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Abstract

Chromalffin cells secrete catecholamine molecules via exocytosis process. Each
exocytotic event is characterized by a current spike, which corresponds to the
amount of released catecholamine from secretory vesicles after fusing to plasma
membrane. The current spike might be measured by the oxidation of cate-
cholamine molecules and can be experimentally detected through amperom-
etry technique. In this contribution, the secretion of catecholamine, namely
adrenaline, of a set of bovine chromaffin cells is measured individually at each
single cell. The aim is to study quantitative results of chaotic behavior in cate-
cholamine secretion. For analysis, time series were obtained from amperometric
measurements of each single chromaffin cell. Three analysis techniques were
exploited: i) a low-order attractor was generated by means of phase space re-
construction, Average Mutual Information (AMI) and False Nearest Neighbors
(FNN) were used to compute embedding lag and embedding dimension, respec-
tively. ii) The properties of power spectrum density of time series were studied
by Fast Fourier Transform (FFT) looking for possible dominant frequencies in
power spectrum. iii) Maximun Lyapunov Exponent (MLE) analysis was done
to study the divergence of trajectories of the time series. Nevertheless, in order
to dismiss the possibility of positiveness of MLE are due to the inherent noise
in experiments, seven surrogate data sets computed using the Amplitude Ad-
justed Fourier Transform (AAFT) algorithm was computed. The phase space
reconstruction showed that, in all cases, the trajectories lie in an embedding
subspace suggesting oscillatory nature. The FFT analysis showed high disper-
sion of the power spectrum without any predominant frequency range. MLE
analysis showed that the MLE values are positive for a given orbit time and a
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defined range of maximum scale values. Moreover, the trajectory of the MLE
evolution of all the surrogate data are asymptotic and hold positive along the
maximum scale range. These findings are preliminary evidence on detecting
chaotic behavior in catecholamine secretion and, in general, their provide a first
step towards a deeply understanding of nonlinear behavior of protein releasing
dynamics.

Key words: Dynamics in biosystems, Chromaffin cells, Catecholamine
secretion, Exocytosis.

1. Introduction

Catecholamine molecules are biologically active products, as neurotransmit-
ters and hormones, of a neuroendocrine system called sympathochromaffin [1].
The sympathochromaffin system is a versatile communication system whose
neural effects are almost instantaneous, hormonal effects are perceptible in few
minutes [2], and includes two elements: sympathetic nervous system and chro-
maffin tissues. Sympathetic nervous system innervates chromaffin tissue via
sympathetic preganglionic neurons, which belong to sympathetic efferents of
the Autonomic Nervous System. The major clusters of chromaffin cells are in
adrenal medulla, which also is innervated by preganglionic neurons. There are
three main types of catecholamines: adrenaline, noradrenaline and dopamine.
All of them are secreted directly into the circulation by chromaffin cells. The
secretion process of catecholamine molecules is exocytosis, which is a key pro-
cess in synaptic transmission in the brain, in neuromuscular junctions and into
the blood by chromaffin cells from the adrenal gland [3]-[8].

There exist a wide number of biological effects induced by catecholamines [9].
In hemodynamics, the effect of catecholamines in vasoconstriction, vasodilata-
tion, and increase in the rate and force of myocardial contraction. In particular,
noradrenaline causes generalized vasoconstriction and an increase in systolic and
diastolic pressure. Adrenaline causes vasoconstriction in, among others, skin,
kidney, and mucosae. Also, adrenaline causes vasodilatation in others organs,
for example in skeletal muscle, and increments in hepatic blood flow, heart rate,
cardiac output, and systolic blood pressure. Dopamine causes increment in car-
diac output. In metabolism, the catecholamine produces multiples indirect and
direct effects. Indirect effects are related to changes on the hormonal secretion;
for example, on both suppression and stimulation of insulin release. Some of
the major direct effects involve stimulation of hepatic glucose production (gly-
coneogenesis and glycogenolysis) and release of amino acids from muscle [9].

