acid ONOH (pK, = 6.8) [17]. Its electrochemical
signature had to be obtained in alkaline solutions, where t;,, ranges from a few minutes
at pH = 9 to over an hour at pH = 12. Note that this problem is circumvented in vivo
due to the diffusion time from the cell to the electrode surface of a few milliseconds,
during which a possible loss of no more than 10% of the amount produced could ensue
[19,25].

During the reaction time (ca.~ 1 hour) required for the synthesis of peroxynitrite,
aliquots of the reaction mixture were collected and tested both electrochemically with
platinized carbon fibre microelectrodes and spectrophotometrically. The magnitude of
the plateau currents of the waves O, and Oy increased with time (fig 5a) following for
wave O a strict correlation with the absorbance of the respective solution measured at
A = 302 nm (fig 5b), characteristic of the peroxynitrite anion [26]. The spontaneous
decomposition kinetics of peroxynitrite solutions at several pH values were analysed by
both methods. A good correlation between the decay rates of the plateau current of
wave O and that of the absorbance at 302 nm was again obtained (fig 5c). The first-
order kinetics rate constants determined from wave O; decay are close to those

reported in the literature for peroxynitrite: ie., k = 8x10” s' (pH = 12), to be
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compared to k = 1x10” s (as calculated at pH = 12 in ref [27]) or k = 8x10° s

(pH = 11) [28]. Conversely, wave Oy remained virtually unchanged after completion of
the synthesis, and closely matched that obtained with a solution containing NO, . These
facts strongly suggest that wave O; corresponds to ONO,, while wave Oy is due to
NO; . The latter will not be further discussed here.
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Fig 5 - Peroxynitrite synthesis during the ozonation of an azide solution (pH = 12)
followed by: (a) steady state electrochemistry (20 mVs™) or (b) spectrophotometry
(A= 302 nm). Measurements were taken at 0, 10, 30, 50, 55 (bold curves, current
maxima and absorbance) and 60 minutes after the beginning of ozonation. O
(Ei2=0.350 V vs. SS8CE) and Oy correspond to the oxidation of ONO, and NO,.
respectively, at platinized carbon-fibre microelectrodes (10 pm diameter). (c)
Correlation (5 data points, 3 experiments for each point) between the decomposition
rate constants of ONO; solutions followed by UV-spectrophotometry (log k) and
electrochemistry (log keiec) at several pH values (from 8.7 up to 10.2 from right to
left). A dashed line with unity slope is shown to help the comparison. (d) Evidence for
the absence of any correlation between E,, of wave O, and the pH over the range
8.8 <pH < 10.2. All electrochemical experiments shown in this figure were carried out
with platinized carbon fibre microelectrodes (10 um diameter) in phosphate buffer
solutions of ONO, .
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The pH dependence of E,» of wave O is shown in fig 5d. The pH was confined
to thg basic side of the scale, since the half-life of ONO,H is too short for it to be
detected under the experimental conditions employed here at neutral pH. E;, remains
close to 0.350 + 0.020 V vs. SSCE in the range 8.8 < pH < 10.2 at platinized carbon-
fibre microelectrodes despite a certain scattering of the data. This scattering is
presumably due to uncontrolled alterations of the platinized surfaces in these basic
media [29,30], since the E;» value is controlled by the kinetics of the initial transfer
and is thus dependent on the electrode surface properties [25,31]. The absence of any
systematic dependence of E;,; for wave O, with the pH confirms that the
electrochemical process does not involve protons. Since pH > pK, = 6.8, this implies
that wave O, represents the direct oxidation of ONO, (and not the conjugate acid,
ONO;H, through a CE sequence) into its radical ONO; . Furthermore, since the
maximum oxidation degree of nitrogen is +VI, as in ONO; [27], this implies that the
primary redox reaction is necessarily a one-electron process giving rise to ONO, as
the primary intermediate.

