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Abstract. In this work we report the results of the mathematical modelling of
NO°-release by neurons considering a series of Gaussian bursts, togethets
transport in the brain by diffusion. Our analysis relies on ¥@°-release from a
neuron monitoredefore during and after its patch-clamp stimulation as detected by
an ultramicroelectrode introduced into a slice of living rat's brain. Theupaters of
the neuron activity function have been obtained by numerical fitting oérxental
data with simulated theoretical results. Within our initial hypothesis about tlwssEmn
decomposition of NO°-release that allowed drawing qualitative and quantitative
conclusions about the considered neuron activity function. It is notadsince the
activity function can be readily modified this signal processing may betadao the
treatment of other and maybe more physiologically relevant hypotheses

Keywords: brain slice, neuron activity function, nitric oxide release, Gaussian
decompoasition, conformal mapping, numerical fitting.

1 Introduction

In previous works [1, 2] we proposed two mathematical mo@eid their numerical
solution based on a conformal mapping approach for trahgganitric oxide emitted
by a neuron during its stimulation within a slice of rat’s ioraThese works were aimed
at obtaining the required overall direct component infdioraabout the processes under
scrutiny by comparison between simulated theoreticallt®suind experimental current
data obtained through probing th&)° concentration field with a microelectrode. As a
result the direct component of the neuf§°-release activity function could be defined
and quantitatively characterized.
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Besides, the neuron activity function reconstructed nicably from experimental
data allowed deducing the average nitric oxide concenftratistribution in the vicinity
of a neuron for the case when the microelectrode is absehtindnsidered system and
thus does not interfere with the monitored concentratidd.fiehese results permitted the
definition of the size of the brain area affected by the nibéde emitted by an active
neuron, i.e. the area where the ensuing excess of nitrieaxigdy cause the dilatation
of blood vessels in the brain. They also showed that the pplesgaction between nitric
oxide and oxygen was negligible over a large volume arouadtimulated neuron.

On the other hand, it was noted, that current fluctuationsimity in the experi-
mental data were significantly larger than those expectedtaldistortions induced by
experimental equipment and other electrical noise sourklese it has been supposed
(as ahypothesiythat these current fluctuations reflect physiological éssieading to a
discontinuousNO° release, viz., consisting of a series of single events sparding to
a sequence of bursts or to the sequential opening@f-releasing vesicles or vacuoles
through the neuron surface. Here we use vacuolar or buesigelindifferently since
the physiological phenomena sustaining our hypothesis stiltyemain to characterize
biologically. However, in this respect it should be notedttrecent works [3, 4] have
established tha¥O° can be released by a neuron into its environment and imnabygliat
cleared away by a re-uptake mechanism by the same neuroth&f®O° neurotransmit-
ter has performed its function. Under such circumstancesgpto the analogy between
such process and that of dopamine release and uptake ingime[B}, one may readily
predict that bell-shaped transieND° bursts may be released by neurons. The overall
phenomenology would then be similar to that of a vacuolaast [6] so that our present
work would not be able to distinguish between the two of them.

In this work we thus propose to describe the neuron activitycfion as a linear
combination of temporal spikes which are represented bys&an probability density
functions. Each spike is assumed to repre$e0f-release burst through the opening
of a single vacuole or several ones. The neuron activitytfands then represented
by a superposition of sequential Gaussians. This model llkagea the reconstruction
of current fluctuations in the experimental data on suchsba$he parameters of the
neuron activity function have been defined by numericahfittf experimental data upon
simulations of three independent experiments reportesivilsre [7, 8].

This work shows that it is experimentally reasonable toespnt theNO°-release
signals of neuron activity upon assuming a series of vacueleases, rather than a
continuous release, though the correctness of this rasoliid await physiological con-
firmation.

2 Theory

2.1 Mathematical model in the real and conformal spaces

Let us consider a living rat’'s brain slice containing themstiated neuron and a micro-
electrode embedded inside of this slice (see Fig. 1). Exparial procedures for the slice
preparation, neuron stimulation and current signal regfisin were described in details
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in the previous publications from which the data used heve haen extracted [7, 8]. In
these experiments, the rat’s brain slices were of thiclesetmger than 30@m, which