Causes and effects of catecholamine secretion form a highly complex system
where different kind of physiological processes are involved. The complexity of
catecholamine secretion and its role in crucial physiological functions draw up
it as an attractive phenomenon of study. Besides improving comprehension of
how catecholamine secretion is carried out, dynamical analysis can open new
interesting questions about this phenomenon, for instance: Is catecholamine



secretion a deterministic phenomenon?, Is the catecholamine secretion a phe-
nomenon governed by noise? or Is phenomenon of catecholamine secretion a
structured disorder? This kind of questions have already arisen in other sys-
tems of neurotransmitter release. For example, in vertebrate neuromuscular
junctions, the oscillatory nature of neurotransmitter release has been widely
studied [10]-[13]. Such oscillations are related to presynaptic factors, such as the
concentration of calcium ions in the extracellular medium and inside the nerve
terminal, the polarization of the nerve membrane, and the metabolic state of
the nerve terminal [14]-[19]. Also, the deterministic nature of these oscillations
has been corroborated from a nonlinear analysis [20].

In contrast with previous approaches, in this contribution, we use measured
data from amperometry in a single mammal chromaffin cell to study the dy-
namic behavior of catecholamine secretion. The main difference of mammal
chromaffin cells respect to neuromuscular junctions is that, in the former, there
is an usual unique active zone and, in the latter, there are a large number of
active zones. Thus, we study the dynamics of the adrenaline secretion in sin-
gle chromaffin cells. Each cell was stimulated by a Ba?* solution during 10 s
and adrenaline secretion was measured by amperometry around 400 s. Non-
linear analysis is implemented on time series of measurements resulting from
exocytotic events. We seek evidence about chaotic behavior in exocytosis phe-
nomenon. The document is organized as follows: in the next section, a brief
summary of catecholamine secretion and amperometry technique is given, de-
scribing the experimental setup for catecholamine measurements. In Section 3,
a phase space reconstruction is shown, considering Average Mutual Informa-
tion (AMI) analysis and False Nearest Neighbor (FNN) in order to compute
embedding lag and embedding dimension. Also, power spectrum analysis, and
computation of Maximum Lyapunov Exponent (MLE) are shown. Finally, we
show some concluding remarks.

2. Measurement protocol

Electrochemical analysis of the secretion of neurotransmitters with untrami-
croelectrodes has allowed the quantification of these events with the precision
required to propose and soundly validate quantitative kinetic physicochemical
models [21, 24]. A voltametric analysis of the nature of neurotransmitters was
introduced by the group of R.M Wightman [22, 23]. Secretion of neurotrans-
mitters is detected as a series of current spikes that correspond to the detec-
tion of concentration pulses generated by exocytosis. The use of carbon fiber
ultramicroelectrodes to measure and identify the chemical signaling of neuro-
transmitters has provided a main advance in the study into cell communication.
Electrochemical techniques provide the unique opportunity to examine the effect
of chemical and physical parameters on both the rate of secretion and quantity
of material extruded from the vesicles. In view of the larger size of proteins,
neurotransmitters diffuse very rapidly since they are relatively very small and
are easily oxidized via electrochemical methods. For example, acetylcholine is
a vital part of the neural transport system in mammalians and is easy to be
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Figure 1: A) Electron microscopy micrograph of a microelectrode where the carbon fiber is
coated with a thin Nafion film after polishing at an angle of 45 . B) Experimental arrangement
for exocytosis detection on chromaffin cells. A diagram of each part of the process is shown
in the top. In the bottom, a microscopic view of the microelectrode tip is observed on the left
side of the photography, in close contact with the chromaffin cell stimulated by a barium ion
solution (BaCl2 2 mM) injected through a micropipette, positioned on the low right side of
the cell.

oxidized. It is chemical rather than biochemical in size as well as other cate-
cholamines neuromediators such as adrenaline or dopamine.

In electrochemical methods the ultramicroelectrode (a thin carbon fiber
shown in Figure 1A) is the central transducer which allow us to study, de-
tecting and quantifying the release of neurotransmitters which characterize the
phenomenon of exocytosis. The precise positioning of an ultramicroelectrode at
micrometric distances from an isolated living secretory cell ensures that selected
electroactive materials released by the cell can be collected (over a millisecond
time scale) and analyzed by the electrode surface, reflecting precisely the cellular
release kinetics [25]-[27]. An experimental arrangement for exocytosis detection
on chromaffin cells is shown in Figure 1B.

