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Analjezik etkilere sahip polifenolik fitokimyasallar, agr1 yonetiminde bir ilgi alani
olusturmaktadir. Literatiirde klorojenik asit, rutin ve hesperidinin agrnn ve 1ilgili
mekanizmalar / siiregler lizerindeki etkileri iizerine bir¢ok calisma bulunmaktadir. Bu
alanda gelecek vaat eden biyoaktif maddeler olan bu test maddelerinin dorsal kok
gangliyon ndronlarnt diizeyinde, yani periferik diizeyde, akim-voltaj egrisi ve aksiyon
potansiyeli parametreleri iizerinden etkilerini incelemek i¢in heniiz bir caligma
yapilmamistir. Bu tezde, 1 uM, 10 uM ve 100 uM konsantrasyonlardaki uygulamalara
ve hem voltaj-clamp hem de akim-clamp modunda yapilan kayitlar ile bu parametreler
arastirilmistir. Her hiicreden ilag uygulama oncesinde alman kayitlarla kontrol verileri
almmistir.  Test edilen Ui¢ kimyasalin hepsinin aksiyon potansiyeli atesleme ve
hiperpolarizasyon sonrasi potansiyellerin esigini etkiledigi ve A tipi potasyum akim
yogunluklarmi ve potasyumun maksimum iletkenligini azalttig1 gézlenmistir. Elde edilen
bu sonuglar bu maddelerin néronal uyarilabilirlik ve analjezinin indiiksiyonu {izerine
olumlu etkileri oldugunu diistindiirmektedir.

Test edilen fitokimyasallarin tek kanal {izerine etkilerinin mekanizmalan ile iligkili,
gozlemlenen etkilerin daha kapsamli bir sekilde anlagilmasi igin single channel patch
clamp metodu ile ileride yapilacak incelemeler gereklidir.

Anahtar Sozcukler: Patch Clamp, Rutin, Hesperidin, Klorojenik asit, Arka kok

ganglionu.



ABSTRACT

INVESTIGATION OF THE EFFECTS OF RUTIN AND SOME OTHER SIMILAR
PLANT COMPONENTS ON ANALGESIA RELATED NEURONAL
ELECTROPHYSIOLOGICAL PARAMETERS IN PRIMARY CELL CULTURE

Abderaouf BOUBEKKA
Department of Pharmacology
Anadolu University, Graduate School of Health Sciences, June 2021
Supervisor: Prof. Dr. Yusuf OZTURK

Polyphenolic phytochemicals with analgesic effects are generating an area of
interest in pain management. There are many studies in the literature on the effects of
chlorogenic acid, routine and hesperidin on pain and related mechanisms / processes. No
study has yet been carried out to examine the effects of these test substances, which are
promising bioactive substances in this field, on dorsal root ganglion neurons, in other
words at the peripheral level, through the current-voltage curve and action potential
parameters. In this thesis, these parameters were investigated via getting recordings
performed both in voltage-clamp and current-clamp mode, using each cell as an auto
control for the recordings, for the concentrations at concentration of 1 uM, 10 uM and
100 pM. Results obtained provided that all the three tested chemicals have been found to
affect the threshold of action potential firing and after-hyperpolarization potentials and
reduce type A potassium current densities and maximum conductance of potassium,
which suggest a possible beneficial effect on neuronal excitability and induction of
analgesia.

As for the mechanisms by which these chemicals affect these cells at the single
channels, future examination at single channel level is required for more exhaustive
understanding of the observed effects.

Keywords: Patch Clamp, Rutin, Hesperidin, Chlorogenic Acid, Dorsal root ganglia.
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1. INTRODUCTION

Within the scope of this master’s thesis, the effects of plant components: rutin [1],
hesperidin [2] and chlorogenic acid (CGA) [3]; on analgesia related neuronal
electrophysiological parameters in primary cell culture have been investigated using in
vitro electrophysiological experiments.

1.1. Statement of The Problem

Pain is defined according to the International Association for the Study of Pain
(IASP) as "An unpleasant sensory and emotional experience associated with actual or
potential tissue damage, or described in terms of such damage", where pain is a subjective
experience that is influenced by different factors, pain should be distinguished from
nociception [4, 5].

In one hand pain and nociception is there playing the role of an alarm system that
detects and notify about damage, abnormal disturbance and other events that may impair
normal physiological functioning of the body [6]. On the other hand, the excess of pain
and nociception may affect the person’s quality of life as a result of hospital visits and
reduced productivity [7].

Effective pain treatment improves quality of life, reduces physical discomfort,
promotes earlier mobilization and return to work, decreases the number of visits to the
hospital or doctor's office, reduces the length of hospital stays and therefore reduces
health costs [8]

Providing more in vitro evidence about the positive effects of the substances on
pain that already proven to have in vivo benefits in treatment of pain will provide more
certainty and open more horizons to go further on clinical and pharmacological research
to develop new treatments for pain based on these substances.

1.2. Purpose of the Study and Objective
Antihyperalgesic effects of CGA, a bioactive polyphenol [9, 10], its anti-

inflammatory, antipyretic and analgesic effects[11, 12] have been shown in many studies.
Bearing a similar structure, hesperidin have also been shown to provide antihyperalgesic
effectsat peripheral and central levels [13], positive effectson neuropathic pain [14], anti-
inflammatory and analgesic effects mediated by transient receptor potential (TRP)
channels and a reducing effects on oxidative stress leading to the antioxidant effects [15].

There are many studies on pain-related effects of this phytochemical in neuropathic pain,

1



for instance showing its activity on the P2X3 receptor [16]. Another bioactive substance
with structural similarities with the previous ones is rutin. The amendatory effectsof rutin
on neuropathic pain [17, 18], its antinociceptive effects [19], related to its antioxidant-
mediated healing effects on peripheral neuropathy [20] have been brought to the
literature.

So far, a study in which the electrophysiological effects of these substances at the
peripheral level evaluated in terms of pain, based on the action potential (AP) and the
current-voltage (V) curve, has not been carried out yet. It is important to clarify the
mechanisms of the effects of these substances for their possible use in treatment of pain.

Pain significantly reduces the quality of life [21]. Determining effective
pharmacological agentsin pain transmission process is of great clinical importance. This
study to be carried out on dorsal root ganglion (DRG) neurons will present preclinical
dataon the peripheral aspect of pain related toroutine, hesperidin and CGA, whose effects
have been examined from various aspects and presented to the literature [22].

DRG neurons carry nociceptors that create pain perception and are active through
ion channels. These ganglia are considered as new potential therapeutic targets in
neuropathic pain [22]. Changes in these neurons affect pain transmission and change the
pain threshold. In the neuropathic pain model, there are studies in which substances have
an effect on AP or potassium (K*) and similar currents in DRG neurons by
electrophysiological methods.

Analgesic effects are associated with the change of parameters and/of various
currents such as AP and K* current in DRG neurons [23]. In this study, the effects of test
chemicals on AP parameters and current-voltage (IVV) curves on DRG neurons were
investigated. According to the voltage range in which the differences occur, the effects of
the test substances on the IV curve show which currents and in what direction it changes
them. There is no study in the literature that examines the electrophysiological effects of
the substances to be tested in this study on DRG neurons in the periphery in terms of AP
and 1V and compares these effects with each other. The fact that CGA exhibited ion
channel-related effects on neurons [12, 24, 25], with the pain-related effects of it and
similar pharmacological agents affecting electrophysiological processes at the DRG level
suggests that it may be related. Therefore, in this mechanistic study, it is planned to
illuminate the possible ion channels affected by the test substances by the patch clamp

method.



When their effects on the AP are examined, a prediction about which channels they
affect will be obtained and further studies will be designed accordingly. Thanks to the
comparative analysis, it is aimed to draw attention to which of these similar test
substances is the most active in both pain-related new drug development studies and
clinical applications.

1.3. Statement of Research Hypothesis and Rationale for Hypothesis

Polyphenols, whose analgesic effects have been demonstrated in various studies
and whose possible mechanisms of action will be examined electrophysiologically from
the peripheral perspective, are promising in this field in the light of previous data.

There are many studies in the literature on the effects of CGA, routine and
hesperidin on pain and related mechanisms/processes. No study has yet been carried out
to examine the effects of these test substances, which may be promising bioactive
substances in this field, on DRG at the peripheral level through the 1V curve and AP
parameters.

Investigation of the effects of these substances on DRG neurons, which are
indicated as a potential new target in neuropathic pain, will provide valuable datato the
literature and guide further studies. After evaluating the 1V curve and AP, it will be
possible to work on these channels separately by getting an idea about which channels
they affect.

Treatment with herbal-based solutions is a field of interest and a health practice
today. Demonstrating the effects of plant-based bioactive substances with detailed
scientific studies will provide guiding data on the use of these substances in treatment.
Also, more effective treatment solutions are needed for pain conditions that greatly affect

the patient's quality of life.



2. REVIEW OF THE LITERATURE

Pain is a perception experienced by all human, more or less intense, and despite
that pain is the main reason for seeking healthcare, its etiology remains poorly understood
[26]. Pain is purely subjective. A person does not feel the same pain stimuli the same way
with another person, and two painful events do not seem to trigger the same response or
sensation in the same person [5]. Even though pain relief is a fundamental human right
as it is written in many texts, pain continues to be a major public health problem [27].

Despite of the discomfort and impairment inflicted by pain, it is still a biological
necessity, it serves as awarning call for escape or withdrawaland helps to assess the state
of health, but in some cases regardless of the fulfillment of the beneficial role of pain, it
persists, and there it becomes a threat. The goals of medicine are to preserve and restore
health and alleviate suffering and pain, and for this it is essential to understand the
mechanisms of pain [6].

2.1. Basic Scientific Knowledge of Pain

Pain has always been an important part of human experience [27]. For a long time,
pain was only considered as a symptom of an illness or disorder. However, it is regarded
today as a disease in itself [5, 28].

2.1.1. Nature of pain

The pain experience is at the same time subjective and complex as it involves
physical, emotional and cognitive components, where the painful stimulus could be
physical and/or mental in nature.[5, 29, 30].

2.1.2. Physiology of pain

There are four physiological processes of nociceptive (normal) pain: transduction,
transmission, perception and modulation [31, 32]. Knowing each of them, helps to
identify the factors responsible for the pain, the accompanying symptoms, and the
rationale for choosing certain treatments.

Thermal, chemical or mechanical stimuli usually cause pain. The energy of these
stimuli is converted into electrical energy, a phenomenon called transduction [8].

Transduction begins at the periphery when an algogenic stimulus sends an influx
into a specific peripheral sensory nerve fiber (nociceptor) and triggers an AP [8, 31].

Therein the end of transduction, the transmission of painful stimuli begins. Cellular

damage caused by thermal, mechanical or chemical stimuli results in the release of
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excitatory neurotransmitters such as prostaglandins, bradykinin, K*, histamine or
substance P [32]. These pain provoking substances surround the pain fibers by bathing in
the extracellular fluid, spreading the pain message and inducing an inflammatory
response. Pathways responsible for pain originate in DRG, the specialized pain fibers
enter the medulla at the posterior horn and follow one of the different pathways that end
in the gray matter of the spinal cord [31].

In the posterior horn, the release of substance P allows the trans synaptic
transmission of the signal from the peripheral nerve fibers afferent (sensory) to the nerve
fibers of the spinothalamic bundle which pass on the opposite side [33].

Nerve impulses resulting from painful stimuli follow the path of afferent peripheral
nerve fibers (sensory) [8, 32]. The signal leading to perception of innocuous mechanical
stimuli is relatively fast and transported via myelinated axons. On the other hand,
nociception signal is relatively slow, transported via lightly myelinated or unmyelinated
axons falling under myelinated A delta group with a conductance velocity of 5 to 30 m/s,
and unmyelinated C fibers with velocity less than 2 m/s [34]. A fibers send sharp,
precisely localized and distinct sensations which locate the origin of the pain and
determine its intensity while The C fibers relate poorly localized stimuli, giving a burning
sensation which persist longer [8, 32, 34].

Pain and temperature information are transported to higher centers via the
anterolateral system, the painful influxes go up along the spinal cord following the
spinothalamic tract (Figure 2.1.). Once the painful impulses have passed through the
spinal cord, the thalamus transmits the information to higher centers in the brain:
reticulate formation, limbic system, somatosensory cortex and associative cortex [34]. As
soon as a painful stimulus reaches the cerebral cortex, the brain qualitatively interprets
the pain and processes the information from its past experience, knowledge, and cultural
associations of pain perception [5, 35]. Perception is the moment when awareness of the
presence pain starts. The somatosensory cortex identifies the location and intensity of
pain, while the associative cortex, primarily the limbic system, determines how pain is

experienced [34].
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Awareness of pain triggers a complex reaction. Psychological and cognitive factors
interfere with neurophysiological factors during the process of pain perception, the
reaction to pain is the physiological and behavioral responses that occur after the subject
perceives pain [34].

