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APRESENTACAO

A obra “A Producéo do Conhecimento na Engenharia Biomédica” consiste em
um livro de publicacéo da Atena Editora, com 21 capitulos em volume Unico, nos quais
apresentam estratégias para as técnicas e tecnologias na producédo de trabalho em
saude.

As Tecnologias em Saude € um processo abrangente, por meio do qual sédo
avaliados os impactos clinicos, sociais e econdmicos das tecnologias em saude,
levando-se em consideracéo aspectos como eficacia, efetividade, seguranca, custos,
custo-efetividade, entre outros, a mesma deve ser compreendida como conjunto de
ferramentas, entre elas as ag¢des de trabalho, que péem em movimento uma acgao
transformadora da natureza. Desse modo, além dos equipamentos, devem ser incluidos
0s conhecimentos e acdes necessarias para opera-los: o saber e seus procedimentos.

Entretanto, o sentido contemporéneo de tecnologia, portanto, diz respeito aos
recursos materiais e imateriais dos atos técnicos e dos processos de trabalho, sem,
contudo, fundir estas duas dimensdes. Além disso, dado o grande desenvolvimento do
saber técnico-cientifico dos dias atuais, este componente saber da tecnologia ganha
qualidade estatuto social adicionais. Assim, novas tecnologias sdo lancadas no
mercado todos os dias e com isso as demandas pela incorporacéo pelo sistema de
saude geradas pelas industrias, pacientes e profissionais de saude, tém crescido e
continuara crescendo.

Com o intuito de colaborar com os dados ja existentes na literatura, este volume
traz atualizacbes sobre novas tecnologias que implementam melhores estratégias
terapéuticas, que podem inovar o tratamento dos pacientes de um modo mais pratico
e resolutivo, assim esta obra é dedicada tanto a populacéo de forma geral, quanto aos
profissionais e estudantes da area da saude. Dessa forma, os artigos apresentados
neste volume abordam: aplicabilidade da robotica em terapia para reabilitacdo de
pacientes com perdas de membros; jogo educativo para avaliagdo cognitivo-motor
de deficientes intelectuais, avaliacdo da resposta da frequéncia cardiaca de adultos
durante teste cardiopulmonar; tecnologias aplicadas a oftalmica como forma de
melhorar a qualidade de vida; exposicao a radiagao ionizante em cirurgias ortopédicas;
consideragdes sobre 0 espectro luminoso da descarga eletrocirirgica; desenvolvimento
de hidrogéis de quitosana associados a Ibuprofeno para liberagdo controlada; sistema
de identificacao de alimentos baseado em imagens de porc¢des alimentares; a hemolise
como fator interferente em parametros bioquimicos; planejamento em area estética de
implante instalado tardiamente pds exodontia - relato de caso clinico e epidemiologia
do Alzheimer.

Sendo assim, almejamos que este livio possa colaborar com informacoes
relevantes aos estudantes e profissionais de saude sobre diferentes tecnologias e
técnicas aplicada & saude, que podem ser usadas para aprimorar a pratica profissional,
e também para a populacédo de forma geral, apresentando informagdes atuais sobre



técnicas e tecnologias aplicadas a saude.
Nayara Araujo Cardoso

Renan Rhonalty Rocha
Maria Vitéria Laurindo
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CAPITULO 9

A NEW MEASURE TO EVALUATE SUBTHRESHOLD

Rodrigo Felipe de Oliveira Pena
Universidade de Sao Paulo, Faculdade de
Filosofia Ciéncias e Letras de Ribeirdao Preto,
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ABSTRACT: The subthreshold resonance of a
neuron is generally identified by the frequency
by which there is a peak in the impedance
profile. However, this measure does not take
into account subtle differences among upper

A Produgao do Conhecimento na Engenharia Biomédica

RESONANCE IN NEURONS

and bottom voltage responses under the
presence of an oscillatory current. We define
two new measures, namely depolarized
impedance Z*(f) and hyperpolarized impedance
Z(f), which split the usual impedance profile
into these voltage responses and show new
response profiles of neurons when submitted
to oscillatory currents. Our investigation with
these measures with a biophysical model of a
pyramidal cell present results demonstrating
that when the amplitude of the oscillatory
current is enhanced, asymmetrical responses
appear. This suggests that a neuron can be
sensitive not only to changes in the frequency of
its synaptic inputs but also to other features not
covered by other measures, and also that this
sensitivity depends on intrinsic parameters of its
ionic currents. Our theoretical results reproduce
such a phenomenon which has been observed
experimentally and we expect it to be useful in
further studies of resonance in neurons.