As we mentioned before, electrochemical measurements of the rate of neuro-
transmitters secretion with ultramicroelectrodes allowed to quantify these events
with the precision required to propose and validate physicochemical models that
might rationalize their occurrence. In this sense, the precise positioning of an
ultramicroelectrode at micrometric distances from an isolated living cell (neu-
ron, chromaffin, mast or pancreatic cell, fibroblast, macrophage) [25, 27, 28]
ensures that selected electroactive material released by the cell can be collected



and analyzed by the electrode surface, reflecting precisely the cellular release
kinetics. Indeed, the film of extracellular fluid comprised between the cell and
the electrode surfaces defines an artificial synaptic cleft of a few hundred fem-
toliters volume, in which the release of minute molecular amounts of chemicals,
typically in the range of zepto- to attomoles, produces a sudden and significant
concentration rise. This guarantees the detection of the released species with an
extremely high signal-to-noise ratio, as well as the determination of the instant
released fluxes since the collection efficiency is quantitative. In other words, the
assembly cell / liquid cleft / ultramicroelectrode behaves as an artificial synapse
and the ultramicroelectrode current mirrors precisely the released fluxes.
Based on this artificial synapse method, carbon fiber ultramicroelectrodes
were used to monitor the kinetics of exocytosis of adrenaline by chromaffin cells.
Adrenaline molecules that diffuse away from the cell are electrooxidized (two
electrons per molecule, [28]) at the surface of the ultramicroelectrode and their
flux, djzt(t) , where N (t) is the number of catecholamine molecules emitted at the
time ¢, this is converted electrochemically into a current I(¢) according to the

Faraday’s law: I(t) = 2F djgft), where F' is the Faraday constant.

The variation of the amperometric current with time is thus a precise ki-
netic measurement of the catecholamine efflux with a precision in the range of
one thousand molecules per millisecond. The dynamics of vesicular release are
evidenced by the shape of the current spikes. Thus, the temporal resolution
and sensitivity of amperometry for measuring actual secretory transmitters has
made it well suited for probing fusion and postfusion events in exocytosis. An
example of a continuous experimental amperometric trace showing a succession
of individual exocytotic events detected after the stimulation of secretion by a
chromaffin cell is shown in Figure 2.

The amperometric monitoring of release through the oxidation of adrenaline
molecules (2 e/molecule at E=4650 mV vs. Ag/AgC!) provides a succession of
spikes, each one corresponding to a single vesicular exocytotic event [29] as is
shown in Figure 2A. Electrode placed in contact with the cell and 2mM Ba?*
injection during 10 s at 250 hPa under isotonic (315 mOsm) conditions. A typi-
cal spike extracted from the trace are enlarged in the amperometric monitoring
(see Figure 2B) with a sketch showing the traces without and with a discern-
able foot preceding the spike (dotted line in the spike’s bottom). The type of
foot-shape showed by dotted line represents a current that can be stabilized as
a plateau curring after its initial rising phase. The spikes extracted from the
amperometric trace showing a pre-spike feature observed on about 30% of the
amperometric events, which is related to the release through the initial fusion
pore. A schematic representation of the main phases of exocytosis (I-V) during
full fusion of dense core vesicles with cell membrane is shown at the bottom
of Figure 2B. Following the cell stimulation, some vesicles are primed to effect
exocytosis (I) and dock to the cell membrane. After the formation of a fusion
pore, catecholamine begin to diffuse out of the vesicular matrix through the pore
(IT). When the surface tension of the vesicle membrane becomes high enough to
disrupt the fusion pore structure, full fusion of the vesicle and cell membranes




occurs (IIT). This process continues up to the point where the vesicular matrix
is fully exposed to the extracellular fluid and its content is released (IV-V).