Response to acute painful stimuli is mediated by activation of a-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid receptor of dorsal horn neurons [36]. N-methyl-D-
aspartate (NMDA\) receptors are involved in the perception of pain and the magnesium
ion (Mg?*) blocks them physiologically [36]. After the brain percepts pain, there is a
release of inhibitory neurotransmitters, such as endogenous opioids (endorphins and
enkephalins), serotonin, norepinephrine, and gamma-aminobutyric acid (GABA), the
action of these inhibitory neurotransmitters is to prevent the transmission of pain and
generate an analgesic effect. This inhibition of painful impulses is the fourth phase of the
nociceptive process and is called modulation [32, 34].

A protective withdrawal reflex response (Figure 2.2.) also occurs with the
perception of pain A-delta fibers send sensory impulses to the spinal cord where they are
transmitted to medullary motor neurons. The motor impulses start, thanks to a reflex arc
supported by efferent nerve fibers (motor), towards a peripheral muscle close to the site
of the stimulation, thus bypassing the brain, the contraction of the muscle results in a

protective removal from the source of the pain [37, 38].
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Figure 2.2. Protective withdrawal reflex response against painful stimulus [8]



2.2. Types of Pain

Pain is classified according to its duration (acute or chronic) or according to the
underlying pathology (for example, cancer or neuropathy) [39]. Nociceptive pain includes
somatic pain (musculoskeletal) and visceral pain (internal organs), while neuropathic pain
results from an abnormality or damage to nerves specializing in the transmission of pain
[40, 41].

2.2.1. Transient acute pain

Acute pain has an identifiable cause, short-lived, corresponds to tissue damage and
has limited emotional response. It eventually goes away with or without treatment after
the injured area has healed. The goal of acute pain is to protect the body against damage
[40, 41].

2.2.2. Chronic Pain

In contrast to acute pain, chronic pain is not protective and therefore has no purpose
[42]. It lasts longer, sometimes of an unknown cause, and results in great impairment of
life quality. chronic pain can be of different origins such as cancer, polyarthritis, myo-
aponeurotic pain, low back pain headache and peripheral neuropathy [30]. It could be
divided into three broad categories: The first one is pain resulting of disease or damage
to a tissue an example of this type is osteoarthritis. The second category contains diseases
and impairments or damage to the somatosensory system that leads to pain such as
neuropathic pain, the third one contains a mixture of both mechanisms where nociceptive
coexist with neuropathic pain [33, 40].

2.2.2.1. Chronic episodic pain

Pain that occasionally occurs over an extended period of time is an episodic pain.
Painful episodes could last a few hours, days, or weeks. This include, for example
migraine or the pain of sickle cell anemia [43, 44].

2.2.2.2. Chronic cancer pain

Not all cancer patients experience pain, some of them experience acute and/or
chronic pain where it could be of the nociceptive and/or neuropathic type. Cancer pain is
usually due to tumor progression, invasive procedures, toxicity of treatments, physical
limitations and infection. It is felt at the exact site of the tumor, or at a distance from it,
also called referred pain [45, 46].



2.2.2.3. Chronic idiopathic pain

Chronic idiopathic pain is a chronic pain without an identifiable physical or
psychological cause, or it is a pain that is perceived as excessive to be caused by an
existing organic pathology [47].
2.2.2.4. Neuropathic pain

Neuropathic pain is defined by IASP as “pain caused by a lesion or disease of the
somatosensory nervous system” [39]. The inappropriate response of the nervous system
to damage can lead to spontaneous generation of pain it is divided following the cite of
lesion to central and peripheral, Treatments for neuropathic pain are non-specific and
often insufficiently effective [39, 41].

Central neuropathic pain results from and injury the central nervous system (CNS)
and it is different form allodynia and hyperalgesia [48]. Neuropathic pain could result
from as alcohol (toxic mechanism), diabetes (ischemic mechanism), traumatic (injury of
the spinal cord) [49].

2.3. Primary Afferent Neurons

DRG is a complex of many ganglia where the cell bodies of the primary afferent
neurons’ clusters. APs are generated in response to stimuli and transported from the
periphery to the neurons’ dorsal horn where glutamate will be released, or directly from
DRG neurons which can also generate Aps [50], the pattern of firing generated by DRGs
gives information about location, duration and intensity of the stimuli [51].

Each type of sensory modalities is represented in a different DRG neurons, so that
afferent neurons with different functionsare represented by the DRGs [52], but in general
while classifying DRGs this diversity is not taken in consideration, instead of that the
velocity of conduction (measured in m/s: slow < 1; medium: 1-8; fast: 9-60) and cell size
(represented by diameter or capacitance: Small :10-30 um or < 70 pF; Medium: 31-40
umor 71-90 pF; Large: 41-60 um or > 90 pF) are used [50]. Other classifications attempts
such as immunoreactivity (IR) based [52] and the one based on the AP’s shape [50] have
been proposed.

Primary afferents are nociceptors triggered by noxious external stimuli (chemical,
mechanical, thermal, etc) [53]. Based on the type of the stimuli, the pathway also changes.
There are DRG neurons responsive only to one type and others respond to different types

at the same time. Transducer proteins of different types are expressed in these neurons
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and are responsible of this difference in responsiveness [54]. This difference in
responsiveness makes it difficult to determine the function of neurons solely on the base
of stimuli responses.

One of the reasons why DRGs are considered as pain transmitters is their
expression of transient receptor potential vanilloid 1 (TRPV1) channels which are
capsaicin responsive and activated by heat (>43 °C) [55]. There are other many channels
that are also accepted as the reasons for DRGs to be considered as pain transmitters.

2.4. lon Channels Present in DRG Neurons

Electrophysiological characteristics of sensory systems are studied using cultures
of dissociated DRG neurons, these neurons present different types of channels that are
involved in the process of generation and transduction of pain signaling.

2.4.1. The TRPV1channel

As a vanilloid compound active ingredient in peppers of the capsicum family,
capsaicin has been shown to produce a sensation of heat and pain in vivo [56], and
depolarizes nociceptors and increases the concentration of free cytosolic Ca2* in vitro
[57]. These properties allowed the cloning of a heat-activated channel, the capsaicin
receptor ion channel or TRPV1 [58].

TRPV1 is a member of the superfamily of TRP ion channels which contains more
than 20 members, the TRPV subfamily is formed of 6 members TRPV1/TRPV2, TRPV3,
TRPV4, TRPV5/TRPV6. They are tetrameric complexes which contain three to five
ankyrin residues in their terminal amino domain for the attachment of cell membrane
[59]. They are cation channels that play a critical role in awide range of functions ranging
from the sensorial physiology to hearing and male fertility [60]. Expressed in a
heterologous system (cell lines, Xenopus oocyte) and in the absence of capsaicin, from
42°C TRPV1 generates a non-selective inward cationic current with preference to Ca?*
(lonic permeability of Ca2*/ lonic permeability of Na* ~ 9). The intensity of this current
increases with temperature below 50 °C [58, 61].

In mice for which the gene that codes for TRPV1 was knocked-out, a decrease in
thermosensitivity from 43°C and which is heightened around 50 °C has been observed.
This results in a decrease in the currents induced by these temperatures on the cultured
neurons [62]. TRPV1 is therefore a channel involved in thermo-nociception, but it is not

the only one responsible for this function because, neuropathic thermal hyperalgesia
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remains intact in mice where the gene coding for TRPV1 was knocked -out [62], also the
despite fact that the currents induced are similar, a study has suggested that there may be
a segregation between the maximum responses to capsaicin and to heat on cultured
sensory neurons [63]. In addition to that it has been found that some sensory neurons are
sensitive to capsaicin and insensitive to heat [63]. Moreover, TRPV1 seems to be
involved in other types of pain. this channel is potentiated by certain inflammatory
mediators, Nerve Growth Factor, ATP, and bradykinin in the spinal ganglia [64-66] The
expression of TRPV1 is upregulated under inflammatory conditions, as such, it is
considered to be an integrator of inflammatory pain [67].

DRG neurons express TRPV1, TRPV2, TRPV3and TRPV4. The TRPV1 s largely
known and studied, the influx of Ca2*into DRG neurons cause a depolarization and a
series of APs is induced, DRG neurons are sensitive to capsaicin as it is used to prove the
presence of TRPV1 channels although other receptors are sensitive to capsaicin as well
[68].

In addition to TRPV1 channels, other members of the TRP family such as TRPA1
and TRPCG6 are present in the DRG neurons [69].

2.4.2. Kv Channels

Voltage-gated K* channels (Kv) channels are tetramers of a subunits, capable of
forming homo or heterotetramers [70]. These channels are characterized by their
dependence on potential; hence, their name is Kv. An o subunit of a Kv channel contains
6 transmembrane helixes S1 to S6 including the S4 segment that contain positively
charged residues such as lysines or arginines, this segment represents the major
component of the potential sensor of the channel. Site-directed mutagenesis studies
coupled with voltage-clamp fluorometry fluorescence measurements and crystallographic
studies have shown that the movement of these charges during a change in membrane
potential induces a structural rearrangement of the S5 and S6 domains leading to opening
of the pore domain (P) of the channel which is formed by S5 and S6 [71, 72].

Kv is involved in pain perception phenomena. These K* channels are potassium-
selective transmembrane ionic pores constitutively open at rest and playing central
functions in the control of neuronal excitability. At rest, these channels bring the
membrane potential close -90mV which is the equilibrium potential of K*(-50 to -60mV

in spinal ganglion sensory neurons) and therefore reduce neuronal hyperexcitability. They
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have a major role in the regulation of membrane resting potential, the duration of APs,
membrane resistance and the release of neurotransmitters [73].

The mainly expressed Kv channels found in DRGs are Kv1.4, Kv3.4, Kv4.1, and
Kv4.3 [74]. In addition to that, the presence of other A-type Kv channels, Kv1.1-1.6,
Kv2.2, Kv3.4, Kv4.2, Kv4s, Kv7.2-7.5, Kir6.2, KCal, KCa2 and other types of K*
channels have been establish in DRGs of mammalians, with noticeable variations in the
expression of Kv1.2, Kv 1.4 and Kv 2.2 in models of neuropathic pain [74-82].

The channels Kv1.4 and Kv4s are sensitive to low voltages with the first recovers
slowly and the later recovers fast and it is responsible for the hyperpolarizing voltage in
the steady state. On the other hand, Kv3.4 channel needs high voltage to be activated [74].

Members of the KCNQ (K* Channel responsible for long QT syndrome) channel
family, also known as Kv7 channels and their subtypes (Kv7.1-7.5) are found in different
cells from different organs, their subunits are abundantly found in the pancreas, kidney,
heart, the inner ear, CNS and peripheral nervous system (PNS) as well as their presence
in the DRG neurons, their role in these tissue is related to membrane excitability hence
their utility in studies direct to understand the mechanism of membrane excitability and
treat related disorders [80, 83].

In neurons, Kv7 channels are slowly activated and are therefore involved in the
hyperpolarization phase called AHP (After Hyper Polarization). that comes after the AP.

The importance of Kv7 channels in the brain and heart has been highlighted thanks
to the phenotypes and pathologies caused by their mutations. In the heart, Kv7.1 is
primarily recognized for its involvement in congenital long QT syndrome, an inherited
heart disease characterized by prolongation of the QT interval and a high risk of
arrhythmias. This channel has also been found in the inner ear where it is involved in
some forms of deafness [70].

The slow activation of the Kv7 channels and their tendency for driving outward
current are the reasons that these channels are called delayed rectifier. First discovered
in bullfrog sympathetic ganglia, the M-current, also detected in rat DRGs, is believed to
be correlated to Kv7 [80, 84]. This current appears not to inactivate, a feature that can be
used to identify and isolate the Kv7 currents among other currents generated by other
channels in the cell by applying an inactivation protocol. The detection of currents

generated by these channels can also be performed using pharmacological agents such as
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retigabine or the less potent flupirtine, that modulate the action of Kv7 channels. In the
study of Kv7 currents inhibitors, linopirdine and its analogue XE991 were used [80].
2.4.2.1. Functions of A-Type Kv Channel Subtypes in DRG Neurons

2.42.1.1. Kvl4

These channels are present in the axons and cell bodies [85]. They are specifically
inhibited by 4-aminopyridine [81] and modulated by Ca?*. The inactivation of Kv1.4 is
fast [86]. In physiological conditions the role of this channel in controlling AP properties
in DRGs is not fully understood, nevertheless evidence shown indicates it’s probable
involvement in controlling firing frequency and the latency of APs [81]. On the other
hand, the role of Kv1.4 channels in DRGs models of pain is well established. In diabetic
neuropathic pain, chronic axon constriction injury, pancreatitis, inflammatory bowel
disease and temporomandibular joint pain models, a downregulation in the expression of
the channel and drop in the current produced by Kv1.4 have been illustrated [74].
2.4.2.1.2. Kv3.4

These channels are expressed in the axon, presynaptic terminals and especially cell
bodies of small DRG neurons [87, 88]. They are high voltage activated and hypersensitive
to tetraethylammonium [89]. The slow inactivation of Kv3.4 channels is due to the
relatively lengthy processes such as oxidation and phosphorylation of the N-terminal
inactivation domain [90].