is significantly larger than the size of the neuron-microttele system (few microns)
positioned near the slice centre. Also, the stellate neuorestigated in these previous
studies had spherical-type bodies. Therefore this systentbe modelled by two spheres
(spherical neuron and spherical ultramicroelectrode)ctvhinteract within an infinite
space. Considering the intrinsic symmetry of the model ahé half-plane shown in
Fig. 2(a) needs to be considered. The neuron body and ptatiicroelectrode have
radii r; (neuron) and- (electrode), respectively. The distance between the neamd
electrode surfaces ig (see Fig. 2(a)). Nitric oxideNO®) released by the neuron may
spontaneously react with molecular oxygém, ] which is present within the rat’s brain
slice at an almost constant concentration [7,9]. Howeit,\@as shown in work [1], this
reaction can be ignored for the considered range of nitrideogkoncentrations over the
distances which matter in the investigated system. FurtbeNO° is able to diffuse at
identical rates in aqueous and lipidic environments [1@fsEnsures that the microscopic
structure of the brain slice may be represented as a contsmuedium for what concerns
NO° diffusion, though the brain is heterogeneously structured

black-Pt globule electrodeposited insulated carbon fiber
onto carbon fiber surface
Q

O -

/ slice of rat’s brain

neuron

Fig. 1. Schematic view of the geometry of the system: neuron — ultranhéctoede
within a rat’s brain slice.

n

(b)

Fig. 2. Simulation area in real (a) and conformal coordinates (b).

Let us introduce the following dimensionless variables:

c T Dt
C=—; X=—; =Y, T=—5, (1)
Co T1 T1 1
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wherec is the nitric oxide concentratiory is a reference nitric oxide concentratiagns
the time,D is the nitric oxide diffusion coefficient.
The mathematical model in the dimensionless variablesrhesp

aC  C  C  19C

or ~oxz Tove Ty oy @)
with the initial (- = 0):
VX, Y, ¢ =0, 3)
and boundary conditions (> 0):
oC
VX,Y eIy, — = —d(¢ neuron
1 N () ( )
oC .
Y =0,X € Sym, v 0 (symmetry axis)
4
VXY €Ty, C=0 (electrode) @)
X2 4+Y? 5 o0, C—0 (infinity),

where N is a unit vector normal to the neuron surfadg(t) is the normalised neuron
activity function, Sym is a part of the simulation area boundary corresponding ¢o th
symmetry axis, i.e.Sym = {X : X € (—o0,—-1) U (1,1 + G) U (P 4+ Ry, +0)},
P=1+G+ Ra.

In order to facilitate the numerical solution of the modéH2) we apply a confor-
mal mapping of the spatial coordinates proposed in [11]:
ae ™ —(a+b)cosn+bes (a —b)sing

2(cosh & — cosn) Y= M’ ©

wherea andb are the geometrical parameters of the investigated system:

a=[0+P?—RY- V(1 P2 - R3)y? —4p2] /2P, b=1/a

The coordinate transformation (5) maps the semi-infinkaahown in Fig. 2(a) (the
upper half-plane minus two semicircles corresponding éontburon and electrode) onto
arectangle (Fig. 2(b)). Therefore a uniform rectangulat grthe conformal coordinates
(&, n) sketched in Fig. 2(b) corresponds to a non-uniform one imghkcoordinates: )
in Fig. 2(a) [11].

The mathematical model in the transformed coordinatesrbesdl]:

ocC [o*C o9*C 1 0C 9¢  0C 0n
— =D + + o T o | (6)
or 0¢2  On? Y(&n) 0§ Y  On oY
where
Dt — 4(cosh & — cosn)? 0¢ _ 2sinh{sinny,
N (a —b)? oy a—b )
On _ 2(cosh§cosn—1)
ay a—1b ’
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with the initial (- = 0)
V€, 1, ¢ =0, (8)

and boundary conditions (> 0):

§=6&, m<n<2m, hg,,,%—(; = —®(7) (neuron)
oC .
&1 <E<&, n=m, i 0 (symmetry axis)
oC _ 9)
§1<E<& (E#0), n=2m, o 0 (symmetry axis)
§=¢&, m<n<2m, C=0 (electrode)
£=0, n=2n C=0 (infinity),

wherehg ,, = 2(cosh & — cosn)/(b— a).
The transient current monitored by the microelectrode fmdd as

27

/ sinh&sinn 9C

cosh & — cosn OE dg,  (19)

Z(t) = QWFDCO’I"Q % aic_’,d].—‘g = 27TFDC()7"2
ON £=¢
I 2

T

whereF' is the Faraday constanil’; is an element of the boundaFy (see Fig. 2(a)).