The studies of exocytosis described in this manuscript were conducted on
bovine chromaffin cells that control the release of adrenaline and noradrenaline
in blood following physiological stresses. Results described in the manuscript
were obtained exclusively from single cell experiments. Experimental setup for
measurements is as follows.

e Cell Culture: Bovine chromaffin cells were prepared by collagenase di-
gestion of the medulla of adrenal glands obtained from a slaughterhouse
(Meaux, France). Cells were purified and cultured using previously de-
scribed methods (see [30]). In brief, purified chromaffin cells were plated
at a density of 4 x 10% cells/cm? on collagen-poly-L-lysine coated glass cov-
erslips placed in 24 wells plates and incubated in a 5% C' O3 atmosphere at
37°C. Cells were used on days 3 to 7 after culture and 24 hours maximum
after plating.

e Electrode Preparation: Carbon fiber ultramicroelectrodes (7-um di-
ameter, Thornel-Cytec Carbon Fibers, Greenville, SC) were constructed
as described in [31] and back-filled with mercury. Electrode tips were pol-
ished at a 45° angle on a diamond dust-embedded micropipette beveling
wheel (Model EG-4, Narishige Co., London, UK) for 10-20 min before
experiments. Only electrodes with a very stable amperometric baseline
current were used for cell measurements.

e Measurement preparation: Each cell was placed coverslip into a 35 mm
plastic dish filled with 5 mL of isotonic physiological saline (154 mM NaCl,
4.2 mM KCI, 0.7 mM MgCly, 11.2 mM glucose, 10 mM HEPES, pH
7.4). After positioning the dish onto the stage of an inverted microscope
(Axiovert-135, Carl Zeiss, Germany), the working electrode was gently
lowered onto a single cell using a micromanipulator (Model MHW-103,
Narishige Co., London, UK). The close proximity of the electrode polished
surface to the cell surface was confirmed by a slight deformation in the
outline of the cell. Exocytosis was stimulated by a 10 s barium solution
(BaCly 2mM in Locke buffer supplemented with 0.7 mM M gCls, without
carbonates) injection from a 20-30 um diameter glass microcapillary and
250 hPa pulse of barium ion solution (model Femtojet, Eppendorf Inc.,
Hamburg, Germany). All experiments were performed at 25 4 2°C.

e Data Acquisition: Electrodes were held at 4+ 0.65 V vs. a silver/silver
chloride reference electrode using a commercially available picoamperom-
eter (model AMU 130, Radiometer Analytical Instruments, Copenhagen,
DK), whose the adjustable time-response was set at 0.5 ms. The output
was digitized at 10 to 40 kHz, displayed in real time and stored on a com-
puter (Powerlab 4SP A /D converter and software Chart, AD instruments,
Colorado Springs, CO) with no subsequent filtering.
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Figure 2: A) The amperometric monitoring of releases through the oxidation of adrenaline
molecules (2 e/molecule at E=4+650 mV vs. Ag/AgCl) provides a succession of spikes, each
one corresponding to a single vesicular exocytotic event [29]. B) A typical spike extracted from
the trace is enlarged with a sketch showing a pre-spike feature (dotted line in the bottom of
spike) observed on about 30% of the amperometric events, which is related to the release
through the initial fusion pore. The schematic representation of the main spike features:
maximum oxidation current Ispike (PA); total electrical charge Qgpike (fC); the half-width
t1/9 (ms) decomposed into ¢1 and t2; rise time t20—go (the delay between I = 20 % of Ipike
and I =90 % of Ipike in ms); mean diffusion time to in amperometric spikes are indicated.
The different phases of the exocytosis are identified by their labels I-V.



These experiments were conducted under control conditions, i.e., following
a commonly used protocol, where a single chromaffin cell is stimulated for 10 s
by a 2 Mm barium ion solution, without any previous or further modification
of the cells or of the medium used for measurements. Each amperometric trace
from chromaffin cell response during the elapsed time of stimulation was visually
inspected and signals were designated as spikes if their maximum current values
were 3 times higher than the RMS noise (0.5 to 0.7 pA) of the baseline current
(30 ms minimum time-length) recorded prior to each signal. Special attention
was applied to verify the baseline stability before and after each spike in order
to avoid spike superimposition.

3. Temporal behavior in catecholamine secretion

The time series to be analyzed were obtained from experimental measure-
ments of adrenaline secretion via amperometry. A large number of adrenaline
secretion experiments from a single chromaffin cell were recorded in order to
analyze the dynamical properties of the exocytotic event. Figure 3 shows three
representative time series of the amperometry record of adrenaline secretion in
a single chromaffin cell.