Kv3.4 channels have been found to be involved in the regulation of the duration of
AP through modulation of the repolarization of the nociceptor and this is supported by
abundance of Kv3 currents in the repolarizing phase during nociceptor AP [74, 91].

A substantial effect of the decrease of Kv3.4 channel expression or activity and
attenuation of its current on slowing the AP repolarization and nociceptor excitability has
been clearly shown [88].
2.4.2.1.3. Kv4.1, Kv4.2, and Kv4.3

These channels are expressed in the cell bodies of small and large DRG cells with
predominance of Kv4.3 in small sized cells. Their functioning is modulated by
phosphorylation [76, 88, 92]. Dysfunction of the Kv4 channels has been related to chronic
pain and it manifests as both a reduction of expression of mRNA and the currents
produced by these types of channels which leads to depolarization of the membrane
potential and increases the excitability of the cells [88, 93, 94]. The role of Kv4 channels

present in DRG neurons in mechanical allodynia is proven [95].
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2.4.3. Ca, channels

Voltage-gated Ca?* channels (Cav), regulated by voltage changes in the plasma
membrane form the main way of entry of Ca?* into excitable cells [96]. These channels
are closed upon hyperpolarization and open upon depolarization of the plasma membrane.
Cay are divided into 2 major classes based on their activation threshold: high voltage
activated channels (HVA) which include L-type (‘Long lasting” or Cayl1.1-1.4), -P/Q
(‘Purkinje/granule cells’ or Cav2.1), -N (“Neither T or L’ or Cay2.2) and -R (‘Resistant’
or Cav2.3) channels and low voltage activated channels represented by fast activated and
inactivated T-type channels (Cav3.1-3.3).

Cav are made up of a ductal subunit al - which forms the pore through which the
Ca?*ions circulate - different depending on the type of the channels, subunits B, a2, & and
y are associated with this al subunit [96]. They are involved in the assembly, targeting
and anchoring of the channels in the membrane and are responsible for modulating the
biophysical parameters of Cay. In neurons, Cav perform several functions such as
integrating incoming electrical signals at the level of dendrites as well as the regulation
of neurotransmitters release. Genetic mutations induced changes in these channels can
cause many pathologies such as epilepsy, migraines, ataxia, myopathies, etc.

A depolarizing step to -50 mV will activate T-type current which is generally seen
between -70 to -40 mV in DRG neurons. The transient T-type currents is deactivated by
applying a holding potential of -60 to the cells [97], or by pharmacological blockers such
as dihydropyridines (nifedipine or nimodipine). On the contrary, HVA are insensitive to
dihydropyridines.

Cav1.2-1.3; Cay2.1-2.3 and Cav3.1- 3.3 types of Cay channels have been found to
be expressed in DRG neurons [98]. At presynaptic terminals of DRG neurons N-type
channels represent the majority of Cay expressed there and are believed to be involved in
the release of neurotransmitters. On the other hand, T-type channels are abundantly found
in the cell bodies, the activation of this type of Cay may lower the APs threshold and
contribute to spontaneous pain [99].

Cav channels are regulated by a variety of coupled metabotropic receptors such as
G protein-coupled receptors which regulate N-Type Cay and the Activation of GABAgs
receptor that inhibits those channels on rat’s DRG neurons, the inhibition of this type of
channels leads to suppression of N-Type Cay currents and the alleviation of pain through

the inhibition of excitatory neurotransmitters release. As such the involvement of Cay
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channels in the phenomena of pain made them a target for different studies of the effects
of different pharmacological agents such as ziconotide and gabapentin on pain
modulation [99-101].

2.4.4. Na, channels

Voltage-gated Na* channels (Nav) play a major role in the initiation and propagation
of the AP since they are responsible for the initial phase of membrane depolarization.
They are found in neurons and electrically excitable cells and also expressed at lower
levels in non-excitable cells [102].

Nay channels are a multimeric complexes composed of an alpha subunit of
approximately 260 kDa associated with one or two beta subunits of 30 to 40kDa
(heterodimeric or heterotrimeric complexes) [102].

The alpha subunit is a transmembrane protein of approximately 2000 amino acids
that contains four homologous but not identical domains (D1-D1V), each composed of six
transmembrane segments (S1-S6). The four domains join together at the membrane level
to form a central pore [102].

The four isoforms of the beta subunit consist of a single transmembrane segment,
with a large glycosylated extracellular domain comprising an immunoglobulin like part
and a small C-terminal intracellular domain [103].

Since the alpha subunit is enough by itself for the functionality of the channel, the
beta subunits essentially regulate the activity of these channels. They exert a control of
the changes of conformations of the channel (modulate the kinetics and the voltage
necessary for the activation of the channel), regulate the level of expression of the alpha
subunit in the plasma membrane. They also play a role in the interaction with the
cytoskeleton, the extracellular matrix and other cell adhesion molecules [104].

In mammalian cells, nine voltage-gated Na* channel isoforms belonging to a single
family (Nav1) have been characterized. Encoded by 9 different genes, these isoforms are
distinguished by their biophysical properties and by their tissue distribution. These
isoforms can be classified either by their localization or by their sensitivity to tetrodotoxin
(TTX) [102].

Classification of Naychannels is based generally on the reaction of the channel to
TTX (found in the venom of the puffer fish), those channels are divides into two groups:
TTX-resistant (TTX-R) channels and TTX-sensitive (TTX-S) channels.
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The isoforms Nay1.1, Nay1.2, Nav1.3, Nav1.4, Nay1.6 and Nay1.7 are said to be
TTX-sensitive (the toxin blocks the activity of the channel and the entry of Na* into the
cell). Nav1.1, Nav1.2, Nay1.3, and Nay1.6 are mainly found at the neuronal level in the
CNS, Nav1.7is found in the PNS and Nay1.4 is found in skeletal muscles [102].

On the other hand, Nav1.5, Nav1.8, Nay1.9 are said to be TTX-resistant (the
presence of the neurotoxin does not prevent the activity of the channel and the entry of
Na* ions into the cell). Nav1.8 and Nay1.9 are expressed in the PNS (especially in the
DRGs). Nay1.5is found in heart muscle and is also found in embryonic skeletal muscle
[102].

It should be noted that although these isoforms have a main localization, their
distribution in the organism is wide and they can be localized in many other tissues at
lower expression levels.

A related 10th Na* channel (Nax) is expressed in the heart, uterus, smooth muscles,
astrocytes, and neurons of the hypothalamus and PNS system. Despite about 50% match
in their amino acid sequences, it is possible that it is not highly Na*selective or fully
voltage dependent [105].

Rat DRG neurons express both TTX-R and TTX-S channels, with the first type
deactivates relatively slowly form an activation between — 35 to — 25 mV. And later
deactivates and activates rapidly in the range of - 50 to - 40 mV [106, 107]. Large DRGs
cells bodies express only TTX-S channels while small DRGs express both types with the
generation of AP in these neurons involves in big part Nay1.8 channels [108].

The involvement of Nav channels in pain mechanisms is extensively studied and
their role in neuropathic pain models is well established.

2.4.5. HCN channels

Hyperpolarization-activated cyclic nucleotide-gated cation channels (HCN) are
cation channels activated by hyperpolarization (~ -50mV). They play an important role
during repolarization phase following AP by induction of a depolarizing current, an
important activity that facilitate the generation of a new AP [109].

HCN channels are modulated by cyclic nucleotides like cCAMP and cGMP which
increase the probability of activation of the HCN channels via shifting the threshold of
activation towards more positive potentials.

The HCN channel family is formed of 4 members (4 isoforms) HCN1-4, each

functional HCN channel is made up of 4 subunits that each contain 6 transmembrane
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domains S1-6, as well as cyclic nucleotide-binding domain (CNBD) composed of 8
strands surrounded by 4 a helices for the reception of the cCAMP [110]. It is the S4
transmembrane domain, which is voltage sensitive in all 4 isoforms, the S5 and S6
segments constitute the P domain which allows the conduction and the selectivity of the
ions [111].

These channels participate in the pacemaker activity found in heart cells and
neurons, they cause the cell to depolarize and do not or very little inactivate. The current
generated by these channels (sometimes called Ifor In) is present at the resting potential
of neurons and in fact participates in the establishment of this potential. Activates between
-120 mV and -60 mV and have a reversal membrane potential of -30 mV these channels
are permeable to Na*tand K*[112].

It is also involved in cardiac rhythmicity by playing a role in controlling the
frequency of APs. These channels are also involved in neuropathic pain of traumatic and
chemical origin during cancer treatments [113].

HCN4 channels are the least expressed in rat DRG neurons which express all
isoforms of HCN channels with difference in the channel isoform abundance depending
on the neuron’s diameter as HCN1 and HCN2 represent the largest part in larger neurons,
and HCN3 in the smaller ones, with difference also in the amplitude of currents elicited
were small and medium sized DRG neurons elicit more I currents than larger ones [114]

A clear increase in In currents was found in chronic and neuropathic pain models
[115]. On the other hand, the diminution of I currents amplitude was related to analgesia
[116].

2.5. Electrical Phenomena in Cells

2.5.1. Electrical properties of the neuronal membrane

The neuronal membrane is made up of a lipid bilayer into which proteins are
inserted, this lipid bilayer separates the intracellular compartment from the extracellular
compartment. Membrane proteins are electrically charged molecules and, like any
charge-carrying element, can conduct electric current. This property can be schematized
by a conductance by a resistance (inverse of the conductance: R = 1 /G ) which is an
opposition to the flow of current [117, 118].

The electrical circuit equivalent to the neuronal membrane thus corresponds until

then to that of a current generator (battery) of 60 mV whose positive pole is oriented
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towards the extracellular compartment and the negative pole towards the interior of the
cell supplying a membrane resistance (Rm) [117, 118].

The value of this Rm, which is a direct function of the quantity of proteins included
in a portion of the membrane, is very variable: from 102 to 104 W. cm?; these values
correspond to conductances (G = 1 /R) varying from 104 to 10-2 Siemens / cm? [117,
118].

Conversely, the lipid bilayer consists of non-conductive phospholipids, giving the
membrane capacitive properties, which can be represented by a capacitor (two conductive
elements separated by an insulator) of membrane capacitance (Cm) [117, 118].

This capacitor does not modify the value of the potential difference but plays the
role of a "reservoir" of charges, which absorbs the instantaneous variations of the

potential difference between the two faces of the membrane.

The separation of the positive and negative charges carried by the capacitor induces

a potential difference between the two conducting elements such that:

V (Volts) = Q (Coulombs) / Cm (Farads) (2.1)

Where Q is the charge carried by the conducting elements. The value of the Cm
varies little from one membrane element to another; it is on average 1 uF / cm? [117,
118].

The two media, intra- and extracellular, are not perfect conductors. They have a
resistance to the passage of electric current, which can be represented schematically by a
longitudinal resistance LR.

These electrical properties of the neuronal membrane have functional
consequences.

If we consider the resistive properties of the neuronal membrane (transverse
resistance Rm), the injection of a current | through this membrane (transmembrane current

Im) reveals, at the terminals of this membrane, a voltage V m such then:

Vm = Rm x Im (Ohm's law) [117, 118] (2.2)

In reality, if the variation of the current is fast, the variation of the membrane
potential follows an exponential curve, due to the capacitive properties (Cm) of the

membrane. The transverse resistance Rm and the Cm combine their effects to determine
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the evolution over time of the installation of the voltage Vm at the terminals of the

membrane [118].

The product Rm. Cm is the time constant of the circuit (t). This product indicates,
in seconds, the time required for the voltage across the membrane to reach 63.2% of its
maximum value [118].

By its structure, the neuronal membrane is a poor conductor. An electrical
stimulation of this membrane is deformed as in a resistive-capacitive system
(Rm — Cm), and propagates only over short distances linked to the diameters of the
fibers (RL) [117, 118].

2.5.2. lonic mechanisms at origin of the resting membrane potential

In all cells, the distribution of ions on either side of the membrane is uneven. The
main free ions encountered are Na* K*, Ca?*and Cl- ions. The distribution of ions on each
other of a plasma membrane follows two major principles: electroneutrality and osmotic
balance [118, 119].

lonic solutions of intra and extracellular medium must be electrically neutral. They
must each contain as many anions as cations. This is the principle of electroneutrality
[118, 119].

The number of particles in solution located on each side of the membrane must be
the same, regardless of the charge of these particles. It is the osmotic balance. Indeed, if
the osmotic pressure of the two media is not equal, water movements will occur (from the
least concentrated medium to the most concentrated medium) which will modify the cell
volume.

The existence of a concentration gradient on one side of a permeable membrane to
this ion leads to the formation of an electric gradient which leads to the movement of this
ion. The ionic flux born from a concentration gradient is self-limited by the electric field
that it generates [118].

