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as CGRP. CGRP elevates nociceptive signal by activating its receptor on large-sized
neurons. However, the role of CGRP on ASICs activity has not been investigated.
Moreover, the role of pH 7.0 on TG neurons has still unclear. The present study
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CHAPTER |
INTRODUCTION

Background and Rationale

The inflammatory events of trigeminal ganglion (TG) neurons associated with
headache leading to an acidosis of local area is called ‘local tissue acidosis’ (1, 2).
The levels of pH in the local tissue acidosis are decreased from physiological pH to
pH 5.4 that can activate the specific receptors and nociceptors to produce headache
(3, 4). These receptors are defined as acid-sensing ion channels (ASICs) and transient
receptor potential vanilloid type 1 (TRPV1) that responds to pH in different ranges.
ASICs activation requires pH change from 7.4 to 7.0, while TRPV1 activation requires
the pH change less than 6.0. (5, 6). Thus, ASICs are the primary pH sensor in response

to acidic noxious stimulus.

ASICs are the voltage-independent ligand-gated cation channels that
assemble three subunits to form function. ASICs are activated by the extracellular
proton (H"), and then this activation results in permeability to sodium (Na') ions (7).
ASICs are divided into ASICla, ASIClb, ASIC2a, ASIC2b, ASIC3, and ASIC4 that
distribute in many tissues in the central and peripheral nervous system (CNS and
PNS) (8). In TG and dorsal root ganglion (DRG), ASIC1la and 3 distribute on small-to
medium-sized neurons, while ASIC3 distributes on large-sized neurons (9-11).
Although small-to-medium-sized neurons implicate with nociceptor, large-sized
neurons implicates on mechanoreceptor and proprioceptor (8, 12). In the range of
pH, pH change from 7.4 to 7.0 sufficiently activates ASICs on the small-to-medium-
sized neurons that can produce the excitability in DRG, nodose ganglion, and dural
afferent part of TG (13-15). However, the physiological mechanism that pH 7.0 can
increase the excitability in TG neurons is still unclear. Especially, the effect of pH 7.0
on the small-to-medium-sized and large-sized neurons should be investigated

because the expression patterns of ASICs on them are difference.

ASICs co-express with other receptors, such as TRPV1, purinergic receptor

(P2X), purinoceptor ligand-gated ion channel 3 (P2X;). Moreover, ASICs co-express



with calcitonin gene-related peptide (CGRP) in the small- to-medium-sized neurons.
The co-expression of ASICs and CGRP is thought to be the reason that makes TG
neurons respond to low pH, capsaicin, and ATP stimuli (16-18). CGRP activation can
sensitize P2X; that leads to prolonged headache, and CGRP can also up-regulate
TRPV1 expression (19, 20). The modulation of CGRP on ASICs is unknown, albeit the
activation of ASICs can modulate the release of CGRP from the small-to-medium-

sized neurons (21).

CGRP, a 37 amino acid vasodilatory neuropeptide, is released from the small-
to-medium-sized neurons. CGRP acts through the functional CGRP receptor to dilate
vessel, activate mast cells and satellite glia cells (SGCs), and modulate the large-
sized neurons (22). Mast cells activation leads to degranulation and release of the
inflammatory mediators, and SGCs activation leads to release of the pro-
inflammatory mediators (23). These mediators can activate, in turn, the small-to-
medium-sized neurons (24). The implication between CGRP and ASICs was studied by
the observation of co-expression. Both ASICs and CGRP are co-expressed in small-to-
medium-sized neurons in DRG and TG (10, 11). When the extracellular proton
activates ASICs on TG neurons, Na' influx occurs that results in the increase of
intracellular Na'. Then, the elevation of intracellular Na' promotes the release of
CGRP (21). However, there is co-expression of CGRP and ASICs3 in large-sized TG
neurons (10, 25). Thus, whether CGRP can modulate ASICs via its receptor should be

investigated.

Research questions

How does low pH (pH 7.0) modulate the neuronal excitability of the small-to-
medium-sized neurons? Does pH 7.0 have any effect on ASICs of the large-sized
neurons? Does CGRP have any effect on ASICs activity of the small-to-medium-sized

and large-sized neurons?



Objectives
1. To determine the effect of pH 7.0 on ASICs in the small-to-medium-sized
neuron.
2. To investigate the effect of pH 7.0 on ASICs in the large-sized neurons.
3. To investigate the modulation of CGRP on ASICs activity in the small-to-
medium-sized neurons.
4. To investigate the modulation of CGRP on ASICs activity in the large-sized

neurons.

Hypothesis

ASICs activation increases the neuronal excitability in the small-to-medium-
sized neurons, while CGRP modulation enhances the AP induction in the large-sized

neurons.



CHAPTER I
LITERATURE REVIEWS

Trigeminal nociceptive system

Head and face are innervated by the trigeminal nerve, which is divided into
three branches; ophthalmic (V1), maxillary (V2), and mandibular (V3) branches (26).
First, the ophthalmic branch (V1) innervates frontal sinus, orbit and eye, tentorium
cerebelli, anterior and middle cerebral arteries, and superior sagittal sinus. Second,
the maxillary branch (V2) innervates upper jaw, nose, and maxillary sinus. Third, the
mandibular branch (V3) innervates lower jaw, masticatory muscles, and
temperomandibular joint (27). Moreover, three branches also give the fibers to
supply dura mater of brain structures including dural and pial vessels (28). These
branches emerge from their neurons in the trigeminal ganglion (TG) and continue to

the brainstem and upper cervical levels.

Trigeminal ganglion neurons

TG neurons, the first-order neuron, are pseudounipolar and enveloped in
satellite glia cells at their cell bodies (29, 30). On the basis of the morphological and
histological differences, the body of the TG neurons are classified into large light
neurons, medium light neurons, medium dark neurons, small lisht neurons, and
small dark neurons (29, 31). However, the TG neurons are divided into small-sized (>
30 um or > 600 pmz), medium-sized (30-40 um or 1200 umz), and large-sized (< 40
pm or < 1200pm2) neurons by using the immunohistologically neurochemical
markers, including calcitonin gene-related peptide (CGRP) and phosphorylated
neurofilament heavy chain 200 kDa (NF200). Each size of neurons has unique fiber;
the small-sized and medium-sized neurons are defined as a nociceptive phenotype,
give the unmyelinated C-fiber and thinly myelinated A-delta fiber, respectively.
Thousght, the large-sized neuron is defined as a non-nociceptive phenotype, gives the
thick myelinated A-beta fiber (17, 32, 33). The A-beta fibers respond to the innocuous

touch and proprioception stimuli, while the A-delta fibers detect and C-fibers detect



the noxious heat mechanical, thermal, and chemical stimuli (34). Following the basis
of the protein expression, the nociceptive phenotype neurons are sub-classified into
the peptidergic which expresses CGRP and substance P, and non-peptidergic which
expresses Ret protein and binding isolectin B4 (12, 35). However, both the peptidergic
and non-peptidergic subtypes can overlap between the co-localization of CGRP and
IBg in the rat (36). Moreover, the TG neurons contain neuropeptide that concerning
with size of neurons; small sized neurons contain substance P, CGRP, cholecystokinin,
somatostatin, vasoactive intestinal polypeptide, and gelanin; medium size neurons
contain CGRP and neuropeptide Y; and large-sized neurons contain cholecystokinin

and neuropeptide Y (33).

Thus, phenotypes of TG neurons convey the non-nociceptive and nociceptive
information from peripheral stimuli to central nervous system for interpreting the

input information into pain perception.

Nociceptor and pain perception

Pain is an unpleasant perception and emotion through an interaction
between mechanisms of a sensory and cognition, which in the midst of the
inflammation, disease, or trauma. The results of pain lead to a suffering and an
avoidance from threatening situations (37, 38). Threat or stimulus, which potentially
damages the tissues is defined as ‘noxious’. For example, the heat that elicits pain in
animals and human is higher than 45 °C, and is defined as noxious heat stimulus.
Moreover, noxious can also be mechanical and chemical stimuli. These noxious
stimuli have receptors with high-threshold for activation, and called ‘nociceptor’ or
‘nociception’, which were defined by Charles Sherrington (1906). Primary trigeminal
nociceptors including dorsal root ganglion (DRG) and trigeminal ganglion (TG) neurons
send unmyelinated C-fibers and thinly myelinated A-delta fibers, specifically mediate
pain via responding in the single of noxious stimulus or the several of noxious stimuli,
in which defining as polymodal nociceptors (34, 39). The nociceptors has three
functional roles that transduce peripheral terminal, and convert external stimuli into

electrical impulses including action potential (AP), conduction of impulses (or AP)



that run along axon to cell body, transmission of central terminal that synapses on
specific noceiceptive second order neurons in the central nervous system (CNS) (40).
Moreover, the nociceptors also enable the sensitization by threshold reduction and

response elevation to the noxious stimuli (39).