3.1. Phase space reconstruction

In the study of time series, time delay embedding analysis is often used
to reconstruct the phase space of a dynamical system. An advantage of this
technique is that it only requires scalar measurement data, as the dynamical
properties of the system under study are established directly from a time series
in terms of the obtained delay coordinates [32, 33, 34].

State space reconstruction allows one to visualize the trajectories embed-
ded on a chaotic attractor. Three scenarios are possible: i) if the trajectories
converge to an equilibrium, they are not contained in a chaotic attractor; ii)
if trajectories converge to stable periodic orbits, chaos will not be exhibited at
the reconstructed space; iii) if trajectories describe unstable periodic orbits and
remain bounded, is possible that they be contained in a chaotic attractor. In
this way, phase space reconstruction, although not a conclusive criterium to
demonstrate chaos, is a powerful complementary element towards the inference
of chaotic behavior.

In this study, such technique is used to reconstruct an attractor from the
amperometric measurements of adrenaline secretion for each time series in Fig-
ure 3. According to Taken’s theorem for a time series generated by a finite
dimensional dynamical system, the existence of an attractor implies the exis-
tence of an underlying embedding state space in delay coordinates. Suitable
values for the embedding lag (T") and dimension (m) are unknowns that need to
be determine from the time series data. Unfortunately, there is no method to
determine their optimal values. However, good approximations can be obtained
exploiting the deterministic nature of the underlining system [34, 35]. The rec-
ommended methodology to determine a suitable embedding dimension is to use
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Figure 3: Time series of adrenaline molecules secretion. A), B) and C) show the ampero-
metric measurements of three different experiments, under control conditions, where a single
chromaffin cell was stimulated by a barium ion solution. Note the differences in time scale at
each time series.



successively higher dimensions and chose the lowest embedding dimension for
which the data shows features of deterministic behavior. The most commonly
used method to identify signatures of deterministic behavior is the False Nearest
Neighbors (FNN) algorithm, the basic idea of the method is to eliminate am-
biguity on the reconstructed state space, then, for each embedding dimension,
the neighbors of a given point are identified; then if increasing the embedding
dimension, this neighbors move faraway, these were false neighbors, and the
trajectory needs a higher dimension to be represented without ambiguity.

As to the choice of the embedding lag, theoretically any value of T' is accept-
able. However, the appearance of the reconstructed attractor depends strongly
on the choice of embedding lag, a suitable value for T" must separate sufficiently
the data in the time series as to have a smooth reconstruction of the attrac-
tor, therefore its value must be as large as possible. On the other hand, the
lag must not be too large, to avoid deluding the relation that one point in the
reconstructed trajectory has with the next. In this sense, a useful measure to es-
tablish T is to take the value for which the Average Mutual Information (AMT)
has its first minimum. The AM 1 criterion estimates the among of information
about the sample at time ¢, + T that is available in the current sample [36].
From the time series, an embedding is constructed using the time-delay state
vectors z(t) given by: z(t) = [x(¢),z(t —=T),z(t —2T),...,x(t— (m—1)T)]. After
evaluating AMT and FNN (see Figure 4), the embedding lag and dimension
are chosen to be m = 4 and T' = 60 ms. This methodology using AMI and FNN
analysis to propose embedding lag and embedding dimension has been widely
used for detecting chaos in biomedical signals, for example, biomedical signals
involved in human gait [37] or human electrocardiogram [38], and in general, in
physical signals [39, 40].

