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Abstract

Brain imaging is a vanguard and promising topic with uncountable applications in several
elds. This project is driven by the development of a new brain imaging technique that
could provide activity information with spatial resolution using microwaves. Being cognition
based on the action potential phenomenon, in order to see whether its effects on the dielectric
properties of the medium are visible, a plant capable of propagating action potentials is used
as experimental subject, constituting the main body of the thesis. With the experimental
results, the investigation is taken to the next step on actual neurons in neuronal cultures
whose results will determine whether the method is viable or not.

In this thesis there can be found, rst, a theoretical introduction on action potentials
in both human neurons and plants. Then, there is a thorough explanation of the different
experiments designed in order to detect plant action potentials in two different simultaneous
ways together with the discussion of the obtained results and possible setup enhancements.

Finally, there is the design of the experiments with neuronal cultures optimized with the

collected information from the plant experiments in order to achieve better results.
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Chapter 1

Introduction

One of the biggest unknowns of humanity is brain's structure. This makes brain imaging

a vanguard topic with several applications in a very varied range of elds going from
pure medical contributions in a vast amount of disciplines, to game development via brain
computer interface (BCI). The brain is composed by aral@d neurons with around 7000
average synaptic connections each, whose communications constitute the base of human
cognition. Communications that rely on the action potential phenomenon.

The action potential is an excitation of the neuron in the form of a potential difference
change in its membrane that is propagated along its axon. The neuron rest membrane potential
is around 70mV, but when the action potential occurs it goes up to abotimV thanks
to the ux of ions allowed by voltage-gated channels. Whenever the axon potential reaches
the end of the axon, in case of a chemical synapse, it triggers the release of the so-called
neurotransmitters into the synaptic cleft and, there, they are captioned by the next neuron's
dendrite. Depending on the nature of the neurotransmitters, whether they are excitatory or
inhibitory, an effect on the targeted neuron is induced in a way that it opens the ion channels
to induce an action potential (excitatory) or that it closes them (inhibitory).

The development of this project is motivated by the idea of developing a whole new
technique of brain imaging that can provide new and more precise information. The action
potential process induces a sharp change in the dielectric properties of the medium surround-

ing and contained within the neuron that can probably be detected using microwaves. The
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detection, though, can't have single-neuron precision, but rather provides information of the
average dielectric properties in a volume of the order of cubic centimeters. However, in order
to perform the rst measurements, one needs to roughly know what is the order of magnitude
of the mentioned dielectric variations that are to be detected, thing that constitutes the main
goal of this project.

The action potential process happening in human neurons is found to be analogous to
the one produced in sensitive plants, with which it can be easier to measure and characterize
while avoiding any harm risk to animals or people. The main objective of this project
is, measure and characterize the action potential producet¥imasa Pudicgplant in a
wide range of frequencies, but, more precisely, the interest is focused on the behaviour
of the dielectric properties (permittivity and conductivity) in the microwave range. From
the obtained results, we expect to be able to extract the necessary information to bring the

measurements to neuronal cultures and carry on with the brain imaging investigation.

1.1 Neural action potential

Neurons are very complex cells that can adopt very different connections and conformations
between them to the point that a neuron can even be connected to itself and that its size can
range from a few micrometers up to one meter. Nevertheless, given the nature of the project,
only the most common and simplest case will be addressed.

The structure of the neuron is composed of three differentiated parts: dendrites, soma
and axon. The soma constitutes the main body of the neuron and contains the cell nucleus
together with the organelles needed to keep the neuron alive. Dendrites branch from the
soma and they are the neuron input connections with its neighbours. Dendrites have synaptic
connections with other neurons' axon terminations and they receive and propagate the
received electrochemical stimulation into the soma. The axon is a long branch of the cell
typically thicker than the dendrites capable of propagating electrical impulses and exciting
other neurons through the synapses located in its terminations. Depending on the neuron, the

axon can be covered by several myelin sheaths, which are isolating layers that severely speed



1.1 Neural action potential 3

Fig. 1.1 Typical neuron structure

up the signal propagation throughout the axon making it propagate by saltatory conduction.
The space left between myelin sheaths is called nodes of Ranvier and the separation between
consecutive nodes is of the orderlmhm Figure 1.1 shows the basic structure of a typical

neuron.