2.2 ldentification of the neuron activity function

Let us consider a neuron activity function which describes of “events” taking place
on the neuron surface, i.e. vacuol®°-release (single or several vacuoles) and whose
sequential superimposition gives rise to the overall aurdetectedn fine by the micro-
electrode. We will call such an event a neuronal releasespile assume that during each
spike the change of nitric oxide flux produced at the neurafasa may be described by

a single time-dependent Gaussian.

Note that the physiological consequences of this assumfdiothe characteristics
obtained through this treatment (see Table 1) should bedenes! with care at this stage.
The experimental physiological data that we rely on to destrate the applicability of our
treatment have been already published [7, 8]. Howevergtiese filtered to eliminate
the high frequency noise since the aim of those studies wasttact the main direct
component of theNO° release [1]. Therefore the fine structure, on which we base ou
experimental-theoretical analysis, may have been alteyeithe filtering process. This
is why we may use hereafter a Gaussian decomposition sincstamp spike present
in the original trace, if any, has been reduced into a Gandiia curve by the filtering
process. Note that despite what has just been stated, thiss@a assumption may be
nevertheless realistic on physiological grounds. Indéésisupported by previous works
which established that exocytosis of different active coomuls (neurotransmitters [12],
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oxidative burst [13]) can be described by curves resultimgnfthe convolution of a
normal distribution density function and an exponentia¢.oin this work we use only
a normal distribution density function (Gaussian), whichoaints to consider that the
exponent is close to zero. This is for simplicity but alscetmknto account the existence
of filtering of the data to be treated.

Assigning a single Gaussian to each release spike in therduand summing them
we obtain the overall activity function of the neuron as:

D%:*cﬁ(t):*z Z%exp[ tt)], (11)

whereg(t) is the overall neuron activity functior; (¢) is a function describingth spike
(i.e., the individual release functiony; is the amplitude ofth spike;c; is the parameter
responsible for the width of th#gh spike and is related to the peak width at its half height,
A; (asA; = 2@\/@); t; is the time position of théth spike maximum relative to the
initial time; andm is the number of spikes required to describe the recordgdnss.

The neuron activity function in the dimensionless varialiteen becomes:

00__ __m . _71)2
R Z%ep[ } (12)

wherep; = r1p;/D ¢y ando} = Da;/r? are the dimensionless amplitude and width of
ith spike, respectively.

2.3 Nitric oxide released quantity: definition

Using the representation of the nitric oxide flux at the nawarface in the form of a
linear combination of Gaussians one can calculate the fyahnitric oxide matter (and

hence the number of molecules) emitted by the neuron eitlénglany segment of the
whole observation period or during one spike of neuronaligcwwhich corresponds to

the vacuolar release (single or several) at the neuroncaufee (11)). As indicated
above, the latter one “event” may be described by a singlesSan so that the quantity
of nitric oxide emitted by the neuron during one spike of\atstican be obtained by
integrating the flux of nitric oxide through the neuron sagauring the neuronal activity
when the neuron activity function consists of a single Gaumnss

M; = NaN; = NA//D—det

—oo S (13)

_t—t?

= NA47rr1g07; / exp 7 dt= NA471'3/27“%§0¢0,~,

— 00

wherel/;, N; are the number of molecules and quantity (in moles) of nixicle emitted
by the neuron duringth spike of activity; N4 is the Avogadro number. Hereafter we
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will consider only M; values, viz., we will count the released quantities in moles
rather than in moles to account for their extremely minutees (a few tens of millions
of molecules; see Table 1).

Table 1. Average and expected values of characteristics of stellatermaeativities:
before during andafter stimulatiori

Neuron Experimental Before During After
activity series neuron neuron neuron
parameters stimulation stimulation stimulation

M;, I 27+ 17 100+ 70 12+ 9
million 1l 27 £ 24 380+ 226 37+ 46
molecules 1] 41+ 36 134+ 102 24+ 20
| 8.0+ 24 10.1+ 3.5 5.6+ 1.9
A,s 1l 49+ 25 13.2+ 4.2 49+ 29

Il 40+18 34+ 13 2.2+0.9
| 122+41 104+ 3.6 6.7+ 3.5
(ti—ti-1),s I 46+31 11.4+ 3.8 7.1+ 5.1
Il 39+19 282+21 21+1.1

U ean: | 22+0.2 9.7+ 0.2 1.7+0.2
million 1l 54 +05 33.1+ 0.7 5.1+ 0.5
molecules/s 1] 10.6: 1.0 50.0+ 1.0 9.2+ 0.9

*Notationz stands for the expected value ang,..», for the mean value of the variabléd; is the expected
value of number of molecules emitted by the neuron over eactephastion A = 25/In 2 is the expected
value of peak width at its half heightz; — ¢;,—1) is the expected value of peak-to-peak separation betwesn tw
adjacent Gaussian spikeBZnean is the mean value of the nitric oxide flux at the neuron surface.