KEYWORDS:

modeling; subthreshold oscillations; biophysical

resonance; computational

model; pyramidal cell
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11 INTRODUCTION

The subthreshold resonance properties of neurons are usually measured by
submitting a neuron to the so-called ZAP function. The ZAP function is a current with
increasing frequency so that the response of the neuron can be studied systematically.

Interestingly, the neuronal response depends on the ionic combination embedded
in the neuron (see Fig. 1).
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Figure 1. The problem of subthreshold resonance is usually approached with the application of
an oscillatory current with increasing frequency (ZAP). Depending on the ionic current involved
in the neuron, its response to a given input can be enhanced (resonance). Otherwise, the
neuron usually presents a low- pass filtering behavior.

From the output, the impedance amplitude profile is constructed as the ratio of
Fourier transforms of output and input: Z(A=FFT_/FFT(HUTCHEON and YAROM,
2000; ROTSTEIN and NADIM, 2014). The resonance frequency corresponds to a peak
in Z(f). In general, for low amplitude (~10 pA) ZAP functions the voltage response
oscillations are symmetric about a reference voltage line. However, there is evidence
of asymmetric responses to ZAP functions, with non-coincident depolarizing and
hyperpolarizing membrane resonance frequencies (FISCHER, LEIBOLD and FELMY,
2018). Here we study this effect for high amplitude ZAP functions (>10 pA). To deal with
the problem we propose two different measures than the usual Z(f).

2| METHODS

To tackle asymmetric voltage response oscillations, we propose two different
measures than the usual ratio of Fourier transforms. We take the holding membrane
potential (V, ) as reference voltage line, so that voltages above it will be positive and
voltages below it will be negative, and, for each frequency f, measure the magnitudes
of the maximum (peak) and minimum (trough) voltage traces normalized by the ZAP
current amplitude (Fig. 2). Let us call these two quantities, which depend on the
frequency fand have dimensions of impedance, Z#(f) and Z(f) respectively.




DC current applied
1,
! rest

Viholdd oot L AN

ZAP applied

1

trough

Time

Figure 2. Method for calculation of Z*(f) and Z(f). At the beginning of simulation the neuron is at
the resting potential (V__). Shortly after that, the potential changes to the holding potential (V, ),

hold
which is taken as reference (voltages above it are positive and voltages below it are negative).

After the ZAP current is applied, the peaks V#(f) and troughs V/(f) of the voltage response are
taken, and Z(f) and Z(f) are calculated as these respective quantities normalized by the ZAP
amplitude A (see text).

We characterized how different ionic currents can affect Z*(f) and Z(f) in a
Hodgkin-Huxley type neuron model (the model was described by us elsewhere in
Pena et al. 2018 and in Zemankovics et al. 2010). Two ionic currents were considered,
delayed rectifier potassium (I, ) and hyperpolarization-activated (l,) current, modeled
as described by Popischil et al. 2008. The problem was investigated with computational
simulations of the neuron model submitted to a ZAP current.

3| RESULTS

In Fig. 3 we show examples of Z*(f) (solid lines) and Z(f) (dashed lines) measured
from our simulations. For the low ZAP current amplitude (A = 10 pA; Figs. 3a and 3c),
Z(f) and Z(f) are identical for the two combinations of ionic currents considered (only
I or I and /). This corresponds to symmetric voltage oscillation envelopes and to
single resonance frequencies (coincident depolarizing and hyperpolarizing membrane
resonances). On the other hand, for the high ZAP current amplitude (A = 1 nA; Figs.
3b and 3d), Z(f) and Z(f) display different behavior. Not only the depolarizing and
hyperpolarizing membrane resonance peaks are different but, depending on the holding
potential, a resonance peak can exist in Z(f) (hyperpolarizing resonance) but not in
Z'(f) (absence of depolarizing resonance). Interestingly, when |/ , and | are present
together Z(f) can feature two resonance peaks (see the small hump in the Z(f) trace in
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the zoom in Fig. 3d).

(In) (In + Ixa)
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Figure 3. Z*(f) and Z(f) curves for different ionic current combinations, ZAP current amplitudes
and holding potential values. Panels (a) and (b) refer to neuron with only / currents while panels
(c) and (d) refer to neuron with / and / , currents. Solid lines show Z*(f) and dashed lines show
Z(f). Colors indicate the different values of holding potential: =120 mV (blue), -90 mV (green),
—60 mV (red), and —-40 mV (black). Titles above panels show ZAP current amplitude (10 pA or 1
nA). Insets show representative voltage responses to ZAP currents (colors are the same as for
the holding potentials). In panel (d) a zoom of Z*(f) and Z(f) is shown for voltage clamped at —40
mV and frequencies in the high end of the range considered.

