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ABSTRACT

ALAINE L. PRIBISKO: GABA Suppresses Thermal and Mechanical Seitgitnf Mouse
Cutaneous Afferent Fibers
(Under the direction of Dr. Barbara Germino)

Exogenoug-aminobutyric acid (GABA) and GABA agonists attenuate nociceptive
behaviors in animals and decrease excitability and conduction in somatic anderagal
The present exploratory study examines the effects of GABA on the responsesgfe38 s
primary afferent sural and plantar fibers to electrical, mechanloamical, and thermal
stimulation.

Numerous stimulus techniques were developed, implemented, and tested to establish
the validity, reliability, and suitability for use on the mouse skin-nexwévo preparation. A
major finding was that a 980 nm infrared diode laser proved very suitable for evoking
repeatable graded responses from heat-responsive C fibers and for the &A@ Aof
effects.

None of 7 low threshold mechanoreceptors and cooling thermoreceptors had a change
in response properties in the presence of GABA. All fibers sensitive to noxidusnldea
protons were also sensitive to strong mechanical stimuli and were presumegtnecice
During repetitive activation by electrical stimulation of the nerve, 3 of ib&d had a
continued progression of conduction velocity slowing in the presence of GABA. During

mechanical stimulation, GABA suppressed the responsiveness of 5 of 17 G abdrs



During noxious heat or proton stimulation, 4 of 7 heat-sensitive and 1 of 1 proton-sensitive C
fibers had suppressed responsiveness in the presence of GABA.

GABA-induced changes in the responses of nociceptors to noxious stimulation are in
agreement with animal behavior studies and lend support to the further investigation of

GABA and GABA agonists as peripheral analgesics.
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CHAPTER 1

INTRODUCTION

One of many postulates of Charles Sherrington was the existence of sefisory ce
specific to the detection of noxious events (Sherrington, 1906). Nociceptors identify noxious
stimuli, translate the signals into action potentials, and conduct the signals pontiesrd
and brain in a process call nociception. Sixty years later, Perl and coeaguoessfully
recorded responses of these cells and delineated their functional chetrestast 1) silent
except to noxious thermal, mechanical and/or chemical stimulation thaetige@isue
integrity; 2) maximal responsiveness requires substantial increagasutus intensity
compared to warm and fine touch receptors; and 3) increased responsivenessa(gemsitiz
with repeated activation (Bessou & Perl, 1969; Burgess & Perl, 1967).

Today, research on nociception diverges along seemingly limitless paths. Bso are
of interest are the search for endogenous molecular constituents strongtiusiveky
associated with the transduction and propagation of signals by nociceptors, amcite g
understanding of the change in density, localization, and availability of malecula
constituents with repeated activation. My interest in peripheral pain mecksasifsunded
in the convictions that most pain starts with and is often maintained by nociceptors, the
reversible interruption of signals prior to central integration is the singleimpertant
mechanism of peripheral analgesia, and one characteristic of an idgakans targeting

pain at its source in the periphery.



Anesthesia clinicians are challenged daily to provide acute pain manageme
convenient, effective, and safe techniques for complex ambulatory proceduipbei@y
acting analgesics offer distinct advantages to this subset of patien{shePad nerve blocks,
incisional infiltration, and intra-cavity and intra-articular instillatiothAtocal anesthetics
are frequent choices of anesthesia providers and patients (White, 2002). HovesVer, |
anesthetic activity is not restricted to nociceptors. Sodium channels ofitdbéxcells are
blocked by local anesthetics (Ragsdale, McPhee, Scheuer, & Catterall, E&3idual side
effects occur from distribution of local anesthetic to non-targeted motor jgreptive and
autonomic nerve fibers and diffusion away from the administration site to distdistccand
central nervous system (CNS) excitable cells. Common side effects inctideweakness,
hypotension, seizures, and cardiac arrhythmias (de Jong, 1994; Tetzlaff, 2000). New
approaches to selectively block the generation and conduction of impulses by nociceptors
with low risk of side effects are attractive. In this basic scienceqtrojeroposed to study
the effects of-aminobutyric acid (GABA) on individual peripheral nerve fibers as a
foundation for future evaluation of experimental compounds as peripheral analgesics.

The inspiration for this project comes from observations from the 1970s and 1980s
that GABA alters the amplitude and conduction velocity (CV) of components of the
compound action potential (CAP) of mammalian peripheral nerves. Figure 1 (Appendix A)
summarizes the components of the CAP. Application of GAB& i9vo sciatic nerves
resulted in a 10% decrease in amplitude of the A component (collective responses of the
heavily myelinated and rapidly conducting neurons) of the CAP to electiimaillation
(Bhisitkul, Villa, & Kocsis, 1987). Also, GABA application & vivo vagal nerves reduced

the amplitude of the C component (collective response of slowest conducting, untagielina



fibers) of the CAP by up to 50%, and decreased the C component CV (Brown & Marsh,
1978). Reduction in the amplitude of the C component of the CAP infers that fewer neurons
generate and propagate impulses and decrease the contribution to the sum chcidiber
potentials. Slowing of CV infers fewer impulses over time will reach second spiteal
neurons. Since the majority of cutaneous C fibers are nociceptive (Bessoy £9B8}| the
expectation is the change in functions would result in a decrease in nociception. While
Bhisitkul, et al. (1987) studied somatic nerves, the Brown and Marsh study was of vagal
nerves. Differences in peripheral nerve composition may have contributed to dbserve
differences between these studies. The vagus is a mixed visceralcsanmhspecial
sensory, and visceral and somatic motor nerve, while the sciatic nervexiechsnmatic
sensory and motor, and sympathetic postganglionic motor nerve.

Other early electrophysiological observations challenged the supposition of an
antinociceptive function of GABA in the peripheral nervous system (PNS). GABA
depolarized primary afferent nerve (PAN) cell bodies in dorsal root gabdfk&) (de Groat,
Lalley, & Saum, 1972; Desarmenien, Feltz, Occhipinti, Santangelo, & Sch]itB&:4;
Desarmenien, Santangelo, Loeffler, & Feltz, 1984; Gallagher, Higashi, &, N&78; Nishi,
Minota, & Karczmar, 1974); dorsal roots (Bhisitkul et al., 1987) and whole nerves kBhisit
et al., 1987; Brown & Marsh, 1978; Morris, Di Dostanzo, Fox, & Werman, 1983). GABA-
induced depolarization, the shift toward zero in the voltage difference relathve itmer
and outer surface of a biological membrane or structure, is primarily e dpioutward
ionic movement of chloride through ligand-gated anion channels (Gallagher et al., 1978).
In addition, the GABA application increased the excitability in peripheral aeme cell

bodies (Aptel et al., 2007; Bhisitkul et al., 1987; Morris et al., 1983).



While electrophysiology is a very important method to better understand the
structural relationships and functions of cells and molecules, changes in arhaabbe
often support quick advancement of endogenous and pharmacological agents to human
applications. The most important evidence for GABA-induced antinociception or siaalge
comes from the more recent observations of effects of peripherally applied &#B
GABA receptor subtype agonists on animal nociceptive behavior. Healing wée ateck
inflammation decreased, and pain behaviors attenuated in animals experienmng nox
events with the administration of GABA agonists (Carlton, Zhou, & Coggeshall, 1999;
Denda, Fuziwara, & Inoue, 2003; Denda, Inoue, Inomata, & Denda, 2002; Han, Kim, Lee,
Shim, & Hahm, 2007; Reis & Duarte, 2006; Reis & Duarte, 2007; Reis et al., 2007),
although paradoxical pro-nociception has occurred at increased GABA conoastiatthe
rat (Carlton et al., 1999; Ocvirk, Murphy, Franklin, & Abbott, 2008).

Not all evidence supports a decisive role for GABA in the periphery. As few as 11%
of cutaneous nerve endings have been observed to contain GABA receptors (Caklton et a
1999; Charles et al., 2001; Stoyanova, 2004), and only 20% of sensory nerve cell bodies have
been noted to synthesize GABA (Nakagawa, Hiura, & Kubo, 2003; Stoyanova, 2004).

Possibly because the evidence is equivocal, no systematic survey has been published
of the effects of GABA on individual somatosensory primary afferent nervis f{BéF).
The specific aims of this project were: 1) to classify GABA-responsiies®y excitability
and conductivity, and by sensory modality and stimulus intensity; 2) to establish the
anatomic loci for this response (the peripheral process versus periphamatend
cutaneous receptive field (RF); and 3) to determine the optimal GABA mivatien to

suppress or enhance the activity of nociceptors. Cutaneous RF refers to a region of ski



where energy is transduced from a specific stimulus mode (thermal, methelméenical, or
electrical) of sufficient strength to generate action potentials. Tablpde(ix B)
summarizes the relationship of specific aims and research methodologglies stesigned
for the project proposal.

The model for these experiments wasekgivo mouse skin-nerve preparation
(Reeh, 1986). Figures 2 and 3 (Appendix C) are a schematic representation and agbhotogra
of the skin-nerve preparation. Electrical, thermal, mechanical, and clheneasures were
tailored to challenge or support the above mentioned electrophysiological aradl anim
findings. The biochemical, biophysical, pharmacological and physiologicalrpespef
GABA and GABA receptors were examined to maximize the chance of filGHRA
effects. The specific aims of the project were to study the effects oAG&XBosure on
PAF, but a major goal was to develepvivo mouse skin-nerve preparation techniques and
adequate measurement instrumentation to test anti-nociceptive and analgegneunsiand

pharmacological compounds.



CHAPTER 2

PROPERTIES OF GABA AND GABA RECEPTORS - A LITERATURE REVIEW

GABA as a Neurotransmitter, Signaling and Trophic Molecule

GABA is a four carbon, non-proteinogenic amino acid. GABA synthesis and activity
are remarkably conserved as signaling and trophic agents among anintabmudeother
living kingdoms. GABA is the principle inhibitory neurotransmitter in vertebaatgnon-
vertebrate CNS, but is also synthesized in a minority of cells of sensoryagayhigli and
cutaneous non-neuronal tissues.
Conservation of GABA synthesis and activity among species

In plants, fungi, and bacteria, GABA functions as a regulator of nitrogen kadaxic
is rapidly synthesized and secreted in response to plant stress. GABA netabuli
transporters are utilized for seed production and ripening, transport of nutrientsedefens
against insects, and osmotic and hydrogen ion regulation. GABA agonists and atgagonis
induce opposite actions on plant growth (Ben-Ari, 2002; Bouche & Fromm, 2004). In
invertebrates, GABA is an inhibitory neurotransmitter at the neuromusculaiojuaad
counterbalances the excitatory actions of acetylcholine, its clasgustl and phylogenetic
relative (Korpi, Grunder, & Luddens, 2002; Richmond & Jorgensen, 1999). GABA is
highly, but unevenly distributed in the immature and adult vertebrate CNS. In Xenopus
tadpoles, Zebra fish, drosophila, chick embryos, and turtles, GABA depolarize$ centra

immature neurons and hyperpolarizes mature neurons (Ben-Ari, 2002). GABA reegptors



functional days before the formation of central spinal and supra-spinal syimapses
mammalian embryonic central neurons, and GABA modulates neuronal differentiation,
proliferation, migration, and survival in cultured cells (Represa & Ben2805).
Mammalian peripheral GABA distribution

Twenty percent of cat nodose ganglia, trigeminal ganglia (TGG) arl m¥rons
and PAFs contain GABA. The most intense GABA distribution is in small and medium
sized cell bodies and apposed processes in the cat (Stoyanova, 2004). These data sugges
nociceptive role for GABA because small to medium DRG cell size is assbevith
nociception. The cell bodies of neurons with C fibers generally are small intdraké
fibers are small to medium,dg fibers are medium to large, and many neurons with C and
Ao fibers are nociceptors (S. N. Lawson, 2005). As reviewed by Torebjork and ceieagu
A6 nociceptor activation leads to the human sensation of sharp pricking, stinginghgain, a
C nociceptor activation leads to dull, aching, boring, burning pain (Torebjork, Schady, &
Ochoa, 1984). Several excellent reviews of the characteristics of Céandaheous
sensory nociceptors are available for reference (Birder & Perl, 1994n Beoshourab,
2004). Consistent with findings in the cat, 18% of rat small to large size TGGarghsnc
GABA (Nakagawa et al., 2003). GABA synthesis in DRG cells does not infer uniform
transport to and storage in processes and terminals. Direct evidence of trahG@mBiA
from DRG cells to peripheral terminals has only been observed in the chickRRibype,
Gaulin, & Guay, 1991). Peripheral glial Schwann cells (peripheral myelniigrglia) also
synthesize, redistribute, and metabolize GABA, and express functionally &ABA, and

GABAg receptors. Glial cells also have been observed to synthesize neuroaatids steit



bind at GABA. receptor modulation sites (Magnaghi, 2007). GABA receptor types are
described in a later section.

GABA is distributed in and may act as a signal transduction molecule in non-
neuronal tissues. Keratinocytes, the vast majority of epithelial celtssghthesize GABA
(Canellakis, Milstone, LL, Young PR, & Bondy, 1983), and closely approximategée fr
nerve endings of nociceptive PAFs (Kruger, Perl, & Sedivec, 1981) that lac&@&xBAA
receptors (Carlton et al., 1999). Other non-neuronal sources of GABA may include
cutaneous fibroblasts (Ito, Tanaka, Nishibe, Hasegawa, & Ueno, 2007).

GABA is found in the adrenal gland, red blood cells and platelets, gastrointestinal
tract, kidney, hepatocytes, epiphyseal growth chondrocytes, and pancreaagdhag007;
Tamayama, Kanbara, Maemura, Kuno, & Watanabe, 2001). Direct physiological responses
to GABA on the smooth muscle of the myenteric plexus are contraction from ABA
agonists and relaxation with GABAagonists. In addition, GABAagonists inhibit urinary
bladder motility. In other viscera, GABA plays an indirect role by evoking tease of
hormones, neuromodulators, and neurotransmitters from the gall bladder, respiratory
vasculature, stomach, and pancreas. Most of these responses are blocked hyaGABA
GABAg antagonists (Erdo, 1985).

Biochemical properties of GABA

The primary pathway of GABA biosynthesis is a single gtdpcarboxylation of
glutamate. As a product gfdecarboxylation, GABA is excluded from protein synthesis
functions. A precursor of GABA is glutamate and synthesis is governed by one of tw
isoforms of the ubiquitous enzyme, glutamate decarboxylase (GAD) g£34D GAD,.

Glutamate is localized in most of the same peripheral tissues as GABA, mghidielets,



keratinocytes, and DRG neurons. Peripheral glutamate concentration mticot Bssue
content and percentage of glutamate-positive DRG neurons increase with iaflamm
(Battaglia & Rustioni, 1988; Carlton, 2005; Skerry & Genever, 2001). Inflammation-
induced upregulation of GABA has not been reported. gAidst likely is responsible for
the synthesis of GABA stored in synaptic and nerve ending vesicles, angl @AD

diffusible cytosolic GABA of non-neuronal tissues (Soghomonian & Martin, 1998). Hence
synaptic and extrasynaptic GABA is made available by two distinct psthw

While the GABA synthesis pathway limits GABA from peptide formation, the
functional characteristics of GABA are expanded by its interaction wstindi
physiologically and phylogenetically unrelated receptor types. The gdrydtically more
ancient GABA receptor types, GARBANnd GABA., form ligand-gated chloride channels
and are of prokaryote origins. The more modern receptor type, gA®Aples to G
proteins and is of eukaryote origins (Ben-Shlomo & Hsueh, 2005). Accordingly, the
expression of multiple receptors allows the economic use of a single endogemius age
activate seemingly unrelated physiological mechanisms in a varietganh systems and
under different environmental and developmental conditions.

Availability of an endogenous agent by local synthesis and storage in or transport t
tissue is an essential characteristic of neurotransmitter activawever, an agent must not
be so ubiquitous that its constant presence is ineffective to initiate a bioldwoglec Thus,
transport, deactivation, metabolism, and re-uptake all balance GABA avgilalthe
CNS, where GABA kinetics are best understood, GABA is synthesized and packaged int
presynaptic vesicles, through the action ofMartivated ATP-ase, for release in response to

sensory stimulation. An increase in intracellular calcium drives thaselef stored GABA



and leads to diffusion into the synaptic cleft. A transient rise in GABA camtiemt leads
to activation of GABA receptors on pre- and post-synaptic membranes. Termination of
action is primarily due to rapid uptake and removal by GABA transporters into the pre
synaptic neuron and surrounding glia. Once returned to the neuron or glia, GABAlg rapi
recycled into glutamate by GABA transaminase and once again availablstbesis
(Perves et al., 2004).
Biophysical properties of GABA

The GABA molecule is a simple and flexible molecule that rotates freelynd all
its bonds. The ability to adopt different energetically favorable confarnsati
accommodates binding to various receptor types and subtypes. Figure 4 (Appendix D)
summarizes the chemical structures of GABA and common GABA analogs A@A&ogs
(agonists and antagonists that mimic the active moiety of GABA) have muatehigh
energy structures and are more confined at a specific receptor subtype bitedingth
GABAg receptors more so than GARAChebib & Johnston, 1999; Krogsgaard-Larsen,
Scheel-Kruger, & Koford, 1979).
Pharmacological properties of GABA

GABA possesses pharmacological properties both favorable and unfavorable as an
analgesic or adjuvant to general and regional anesthesia. GABA is hjydrapd poorly
penetrates the lipophilic membranes of neural structures (Kerr & Ong,. 138&yever, the
hydrophilic state affords a safety advantage. Peripherally adm@dsB4BA does not
penetrate the blood brain barrier and CNS side-effects are minimized. tioaddABA
possesses minimal cardiovascular and motor effects (Bhisitkul et al., 198 hateetzal.,

1972), a definite advantage over amide and ester local anesthetics.
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GABA.c Receptors

GABA activates three distinct receptor types: GAB#d GABA: are ligand-gated
ion channels and GABA is a complex of second messenger signal transduction molecules.
GABA receptor classification is based on molecular subunit structure and ghérgieal
sensitivity to agonistic and antagonistic GABA analogs. Similar to GABgxession,
GABA, and GABAs receptors also are believed to have limited localization on PAN
structures.