3 Results of simulations and their discussion

Fig. 3(a) illustrates one typical measurement of stimalai®°-release (black solid line)
for an experiment involving the following parameters; = 5um, g = 10um and
ro = 10 pm. The value of the diffusion coefficient used in this studgwakenD = 10~°
cn? s~ being the generally accepted average diffusion coeffidinthe nitric oxide
through lipidic phases and aqueous media [10]. For commaribie superimposed light
solid thicker line illustrates the results of numerical slations according to the neu-
ron activity function defined in (11). The horizontal linegsgents in Fig. 3 show the
duration of the neuron patch-clamp stimulation. As one cam fsom Fig. 3(a) the
current fluctuations can be reconstructed very accurabelthé considered experimental
nitric oxide flux using a combination of Gaussians (11). Teees of individual spike
functions, ¢;(t), represented by Gaussians whose parameters were exttgcfiting
experimental (Fig. 3(a)) and theoretical data are shownidn ¥b). Fig. 3(c) presents
the overall reconstructed neuron activity functign,From Fig. 3(c) one can see that the
neuron activity function has practically the same shapehascurrent registered at the
microelectrode or its simulation in Fig. 3(a). This obséiom confirms the conclusion
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made in [1], i.e. that diffusion filtering of the initial nitroxide flux emitted at the neuron
surface is negligible and causes only an overall delay ahgeof a millisecond in the
electrode response. The latter filtering was duly simulatetthe theoretical response

shown in Fig. 3(a), though its effect is not visible at all & time scale (hundreds of
seconds).

I stiimulation stimulation

current

20 pmal s 57

o

A
ons "‘“/' {

f M \

I | L
al it [V |

iy } I / : ) \ /\\

IRIRY. VI

(©)

Fig. 3. Representation of a typical stellate neuron activity function as caedu
from in situ measurement by a black-platinum ultramicroelectrode: (agr@xental
(black curve) and best-fit currents (light curve); (b) Gaussianomhposition;
(c) reconstructed signal considering the Gaussian decompositiomsh¢@o). Note that
the reconstructed trace in (a) derives from the function in (c) conwlogediffusion
to the ultramicroelectrode. The bar under each plot indicates the diffeheses of
neuronal activity: white color — before the start of stimulated activity, blealor —
during the effective activity, grey color — after the effective activitheTexperimental
patch-clamp stimulation duration is shown above each curve by the lingaesé.

The average behavior of the neurbafore, duringand after the stimulation can
be characterized by average values of the neuron activitgtitn parameters within
each of these stages, i.e. by the average value¥;ofA, (t; — t;_1) and ¥/. The

paramete(t; — t;_1) represents the average time delay between two consecptkess

so that it reflects the frequency of spikeb? ... = > M; /Atf’mse is the average flux
(in molecules per second) emitted by the neuron during ehakegindicated by the bar
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phase

coding in Figs. 3(a)—(c), where the summation is over akepin;th phase and\t;

is the recorded duration of this phase.

The averaged values of these parameters are given in the &ty the experimental
data given in Fig. 3(a) together with two other experimesighals, which have already
been reported elsewhere (see Fig. 4 in [1]). The obtainea stadw that during the
stimulation phase (i) the nitric oxide bursts occur moreeft(ii) spikes have larger
amplitude and (iii) are more protracted (the value, and therefore the width of the
spike, is increased), than before stimulation. When theudéition ends up, within the
precision of its determination, the parameters of the sgikactically revert to their initial
values before the stimulation. Each value in Table 1 is givith the respective standard
deviation calculated using unbiased estimations. Thelataindeviation for the averaged
flux of the nitric oxide was evaluated as average deviatiawéen the experimental and
best-fit theoretical signals within a given phase.