Neurons at rest have several mechanisms to keep a steady state outside of electrostatic and
hydrostatic equilibrium that results in a membrane potential 8dmV, that is, the potential
difference that there is between the intracellular medium and the extracellular medium. This
potential is mainly due to the difference in the concentration between so#laf) énd
potassium K*) ions in both mediums. Inside the cell, there is a high concentration of
potassium and a very low concentration of sodium, whereas in the outer medium there is a
low potassium concentration and a high sodium concentration. The concentration gradient

pushes sodium inside the cell and potassium outside the cell.

The concentration difference is strongly regulated by the sodium-potassium pump, that
consumes energy (in form of ATP) to bringl&" outside of the cell andkR" inside the
cell against the hydrostatic gradient, trade that also results into a net ux of a positive
charge outside the cell contributing to the potential difference between both membrane sides.
Another mechanism that holds the membrane potential is the difference in the leaks between

different ion channels. Along the cell membrane,there are several ion channels that allow
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Fig. 1.2 Membrane potential during action potential

the ux of different speci c kinds of ionsa*, K*,Cl ,Ca'?,...) across the membrane.

The most relevant ion channels involved in the action potential process are the voltage-gated
sodium and potassium channels, which close or open depending on the membrane potential
(both closed at 70mV). Nevertheless, even with the channels in their closed conformation,
there are leaks that allow a small ux of ions across the membrane. Itis found that potassium
have higher leaks than sodium, which means that there is a major ux of potassium than
sodium across the membrane following the hydrostatic gradient and, thus, resulting into an

ef ux of positive charges outside the membrane.

The action potential consists mainly of four phases: stimulation, depolarization, repo-
larization and refractory period, which are regulated by the mechanisms that have been
explained. The process, though, is very sharp and fast such that the ion concentrations inside

and outside the cell vary in orders of magnitude in a matter of a millisecond. Hence, the
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Fig. 1.3a-function

strong variation of dielectric properties of the medium. Also, it is commonly said that, when-
ever an action potential is triggered, the neuron has red. Figure 1.2 shows the membrane

potential evolution during an action potential and its different phases.

Stimulation

Neurons are constantly receiving signals from their neighbours that are transmitted to the
soma throughout the dendrites. These signals produce a temporary rise in the neuron
membrane potential whose amplitude depends on the synaptic strength of each connection
generating a sudden membrane potential rise that decays exponentially following the shape of
the calleda -function (Figure 1.3). When there are enough stimulus received in a determined
period of time such that they all, together with noise, add up to depolarise the membrane
potential from 70mV upto 55mV in the axon hillock, the voltage-gated sodium channels
open and the action potential is triggered. However, if the frequency of stimulation is not
high enough, the initial depolarization cannot reach the voltage threshold to open the sodium

channels and the action potential does not occur.
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Depolarization

When the neuron opens the ritachannels, a self-induced reaction with positive feedback
begins. The opening of the sodium channels increases the sodium permeability drastically
and, due to the hydrostatic and electrostatic gradient, there is a sharp in ux of sodium into
the cell. This big in ux, increases the membrane potential, which opens more channels and
more sodium gets inside the membrane and diffuses towards the zones with low sodium
concentration propagating a wave of depolarization. This positive-feedback process rapidly
brings the membrane potential close to the sodium membrane equilibrium potegtial (
+55mV) up to aroundr 40mV. The process, actually, inverts the difference in charge leaving
the inner of the membrane positively charged and the outside of the membrane negatively

charged.

The membrane potential does not reach sodium's equilibrium membrane potential be-
cause, at some point, sodium channels close again and cannot be reopened for a period of
time. Moreover, the in ux of positive charges increases the potassium leaks, which reduce
the membrane potential. Besides, voltage gated potassium channels open and a rapid out ow

of potassium begins going to the repolarization phase.

Repolarization

When sodium channels close and potassium channels open, the inverse effect occurs to
the membrane potential and it is brought close to the potassium membrane rest potential
(Ex' 90mV). Again, the potassium channels close before that potential is reached but,
because their conformations change slower than the sodium channels, the depolarization
overshoots and makes the membrane potential go beltbmV, resulting into a hyper-

polarization very close to 90mV.

The depolarization wave propagating along the axon is followed by a repolarization wave

that brings the membrae potential back down.
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Refractory period

The refractory period is the time that takes the membrane potential to reach th& fasv

membrane potential from the hyper-polarization. During this time, action potentials cannot
be triggered and, in fact, this prevents the depolarization and repolarization waves from going
back along the axon. Without the refractory period, action potentials would propagate in
both directions in the axon and signals would not have directionality. Moreover, it prevents

the excitation wave re ection once it has reached the end of the axon.