GABA receptor biophysical properties

The GABAx and GABAc receptor typeare transmembrane anion channels that
rapidly open in response to GABA binding and lead to an enhanced conductancard Cl
to a lesser extent bicarbonate (HQ@Farrant & Nusser, 2005). Figure 5 (Appendix D) is a
schematic representation of GARA receptor structures.

The primary differences between GABAnd GABA: receptors are: 1) a ten to forty-
fold greater sensitivity of GABAreceptors to GABA; 2) GABApore opens slower and
remains open longer; 3) lack of desensitization by GABeptors; and 4) the majority of
GABA  receptors are localized to the visual system (Cherubini & Strata, 1997;alghnst
1996b). The subject of desensitization will be discussed in a later section.

The ionotropic GABA and GABA: receptors are pentameric (fivge, S1-4, 11-4, O,
or p1-3subunits) molecules that form a GABA binding site coupled with al@innel.

GABA receptors are heteromeric and frequently form a ring ¢f «, £, andyor &
subunits, in a combination of 1 to 2 pair(so&ndp subunits with at least one other subunit
type. GABAc receptors are often homomepics subunits. The GABAand GABA:

receptors consist of four transmembrane domains with a long N-termiredediitar

11



domain and an intracellular loop between tfeaid 4" transmembrane domain. The

binding site for GABA and analogs to the GABAnd GABA: receptor is either on the N-
terminal domain or in the transmembrane region of th&lCOs pore (Bowery & Smart,

2006; Enna, 2007; Enz & Cuttin, 1998; Farrant & Nusser, 2005; Zhang, Pan, Awobuluyi, &
Lipton, 2001).

The binding of GABA with the GABAmetabotropic receptor initiates a multi-step,
slow and prolonged change in trans-membrahar¢ C4" ion permeability to decrease
membrane excitability (Bowery, 1993; Chebib & Johnston, 1999). GABAeptors are
heterodimeric G protein-coupled (2 dissimilar, 7-transmembrane) subadtmtan
extracellular surface binding site for GABA and &d C&" channel-apposed cytosolic site
(Bormann, 2000; Chebib & Johnston, 1999). Functional activity is conferred by the B
subunit and receptor binding is at thedBibunit (Bowery & Smart, 2006).

Although sub-unit specific biophysical and pharmacological properties are
voluminous, a few observations are relevant. Various domains @nsthigunits are required
for barbiturate activity and on thyesubunits for general anesthetic and benzodiazepine
activity (Johnston, 1996a). Tl&unit is extrasynaptic in the brain and the absencey afrét
prevents synaptic localization of the GAB#feceptor (Farrant & Nusser, 2005). Similar
subunit requirements in the periphery have not been reported.

GABAA\.c receptor pharmacol ogy

Most GABA receptor pharmacology is derived from study in the CNS. GABA
receptor is agonized by muscimol (MUS), antagonized by bicuculline (BkCpiarotoxin
(PITX), and modulated by barbiturates, benzodiazepines, and neurosteroidsg GABA

receptor is agonized by baclofen (BAC) and antagonized by saclofen and phacla@fAc G
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receptor is agonized loys-4-amino crotonic acid (CACA), partially agonized by MUS,
antagonized by (1,2,5,6-tetrahydropyridin-4-yl)methylphosphinic acid (TPIMPA)
inconsistently antagonized by PITX, and generally unresponsive to all other GARIA
GABAjg antagonists and allosteric modulators (Bormann, 2000; Bowery, 1993; Johnston,
19964, 1996b; Murata, Woodward, Miledi, & Overman, 1996; Reis & Duarte, 2007; Wang,
Hackam, Guggino, & Cutting, 1995; Wegelius et al., 1996). Table 2 (Appendix E) provides a
detailed description of receptor types, agonist, antagonists and modulators.

In addition to GABA and GABA agonistic binding sites, GABAGABAg and
GABA receptors also have recognized allosteric binding sites (Bormann, 2000yBbwe
Smart, 2006; Johnston, 1996b). Allosteric modulation is the remodeling of a receptor protein
shape and subsequent activity, through the formation of a bond at an alternative location
other than the agonist recognition binding site. BAC and many allosteric modhlavers
analgesic and anesthetic uses, but the remaining compounds are in generafohigrus
laboratory study.

GABAA has distinct allosteric sites for volatile anesthetics, alcohols, baateisyr
benzodiazepines, calcium, etomidate, furosemide, loreclezole, magnesium,mefsnd,
PITX, propofol, protons, and steroids, to increase or decrease the affinity e€émear for
GABA and competitive agonists, and increase or decrease the duration or fyegfuenc
channel openings (Enna, 2007). The GABAceptor has a single proposed allosteric site
for an unknown endogenous ligand (Bowery & Smart, 2006). GAlB#S allosteric sites for
PITX, protons, and zinc (Bormann, 2000; Enz & Cuttin, 1998; Johnston, 1996Db). If allosteric
modulation sites are found on GABA receptors in the periphery, their presencecneage

the chance for pharmacological interventions.
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Most data on GABA and analogs have been generated from sub-mammalian and
mammalian vertebrates, but fascinating observations arose from a stagyddf extracted
human DRG cells. Inward currents were induced by GABA and MUS and enhanced by
benzodiazepines and barbiturates (as would be expected), but, the currents were not
antagonized by BIC and PITC in opposition to effects found in sub-human DRG cellS. BA
had no effect on inward currents, in opposition to effects found in sub-human DRG cells
(Valeyev, Hackman, Wood, & Davidoff, 1996). If human peripheral GABA receptors hold
unique properties, the question arises as to the suitability of the mouse model sayhef as
GABA-based drugs for human use.

GABA receptor localization on PAF and cell bodies

In the cat, GABA B2/p3 andal subunits are localized on 10 to 14% of PAF
peripheral processes that terminate at the dermal-epidermal borderaimindist 100% of
cell bodies expred$2/B3 subunits (Carlton et al., 1999). GABAeceptors have been
localized to DRG cell bodies, but have not been located on PAF peripheral processes.
GABAg subunits are differentially expressed by large and small diameter cel$bibdie
GABAg;1psubunit is restricted to larger diameter, and GABAnd GABAg, subunits are
expressed by both large and small diameter neurons (Charles et al., 2001). InABXG, G
and GABAg receptors may coexist orvAand C cells, but not alldand C cells respond to
GABA; agonist exposure (Desarmenien, Feltz et al., 1984). DRG neuronal sensitivity to
GABA agonists has not been reported. Inferences are often made from intrab&iGlar
recordings, but a direct relationship between cell body activities and theohalgiroperties

of the neuron as a whole has not been established.
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GABA Physiology

Commonly recognized central GABA effects may serve as a model for afttite
actions of GABA on PAFs and adjacent cutaneous tissues. In the CNS, GABAealtivat
GABA g receptors exert tonic and phasic inhibition, but much less is known of its actions in
the periphery. GABA depolarizes and excites DRG cell membranes and périphera
processes, but may have reduced effectiveness with repeated exposure.

Central tonic and phasic GABA effects

Some central neuronal networks are characterized by synchronized ascillat
patterns and GABA receptor activation is the primary counter balance to neurona
excitability. GABA is the main CNS rapid and slow inhibitory synaptic neuratrdtes, by
way of GABAx and GABAs receptor activation, respectively (Farrant, 2007). GABA
receptors are primarily localized to the visual system and will be extfuai® the review.

In the CNS, activation of neuronal GARAeceptors leads to hyperpolarization of plasma
membranes (Enna, 2007). With GABActivation, Cl pores open to allow Cllux into

CNS cells. In general, this drives the membrane potential in a more netjedsteon and
further from the electrical threshold for impulse generation.

Not all CNS GABA activity is synaptic; GABAreceptors have also been localized
on dendritic membranes (Nusser, Roberts, Baude, Richards, & Somogyi, 1995).
Extrasynaptic receptors often are comprised of different subunits thanskiealaynaptic
type, hold different sensitivities to allosteric modulators, and have variagptoe affinity
to GABA. These properties may favor tonic inhibition rather than rapid synapiftion.
Tonic inhibition is the persistent increase in a cell’s input conductance to change the

magnitude and duration of voltage response, and make it less likely to gen@raijgagate

15



an action potential. Tonic inhibition is proposed to alter the gain of the synchronized
oscillating patterns, a second major process for regulating excytabitic GABA sources
are extracellular spillover from synapses and glia, and use-dependesdlintaa GABA
synthesis by and transport from neuronal cell bodies (Hamann, Rossi, & Attwell, 2002).
GABA at the junction of CNSwith PNS

In the spinal cord, GABAexpressing dorsal horn neurons form axon to axon
contacts with PAF central terminals (Bowery, 1993). CNS dorsal horn neurons are
hyperpolarized upon exposure to GABA, while the nearby PAF central termieals ar
depolarized. Clpores open in both types of neurons, but the net flux of ions is generally
reversed in PANs. The direction of Current is dependent on the relationship between the
membrane potential and the resting-state intracellular and extrac€lutoncentrations and
is tightly correlated with the cation-chloride cotransporters, speoifietironal type. CI
content of cerebral spinal fluid (CSF) is greater than that of intershitidl fNKCC1, a N&
-K™ -2CI cotransporter, significantly raises internal &gainst the predicted electrochemical
gradient in peripheral neurons, while KCC2, a®l" cotransporter, generally lowers
internal Cl in mature central neurons (Delpire, 2000).

GABAg; receptors demonstrate activity at axo-axon spinal contacts in the spuhal ¢
The activation of PAF central terminal GABAeceptors mediates a slow hyperpolarization
due to an increase in‘Kconductance. GAB#activation also decreases’Caonductance,
predominantly through voltage-dependent N clasg €aannels to decrease excitatory

neurotransmitter release (Bowery & Smart, 2006).
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Desensitization

Desensitization is the observation of a peak and ebb response in the continuous
presence or repeated exposure to an agonist. Desensitization is a featurng adntrahand
peripheral ligand-gated ion channels, is often voltage-dependent, and may be attoilaute
use-dependent conformational change in a receptor and/or channel (Hablitz, 1992).
Desensitization complicates experimental study and the avoidance of tesgosirequires
brief applications. In DRG cells, application of GABA for as short of a durats one
second leads to depolarization, mostly as a result of an increasean@ictance, while
GABA applications for more than one second lead to a sustained fade in ion flux
(Desarmenien, Feltz, & Headley, 1980). The coactivation of allosteric bisd@syslows
GABA-induced desensitization of central GABReceptors (Bai, Pennefather, MacDonald,
& Orser, 1999).
Depolarization in the periphery

Depolarization of PAFs is the rule, but contradictions are found. The cell bodies of
Aap, Ao, and C fibers are all depolarized by GABA and GAB#onists, but depolarization
is greater in the cell bodies of#f# and Asthan in C fibers of the intact nerve DRG
preparation (Desarmenien, Santangelo et al., 1984). In contrast, cells with T4y
currents (most often Aand C neurons), the depolarization is triple that of similarly sized
cells (Aptel et al., 2007).

How can GABA be both depolarizing and be inhibitory? Carlton, et al. (1999) has
proposed that because the chloride equilibrium potential in peripheral affererst isemear
-30mV, the transmembrane chloride flux from GABA is in the extracellulartdireand the

cell is depolarized. Conducted action potentials are smaller in amplitude; h&ence le
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algogenic neurotransmitters are released. With increased concentratidhBAf the
extracellular chloride flux is increased to the point of nociceptor aictivéarlton et al.,
1999).

Moreover, in a few locations in the CNS, GABA-induced depolarization is inhibitory.
In the continued presence of GABA, accommodation of the threshold for impulse generation
occurs from putative inactivation of Nand C4" voltage-dependent inward currents
(Monsivais & Rubel, 2001). Since the cell is unable to repolarize, the voltage gabed ca
channels can not reprime and remain in the inactivated phase. A similar arrang@ayent
apply to PAFs.

Also, an observation made in cortical neurons is that a cell is not restricted to only
depolarization or hyperpolarization from GABA exposure, but differential jheand
amplitudes of polarity occur along the axon, cell body and dendrite (Khirug et al., 2008). A
similar effect is possible in the periphery and may help to explain cell body waindl ce
terminal depolarization, but inhibition of signals in the distal peripheral process.
GABA-induced excitation

GABA is also known to possess excitatory actions in mature PNS structures.
Bhisitkul, Villa, and Kocsis (1987) observed an increase in electrical exitiaifidorsal
root cells and whole nerves of the rat. Changes in excitability were measwegerease
in stimulus intensity to achieve the same CAP amplitude after GABA, cothjfmabefore
GABA exposure. Morris, et al. (1983) observed a similar effect in the cat.

Relationship of GABA, calcium, and nociception
Though activation of GABA receptors leads to the direct action offltix, in a

subset of PAN an indirect link to calcium ion movement may influence excitation and
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nociception. Aptel et al., (2007) found GABA to have excitatory actions on a subset of
thinly myelinated and unmyelinated cultured DRG cells, putatively franbAair, Ao
nociceptors, and C nociceptors. GABA and MUS-induced activation of GABe&eptors
depolarizes cell membranes sufficiently to generate action potentials@eanet increase
in intracellular C&" in neurons expressing T-type‘Caurrents. Due to their activation at
near resting membrane potentials, T-channels are thought to modulate egltitibility,
rather than hold a role in synaptic transmission (Aptel et al., 2007). Pathiranth(2@0%)
found positive GABA allosteric neurosteroids simultaneously blocked T-typea@d Cl
currents in acutely dissociated DRG cells. In animal behavior studies, imedlyer
administered neurosteroids possessed pronounced anti-nociceptive propertiesetbatywe
partially blocked by BIC. These authors suggest the presence of intraic€iiil tonically
inhibits GABAs CI' channel activity and the blockade of’Caurrents disinhibits GABA

CI" channel activity (Pathirathna et al., 2005).

Two mechanisms come to mind to explain this apparent dichotomy: 1) GABA
binding at GABA\ receptor induces inward Eacurrent and subsequent action potentials in
a subset of thinly and unmyelinated neurons; and 2) GABA allosteric neurosterdiohslc
at C&" and Cl channels for potent peripheral analgesic effects in this same neuronal subset.
The common message from these two studies is that a subset of DRG cellgétyost |

nociceptors) require Gacurrent blockade for GABA to inhibit neuronal excitability.

Pro- and Anti-nociceptive GABA Effects in Animal Models

So far it has been established that GABA and functional GABA receptors are
expressed in skin and PAFs, and that peripheral GABA and GABéceptors share some

pharmacological and physiological properties with their counterparts @NIge These
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observations alone do not rationalize the study of GABA as anti-nociceptive, but arrmiimbe
animal behavior studies are very supportive.
Pro- and anti-nociceptive effects of GABAac

Carlton, Zhou, & Coggershall (1999) demonstrated a reduction in formalin-induced
nociceptive behaviors of paw licking and lifting and paw withdrawal from ratiieait after
intraplantar injection of low concentration MUS, but a pro-nociceptive effect frioigher
concentration in the rat. Reis et al. (2007) demonstrated intraplantar injectidasSof M
reduced rat nociceptive behavior from a prostagland(RP&E,) stimulus. MUS was
antagonized by BIC and PITX, but not by saclofen, TPMPA, ‘ah&nnel blockers. Reis
and colleagues did not observe a pro-nociceptive effect with increased cormentrat

Reis & Duarte (2006, 2007), in a similarly designed study, applied a st@ttlus to
examine GABA and GABA: receptor activation. They demonstrated a concentration-
dependent anti-nociceptive effect from BAC, an effect antagonized byeraeiofl K
channel blockers, but not BIC or TPMPA. They also demonstrated a concentration-
dependent anti-nociceptive effect in PGE-induced behaviors from intraplaetaranjof
CACA, an effect antagonized by TPMPA and PITX. Because GARAeptors are
primarily restricted to the visual system, it was possible CACA was asheriad at a
concentration that activated neuronal and glial GAB&ceptors, induced local release of
GABA, or upregulated glial GABA transporters (Johnston, 1996Db).
Pro- and anti-nociceptive effects of neuroactive allosteric steroids

Ocvirk and co-workers demonstrated that allopregnanolone and other positive GABA
receptor allosteric steroids are anti-nociceptive in the second phase alifieimduced pain,

an effect completely blocked by BIC. These authors co-administerecttbiel stnd BIC
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subcutaneously and admitted to not being able to draw conclusions of the origins of the effec
as peripheral, supraspinal, or spinal (Ocvirk et al., 2008). Similar to the findinglwhCat
al. (1999), an inverse or negative modulatory effect was observed; at higher cdiocentra

neurosteroids were pro-nociceptive.