Wave A in fig 3 is rather sluggish and asymmetric [19], and its E;p = 290 mV
falls between those of H;0; and ONO;-, at 250 mV and 350 mV vs. SSCE,
respectively, suggesting that it may be a convolution resulting from the simultaneous
presence of H,O; and ONO; . To test for this hypothesis, the current, i, measured at

each potential was considered as the sum of the individual currents due to each

species, i"2°2 and i°"°2, determined under the same conditions for the oxidation of

authentic solutions of H,O; (1.5 uM) and ONO; (1.5 uM) according to:
ihlu’st =f>< [s % iH'ZOZ + (l ’ 5) x iOND:‘].l

where € is a weighting parameter and f a scaling factor. The treatment of the nine data
points in fig 6 afforded /= 2.1 and & = 0.45, giving a very good correlation between
the experimental and the predicted currents ("' / pA = 1.005 x (™ )pnax / A - 0.485;

correlation coefficient 0.994).
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Fig 6 - Reconstructed voltammogram (symbols) from measurements obtained from
275 to 475 mV vs. SSCE (h = 5 pm; 10 pm radius electrode). Left: comparison
between the experimental data (solid symbols) and the in vitro voltammograms
obtained under identical conditions for H;0,, (1.5 uM) or ONO; (1.5 pM). The
unlabelled solid curve is that predicted for a mixture of H,O,, 1.4 pM, and ONO,,
1.7 uM, under identical conditions. Right: correlation between experimental (symbols)
and predicted voltammograms ("*‘/pA = 1.005 x (™™)max/pA - 0.485; correlation
coefficient 0.994). The experimental data points obtained below 275 or above 475 mV
vs. SSCE are indicated (open symbols) but were not considered in the fitting procedure
to ensure that the data points used are not contaminated by the residual oxygen
reduction [21] or by NO oxidation current.

This reasoning may be applied to the whole experimental voltammogram in fig 3,
leading to a reconstructed curve by the simple addition of the voltammograms obtained
for each species and taking into account their concentrations, ie. after an adequate
scaling along the current axis. The oxidative burst corresponds, then, at the level of the
electrode surface, to a mixture that, in vitro, would be equivalent to 1.4 pM H,Os,
1.7 uM ONO;, 19 uM NO" and 4 uM NO, , all ultimately deriving from O, and NO".

NADPH oxidases and NO synthases, two enzyme systems know to exist both in
the cytosol and in the membranes of cells, are responsible for the production of 0,
and NO', respectively [1,32]. This raises another question, concerning the origin of the
oxidative burst: is the burst cocktail emission a phenomenon extended throughout the

whole membrane surface, or is it localised at the injured area? In the first case, a planar
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diffusion of the electroactive species from the membrane would dominate, meaning
that the current magnitude would depend just on the vertical distance, h, to the cell
membrane as a whole, while in the second situation, explained by spherical diffusion of
the electroactive species from the puncture, the current would be inversely
proportional to the separation between the electrode surface and the injured area,
(h* +d*)" (see fig 1 for the definitions of h and d).

Fig 7(right) shows that i"™ linearly varies with (h® + d?)'” for separations
greatly exceeding the microelectrode radius, proving that the burst cocktail is released
from a point-source (and therefore spherical diffusion applies), but tends to a constant
value at shorter distances, which is perfectly normal when the collection efficiency
virtually equals 100% [33,34]. The single point-source origin of the oxidative burst is
further supported by the result shown in fig 7(left): if a glass micropipette, after having
pricked the cell membrane and being withdrawn, is slithered back in the orifice so as to
block it, the response markedly decreases. When the capillary is withdrawn again, the
current resumes a normal decay after overshooting for a few seconds, probably due to

the sudden release of species accumulated inside the fibroblast.
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Fig 7 - Left: variations of the current collected by the electrode (450 mV vs. SSCE) as
a function of h and d (see fig 1). Each value (open circles) is the average of at least 20
different current measurements, and has been normalized to that measured at h =5 pm
(and d = 0 pm), to indicate the variation of the collection efficiency. Right: solid curve:
variations of the current detected by the electrode (560 mV vs. SSCE; h = 5 pum,
d = 0 pm) when the micropipette pricks and is withdrawn (p + w), is pushed back (p)
into the membrane hole, or withdrawn again (w); dashed curve: control (compare with
fig 2).
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Since when h =5 pm (and d = 0 um) the collection efficiency is quantitative, the
current magnitudes in fig 3 do not reflect classical electrochemical steady state
situations [33], but represent the quantitative collection of the molecular fluxes @ (in
mol s™) of chemicals released by the cell, converted into currents through Faraday’s