For the case of high ZAP current amplitude, the differences between the
depolarizing and the hyperpolarizing membrane resonance peaks and frequencies can
be quantified as shown in Fig. 4. We define the difference between the resonance peaks
of Z*(f) and Z(f) as the resonance peak shift AZ= Z*(w* ) - Z(w ), and the difference

between the corresponding resonance frequencies as the resonance frequency shift
A(l) = w+res - w-res'

55 1
50 1

Z [MQLS_

40 1

35 1

6 10 12

4 8
Frequency [Hz|

Figure 4. Resonance peak shift (AZ) and resonance frequency shift (Aw) definitions. The figure

corresponds to ZAP current amplitude A = 1 nA (for ZAP current amplitude of 10 pA, AZ = Aw

=0), and to the case with only | presentand V,  =-94 mV (this is the value for the largest Aw

observed by us). The resonance peak of Z*(f) is indicated by a red asterisk and the resonance
peak of Z(f) is indicated by a red triangle.
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In our simulations, the Z*(f) and Z(f) curves depend on the ionic currents involved
and the holding potential value. To study the combined effect of an ionic current

parameter (in this case the / time constant [1,) and the holding potential value (V, )

on AZ and Aw, we show in Fig. 5 the behavior of these two quantities in the two-

dimensional diagram spanned by V. . (in the abscissas axis) and 7 (in the ordinates

axis), the V, ,—7, diagram. Only cases where resonance peaks were observed for both
Z(fyand Z(f) Z*(f) forthe same V,  and 7, pair were considered. One can observe that
both the current kinetics and the holding potential can change the resonance properties

of Z*(f) and Z(f).

(a) AZ [MQ)] (b) w [He]
Th [ms] ° i

-120 -110 -100 -90 -80 -70 —-60 -50 -120 -110 -100 -90 -80 -70 -60 -50

Vhold [mV] Viold | mV]

Figure 5. Characterization of the neuron’s resonance behavior in the V, 7, diagram. Only
the cases where both depolarizing and hyperpolarizing resonances where S|multaneously
observed were considered. Otherwise, AZ and Aw were made equal to zero. (a) Behavior of the
resonance peak shift AZ. (b) Behavior of the resonance frequency shift Aw. Color bars indicate
the corresponding AZ and Aw values. Data in this figure were generated for the case with only /.
present.

On the right-hand sides of the diagrams for AZ (Fig. 5a) and Aw (Fig. 5b), AZ =
0 and Aw = 0. This means nearly similar hyperpolarizing and depolarizing resonance
magnitude peaks occurring at nearly the same frequency. In other words, symmetric
voltage response profiles. On the other hand, on the left-hand side of the diagram for
AZ, AZ changes from negative values to positive ones (passing through zero) as V.

hold
decreases and T, increases. So, there are two regions of the V, | —1._diagram where the

hold
resonance profile is asymmetric: the upper part of the left-hand side and the left-hand
corner. The left-hand corner is a region with small Aw (Fig. 5b), indicating asymmetric
resonance peaks for small frequency changes. The upper part of the left-hand side
of the V. -7, diagram is a region where Aw is relatively large (Fig. 5b), indicating
asymmetric resonance peaks at well separated frequencies.

Therefore, there are two regions in the V, -7, diagram the neuron would be
able to discriminate the frequency change Aw of the input current based on its voltage
response profile. In one of them, the sensitivity (measured as the magnitude of the
asymmetric response divided by the magnitude of the frequency change) is high, and

in the other the sensitivity is lower.
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4 | DISCUSSION

Our simulation results suggest that a neuron can be sensitive to changes in the
frequency of its synaptic inputs, and this sensitivity depends on intrinsic parameters of
its ionic currents. It is known that changes in the kinetics of the / current are linked to
several channelopathies such as epilepsy (GEORGE, 2004). This suggests a potential
link between alterations in the I kinetics and alterations in neuronal sensitivity to input
frequencies by means of asymmetric hyperpolarizing and depolarizing resonance
responses.

Our theoretical results reproduce a phenomenon which has been observed
experimentally (FISCHER, LEIBOLD and FELMY, 2018) suggesting that the extraction
of the Z*(f) and Z (f) quantities as defined here can be useful in further studies of
resonance phenomena in neurons. In particular, these quantities could be used to
characterize the differential response of neurons to inputs with different frequencies.
Lastly, our simulation results also suggest that the negative impedance profile of a
neuron can have two resonance peaks, which is a phenomenon that deserves further
exploration.

51 ACKNOWLEDGMENT

This work was produced as part of the activiies of FAPESP Research,
Dissemination and Innovation Center for Neuromathematics grant 2013/07699-0.
VLC and RFOP are recipients of the respective FAPESP scholarships: 2017/05874-0
and 2013/25667-8. CCC is supported by a CAPES PhD scholarship. ACR is partially
supported by the CNPq fellowship grant 306251/2014-0. RFOP and ACR are also part
of the IRTG 1740/TRP 2015/50122-0, funded by DFG/FAPESP.