Pathophysiology and Therapeutics of GABA

Both GABA synthesis disruption and GABAeceptor mediated inhibition of
myelination are associated with human heritable painful disorders. RecogfitcABA
related disorders responsive to GABA interventions lends a modicum of support to the notion
of GABA-induced analgesia. However, the activity of GABA most likely is@shic agent
rather than as a signaling molecule. Supporting evidence of GABA-based thesjseuti
meager at best.

Pathophysiology of GABA synthesis and GABAg receptor function

No deficiencies or structural polymorphisms leading to lack or gain in function of
human GABA receptors or of agents of GABA synthesis, storage, transport, and isetabol
have been reported. A few reports relate increased humags@Afibody production and
peripheral myelination protein dysregulation in GABA/- mice to the painful neurological
disorder of polyneuropathy.

An abnormal increase in GAPantibodies is associated with type-1 (insulin
dependent) diabetes and stiff-man syndrome, a rare disease of severe,ipecgxedsand
lower extremity muscle stiffness and spasm. Autoantibody binding to GAD mlobdl
synthesis of GABA and availability to activate GABAnd GABA; receptors. Peripheral
blood T-cell antibody influence on GABIs thought to contribute to the destruction of islet-

cells of type 1 diabetes and the impaired neurotransmission of stiff-man syr(tlamenn
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et al., 2000). An association of GAdantibodies with diabetic neuropathy has not been
made. In individuals with type-1 diabetes and stiff-man syndrome, the;£Aiantibodies

are strongly associated with the HLA DQB1*0201 allele (Pugliese et a3)19BAC, a

GABAg agonist, and benzodiazepines, allosteric GABAodulators, are effective
interventions to alleviate the symptoms of rigidity, pain, and myoclonus for theduodi

with stiff-man syndrome (Meinek et al., 1994). The response to GABA agonists cannot be
assumed to be mediated only in the sensory PNS.

An association between GABAeceptor-mediated inhibition of peripheral myelin
protein 22 (PMP22) expression and human diseases of dysmyelination has been suggested
(Magnaghi et al., 2008). PMP22 is a minor but essential constituent of Schwann cell
proliferation, differentiation, and maintenance of stable compact myelin. A dhavies- or
under-expression of the PMP22 protein leads to a reduced population of myelinated fibers
(Magnaghi et al., 2008). BAC-induced activation of cultured Schwann cell GABA
receptors reduces cell proliferation and decreases over-expression 22 PM@&uronal
injury is often associated with Schwann cell proliferation. For Schwarstoedixert
neuroprotective and antineurogenic actions on ensheathed PAFs, they must cease
proliferation and progress to a cellular differentiation phase of develogMaghaghi et al.,
2004).

GABAg; -/- mice upregulate and accumulate PMP22 and are hyperalgesic. These
mice have smaller diameter PAFs with thinner myelin sheathing, an inanezdeitonin
gene-related peptide (CGRP), but a decrease in neurofilament protein 200 (NF208-pos
fibers, and smaller DRG cell bodies. CGRP expression is associated wulitbeh af heat

responsive nociceptors (Mendell, Albers, & Davis, 1999), and NF200 is a marker of
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myelination. In the skin, no increase in C-fiber peripheral terminals was/edseAn
assumption was made that the increase in thinly myelinated and small itbBbervas from
Ao nociceptors with an associated reduction in large myelinated fibers (Ntagrial.,
2008).

Duplication and point mutations of the PMP22 gene are associated with congenital
Charcot-Marie-Tooth, hypomyelinating, and Dejerine-Sottas polyneurop@iéesaghi et
al., 2008). BAC is one effective treatment for the neuropathic pain of peripheral
dysmyelination (Hoffman, Jensen, Abresch, & Carter, 2005), although the possiksiis
that BAC is acting on spinal and/or supraspinal GAB&ceptors or has an action unrelated
to GABAg receptor activation.

Therapeutic significance of GABA

Meager evidence exists for a modern Western therapeutic use for perphBra.
No reports are found of GABA application to the human blister base. The blister base
method for experimental testing of anti-inflammatory and analgesic agahtsgreation of
a dermal blister from exposure to a chemical irritant and deliberate dekntef the
separated epidermis. A similar technique to the blister base method has been dévelope
the hairless mouse. Denda et al. (2002, 2003) found GAsgjanists accelerate epidermal
barrier recovery and prevent epidermal hyperplasia following tape sgippd acetone
treatment of skin. These effects were blocked by BIC, but not by saclofen. Gas3&lso
been found to enhance surgical wound healing by inflammation reduction, fibroblast
proliferation, and stimulation of growth factor expression (Han et al., 2007) .

Duthey and coworkers reported that BAC attenuates the inflammatoriseffdaced

by the contact allergen 2,4-dinitrofluorobenzene (DNFB). They observedifcsigt
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decrease in observed tissue edema, histological evidence of significamhtiksue
infiltration by leukocytes, and a decrease in tumor necrosis factor expressmceiand

humans (Duthey, Diehl, Hubner, Pfeffer, & Boehncke, 2008).

Summary

GABA and GABA receptors are expressed by a small percentage of PAFy, and b
keratinocytes and glia. GABA depolarizes peripheral neuronal processell bodies via
GABA receptor activation, and animal nociceptive behaviors are generally supprgssed b
GABAc agonists. Conversely, GABA induces pro-nociceptive animal behaviors at higher
concentrations, excitatory effects in cells with T-typé*€hannels, and desensitizes cells
expressing GABA receptors with prolonged exposure. Lack of GABAceptors in knock-
out mice may preferentially promote the development of C andefirons over heavily
myelinated fibers. Minimal human clinical evidence supports the effeciserfeGABA in
pain reduction, but pharmaceutical GABA receptor agonists and modulators ateeffe
treating symptoms of neuropathies. The aggregate of evidence supports the furthefr study
peripherally administered GABA as a neurotransmitter, signaling epditrmolecule to
interrupt and prevent nociception in animals, pain in humans, and to enhance the healing of

surgical wounds
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CHAPTER 3

MATERIALS AND METHODS

Materials

The model for the electrophysiological experiments described belovheas\ivo
mouse skin-nerve preparation. Electrical, thermal, mechanical, and chemmcils
instruments were designed and used to measure GABA effects on cutaneous PAFs.
Experiments were tailored to maximize the chance to observe GABA dffette challenge
or support electrophysiological and animal behavioral findings presented itethaulie
review.

For clarity, the following conventions are followed. The full extent of the PAN is
from the peripheral terminal(s) in cutaneous or other tissue structures emntred c
terminal(s) in the CNS (Burgess & Perl, 1973). The term ‘fiber’ reéteesPAF unit that is
comprised of a peripheral process, peripheral terminals and/or sensory organ bhddies, a
receptive field, but not the cell body in the DRG, central process in the dorsal root, or the
central terminal in the spinal cord. In this project, the responses of a fibecarded from
a single peripheral process contained within a bundle of PAFs in contact withdtdingc
electrode. Accordingly, a ‘bundle of fibers’ refers to the collection apperal processes in

contact with the recording electrode.



Animals

All experimental and animal care procedures conformed to the Department of
Laboratory Animal Management guidelines and were approved by Universityrthf N
Carolina Institutional Animal Care and Use Committee Application 05-342.0C. t&ffere
made to minimize the number of animals used and duration of the non-survival surgery in
these experiments. The juvenile and adult, male and female C57BI6J mice usedunlyhis s
were obtained from Charles River Laboratory, Raleigh, NC.

The C57BI6J strain was selected because mechanical and heat sensitive C fibe
display a greater number of action potentials in response to noxious heat and lower noxious
heat thresholds than similar fibers of other mouse strains. The rationdle tedision was
that a less damaging thermal energy from a novel heat flux instrument develotesd f
exploratory study would be required to excite these fibers. No significaneditfes in
sensitivity to noxious mechanical stimuli have been recognized among straigi ébal.,
2005).

Solutions and agents

Dissection and superfusion of the skin-nerve preparation was carried out in a

modified synthetic interstitial fluid (SIF) solution (Bretag, 1969). SIB5 mapared from:

123 NaCl, 3.5 KCI, 0.70 MgS02.0 CaCJ, 9.50 sodium gluconate, 1.70 N#&+D,, 5.50

glucose, 7.50 sucrose, and 10.0 HEPES in mM, pH adjusted to 7.40 with NaOH, osmolarity
adjusted to 290 osmoles/liter with sucrose, oxygenated, and superfused at a rate pérl0 ml
min. The SIF temperature for dissection {CJ and superfusion (¥€) was maintained by a
Peltier device (CH module, Cell MicroControls, Norfolk, VA). GABA was pregdresh in

SIF for every experiment. Chemicals were obtained from commercial exgopiid prepared
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in SIF. Table 3 (Appendix F) summarizes agents and concentrations used for

electrophysiological recordings.

Model Preparation

Skin-Nerve preparation

The model for this project was arvivo skin-nerve preparation as developed and
described in detail by Reeh (1986). Heivo preparation controls variables that interfere
with the study of the physiology of receptors (examples: circulating néiv®agents,
reflex movement). The critical success of this preparation rests withdtsethat receptor
behavior remains unchanged in electrophysiological experiments lastiod.@gours, and
after 24 hours of storage d&iC4in pre-gassed solution a preparation demonstrates no obvious
receptor behavior changes (Reeh, 1986).

Animals were anesthetized with an intraperitoneal injection of ketamine (G&@)m
and xylazine (10 mg/kg). Surgical excision with the aid of a dissection rapes
commenced when animals were obtunded to sensory stimuli. Skin in continuity witst at lea
a 10 mm length of nerve was dissected free from the right (sural) or &ftgpl hind paw.
Perineurium, tendons, muscles, and vascular structures were debrided from the skin and
nerve trunk, in a bath of circulated, chilled, oxygenated SIF. The dissociated poepaees
allowed to rest for several hours prior to electrophysiological examinatioden tr recover
from the trauma of dissection (Maurer, Bostock, & Koltzenburg, 2007).

The skin-nerve preparation was placed corium side up in a dual compartment
recording chamber. Advantages and disadvantages of this arrangemescussedi below.
The dermis was exposed to laminar SIF flow and the epidermis was pinned withmurt tens

against the Sylgard (Dow Corning) basement of the organ compartment. The organ
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compartment was superfused by gravity-fed inflow of SIF and waste solution outisw
removed by negative pressure suction. The nerve portion of the preparation was passed
through a channel into a second compartment filled with a bilayer of SIF and miheral oi
The bilayer serves to isolate a single gold, hook-shaped, extracellulatingoglectrode
suspended in mineral oil from a SIF-submerged gold reference electrode. Theapemndm
of the nerve was elevated onto a small mirrored palette within the oil bath, eectetissee
of epineurium and perineurium. Sections of nerve were progressively divided fromaithe
nerve trunk using sharpened forceps (0.05 x 0.02 mm mirrored Dumont #5 forceps, Fine
Science Tools), and the finest bundle of fibers was placed on the recording electrode.
Advantages and disadvantages of skin orientation in organ bath

The corium-up orientation of the skin was chosen to facilitate hydrophilic drug
absorption and proton sensitivity assessment. Other advantages of a coriunmggnaerd
are better coverage of the irregular skin patch contours by SIF and a bette sugachor
the skin and to press against with mechanical stimulation instruments. In the-dowum
orientation, oxygen and SIF are delivered only to the dermal surface of the skin patch
suspended on a semi-rigid, perforated, plastic grid. Disadvantages of coriuranigtion
are the inability to see identifying epidermal features (exampbadghairs, Merkel discs),
and the unnatural application of a mechanical or thermal stimulus to an inteurakbiiss
not the epidermal surface of the RF.

As a part of evaluation and refinement of the methods for this project, the latter
disadvantage was briefly examined. A comparison was made of corium and apiderm
mechanical thresholds of four high mechanical threshold fibers. Von Frey (\éRpmeal

threshold and CV from search electrode stimulation were first measurethiararium
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surface. Mechanical threshold measurement with VF filaments and the meti@d f
calculation are discussed in later sections. The entire skin preparatiamvesdsd in the
organ bath to expose the epidermal surface. VF threshold and CV were again measured.
Three of the four fibers had no difference between corium and epidermal mekthanica
thresholds. The remaining fiber had a difference of only one ordinal filamentWithe
sequence between corium and epidermal surface. Equal epidermal and coriundCVs a
identical action potential shapes indicated that the epidermal and corium liFsahte fiber
was examined.
Cutaneous nerve selection process and RF identification
Plantar and sural nerves were used in this project. The cutaneous distribution of the
plantar nerve offers the advantage of a relatively flat skin surfachwehsily
accommodates mechanical instrumentation unlike the sural distribution witheitsiee
ankle contours. However, the dissection and debridement of the plantar skin-nerve
preparation requires approximately 2.5 hours compared to 1.5 hours for the sural nerve.
Unlike the plantar nerve, the sural nerve provides the opportunity to study glabrous
and hairy skin receptors. The cutaneous distribution of the sural nerve follows the glabrous
and hairy border of the lateral aspect of the fifth toe, and foot, and the hairy dkenlatetral
ankle and lower hind limb. The plantar nerve distribution is primarily of glabrous skie of t
hind paw plantar surface. To confirm the skin type at the end of the experiment, a pin was
used to penetrate the center of the fiber's RF. The skin was inverted in the ggcordin
chamber and the skin type determined. Figures 6, 7, and 8 (Appendix G) summarize mouse
plantar and sural nerve RF distribution of single fibers from the GABA studies amdlcont

studies.
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Single Fiber Activity Isolation and Characterization

Isolation of single fiber activity

Two strategies were employed for the isolation of single fiber actieptured by
extracellular recording techniques. The success of the first method was démendelling
extraneous fibers from the recording electrode, and the second method byaesifithe
number of mechanical RFs within a selected area of skin to that of a s@&ponsive fiber.

In the first strategy, a laboratory-constructed suction electroder{silver chloride
electrode isolated from a reference electrode by a glass capilbes), was secured by gentle
suction to the nerve at least 10 mm distal to the recording electrode. Nervexevsa by
a square wave generator (Grass S88) with a pulse duration (0.01 to 0.5 millisec®hds (m
and voltage (1.5 to 10 V) to test for single fiber activity and to measure thecalectr
threshold and conduction latency. The measurement of electrical threshold and conduction
latency is discussed in a later section. Interstimulus intervals exceedetbhds(s). In a
few cases, a distinctive impulse shape served to differentiate the aatiséyeral single
fibers. Signals were amplified (1000x) and filtered (> 2000 hertz (Hz); < 50viémjed on
an oscilloscope, transmitted over an audio headphone, and digitized and stored using pClamp
10.2 software (Molecular Devices, Union City, CA).

The skin was mechanically stimulated with a glass probe or VF to determine the
approximate mechanical RF size, or was thermally stimulated withdheat®oled SIF or a
diode laser to locate a thermal RF. Heated or cooled irrigation of a RF within the low
volume organ bath frequently led to unstable recording conditions and was seldom used afte

laser acquisition. VFs and laser techniques are described in later seEtimers.that were
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unresponsive to both mechanical and noxious heat stimuli were not selected for study of
GABA-induced changes in activity.

The alternative isolation strategy made use of a laboratory-constreeteth s
electrode to locate an electrical RF. The search electrode was ctatsfrom an epoxy
insulated tungsten electrode (A-M Systems, Inc. 0.010 inch, 5 megaohms) encased in a
stainless steel reference electrode. An observation made in the developthemhethods
of this project was the difficulty of locating the electrical RF of mecksasitive fibers
with very large RFs in comparison to the relative ease of locating thacaeBF of
mechano-sensitive fibers with small RFs. This observation is in agrewitieihiawson et
al. (2008) where a similar search electrode technique excited no fiber withlargeriRF.
After an electrical RF was identified, the mechanical and/or thermald2HRogated and
marked.

To exclude extraneous signals and confirm complete correspondence between
impulses generated by electrical stimulation of the fiber and mechanitermal
stimulation of the RF, the action potential shape, amplitude, and duration weresdralyz
line prior to further characterization of single fiber receptive progertie
Characterization of single fibers

Full characterization of single fibers was completed in stages. CV, meahanic
sensitivity, and in a few cases, thermal sensitivities were examir@dgagent testing. In
most cases sensitivity to thermal and chemical stimulation was exanfieetha GABA
treatment condition in order to minimize fiber sensitization.