1.2 Mimosa Pudica

Mimosa Pudicaalso known as sensitive mimosa or tickle-me plant, is a thigmonastic plant
that folds its leafs and hangs down the petioles reacting to several kinds of external stimuli.
However, it does not only react to direct contact, but also to vibrations, abrupt changes
in temperature and illumination, wounds, drought, etc. Figure 1.4 shows the last sample
plant used in the experiments with the names of the parts of interest. For more images, see
Appendix A where there is an intensively illustrated description of the care process.

Whenever a stimulus is received, the plant sends an electrical signal in the form of action
potential along the petiole in order to fold the affected leaves and/or hang down the petiole.
Depending on the severity or the nature of the stimulus, the plant can close all the leaves in
its branch and put the petiole down at both the same time or sequentially. For example, a
gentle touch to one of the leaves will thoroughly close its pinnules and will not have any
other additional effect on the branch, whilst a hit to the branch will close all the pinnate leafs
and put the affected petiole down all at once. For each reaction, an action potential travels
along the petiole, hence, the reason of taking this plant as subject for the experiment. In case
that the leafs are to be folded sequentially, a train of action potentials is sent. Nonetheless, if
the petiole is to fold entirely at once, there can only be seen a big action potential travelling
along the petiole.

Given that plants do not have muscles to contract, all their movements are carried out

thanks to hydraulic forces. Plant cells have vacuoles lled with water that constitute around
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Fig. 1.4Mimosa Pudicgarts of interest
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70% 80% of the cell body. These vacuoles have developed extremely ef cient ways of
moving water in and out the cell via specialized membrane channels eajlexporins
resulting into an enlargement or shrinking of the cell itself. These changes in volume,
depending on the location of the cells throughout the plant, can cause the plant to move. For
example, when the cells located at the pulvinus (see Figure 1.4) shrink, the petiole hangs

down.

The water movement of the plant cells is triggered by the action potential mechanism.
Just like in the neural action potential, a severe variation in ionic concentrations inside and
outside the cell is produced, thus, breaking the resting osmotic equilibrium and producing a
movement of the water through the specialized channels due to the generation of an osmotic
pressure. The action potential process in plants is of the scale of seconds ranging from around

1sto 1Gsand it is transmitted between cells by direct contact.

Plant cells at rest have a high chlorid® () and potassiumK*) concentration inside the
membrane and a high calciu@&" %) concentration outside the membrane, which translates
into a negative membrane potential of the cell. When the plant is stimulated, there is an
excess of calcium released into the extracellular medium that diffuses into the cells. This ion
in ux results into an in ux of positive charges that rises the membrane potential(depolarizes
it). When the membrane potential is high enough, it opens the chloride voltage-gated
channels, triggering the action potential process. With the opening of chloride channels, the
depolarization process begins: chloride diffuses outside of the cell following the hydrostatic
equilibrium and rising the membrane potential (negative charge ef ux). When the potential
is high enough, voltage-gated potassium channels open starting the repolarization process:
potassium ows out of the membrane following the hydrostatic and electrostatic equilibrium
bringing back down the membrane potential. Nevertheless, potassium channels are slow
changing conformation and the potential decrease results into a hyper-polarization of the
membrane that de nes a refractory period until the resting potential is achieved back again,
just as it happens with neurons. It is with the ef ux of potassium and calcium ions that the

osmotic equilibrium is heavily broken and the water rapidly ushes out of the cell through
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Fig. 1.5Mimosa pudicaaction potential cycle

the aquaporins shrinking it. Once the ion concentrations are restored, the water starts to
slowly Il back into the cell restoring its initial volume.

Figure 1.5 shows the combined process of the action potential with the cell volume
variation. Notice that the time scale of the shrinking process is orders of magnitude shorter
than the time scale of the lling process. This is wlilymosa pudicalants react fast (matter
of seconds) to external stimuli but then take fré6up to30 minutes (or more) to recover
their original conformation. Yet, the cells are still capable of propagating more action
potentials in the shrunk conformation provided that the ion concentrations are restored during
the refractory time.

With this, the action potential that occursMimosa Pudicaand travels along its petioles
can, somewhat, be considered analogous to the action potential generated in the neurons. Even
if not identical, both mechanisms rely on the relatively fast exchange of ion concentrations
between intracellular and extracellular media and, more precisely, both rely heavily on

potassium ows. Itis, in fact, a macro scaled version of the neural action potential provided
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that it takes 1000 to 10000 times longer to occmsfor the neuron and-10s for the plant)

and travels froml00to 10000times slower along the petiol&-L00m=s for the neuron and
lcnesfor the plant). Hence, one of the major hypothesis on which the project is based is
that the variation in the dielectric properties of the medium containing the cells whenever an
action potential is propagating along them is of the same order of magnitude in both cases:
neuron and plant with the advantage that the plant can be easily manipulated and the time
scale of the different phenomena and the speed at which they occur can be perceived in naked

eye.