Under the inflammatory conditions associated with the pathophysiology of
head pain (including temporomandibular disorder, facial pain and migraine), the
tissue damage that leads to release of inflammatory mediators such as extracellular
proton (H+), bradykinin (BK), nitric oxide (NO), prostaglandins (PGE,), nerve growth
factor (NGF), and adenosine triphosphate (ATP) that activate nociceptors (2, 16, 41-
44). Similarly, cortical spreading depression (CSD), a depolarizing wave that occurs
during migraine attack also leads to release of inflammatory mediators including H,
arachinodic acid (AA), NO, and potassium (K') from cerebral cortex to the
extracellular fluid. CSD increases matrix metalloproteinases 9 (MMP-9) level to
interrupt blood- brain barrier (BBB), and then activates the nociceptive afferent at pial
and dural vessels (45, 46). These mediator stimuli are transduced by a transducer
protein or various transducer proteins. For example, the extracellular H" activates
acid sensing ion channels (ASICs) and/or transient receptor potential vanilloid 1
(TRPV1) that transduce signal to electrochemical impulses (47). The impulse is
transmitted along the nociceptive axon and synapses on the neurons in the
superficial layer (laminae | and II) that terminated by C-fiber, and the deeper layer
(laminae Il and IV) that are terminated by A-delta fiber, of the trigeminal nucleus
caudalis (TNC) and C1-C3 spinal dorsal horn (48, 49). Moreover, the TNC and C1-C3
cervical cords are grouped and referred to the trigeminocerviacal complex (TCC) (50).
The neurons in the TCC are classified into wide dynamic range (WDR) which respond
to innocuous stimuli at deep layer, and nociceptive specific (NS) which respond to
noxious stimulus, neurons that mainly locate at superficial layers (51, 52). The
impulses from these neurons in the TCC give ascending fibers that decussate and
convey information to the third-order neurons in the ventromedial thalamic nucleus
(VPM) of thalamus and medial nucleus of the posterior group intralaminar complex
via trigeminothalamic tract (or known as quintothalamic tract). The third-order

neurons project thalamocortical axon to the facial region in the primary



somatosensory cortex that translate impulses into the perception of pain or

headache (53).

In addition to CNS transmission, meanwhile, the nociceptors synthase
vasoactive neuropeptides such as CGRP and substance P (SP) in the cell body and
transport them to peripheral terminal. These neuropeptide cause the neurogenic

inflammation and sensitization in head pain (54).

Neurogenic inflammation

Neurogenic inflammation is mediated by CGRP and SP. CGRP is proposed to
play a role in the initiation of this inflammation (55, 56). In the peripheral afferent
within high density of blood vessels, SP produces plasma protein extravasation, while
CGRP produces vasodilation and mast cell degranulation (57-59). Moreover, CGRP
also activates the satellite glia cells, which locate around trigeminal ganglion neurons
(60). Both the mast cell degranulation and SGC activation lead the release of pro-
inflammatory mediators and cytokines that contribute to the nociceptor sensitization
(61). The mast cells locate near meningeal nociceptors and blood vessels,
temporomadibular joint, buccal mucosa, toung, palate, as well as cutaneous tissues
(62, 63). The activation of the mast cells by neuropeptides, especially CGRP, causes
its degranulation that leads to release of histamine, bradykinin, nerve growth factor
(NGF), serotonin, as well as the cytokines including, interleukin-1 (IL-1), IL-6, and
tumor necrosis factor-alpha (TNF-alpha) resulting in nociceptors activation and
enhancement of neuronal excitability (61-64). Moreover, the mast cell degranulation
can produce a prolonged excitation in the nociceptors, especially C-fiber, that is
long-lasting at least 4 hour and causes c-fos expression in TNC nociceptive neurons
(65). In addition to the mast cells, SGC is another one in response to CGRP and
causes neurogenic inflammation (23). SGC activation leads to release of TNF-alpha,
IL-1beta, and prostaglandin E, (PGE,), that activate the nociceptors and enhance
neuronal excitability (24, 66). In summary, mast cells degranulation is an important

process in the peripheral nociception, and SGCs activation is also an important



process in cell bodies sensitization that are involved in the development of

peripheral sensitization (61).

Calcitonin gene-related peptide (CGRP) and its receptor

CGRP, a 37 amino acid vasodilatory neuropeptide, is a member of the
calcitonin family, had been identified by Rosenfield in 1983. CGRP is classified into
alpha-CGRP, which expresses in the nervous system (peripheral and central nervous
system: PNS and CNS, respectively), and beta-CGRP, which expresses in the enteric
nervous system (ENS) and pituitary gland. Alpha-CGRP and beta-CGRP isoforms are
not difference in their biological activities, however, they differ in the sequence of
amino acids (67). CGRP affects CGRP receptor that consists of calcitonin-like receptor
(CLR), a seven-transmembrane G-protein-coupled receptor, interacting with receptor
activity-modifying proteins 1 (RAMP1), a small single-transmembrane protein, and
receptor component protein (RCP), an accessory protein (67). CLR require both
RAMP1 and RCP to form a functional unit that RAMP1 transports CLR to plasma
membrane as a mature glycoprotein and facilitates CGRP binding, while RCP directly
binds to CLR, and facilitates the coupling of CGRP receptor to the intracellular
signaling pathways (68, 69).

Distribution of CGRP and its receptor

CGRP and its receptor express in the nervous, cardiovascular, respiratory, and
gastrointestinal systems (70, 71). In the peripheral nervous system (PNS), CGRP and its
receptor are distributed in distinctive location. CGRP expresses on unmyelinated
nerve fibers (defined as C-fibers) which are small-to-medium- sized neurons
projecting to the spinal trigeminal region and superficial laminae (I and Il) of the
spinal trigeminal nucleus and C-1 of spinal cord level. In the other way, CGRP
receptor (CLR+RAMP1) expresses on myelinated nerve fibers (defined as A-delta
fibers) which are large-sized neurons, also projecting to the spinal trigeminal tract

region and laminae | and Il of the spinal trigeminal nucleus and C-1 of spinal cord



level. In addition to neurons, CGRP receptor, but not CGRP expresses on medial
vascular smooth muscle layer, mast cells, and SGCs (72-74). Moreover, CGRP is co-
expressed with synaptosomal-associated protein of 25 kDa (SNAP-25) in all regions of
C-fiber neurons that SNAP-25 facilitates CGRP vesicle trafficking and CGRP secretion
resulting in a paracrine signaling manner to activate blood vessels, mast cells, SGCs,
and A-delta fibers (25, 75). Generally, CGRP and its receptor are not co-localized in
the same neurons, however there is rare case that they are co-localized as auto-
receptor (interaction with CGRP and its receptor in the same neurons) (25, 76). Thus,
CGRP acts as a mediator in the intraganglionic communication between neurons and
non-neuronal cells for neurogenic inflammation and peripheral sensitization as well

as for relaying nociceptive information to higher-order neurons in brain (22, 77).

CGRP receptor-mediated signal transduction and peripheral sensitization

In the trigeminal nociception, the activation of CGRP receptor is induced by
CGRP that couples to the intracellular signaling cascade and phosphorylates ion
channels via protein kinase A (PKA), PKC, Ca2+/ calmodulin-dependent kinases I

(CaMKIl) and mitogen-activated protein kinase (MAPK) pathways.

In the PKA pathway, the CGRP receptor activation couples to the signal
transduction via G,pnas protein that is commonly affected in neural function. The
actived Gypras protein stimulates adenylyl cyclase (AC) that produces cyclic
adenosine monophosphate (cAMP) resulting in PKA activation (69). The targets of PKA
activation are ion channels and cAMP response element binding protein (CREB) that
involves in physiological and neuronal effects. The vasodilation occurs under the
activation of CGRP receptor on vascular smooth muscle cells via cAMP and PKA
stimulation (78). Moreover, PKA is the important signal in the regulation of auto-
activated receptor that it enhances CGRP promoter activity and then results in
transcribing CGRP mRNA. This causes CGRP self-regulated sensitization and auto-
regulation is upon on the expression of RAMP1 (79). The effect of CGRP on an ion
channels has been studied in P2X; receptor. CGRP activated P2X; receptor trafficking

via PKA. P2X; receptor is phosphorylated and translocated from the intracellular
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stores to the surface of neuronal membrane (19). Moreover, PKA phosphorylates
CREB, a gene regulatory protein that results in increase of P2X; mRNA expression (80).

Thus, CGRP sensitizes the trigeminal ganglion neurons via PKA pathways.