Single fibers were classified by CV, glabrous or hairy skin type, apdmess to

sensory stimuli as collectively described in small mammals (Bessa@rl&1P69; Burgess &
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Perl, 1967; Horch, Tuckett, & Burgess, 1977; S. M. Lawson, Crepps, & Perl, 1997; Leem,
Willis, & Chung, 1993; Lynn & Carpenter, 1982; Shea & Perl, 1985; Spray, 1986), and
specific to the mouse (Blunk, Seifert, Schmelz, Reeh, & Koppert, 2003; Cain, Khasabov, &
Simone, 2001; Koltzenburg, Stucky, & Lewin, 1997; J. J. Lawson, Mcllwrath, Woodbury,
Davis, & Koerber, 2008).
Characterization by conduction velocity

First, single fibers were classified by CV. CV was calculateie@sé¢rve length in
meters, from the stimulating or search electrode to recording electtivitied by the
conduction latency, in seconds. Conduction latency was measured as the time in ms from
the start of the stimulus artifact to the start of the first upward deffeofithe evoked
impulse. For rapidly conducting fibers, the duration of the stimulus was varied to
differentiate the stimulus artifact from the first upsweep of the actie@npal. Conduction
latencies were averaged from three consecutive trials. During theragpgrthe nerve
length between electrodes was estimated from millimeter (mm) mggrka the recording
chamber. At the end of the experiment, the portion of nerve length between the stgnulati
or search electrode and recording electrodes was measged

Fibers with CVs greater than 10 m/s were classedfd A1-10 m/s were classed as
Ao, and less than 1.01 m/s as CB iAcludes fibers associated with Ruffini endings and
Merkel cells and signal stimulus velocity and position, fibers associatbdair follicles
and signal velocity distortion; and fibers associated Meissner’s corpasclesgnal
velocity. AJ includes fibers associated with down hairs and signal slow moving distortion
and nociceptors and signal potential and actual tissue damage. C includebdilsigal

warming, cooling, very slow tissue deformation, and potential and actual daBuabe &
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Perl, 1994). While fibers with CV in theffand Adranges most often fitted into distinct
categories based on responses to innocuous and noxious natural sensory stimulijtHibers w
CV in the Aband C ranges were not as easy to differentiate. Wenk, Brederson and Honda
(2005) reported a fourth category (@)fof ratex vivo fibers with CVs of 1 to 3 m/s. CAP
of whole nerves demonstrated no overlap éfasd C components in agreement with the
CAP presented in Figure 1 (Appendix A), but 13 of 107 not inflamed fibers had CV between
1 and 3 m/s. In the mouse, the categorical divide betwe&eamnd C fibers is 1 m/s (Price et
al., 2001) or 1.2 m/s (Koltzenburg et al., 1997). With this in mind, a fourth category 6f C/A
was created for fibers with CVs between 1.01 and 1.2 m/s.
Characterization by responsiveness to mechanical stimuli

After characterization by CV, single fibers were characterizetidgensory stimuli
they responded to best. Mechanical thresholds were estimated by use of oed@thl-sc
calibrated VF (Semmes Weinstein Von Frey Aesthesiometer, Stoelting, DabedIL).
Mechanical threshold was measured in kilopascals (kPa) and defined as thepkeast a
filament pressure capable of evoking more than two impulses. Applied pressure was
calculated in kPa (pascal: Pa = Newtons/metedilograms/metesecond). Average actual
measurements for force and cross-sectional area were obtained fronm¢taetlog 58011.
Table 4 (Appendix H) summarizes VF conversion factors and units of measure. Tée enti
range of VF filaments was not used. Repetitive RF stimulation with a Milss> 786 kPa
almost always resulted in a visibly traumatized area of corium, and VKR&8ould not
reliably penetrate the surface tension of the organ bath without buckling.

Fibers were classified as having a high or low mechanical thresholdrsimthe

classification used in the rat skin-nerve preparation (Steen & Reeh, 198912gnKurg et al.
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(1997) measured an average force of 5.6 millinewton (mN) for high mechanical threghold A
fibers (AM) and similar results for presumed C polymodal nociceptors. A fofe® ofN

roughly equaled the pressure generated between the 160 and 209 kPa VF filaments used in
this project. A threshold of VF < 160 kPa was deemed low threshold in this study. The
results of a survey conducted to establish the suitability of the diode lelseigtee also

suggested the boundary for high and low mechanical threshold pressure as 160 kPa. Two C
fibers sensitive to noxious heat, protons, and laser irradiation had VF thresholdsass |

160 kPa. The results of the survey of laser properties and laser-sensitivarfédsrported

in Chapter 4.

An examination was made to determine responsiveness to: 1) stretch, indentation,
retraction, slow or rapid vertical motion from a hand-held glass probe or fine brush; 2)
adaptation; 3) ongoing activity; and 4) after-discharges. In combination with CV
hairy/glabrous skin type and responsiveness to various high or low intensitynicatha
stimuli, single fibers were categorized as rapid adapting (RA) or slaptiad (SA) to
mechanical stimuli. SA-mechanoreceptors respond continuously and best to a constant
stimulus (examples: indentation, distortion, stretch) and RA-mechanorecesimosd
briefly and best to a change in stimulus (examples: vibration, velocity andogisy@at,
accelerated movement) (Birder & Perl, 1994; Horch et al., 1977). No low threshold rapid
adapting mechano-sensitive fibers were examined in this study due to thdtglitifc
statistical analysis of their limited responses of only one or two action adgent

Fibers classified by CV and responsiveness to natural stimuli were caezgmtio

the following groups: £ -low mechanical threshold SA (ASA), As-low mechanical

threshold (AYLTh); As-high mechanical threshold ¢M); C-high mechanical threshold
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(CM); C-high mechanical threshold and noxious heat (CMH); C-high mechanicalyaox
heat, and protons (CMHA); and C-high mechanical threshold, noxious heat and cold, and
protons (CMHAC). Methodology for testing chemical and thermal sensitivity follows.
Fibers sensitive to noxious heat and mechanical stimuli

Frequently, fibers requiring786 kPa of pressure had inconsistent responses after
several trials of mechanical stimulation. Consequently, very high mechanesdidht
fibers were examined for noxious heat sensitivity and reserved for StudyeRéloded from
further study. A limited number of cutaneous nociceptors are insensitive to methanic
stimuli, and are better stimulated by noxious thermal and chemical stimylatibri_awson
et al., 2008; Meyer, Davis, Cohen, Treede, & Campbell, 1991). This may not be the case
with all mechanically insensitive afferent fibers. Some very high threshold
mechanoreceptors may initially fail to respond to heat, but develop ongoingyaettti
repeated very high temperature stimulation (Shea & Perl, 1985).

C fibers that briskly responded to heat and to mechanical stimuli were setected f
either mechanical or laser study dependent on available instrumentation.cAlsedes
Chapter IV, A5 nociceptors were not subject to laser instrumentation for GABA testing
because of low discharge frequencies.

Mapping of receptive field

The mechanical RF was located and mapped with a brush, VF, or glass probe. In
cases where the electrical RF was mapped, most mechanical RF ancbhéREt
overlapped. The mechanical RF was tested for the presence of ‘hot-spotstaséut

activity. A ‘hot-spot’ does not respond to innocuous pressure or skin movement, does
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demonstrate graded responses to shearing forces and punctate pressutarasgadssive
in the areas between ‘hot spots’ to suprathreshold mechanical stimuli (@iRkat, 1994).

Prior to GABA testing, the most responsive spot(s) of the electrical, thandéadr
mechanical RF was marked by an off-side placement of colored glass dgaeérit(s) (0.25
mm diameter). The C57BI6J mouse glabrous (pink) and hairy (black) epidermal Border i
visible through the corium surface with the aid of light microscopy, and thedoaHtthe
RF was estimated as hairy or glabrous. Glabrous and hairy skin differersegssitization
and heat sensitivity are well recognized (Campbell & Meyer, 1983; Treeder Mtaja, &
Campbell, 1995).
Characterization by responsiveness to chemical and thermal stimuli

After GABA testing, fibers selected for electrical, mechanwathermal
instrumentation were examined for thermal and chemical sensitivity bgfdwe similar
methods, a ring reservoir and an inflow/outflow reservoir. In the first, a laloprat
constructed small plastic ring (2mm diameter) with an inverted extermaétba Sylgard lip
was secured over the RF and sealed with Baysilone high viscosity past€(owg). The
SIF within the ring reservoir was replenished with gassed SIF every mingemadl and
chemical stimuli of iced SIF (&), heated SIF (5%), and HCl-acidified SIF (pH 4.0)
were sequentially hand-instilled and fiber responses were recorded. Figupeh@x 1)
illustrates the ring reservoir

The second method made use of a laboratory constructed reservoir with a Sglgard li
and gravity inflow and suction outflow ports. Similar to the ring reservoir, it veaeglover
the RF and the same thermal and chemical stimuli were remotely thbillgyringe. A

disadvantage of the inflow/outflow reservoir was its awkward shape. An advafhthge
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reservoir was the remote application of the stimulus solutions avoided elegtietma
interference (EMI) from the researcher’'s movements within thedBgreage. Figure 10
(Appendix 1) illustrates the inflow/outflow reservoir for thermal and cloatstimulationin
situ.
Experimental design, variables, and statistical analyses

The repeated measures design of the study was consistent throughout tipbasedy
and was represented a&); X O, for most studies an@; X; O, X, O3 for the wash-out and
increased concentration conditions. The observa@mdpresents the neural response and
the treatmentX) was GABA exposure or wash-out of GABA. This extracellular study
limited the variables to a change in the frequency of action potentials, thg tfraction
potentials, and the amplitude of the stimulus necessary to induce action potentials. The
project was exploratory in nature with the goal to determine the best wiayglyoGABA in
the PNS. Mouse single fibers were electrically and mechanically, tihgrorachemically
stimulated and differences in their responses during treatment with GABAolserved.

Descriptive data were presented as measisndard error.

Measurement Instrumentation: Specific Aim 1

In the course of this project, fibers were often selected for a measutectentgue
based on the availability of measurement instrumentation. Over sevegliggiuments
were purchased or developed and ‘scaled down’ to an appropriate size to investigate mous
response properties. Adequate electrical instrumentation was the firsmplbenented and
presumed noxious heat from a diode laser was the last. A total of 11 measurerneds met
were implemented over the course of this project in the comprehensive searcaipfarpe

effects of GABA exposure on PAFs.
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Sudy I: Non-activity dependent electrical stimulation

Electrical threshold and CV were measured before and after GABA testimg whe
feasible. Many fibers, included in Study I, were also subjected to mednstmualation.

As previously described, electrical stimuli of an adequate duration and ampditgeeerate
a discrete action potential were delivered by either a suction eletigbtlg attached to a
nerve fascicle or the search electrode applied over the RF. Study | waseddsi examine
non-activity dependent changes in CV and electrical threshold. Electrigatimtdus
intervals exceeded 10 s.

Sudy I1: Activity dependent electrical stimulation

Repetitive cutaneous electrical stimulation is not naturally encountenety
mammals, but activity dependent changes in CV and electrical threshold may model
discharge frequency code changes found in chronic injury and neuropathic [{BieGs,
Messlinger, & Carr, 2008). In the comprehensive search for peripheral GABAsff
several measurement methods not included in the project proposal were designed and
implemented. One method in the broader search for GABA effects was an experime
designed to measure activity dependent changes in C-fiber CVs.

A full discussion of activity dependent changes in CV is beyond the scope of this
discussion, but a few points are important. The CV of a resting fiber (one not having
undergone recent stimulation), is stable and is directly related to axonalatiameidegree
of myelination at physiological temperature (Light & Perl, 1993). In addition, newrntims
unmyelinated fibers demonstrate unique activity dependent changes by @sgificaltion.
Sustained electrical activation of nociceptors leads to a progressivagloiWCV, decrease

in excitability, and eventual conduction block, while innocuous thermoreceptors show only
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an initial mild slowing of CV (Raymond, Thalhammer, Popitz-Bergez, & Strizh&a®90;
Thalhammer, Raymond, Popitz-Bergez, & Strichartz, 1994). Nociceptors demoastrate
decrease in CV of 29%, innocuous cooling receptors of 11%, and mechanoreceptors and
sympathetic efferents of 14% (Gee, Lynn, & Cotsell, 1996). The fundamentahnm&ns
driving this variability are unclear. Postganglionic sympatheticeftdibers demonstrate
latency shifts of initial CV slowing, but rapid recovery with prolonged pulsetustiion
(De Col et al., 2008).

To test for activity dependent shifts in conductivity, a protocol as describee Gl
et al. (2008) was used. Single fibers were stimulated with 2 Hz frequency for 180 s and 0.5
Hz for 600 s by a suction stimulating electrode gently applied to the RF of the Tibe
time features of the protocol allowed for observable slowing of CV and an addguatien
for conduction block development and controlled recovery. The RF of the fiber was not
electrically stimulated for a minimum of 5 minutes (min) before initiatiofrexffuency
stimulation. The CV of the fiber was allowed to recover to the pre-test conditiore bef
superfused application of GABA and initiation of post-test stimulation. Supanfo$i
GABA for 2 min began before and continued throughout the high frequency stimulation.
Variables examined were percentage change in CV (relative chdiagédn potential to
360" of baseline and during GABA exposure, change in electrical threshold, anoftime
conduction block onset. After examination for conduction shifts, the fiber was draredt
for mechanical, thermal, and chemical sensitivity, as previously describdethteDthe
chamber used in this study is not optimal for examination of agent effects on graded
potentials. The recording electrode and most proximal fiber end are isotateddent

contact by the oil layer. A sucrose gap chamber is more suitable for this p(8asefli,
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1954). However, in this project, three-fourths of the nerve fiber length was exposed to
GABA and only one fourth had no exposure to GABA.
Sudy Il1a, I1b, and I1lc: Mechanical stimulation

Several instruments were utilized to test for either GABA-induced cbange
mechanical threshold or discharge frequency from a constant mechamicalisti
Recording chamber and skin-nerve preparation size, and cost constraints addesl/& tie |
complexity in the development of appropriate measurement instrumentation. targprie
constant force and pressure instruments, with the exception of VF filaments, proveddo be
bulky for the ‘scaled down’ organ bath. Consequently, laboratory-constructed iestsum
were developed and implemented to provide a suprathreshold pressure stimulus.

To simply measure a comparative GABA-induced change in mechanical threshold
(Koltzenburg et al., 1997), or change in discharge frequency in response to a suprdthreshol
force (Kwan et al., 2006; Potenzieri, Brink, Pacharinsak, & Simone, 2008), hand-held VF
filaments were used (Study lllb and Illa respectively). Multiplerapts were made to
mobilize VF filaments with an XYZ micromanipulator, but the standard lengtheof t
filament (8 cm) plus the micromanipulator anchor exceeded the availablebgpaeen the
microscope and the organ bath.

In a first series of experiments, a VF was used as a supra-thresholdI{&ijydy
constant pressure mechanical stimulus. The filament capable of evoking anldbserva
discharge rate was applied twice for 1.5 s, with an interstimulus interval of 15 beasdrt
of the action potentials of the two trials was averaged. In the event the melctaasizold
increased to such a degree th& impulses were evoked, a higher pressure filament was

used for the remainder of testing. Because nociception is the primary focusmbibct, a
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simple modification to the regimen was developed to refine the examinatghof

mechanical threshold fibers. Four interval-scaled hand-held VF with ap@texaonstant

pressures of 168, 333, 509, and 684 kPa were used. The fiber was deemed to have enhanced,
suppressed, or no change in mechanical sensitivity after GABA applicationts Witre

classified as GABA-sensitive when the change in the posttest responseeaxbtoghe

pretest baseline exceeded 44%, which would represent a greater than two stanaliod de

change had sufficient, normally distributed data from an independent random basple

collected (Potenzieri et al., 2008; Wenk, Brederson, & Honda, 2006). Recovery from a
GABA-induced response was recognized as a 50% return to baseline (personal
communication, Christopher Honda, 2007).

In Study IlIb, VF thresholds were determined prior to and at intervals of 3 d&hd/or
min of GABA exposure. In some cases of prolonged stable recording conditions, VF
threshold was measured following a SIF wash-out period. A mild threshold change was
defined as a progression or regression of one ordinal filament in the sequence of VF
filaments to elicit a response ®f2 action potentials. A substantive change was defined as
progression or regression in the VF series @ffilaments. All fibers included in Study llla
were also studied in Study Illb.