law by oxidation at the electrode surface [35]:
™ = 5 (0F x D))

where the summation encompasses all species j oxidized at the collecting
ultramicroelectrode through a process involving n; electron(s) per molecule at the
potential under consideration. Applying this equation to the data contained in fig 3, and
bearing in mind that the oxidation waves of NO and ONO, correspond to one-
electron processes (n; = 1), while those for H,0, and NO; involve two electrons
(n; = 2), the variations of the fluxes, ®;, with time can be determined, fig 8 [36]. The
time integration of these fluxes over the whole duration of the oxidative burst affords
the overall quantity of each species released. It is then deduced that an average
oxidative burst corresponds to the release within less than one minute (t;, ~ 20 s) of a
cocktail composed of H;O; (15 fimol), ONO; (15 fmel), NO (30 fmol) and NO,
(15 fmol) [19]. Applying the following equations:

(q)oz-)pmd = 2(®u,0,)™ + (Pono,) ™ + (Pro,) ™

(@rno)™ = (Pro)™ + (Pono,”) G (@rnoy) e

the original production fluxes (®;)"* for O, and NO' can be obtained, fig 8, as well as

the total amounts produced during an oxidative stress burst, viz. 60 fmol O,  and
60 fmol NO’, scheme 1.
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Fig 8 - Time variations of the individual fluxes determined for each species present in
oxidative bursts (note that the fluxes of H,O, and ONO, coincide) (right), as well as

those of the parent species O, and NO (left). Each curve shown represents the
average of 30 individual measurements.
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The use of inhibitors for NADPH oxidases and NO synthases has confirmed the
involvement of these enzyme systems in the oxidative stress response. Indeed,
N-ethylmaleimide, NEM, a denaturating inhibitor of NADPH-oxidase [37], and
N¢-monomethyl-L-arginine, NMMA, a competitive inhibitor specific of NO-synthases
[38], influence the response magnitude at several potentials, but more data is needed

before other conclusions may be drawn.
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Experimental

Single cells experiments: All the experiments have been performed at 25°C in
Petri dishes placed on the stage of an inverted microscope. The electrode and
micropipette were positioned with respect to the cell with two micromanipulators. All
the relative details as well as those concerning the platinized carbon fiber
microelectrodes construction, electrochemical apparatus, PBS solutions or cell culture
and handling are identical to those reported previously [13]. The fibroblasts used in
this study came from a normal human cell line (198V]) established from a skin biopsy.
Cells were grown in MEM F12 medium (Gibco BRL) with fetal calf serum (10%) in an
incubator (5% CO,, 37°C). Confluent monolayers of fibroblasts were harvested by
trypsination. 1000 to 2000 cells were then re-suspended in Petri dishes (3.5 cm
diameter, Costar 3035) and stored in the incubator for 48 hr during which they
spontaneously adhered to the Petri dish bottom. Cells were then washed three times in
PBS buffer before experiments, which were only performed with isolated cells to avoid

biochemical cross-talk between them during oxidative bursts.