Since the bilipid layer is impermeable to ions, passive movements of ions only
occur at the level of specialized transmembrane proteins: channel proteins whose three-
dimensional structure delimits an aqueous pore through which certain ions pass
selectively. They themselves ensure the passage of ions through the membrane - they are
also called ion channels [118, 119].
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For the K* ion for example, as long as the two chemical and electrical gradients are
different, i.e., the electrochemical gradient is not zero, there is passage of K* ions through
the plasma membrane, that is to say a K* ionic current. This leads to an equilibrium where
the chemical gradient and the electrical gradient are equal and opposite, ie a zero
electrochemical gradient, hence a zero ionic current.

At equilibrium, the value of the electric gradient is called the equilibrium potential
of the K*ion, Ex+

The equilibrium potential of an ion depends only on the nature of the ion and the
concentrations on either side of the membrane, it is defined by Nernst equation [117,
118]:

Eion = &L nlionlext (2.3)

z.F [ion]int

R = universal gas constant
T = temperature in Kelvin
z = ioncharge

F = Faraday constant

2521. The electrochemical gradient: Vm — Eion

To cross themembrane, anion is subjected to an electrochemical gradient or driving
force" which is expressed by the difference between the membrane potential (Vm) of the
cell and the equilibrium potential of the considered ion (Eion).The net flux of an ionic
species through its own channels is proportional to this electrochemical gradient [118,
119].

For the K* ion and a resting membrane potential of -60 mV: EK = — 87 mV

Vm — EK = —60 — (—=87) = + 27 mV (2.4)

Which gives a net outward ion flux, as by convention, the net flux is positive when
a cation tendsto leave the cell and is negative when the cation tends to enter it.

2.5.2.2. Membrane ionic conductance

Electrical conductance (expressed in Siemens, S) measures the ease with which a
current move between two points: it is the inverse of resistance (expressed in ohms, Q).
In the case of an ion channel, conductance characterizes the ease with which ions pass

through the aqueous pore of the protein channel [117, 118].
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The conductance of the entire membrane of a cell for an ion (membrane ionic
conductance), Gion, is proportional to the elementary conductance of an ion channel: Gion,
but also to the total number of channels of the ionic species considered in the membrane:

Nion and the probability p0 for these channels to be in the open state [118, 119]:
Gion = Gion.Nion.p0 (2.5)

The Gion value can vary from 10 to 200 pS (1 Pico Siemens, pS = 10-12 Siemens)
depending on the type of ion channel. Taking in consideration that most ionic channels
are not perfectly selective: the measurement of Gion therefore dependson the experimental
conditions and, in particular, on the presence of other ions [119].

2.5.2.3. lonic currents

The intensity of the currents measured in electrophysiology. (lion, expressed in
Amps: Coulombs.sec-1) flowing through an ion channel or elementary ion current is
equal to [119]:

Membrane ionic current: (lion) = Gion (Vm — Eion)

which is only the transposition of Ohm's law (V' = R.I therefore ] = G.V) toan
electrochemical gradient.

The resting membrane potential is a result of the permeability of the plasma
membrane to several ion at the same time, in addition to that, the active transport
mechanisms (Na*/ K*/ATPase pump) which make it possible to maintain constant
concentrations of K* and Na* ions on either side of the membrane, the equilibrium
potentials of the K* (Ex) and Na* (Ena) ions therefore remain constant. The membrane
potential (Vm), which will be established, is therefore intermediate between the
equilibrium potentials of the two ions, Ek (-87 mV) and Ena (+60 mV) [118, 119].

The membrane potential of the cell (Vm) will reach a stable state when the net flux
of charges (K* & Na*) passing through the membrane is zero, that is, in terms of ionic
currents, when INa + IK = 0 [118, 119].

2.6. The Patch Clamp Technique

The cell membrane behaves like a circuit with a capacitor and a resistor placed in
parallel, to measure them we most often use the technique of imposed potential (voltage

clamp).
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In1976, theso-called patch-clamp method, "patch™ for a very small part of neuronal
membrane, was developed by Erwin Neher and Bert Sakmann [120]. this method
revolutionized the study of ionic currents by recording the processes in action in a single
channel.

2.6.1. General principle

A pipette containing a conductive solution is positioned on the cell membrane
comprising the ion channels. The pipette is connected to an amplifier that either imposes
potentials and measures currents (voltage clamp) or imposes currents and measures
potentials (current clamp). The currents measured on a single channel are very low (of
the order of 10712 ampere or picoampere). Leaks must therefore be avoided [31, 121].

By applying a slight suction, the membrane sticks tightly to the pipette and forms a
seal so the ions which pass through the channel when it is opened necessarily pass through

the pipette and create a measurable current thanks to the amplifier [121].

7—Recording Mild
/ pipette suction

Y
N

Y, —
o >
— | Tight contact between
pipette and membrane

Figure 2.3. Cell-attached patch-clamp configuration [31]

This method is called cell-attached patch-clamp, in which the cell membrane is kept
unbroken [31].

This configuration is used in cases where channel activity requires intracytoplasmic
factor, or binding with cytoskeletal proteins. Other configurations are possible depending
on the strength of the suction.
2.6.1.1. Whole-cell patch

The whole cell patchclamp is obtained by applying strong suction to the membrane,
which causes it to tear. The pipette is in contact with the entire cell cytoplasm and
therefore allows measurements of global potentials and currents. This method also allows

substances to be injected into the cytoplasm for experiments [31, 121, 122].
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pulse of
suction

Cytoplasm is continuous
with pipette interior

Figure 2.4. Whole cell patch-clamp configuration [31]

The other patch-clamp configurations (inside-out and outside-out) are used to
measure the currents flowing through a single channel (single-channel recordings). These
configurations are established by tearing off the small membrane part sealed on the
pipette, which isolate it form the rest of the cell that is no longer involved [31, 121].
2.6.1.2. The inside-out patch configuration

This configuration is gotten from the cell-attached patch. A portion of the
membrane is aspirated and taken away from the cell, the intracellular face of which is
therefore is located outside the pipette. In this configuration it is also possible to change
the composition of the medium which is in contact with the intracellular face which is
facing the outside and to study the intracellular modulations of this channel by different
molecules [31, 121].

Expose
to air

— [z

Cytoplasmic
domain accessible

Figure 2.5. Inside-out patch-clamp configuration [31]

23



2.6.1.3. The outside-out patch configuration

Starting from the whole cell patch configuration, A part of the membrane is
aspirated and taken away, the part of the membrane taken away will solder and the
extracellular face of which is therefore located outside the pipette.

It is then possible to study the extracellular modulations of this channel, and in
particular the action of neurotransmitters on the channels activated by ligand binding,

such as the nicotinic acetylcholine receptor or the GABAA receptors [31].

Rgtract Ends of
pipette membrane
anneal

ﬂt:} - — /
Extracellular

domain accessible

Figure 2.6. Outside-out patch-clamp configuration [31]

2.7. Test Chemicals Used in The Study
2.7.1. Rutin

Rutin is a flavonoid that is found in abundance in nature. It is one of the most
interesting phytochemicals due to its numerous properties; It is mostly found in plants'
leaves in a heterosidic form. There are approximately 180 quercetin heterosides present
in nature, with rutin being one of the most common [123, 124]

The onion (Allium cepa) was identified as the food with the highest concentration
of rutin. asparagus, Green beans, broccoli, apple, lettuce, tomatoes are also among the
foods richest in rutin [125].

The term “flavonoids” designates a wide range of compounds belonging to the
family of polyphenols. Flavonoids are almost universal pigments found in the plant world.
They are, for some, responsible forthe color of flowers and fruits. Flavonoids are mainly

present in plants in the form of heteroside (or glycoside), that is to say a molecule born
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from the condensation between an ose (sugar), and a non-carbohydrate substance called
"aglycone" or "genin".

The heterosidic forms of flavonoids are water soluble and accumulate in vacuoles
and dependingon the species, concentrate in the epidermis of the leaves or are distributed
between the epidermis and the mesophyll.

Rutin (also called rutoside) is a heteroside of quercetin, a flavonol. Quercetin is
therefore the aglycone of rutin, it is linked to rutinose, that is to say a disaccharide (sugar

made up of two oses) [126].

HO
OH

Figure 2.7. Molecular structure of Rutin

Rutin's strong antioxidant effects have led to a broad variety of pharmacological
applications.

Rutin is commonly used as an antimicrobial, antifungal, and antiallergenic agent
and its pharmacological properties for the treatment of multiple chronic disorders such as
cancer, diabetes, hypertension, and hypercholesterolemia have been shown in recent
studies [127].
2.7.1.1. Antioxidant activity

Flavonoids' antioxidant function is linked to their ability to scavenge free radicals
and is determined by their molecular structure. The potent antioxidant property of rutin,
especially as a free radical scavenger, is largely responsible for most of its biological
activities, such as anti-inflammatory, anti-microbial, anti-tumor, and anti-asthma [128].

Rutin demonstrated concentration-dependent strong antioxidant ability against a
variety antioxidant systems in vitro, and its ability to scavenge or neutralize free radicals
was documented [129].
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2.7.1.2. Antimicrobial activity

Rutin showed significant antimicrobial activity in hydrogel formulation [130].
Furthermore, a high antibacterial activity of rutin was demonstrated against Pseudomonas
aeruginosa and Klebsiella pneumoniae [131], it also have antiviral activity against herpes
simplex virus, respiratory syncytial virus, poliovirus, and Sindbis virus [132]. Rutin also
have potent antimicrobial and antifungal activity against isolated strains of A. baumannii,
S. aureus, and C. krusei [133].
2.7.1.3. Anti-inflammatory activity

Rutin's anti-inflammatory activity is explained by the inhibition of several main
enzymes involved in the inflammatory response. Rutin has several beneficial effects in
the management of inflammatory bowel disease (IBD) [134] and reduces cytokine levels
[135]. In rats, rutin has been shown to reduce ROS-induced oxidative stress and
inflammation by targeting COX-2, p38-MAPK, i-NOS, NF«B, IL-6 and TNF-a [136].

Rutin's anti-inflammatory effects have also been shown to help minimize brain
damage and enhance neurologic dysfunctions [137]. In human endothelial cells, rutin
inhibited HMGBL release and suppressed HMGB1-dependent inflammatory responses
[138].
2.7.1.4. Anticancer activity

Rutin has been shown to have anticancer properties in vitro and in vivo in several
trials, it causes cell cycle arrest and trigger apoptosis in a variety of human cancer cell
lines [139] and it has been proven to have anti-carcinogenic and protective effects in a
dose-dependent manner [140], as well as antiangiogenic [141] and anti-neuroblastoma
properties [142]. And inhibitory properties on human lung and colon cancer cells [143].
2.7.1.5. Antidiabetic activity

The antioxidant activities and anti-inflammatory properties of rutin reduced blood
glucose levels in STZ-induced diabetic rats, inducing a protective effect against diabetic
complications [144].

As compared to diabetic control rats, rutin offered important defense against
diabetes-related oxidative stress, avoided cardiac degeneration, and enhanced ECG

parameters [145].
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2.7.1.6. Antiallergic activity

Rutin had an anti-allergic inflammatory effect onimmunoglobulin E-mediated mast
cell activation suppression levels of chemokines (ICAM-1 and MIP-2) in a sample,
suggesting its protective activity against allergic rhinitis [146, 147]. Furthermore, rutin
has been discovered to suppress AD and ACD, stipulating that rutin could be used to cure
allergic skin diseases [148].

2.7.1.7. Other biological activities

Rutin can protect from oxidative stress caused by AP, and may have therapeutic
potential in the treatment of Alzheimer's disease [149]. By reducing capillary
permeability and fragility, it can help to maintain normal blood vessel conditions [150].
Furthermore, it has been shown that rutin intake can protect from Parkinson's disease like
neurological disorders [151].

2.7.2. Hesperidin

Hesperidin is a flavonoid extracted from the species Rutaceae aurantieae, Orange
and other citrus fruit such as Citrus aurantium, C. sinensis, C. unshiu peels represent a
main source of this substance. Apart from citrus fruits, hesperidin can also be found in a
variety of other plants, such as Legumes, Birch and Honeysuckle [152].

The biological effects of hesperidin are numerous, whose main physiological
property is its anti-inflammatory activity which was related to its action on signaling
pathways, particularly the nuclear factor xp pathway [153]. Evidence have shown that
hesperidin can modulate the capacity of the synthesis of prostaglandins and the expression
pathways of the COX 2 gene in RAW 264.7 cells by inhibition Lipopolysaccharide
induced inflammation, which supports the anti-inflammatory activity of Hesperidin [154,
155].

Hesperidin's function in neuropathic pain was investigated, and the findings
revealed that it inhibits P2X3 receptor-mediated nociceptive transmission in DRG
neurons, as a result of which mechanical and thermal hyperalgesia in chronic constriction
injury was reduced in rats [156]. In another study, the protective role of hesperidin was
investigated using rat model of partial sciatic nerve ligation, as a result hesperidin was
found to reduce in a dose dependent manner mechanical and thermal hyperalgesia,
mechanical allodynia and down regulate TNF-a, 1L-6 and IL-1 [157].
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Furthermore, it was discovered that hesperidin helps to improve spinal cord injury
by lowering IL-1Band TNF-a levels and reducing the number of caspase 3 apoptotic cells
through its anti-inflammatory, anti-oxidant, and anti-apoptotic effects [158].