Handheld VFs were fraught with inherent error (example: vibration from operat
hand). As the project evolved several remotely operated mechanical stimwiaters
constructed and implemented (Study llic). Attempts at remote RF meahstmaulation
were complicated by the inability to obtain a force generator that coglidcksa probe tip >
1 mm and not damage the RF during placement. Early in the project, a constanevaree d

was constructed from a VF attached to a miniature mobile phone loudspeaker and driven by a
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waveform generator (Wavetek 112). Advancement and retraction of the filament,omthe f
of a square-shaped pulse, was applied to the most responsive spot in the RF. Maximal probe
displacement with this device was only 1Imm. The loudspeaker device proved toegenerat
insufficient pressure to activate any fibers except those with the lowestabfanical
thresholds, and was abandoned.
Late in the project, the second mechanical stimulation measurement method was
developed, standardized, and utilized (Study Ilic). No fiber from Study lllidbowvas
included in Study llic. A permanent magnet-series electrodynamic wbrattuator (LDS
Test and Measurement LLC) coupled to a flexible linear motion end-effédiiiiE) device
(open system Kimberly-Clark polypectomy snare terminally encased inraulibesyringe)
was driven by the same waveform generator. Figure 11 (Appendix J) is a schemat
representation of the LMEE device. The LMEE device was capable of legera
reproducible pressure up to 760 kPa just below the pressure recognized as \ssibtyide
to skin. Vertical displacement and mass generated on a standard laboratowascal
dependent on the voltage delivered to the waveform generator; the maximal voltag€ of 4.5
generated 2 mm displacement of a filament tip (surface area of 0.25ameh 19.5 g on a
laboratory scale. The device was not capable of interval-scaled charggi@sulus intensity.
The probe tip was positioned by a hand-controlled XYZ micromanipulator and
applied to the most sensitive area of the RF. It was retracted until ongovity acis equal
to ongoing activity observed prior to probe application and the tip was visible above the skin
surface with light microscopy. To insure that the stimulus delivered whsiaoif to measure

a change and avoid a floor effect, the tip was placed as close as possible to thasko s
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generate at least half the discharge frequency of vigorous glass prohpglioation of a
suprathreshold VF to the RF.

A trial consisted of 2 to 5 pulses, 1.25 to 2.5 s duration, and separated by 10 s
remotely signaled by the waveform generator. Duration was varied in anpatteobtain
more than 5 action potentials per trial, but not distort or destroy the RF. As the project
progressed, the number of pulses was decreased to two and the duration increased to 2.5s. A
delay of 2 min between trials was observed to minimize sensitization (a moreusg
response from repeated applications of the same stimulus) (Slugg, Meyer,ph€llam
2000). Figure 12 (Appendix J) is a representation of two stimulus pulses and respbweses. T
variable measured was the change in averaged number of spikes pre-test canmuased t
test. Fibers were classified as GABA-sensitive when the change in thespostponse
exceeded 44% of the pretest baseline.
Sudy IVa, 1Vb, and IVc: Noxious heat stimulation

For this project, a 980 nanometer (nm) near infrared, 7.5 watt (W), class IV diode
laser (LASMED, Lass/DLD-7-NM3, Mountain View, CA) was specificalgveloped for a
noxious heat stimulus. Chapter IV provides a full description of the suitaltityhe
properties of the diode laser. A 2.5 mm diamspet from a visible light locator beam was
first focused on the electrical and often mechanical RF. The optical cableriilavas held
near perpendicular and approximately 1.5 mm above the organ chamber fluid sudace by
hand-controlled XYZ micromanipulator. Time for each trial was 7 s and corresmoads t
duration that successfully stimulatiedvivo rat and human cutaneous C fibers (unpublished
communication M. Nemenov, the developer and manufacturer of the diode laser used in this

project, 2008). Threshold was defined as the current to the driver, in milliampergs (mA
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necessary to generateés action potentials. To determine an optimal range of current to the
driver to excite noxious heat-receptive fibers, a survey of laser sudeeptd resistant fibers
was conducted. Optimal current to the driver for C fibers ranged from 600 to 2000 mA, for
C/Aofrom 1300 to 1400 mAand for Ad fiber from 2000 to 3000 mA. A minimum of 10
action potentials per trial was selected as optimal for agent testingaangewerally within
200 mAs of the threshold current. As recommended by the manufacturer, thenodersti
interval exceeded 10 s to allow dissipation of accumulated heat within the oghtzal ¢
filament.

During an initial investigation of the laser’s properties by the manufactutbe iPerl
Lab, a dramatic increase in ongoing activity occurred after multipls.trTo minimize this
sensitization, only one trial was conducted for each treatment condition with a 2emalint
between treatment conditions. No fiber was studied that previously had lasetioradf
its RF. Three methods were derived for estimating possible sensitization:ef)eotos
new-onset ongoing activity; 2) observe for decrease in mechanical thresboldsd#t
stimulation; 3) observe for increase in number of action potentials generated fomstant
mechanical stimulus after laser stimulation. In cases where satigitizvas suspected, the
guestion arose as to whether the observed changes during GABA exposurenvehe fr
treatment, or from a testing effect from repeated laser stimulation addtth&om the fiber
was eliminated from the analysis.

In Study IVa, laser irradiation of the RF for 7 s was accomplished before ayd?ever
min during GABA application for up to 6 min. In a few cases, a change in noxious heat
sensitivity occurred under extremely stable recording conditions, and thewpiyontas

taken to observe for a return to baseline after 20 or more minutes of wash-outRwith Sl

44



Fibers were deemed to have enhanced, suppressed, or no change in noxious he#y sensitivi
during GABA exposure, and recovery or no recovery to baseline after a washiodt pe
Similar to mechanical stimulation, fibers were classified as GAB%itige when the

posttest response change exceeded 44% of the pretest baseline. RecoveryAB& a G
induced response was recognized as a 50% return to baseline.

In an attempt to garner data in a more time efficient manner, the lases&has a
search stimulus to locate a distinct cutaneous area innervated by musigoleslsponsive
fibers. Study IVb included the responses from non-characterized fibersresshdld laser
driver current delivered for 7 s. This technique had several limitations. The optiveal dr
current had not been determined for each of the multiple fibers and it was utdikelyhe
same for all. In addition, changes in leading recording conditions altered potential
shapes and hindered the sorting of action potentials by size into a reasonableasctiema
experiment progressed through treatment and wash-out. Changes in leadinggecordin
conditions resulted from fluid evaporation and drainage from or accumulation on theansegme
of fiber in contact with the recording electrode. Consequently, small action ptenti
disappeared into the baseline EMI and larger action potentials dominated thg tk&/dtim
this in mind, the decision was made to count only the largest of the action pofeoiials
every trial of the three experiments. Again, a 44% change in the discheqgerfcy of large
action potentials between the pre- and posttest condition and a 50% return to the pretest
condition with wash-out were considered significant.

Finally, in the interim period before laser acquisition, a very simple noxious heat

experiment (Study IVc) was designed to test for change in responsivenesmtes @at
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from superfusion of GABA. Heated SIF, at known temperatures (42 al@) 48as applied
in a ring reservoir and pre- and post-test discharge frequencies were @hmpare
Sudy V: Noxious chemical stimulation

Early in the project when neither thermal nor mechanical instrumentation were
available, the inflow/outflow reservoir was used to apply protons as a chetmuals
(Steen, Steen, & Reeh, 1995). The inflow/outflow reservoir is discussed previously. Th
protocol for instillation of solutions, agents, and protons was as follows: SIF for BHin;
acidified with HCI to pH 4.0 for 1 min; GABA 10@M for 1 min; acidified SIF + GABA
100uM for 1 min; and 3 min wash-out period. Advantages of the technique were the device
restricts exposure of agents to the remainder of the cutaneous surface arsl eletticeal
interference. Disadvantages were the dependence on isolation of a protovneskimesit
with a brisk discharge frequency, in an area of the preparation accommodativbutktbie
the device. Thus, it was a very inefficient method for the rapid collection of data
Sudy VI: Innocuous cooling stimulation

For fibers most active at temperatures belo#@2ongoing activity was measured
before and during GABA superfusion in the absence of intentional mechanical,lifeardha
electrical stimulation.
Measurement of Loci of Activity: Specific Aim 2

In the event significant GABA-induced responses were found, three methods of
administration were devised to estimate the location of GABA receptors. r$hméthod
would have been to apply GABA to the entire organ bath and is analogous to a systemic
route of administration with RF, peripheral terminals and process exposure. The second

method would have been to apply GABA only within the ring reservoir and is analogous to
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topical or local route of administration with exposure confined to RFs and petiphera
terminals. The last method would have been to apply GABA to only the organ bath and not
the skin within the ring reservoir. This method would be analogous to a perineural injection
with only peripheral process exposed to GABA. A ring reservoir and mechamoalust
interaction was observed during the project (see results) and this method had to be

abandoned.

Measurement of Concentration Response Relationship: Specific Aim 3

In cases of prolonged stable recording conditions, attempts were made tigatees
concentration and response relationships from increasing concentrations of &3ABA
constant mechanical or noxious heat stimuli. The selection of GABA concamsrafi 10
uM, 100uM, and 100Q:M was based from a review of organ bath studies of whole nerve,
cell bodies, DRG, nerve roots, cutaneous tissues, and single visceral fibemgalAgra
Evans, 1986; Ault & Hildebrand, 1994, Bhisitkul et al., 1987; Brown & Marsh, 1978; Denda
et al., 2003; Denda et al., 2002; Desarmenien, Feltz et al., 1984; Desarmenien, Bagtange

al., 1984; Morris et al., 1983; Page & Blackshaw, 1999; Valeyev et al., 1996).
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CHAPTER 4

ANCILLARY EXPERIMENTS: SUITABILITY OF THE DIODE LASER ASA
NOXIOUS HEAT STIMULUS

Laser Specifications and Advantages

The diode laser has been proposed by the Perl Laboratory to be a powerful,
functional, and precise instrument, for heat stimulation of mouse PAFs, in al‘doale’
organ bath. The diode laser offers several advantages over the older carbon @Gxide (
laser. The C@laser is frequently used in a dry environment to evoke human somatosensory
potentials, animal withdrawal behavior, and single fiber responses in animaksdbyin a
liquid environment (Maclver & Tanelian, 1993). The diode laser has greataeouta
penetration due to lesser light energy absorption by water and requirekea poveer
supply and cooling system due to better electrical efficiency (Plaghko&ralix, 2003;
Walsh, 1997). The diode laser light energy is easily handled by flexible oatiital anlike
some CQ lasers which require hollow tubes and mirrors (Razum, 2001).

Laser is an acronym for light amplification by stimulated emissiondétian.
Lasers emit radiative energy in focused beams of parallel monochrofeatromagnetic
waves. The LASMED Lass/DLD-7-NM3 7.5W infrared laser is the first ricdeased and
tested on thex vivo skin-nerve preparation. It consists of a driver, footswitch, trigger
input/output, and silica optical cable, and is capable of delivering a driventoir4200

mA for up to 20 s, at intervals of 1 to 60,000 ms, and up to 200 pulses. Instantaneous tissue



heating from laser irradiation is not a natural stimulus, but the Lass¥izidxhosen to serve
as a proxy for natural conductive, convective, and radiant heat stimuli. The diode laser
possesses several advantages over other laboratory methods for therataiegiimThe
integrated thin, flexible optical cable conducts the stimulus pulse at the sgegd with
minimal signal decay, and introduces little EMI into the miniature recgrclhhamber. More
importantly, the laser is capable of generating an easily controlled anduejirie stimulus
amplitude and beam area of irradiation. A simple laser detector card (THEBRLMC-
VIS/IR 800-1700nm) serves to roughly estimate the stimulus amplitude and beam area
Digital photography readily captures infrared light to confirm that \asdold infrared
beam areas are approximately the same size and in the same location. Thept®togr
Figure 13 (Appendix K) were captured with minimal visible light and no carfesh, fand
the beam focus was set for a 5 framea. The upper photograph is an infrared (white spot)
image and lower photograph is of the visible light locator beam (pink spot). Correspmndenc
of images supports the use of visible light locator beam as an effective mettedtiiy iand
limit the irradiated area of the corium. Since diode laser irradiation rallyimnaises the
organ bath temperature, the non-irradiated portion of the skin preparation is presmrved f

potential heat-induced injury.

Laser-Induced Bath Temperature Changes

The temperature increase of solution-submerged non-homogeneous tissues from
infrared radiation has not been determined by the manufacturer, but is not believdukto be t
result of heating of the organ bath solution. In a series of experiments on seghériuzan

embryonic kidney and DRG cells, the manufacturer used infrared temperaturarstans
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observed no change in average bath temperature with the laser pulses (personal
communication, Michael Nemenov, 2008).

To determine if the same is true with the skin-nerve preparation, a thermistor was
placed tangential to the laser beam on either the corium surface or conceatedd thene
epidermal surface, but not within the area directly illuminated by the vigghleldcator
beam. This was accomplished in the superfused organ chami3&)(2#d in the ring
reservoir. In all four conditions (superfusion — epidermal contact; superfusiomumcor
contact; ring — epidermal contact, ring - corium contact) the maximarease in organ bath
fluid temperature after 7 s of cutaneous irradiation #8%5°C. In contrast, when the
thermistor was directly exposed to laser irradiation, measured tempearatigased to 5°C
at 1000 mA, and exceeded 8D at 2000 mA (data not shown). Unlike radiant light from a
halogen bulb, the diode laser does not appear to act as a noxious thermal stimulusdy heatin

the solution in the organ bath.

Laser Irradiation as a Noxious Heat Stimulus

A series of experiments were performed to determine the suitabilitg afiode laser
as an instrument to predict noxious heat sensitivity, estimate noxious heat thrpstgs
endogenous and pharmacological agent effectiveness, and search for fmarsivesto
noxious heat. Results have previously been presented in abstract form at the tywifversi
North Carolina at Chapel Hil'5Annual University Research Day.

The Lass/DLD diode laser has been testetheivo rat DRG neuronsn vivo rat
ear/rostral auricular nerves, and human skin for selective activation of C #et s\ f
(Greffrath et al., 2002; Tzabazis et al., 2005; Veldhuijzen et al., 2009), but untested in the

submergedx vivo mouse skin-nerve preparation. A detailed description of the process of
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photon penetration of submerged, cutaneous tissues is beyond the scope of this project, but
key phenomena include absorption of light energy by the tissue and solution,aeftecti
scatter of light by the fluid and cutaneous surfaces, and transmission ohkggy ¢hrough

the tissue plane of interest. To hold these phenomena constant between pre- and post-test
trials and among experiments, the duration of the square-wave laser pulse tlaedaeaim

focus, angle of approach, and stand-off distance between the optical cabtethe a
preparation were held constant. Only the laser driver current (mA) was vahedaseér

driver current set point estimates the energy density or radiant flux irsJdulger unit of

surface area. The laser driver current set point range was 700 to 3000 mA andgiye ener
density range was 120 mJ/to 1.1 J/mrh Values were derived from the proprietary

diode laser specifications and from U.S. Patent No. 7402167 (Nemenov, 2008).

Figure 14 (Appendix K) is a photograph of laser irradiation of a mouse cutaneous RF
submerged in organ bath. In this photograph, the visible locator beam appears pink and
beam area is enlarged for improved visibility in the photograph.

Fiber response properties from laser irradiation were compared to threshpdbli
reports of mouse noxious heat response properties. Cain, et al. (2001) tested Peltier conta
on thein vivo glabrous skin-nerve preparation; Koltzenburg, et al. (1997) tested radiant heat
from a halogen bulb on thex vivo hairy skin-nerve preparation; and Lawson, et al. (2008)
tested Peltier contact on tkevivo hairy skin-DRG-spinal cord preparation. All three
studies reported tissue temperatures.

In this study, 41 high and low mechanical threshold fibers, from 10 C57BI6J mice,
were examined for susceptibility to laser stimulation. Figures 15 and 16 (Appgratie

frequency histograms for conduction velocities and pressure thresholds of the 41 fibers.

51



Thirteen of 21 high mechanical threshold C fibers (€Y m/s), 2 of 3 A/C (1.01-1.2 m/s),
and 4 of 13 & (> 1.2,< 9 m/s) fibers responded to laser radiation. None of 4 low
mechanical threshold fibers responded: dlnfechanoreceptor, 2d¢ mechanoreceptors,
and 1 C mechanoreceptor. This survey is in agreement with published observations of mouse
cutaneous afferent fiber responses to noxious heat delivered by conventional meaghk. Of hi
threshold mechanoreceptors, Koltzenburg, et al. (1997) found 26%fidfeks (CV > 1.2
m/s) and 41% of C fibers (C¥ 1.2 m/s) responded to noxious radiant heat and Lawson, et
al. (2008) found 30% of &neurons and 75% of C neurons responded to noxious heat from
contact with the Peltier device. Cain, et al. (2001) found 12% of all glabrétibeks and
82% of all C fibers responded to noxious heat.

A subset of C fibers was observed for sensitivity to a comparative heat soured appl
to the RF. Heated saline (83) was gently instilled into a ring reservoir applied to the
fiber's RF. Two laser-insensitive fibers (one low and one high mechanieahtid) failed
to respond. Five laser-sensitive fibers did respond; 4 were also responsive to protens (pH
4.0) and 2 to noxious cold Z).