References of this chapter [1, 3, 6, 10, Backyard-Brains]






Chapter 2

Mimosa pudica measurements

The main experimental subject of the experiments that are to be carried out throughout
the project is thaMimosa Pudicglant introduced in the previous chapter. Given that the
experimental subject is a living being, there are several environmental conditions that need to
be taken into account as well as the adaption of the conventional measurement techniques.

The rst priority is providing the plant with an environment that suits its light and
temperature needs together with proper watering and care in order to guarantee the optimal
plant's health. The plant does not react to external stimuli or reacts too weakly if it is not
healthy and strong enough, provided that the propagation of action potentials requires a lot
of energy to be performed. Furthermore, the plant folds down whenever it lacks light, so
intense illumination upon it is required to grant, rst, the capability of excitation for the plant
and, second, a fast conformation recovery after each excitation.

Due to the current year season, there are no gidimnosa Pudicglants available in any
garden in Europe and most of the companies that sell this kind of plant in other continents
have very restricted policies about overseas shipments. Therefore, there must be avoided any
possible harm to the plant when performing the measurements in order to preserve the few
and weak available subjects as much as possible. Hence, the setups are required to be gently
adapted to the plant.

Despite all the possible care, every time a plant is taken as a measurement subject,

transported and repeatedly excited, the suffered stress supposesagaesteriorinealth
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issues that threaten the entire plant's survivability and end up, at least, with the drought
of the subject petioles. Appendix A contains a log with all the measures taken to preserve
and recover the health of the plants and always have an available experimental subject to
perform the measurements. In fact, there was not even one plant available for measuring at
the beginning of the project and, thanks to the dedication and time put into it, there have been
achieved three decent subject plants that have allowed the obtaining of results. Nevertheless,
changing experimental subject is a very delicate and risky decision since every plant is
different in many aspects and the designed measurement devices probably do not t perfectly

in a different plant.

The measurements carried out on the plant have two different main goals. The rst
measurements are to detect the propagation of the action potentials along the plant petiole
measuring the potential difference originated between different points of the plant with the
goal of obtaining better information of the excitability of the plant and the way it responds
to different stimuli. This information is required to then know how the possible variations
seen in the plant dielectric properties relate with the action potential propagation. Then, the
second measurements are to characterize the actual dielectric properties of the dant (
propagating an electrical eld along the petiole using a microstrip line speci cally designed

for the case.

In the following sections there is an in-depth and thorough explanation of the experimental
design, the resulting setup, the measurement procedure and an analysis of the obtained results

in every case.

2.1 Action potential

The rst step to characterize the effects of an action potential along the plant's petiole is
knowing when and how an action potential is generated. The propagation of an action poten-
tial pulse induces a local electric potential variation that travels along the plant. Therefore,

the phenomenon can be directly detected by measuring the potential difference between two
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different points of the plant, which momentarily changes whenever an action potential goes
through one of such points.

It is known that there is an action potential generation for each action of the plant. Hence,
the measurement result depends on the kind of stimulation under which the plant is submitted
because, as mentioned previously, the plant is capable of reacting to several external kinds of
stimulation and each one of them induces a different response, thus, it is a relevant matter to
be addressed when designing the experiment. The main stimulation methods are descrived

below.

Direct contact The most common stimulation method is hitting one of the plant branches
in order to fold it entirely with one action potential generation. This method makes
it very easy to control the action potential generation, nevertheless, it is bound to the
plant's capability and velocity of recovering its open conformation and it generates
strong physical vibrations that might affect the measurement results in case that the

setup is sensitive to them.

Currentinduction This method is based on the current induction inside the plant close
to the pulvinus using two electrodes, which avoids any possible kind of physical
perturbation in the setup and is capable of producing action potentials even when the
plant is entirely folded. However, this method Kkills the petiole and, ultimately, the
plant so, even though it is the best stimulation method providing full control of the
action potential generation, no down time between measurements and complete setup

physical alteration avoidance, it cannot be afforded due to the lack of subject plants.