OH 0

OH 0

o 9 O

OH OH
OH

OH

Figure 2.8. Molecular structure of hesperidin [153]

Hesperidin's antioxidant potential was investigated, and it was discovered that this
flavonoid has a high capacity for sequestering reactive oxygen species including the
hydroxyl radical and superoxide. Furthermore, this flavonoid promotes nitric oxide
sequestration as well as the prevention of damage caused by hydrogen peroxide, such as
lipid peroxidation in RBC cell membranes [159].

Hesperidin's neuroprotective activities, and its activity of sequestering reactive
species and inhibiting lipid peroxidation as a way to prevent oxidative stress is a property
of interest in several researches [160].

Neuroprotective activity of hesperidin has been tested and proven in animal and cell
models of Parkinson's Disease [158, 159]. In animal models, hesperidin at a dosage of 50
mg/kg was shown to have the greatest neuroprotective potential in the literature [163].
Recent studies have shown that using hesperidin in 6-hydroxydopamine Parkinson's
Disease induced animal model, resulted in the downregulation of oxidative stress
biomarkers such as kinases lrrk2 and gsk3[ by the side of casp3, casp9 [164].

Hesperidin has demonstrated neuroprotective efficacy in other models of
degenerative diseases, such as Alzheimer's, leading one to believe, based on all of the
literature evidence already published on the biological processes related to hesperidin,
that this promising agent is capable of protecting and even reversing the

neurodegenerative syndrome that is characteristic of Parkinson's Disease [165].
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Anticarcinogenic activity, on the other hand, is attributed to its ability to inhibit
cancer cell metastasis and angiogenesis by inducing cell apoptosis and suppressing cell
proliferation [166].

It has been shown to have antimicrobial, hypolipemic, capillary fragility correction,
and capillary permeability reduction properties, as well as hypocholesterolemia,
antifungal, hypoglycemic, and insulinotropic impact [167].

For the effect of hesperidin on voltage gated ion channels little is known about this
property, in a study this effect of hesperidin was investigated, by conduction
electrophysiological recording on human cardiac Kv1.5 channels expressed in HEK-293T
cells, patch clamp technique was used to assess the fast delayed rectifier K* current in
human trial myocytes. Results revealed a concentration-dependent inhibition of the Kv1.5
current, that moved the steady state of inactivation towards a more negative value while
shifting the steady state activation curve to more positive values [168].

Hesperidin's action on human cardiac Nav1.5 channels expressed in HEK239 cells
and on voltage gated Na* current in human atrial myocytes has also been documented,
with hesperidin reversibly inhibiting Na* current and the voltage dependent activation
and activation curves being negatively shifted, implying that hesperidin functions by
blocking the active and inactive states of Na* channels [169].

2.7.3. CGA

= OH

OH

OH
Figure 2.9. Chemical structure of CGA (5-caffeoylquinicacid, 5CQA) [170]

CGA belongs to the hydroxycinnamic acid family of polyphenols also known as 5-
cafeolquinic acid because it has a caffeic acid and quinic acid molecule in its chemical

structure.
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CGA shown to have anti-oxidant, anti-inflammatory, antipyretic, analgesic
properties [168, 169], anticancer [170, 171], antilipidemic and antidiabetic effects [175],
antihypertensive [176], and anti-neuro degenerative activity [177].

CGA, on the other hand, can affect a wide range of bacteria, fungi, molds, viruses,
and amoebas. In this regard, CGA attracted the attention of the food industry because of
its antimicrobial properties and shown the possibilities of its use as a natural preservative
[178].

Antioxidant and anti-inflammatory properties of CGA were related to the presence
of hydroxyl (OH) groups on phenolic acids which has been shown to increase antioxidant
action.

In one study [3], CGA was shown to substantially reduce interleukin-8 secretion
and mRNA expression in response to oxidative stress. In a dextran sulfate Na*-induced
colitis model, caffeic and CGA were found to suppress mRNA expression of macrophage
inflammatory protein 2 (a mouse homologue of interleukin-8 MIP-2) in macrophages
[3].

Caffeic acid and CGA act as anti-inflammatory agent causing reduction of the
intracellular reactive oxygen species via inhibition of the activation of interleukin-8 and
PKD-IKKNF«B pathway [3]. This property of CGA has been linked to catechol groups,
and it is believed that this functional group could help prevent inflammatory diseases.

It has been documented that CGA, which is typically present in the human diet, has
protective effects in TLR4 signaling activation, modulation of adhesion molecule
expression, infiltration and activation of hepatic leukocytes, and Con A-induced hepatitis
triggered by the synthesis of proinflammatory cytokines [3].

There have been several studies that demonstrate the impact of CGA on different
pain models. The diabetic neuropathy model and the chronic constrictive nerve injury
model, which is an experimental neuropathic pain model, have both shown antipyretic
and analgesic effects [176, 9].

In pain experiments using extracts from plants containing CGA, CGA was shown
to be responsible for the antinociceptive effects [180]. CGA has also been found to have
an antinociceptive effect in the formalin induced pain test when used in pure form [181].
However, literature on the implications and underlying mechanisms of CGA on

neuropathic pain is scarce.
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On trigeminal ganglion neurons, the electrophysical effect of CGA on voltage ion
channels was studied. The result of whole cell patch clamp recording on two subtypes of
voltage K* channels (Ika and Ikv channels), revealed an analgesic effect through
decreased V12 values and a shift towered hyperpolarization [25]. Furthermore, CGA has
been found to decrease the peak current density of 1k aand greatly reduce the activation
and inactivation threshold of K* channels (Ik.a, Ikyv) in another study on acutely

disassociated trigeminal ganglion neurons cells [182].
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3. MATERIALS AND METHODS
3.1. Experimental Animals

Care for experimental animals and trials procedures were approved by the local
ethics committee from Anadolu University (Decision no: 2021-16, Appendix I) for
animal experiments.

Maximum of five animals of Sprague Dawley rats per cage of 8-12 weeks old were
used for the experiments. Animals were kept in a well-ventilated laboratory environment
at a temperature of (23 £ 2°C) and relative humidity (50 £ 10%) for the duration of the
experiment on a 12-hour light and 12-hour dark cycle. with free access to food (standard
chow) and drinking water.

3.2. Chemicals

Utilized Chemicals and providers are listed in (Table 3.1.).

Table 3.1. List of chemicals utilized

Name of Chemical Supplier

Rutin Sigma Aldrich, USA
Hesperidin Sigma Aldrich, USA
CGA Sigma Aldrich, USA

Sigma Aldrich, USA
Sigma Aldrich, USA
Richter Pharma ag, Austria / Interhas A.S.

Phosphate buffered saline (PBS)
Dimethyl sulfoxide (DMSO)
Ketamine

Ankara, Turkey

Bioveta a.s., Czech Republic / Intermed Ecza

Xylazine
Deposu, Ankara, Turkey

Penicillin- streptomycin
Collagenase type IV
Trypsin 0.25%

Fetal Bovine Serum (FBS)
Potassium chloride (KCI)
Sodium chloride (NaCl)
HEPES ACID

Mg-ATP

EGTA

D-glucose

Sigma Aldrich, USA
Sigma Aldrich, USA
Sigma Aldrich, USA
Sigma Aldrich, USA
Wisent Inc. Canada
Wisent Inc. Canada
Wisent Inc. Canada
Wisent Inc. Canada
Wisent Inc. Canada

Wisent Inc. Canada
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Table 3.1. (continues) List of chemicalsutilized

Name of Chemical Supplier

Potassium hydroxide (KOH) Wisent Inc. Canada
Calcium chloride (CaCly) Wisent Inc. Canada
Magnesium chloride (MgCl) Wisent Inc. Canada

Dulbecco’s Modified Eagle’s Medium (DMEM) Sigma Aldrich, USA

3.3. Apparatus
Model and brand data of utilized Apparatus are recorded in (Table 3.2).

Table 3.2. List of used apparatus

Name of the Apparatus Brand and Model
Micropipette Puller Model: P-97. Sutter Instrument Company USA
Patch Amplifier Model: IPA. Sutter Instrument Company USA
Model: BF150-110-10. Sutter Instrument
Glass pipettes
Company USA
Anti-vibration table Model: 9100 S. Kinetic Systems, Inc USA

. Model: Sutter BOB™. Sutter Instrument
Microscope
Company USA
Motorized Micromanipulator Model: MP-285 Sutter Instrument Company USA
Model: MPC-385 Sutter Instrument Company

Multi-Micromanipulator System
USA

3.4. Dissection of DRG and Primary DRG Cells Culture

An intraperitoneal injection of 1 ml/ kg of ketamine and xylazine mixture as a ratio
of 1.8/1 respectively [183] was used for animal anesthetization, and a duration of 5to 8
minutes was given for the full anesthesia to take effect.

Aftermaking sure that the animal was completely anesthetized the decapitationwas
performed, then by an incision of the back skin the vertebral column was exposed then
removed and transferred into a 50 ml falcon tube filled with ice cold PBS for 5 minutes
before starting the harvest of DRGs [184-186] .

To ensure sterility and avoid contamination, handling of vertebral column,
extraction of DRGs and mechanical digestion of the ganglia was performed under a
laminar flow cabinet. The vertebral column is placed in petri dish filled with DMEM

solution at 4 C° then iris scissors are used to cut into two symmetrical pieces from the
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centerline the vertebral column. Then, after careful removal of the spinal cord the harvest
of DRGs was carried out using hairspring tweezer, and obtained individual ganglia were
placed in a DMEM-Penicillin-Streptomycin filled petri dish [184, 186].

To avoid getting debris and other types of cells in the cell culture obtained DRGs
were cleaned to the maximum possible from projections and attached using a surgical
Lancet and iris scissor [184, 186].

The enzymatic digestion was initiated as the resulting clean ganglia were
transferred into an Eppendorf tube contain 2 mg of collagenase type 1V dissolved in 1 ml
of DMEM-Penicillin-Streptomycin then incubated for 45 minutes at 37 °C and 5% COx,
the Eppendorf tube was left open. Resuspension of the ganglia was performed every 10
minutes [186, 187].

After the end of the first incubation period, the supernatant was discarded and 3
washing cycles by PBS (Discard the supernatant, add 1 ml of PBS, Centrifuge for 30 s)
were performed, then washed ganglia were placed into 1 ml of DMEM-Penicillin-
Streptomycin containing 100 ul of 0.25% Trypsin then incubated for 6 with resuspension
of DRGs after 3 minutes [184, 186, 187].

Another 3 washing cycles by DMEM (Discard the supernatant, add 1 ml of DMEM,
Centrifuge for 45 to 60 s) were performed. then 1 ml of DMEM was added to the trypsin
digested DRGs in Eppendorf tube then transferred to a 15 ml falcon tube contain 1 ml of
DMEM to get a total volume of 2 ml of DMEM containing ganglia solution [184, 186,
187].

The mechanical digestion was performed consecutively by a gentle pipetting for 5
minutes as a rate of 4 times per minute with cut 1 ml blue tip, 5 minutes with non-cut 1
ml blue tip then a 3 times very slow passing through insulin syringe [184].

Resulted DRGs cell suspension was transferred into DMEM-Penicillin-
Streptomycin + FBS as 12.5 ml for 1 ml of the cells [186, 187].

2 to 3 hours resting interval was given to the cells before performing

electrophysiological recordings.
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3.5. Solutions Used for Patch-Clamp Recordings
3.5.1. Current clamp recordings

Internal solution (pipette solution) used for AP recordings under current clamp
mode and concentrations of its components is listed in (Table 3.3.), pH was adjusted to
7.3- 7.4 with KOH [188].

Table 3.3. Pipette solution for AP recordings

Components of Internal solution (313 mOsm) Concentration (mM)
KCI 130

NaCl 10

HEPES Acid 10

Mg-ATP 4

EGTA 5

D-glucose 10

External solution (bath solution) used for AP recordings under current clamp mode
and concentrations of its components is listed in (Table 3.4.), pH was adjusted to 7.4 with
NaOH [188].

Table 3.4. Bath solution for AP recordings

Components of external solution (321 mOsm) Concentration (mM)
NaCl 140

KCI 5

CaCl; 25

MgCla 1.2

HEPES Acid 10

D-glucose 10

3.5.2. Voltage clamp recordings

Internal solution (pipette solution) used for current recordings under voltage clamp
mode and concentrations of its components is listed in (Table 3.5.), pH was adjusted to
7.2 with KOH [188].
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Table 3.5. Pipette solution for currentsrecordings

Components of Internal solution (310 mOsm) Concentration (mM)
KCI 140

NaCl 10

MgCl> 2

CaClz 0.1

HEPES Acid 10

EGTA 1.1

D-glucose 3

External solution (bath solution) used for currents recordings under voltage clamp
mode and concentrations of its components is listed in (Table 3.6.), pH was adjusted to
7.3 with NaOH [188].