Fibers were observed for graded responses to increased laser emissioms1#igur
(Appendix L) illustrates the responses of a single high mechanicahtides fiber (CV =
0.49 m/s) to four graded laser emissions of 7 s duration. A series of square wave pelses we
delivered in ascending order of magnitude of driver current, beginning at the fibbesbold
for laser responsiveness. The interstimulus intervabw&asin to minimize sensitization,
and all fibers had minimal (< 6 impulses per min) spontaneous discharge activityprio

each laser emission.
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C fibers demonstrated consistent stimulus response curves and had reproducible
responses at identical suprathreshold driver currents, a favorable propergriotesgng.
Figure 18 (Appendix L) illustrates stimulus response relationships fromsaseilation of a
high mechanical threshold C fiber (CV = 0.25 m/s). A graded increase in driventooir
400 mA led to an increased discharge frequency up until 1500 mA and 6 pulses at 1700 mA
resulted in a consistent discharge frequency. C fiber stimulus-responsgs ware in
agreement with published reports (Cain, et al., 2001; Koltzenburg, et al., 1997, Lawson, et
al., 2008). In contrast, 4Afibers did not respond with linear stimulus-response curves, had
lower discharge frequencies (< 1/s), and required higher laser drivemtsurfienree fibers
weakly and inconsistently responded with 3-6 impulses at the end point of the final laser
emission (3000 mA). Onediber (CV = 2.3 m/s) demonstrated an erratic accelerated and
decelerated discharge pattern of the stimulus-response curve, a masipoaise rate of 13
impulses per trial, and demonstrated a delay of more than 5 s from the onset of the laser
emission represented by Figure 19 (Appendix L). The fiber had a maxintahdjec
frequency from a glass probe stimulus of 9 impulses/s. Published repodsiélus
response curves are discussed below.

C and C/Asfibers were observed to respond more vigorously at lower laser energies
(700-2000 mA) than Afibers (2000-3000 mA), and their responses grossly paralleled
published mouse C anddoxious heat threshold ranges. Figure 20 (Appendix L)
represents the relationship of CV to laser threshold in 19 high mechanical threlséxsd fi
In the sample of fibers examinedgyAibers required a greater laser driver current than C and
C/Aofibers. For C fibers, the average discharge frequency at laser tlré8ldaimpulses/7

s) exceeded the average maximal discharge frequency at any driver current (6.5
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impulses/7 s). Koltzenburg, et al. reported a maximal number of impulses filyefs of
15.8+9.7 and for C fibers of 22.0+6.0 over a 15 s trial, and average heat thresholds for C
fibers = 37.6 + 1.4C and A = 42.5 + 1.9C. Cain, et al. (2001) reported mean heat
thresholds C = 40.3+0%€, As = 42+3.0°C; A fibers responded weakly to heat stimuli,
and were of two types: Type | responded at the end point of the stimulus randi€ofa5d

Type |l between 39 to 5°C.

Other Response Changes from Laser Irradiation

Several additional laser-induced changes in the response properties werebser
As many as 50% of fibers became unresponsive to mechanical or eledtnaoédtsdn after
exposure to 2000 mA for C fibers, and 3000 mA foifiders. These fibers had remained
responsive to mechanical stimulation after a lesser laser driver curref@Cofri¥s5or 2500
mMA respectively. The question arises as to whether these changescamesttpience of
accommodation, sensitization, fiber attrition, or laser ablation. In any3@3@ mA was
selected as the upper limit of exposure farfibers, and 2000 mA for C fibers.

A second observation was that cutaneous RFs frequently were found at the junction
of the whole nerve and/or fascicle with the corium and all structures weraie@diTo test
the hypothesis that laser radiation of nerve fascicles and/or whole nervesliotuld e
impulses, an experiment was conducted. Two dissociated sural nerve fasciclygadrom
nerves were examined for changes in excitability and conductivity befdrafter laser
irradiation. A 2.5 mm section of each nerve was irradiated with graded squea® ava
driver current for 7 s up to 4000 mA and CAPs were recorded between trials. No change in
amplitude or conduction latency of the components of the CAP was observed and no
spontaneous neural activity was observed (data not shown).
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Laser Use for Measurement of Drug Effects

In a separate study designed to grossly examine the suitability of thadame
instrument to measure drug effects, 2 high mechanical threshold (1 C and)XikZrs
were exposed to suprathreshold laser emissions before and during the applicattiean af e
recognized ‘gold standard’ algesic or a local anesthetic. Adenosine tripfeo&she) (100
#M) and capsaicin (10M) increased discharge frequency to 62 impulses/7 s at 2 min of
exposure, from a pretest discharge frequency of 20 impulses/7s (CV=0.24 m/dilaser
current of 1700 mA). Lidocaine (1mM) decreased the discharge frequency to 6aspul
after 30 s of exposure from a pretest discharge frequency of 12 impulses/7 s (CV=1.23,
driver current = 1400 mA). These alterations in discharge frequencies Ipatatigtions
observed in published reports for heat sensitive fiif{@senther, Reeh, & Kress, 1999;

Wagers & Smith, 1960).

Laser as a Search Stimulus

On three occasions, the laser activated fibers without obvious mechanical racaglect
RFs. Multiple attempts were made to locate the electrical RF witleetnieal search
electrode and mechanical RF with a glass probe without success. These iolnservat
discouraged use of the laser to locate heat-sensitive but mechanicalbjtinsexiferent
fibers.

In a separate series of experiments, the laser was tested ahaspauicis for C
fibers in advance of mapping the mechanical RF and measuring the mechaestadlthr
Since the laser stimulus threshold for impulse generation was unknown (ongea 7@a-
2000 mA), as little as two suprathreshold laser emissions led to fiber selsitizatone
case, the extremely low starting driver current of 800 mA led to a strikangase in
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discharge frequency upon a second stimulus 5 min later and the fiber had to be excluded
from further study. Figure 21 (Appendix L) represents an electrophysialagaording

from a C fiber (CV = 0.33 m/s) demonstrating possible sensitization in respomnse ¢f the
laser as a search stimulus. In one example of laser-induced sensitizatsatothe pulse at
suprathreshold driver current (800mA for 7 s), C fiber demonstrated an increase irggischa
frequency, despite a tonic discharge delay compared to the first pulse. The wgpisr tra
from the first pulse (15 impulses) and middle trace is from a second pulse deliveired 5 m
later (32 impulses). The frequent necessity to exclude fibers due to possilileagems
suggests that the diode laser may be inefficient as a search stimulus.

In a final experiment, an absence of C fibers sought by the electriczth seahnique
was compared to an absence of heat sensitive C fibers that comprised a setbtraad of
sural nerve. The electrical RFs of mang/fand A fibers were located, but no fiber with a
CV in the C fiber range was identified. In 5 fmsections, the entire corium surface was
laser irradiated at a driver current of 2000 mA, but no response from the fibeescoated.

To insure no failure of recording equipment had occurred, a subsequent teased strand of
fibers possessed multiple laser-sensitive C fibers as identifieddigicdésearch and laser
techniques. This experiment suggests a useful application of the diode laséras for t
examination of an absence of noxious heat sensitive C fibers, possibly in a transgesgac m

pain model.

Incidental Observation
An incidental observation was the strong association of CV to laser susdgptibili
high mechanical threshold C and Abers: the CV of laser-insensitive C fibers (0.56 + 0.07

m/s) exceeded those of laser-sensitive (0.38 + 0.03 m/s) and the CV of lasetisAbsi
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fibers (4.16 + 0.49 m/s) exceeded those of laser-sensitive (2.56 £ 0.42 m/s). The CV of 2
C/Aos fibers were essentially the same (laser insensitive CV= 1.0 amcéasstive = 1.13

m/s). Koltzenburg, et al. (1997) found similar results in thdiders (heat-sensitive = 2.3 +

0.2 m/s; all A =5.7 — 7.0 m/s), but not in C fibers. Lawson, et al. (2008) found that C heat-
sensitive mechanically insensitive afferent fibers had the slowesd 3% n/s) of all C

fibers (0.55 m/s), but noted no difference between CMH and CM groups.

Summary of Findings

Several conclusions can be made from these experiments. Responses from diode
laser stimulation mirror those from conventional noxious heat sources. The kaser is
adequate instrument to predict noxious heat sensitivity of mechanically\sefisgirs. The
technique grades heat thresholds in C fibers and possibly fibéys and shows promise to
gauge endogenous and pharmacological agent effectiveness in C fibers respmmsite
Because the mouse and other rodents have a paucity of innocuous warming recegtors, la
sensitive fibers in these experiments were presumed nociceptive (Cajr260a} Leem et
al., 1993).

A final conclusion is that the CVs of laser-sensitive C aadilders are slower than
laser-insensitive fibers. This may be the first report of slower CVs inrhotise C and &
noxious heat-sensitive, high mechanical threshold fibers. The ability to prezlict t
characteristics of PAF input by CV is advantageous in the investigationtarfdsecond

order neuronal pain signal transmission and cellular spinal cord organization.
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CHAPTER 5

RESULTS OF GABA EXPERIMENTS

Specific Aim 1: Classification of Fibers in Studies I-VI

A total of 45 single fibers from 40 male and female C57BI6J mice were studied for
sensitivity to GABA in response to mechanical, noxious heat, chemical, elgatric
innocuous cooling stimuli. The disparity between number of animals and fibersamexipl
by the performance of multiple experiments per animal. This occurred whBA GAs
isolated in the ring reservoir in a first experiment and superfused in a subsegaziment.
On occasion, two fibers with distinct action potentials responded to the sameistandl
were examined simultaneously. Studies | and Il had equal representatiersekes, but
the vast majority of animals in Studies Il and IV were female. The dadsiinclude
females was based on easier upkeep and a moral imperative to not ignore the ioondfibut
sex differences in the study of pain (Mogil & Chanda, 2005).

Fibers were isolated from plantar=g) and sural nerves£37). Fibers were eligible
for inclusion in one or more study phases (examples: |, llla and Ilib). Thiatuod
experiments ranged from 9 to 15 hours per animal and included the procedures of preparation
dissociation, excision of extraneous tissues, isolation of single fiberajreataon for
response property changes, and fiber characterization. In three additjoe@inents,

sections of skin innervated by multiple uncharacterized fibers from the suraweneve



studied in an attempt to expedite data collection by shortening the duration of the
experiments.

The focus of the study was nociception; thus, the majority of fibers selected ha
conduction velocities consistent with the C angicdmponents of the CAP. The mean CVs
(m/s) were: 4 /gfibers =22.0+4.94; 88 =4.97 £0.79; 3 C/&=1.08 + 0.06; and 30 C =
0.46 £ 0.03. The fibers in the Cocategory shared response properties of C anfib&rs
(examples: ‘hot-spots’, laser driver threshold currents in the C-fibee raagtly expanded
RFs after mechanical stimulation and GABA treatment). CVs for 45 fibesiarmarized
in Figure 22 (Appendix M).

Mechanical RFs of sural nerve fibers were tightly distributed within 0.5moetdr of
the course of the sural nerve and were divided between glalbordl) @nd hairyri= 25)
skin. RFs from plantar nerves were distributed across the entire plantae surfaicone was
encountered on hairy skin. RF size was noted in most cases before and after GABA
administration. Many cutaneous mechanical RFs were single spots anctheatkend
mechanical RF overlapped. Thermal RF areas were not mapped for size, but often were
close proximity of the mechanical and/or electrical RF. The rare |laggonsive, but
mechanically insensitive fiber without an identifiable electrical R @xcluded from
further examination because of the inability to classify the fiber by CV.

Single fibers were categorically sorted by RF response propeirtigisionally
responsive to mechanical stimuli, mechanical threshold, thermal sensitietiyn pr
sensitivity, and sensitivity to additional mechanical stimuli of brushingtcsting, and
puncture. The addition of the diode laser technique for identification of single units

demonstrated that C fibers with VF thresholds of 160 kPa were sensitive to noxious heat
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stimuli; accordingly, the high mechanical threshold group range was expnelude
160kPa.

In the series of experiments designed for the project proposal, all fibeyst éxcone
C cooling receptor were mechanically sensitive. One additional fibemeelsanically
sensitive only to fine brush strokes, but not pressure. Mechanical thresholds areizedhma
in Figure 23 (Appendix M). In general, the boundary between low and high mechanical
threshold fibers was < 160 kPa, but other characteristics were taken into ackaolés:
after-discharges, discharge frequency, adaptation, responsiveness to noxmss grdt
noxious heat). The distribution of high mechanical threshold fibers in this project was not
spread as broad, and the median VF threshold was higher than the findings of Koltzsnburg
al. (1997). The median VF threshold of all C fibers (357 kPa or 39 mN) exceeded the
median threshold (25 mN) found by Cain, et al. (2001).

Early in the project, characterization methods were not fully developed. Foplexa
over the course of the experiment the ring reservoir was created and thal ojpiy-instilled
SIF temperature to test for noxious heat sensitivity was determined to°’8e B®plication
of this temperature led to clearly visible and sustained discharges, but seldomdidreage
RF or terminated impulse generation. Thermal°GBand proton (pH 4.0) stimuli
generally were not graded; consequently, characterization of sensitastpominal scale
data. Ten of 34 high and 10 of 10 low mechanical threshold fibers were partially
characterized due to unstable recording conditions or unavailability of chenatober
methods. The 25 fully characterized fibers (22 C and 8l¥rs) from Studies 1-6 are
summarized in Figure 24 (Appendix M). Lawson et al. (2008) found polymodal

(mechanical, heat, and sometimes cold/cooling) nociceptors comprised 72%norecha
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sensitive 11%, CH (noxious heat only) 9%, mechano- and cold/cooling-sensitive 7%, and
cooling thermoreceptor 1%. The subset of fully characterized C fibers of thestpshares a

similar distribution.

Study I: Non-Activity Dependent Changes in Excitability and Conduction

Six fibers from 6 animals were examined for a change in electricahtbicefrom
superfused 100M GABA for > 6 min. Three high mechanical threshold C fibers, one low
mechanical threshold C fiber, oné Aigh mechanical threshold fiber, and oneMow
mechanical threshold fiber had no change in the threshold voltage to consistehtiyelic
action potential during 106M GABA superfusion (data not shown). Three fibers exposed
to 1000uM GABA (1 high mechanical threshold C and,Aand 1 low threshold &g fiber)
had no change in electrical threshold. Three fibers were exposed to GABA exglusive
within the ring reservoir and all demonstrated no change in electrical thdeshall
experiments, a suction electrode served as the stimulating electrodeo thedact that the
length of nerve between the stimulating and recording electrodes had no catftaictgy
reservoir instilled GABA, these experiments served as controls for the wsgubrf
experiments.

Fourteen high mechanical threshold fibers and 5 low mechanical threshold fibers,
from 17 animals, were examined for changes in CV following the superfusion a@MLO0
GABA for 6 min. All of these fibers were included in other study phases. No fiber had
greater than a 1% change from GABA 100 (data not shown). The mean CV before
GABA 100uM exposure was 3.01 £ 1.57 m/s and 2.99 = 1.57 m/s after 6 or more minutes of

GABA exposure. A total of 13 C, 471 C/Asand 1 AGfibers were examined.
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A subset of two high mechanical threshold C fibers (1 CM and 1 CMHA) had no
change in CV from 1@M GABA superfusion. Another subset of three fibers (one high
threshold A mechanoreceptor, one low thresholdechanoreceptor, and 1 C high
threshold mechanoreceptor) were exposed to GABA 400D&nd none had a change in CV
greater than 2% over the pre-test condition.

Eight fibers from 8 mice were studied with GABA instilled exclusivelthin the
ring reservoir for > 6 min and none demonstrated any alteration in CV. Similardy I&f
the ring reservoir cases were intended as control experiments.

After implementation of the search electrode approximately midway thritweg
project, very few fibers were studied for GABA-induced changes in eaictinreshold and
CV, and Study | was terminated. The search electrode placed over the R¥fadteith the
delivery of mechanical, thermal, and chemical stimulation; whereas thersalectrode
attached to the main nerve trunk produced no RF obstruction, was capable of reproducible
electrical stimulation for many hours, and allowed the fiber to be included irakstiely

phases.

Study II: Activity dependent Shifts in Conduction Velocity

Six high mechanical threshold C fibers (mean CV 0.46 £+ 0.02 m/s) from four animals
were examined for activity dependent latency shifts from high frequadecirical
stimulation during superfused 1M GABA (data not shown). The size of the suction
electrode and its angle of approach for attachment to the RF precluded usénig the r
reservoir. To observe for concentration response variability, two fibersalgerstudied for
latency shift from 1M GABA. No fiber tested for activity dependent changes was

included in mechanical or thermal studies due to RF visible distortion or displaagmoent
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removal of the suction electrode. All fibers were allowed to return to theriEa€al before
institution of GABA superfusion, and no fiber had a change from the original baseline
latency (2' stimulus of the high frequency series) from superfusion of GABA. Figure 26
(Appendix N) represents electrophysiological recordings of actiejpeddent conduction
delay shift before and during GABA treatment from a CMA fiber (CV = 0.45 m/s).

Three CMHA fibers (CV = 0.45, 0.56, 0.44 m/s) demonstrated > 11 percentage point
enhancement of the latency shift (19, 11, 11 respectively) during treatmieritOfjiM
GABA. One fiber was washed for 25 min, underwent a third episode of high frequency
stimulation, and demonstrated a partial return to the baseline frequency kttéhc

One CMHA fiber (CV = 0.38 m/s) had a converse 8 percentage point shortening in
the latency shift during 10aM GABA exposure. See Chapter VI for analysis and
interpretation of activity dependent results. One CMHA (CV =0.38 m/s) and oneb€M fi
(CV=0.43 m/s) had less than a three percentage point enhancement of the hatency s
during 100uM GABA exposure. 1M GABA effected minimal alteration in the latency
shift on two of the less reactive fibers. One presumed post-ganglionic sympatfesent
(CV =0.49 m/s), insensitive to mechanical, chemical and thermal stimulation, was
inadvertently studied with the 6 mechanically sensitive C fibers. The presuieeshefiber
demonstrated a minimal response to high frequency stimulation before and dutmegritea
with 100uM GABA. No fiber was tested with 1000M GABA.