In the PKC and CaMKIl pathways, the signal transduction is mediated by G,
¢11 protein which activates the phospholipase C-beta (PLC-beta) to hydrolyze
phosphatidylinositol 4,5-biphosphate (PIP,) into inositol 1,4,5-trisphosphate (IPs) and
diacylglycerol (DAG). IP; bind to IPs-gated Ca”"release channel (IP5 receptor) on
endoplasmic reticulum (ER) which releases Ca”* into the cytoplasm, whereas DAG
modulate intracellular Ca”* which activates the PKC, and PKC further phosphorylates
ion channels (81, 82). PKC also phosphorylates and inserts P2X; receptor from the
cytoplasm to the membrane surface (19). Moreover, intracellular Ca2+ binds to
calmodulin, and activates Ca2+/ calmodulin-dependent kinases Il (CaMKIl), and then
CaMKIl phosphorylates CREB and increase P2X; mRNA (80). These suggest that CGRP
increases the intracellular Ca2+ via Gapha-g11 Protein and sensitize P2X; receptor via

PKC and CaMKIL.

MAPK cascades including ERK, JNK, and p38 expression, are up-regulated by
CGRP that activates CGRP receptor on SGCs (83, 84). SGCs release cytokines that
activate TG neurons causing the peripheral sensitization (23). However, the
mechanism whether CGRP receptor couples MAPK signaling is still unclear. It may be

depended on whether G, or other mechanisms (82).

In summary, the activation of CGRP receptor produces strong and prolonged
pain that causes peripheral sensitization via the phosphorylation of ion channels and
target proteins by PKA, PKC, CaMKIl and MAPK (44, 83). Thus, CGRP sensitizes receptor
or ion channel via the intracellular signaling pathway that leads to prolonged

headache. However, the relationship between CGRP and ASICs are still unexplored.

Acid-sensing ion channels (ASICs)

The inflammatory events associated with the pathophysiology of head pain

and lead to a local tissue acidosis. The high concentrations of proton (H") can reduce



11

pH value from physiological pH (pH 7.4) to pH 5.4 (3). Pain is evoked by extracellular
H' that opens cation channel in nociceptors (1, 4). The receptors of extracellular H
are acid-sensing ion channels (ASICs) and transient receptor potential vanilloid type 1
(TRPV1), and they have different sensitivity to pH values (34). In the aspect of
sensitivity to pH change, ASICs are more sensitive than TRPV1. ASICs require pH
change only from pH 7.4 to pH 7.0 for its activation, while TRPV1 requires pH change
from pH 7.4 to pH 6.0 (5, 6). Thus, ASICs are main sensor to detect acidic noxious in

the tissue acidosis.

ASICs, which had been cloned by the Waldmann and colleague, are trimeric
voltage-independent ligand-gated cation channels and mainly permeable to sodium
ions (Na") (7, 85). The structure of one subunit (monomeric) of ASICs consists of two
hydrophobic transmembrane domains, intracellular N- and C-termini, and large
extracellular loop with the conservative of cysteine-rich (86). There are six ASICs that
consist of ASIC1 which is spliced into ASICla (85, 87) and 1b (9, 88), ASIC2 which is
also spliced into ASIC2a (89, 90) and 2b (91), ASIC3 (dorsal root ASIC or DRASIC) (92),
and ASIC4 (spinal cord ASIC or SPASIC) (93). However, ASIC4 is excluded, because it

cannot function as H+—gated cation channels (93).

The distribution of ASICs in nervous system

ASICs widely express on neurons in both central and peripheral nervous
system (CNS and PNS). In the CNS, ASIC1a, 2a and 2b express in whole brain including
the cerebral cortex, cerebellum, hippocampal formation, amygdaloid nuclei,
hypothalamus, and basal ganglia, whereas, in the PNS, ASICla, 1b, 2b, and 3 are
expressed on sensory neurons (9, 85, 89-92, 94). In TG, there are the expression of
both ASICla and 3 which are specific on individual size of neurons. ASICla and 3
express on small-to-medium-sized neurons, and respond to noxious stimuli, while
ASIC3 is also expressed on large-sized neurons, and have mechanoreceptor and

proprioceptor properties (9-11, 16).
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Biophysical properties of ASICs

The distinct properties of ASICs are dependent on assembly of 3 subunit
compositions that forms homomultimeric or heteromultimeric channels. ASICs have
permeability to Na' > Ca2+ > K+, however, the selective permeability is various
depending on types of ASICs. For example, ASICla has permeability to Na" and Ca2+,
while ASIC1b has not any permeability to ca” (88, 95).

The pH sensitivity of ASICs is obtained from the values of the half-maximal
activation (pHys), is 5.8-6.8, 6.1-6.2, 4.5-4.9, and 6.4-6.6 for ASICla, 1b, 2a, and 3
homomultimeric channels, respectively (96, 97). However, ASIC2b cannot form
homomultimeric channel function by itself. In acid-evoked current, ASICs generate
transient inward current, which followed by rapidly desensitization that is sustained
current in which occurring after the desensitization is almost completed. The order of
time constant for desensitization is ASIC2a > ASIClb > ASICla > ASIC3, while the
order of percentage from sustained current to peak current is ASIC3 >> ASIC2a >
ASIC1b > ASICla (97). These correlate to the shape of ASICs current. Moreover, ASIC3
is the important channel for displaying a sustained pain. ASIC3 responds the slightly
continuous drop pH to pH 4.0 that generates only sustained current and produces
the long-lasting sensation of pain (1, 92). ASICs transduce the chemical signal to
electrical signal for transmission that associates with action potentials (APs). APs
which elicited by pH change, are induced during transient inward current. This

suggests that Na' influx through ASICs play the major role in producing APs (14).

Neuropeptides modulate ASICs

The neuropeptides which modulate ASIC1 and 3 in dorsal root ganglion (DRG)
neurons are Phe-Met-Arg-Phe (FMRF)amide, neuropepide SF (Ser-Leu-Ala-Ala-Pro-Gln-
Arg-Phe-amide, NPSF), and neuropepide FF (Phe-Leu-Phe-Gln-Pro-Gln-Arg-Phe-amide,
NPFF) (98). These neuropeptides directly activate ASIC1 and 3 that ASIC3 is a major
response resulting in an increase of peak amplitude of transient inward current, an
increase of time constant of desensitization, and an induction of sustained current

(99-102). Moreover, these neuropeptides also modulate ASIC1 and ASIC3 that
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increase the neuronal excitability under the acidosis of inflammation (101). Thus,
FMRFamide, NPSF, and NPFF modulate ASICs to produce the excitability of
nociceptors under the inflammatory events. However, the other neuropeptides
including SP and CGRP do not effect on ASICs mRNAs level (103). Moreover, the
effect of SP and CGRP on ASICs properties is unclear and should be clarified in the

future.

The relationship of ASICs and CGRP
The implication between ASICs and CGRP has been studied by the aspects of

localization and modulation. In the study of localization, it has been revealed that
ASICs and CGRP are co-expressed on small-to-medium-sized neurons in DRG and TG
(10, 11). When the extracellular H" activates ASICs on TG neurons, Na" will fluxes into
neurons that increase the levels of intracellular Na". The elevation of intracellular
Na" promotes the release of CGRP (21). However, the co-expression of CGRP receptor
and ASICs are unknown. Indeed, CGRP receptor expresses on large-sized TG neurons
that is similar to ASIC3 (10, 25). Because of the difference in pattern expression, the
effect of CGRP on ASICs in TG neurons may differ depending on cell phenotype.
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CHAPTER Il
MATERIALS AND METHODS

MATERIALS

1. Chemicals

Adenosine 5'—triphosphate
magnesium salt (Mg-ATP)
Calcium chloride (CaCl,)
Ethylenglycol-bis-
(2-aminoethylethyl)-

tetraacetic acid (EGTA)

Glucose

Guanosine 5'—triphosphate
sodium salt hydrate (Na-GTP)
HEPES free acid

Laminin

Magnesium chloride (MgCl,)
Poly-d-lysine (PDL) hydrobromide
Potassium chloride (KCL)
Potassium gluconate (K-gluconate)

Potassium hydroxide (KOH)

Sigma-Aldrich, MO, USA

Merck, Germany

Sigma-Aldrich, MO, USA

Sigma-Aldrich, MO, USA

Sigma-Aldrich, MO, USA
Sigma-Aldrich, MO, USA
Sigma-Aldrich, MO, USA
Sigma-Aldrich, MO, USA
Sigma-Aldrich, MO, USA
Sigma-Aldrich, MO, USA
Sigma-Aldrich, MO, USA

Merck, Germany
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Sodium chloride (NaCl)

Sodium hydroxide (NaOH)

2. Drugs

Alpha-calcitonin gene-related
peptide (alpha-CGRP)

Sodium pentobarbital

3. Media
Collagenase type IV

Dispase |l

Fetal bovine serum (FBS)
Glutamax

Ham’s F-12

Hank’s balanced salt solution
(HBSS)