Temperature The stimulation via sharp temperature variation with either cold or heat
induces the sequenced folding of the different pinnate leafs and, depending on the
intensity, the drop of the petiole, thus the generation of a train of action potentials. It
makes it harder to anticipate an action potential generation, provided that the folding
sequence lacks a de ned period between events, but it does not produce any major

physical perturbation to the setup. However, it might generate lesser wounds and
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it is still bound to the open conformation recovering capabilities of the plant when

performing consecutive measurements.

Wound Mimosa Pudicareacts to harm in a similar way to how it does to temperature
generating a sequence of pulses. Yet, the strength of the reaction depends on the
severity of the wound causing a lesser wound to only close one pinnate leaf while a
major wound can close the hole branch. Despite the low perturbation of the setup, the
method relies on the growth capabilities of the plant when performing measurements
for long periods and it is not only bound to the opening speed of the plant when
performing successive measurements, but also to the availability of several injurable

Zones.

Regarding the detection, the principles and procedure is similar to those of electrocar-
diograms. As mentioned previously, the way of detecting the action potentials is seeing the
variation it induces in the potential difference between two separated points of the plant on
which contact electrodes are placed, just like with a basic electrocardiogram, there is set
a positive electrode, a negative electrode and the ground. When the action potential goes
through one of the electrodes, it rises the potential in the zone creating a spike on the potential
difference between the two electrodes. This way, if the electrode is the positive one, the spike
is positive and, in case it is the negative one, the spike is negative. One of the most common
ways of detection consists on putting the two electrodes separated along the same petiole, as
shown in Figure 2.1. With this, whenever an action potential is generated, there can be seen
two peaks in the readings: one positive and one negative corresponding to the moments in
which the action potential goes through each of the electrodes, which provides information
about action potential excitation and its propagation speed. Nonetheless, the measurement
becomes very hard to read whenever there is a train of action potentials going through the
petiole and might have misleading results in case that, for example, there are two action
potentials going one through each electrodes at the same time masking the spikes (Appendix
C shows a measurement attempt with this method). Another way of detection is by only

placing one electrode in the petiole that is to be excited. This way, it is easier to see the
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Fig. 2.1 Two electrodes located along the petiole

action potential pulses with all their different phases regardless the frequency of generation,
given that there is only one peak per spike on the reading. However, the propagation speed

information is lost.

2.1.1 Experimental setup

When designing the measurement, the experimental procedure details such as the different
kinds of excitation, the electrode placement or the detection method need to be adapted to
the available subject plants, environmental conditions and measurement instrumentation.
Figure 2.2 shows an schematic containing the different parts of the setup.

In order to measure the potential difference between two points and monitor it with the
computer, there needs to be an analog to digital converter (ADC) device. In this case, there
is available an Arduino UNO micro-controller board (ADC in Figure 2.2) with an Olimex
EKG-EMG shield (signal conditioning in Figure 2.2), that is, an extension module for the

Arduino board designed to obtain electrocardiographic and electromyographic signals to
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Fig. 2.2 Setup schematic

which the electrodes are connected and whose gain has been reduced from 205 to 86.5 to

avoid the ADC saturation (see Appendix C).

The subject plant is weak and unique, so there needs to be avoided as maximum harm as
possible with proper setup adaption. The rst thing that needs to be adapted are the electrodes
and the way they are located on the plant. The best way found for it is by attaching thin copper
wires to the crocodile clips and then coiling them into the petiole using electrocardiogram
gel to reduce the contact resistance in order to avoid harm into the petiole tissue. Appendix
B contains an exhaustive study about electrode connection and conformation, which shows
that this method is the least harmful without performance loss. Moreover, since the plant is
sensitive to physical stimulation, it cannot hold the weight of the electrodes if the excitations
are to be measured, apart from the physical harm that the plant would suffer. Therefore, a
structure made of recycled expanded polystyrene has been crafted to hold the Arduino board
with the shield and the wire weight. As can be seen in Figure 2.1, the plant barely holds any
weight nor suffers any physical stress with the connected electrodes and Figure 2.3 shows
the perfect integration of the micro-controller board and the wires in the recycled structure

for a better clari cation of its role in the overall setup.

Given that the copper wire vibration affects the measurement results, the stimulation
method must avoid any kind of physical vibration that is not induced by the plant itself
when folding and, provided that harm avoidance on the plant is also a high priority, the most
suited excitation method for the case is temperature excitation. Since this excitation method
generates a train of action potentials, the best way to measure is with just one electrode in
the petiole to distinguish easily the action potential pulses, provided that speed propagation
is not relevant for our purpose and could be estimated with the synchronization between

the measurement and video recordings (ordenafs). With this, the ground and negative
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