In vitro voltammetric experiments: All reagents except peroxynitrite and nitric
oxide were purchased from Sigma. Aqueous solutions were prepared with water
obtained from a Millipore Milli-Q system. The in vitro test experiments were carried
out in deareated PBS (phosphate buffer saline, 10 mM Na;HPO,/NaH,PO;, 137 mM
NaCl and 2.7 mM KCI) containing either NaNO; (10 mM), ONO, (6 to 20 mM),
H;0; (1 mM) or NO' (2mM saturated solutions). In the latter case, NO" (I'Air
Liquide, 99.99%) was passed through NaOH (4M) in order to scavenge any NO,
impurities and bubbled (with great caution under a fume hood) through thoroughly
deaerated PBS buffer. Peroxynitrite was synthesized by ozonation of slightly alkaline
azide solutions according to the procedure developed by Pryor et al [26]. Briefly,
ozone was generated by passing oxygen through an ozonator (Welsbach) undergoing a
silent electrical discharge (120 V). The gas stream from the ozonator, containing ~1%
0, in oxygen, was continuously bubbled through a glass-frit in 100 mL of an aqueous
solution of sodium azide (0.1-0.2 M) and NaOH (10 mM), chilled at 0°C in an ice
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bath. Unreacted ozone was trapped in a solution of potassium iodide (10%) in water.
The  peroxynitrite  concentration was  spectrophotometrically — monitored
(e=1.670 M cm™ at A = 302 nm; Beckman DU-7400) by collecting aliquots (1 mL)
of the reaction mixture at intervals of 5 to 10 min, and after dilution (8 to 12-fold) in
NaOH (10 mM). The ozonation was stopped once the absorption maximum was
reached (usually after 40 to 80 minutes, depending on the ozonation conditions and the
initial concentration of azide). Continuing ozonation after this point would result in a
progressive decomposition of peroxynitrite into nitrite. This method allows the
obtaining of peroxynitrite solutions containing just traces of azide (< 0.1 mM) and
virtually devoid of H,0; [26]. Stock solutions of peroxynitrite (concentrations ranging
from 30 to 80 mM) were stored at -20°C and used within 2 weeks, a period during
which they did not decompose. During the experiments, the defrosted solutions were
kept at 0°C in an ice bath to minimize the spontaneous peroxynitrite decay.

Platinized carbon-fiber microelectrodes were fabricated as previously
described [13]. In the present experiments (in vitro and in vivo), the electrodeposition
of platinum on the carbon microelectrodes was limited at a maximum charge of 90 puC.
All potentials are referred to a saturated sodium chloride calomel electrode SSCE
(Tacussel-Radiometer, France) unless otherwise indicated, since the conventional SCE
reference electrode could not be used in biological systems due to possible potassium
contaminations (£ vs. SSCE=Evs. SCE + 5mV, 25°C). In vitro voltammetric
experiments were performed at 25°C in a conventional electrochemical cell, while
amperometric experiments (E=+0.5V vs. SSCE) used for the study of the
peroxynitrite decomposition rate were carried out in an Eppendorf tip (500 uL). This
allowed very quick mixing (just a few seconds) of the stock solution of peroxynitrite at
pH = 12 with the buffer at a desired pH and allowed us to work in similar conditions as
for the spectrophotometric analysis.

The UV detection of the peroxynitrite decomposition was made with the cell
thermostated at 22°C. Owing to the biological relevance of peroxynitrite, biologically
compatible buffers such as PBS, TRIS (Trizma base,
Tris[hydroxymethylJaminomethane, 0.1 M) and CAPS (3-[cyclohexylamino]-1-
propanesulfonic acid, 0.1 M) were chosen as a function of their useful pH range
(PBS:7-8; TRIS: 7-9; CAPS: 9.7-11.1) and used in the electrochemical and
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spectrophotometric studies. Some experiments were carried out in phosphate solutions
at pH > 9.5, which were prepared from the PBS buffer by adjusting the pH with
concentrated NaOH.

Final Comments

This work demonstrates the great interest of artificial electrochemical synapses
to identify and monitor the time-dependent fluxes of minute chemical quantities
released by a living cell. Here, the method has been shown to lead to a very important
biological information even in an extremely complex situation since several chemically
interconnected species are released simultaneously by the cell, being also a challenging
experimental situation because all the released molecules are difficult to characterize
electrochemically due to the intrinsic sluggishness of their oxidation waves and to the

impossibility of using fast voltammetric techniques.

The present series of investigations on fibroblasts establishes that the oxidative
bursts are much more complex than previously assumed and that they occur within an
extremely short time scale after a depolarisation of the cell membrane. They consist of
a complex and concentrated cocktail of several important biological effectors: H,O,,
ONO, and NO’, as well as of NO, as a result of ONO, decomposition at
physiological pH under the un-physiological concentrated conditions which prevail
during oxidative blasts. All these four species result from the tandem production of O,
and NO' in almost equimolar amounts by two distinct enzymatic systems, NADPH
oxidases and NO synthases, presumably located in different cellular compartments.
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