Table 3.6. Pipette solution for currents recordings

Components of external solution (320 mOsm) Concentration (mM)
NaCl 140

KCI 3

MgCl, 1

CaClp 1

D-glucose 10

HEPES Acid 10

3.6. Application of the patch-clamp technique

Patch clamp measurements were performed on primary dissociated DRG cell
culture after 4 to 6 hours of cells rest. Electrophysiological experiments were performed
at room temperature (18-20 °C) using the whole cell technique of the patch clamp
technique. Rutin and hesperidin were dissolved in Dimethyl DMSO, with DMSO ratio
not exceeding 0.3% [189, 190]. Stock solution was diluted with standard external solution
toget 1 and 10 uM and 100 uM final doses of test chemicals.

The application of test substances was carried out to the extracellular solution at
50-100 um away from the recorded cell [23, 122].
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Figure 3.1. Electrophysiology rig

The picture of electrophysiological rig utilized in the experiments is represented
in (Figure 3.1.).

3.6.1. Voltage-clamp recordings

Voltage-clamp recordings of were conducted in whole cell configuration to record
ion currents from acutely dissociated DRG cells. GQ-seals were established using Thin
Wall Borosilicate Glass pipettes with filament (Sutter Instrument BF150-110-10) filled
with the internal solution for Voltage-clamp recordings pulled by P-97 Micropipette
Puller (Sutter Instrument) to a final pipette resistance of 2-5 MQ. The passage to whole
cell configuration was done using negative pressure applied either by mouth or by use of
1 ml syringe, the passage to whole cell is marked by a big drop in series resistance to
around 10 MQ and increase of Cm. Recordings were conducted at room temperature
[122].

Depolarizing pulses to 0 mV for 300 ms were used after clamping the membrane
potential to -60 mV. The current—voltage relations (IV-curve), was obtained using
depolarizing steps of 10 mV increments from —60 mV to +80 mV.

The test Chemical was applied after getting a stable outward current in response
multiple depolarizing steps to 0 mV [122].
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Currents were recorded using a single headstage version of the Integrated Patch
Amplifier (IPA) (Sutter Instrument) and SutterPatch® Data Acquisition and Analysis
Software (SutterPatch 2.0.4) installed on windows®10 and used in voltage-clamp mode.
Data were sampled at 25 kHz and filtered at 5kHz using the built-in filter of the IPA.
electrode compensation and series resistance compensation were automatically applied
using the automatic compensation option in the software.

Data were analyzed used the same software (SutterPatch 2.0.4).

3.6.2. Current-clamp recordings

Current-clamp recordings of were conducted in whole cell configuration to record
variation in the voltage of acutely dissociated DRG cells. GQ-seals were established using
Thin Wall Borosilicate Glass pipettes with filament (Sutter Instrument BF150-110-10)
filled with the internal solution for current-clamp recordings pulled by P-97 Micropipette
Puller (Sutter Instrument) to a final pipette resistance of 4-6 MQ. The passage to whole
cell configuration was done using negative pressure applied either by mouth or by use of
1 ml syringe and marked by a big drop in series resistance to around 10 MQ and increase
of Cm. Recordings were conducted at room temperature.

Data was acquired using in current-clamp mode a single headstage version of the
Integrated Patch Amplifier (IPA) (Sutter Instrument) and SutterPatch® Data Acquisition
and Analysis Software (SutterPatch 2.0.4) installed on windows®10. Acquisition
sampling rate was 25 kHz and filtered at 5kHz using the built-in filter of the IPA.

spontaneous firing activity were monitored forfew minutes of whole-cell recording.
The AP threshold was determined using depolarizing current steps of 10 pA for 10 mS
from 0 pA to 300 pA and the minimum injected current amplitude that elicit an AP is
chosen[122].

APs were elicited for several times using the value obtained, when a stable result is
acquired the test chemical is applied and changes in signal are monitored for amplitude,
half-width, fast AHP, ADP and medium AHP.

Data were analyzed used the same software (SutterPatch 2.0.4).

3.7. Statistical Analysis

Statistical analysis was done using GraphPad InStat 3 (Trial) and OriginPro
9.8.0.200 (Learning Edition).
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4. RESULTS
4.1. K* Current Results
4.1.1. Rutin

The voltage protocol used to evaluate the effect 1 uM of rutin on K*current and

the observed current densities are shown in (Figure 4.1.).
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Figure 4.1. K* currents densities recorded from control cell (A) after injection of incremental depolarizing
voltage steps (C), and K* currents densities after application of 1 uM dose of rutin (B) and
execution of the same voltage protocol (C).

Control recordings of K* current densities, and after application of 1 uM of rutin
are represented in (Figure 4.2.) as mean values + S.E.M.
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Mean + SEM
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Figure 4.2. Graphic representation of mean values + SEM of the relation between membrane (mV) and
outward K* current amplitudes (nA, from control cell and after application of 1 uM of rutin,
with data showing 24% decrease of K* currents densities relatively to membrane potential, (n=
5; P<0.05).
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Conductance of K* channels in relation to membrane potential from control cells
and after application of rutin at 1 uM dose, are shown in (Figure 4.3.), the value of
potential of half activation (V1/2) was calculated using Boltzmann equation and nonlinear

curve fitting function in OriginPro.
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Figure 4.3. K* channelsconductance in relation to membrane potential and from control DRG cells and
after application of 1 uM of rutin showing 23% reduction in maximum conductance and non-

significant shiftin the V12 value (n=5; P>0.05). Data are represented as mean values = S.E.M.

Voltage protocol used to evaluate the effect 10 uM of rutin on K* current and the

observed current densities are shown in (Figure 4.4.).
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Figure 4.4. K* currents densities recorded from control cell (A) after injection of incremental depolarizing

voltage steps (C), and K* currents densities after application of 10 uM dose of rutin (B) and

execution of the same voltage protocol (C).
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Control recordings of K* current densities, and after application of 10 uM of rutin

are represented in (Figure 4.5.) as mean values + S.E.M.
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Figure 4.5. Graphic representation of mean values + SEM of the relation between membrane (mV) and
outward K* current amplitudes (nA), from control cell and after application of 10 uM of rutin,
with data showing 23% decrease of K* currents densities relatively to membrane potential,
(n=6; P<0.05).

Conductance of K* channels in relation to membrane potential from control cells
and after application of rutin at 10 pM dose, are shown in (Figure 4.6.), the value of
potential of half activation (V1/2) was calculated using Boltzmann equation and nonlinear

curve fitting function in OriginPro.
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Figure 4.6. K* channelsconductancein relation to membrane potential and from control DRG cells and
after application of 10 uM of rutin showing 25% reduction in maximum conductance. (n= 6;
P<0.05). and non-significant shiftin the V1/2 value (P>0.05). Data are represented as mean

values+ S.E.M.
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Voltage protocol used to evaluate the effect 100 uM of rutin on K* current and the

observed current densities are shown in (Figure 4.7.).
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Figure 4.7. K* currentsdensities recorded fromcontrol cell (A) afterinjection of incremental depolarizing
voltage steps (C), and K* currents densities after application of 100 uM dose of rutin (B) and

execution of the same voltage protocol (C).

Control recordings of K* current densities, and after application of 100 uM of rutin

are represented in (Figure 4.8) as mean values + S.E.M.
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Figure 4.8. Graphic representation of mean values + SEM of the relation between membrane (mV) and
outward K* current amplitudes (nA), from control cell and after application of 100 uM of
rutin, with data showing 28% decrease of K* currents densities relatively to membrane
potential, (h=6; P<0.05).

Conductance of K* channels in relation to membrane potential from control cells
and after application of rutin at 100 uM dose, are shown in (Figure 4.9.), the value of
potential of half activation (V1/2) was calculated using Boltzmann equation and nonlinear

curve fitting function in OriginPro.
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Figure 4.9. K* channelsconductance in relation to membrane potential and from control DRG cells and
afterapplication of 100 uM of rutin showing 30% reduction in maximum conductance (n=6;
P<0.05). and non-significant shiftin the V1,2 value (P>0.05), Data are represented as mean

values+ S.E.M.

Application of rutin at doses of 1uM, 10 uM and 100 uM induced a similar effect
on the different cells tested in this study, where a resembling suppressing effect on the

relative K* current in a dose dependent manner (Figure 4.10.).
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Figure 4.10. Dose related effect of rutin on relative K* current showing no dose related between the 3
doses of rutin (1 uM, 10 puM, 100 uM) investigated in the study.
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4.1.2. Hesperidin

Voltage protocol used to evaluate the effect 1 uM of hesperidin on K*current and

the observed current densities are shown in (Figure 4.11.).
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Figure4.11. K" currents densities recorded fromcontrol cell (A) after injection of incremental depolarizing

voltage steps (C), and K* currents densities after application of 1 uM dose of hesperidin (B)

and execution of the same voltage protocol (C).

Control recordings of K* current densities, and after application of 1 uM of

hesperidin are represented in (Figure 4.12.) as mean values = S.E.M.
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Figure 4.12. Graphic representation of mean values + SEM of the relation between membrane (mV) and

outward K* current amplitudes (nA), from control cell and after application of 1uM of

hesperidin, with data showing 28% decrease of K* currents densities relatively to membrane

potential. (h=5; P<0.05).

Conductance of K* channels in relation to membrane potential from control cells

and after application of hesperidin at 1 puM dose, are shown in (Figure 4.13.), the value

of potential of half activation (V1) was calculated using Boltzmann equation and

nonlinear curve fitting function in OriginPro.
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Figure 4.13. K* channels conductance in relation to membrane potential and from control cells and after
application of 1 uM of hesperidin showing 36% reduction in maximum conductance (n=5,

P<0.05), and significant shiftin the V1,2 value (n=5; P<0.05), Data are represented as mean
values+ S.E.M.

Voltage protocol used to evaluate the effect 10 uM of hesperidin on K* current and
the observed current densities are shown in (Figure 4.14.).
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Figure4.14.K* currents densities recorded fromcontrol cell (A) after injection of incremental depolarizing

voltage steps (C), and K* currents densities after applicationof 10 pM dose of hesperidin (B)

and execution of the same voltage protocol (C).

Control recordings of K* current densities, and after application of 10 uM of

hesperidin are represented in (Figure 4.15.) as mean values = S.E.M.
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Figure 4.15. Graphic representation of mean values + SEM of the relation between membrane (mV) and
outward K* current amplitudes (nA), from control cell and after application of 10 uM of
hesperidin, with data showing 22% decrease of K* currents densities relatively to membrane
potential, (h=5; P<0.05).

Conductance of K* channels in relation to membrane potential from control cells
and after application of hesperidin at 10 uM dose, are shown in (Figure 4.16.), the value
of potential of half activation (V1) was calculated using Boltzmann equation and
nonlinear curve fitting function in OriginPro.
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Figure 4.16. K* channelsconductance in relation to membrane potential and from control DRG cells and
after application of 10 uM of hesperidin showing 25% reduction in maximum conductance
(n= 5; P<0.05), and non-significant shift in the Vi value (n= 5; P>0.05), Data are

represented as mean values+ S.E.M.
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Voltage protocol used to evaluate the effect 100 uM of hesperidin on K* current

and the observed current densities are shown in (Figure 4.17.).
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Figure 4.17.K* currents densities recorded fromcontrol cell (A) after injection of incremental depolarizing

voltage steps (C), and K* currents densities after application of 100 uM dose of hesperidin (B)

and execution of the same voltage protocol (C).

Control recordings of K* current densities, and after application of 10 uM of

hesperidin are represented in (Figure 4.18.) as mean values = S.E.M.
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Figure 4.18. Graphic representation of mean values = SEM of the relation between membrane (mV) and

outward K* current amplitudes (nA), from control cell and after application of 100 uM of
hesperidin, with data showing 22% decrease of K* currents densities relatively to membrane
potential, (n=10; P<0.05).

Conductance of K* channels in relation to membrane potential from control cells

and after application of hesperidin at 10 uM dose, are shown in (Figure 4.19.), the value

of potential of half activation (V1) was calculated using Boltzmann equation and

nonlinear curve fitting function in OriginPro.
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Figure 4.19. K* channelsconductance in relation to membrane potential and from control DRG cells and
after application of 100 uM of hesperidin showing 50% reduction in maximum conductance
(n= 10; P<0.05). and non-significant shift in the Vi, value (n= 10; P>0.05). Data are

represented as mean values+ S.E.M. (h= 10; P>0.05).

Application of hesperidin at doses of 1 uM, 10 uM and 100 uM induced a similar
effect on the different cells tested in this study, where a resembling suppressing effect on

the relative K current in a dose dependent manner (Figure 4.20.).
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Figure 4.20. Dose related effect of hesperidin on relative K* current showing no dose related effect between

the 3 doses of hesperidin (1 uM, 10 uM, 100 uM) investigated in the study.
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4.13.CGA

Voltage protocol used to evaluate the effect 1 uM of CGA on K* current and the

observed current densities are shown in (Figure 4.21.).
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Figure 4.21.K" currents densities recorded fromcontrol cell (A) after injection of incremental depolarizing
voltage steps (C), and K™ currents densities after application of 1 uM dose of CGA (B) and

execution of the same voltage protocol (C).