Leibovitz’s L-15 medium (L-15)
Papain

Penicillin (10000 U/ml)/

Streptomycin (10000 pg/ml)

Sigma-Aldrich, MO, USA

Merck, Germany

Sigma-Aldrich, MO, USA

Ceva Sante Animale, Libourne, France

Invitrogen, Carlsbad, CA, USA
Invitrogen, Carlsbad, CA, USA
Gibco, Grand Island, NY, USA
Gibco, Grand Island, NY, USA

Gibco, Grand Island, NY, USA

Gibco, Grand Island, NY, USA

Gibco, Grand Island, NY, USA

Sigma-Aldrich, MO, USA

Gibco, Grand Island, NY, USA



4. Materials

Borosilicate glass pipettes

(1.5 mm OD x 0.86 mm ID) Sutter Instruments, Navato, CA, USA
Calibrate graticule Pyser, Kent, UK
Glass pasteur pipette BRAND, Wertheim, Germany

35 m x 10 mm dish Corning, NY, USA

5. Instrumental devices

Bravia LCD TV BX300 Sony Thai Co., Ltd, Thailand

BX51WI fixed-stage upright

microscope Olympus Corporation, Japan
CelCulture CO, incubator Esco Global, Singapore

Class Il biological safety cabinet

model AC2 Esco Global, Singapore

Digitdata 1440 series interface Axon Instruments, Foster City, CA, USA
Flaming/Brown micropipette

puller (P-97) Sutter Instruments, Navato, CA, USA
Fiske® 210 Micro-osmometer Advanced Instruments, Inc., MA, USA
High output vacuum/pressure

pump EMD Millipore Corporation, MA, USA
MP-385-2 Micromanipulator Sutter Instruments, Navato, CA, USA

Narishige MF-830 microforge Narishige, Japan



Patch clamp amplifier:

Axopatch 200B Axon Instruments, Foster City, CA, USA
Peristaltic pump: Minipuls 3 Gilson, S.A.S., Villiers le Bel, France
Rotina 420 R Hettich Instruments, Bach, Switzerland

Software for data acquisition:

Clampex 10.2 Axon Instruments, Foster City, CA, USA
Software for data analysis:

pClampfit 10.2 Axon Instruments, Foster City, CA, USA
Super HAD CCD Il camera Sony Corporation, Japan

Vibration isolation platform Newport Corporation, CA, USA
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EXPERIMENTAL DESIGN

The aim of this study is to determine the effect of pH 7.0 on ASICs in small-
to-medium-sized and large-sized neurons. Moreover, we aim to investigate the
modulation of CGRP on ASICs activity in small-to-medium-sized neurons and large-
sized neurons. Thus, the experiments were separated into 2 major parts as described

below.

1. Experiment |

The effect of pH 7.0 on phenotypes of trigeminal ganglion neurons was
studied by using whole-cell patch-clamp configuration. The experiment was in vitro
study. TG neurons were divided into 2 groups; small-to-medium-sized (n = 19) and
large-sized neurons (n = 6). Both groups of neurons were superfused by the 2 types
of extracellular solution that were physiological pH (pH 7.4) and low pH (pH 7.0). The
extracellular solution was changed from pH 7.4 to pH 7.0 within 10 minutes. After
lowering pH, the variables of the neuronal properties and AP shapes were measured

and compared within their groups.
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Trigeminal ganglion neurons

\ 4 \ 4

Small-to-medium-sized neurons Large-sized neurons
n= 19 n = 6
A 4 A 4
pH 7.4 pH 7.4
A 4 y
pH 7.0 pH 7.0

A 4

Whole-cell patch-clamp configuration

Figure 3.1 Diagram of experimental design of the experiment |.

2. Experiment Il

The effect of CGRP on ASICs on phenotypes of trigeminal ganglion neurons
was studied by using whole-cell patch-clamp configuration. The experiment was in
vitro study. The experiment was in vitro study. TG neurons were divided into 2
groups; small-to-medium-sized (n = 9) and large-sized neurons (n = 6). Before
recording, both groups of neurons were incubated with 1 uM CGRP in pH 7.4 for 1
hour at the room temperature. Next, the extracellular solution was changed to pH
7.0 with 1 uM CGRP that incubated for 10 minutes at the room temperature. The
variables of the neuronal properties and AP shapes were measured and compared

within in their groups.
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Figure 3.2 Diagram of the experimental design of the experiment II.
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METHODS

1. Animals

Adult male Wistar rats were purchased from the National Laboratory Animal
Center (Mahidol University, Salaya, Nakhonpathom, Thailand). Rats were maintained
in a ventilated room on a 12 h dark/light cycle with free access to food and water in
accordance with procedures approved by the Animal Care and Use Committee

(Faculty of Medicine, Chulalongkorn University, Bangkok, Thailand).

2. Primary Culture

Trigeminal ganglion (TG) neurons were obtained from 4- to 8-week-old rats
using a previously described dissociation protocol (104) with minor modifications as
follows. Rats were euthanized by intraperitoneal injection of an overdose of sodium
pentobarbital (Ceva Sante Animale, Libourne, France) and decapitated. Trigeminal
ganglia were excised and transferred to a Petri dish containing ice-cold Hank’s
balanced salt solution without Ca2+/f\/lg2+ (HBSS, Gibco, Grand Island, NY) and
chopped into small pieces. After digestion in HBSS containing 10 mg ml™ collagenase
type IV (Invitrogen, Carlsbad, CA) and 18.2 U U dispase type Il (Invitrogen) for 20
minutes at 37 °C followed by HBSS containing 1.5 mg papain (Sigma, St. Louis, MO)
for 20 minutes at 37 °C, pieces of ganglia were triturated by passing them through
sterilized fire-polished Pasteur pipette in L-15 medium (Gibco) containing 4.8% fetal
bovine serum (FBS, Gibco), 10,000 units mU of penicillin and 10,000 g mU of
streptomycin (Gibco) and 1 M HEPES (Sigma). Dissociated neurons were spun at 1000
rom to sediment the neurons. The neuronal cell pellet was resuspended in Ham’s F-
12 (Invitrogen) containing 10% FBS, 10,000 units mf1 of penicillin and 10,000 pg mlf1
of streptomycin, and Glutamax (Gibco), and then plated onto 35 mm Petri dishes
precoated with poly-d-lysine (PDL, Sigma) and laminin (Sigma). Neurons were
maintained in an incubator at 37 °C under an atmosphere of 5% CO, and used within

24-48 h after plating.
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Soma diameters, were classified into small (<30 pm), medium (30-40 pm),
and large (>40 pm) diameter neurons shown in Figure3.3, as measured using a

calibrated graticule (Pyser, Kent, UK) before whole-cell patch-clamp recordings.

Figure 3.3 Representative neurons, small-sized (23.40 pm, A), medium-sized (35.25

um, B) and large-sized neurons (41 um, C). These neurons were measured using a

40X objective lens. Scale bars all 10 um.

3. Electrophysiological recording

Neurons were superfused at flow rate 2 ml min_ with an extracellular
solution containing 145 mM NaCl, 5 mM KCl, 2 mM CaCl,, 1 mM MgCl,, 10 mM d-
Glucose, and 10 mM HEPES, pH 7.4 (adjusted with NaOH) and whole-cell patch-
clamp recording was performed using an Axopatch 200B amplifier (Axon instruments,
Foster City, CA) and pClamp 10 acquisition software (Axon instrument, City, ST).
Borosilicate glass pipettes (1.5 mm OD x 0.86 mm ID, Sutter Instruments, Navato, CA)
were pulled by using a Flaming-Brown micropipette puller (P-97, Sutter Instruments)
and had resistance of 2-5 MQ when polished with microforge (MF-830, Narishige,
Japan) and filled with an internal solution containing 140 mM K-gluconate, 1 mM
CaCly, 2 mM MgCl,, 10 mM EGTA, 10 mM HEPES, 0.3 mM Na-GTP, and 10 mM Mg-ATP,
pH 7.3 (adjusted with KOH). Neurons were voltage clamped at -60 mV and current
was filtered at 5 kHz (using a low-pass filter) and sampled 25 kHz by using a Digidata
1440 series interface (Axon instruments). After whole-cell voltage clamp was
established, the clamp switched to current clamp mode, which measured the resting
membrane potential (RMP) with no applied current. Following and adapting a

protocol described previously (105), applying short (1 ms) and long (500 ms)
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depolarizing current pulses with -65 mV of holding potential (HP), to assess the
action potential shape and the excitability of neurons, respectively. After recording in
the extracellular solution at physiological pH (pH 7.4), to evaluate the effect of low
pH, the extracellular solution was changed to pH 7.0. The time to change the

solution was approximately 10 minutes.