To check the reliability of this activity dependent method, two high mecHanica
threshold C fibers (CV= 0.45, 0.47 m/s) were studied under the same protocol, but only
exposed to SIF during the two high frequency stimulus periods. The two fibers had no

difference in conduction latency after the first high frequency stimulation,(184%) period
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compared to the second (14%, 18%). One additional high mechanical threshold C-fiber was
exposed to four periods of high frequency stimulation with only SIF. The latencyechang
remained consistent for the first three periods, but with the onset of the foudaith {eri

action potential shape promptly widened, conduction blocked, and the fiber failed to respond
to any increase in stimulus amplitude. The decision was made to restrict the o@mgéar

frequency stimulus periods to two for most experiments.

Study Ill: Mechanical Stimulation

Over the course of this project, three methods were implemented to study single
fibers that responded to mechanical stimulation. In Study llla, VF filaweerte used as a
supra-threshold constant pressure stimulus. In Study Illb, VF filamentsused to
measure a change in mechanical threshold. In Study llic, a LMEE wassusexijara-
threshold constant pressure stimulus to measure a change in discharge yrequenc
Sudy Illa.

Eight fibers from 7 animals were examined. GABA 1080was superfused for 4
and/or 6 min in 4 of 8 cases; the remainder had GABA:M(stilled in the ring reservoir.
Supra-maximal was defined as a stimulus capable of reproducibly generatentharo#
action potentials over 1 s. For most fibers, a VF filament within the nociceptige veas
selected.

No superfused fiber had a significant change in discharge frequency durirg GAB
treatment, but most ring reservoir fibers had a discharge frequency chaimgeGABA
treatment. Table 5 (Appendix O) summarizes fiber responses from sugraltirds
stimulation. Of 4 fibers in the superfusion group, 3 had no change in discharge frequency.

One CMA (not characterized for heat, CV=0.73 m/s), had a less than 44% increase in
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discharge frequency (before GABA = 8 impulses/s, during GABA = 13 impulséhés

latter fiber was included in Study llIb and also had a mild decrease in VRaldekiring

GABA exposure. In contrast, 3 of 4 fibers (8 A C/A5) treated with GABA by ring

reservoir had bidirectional and greater than 44% changes in discharge frequrevieyv of

the erratic results associated with ring reservoir use, the merit of thees@rvoir technique

to limit GABA exposure was questioned. Two Glfibers (low mechanical threshold fiber,
CV = 1.04 m/s; high mechanical threshold fiber, CV = 1.00 m/s) had large increases in RF
size after GABA exposure, in comparison to the pre-treatment condition (see.below)

Sudy I11b.

Seventeen fibers (306, 7 Ao, 2 C/As, 5 C) from 16 animals were examined during
exposure to 100M GABA at 3, 5 and/or 10 min. A subset of fibers was exposed either to
1000u4M GABA or to 10 or more minutes of wash-out. All eight fibers from Study llleewe
included in Study lllb. Hence, a minimum of 5 observations (1 min apart) were made of pr
test and post-test conditions on these eight fibers. Mild threshold change was deéined a
progression in either direction of one ordinal filament in the sequence of VF filaments. A
substantial change was defined as a progression in either direction of nmooe¢hfdament
of the VF sequence. Table 6 (Appendix P) summarizes mechanical threshold ¢r@nges
VF stimulation.

Two of 3 superfused high mechanical thresholfiBers met the criterion of a
significant increase in VF threshold. One fiber (CV = 2.95 m/s) had one meastipeims
at 5 min of 10«M GABA exposure, but the other fiber (CV = 6.36 m/s) had an incremental
increase of VF threshold during 100 and 100Q«M GABA exposure. The increase in

mechanical threshold did not reach significance until the Z0fheasurement point. One
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superfused high mechanical thresholdffder, not included in Study llla, had an expansion
of the RF and an increase in VF threshold during GABA exposure (see below).

One of 3 superfused high mechanical threshold C fibers met the criterion of a
significant increase in VF threshold. The heat-sensitive fiber (CV = 0.3"hadsy
substantial increase in VF threshold at 3 min of AMOGABA, but the effect was not
sustained until the 5 min observation point.

Again, an obvious bidirectional ring effect was observed. Two of 3 high threshold
fibers had substantial and striking decreases in VF thresho]dC}A= 8.8 m/s; C/A&, CV =
1.00 m/s) and 1 of 4 low mechanical thresholl(8V= 5.16) fibers had a substantial
increase in VF threshold during ring reservoir applied 1M@ABA. No fiber in the ring
reservoir group had an increase in ongoing activity after placement ofighe ri
Sudy Illc.

Thirteen single fibers from 11 animals were examined for changeionsgeness
during exposure to 10aM GABA for 3 or more minutes. Twelve fibers were superfused
and only the first fiber in the series was LMEE stimulated within the @sgrvoir. Six
fibers were exposed for up to 5 min and 4 fibers for up to 7.5 min. One fiber was exposed to
1000uM GABA for 3 min and 7 fibers were washed for 10 or more minutes after exposure.
Six of the 13 fibers developed ongoing activity during LMEE stimulation. As in Stlidke
and lllIb, 1 of the 6 had an increase in RF area and is described below. Table 7 (Appendix Q)
summarizes single fiber response from constant pressure LMEE stonulati

Standardization of the treatment condition sounds ideal, but the stability of recording
conditions was influenced by alterations in fluid levels, inability to attenuategdyhal to

EMI ratio < 3), and the threat of time-dependent cellular and membrane cloaeges
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duration of experiment in hours. Often a change in leading conditions was sufficient to
warrant termination of the post-test condition and institute final ‘just in toim&'acterization

of the fiber for sensitivity to protons and noxious heat and cold. Keep in mind that the
duration and concentration of GABA exposure necessary for effect was not known from the
start of the project. Also, GABA had been anticipated to have a greatartefiethiad been
demonstrated up to this point. As the project was exploratory in nature, a standardized
protocol developed over time.

Since the focus of the project was nociception, fibers with a CV in the C @hdeh
range were selected over other fibers. Intraneural microstimulatihuman C fibers
produces the sensation of a dull aching, boring or burning pain andififess yields the
sensation of sharp, pricking or stinging pain (Torebjork et al., 1984). C fibers were als
selected so as to test the LMEE device on the most difficult fibers to stmioile not
damage. Two low mechanical threshold fibers (1 C and/g) And 11 high mechanical
threshold fibers (10 C and 1opwere studied. Two of 13 fibers met the criterion of a
sensitivity to GABA by a change in posttest response exceeding the pesteline by
greater than 44%.

The first fiber (CMHAC, CV=0.34 m/s) had no ongoing activity during testing, had
an adequate LMEE to maximal mechanical discharge frequency ratio, apgrassed
discharge frequency from GABA 100 (pre-test: 8.2 impulses/s; post-test 4.6 impulses/s).
The fiber demonstrated no recovery from the GABA effects after a 10 mmavaperiod.
The second fiber (CMHA, CV=0.29) had sustained spontaneous ongoing activity the
duration of the experiment, an adequate LMEE to maximal discharge frequeocsnd a

suppressed discharge frequency during exposure to GABAM@Pre-test: 3.7 impulses/s;
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post-test: 2.0 impulses/s). The fiber was also tested withA00But had no further
significant decrease in discharge frequency.

As in Studies llla and Illb, one high mechanical threshakdiBer (CV = 2.4 m/s)
experienced an increased RF area. The fiber was exposed M IBABA for 5 min and
had been washed for greater than 10 min before the final RF examination was made.

Of the four expanded RFs in Studies llla, lllb, and llic all had distinct, &opos
small hot spots surrounded by unresponsive areas prior to GABA exposure. All RFs were
subjected to repeated mechanical stimulation in the attempt to locate thensitbtes area
of the RF. After GABA exposure, all RFs had an increase in area up to 4,Gandrthe
newly responsive area included and extended well beyond the hot spots. The sensitivity of
the expanded RFs was best summarized as a mosaic of high and low thresholds with no
unresponsive areas. The magnitude of the increase in the RF area in theseafbsn
dramatic that it would have been impossible not to take notice. One fiber had cegoéssi
RF area to baseline after more than twenty min wash-out period. Two fibevgeakhi
suppressed responses during GABA exposure, one had enhanced responsiveness, and one
had no change. Three of 4 fibers were high mechanical threshold. Three fibers were
exposed to GABA by superfusion. Three fibers innervated hairy skin. Two fibers had
associated ongoing activity. Less striking expansion was not observed in lo¢hgofi this

study.

Study IV: Noxious Heat Stimulation

Three methods of thermal stimulation were implemented over the course of the

project. Study IVa employed laser irradiation of the RF of single fibewdy3$¥b employed
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laser irradiation of the RFs of multiple noxious heat sensitive fibers, and Sta@yrployed
noxious heated SIF stimulation of a single fiber RF.
Sudy IVa.

Six high mechanical threshold and laser sensitive fibers from 6 animalexyereed
to laser irradiation and examined for a change in discharge frequenc¥ eftérmin of
superfused 100M GABA. Three (1 uncharacterized, CV = 0.37 m/s; 1 CMH, CV = 0.35
m/s; and 1 CMHA, CV = 0.49 m/s) of 5 C fibers demonstrated > 44% decrease in discharge
frequency during 100M GABA. One C fiber was washed for 25 min and had a greater than
50% return to pre-test discharge frequency. The other 2 fibers were not wasteeG/AcH
(CV=1.21 m/s) fiber exceeded a 44% decrease in discharge frequency ardnmi®@uM
GABA and had a return to pre-test discharge frequency with a 25 min wash-out period.

In this sample, no single characteristic was unique to the fibers with djschar
frequency suppression. No laser sensitive, but mechanically insensitive Onfdrerstudied
during availability of the laser, but Lawson, et al. (2008) estimates up to 9% offither C
population are CH fibers and 81% of all C fibers are heat sensitive. Table 8 (Appgndix R
summarizes single fiber responses to laser stimulation in Study IVa.

Sudy 1Vb.

Three receptive fields with multiple heat sensitive fibers from 3 aninais w
stimulated with laser irradiation and examined for changes in generatbdudje frequency
during 10 min superfusion of 1004 GABA. One section was also exposed to 4 min of
1000uM GABA and the other 2 sections were washed for 25 min. The first section had

several action potential shapes that contributed to the large sized actiorapotemti. In
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the latter 2 experiments, a singular pre- and post-test action potential shafesligge
single fiber source.

In the first experiment, a significant decrease in discharge fregueasobserved
during 6 min of superfused 1M1 GABA, from laser stimulation of the RF, with a return to
the pre-treatment discharge frequency upon treatment withyMNd@ABA. No wash-out
condition was administered. The latter two experiments did not test for a cohoantra
response relationship, but for a return to the pretest condition after a wash-odit petihe
second experiment, all large action potential activity was blocked the duration @#1100
GABA exposure with a return to 50% of the pretest condition after 10 min of wash-out. In
the third experiment, pre-treatment activity decreased by 50% during 4 100 @i
GABA and returned to pretest condition after 25 min wash-out period. The action potentia
discharge pattern of the latter two innervated sections bore a strong legs=atb the
discharge pattern of laser-sensitivé foers. Figure 27 (Appendix S) summarizes the
discharge frequency generated by heat sensitive fibers from laskation of 3 receptive
fields exposed to either 1001 GABA for 10 min and 100@M GABA for 4 min in
experiment 1 or 100M GABA for 10 min and washed for 25-30 min in experiment 2 and 3
from laser stimulation. The lines above and below the graph represents the tinmesdégue
the application of GABA and wash.

Sudy IVc.

In a preliminary experiment, heated SIF was instilled into a ring resevai simple
method of thermal stimulation (Study IVc). Insertion of the researcher’s hamthe
Faraday cage decreased the signal to EMI ratio of electrophysalloggordings and limited

the number of experiments analyzed. Nevertheless, the one experiment seeseid toe
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ring reservoir effect (see mechanical stimulation results sect@ongad over to thermal
testing. One CMHA fiber (CV=0.57 m/s) had no significant change in dischagehcy
from 48C SIF (pre-treatment = 17 impulses/s, at 3 min of AMGGABA = 13.5 impulses/s,

and after wash = 17 impulses/s).

Study V: Noxious Chemical Stimulation

A solitary CMHA fiber (CV = 0.66 m/s) was stimulated with protons (pH SIF = 4.0)
and examined for a change in discharge frequency during superfusion 01 XBABA
within the confines of the inflow/outflow device. Although this is only one case, the fiber
demonstrated a significant decrease in discharge frequency during GABMI1&Xposure
(pretest SIF = 0 impulses per minute; protons = 31 impulses per minute; GABApu3&s

per minute; GABA + protons = 13 impulses per minute; SIF wash = 4 impulses per)minute

Study VI: Ongoing Activity from an Innocuous Cooling Stimulus

Two fibers exposed to GABA had consistent tonic regular on-going activity (6 or
more action potentials per minute for greater than 10 min) in the absence of induced
mechanical or chemical stimulation. Both fibers were sensitive to cooling aedewerded
at a stable temperature. One mechanically insensitive cooling C filder (54 m/s,
recorded at 27C) had no change in ongoing activity during 100 or 1d0GABA
exposure and one low mechanical threshgftd flber (CV =10 m/s, recorded at 30, and

included in Study 11IC) had no change in ongoing activity during:AdGGABA exposure.

Specific Aim 2: Loci of Activity

Early in the project a potential interaction between mechanical stimuéatobthe
ring reservoir was noted (see above). In view of the scant number of GABAveefisérs
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from any delivery method, the decision was made to terminate further inviestigbthe

locus of GABA receptor activation.

Specific Aim 3: Concentration - Response Relationship

Across all the study phases, too few fibers were examined to estimafieagni
concentration effects. Two fibers were exposed toM@GABA and had a minimal
alteration of activity dependent latency shifts (Study II). At the titoely5Il was conducted,
high frequency stimulation delivered by a suction electrode was thought to begshe m
precise of the available methods. Nine single fibers and 1 innervated cutan¢éons/sae
exposed to 1000M GABA over Study I, II, Ill, and 1V. Exposure of fibers to 100
GABA yielded minimal changes compared to either the pre-test condition @M1GABA,
except in 3 cases. One CMHA fiber had a decrease in discharge frequentjviiedn
stimulation during 10@M GABA for 5 min, a partial return to baseline at 7.5 min and a
further decrease in discharge frequency with 3 min exposure tquMO®ne high
mechanical threshold &fiber had a graded increase in VF threshold duringuhdd@nd
1000uM GABA exposure. Finally, one group of fibers exposed to laser irradiation of their
collective RF had a return to the pretest condition during AMGABA exposure. This

followed a sustained decrease in discharge frequency duringVLBABA exposure.

Summary of Results

Thirteen of 31 high mechanical threshold fibers and 0 of 7 low mechanical threshold
fibers demonstrated a suppression of responsiveness from mechanical, noxious heat
innocuous cooling, laser, or chemical stimulation during GABA exposure and results ar

summarized in Table 9 (Appendix T). Three of 3 RFs innervated by multiple hediveensi
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fibers had a suppression of large action potentials from laser irradiatiog GABA
exposure. No fiber had a change in non-activity dependent CV or electrichdltte A
concentration effect was not demonstrated in the 6 fibers exposed i188d then 1000
uM GABA. Too few fibers were exposed to AP GABA for results to be meaningful.
Several problems were identified. A potential ring reservoir interactidmtinet
mechanical probe tip led to the exclusion of 7 fibers from the project. The ratioEE LM
generated impulses to suprathreshold hand-held probe generated impulses canbaued t

inadequate to assume that C fibers were sufficiently stimulated withoagéamthe RF.
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CHAPTER 6

DISCUSSION

The chief objective of this project was to determine if peripherally appliedAGAB
changed PAF response properties. Despite early setbacks from impgegseent and
techniques, this project provided the most extraordinary opportunity to investigate t
suitability and properties of electrical, mechanical, thermal andichetasting methods.
There is no better way to personally judge or professionally referee publidhizonts
employ the methods and techniques of colleagues. It is safe to say that thelgeayeli@ed
about the design and implementation of measurement instruments far exceeded that of

GABA effects.

Study I: Non-Activity Dependent Changes in Excitability and Conduction

No fiber had a change in electrical threshold from GABA at any coratemtras
measured by the simple technique employed in Study I. Bhitsitkul et al. (1987)cama Br
and Marsh (1978) observed a decrease in the size of components of the CAP in peripheral
nerves. A reasonable explanation for their results is that conduction and/doibtycitas
altered by GABA. In order to refute or confirm these authors’ work, a moré texhaique
to measure electrical threshold was needed.