Control recordings of K* current densities, and after application of 1 uM of CGA

are represented in (Figure 4.22.) as mean values £ S.E.M.
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Figure 4.22. Graphic representation of mean values + SEM of the relation between membrane (mV) and

outward K* current amplitudes (nA), from control cell and after application of 1 uM of CGA,

with data showing 26% decrease of K* currents densities relatively to membrane potential.

Data are represented as mean values+ S.E.M. (n= 6; P<0.05).
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Conductance of K* channels in relation to membrane potential from control cells
and after application of CGA at 1 uM dose, are shown in (Figure 4.23.), the value of
potential of half activation (V1/2) was calculated using Boltzmann equation and nonlinear

curve fitting function in OriginPro.
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Figure 4.23. K* channelsconductance in relation to membrane potential and from control DRG cells and
after application of 1 uM of CGA showing 30% reduction in maximum conductance (n= 6;
P<0.05). and non-significant shiftin the V1/2 value (h= 6; P>0.05). Data are represented as

mean values + S.E.M.
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Voltage protocol used to evaluate the effect 10 uM of CGA on K*current and the

observed current densities are shown in (Figure 4.24.).
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Figure 4.24.K* currentsdensities recorded fromcontrol cell (A) after injection of incremental depolarizing

voltage steps (C), and K* currents densities after application of 10 uM dose of CGA (B) and

execution of the same voltage protocol (C).

Control recordings of K* current densities, and after application of 10 uM of CGA

are represented in (Figure 4.25.) as mean values + S.E.M.
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Figure 4.25. Graphic representation of mean values + SEM of the relation between membrane (mV) and

outward K* current amplitudes (nA), from control cell and after applicationof 10 uM of CGA,

with data showing 32% decrease of K* currents densities relatively to membrane potential, (n=
5; P<0.05).

Conductance of K* channels in relation to membrane potential from control cells

and after application of CGA at 10 uM dose, are shown in (Figure 4.26.), the value of

potential of half activation (V1/2) was calculated using Boltzmann equation and nonlinear

curve fitting function in OriginPro.
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Figure 4.26. K* channelsconductance in relation to membrane potential and from control DRG cells and
after application of 10 uM of CGA showing 25% reduction in maximum conductance (n=5;
P<0.05), and non-significant shift in the V12 value (n=5; P>0.05). Data are represented as

mean values + S.E.M.

Voltage protocol used to evaluate the effect 100 uM of CGA on K* current and the
observed current densities are shown in (Figure 4.27.).
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Figure4.27.K* currents densities recorded fromcontrol cell (A) after injection of incremental depolarizing
voltage steps (C), and K* currents densities after application of 100 uM dose of CGA (B) and

execution of the same voltage protocol (C).

Control recordings of K* current densities, and after application of 100 uM of CGA
are represented in (Figure 4.28.) as mean values £ S.E.M.
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Figure 4.28. Graphic representation of mean values + SEM of the relation between membrane (mV) and
outward K* currentamplitudes (nA), from control cell and after application of 100 uM of CGA,
with data showing 25% decrease of K* currents densities relatively to membrane potential, (n=
10; P<0.05).

Conductance of K* channels in relation to membrane potential from control cells
and after application of CGA at 100 uM dose, are shown in (Figure 4.29.), the value of
potential of half activation (V1/2) was calculated using Boltzmann equation and nonlinear

curve fitting function in OriginPro.
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Figure 4.29. K* channelsconductance in relation to membrane potential and from control DRG cells and
after application of 100 uM of CGA showing 33% reduction in maximum conductance (n=
10; P>0.05) and non-significantshiftin the V1,2 value (n=10; P>0.05). Data are represented
as mean values + S.E.M.).
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Application of CGA at doses of 1 uM, 10 uM and 100 uM induced a similar effect
on the different cells tested in this study, where a resembling suppressing effect on the

relative K* current in a dose dependent manner (Figure 4.30.).
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Figure 4.30. Dose related effect of CGA on relative K* current showing no dose related effect between the

3 doses of CGA (1 uM, 10 uM, 100 uM) investigated in the study.
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4.2. AP Results

4.2.1. Rutin

APs were elicited by injecting the minimal depolarizing currents that induce AP

firing.
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Figure 4.31. Control recording of elicited AP before (A) and after application of rutinat1 uM dose (B).

Analysis results of control APs before application of 1 uM rutin are represented in

(Table 4.1.).

Table 4.1. AP parameters measured from DRG cellsbefore application of 1 uM of rutin.

Threshold (mV) Peak (mV) AP Duration (ms) at 90% AHP (mV)
Cell 01 -56.472 28.543 19.957 -71.649
Cell 02 -48.333 53.372 17.311 -64.849
Cell 03 -61.843 25.500 13.413 -78.268
Cell 04 -33.642 20.867 17.875 -52.734
Cell 05 -47.165 -45.871 14.423 -59.805
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Analysis results of APs after application of 1 pM rutin are represented in (Table
4.2)

Table 4.2. AP parameters measured from DRG cells after application of 1 uM of rutin and statistical
analysis of the variation observed significanteffect on threshold of AP firing (P<0.05) and very
significant effect on after hyperpolarization potential (P<0.05) and non-significant effect on

the other parameters.

Threshold (mV) Peak (mV) AP Duration (ms) at90% AHP (mV)

Cell 01 -49.432 22.369 23.472 -61.456
Cell 02 -41.949 55.273 15.089 -62.478
Cell 03 -60.198 -17.077 26.054 -68.234
Cell 04 -30.581 20.263 19.096 -45.880
Cell 05 -46.168 -43.556 15.265 -52.492
P value 0.0358 0.349 0.2749 0.0066
Significance S NS NS Very S
Normality test Passed Passed Passed Passed
a0 @) ] (B)
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Figure 4.32. Control recording of elicited AP before (A) and after application of rutinat 10 uM dose (B).

Analysis results of control APs before application of 10 uM rutin are represented
in (Table 4.3.).

Table 4.3. AP parameters measured from DRG cellsbefore application of 10 uM of rutin.

Threshold (mV) Peak (mV) AP Duration (ms) at90% AHP (mV)

Cell 01 -46.029 -44.766 14.076 -58.364
Cell 02 -36.422 10.540 13.119 -43.040
Cell 03 -52.148 20.736 8.463 -60.504
Cell 04 -56.549 25.787 11.565 -63.710
Cell 05 -43.115 30.499 20.989 -57.247
Cell 06 -51.596 45.037 14.185 -67.712
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Analysis results of APs after application of 10 uM rutin are represented in (Table

4.4.).

Table 4.4. AP parameters measured from DRG cells after application of 10 uM of rutin and statistical

analysis of the variation observed showing non quite significanteffect on threshold of AP firing

(P=0.052) and non-quite significant effect on after hyperpolarization potential (P<0.05) with

non-significant effect on the other parameters.

Threshold (mV) Peak (mV) AP Duration (ms) at 90% AHP (mV)
Cell 01 -45.269 -42.709 14.967 -51.470
Cell 02 -34.106 10.284 15.072 -38.836
Cell 03 -49.716 10.232 10.559 -54.544
Cell 04 -53.222 24.935 10.666 -63.455
Cell 05 -35.537 23.065 17.123 -47.183
Cell 06 -51.675 45.2973 13.214 -69.595
Normality Test Passed Passed Passed Passed
P value P=0.052 P=0.228 P=0.891 P=0.064
Significance NQS NS NS NQS
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Figure 4.33. Control recording of elicited AP before (A) and after application of 100 uM of rutin (B).

Analysis results of control APs before application of 100 uM rutin are represented

in (Table 4.5.).

Table 4.5. AP parameters measured from DRG cellsbefore application of 100 uM of rutin

Threshold (mV) Peak (mV) AP Duration (ms) at90% AHP (mV)
Cell 01 -45.947 49.453 23.423 -64.065
Cell 02 -56.518 49.530 14.433 -75.180
Cell 03 -65.017 37.423 12.540 -75.894
Cell 04 -48.147 48.721 17.308 -65.908
Cell 05 -55.498 26.359 11.928 -63.618
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Analysis results of APs after application of 100 uM rutin are represented in (Table

4.6.).

Table 4.6. AP parameters measured from DRG cells After application of 100 uM of rutin and statistical

analysis of the variation observed showing non-significant effect on the measured AP

parameters.

Threshold (mV)

Peak (mV) AP Duration (ms) at90% AHP (mV)

Cell 01
Cell 02
Cell 03
Cell 04
Cell 05
Normality Test
P value

Significance

-41.064
-72.567
-16.210
-32.818
-54.125
Passed
0.3691
NS

23.626 21.423 -58.255
45.953 11.459 -73.193
40.927 5.946 -68.267
25.653 16.251 -49.746
24.995 10.786 -64.007
Passed Passed Passed

0.1686 0.0542 0.0939

NS NQS NQS
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4.2.2. Hesperidin

APs were elicited by injecting the minimal depolarizing currents that induce AP

firing.
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Figure 4.34. Control recording of elicited before (A) and after application 1 uM of hesperidin (B).

Analysis results of control APs before application of 1 puM hesperidin are

represented in (Table 4.7.).
Table 4.7. AP parameters measured from DRG cellsbefore application of 1 uM of hesperidin

Threshold (mV) Peak (mV) AP Duration (ms) at90% AHP (mV)
Cell 01 -52.728 31.246 14.373 -66.229
Cell 02 -39.074 50.201 14.358 -51.593
Cell 03 -29.217 62.112 15.818 -47.351
Cell 04 -40.015 51.051 13.954 -52.751
Cell 05 -43.048 48.081 15.031 -52.178
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Analysis results of APs after application of 1 UM hesperidin are represented in
(Table 4.8.).

Table 4.8. AP parameters measured from DRG cells after application of 1 uM of hesperidin and statistical
analysis of the variation observed showing non-significant effect on the measured AP

parameters.

Threshold (mV) Peak (mV) AP Duration (ms) at 90% AHP (mV)

Cell 01 -38.537 14.175 16.404 -50.570
Cell 02 -37.838 54.235 12.862 -52.105
Cell 03 -27.795 14.544 22.304 -45.114
Cell 04 -38.014 55.884 12.116 -53.165
Cell 05 -32.846 18.544 13.921 -46.370
Normality Test Passed Passed Passed Passed
P value 0.0965 0.146 0.632 0.2041
Significance NS NS NS NS

Analysis results of control APs before application of 10 uM hesperidin are

represented in (Table 4.9.).

Table 4.9. AP parameters measured from DRG cellsbefore application of 10 uM of hesperidin.

Threshold (mV) Peak (mV) AP Duration (ms) at90% AHP (mV)

Cell 01 -42.291 38.580 15.974 -54.354
Cell 02 -5.593 49.057 3.239 -71.176
Cell 03 -48.498 45.373 18.996 -64.346
Cell 04 -4.330 48.376 6.578 -65.661
Cell 05 -4.598 51.876 7.844 -61.716
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Analysis results of APs after application of 10 UM hesperidin are represented in

Table (4.10.).

Table 4.10. AP parameters measured from DRG cells after application of 10 uM of hesperidin and

statistical analysis of the variation observed showing non-significant effect on the measured

AP parameters.

Threshold (mV) Peak (mV) AP Duration (ms) at 90% AHP (mV)
Cell 01 -41.122 -38.360 15.825 -51.141
Cell 02 -56.307 52.526 14573 -71.917
Cell 03 -43.295 48.736 17.379 -56.784
Cell 04 -2.056 50.408 6.732 -60.748
Cell 05 -3.001 49.910 7.016 -62.898
Normality Test ~ Passed Passed Passed Passed
P value 0.496 0.239 0.501 0.174
Significance NS NS NS NS
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Figure 4.35. Control recording of elicited AP before (A) and after application of hesperidinat 100 uM

dose (B).
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Analysis results of control APs before application of 100 uM hesperidin are
represented in (Table 4.11.).

Table 4.11. AP parameters measured from DRG cells before application of 100 uM of hesperidin.

Threshold (mV) Peak (mV) AP Duration (ms) at90% AHP (mV)

Cell 01 -41.589 14.700 11.378 -52.951
Cell 02 -38.858 29.293 12.700 -57.159
Cell 03 -53.091 18.289 24.782 -61.257
Cell 04 -55.108 45.281 11.774 -67.883
Cell 05 -47.036 44.005 18.423 -62.406

Analysis results of APs after application of 100 uM hesperidin are represented in
(Table 4.12.).

Table 4.12. AP parameters measured from DRG cells after application of 100 uM of hesperidin and
statistical analysis of the variation observed showing a very significant effect on threshold of
AP firing (P<0.01) and a significant effect on after hyperpolarization potential (P<0.05) and

non-significant effect on the other parameters.