The effect of CGRP on ASICs was evaluated, we dissolved alpha-CGRP (Sigma) in
double-distilled water (ddH,O) and added the alpha-CGRP solution to the
extracellular solution at both pH 7.4 and 7.0 such that the final concentration of

CGRP in each solution was 1 uM, as described in the previous study (19).

4. Action potential parameter assessments

When applying the 500 ms of current to define the excitability of neuron,
threshold and rheobase were measured. Threshold was considered as the
depolarizing potential that triggered the first AP (black dot, Figure 3.4) while the
rheobase was the lowest injecting current that produced an AP (arrow, Figure 3.4).
Total spikes was the number of spikes that triggered by depolarizing step currents

from the 5" to 21" steps with increasing 5 pA per step.

A brief (1 ms) current was injected to assess the AP shape (Figure 3.5). AP
height (APpeigne) Was measured from the membrane potential (E,,) to the peak of the
AP, while AP overshoot (AP ershoot) Was measured at 0 mV to the peak of the AP. AP
rising time (APgr) was measured from the threshold to the peak of the AP and the AP
falling time (APgr) was measured from the peak to the E,, whereas AP duration
(AP4uation) Was the sum of the rising and falling times (Figure 3.5). The depth of after-
hyperpolarization (AHPgeq) was determined from the E,, to the peak of the AHP,
while the duration of the AHP was measured from the peak of the AHP to 50% of

recovery to the baseline (AHPs,) (Figure 3.6).
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Figure 3.4 Measurement of threshold and rheobase. Upper: Threshold was measured
at black dot with value as -21.63 mV, while rheobase was measured at first spike with
value of 35 pA. Lower: The depolarizing current steps were injected to evoke the
action potential, which first spike was evoked by the 11" step with value of 35 pA

(arrow).
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Figure 3.5 The illustration shows that the action potential (AP) parameters were
assessed by injected 1ms current. The AP parameters; height, overshoot, rising time,

falling time, and duration were recorded. E,, was membrane potential.
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Figure 3.6 The illustration shows that the after-hyperpolarizaiton (AHP) parameters
was assessed with depth of AHP and duration at half of recovery to baseline of AHP

(AHPs5y). E,,, was membrane potential.

5. Data analysis
All data are presented as mean + standard errors of means (SEM). Statistical
analysis was performed using Student’s t test (Sigma Plot version 10.0, City, State,

USA). P < 0.05 was accepted as statistically significant.
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CHAPTER IV
RESULTS

Effect of pH 7.0 on the small-to-medium-sized TG neurons

Depolarizing current pulses with 500 ms were applied to small-to-medium-
sized neurons (<40 pm; n = 19) before and after decreasing the pH from
physiological (pH 7.4) to pH 7.0 as shown in representative trace (Figure 4.1). The
RMP was significantly depolarized at pH 7.0 (Figure 4.2 and Table 4.1). Small-to-
medium-sized neurons tended to produce more spikes, but this change was not
significant compared to control (Figure 4.3). Totally, small-to-medium-sized neurons
were excited in response to low pH (Table 4.1). Their threshold was significantly
shifted to more negative at pH 7.0 (Figure 4.4) and rheobase was significantly

decreased (Figure 4.5).

Action potential (AP) shapes and variables were measured by applying a 1 ms
depolarizing current pulse (Table 4.1). The AP.. e at physiological pH was
significantly smaller than control at pH 7.0 (Figure 4.6), and the AP, cihoot Was also
significantly smaller than control (Figure 4.7). The magnitude of the AHP4e Of the
neurons was significantly decreased at pH 7.0 (Figure 4.8), while the AHPs, was
significantly longer than control at pH 7.0 (Figure 4.9). However, there were no
changes in the APy,uaiion (Figure 4.10), APy (Figure 4.11), or AP (Figure 4.12) in

response in physiological pH and low pH.



29

Membrane potential

v y)

Membrane potential

— 40 pA

10 ms

Figure 4.1 Representative traces of the excitability of small-to-medium-sized neurons
that responded to physiological pH (7.4) and pH 7.0. A. Response of a small-to-
medium-sized neuron to physiological pH showing a threshold of -21.63 mV and a
rheobase of 35 pA in the first spike. B. Response of a small-to-medium-sized neuron

to pH 7.0 showing a threshold of -23.01 mV and a rheobase of 30 pA.
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Figure 4.2 Resting membrane potential of small-to-medium-sized neurons in

physiological pH (pH 7.4) compared to low pH (pH 7.0). *P < 0.05.
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Figure 4.3 The total spike of small-to-medium-sized neurons in physiological pH (pH

7.4) compared to low pH (pH 7.0).
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Figure 4.4 The threshold of small-to-medium-sized neurons in physiological pH (pH
7.4) compared to low pH (pH 7.0). *P < 0.05.
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Figure 4.5 The rheobase of small-to medium-sized neurons in physiological pH (pH

7.4) compared to low pH (pH 7.0). *P < 0.05.
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Figure 4.6 The height of action potential in small-to-medium-sized neurons in

physiological pH (pH 7.4) compared to low pH (pH 7.0). *P < 0.05.
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Figure 4.7 The overshoot of action potential in small-to-medium-sized neurons in

physiological pH (pH 7.4) compared to low pH (pH 7.0). *P < 0.05.
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Figure 4.8 The depth of after-hyperpolarization in small-to-medium-sized neurons in

physiological pH (pH 7.4) compared to low pH (pH 7.0). *P < 0.05.
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Figure 4.9 The peak of AHP to 50% recovery to baseline of after-hyperpolarization in
small-to-medium-sized neurons in physiological pH (pH 7.4) compared to low pH (pH

7.0). *P < 0.05.
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Figure 4.10 The duration of action potential in small-to medium-sized neurons in

physiological pH (pH 7.4) compared to low pH (pH 7.0).
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Figure 4.11 The rising time of action potential in small-to medium-sized neurons in

physiological pH (pH 7.4) compared to low pH (pH 7.0).
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Figure 4.12 The falling time of action potential in small-to medium-sized neurons in

physiological pH (pH 7.4) compared to low pH (pH 7.0).
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Table 4.1 Effect of pH change from pH 7.4 to pH 7.0 on AP variables of the small-to-

medium-sized neurons

Small-medium sized neurons (n = 19)

Variables pH 7.4 pH 7.0 P-value
RMP (mV) -60.15 + 1.67 -55.28 + 2.60* 0.010
Spike (spikes) 10.95 + 1.07 15.16 + 3.56 0.176
Threshold (mV) -20.26 + 2.20 -23.50 + 2.02* 0.009
Rheobase (pA) 38.42 + 4.43 33.42 + 3.96* 0.0001
APpgight (MV) 125.82 + 3.23 120.84 + 4.20* 0.033
AP ershoot (MV) 58.91 + 3.18 54.19 + 4.16* | 0.046
AP yration (MS) 6.91 = 0.82 7.75 + 0.87 0.076
APgr (ms) 1.13 + 0.14 1.20 + 0.15 0.412
APr (ms) 579 + 0.77 6.55 + 0.80 0.096
AHP geptr (MV) 515+ 0.61 4.30 + 0.45* 0.014
AHP54 (ms) 95.80 + 17.84 131.34 + 30.33% 0.043

Neuronal properties of small-to-medium-sized neurons in physiological pH (pH 7.4)

compared to low pH (pH 7.0). *P < 0.05. Each variable shown as mean + SEM.
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Effect of pH 7.0 on the large-sized TG neurons

Depolarizing current pulses with 500 ms were applied to the large-sized
neurons (>40 pm, n = 6) before and after decreasing the pH from physiological (pH
7.4) to low pH (pH 7.0) as shown in representative traces (Figure 4.13). The RMP was
not significantly different between physiological pH and pH 7.0 (Figure 4.14 and
Table 4.2). Responding neurons were not significantly excitable at pH 7.0 (Table 4.2).
There was no significant difference between the numbers of spikes during pH change
(Figure 4.15). Moreover, the threshold was not changed at pH7.0 (Figure 4.16), and
the rheobase was also unchanged at pH 7.0 (Figure 4.17).