So, for each time series in Figure 3 a reconstructed phase space is pre-
sented, the corresponding three-dimensional projections of their resulting re-
constructed attractors are shown in Figure 5, along with their projections onto
two-dimensional canonical planes. The reconstructed phase space shows that
the trajectories are contained in a bounded subspace, implying significant indi-
cations of existence of embedding attractors, as well as structured disorder in dy-
namics of catecholamine secretion, and also possible chaotic behavior. Next, the
Fourier spectrum is computed from time series in order to verify frequency and
power of oscillations associated to the trajectories in the reconstructed attrac-
tors. Previously, an issue is interesting to be remarked: as discussed above, the
noise effects on the measurements are minimized by the use of well-established
experimental techniques of amperometry, ensuring that the assembly cell/liquid
cleft /ultramicroelectrode behave as an artificial synapse and the ultramicroelec-
trode current mirrors precisely the released fluxes; as well as selecting electrodes
with a very stable amperometric baseline current, and considering as spikes that
ones which maximum current values were 3 times higher than the RMS noise
(0.5 to 0.7 pA) of the baseline current (30 ms minimum time-length) recorded
prior to each signal.
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Figure 4: A) Average Mutual Information (AMI) and, B) False Nearest Neighbors (FNN).
From these results, embedding lag and dimension are chosen to be T' = 60 ms and m = 4,
respectively.
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Figure 5: Phase space reconstruction of time series in Figure 3 A), B) and C), respectively.

The phase space reconstruction show that all trajectories are contained in a bounded subspace,
that means, the trajectories lie on an attractor.
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3.2. Power spectrum

The power spectrum provides information about energy distribution at the
fundamental frequencies of a system with oscillatory behavior. In the case
of time series of Figure 3, the power spectra were computed via Fast Fourier
Transform (FFT) [41]. The resulting power spectra are shown in Figure 6
where is possible to observe that there is not any dominant frequency. As a
matter of fact, power spectrum is spread and it is rich at many frequencies
giving an indicative of many components in oscillatory behavior. This result
might be very important in studying synchronization of active cells releasing
catecholamine molecules. In the light of spread spectrum results, synchrony of
neurotransmission involves wide range of frequency components.

Note that the power spectrum in Figure 6A contains frequencies in a wider
interval than those in figures 6B and 6C. This fact suggests that the frequencies
interval is not identical among cells, corresponding to a real non-constant in-
terval of spikes emergence. Thus, for instance, the frequency interval in Figure
6A is at least twice the interval in the others but energy is half. This reinforce
the conjecture that exocytotic events in single chromaffin cells are structured
but unpredictable and, chaotic behavior are expected. Next, an estimation of
Maximum Lyapunov Exponent is computed to corroborate the conjecture.

3.3. Maximum Lyapunov Exponent

The time series dynamics has shown the existence of an embedding phase
space as well as an attractive bounded subspace where the trajectories lies.
These facts show a first sign of existence of nonlinear structure and possible ex-
istence of chaotic behavior. Nevertheless, it is necessary to study in depth more
specific features in order to identify possible deterministic features. The typi-
cal features are the called empirical invariant measurements, such as entropies,
Lyapunov exponents, equations of motion, etc. [42]. In this contribution, we
explore the Lyapunov exponents measure, specifically the Maximum Lyapunow
Exponent (MLE), because it can be computed with high accuracy. So, the spa-
tial evolution of the system’s trajectories was analyzed via computation of mean
average of MLE. This parameter give us an estimation of trajectories divergence
in oscillatory behavior.

The numerical value of the MLE defines the possible logarithmic separation
of trajectories in the phase space of the system. By this reason, a positive MLE
value is sufficient condition of existence of chaos behavior [43]. In the case of
time series of adrenaline secretion in Figure 3, the MLEs were computed using
the algorithm reported by Wolf et al. [44]. We compute the MLE at considering
a specific orbit time (EVOLV = 0.5) and in defined set of spatial separation
of fiducial points in phase space, SCALM X € (2,4). The dark-solid lines in
Figure 7 A), B) and C) show the MLE evolution of the trajectories of each
attractor in Figure 5. The plots show that, in all cases, MLE evolution has an
asymptotic behavior and holds in a positive value.

Because of the experimental nature of time series of catecholamine secretion,
it is necessary to verify that positiveness of MLE are not due to the inherent

13
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behavior and holds in a positive value.
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noise. By this reason, a statistical test based on surrogate data was carried out.
The main goal of such approach is to generate a set of surrogate data which are
consistent with the original time series (raw data). Basically, the surrogate data
are randomly generated preserving a selected feature of the raw data [45]. In this
study, we use the Amplitude Adjusted Fourier Transform (AAFT) algorithm
reported by Kugiumtzis, 2000 [? |, to generate seven surrogate data of each
time series in Figure 3 and preserving Fourier spectrum of the raw data (see
Figure 6).