4 Conclusion

In this work we examined the feasibility and precision of adtetical approach to the
modelling of nitric oxide mass release within brain tissused upon considering a neu-
ron activity function consisting of a succession of “singéents”, e.g., of a series of bursts
occurring at the neuron surface. The proposed model hagadladequate reconstruction
of the experimentally significant current fluctuations alied in the experimental data.
Within the Gaussian-type description used here, the paemef the neuron activity
function obtained by fitting of experimental data by simeththeoretical results allow the
extraction of important information aboO°-release by the neurdsefore, duringand
afterits patch-clamp stimulation. Additionally, it allows theasduation of the nitric oxide
quantity emitted by the neuron during each individual bwbkich appears meaningful
physiologically compared to other examples on vacuolar esioular releases. This
representation of the neuron activity function as a suptipo of Gaussians can be
easily adapted to a more sophisticated description anthtesd involving more sound
physiological interpretations.

Acknowledgments

The authors thank NATO for the grant CLG.981957 and the Wikaai Ministry of Edu-
cation and Science for supporting this project between egearch groups of Prof. Irina
Svir (Ukraine) and Prof. Christian Amatore (France). Dr.ei@ick thanks INTAS for
post-doc by YSF (06-1000019-6451). Prof. Svir expressesia@y thanks to CNRS for
her Director of Research position at ENS (Paris, France).

References

1. A. Oleinick, C. Amatore, M. Guille, S. Arbault, O. Klymenko, I. Svir, klelling release of
nitric oxide in a slice of rat’s brain: describing stimulated functional hypeaewith diffusion-

407



A. Oleinick, C. Amatore, O. Klymenko, I. Svir

10.

11.

12.

13.

reaction equationdfath. Med. Biol, 23, pp. 27-44, 2006.

. A. Oleinick, C. Amatore, I. Svir, Mathematical models and numericabfation of diffusion-

reaction problems of brain-chemist®adioelek. Inform.3, pp. 18-22, 2005.

. J. Sullivan, NO going baclat. Neurosci.6, pp. 905-906, 2003.
. K.D. Micheva, J. Buchanan, R. W. Holz, S. J. Smith, Retrogragielagon of synaptic vesicle

endocytosis and recyclindlat. Neurosci.6, pp. 925-932, 2003.

. R.M. Wightman, C. Amatore, R.C. Engstrom, P.D. Half, E.W. Krisean W.C. Kuhr,

L.J. May, Real-time characterizaton of dopamine overflow and uptakbeeirrat striatum,
Neurosci, 25, pp. 513-523, 1988.

. C. Amatore, S. Arbault, Y. Chen, C. Crozatier, |. Tapsoba, Elebgmical detection in

a microfluidic device of oxidative stress generated by macrophage, dells Chip 7,
pp. 233-238, 2007.

. C. Amatore, S. Arbault, Y. Bouret, B. Cauli, M. Guille, A. Rancillac, &sRier, Detection of

Nitric Oxide Release During Neuronal Activity with Platinized Carbon Fiberrgltectrodes,
ChemPhysChemit, pp. 181-187, 2006.

. A. Rancillac, M. Guille, X.-K. Tong, H. Geoffroy, E. Hamel, C. AmegoS. Arbault, J. Rossier,

B. Cauli, Glutamatergic Control of Microvascular Tone by Distinct GABAuUKmns in the
Cerebellum,). Neuroscience?6, pp. 6997—-7006, 2006.

. V.L. Pogrebnaya, A.P. Usov, A.V. Nesterenko, P.|. Bezjgdmyi, Oxidation of nitric-oxide

by oxygen in liquid-phasel. Appl. Chem. USSRS, pp. 954-958, 1975.

A. Denicola, J. M. Souza, R. Radi, E. Lissi, Nitric Oxide Diffusion indvt@anes Determined
by Fluorescence Quenchingrch. Biochem. Biophys328, pp. 208—-212, 1996.

C. Amatore, A. Oleinick, I. Svir, Simulation of the Double Hemycylin@Gemerator-Collector
Assembly through Conformal Mapping Techniquk,Electroanal. Chem.553 pp.49-61,
2003.

C. Amatore, Y. Bouret, L. Midrier, Time Resolved Dynamics of thesitle Membrane
During Individual Exocytotic Secretion Events as Extracted from Aropestric Monitoring
of Adrenaline Exocytosis by Chromaffin CellShem. Eur. J.5, pp. 2151-2162, 1999.

C. Amatore, S. Arbault, C. Bouton, K. Coffi, J.-C. Drapier, Ha@tlour, Y. Tong, Monitoring
the Release of Reactive Oxygen and Nitrogen Species by a Single Mag®mn Real-Time
with a MicroelectrodeChemBioChemZ, pp. 653—661, 2006.

408