There were no significant differences in the variables of AP shape (Table 4.2).
The APjign Was not changed at pH7.0 (Figure 4.18) and the AP, oot Was also not
changed at pH 7.0 (Figure 4.19). Similarly, the AHP., was not changed at pH 7.0
(Figure 4.20) and the AHPs, was also not changed at pH 7.0 (Figure 4.21). Moreover,
the APy ation (Figure 4.22), APqr (Figure 4.23), and APg (Figure 4.24) were not

significantly changed in response to pH.
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Figure 4.13 Representative traces of the excitability of large-sized neurons that
responded to physiological pH (7.4) and low pH (pH7.0). A. Response of a large-sized
neuron to physiological pH showing a threshold of -33.48 mV and a rheobase of 50
pA. B. Response of a large-sized neuron to pH 7.0 showing a threshold of -33.42 mV
and a rheobase of 50 pA.
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Figure 4.14 The resting membrane potential of large-sized neurons in physiological

pH (pH 7.4) compared to low pH (pH 7.0).
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Figure 4.15 The total spike large-sized neurons in physiological pH (pH 7.4) compared
to low pH (pH 7.0).
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Figure 4.16 Threshold of large-sized neurons in physiological pH (pH 7.4) compared
to low pH (pH 7.0).
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Figure 4.17 The rheobase of large-sized neurons in physiological pH (pH 7.4)
compared to low pH (pH 7.0).
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Figure 4.18 The height of action potential in large-sized neurons in physiological pH

(pH 7.4) compared to low pH (pH 7.0).
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Figure 4.19 The overshoot of action potential in large-sized neurons in physiological

pH (pH 7.4) compared to low pH (pH 7.0).
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Figure 4.20 The depth of after-hyperpolarization in large-sized neurons in

physiological pH (pH 7.4) compared to low pH (pH 7.0).
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Figure 4.21 The peak of AHP to 50% recovery to baseline of after-hyperpolarization
in large-sized neurons in physiological pH (pH 7.4) compared to low pH (pH 7.0).
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Figure 4.22 The duration of action potential in large-sized neurons in physiological

pH (pH 7.4) compared to low pH (pH 7.0).
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Figure 4.23 The rising time of action potential in large-sized neurons in physiological

pH (pH 7.4) compared to low pH (pH 7.0).
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Figure 4.24 The falling time of action potential in large-sized neurons in physiological

pH (pH 7.4) compared to low pH (pH 7.0).



Table 4.2 Effect of pH 7.0 on AP variables of the large-sized neurons

Large-sized neurons (n = 6)

Variables pH 7.4 pH 7.0 P-value
RMP (mV) -61.98 + 0.52 -63.48 + 1.03 | 0.577
Spike (spikes) 8.50 £ 1.41 8.33 + 1.45 0.741
Threshold (mV) -33.08 + 3.09 -3290 + 3.32 | 0.828
Rheobase (pA) 47.50 + 7.04 48.33 + 7.26 0.741
APpgight (MV) 122.47 + 7.87 121.03 + 8.17 | 0.477
AP overshoot (MV) 55.83 + 8.06 53.90 + 8.21 0.305
APguration (MS) 13.29 + 10.05 11.91 + 8.04 0.530
APgr (ms) 1.20 + 0.27 1.34 + 0.21 0.493
APgr (ms) 12.09 + 10.00 10.58 + 7.98 0.491
AHPgeptr, (MV) 5.47 + 0.81 5.02 + 0.78 0.101
AHPso (ms) 153.62 + 47.65 227.58 £ 80.07 | 0.105

low pH (pH 7.0). Each variable is shown as mean + SEM.

Neuronal properties of large-sized neuron in physiological pH (pH 7.4) compared to

a5
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Effect of CGRP in modulating pH 7.0 on the small-to-medium-

sized neurons

Depolarizing current pulses with 500 ms were applied to the small-to-
medium-sized neurons (<40 pm, n = 9) treated with CGRP before and after
decreasing the pH from physiological (pH 7.4) to pH 7.0 as shown in representative
trace (Figure 4.25). The RMP was significantly shifted to more negative when pH was
decreased from physiological pH to pH 7.0 (Figure 4.26 and Table 4.3). There was no
significant difference between the numbers of spikes before and after decreasing the
pH (Figure 4.27). The threshold at physiological pH was shifted to less negative at pH
7.0 (Figure 4.28), while the rheobase of current at physiological pH was decreased at

pH 7.0 (Figure 4.29), but this was not significantly different (Table 4.3).

The APyign at physiological pH was significantly reduced when pH was change
to pH 7.0 (Figure 4.30) and the APy ershoot Was significantly reduced (Figure 4.31). The
AHPgepen was  significantly increased (Figure 4.32), while the AHPs, showed no
difference between physiological pH and pH 7.0 (Figure 4.33). There were no
significant difference in the APy, iion (Figure 4.34) and AP (Figure 4.35). By contrast,
the APy at physiological pH was significantly longer at pH7.0 ((Figure 4.36 and Table
4.3).
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Figure 4.25 Representative traces present the neuronal excitability of small-to-
medium-sized neurons that responded to physiological pH (7.4) and low pH (pH 7.0)
with CGRP application. A. Response of a small-to-medium-sized neuron to pH 7.4
showing a threshold of -27.59 mV and a rheobase of 30 pA in the first spike. B.
Response of a small-to-medium-sized neuron to pH 7.0 showing a threshold of -

28.11 mV and a rheobase of 30 pA.
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Figure 4.26 The resting membrane potential of small-to medium-sized neurons in
physiological pH (pH 7.4) compared to low pH (pH 7.0) with CGRP application. *P <
0.05.
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Figure 4.27 The total spike of small-to-medium-sized neurons in physiological pH (pH
7.4) compared to low pH (pH 7.0) with CGRP application.
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Figure 4.28 The threshold of small-to-medium-sized neurons in physiological pH (pH
7.4) compared to low pH (pH 7.0) with CGRP application.
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Figure 4.29 The rheobase of small-to-medium-sized neurons in physiological pH (pH

7.4) compared to low pH (pH 7.0) with CGRP application.
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Figure 4.30 The height of action potential in small-to-medium-sized neurons in
physiological pH (pH 7.4) compared to low pH (pH 7.0) with CGRP application. *P <
0.05.
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Figure 4.31 The overshoot of action potential in small-to-medium-sized neurons in
physiological pH (pH 7.4) compared to low pH (pH 7.0) with CGRP application. *P <
0.05.
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Figure 4.32 The depth of after-hyperpolarization in small-to-medium-sized neurons
in physiological pH (pH 7.4) compared to low pH (pH 7.0) with CGRP application. *P <
0.05.
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Figure 4.33 The peak of AHP to 50% recovery to baseline of afterhyperpolarization in
small-to-medium-sized neurons in physiological pH (pH 7.4) compared to low pH (pH

7.0) with CGRP application.
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Figure 4.34 The duration of action potential in small-to-medium-sized neurons in

physiological pH (pH 7.4) compared to low pH (pH 7.0) with CGRP application.
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Figure 4.35 The rising time of action potential in small-to-medium-sized neurons in
physiological pH (pH 7.4) compared to low pH (pH 7.0) with CGRP application. *P <
0.05.
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Figure 4.36 The falling time of action potential in small-to medium-sized neurons in

physiological pH (pH 7.4) compared to low pH (pH 7.0) with CGRP application.



Table 4.3 Effect of pH 7.0 with CGRP on AP variables of the small-medium sized

neurons
Small-medium sized neurons (n = 9)
Variables pH 7.4 pH 7.0 P-value
RMP (mV) -59.14 + 2.00 -64.71 + 3.19* 0.015
Spike (spikes) 10.11 + 1.95 889 +230 |0.111
Threshold (mV) -25.41 + 1.99 -17.95 + 4.05 0.080
Rheobase (pA) 39.44 + 9.73 25.56 + 9.22 0.212
APpgight (MV) 133.88 + 3.06 123.44 + 5.82*% 0.014
AP ershoot (MV) 67.23 + 2.99 5588 + 5.88* | 0.011
AP guration (MS) 11.58 + 4.92 583+ 066 | 0276
APgr (ms) 0.89 + 0.13 1.33 + 0.25% 0.013
AP (ms) 10.70 + 4.82 4.27 + 0.61 0.226
AHP oo, (MV) 4.02 + 0.88 585+ 0.70 | 0.003
AHP54 (ms) 127.55 + 22.08 151.36 + 25.23 0.123

Neuronal properties of small-to-medium-sized neurons in physiological pH (pH 7.4)
compared to low pH (pH 7.0) with CGRP application. *P < 0.05. Each variable is

shown as mean + SEM.
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Effect of CGRP in modulating pH 7.0 on the large-sized neurons

Depolarizing current pulses with 500 ms were applied to the large-sized
neurons (>40 um, n = 6) that were applied with CGRP in physiological pH (pH 7.4)
compared to low pH (pH 7.0) (Figure 4.37). The RMP was not changed at pH 7.0
(Figure 4.38 and Table 4.4). Large-sized neurons in pH 7.4 showed significantly less
spikes at than at pH7.0 (Figure 4.39). The threshold was not significantly changed
(Figure 4.40), but the rheobase of current at pH 7.4 was significantly decreased
comparing with at pH 7.0 (Figure 4.41 and Table 4.4).