After that, MLEs of each surrogate set are computed using the Wolf’s al-
gorithm, and considering the same simulation conditions that MLE calculation
of original time series. Solid lines in Figure 7 show the seven MLE evolution
of the surrogate data generated based on each of the three original time series.
The dark-dashed lines show the mean-value trajectory of the MLE evolution of
the seven surrogate sets. Similarly to the MLE evolution of the raw data, each
one of the surrogate data has an asymptotic behavior, and holding in a positive
value.

4. Concluding remarks

Measured data of catecholamine secretion in single mammal chromaffin cells
were analyzed from a well-established experimental amperometry procedure.
The resulting time series show the oscillatory behavior of catecholamine se-
cretion during exocytosis process. The noise effects on the measurements are
minimized ensuring that the assembly cell/liquid cleft/ultramicroelectrode used
in amperometry behave as an artificial synapse guaranteeing the detection of the
released catecholamine with high signal-to-noise ratio, as well as the determina-
tion of the instant released fluxes since the collection efficiency is quantitative.
The ultramicroelectrode current mirrors precisely the released fluxes just select-
ing electrodes with a very stable amperometric baseline current. Furthermore,
the signals of catecholamine secretion were designated as spikes if their maxi-
mum current values were 3 times higher than the RMS noise (0.5 to 0.7 pA)
of the baseline current (30 ms minimum time-length) recorded prior to each
signal. Also, special attention was applied to verify the baseline stability before
and after each spike in order o avoid spike superimposition. These three facts
ensure amperometric measurements with a high signal-to-noise ratio, implying
that catecholamine secretion observed by means of amperometry is not a pro-
cess governed by noise. Also, the absence of noise and effect of initial conditions
(stationarity) suggests us the nonlinear behavior plagued of complexity. The
high signal-to-noise ratio ensured by amperometric technique implies a first ev-
idence of high irregularities in dynamics of time series in Figure 3, and such
behavior could not be attributed to noise or uncertainties in cell process, but to
a possible nonlinear characteristic of catecholamine secretion process.

The study of conventional techniques on time series analysis are used in or-
der to elucidate if the evident irregularities showed in Figure 3 can be related to
possible nonlinear dynamic in catecholamine secretion. The presented analysis
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begins with the phase space reconstruction in order to seek for bounded attrac-
tors in the reconstructed phase space. AMI and FNN are computed to suggest
embedding lag and embedding dimension of the reconstructed phase space. Fig-
ure 4 shows the values for embedding lag and embedding dimension, 7" = 60 ms
and m = 4, respectively. The reconstructed attractors (Figure 5) can establish
that, in all cases, the trajectories lie in a bounded embedding subspace. This
fact shows that the trajectories are not disperse in the whole phase space but in
a delimited area, inferring the existence of an attractor, and structured disorder
in the system’s dynamics.

The evidence of trajectories lying in embedding subspace of the reconstructed
phase space is agree with the power spectra analysis which shows that there is
not a dominant frequency of energy accumulation but spread spectra (Figure 6).
Such dispersion allows us to conjecture a complex behavior, possibly chaotic,
in the catecholamine secretion. Considering these results on structured oscil-
lation and complex behavior, we analyze the MLE evolution for a given orbit
time and a range of maximum scale (Figure 7). The MLE holds positive along
the established range variation of orbit time and maximum scale. Moreover,
the computation of the MLE of seven surrogate data sets guarantees that the
positiveness of MLE are not due to experimental noise, and provides a strong
indicator of chaotic behavior in catecholamine secretion. Such evidence give
us elements to consider this phenomenon as an structured disorder; neverthe-
less, it is necessary more research in order to guarantee if the chaotic nature of
catecholamine secretion is deterministic or stochastic.

In this contribution, we study elementary elementary knowledge of the non-
linear nature of catecholamine secretion and its dynamical features, these results
establish a precedent for the complete characterization of the empirical invari-
ant measurements of the embedding space where each attractor lies, towards a
better understanding of the dynamical behavior of this phenomenon with the
final intention of developing nonlinear models able to reproduce the behavior of
catecholamine secretion in single mammal chromaffin cells.
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