REFERENCIAS

FISCHER, Linda; LEIBOLD, Christian; FELMY, Felix. Resonance Properties in Auditory Brainstem
Neurons. Frontiers in Cellular Neuroscience, v. 12, p. 8, 2018.

GEORGE JR, Alfred L. Inherited channelopathies associated with epilepsy. Epilepsy Currents, v.
4,n. 2, p. 65-70, 2004.

HUTCHEON, Bruce; YAROM, Yosef. Resonance, oscillation and the intrinsic frequency
preferences of neurons. Trends in Neurosciences, v. 23, n. 5, p. 216-222, 2000.

PENA, Rodrigo FO et al. Interplay of activation kinetics and the derivative conductance
determines resonance properties of neurons. Physical Review E, v. 97, n. 4, p. 042408, 2018.

POSPISCHIL, Martin et al. Minimal Hodgkin—Huxley type models for different classes of cortical
and thalamic neurons. Biological cybernetics, v. 99, n. 4-5, p. 427-441, 2008.

ROTSTEIN, Horacio G.; NADIM, Farzan. Frequency preference in two-dimensional neural

A Produgao do Conhecimento na Engenharia Biomédica Capitulo 9




models: a linear analysis of the interaction between resonant and amplifying currents. Journal
of Computational Neuroscience, v. 37, n. 1, p. 9-28, 2014.

ZEMANKOVICS, Rita et al. Differences in subthreshold resonance of hippocampal pyramidal
cells and interneurons: the role of h-current and passive membrane characteristics. The Journal
of Physiology, v. 588, n. 12, p. 2109-2132, 2010.

A Produgao do Conhecimento na Engenharia Biomédica Capitulo 9



SOBRE OS ORGANIZADORES

NAYARA ARAUJO CARDOSO - Graduada com titulacdo de Bacharel em Farmacia
com formacdo generalista pelo Instituto Superior de Teologia Aplicada — INTA.
Especialista em Farmacia Clinica e Cuidados Farmacéuticos pela Escola Superior
da Amazbénia — ESAMAZ. Mestre em Biotecnologia pela Universidade Federal do
Ceard — Campus Sobral. Membro do Laboratério de Fisiologia e Neurociéncia, da
Universidade Federal do Ceara — Campus Sobral, no qual desenvolve pesquisas na
area de neurofarmacologia, com énfase em modelos animais de depressao, ansiedade
e convulsao. Atualmente € Farmacéutica Assistente Técnica na empresa Farmacia
Sao Joao, Sobral — Ceara e Farmacéutica Supervisora no Hospital Regional Norte,
Sobral — Ceara.

RENAN RHONALTY ROCHA - Graduado com titulacdo de Bacharel em Farmacia com
formacao generalista pelo Instituto Superior de Teologia Aplicada - INTA. Especialista
em Gestdo da Assisténcia Farmacéutica e Gestdo de Farméacia Hospitalar pela
Universidade Candido Mendes. Especialista em Analises Clinicas e Toxicologicas pela
Faculdade Farias Brito. Especialista em Farmacia Clinica e Cuidados Farmacéuticos
pela Escola Superior da Amazénia - ESAMAZ. Especialista em Micropolitica da
Gestao e Trabalho em Satde do Sistema Unico de Saude pela Universidade Federal
Fluminense. Farmacéutico da Farmacia Satélite da Emergéncia da Santa Casa de
Sobral/CE, possuindo experiéncia também em Farmécia Satélite do Centro Cirurgico.
Membro integrante da Comissdo de Farmacovigilancia do referido hospital. Foi
coordenador da assisténcia farmacéutica de Morrinhos/CE por dois anos. Mestrando
em Biotecnologia pela Universidade Federal do Ceara - UFC.

MARIA VITORIA LAURINDO - Graduada com titulagdo de Bacharel em Enfermagem
pelo Centro Universitario INTA — UNINTA. Foi bolsista no hospital da Santa Casa de
Misericordia de Sobral (SCMS) no setor de Quimioterapia, participei do programa de
monitoria na disciplina de Patologia Humana e fui integrante do Projeto de Extensao
Humanizacao Hospitalar. Assim como, desenvolvi agcbes em educacéao e saude como
extensionista para pacientes parturientes no hospital Santa Casa de Sobral (SCMS).
Pés-Graduanda em Urgéncia e Emergéncia pela Universidade Candido Mendes —
UCAM.

A Producao do Conhecimento na Engenharia Biomédica Sobre os Organizadores m




Agéncia Brasileira do ISBN
ISBN 978-85-7247-382-8

o =7

885727473828