The APyt at physiological pH was not significantly changed at pH 7.0 (Figure
4.42) and the AP, eshoot Was also not significantly changed at pH 7.0 (Figure 4.43).
The AHPgeqn was not significantly changed at pH 7.0 (Figure 4.44) and the AHP5, was
also not changed at pH 7.0 (Figure 4.45). Moreover, the APy .tion (Figure 4.46), APgr
(Figure 4.47), and APq; (Figure 4.48) were not significantly changed in response to pH
7.0 (Table 4.4).
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Figure 4.37 Representative traces show the neuronal excitability of large-sized
neurons that responded to physiological pH (7.4) and low pH (pH 7.0) with CGRP
application. A. Response of a large-sized neuron to pH 7.4 showing a threshold of -
34.74 mV and a rheobase of 50 pA. B. Response of a large-sized neuron to pH 7.0
showing a threshold of -34.43 mV and a rheobase of 45 pA.



57

0 pH 7.4 pH 7.0

-20 4

40 A

RMP (mV)

-60 4

-80 -

Figure 4.38 The resting membrane potential of large-sized neurons in physiological

pH (pH 7.4) compared to low pH (pH 7.0) with CGRP application.
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Figure 4.39 The total spike of large-sized neurons in physiological pH (pH 7.4)
compared to low pH (pH 7.0) with CGRP application. *P < 0.05.
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Figure 4.40 The threshold of large-sized neurons in physiological pH (pH 7.4)
compared to low pH (pH 7.0) with CGRP application.
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Figure 4.41 The rheobase of large-sized neurons in physiological pH (pH 7.4)
compared to low pH (pH 7.0) with CGRP application. *P < 0.05.



59

150 1

120 -

90 -

60 -

APheight (mV)

30 A

pH7.4 pH 7.0

Figure 4.42 The height of action potential in large-sized neurons in physiological pH
(pH 7.4) compared to low pH (pH 7.0) with CGRP application.
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Figure 4.43 The overshoot of action potential in large-sized neurons in physiological

pH (pH 7.4) compared to low pH (pH 7.0) with CGRP application.
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Figure 4.44 The depth of after-hyperpolarization in large-sized neurons in

physiological pH (pH 7.4) compared to low pH (pH 7.0) with CGRP application.
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Figure 4.45 The peak of AHP to 50% recovery to baseline of after-hyperpolarization
in large-sized neurons in physiological pH (pH 7.4) compared to low pH (pH 7.0) with
CGRP application.
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Figure 4.46 The duration of action potential in large-sized neurons in physiological

pH (pH 7.4) compared to low pH (pH 7.0) with CGRP application.
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Figure 4.47 The rising time of action potential in large-sized neurons in physiological

pH (pH 7.4) compared to low pH (pH 7.0) with CGRP application.
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Figure 4.48 The falling time of action potential in large-sized neurons in physiological

pH (pH 7.4) compared to low pH (pH 7.0) with CGRP application.



Table 4.4 Effect of pH 7.0 with CGRP on AP variables of the large-sized neurons

Large-sized neurons (n = 6)

Variables pH 7.4 pH 7.0 P-value
RMP (mV) -56.48 + 0.97 -57.02 + 5.40 0.918
Spike (spikes) 5.83 + 1.68 7.83 + 1.58* 0.001
Threshold (mV) -22.96 + 6.06 -28.62 + 3.92 0.296
Rheobase (pA) 60.83 + 9.26 51.67 + 8.53* 0.002
APpgight (MV) 128.97 + 2.03 128.98 + 1.35 0.990
AP ershoot (MV) 61.80 = 2.11 6238 + 1.19 | 0.682
AP gration (MS) 3.14 + 0.56 3.27 + 0.60 0.753
APgr (ms) 0.78 + 0.07 0.90 + 0.11 0.255
APt (ms) 2.36 = 0.59 237 + 0.66 0.970
AHP gepen (MV) 6.10 + 0.78 6.26 + 1.04 0.887
AHPso (ms) 79.98 + 27.70 79.37 + 35.28 0.972

63

Neuronal properties of large-sized neurons in physiological pH (pH 7.4) compared to

low pH (pH 7.0) with CGRP application. *P < 0.05. Each variable is shown as mean +
SEM.
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CHAPTER V
DISCUSSIONS

The present study had purposed to demonstrate the effect of CGRP on ASICs

in trigeminal ganglion neurons.

Effect of pH 7.0 on the small-to-medium-sized TG neurons

Extracellular proton (pH 7.0) alters an excitability of small-to-medium-sized
neurons by depolarizing RMP, reducing threshold and rheobase. Moreover,
extracellular proton also changes AP shapes by decreasing height and overshoot, as

well as reducing the depth of AHP and lengthening the duration of AHPsj.

RMP is generally stabilized by two-pore potassium channel (K2P) or called
‘leak-channel’, voltage-gated sodium channels 1.9 (Nay1.9), and voltage-gated
potassium channels 7.2-7.3 (K,7.2-7.3). These channels are activated at membrane
potential near RMP or below, especially K2P that is activated at more negative
membrane potential than the others (106-108). Our results showed that RMP was
depolarized by pH 7.0. This indicated that the effect of extracellular proton inhibits
subtypes of K2P, which were TWIK (two pore domain potassium channel)-related acid
sensitive K~ channel 3 (TASK-3) and TWIK-related spinal cord K~ channel (TRESK), and
then potassium (K") ions cannot efflux or leak out through these channels resulting in
accommodation of intracellular K™ ion (109-111). Meanwhile, extracellular proton
activates ASICs resulting in the Na" passing into neurons (21, 85). The accommodation
of intracellular Na* and K’ shifts RMP value to more positive, therefore neuronal

excitability is increased.

Threshold is the critical level that the inward Na” ion exceeds the outward K’
and Cl ions. This depolarization causes the activation of voltage-gated sodium
channels (Na,) and AP induction. Incidentally, rheobase (threshold current) is the
value of injected current that shift membrane potential to threshold. The subtypes
of Nay channels which regulated depolarization toward threshold are Nay1.7 and 1.9

channels (112, 113). These channels are activated under the threshold (or called
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‘subthreshold’), and they shift membrane potential closing to threshold for opening
Nay1.8 that produces upstroke of AP (112). Our results showed that threshold was
decreased to more negative and rheobase was reduced in the condition of pH 7.0.
These may cause from an up-regulation of Nay1.9, which may be regulated via ASICs
signaling pathway. This indication is similarly to effect of PGE, that up-regulated
Nayl.9 via G-proteins signaling (114, 115). Moreover, threshold decreasing and
rheobase reduction may be the result of an internal dialysis of GTP that modulates
and up-regulates Nay1.9 (116). Interestingly, we used GTP in an intracellular solution
(see the methods) and shifted the pH from 7.4 to 7.0 approximately 10 minutes that
GTP would be internally dialyzed. Indeed, the effect the internal dialysis of GTP on
threshold and rheobase has been investigating (117). In addition to Nay1.9, the up-
regulation of Nayl.7 under inflammatory condition can reduce rheobase and
amplifying sub-threshold depolarization to reach the threshold of Nayl.8 for
producing AP (112). Thus, under the condition of pH 7.0, threshold and rheobase are
modulated by Nay1.7 and Nay1.9, which both channels are possibly up-regulated via
G-protein signaling pathway of ASICs. These cause the neuronal excitability that will

reach the threshold for triggering AP.

AP is driven by Na' influx that passes through NaV1.7 and Nay1.8 during the
depolarization state. The pore of voltage-gated sodium channels (Na,) consists of
four domains (DI-DIV), which each domain comprises from six trans-membrane
segments (S1-S6) (118). While S1-S4 segments functions as the voltage sensing
domain (VSD), S5-S6 segments forms the pore module (PM) which S5 segment is
linked to S4 segment by S4-S5 linker (119). After the neuronal depolarization, the S4
segment which has positive charge of arginine is activated by altering the electric
field resulting in outward movement through the groove of S1-S3 segments to pull
the S4-S5 linker that induced the conformation change of the intracellular side of S5-
S6 segments to open the gate (119). Moreover, the pore is rapidly inactivated to Na"
influx through isoleucine, phenylalanine, and methionine (IFM) motif of the
interlinking Domain Il and IV (DIII-DIV) that modulates the inactivation by moving to
the intracellular pore for occlusion (120). Our findings showed that the height and

overshoot of AP (APpggn: and AP ershoor) Were reduced after pH change from 7.4 to 7.0.
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These results are corresponded with the study of Vilin et al (121) demonstrated that
low pH decreases APpeight and AP ersnoot together with the time to peak of AP, which is
faster compared with physiological pH. The reason is that the extracellular protons
electrostatically bound to the carboxylated outer ring of channel pore and protonate
some residues of amino acid. This condition causes Nay channel block before IFM
motif folding to the intracellular pore (121, 122). Therefore, the extracellular proton
in pH 7.0 would directly block the pore of Nay channels that leads to acceleration of

the fast inactivation.