Threshold (mV) Peak (mV) AP Duration (ms) at90% AHP (mV)

Cell 01 -40.291 14.241 11.023 -51.298
Cell 02 -32.980 25.131 11.625 -53.683
Cell 03 -45.666 13.281 30.813 -55.712
Cell 04 -47.216 48.941 14.145 -57.464
Cell 05 -41.99 47.267 16.855 -55.072
Normality Test Passed Passed Passed Passed
P value 0.0093 0.7791 0.4867 0.0202
Significance VS Ns Ns S
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4.2.3. CGA

APs were elicited by injecting the minimal depolarizing currents that induce AP

firing.
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Figure 4.36. Control recording of elicited AP before (A) and after application of CGAat 1 uM dose (B).

Analysis results of control APs before application of 1 uM CGA are represented in

(Table 4.13.).

Table 4.13. AP parameters measured from DRG cells before application of 1 uM of CGA

Threshold (mV) Peak (mV) AP Duration (ms) at90% AHP (mV)
Cell 01 -43.664 33.978 23.341 -58.233
Cell 02 -44.589 43.948 13.368 -55.917
Cell 03 -40.563 36.495 18.980 -61.212
Cell 04 -50.509 35.382 18.465 -66.519
Cell 05 -58.520 18.008 18.391 -67.788
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Analysis results of APs after application of 1 uM CGA are represented in (Table
4.14)).

Table 4.14. AP parameters measured from DRG cells after application of 1 uM of CGA and statistical
analysis of the variation observed showing a significant effect on threshold of AP firing
(P<0.05) and on the afterhyperpolarization potential (P<0.05) and non-significant effect on

the other parameters.

Threshold (mV) Peak (mV) AP Duration (ms) at 90% AHP (mV)
Cell 01 -40.811 37.356 34.055 -52.996
Cell 02 -44.433 46.871 14.845 -55.422
Cell 03 -39.340 20.098 23.644 -56.246
Cell 04 -46.722 29.168 18.382 -62.692
Cell 05 -54.983 34.280 15.228 -61.636
Normality Test Passed Passed Passed Passed
P value 0.0299 0.9990 0.3136 0.0136
Significance S NS NS S
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Figure 4.37. Control recording of elicited AP before (A) and after application of CGAat 10 uM dose (B
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Analysis results of control APs before application of 10 uM CGA are represented
in (Table 4.15.).

Table 4.15. AP parameters measured from DRG cells before application of 10 uM of CGA

Threshold (mV) Peak (mV) AP Duration (ms) at90% AHP (mV)

Cell 01 -46.130 -45.269 23.255 -54.702
Cell 02 -8.609 52.130 5.045 -67.984
Cell 03 -47.860 23.770 20.117 -61.541
Cell 04 -56.811 21.264 10.962 -69.058

Analysis results of APs after application of 10 uM CGA are represented in (Table
4.16.).

Table 4.16. AP parameters measured from DRG cells after application of 10 uM of CGA and statistical

analysis of the variation observed showing non-significant effect on the measured AP

parameters.
Threshold (mV) Peak (mV) AP Duration (ms) at90% AHP (mV)

Cell 01 -43.765 -42.654 31171 -45.599

Cell 02 -36.709 -36.553 0.066 -46.691

Cell 03 -47.515 22.250 23.077 -57.934

Cell 04 -57.733 21.948 12.740 -67.016
Normality Test Not performed Not performed Not performed Not performed
P value 0.4286 0.4024 0.5223 0.1309
Significance NS NS NS NS

Analysis results of control APs before application of 100 uM CGA are represented
in (Table 4.17.).

Table 4.17. AP parameters measured from DRG cells before application of 100 uM of CGA.

Threshold (mV) Peak (mV) AP Duration (ms) at90% AHP (mV)

Cell 01 -20.043 23.925 6.637 -56.979
Cell 02 -63.558 30.865 21.245 -76.971
Cell 03 -46.838 17.764 17.994 -54.824
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Analysis results of APs after application of 100 uM CGA are represented in (Table
4.18.).

Table 4.18. AP parameters measured from DRG cells after application of 100 uM of CGA and statistical

analysis of the variation observed showing non-significant effect on the measured AP

parameters.
Threshold (mV) Peak (mV) AP Duration (ms) at90% AHP (mV)

Cell 01 -21.640 17.761 7.630 -57.046

Cell 02 -61.618 37.973 17.960 -75.384

Cell 03 -45.248 3.6132 20.820 -52.740
Normality Test Not performed Not performed  Not performed Not performed
P value 0.6243 0.5513 0.5223 0.2060
Significance NS NS NS NS
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5. GENERAL DISCUSSION, CONCLUSIONS, RECOMMENDATIONS
5.1. General Discussion

Pain management with herbal-based remedies is an area of interest and a health
practice today. Comprehension of the mechanisms in which plant components studied in
the scope of this thesis (rutin, hesperidin, and CGA) affect DRG cells will provide insight
into the impact of these components on pain, which will be critical in their possible
implementation in pain related therapeutic approaches.

DRG neurons contain nociceptors, which generate pain perception and are activated
by ion channels. These ganglia are thought to be the new clinical targets of neuropathic
pain [22]. Anti-hyperalgesic effectsof CGA [9, 10], its anti-inflammatory, antipyretic and
analgesic effects [11, 12], the antihyperalgesic effects of hesperidin on neuropathic pain
[14], its anti-inflammatory and analgesic effects [15] and the amendatory effects of rutin
in improvement of peripheral neuropathy [20] have been brought to the literature.

In the context of this work, it has been demonstrated that the polyphenolic
compounds studied have different effects on the electrophysiological properties of
primary cell culture of acutely dissociated rat DRG. These effects occur possibly via
alterations of conductance of K* channels. This alteration might be related to a change in
the probability of channel being in the open state or a modification of the number of
activated channels present in the cell membrane [168] .

Within the confines of this thesis, in terms of we have found K* currents; rutin
induced a reduction of about 25% in K* current densities and the K* channels conductance
in a non-dose dependent manner (approximately the same effect was found with the 3
used doses), no significant effect on the V12 with rutin also was recorded.

Hesperidin showed a dose non-related effectamong the 3 doses used (1 uM, 10 uM
and 100 puM) on K* current densities, which was found to be around reduction of 25%.
On the other hand, a dose of 1 uM hesperidin induced a 36% reduction in maximum
conductance of K* channels and significant shift to the left (towards hyperpolarization)
of the V1,2 value. Maximum conductance was reduced by 25% with 10 pM and 50% with
100 puM of hesperidin with no effect of both doses on V1.2.

CGA also induced a dose non-related effect among the 3 used doses (1 uM, 10 uM
and 100 pM) on K* current densities which was found to be around reduction of 30%.
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Maximum conductance was reduced by the 3 doses in a dose independent manner to
around 30% and no significant changes on V12 were recorded.

These results introducing the suppressive effects of the test chemicals on K* channel
conductance show that chemicals tested in this study do not affect voltage dependence in
the studied channels but reduce the conductance. This reduction might be originated from
a reduction in the number of active channels, or from a modification in the open state
probability or from the amplitude of signal of the channel. In the scope of these findings,
future analysis of the effect observed with these chemicals at the single channel level will
provide more detailed and in-depth information about the observed effects.

In terms of AP, it has been found that application of rutin at 10 uM and 100 pM
showed no significant effects on parameters measured. On the other hand, at a dose of 1
MM, rutin induced a significant effect on AP firing threshold (P<0.05) by shifting the
threshold towards more depolarized potentials, and a very significant effect on after-
hyperpolarization potential (P<0.05) by shifting the potential towards more depolarized
values, with non-significant effect on the other parameters measured.

Hesperidin at doses of 1 UM and 10 puM showed no significant effectson AP related
parameters measured. Even so, at a dose of 100 uM of hesperidin indicated a significant
effect on threshold of AP firing (P<0.05) by shifting the threshold towards more
depolarized potentials, and a significant effect on after hyperpolarization potential
(P<0.05) by shifting the potential towards more depolarized values with non-significant
effect on the other parameters measured.

CGAalso, at 10 uM and 100 uM doses, induced no significant effect on parameters
measured. But, similar to rutin, at a dose of 1 pM, CGA showed a significant effect on
threshold of AP firing (P<0.05) by shifting the threshold towards a more depolarized
potentials, and a significant effect on after hyperpolarization potential (P<0.05) by
shifting the potential towards more depolarized values with non-significant effect on the
other measured parameters.

The membrane potential at half activation or inactivation is represented by the V1
value [191]. This value is related to the potential at which half of the maximal K* current
is reached. So, when the value of V1,2 is shifted towards more hyperpolarized potentials,
it means that the cell is more prone to generate an AP, and eventually pain signaling, and
vice versa. In the experiments conducted within this thesis, only one test chemical at one

dosage induced a statistically significant change concerning this parameter; 1 uM
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hesperidin, indicating a significant shift towards hyperpolarization, introducing another
clue for its antihyperalgesic effects.

Results in the present study have showed that 1 uM hesperidin induced a major
change to the left in the activation and inactivation thresholds of Ky, as well as an
increased excitability, causing an inward current or membrane depolarization [191].
Other dosages of hesperidin and other substances studied, however, have no statistically
significant effects on the k values of Ky, and V1. As a result, we can't draw any
conclusions about the speed of activation or inactivation based on these findings, and the
inconsistencies in patch-clamp recordings may be due to various mechanisms & factors,
such as individual differences of the experimental animals or the date the solutions were
prepared, even the glass pipettes themselves, and the loss of the voltage clamp during the
recording performance.

Kv channels are one of the various voltage-gated ion channels controlling neuronal
excitability and frequency of APs [191]. Two types of K* currents with different
properties and effectson neurons these currents are the A-current (Ik,a) which inactivates
rapidly and the sustained K-current (lk,v), the prevailing K* current being the A current
or Ik,a which constitutes the major outward current during the beginning stages of AP
repolarization, controlling by that neurons repolarization AP frequency [191].

Studies on treatment of hyperalgesia and allodynia have proven that targeting Kv
by substances that decrease peak current densities these channel produced an analgesic
effect [192] , the chemicals testes in the scope of this thesis showed a similar effect on
the Type A K* current where and average inhibition of 26% of the current densities was
by the 3 chemicals in a dose independent manner with maximum inhibition found with
100 puM of rutin, which suggests a possible inhibitor effect on neuron excitability and
indirectly a possibility of analgesia induction. The similarity of effect might be due to the
similar chemical structure of the chemicals as all 3 belongs to the same family of flavones
with a polyphenolic structure.

The return of membrane to resting membrane potential happens in the after-
hyperpolarization phase where K* channels are closed and Na* ions enter the cells, so it
plays an important role in the modulation of AP firing [193], shifting the AHP towards a
less negative potential, which have shown to decrease consecutive AP firing probability
and the frequency of fired APs. These effects were related to decrease of pain signals

[193]. Among the studied chemicals, the most obvious effect observed with rutin,
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hesperidin, and GCA on AP was a shift of threshold of AP firing and the after-
hyperpolarization potential (AHP) towards less negative potentials or more depolarized
values, an effect observed 1 pM with rutin, 1 uM of CGA and 100 uM of hesperidin.
These findings suggest a possible beneficial effect of these plant components on
peripheral painful signaling.

The shifting of threshold of AP firing towards less negative values increases the
magnitude of the stimuli required for eliciting AP firing [194] which was related to
improvement of painful sensation in allodynia where the opposite happens (neurons firing
at more negative potential) [195]. The observed effect of the test chemicals in this thesis
on threshold of AP firing suggests a possible effect of diminution AP possibility of firing
and firing frequency which may be beneficial in painful signals reduction.

5.2. Conclusions

From the investigation of the effects of rutin, hesperidin and CGA on analgesia
related neuronal electrophysiological parameters on primary cultured DRG cells within
the scope of this master thesis it has been concluded that these chemicals at physiological
doses might reduce the probability of AP firing by affecting the threshold of AP firing
and after-hyperpolarization potentials, this effects might be related to the observed
reduction of type A K* current densities and maximum conductance of K* found in this
study, these results suggest a possible beneficial effect of these plant components on
neuronal excitability and a possibility of analgesia induction. Nevertheless, the
mechanisms by which these chemicals affect the channels could not be investigated and
future examination of the activity of these chemicals at single channel level is required
for more exhaustive understanding of the observed effects.

5.3. Recommendations

The phytochemicals tested in this thesis provided significant in vitro results that
will attract scientists doing research in the pain management to focus on these and similar
chemicals. In addition to the electrophysiological parameters investigated in this study,
in consideration of the significant results obtained in this work, other pain-related
channels such as Na*, Ca?* or HCN, should be studied later on. Also, future studies at the
single channel level, investigating the mechanisms of action of the test chemicals tested

withing the scope of this thesis, would be of a great benefit in understanding the observed

70



effects and assessing the possibility of use of these substances as a supplement in the

management and treatment of pain.
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