AHP is shaped by large (big) conductance calcium-activated potassium (BKc,)
channel and small conductance calcium-activated potassium (SKc,) channel (123,
124). These channels are activated by the intracellular calcium (Ca") ion that are
elevated via voltage-gated calcium channel (Ca,). Then, Ca, allows extracellular Ca’
ions passing into neurons, and then inositol triphosphate (IP3) is activated that results
in release of intracellular Ca’ from endoplasmic reticulum to cytoplasm (125). The
augment depolarization by increase of intracellular Ca' facilitates K efflux that
contributes to AHP. However, SKc, channel has more effect on AHP development
compared with BK-, channel, whereas BK., channel contributes in repolarization
phase of AP (126). Our results showed that the depth of AHP (AHPe.) was reduced
in pH 7.0. This reduction may be modulated by the extracellular proton, which
protonates histidine residues of outer pore of SKe, channels that results in the
conformation change of pore to block K" efflux (127). Moreover, it was indicated that
pro-inflammatory mediators including PGE, and serotonin can suppress the AHP
amplitude (128, 129). Therefore, pH 7.0 may inhibit the AHP amplitude via SKc,
channels. However, the duration of 50 % AHP g peak (AHPs,) was longer in pH 7.0
that may be caused from the long lasting open of potassium channels. It is known
that potassium channels are opened as long as prolonged depolarization (105, 129).
In our experiment, we changed physiological pH (pH 7.4) to pH 7.0 within 10 minutes,
and then injected the depolarizing current to the neurons. The previous study of
Waldmann et al (92) showed that prolonged pH change causes sustained currents

indicating that some ASICs are opened as long as the activation by continuous low
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pH. These may cause the neuronal depolarization, and may activate the other

potassium channels.

Effect of pH 7.0 on the large-sized neurons

In contrast to the small-to-medium-sized neurons, the effect of pH 7.0 cannot

change the neuronal excitability and AP shape of large-sized neurons.

As described above, the neuronal excitability and depolarization are
regulated by ASICs, TASK-3, and TRESK. ASICs are expressed on the large-sized
neurons, and low pH from 6.8 can activate these ASICs (11, 16, 18). Moreover, TASK-3
and TRESK are not expressed in the large-sized neurons (111, 130, 131). These
evidences supports our results that pH 7.0 did not alter the neuronal excitability of
large-sized neurons. The reason is that extracellular proton cannot activate ASICs on
large-sized neurons, thus there are not any Na' influxes and K accommodation
inside neurons and then neurons are not depolarized. Moreover, our results also
showed that AP shapes did not change in pH 7.0, because neuronal excitability was

not altered.

Effect of CGRP in modulating pH 7.0 on the small-to-medium-

sized neurons

In our experiment, pH 7.0 plus CGRP altered the excitability of small-to-
medium-sized neurons that RMP was more negative. The AP shape was also changed
that APpeight and APgersnoot Were decreased, while rising time of AP (APgr) was longer
than control. Interestingly, AHPye,, Was increased. These results may be the
secondary effect of CGRP that CGRP activates its receptor on satellite glia cells (SGCs)
that released the pro-inflammatory mediators and activates the small-to-medium-
sized neurons (22, 23, 132). The reason is that our primary culture was mixed-culture

that consists of small to large diameter neurons and non-neuronal cells, including
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SGCs. Moreover, our results in this condition were controversial with pH 7.0

condition, excepting APpqight and AP ershoot-

As described above, RMP is modulated by the extracellular proton via ASICs
activation that results in TASK-3 and TRESK inhibition. Our results demonstrated that
RMP shifted to more negative when TG neurons were treated with CGRP in pH 7.0
condition. These results would possibly be affected by the pro-inflammatory
cytokines that were released from SGCs. However, the mechanism of this modulation

is unknown (22, 24).

Our results showed that APpggnt and APguershoot Were reduced in the pH 7.0
plus CGRP condition. These reductions were similar to pH 7.0 condition that the
extracellular proton blocked the pore of Nay channels, which are direct effect of the
extracellular proton (121). However, the rising time of AP (APgp) in our results was
longer. This was because the secondary effect of CGRP may modulate the opening of
gate of Nay channels via unknown mechanism, while common Nay channels was

rapidly open in responding to depolarization (121).

AHPgeptn is regulated by SKe, channels, and it is reduced by inhibition of the
extracellular proton (127). However, in the pH 7.0 plus CGRP condition in our
experiment, AHP ., Was increased that may be modulated by the secondary effect
of CGRP that pro-inflammatory mediators may activate the small-to-medium-sized
neurons to up-regulate the expression of SK¢, channels or abolish the inhibition of

the extracellular proton. However, the mechanism is unknown.

Thus, the secondary effect of CGRP via pro-inflammatory mediators of SGCs

should be investigated in the future.

Effect of CGRP in modulating pH 7.0 on large-sized neurons

Our results indicated that CGRP modulated the excitability of large-sized
neurons under pH 7.0, that the numbers of spike was increased and rheobase was

reduced. These suggested that large-sized neurons expressed CGRP receptor (22, 25,
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73). However, pH 7.0 cannot activate ASICs on the large-sized neurons as described
above. Thus, these alterations may be directly caused from the activation of CGRP

on its receptor.

Rheobase is a threshold current which is injected to neurons by commanding
current to evoke AP. If the neurons are depolarized, the current that injected to the
neurons is weakened. The neurons are depolarized by positive charge inside. Our
results showed that rheobase was reduced in pH 7.0 plus CGRP conditions. The
reason is that the activation of CGRP receptor produces protein kinase A and C (PKA
and PKC) via G-protein signaling, that phosphorylates voltage-gated sodium channels
(Nay), including Nay1.6 and Nay1.8 (133, 134). Both Nay1.6 and Nay1.8 are expressed
on the large-sized neurons (135, 136). In addition to rheobase, our findings showed
that the number of spikes was increased that is consistent with the reduction of
rheobase in pH 7.0 plus CGRP conditions. These results suggested that CGRP may
directly affect the large-sized neurons via phosphorylation of voltage-gated sodium

channels (Nay) causing Na" influx and then AP is evoked.
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Figure 5.1 Illustration shows the modulation of CGRP on the excitability of the small-
to-medium-sized neuron. CGRP may modulate the mechanism of the excitability via
pro-inflammatory mediators from SGCs. The mechanism is unknown. There would be
a signaling cascade that inhibits or activates or up-regulate the ion channels. These
cascades are involved with the activation of the ASICs, that may inhibit the activation
of TASK-3, TRESK, and SKq, (see dash arrow). These cascades may cause the

hyperpolarization of neurons and enhances the depth of AHP.
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Figure 5.2 Illustration shows the modulation of CGRP on the excitability of large-
sized neurons. The mechanism is initiated by CGRP as described below. First, CGRP
activates its receptor causing up-regulation of PKA and PKC. Second, PKA and PKC
may phosphorylate Nayl.6 that leads to Na' influx. Third, Na' influx produces the
neuronal depolarization. Fourth, the depolarization reaches the threshold of Nay1.8

causing further Na" influx passing into neurons and producing AP.
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Limitations

This study investigated in the condition of pH 7.4 versus pH 7.0 and pH 7.4
plus CGRP versus pH 7.0 plus CGRP. There is not any information about pH 7.4 versus
pH 7.4 plus CGRP and pH 7.0 versus pH 7.0 plus CGRP. This limitation may make us
difficult to interpret the results about the mechanism of the secondary effect of

CGRP.

Future study

This experiment was performed under the current-clamp whole cell recording
technique to study the role of pH 7.0 and the modulation of CGRP on pH 7.0 in the
small-to-medium-sized and large-sized neurons. The molecular basis and the
voltage-clamp whole cell recording technique are insufficiency. Hence, the
expression, intracellular signaling pathways, and properties of individual ion channel
should be investigated in the future study. Moreover, the further study should repeat
experiments for investigating the condition pH 7.4 versus pH 7.4 plus CGRP and pH
7.0 versus pH 7.0 plus CGRP.
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CHAPTER VI
CONCLUSION

The present study demonstrated that low pH (pH 7.0) alter the excitability
and AP shapes of the small-to-medium-sized neurons via ASICs and other ion
channels, while low pH did not alter the properties of the large-sized neurons.
Moreover, CGRP has an effect on the properties of the large-sized neurons, whereas
CGRP may modulate the effect of pH 7.0 on the small-to-medium-sized neurons via
activation of the SGCs that may be the secondary effect of CGRP. However, the
mechanism of the secondary effect of CGRP is unknown. These results indicated that
CGRP has a direct effect on the large-sized neurons, while performed indirect effect
on ASICs and other ion channels of the small-to-medium-sized neurons via the

activation of the SGCs.
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