The chronaxie unit of time is a much more precise test of excitability. Ctieoisaan
index of the time factor of excitation and the least duration of current exposure to an

excitable tissue that will excite at stimulus amplitude double the rheobaserheobase is



the minimum stimulus amplitude required to induce a response to infinitely longusim
duration (Davis & Forbes, 1936). Chronaxie allows direct comparisons among fikers wi
different stimulus duration and amplitude requirements. In future study, the cleronax
should be considered as a superior method to measure agent-induced changes irtyexcitabil
Seventeen single fibers had no change in CV from exposure to any concentration of
GABA, and further study was abandoned. This finding contradicts the Brown and Marsh
observation of a 25% decrease in CV. The Brown and Marsh recording chamber exposed the
portion of the nerve on the recording electrode to GABA, but the skin-nerve regordi
chamber was constructed so GABA was isolated with oil from the smatpoftthe nerve
on the recording electrode. Due to the lack of evidence of a GABA-induced change in
electrical threshold and CV and inability to change the orientation of thelnegahamber,

an activity dependent test was added to the experiment.

Study II: Activity Dependent Changes in Conduction

Activity dependent increases in conduction latency > 10% after high frequency
stimulation were observed in 3 of 6 high mechanical threshold C fibers exposed to GABA.
This finding may possibly lend support to the notion that GABA interferes with the
conduction of high frequency nociceptive signals analogous to the barrageof acti
potentials generated from inflammation and injury. In agreement withghksef Study Ia,
no CV change occurred between the pre-treatment first stimulus of ige afenigh
frequency stimuli and the first in the series during 2 min of GABA exposure. The
significance of these results to the study of GABA is unknown and difficultegpirgt.
Conduction block of several fibers was encountered in this series of experimertts, but t

significance was unknown and a relationship to GABA was not established. Thegraickin
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conduction block and recovery from conduction latency shifts require the use of more
sophisticated software (example: LabVIEW) than was available in tldg phase.

The high frequency stimulation protocol of De Col and colleagues has been limited to
the investigation of sodium channel inactivation. De Col et al. (2008) have proposed that in
contrast to sympathetic efferent and innocuous thermo- and mechano-senshmes C f
nociceptors possess intrinsic mechanisms of self-inhibition. This local inhitgtiorpart
dependent on the balance of N&'-ATPase-driven hyperpolarization and cumulativé Na
channel inactivation. Nociceptors selectively express tetrodotoxin reskianinactivating
sodium channels (Akopian, Sivilotti, & Wood, 1996; Djouhri et al., 2003) and DRG cell
bodies differentially express ATP-ase functional isoforms by cell bagty(Dobretsov,
Hastings, & Stimers, 1999). Fewer sodium channels available for activedidnd slower
conduction velocity and fewer action potentials reach second order neurons in the spinal
cord. Could GABA also play a role in nociceptive self-inhibition?

Cutaneous nociceptors are devoid of more specialized structures to moderate the
force of stimuli to the RF over time (Belmonte, 1996) and an endogenous physiologic
extrasynaptic inhibitory or lateral inhibition system has been proposed as doéiptive.

The endogenous activation of functional M2 acetylcholine receptors by muscarine
(Bernardini, Reeh, & Sauer, 2001; Bernardini et al., 2002; Bernardini, Sauer, Haberberger
Fischer, & Reeh, 2001) and somatostatin receptors by somatostatin (Carltonyidspba
Zhou, & Coggeshall, 2001; Carlton, Du, Zhou, & Coggeshall, 2001) serve as possible
candidates for tonic control of nociception in the periphery. Carlton and colleagpesér

the mechanism for inhibition arises from decreased €mnnel conductance and resultant

attenuation of endogenous algogenic substance release. The structured ianelve
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inhibitory receptors coupled to calcium channels by pertussis toxin sei&ipveteins
(Gammon, Lyons, & Morell, 1990).

An advantage of the activity dependent technique lies with the ease of heat- or
mechano-sensitive C-fiber identification with conventional VF, laser, andhsekactrode
stimulation and the very simple maneuver of attachment of the suction electrbedrte. t
This technique is by far the most efficient of all devised for the project anxbeoment
was prematurely terminated due to technical problems. All six fibers wérehalracterized
after testing. A disadvantage of the technique is fiber characterizatometed after
high frequency stimulation and agent treatment. The RF was easily mldntifout
appeared distorted by the suction electrode. Experience gained from the intptemeof

the test and analysis of results may be valuable in future pharmacologites st

Study Ill: Mechanical Stimulation

Correlation of Findingsto Animal Sudies and GABA and GABA Receptor Content

Five of 17 high mechanical threshold fibers from Study Illb and llic had suppress
of responsiveness from superfused GABA exposure. The proportion of fibers with
suppressed responsiveness exceeds that of the 20% of DRG cells and surrounding peripheral
processes that contain GABA (Stoyanova, 2004) and the 10-14% of epidermal/dermal
terminal PAF peripheral processes with localized GABéceptors (Carlton et al., 1999),
but is low in comparison to proportions found in the other study phases (see Il, IVa, Vb,
IvVc).

Several explanations are offered. First, the contribution from GABéeptor
activation is not appreciated. At present, GABAceptors have only been localized on

DRG cells (Charles 2001) and have not been reported on peripheral terminals. A second
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explanation is rooted in the fallibility of hand-held VF filaments (examplesd kdoration,
inability to deliver an identical force) and inconsistency of the LMEE l§sé®wv). Three (2
Aodand 1 C) of 6 high mechanical threshold fibers (llla and Illb) had suppressed
responsiveness while only two of 10 high mechanical threshold C anddlfiGéss (llic)
had a decrease in discharge frequency from LMEE stimulation. The observationmf gr
differences may be attributable to systematic error in one or both reessurmethods. An
alternative hypothesis isAfibers demonstrate a greater change in responsiveness to
mechanical stimulation from GABA exposure than C fibers. The results frerauthset of
fibers provide a starting point for further study with a standardized protocotfned
instrumentation.

The findings of GABA-induced suppression of mechanical sensitivity in some high
mechanical threshold fibers lend indirect support to the hypothesis that GABA &8W GA
agonists induce anti-nociceptive effects on animal behavior (Carlton et al., 9% R
Duarte, 2006; Reis & Duarte, 2007; Reis et al., 2007). As reviewed by Slugg and
colleagues, maximum discharge frequencies from C nociceptors to medistinmcili are
frequently below pain threshold in human microneurography studies and differ from the
responses of heat sensitive nociceptors which mirror the activity frotnieéstimulation
that does reach the pain threshold (Slugg et al., 2000). Thus, the direct relationship betwee
agent-induced response property changes from mechanical stimulatiomurviveemouse
skin-nerve preparation and agent-induced changes in nociceptive animal behavior is an

inferred, but not a causal, relationship.
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LMEE Evaluation

Several comments are relevant to the use of the LMEE technique. From the onset, the
use of the LMEE technique on C fibers was fraught with problems. Despite multiple
adjustments in the device’s pulse configurations, cable length, and probe tip shape, man
experiments failed. Fiber unresponsiveness after several LMEE puisessige ongoing
activity, and an inadequate ratio of LMEE to maximal discharge frequesieya@mmon
causes and fatigue, tension, and probe tip placement may be contributing factbes. |
absence of intentional stimulation, most C fibers have no ongoing or spontaneousatctivit
physiological temperatures. For example, only 10.5% of mechano-sensitigepgtors in
thein vivo rat and 6.5% of all C fibers in tleg vivo mouse demonstrate regular ongoing
activity (Chen, Tanner, & Levine, 1999; Stucky et al., 1999).

Nociceptor fatigue (response decrease from previous stimulus pulse) isanoren
in C fibers than A fibers and recovery is longer, 5 min compared to 1 min (Slugg et al.,
2000). Lengthening of interstimulus intervals may help solve the fiber unrespoess
problem. Directional tension created by the corium attachment to the organ s&tieba
may contribute to C-fiber unresponsiveness. C nociceptor average dischargadyegu
less in low-compliant tissue than in high-compliant tissue. The opposite is theitase
fibers (Slugg et al., 2000). This suggests prior to placement of the LMEE, the ctautd
be examined for obvious tension in the measurement of C nociceptor responses. Prevention
of ongoing activity and an inadequate ratio of LMEE generated dischargesitoahax
discharge frequency generated by glass probe or supramaximal VIe reayeiful vertical

placement of the probe tip and tuning of the stimulus amplitude.
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The use of the LMEE in thex vivo mouse skin-nerve preparation will become a
reliable and efficient mechanical measurement instrument, but much mers tieguired to
refine and standardize the technique.

Expansion of RF

Two A5 (CV = 2.4, 3.7 m/s) and two CHACV = 1.04, 1.0 m/s) sural nerve fibers
from Studies llla, lllb, and llic, had dramatic increases in RF atea@RABA exposure. No
observed characteristics were shared by the fibers except all hgolerhdt-spots.

Both mechano-sensitivedAand C-fiber RFs possess ‘hot-spots’ (Slugg et al., 2000).
Of two obvious explanations, induction of an inflammatory condition from repeated
stimulation rather than a GABA related action is the more likely in tleesechses. Heat
injury adjacent to a RF expands the RF araa givo monkey glabrous skin (Raja,
Campbell, & Meyer, 1984). RF area of A and C nociceptors is greaterimvive inflamed
paw of complete Freunds adjuvant (CFA) treated rats than control rats (Afdrew
Greenspan, 1999). Inflammation may initiate an acute diffusion of sensitaitoyd, and
tissue edema may alter the coupling of peripheral terminal arborizatitmunctional
membrane receptors. The one fiber with a retraction of RF area aftersheovalition
indicates RF expansion may be transient and acute rather than an injury omiatibayn
process and lend support to a GABA-induced effect.

This incidental finding of expanded RFs in fibers with CVs as low as 1 m/s may be
helpful in the establishment of the CV boundary betwe&ad C fibers in the mouse.
High mechanical thresholddbut not C fibers exhibit an increase in RF area after a
conditioning protocol of mechanical stimulation in thevivo rat tail (Reeh, Bayer, Kocher,

& Handwerker, 1987). The two ‘conditioned’ C#Aibers in Study Il may very well have
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been Asfibers and the empiric boundary of 1-1.2 m/s (Koltzenburg et al., 1997; J. J. Lawson
et al., 2008; Price et al., 2001) may need to be lowered in the mouse.
Erratic Ring Reservoir and Probe Tip Interaction
A methodological concern emerged early in the project from the use of the ring
reservoir. Five of 7 fibers exposed to GABA by ring reservoir in Study llldl#intdad
dramatic bidirectional changes in discharge frequency and/or VF threshold lacie ioce
C/Asd fiber with a substantial increase in RF area (see above). These findiregaot in
agreement with those of the superfused fibers. The question arose as to whether a
mechanical interaction was present between the ring reservoir and thandénflon the RF.
The observation that ring reservoir effects were primarily associatedhei slower
conducting, higher mechanical threshold fibers may be due to their lack of pdriphera
terminal myelination and other protective peripheral terminal strucamegorpuscles.
Incidental tension on the corium or the corium held in a non-compliant position from ring
reservoir pressure may have disrupted the normal coupling of functional menduepiirs
on terminal arborizations to explain the variable response to mechanical stimula
Alternative explanations are: 1) application of VF filaments over the ngmbmsive
area of larger RFs comprised of multiple hot spots was more difficult in theesegvoir
than in the open organ bath; 2) inadequate oxygen was available to the corium within the
confines of the ring; and 3) one subset of GABA receptors was located on the RRathi
ring and a different subset on the peripheral process outside the ring. In support of GABA
effect from a subset of receptors, two fibers with enhanced responsiveness rettineed t

pre-test measure after a wash-out period.
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The ring reservoir has been used on the rat skin-nerve preparation for more than 23
years and more recently in the mouse (Blunk et al., 2003; Reeh, 1986), but the most
commonly used skin patch is derived from the saphenous nerve which is flat and square.
Most ring reservoir experiments of this project were conducted on the imggliaped and
unevenly contoured skin innervated by the sural nerve.

A final disadvantage to the ring reservoir and mechanical stimulation comes from
LMEE usage within the confines of the ring reservoir. The reservoir volume Wiasesiif
to allow free movement of the tip of the LMEE, but insufficient to allow iradidh of a
reasonable volume of agent to insure an adequate dose of GABA was delivered.

On the basis of these observations, the ring method was abandoned from any further
mechanical stimulation use for the investigation of the loci of GABA activitydefense of
the ring reservoir, it remained a very effective tool for charactevizati the responses of
fibers to chemicals and hot and cold SIF at the end of each experiment.

One control VF threshold and LMEE constant pressure experimeht, (BV = 4.06
m/s, glabrous skin) was conducted early in the project to test the newly cregtestervoir.

The control fiber had no change in VF threshold after repeated SIF treatmentdsetiveir,
but had a decrease in discharge frequency (pre-treatment = 26 impulsedregposnt =
22 impulses/s). At the time the control experiment was conducted, a 15% decrease in
discharge frequency was considered meaningless. Change in ring gizgpiication
technique, or selection of skin without contours may resolve the ring reservoihanicad

probe tip interaction question.
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Study IV: Noxious Heat Stimulation

Four of six high mechanical threshold C and €fiders exceeded a 44% reduction
in discharge frequency from laser stimulation during GABA exposure. Prigdp la
acquisition, high mechanical threshold fibers during GABA exposure had askEgtrea
responsiveness of 28% and 50% to mechanical and high frequency electrical istimulat
respectively. Some possible explanations for the disagreement in percentapendee
fibers across the stimulus modalities are: 1) laser irradiation abktehcmembrane
functions separate and distinct from the effect of GABA; 2) noxious heat-serfgiers
were better stimulated with the laser than mechanical stimulationg8jise of laser-
sensitive fibers was biased towards an optimal GABA response. A differaatemtween
the latter two explanations. The second explanation refers to transformatiorpadjdo
from ‘underpowered’ in Studies I, Il and Ill, to adequately ‘powered’ ud$iV due to the
precision of the laser technique. Since 72% of mouse C fibers respond to noxious heat and
mechanical stimuli (J. J. Lawson et al., 2008), the laser may possibly betthestrament
to test the vast majority of nociceptive C fibers. Volumetric laser pe¢ioetiaf corium rather
than the limited mechanical probe tip contact with the corium surface may béikabréo
stimulate the most sensitive portion of RF to initiate many more peripherahé local
receptor potentials. The third explanation refers to an obvious selection bias sEiketed
for laser stimulation were chosen for robust, metered responses over the duration of a
stimulus pulse. These fibers may inadvertently have been the most likely to respond t
GABA. The first explanation was examined in control experiments wherestitenent
condition was SIF instead of GABA and is not likely to be the case. The second explanation

may have to wait until the LMEE technique is mastered and the results can g edto
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laser results. The third explanation will have to be tested in future expé&itnethe use of
the laser on fibers with lesser discharge frequencies, smaller actiongaenlitudes, and
more complex discharge patterns.

Laser stimulation of three RFs, innervated by multiple heat-sensitive,fjpelded
significant decreases in discharge frequency during(MGABA and was reversed to
baseline by either 10QM GABA or a wash-out period. The largest action potentials were
selected for ease of analysis. In the latter two corium sections, the potential discharge
pattern bore a strong resemblance to the discharge pattern of laséves@adibbers. The
action potential amplitude, discharge pattern, and discharge latency of an ciectzaae
fiber from Study IVb in Figure 25 (Appendix M) closely resembles the saapepres of a
characterized A fiber in Figure 19 (Appendix L). Again, a potential selection bias (see
above) was present. An alternative analysis method is to compare the sunctasrall a
potentials in the tracing before and during GABA treatment.

A very desirable laser technique is to irradiate the surface area olvilRithe
confines of the ring reservoir for agent testing. The use of the ringyogsalfows sectional
testing of the corium surface area for agent effects, whereas supedlleivs only one
period of agent exposure per animal. Minimization of the number of animals used governs
the design and execution of every project. However, the consequences of an analogous
laser/ring reservoir interaction to the mechanical probe tip/ring resémt@iaction were a
concern. Only one experiment was conducted that used noxious, heated SIF as the stimulus
and no change in discharge frequency during GABA exposure was observed. The results

indicate that the mechanical probe tip/ring reservoir effect does not aelges®ss sensory
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modalities. In the future, a series of control experiments will be conductesttfor the
presence of a laser/ring reservoir interaction prior to agent testingragpés.

The diode laser technique is a suitable instrument to deliver a noxious heat stimulus
to heat-sensitive PAFs in the organ bath. It is adequate for the prediction of rweabus
sensitivity in C/A fibers and capable of gauging drug effectiveness in C fibers. Futare las
study will determine: 1) sensitivity of warming thermoreceptors loyvar driver current
than of presumed nociceptors; 2) efficacy of laser stimulation to RF withimgareservoir;

3) the optimal stimulus amplitude and duration to stimulate, but not sensdtifieefs; and
4) driver current required to adequately stimulate RFs on the broadened aedmal

epidermal depth of the CFA mouse model.

Study V: Noxious Chemical Stimulation

Only one fiber was examined for GABA sensitivity with the inflow/outflow resie
technique. The CMHA fiber had a striking decrease in discharge frequency G&iBRY
instillation and a return to baseline with wash-out. The data from one fiber is stuwdge
but this difficult experiment provides a cross-modality technique to measusé @ffects.

Key to the success with this technique is identification of a fiber with pronounced
sensitivity to protons, and a RF located on a central portion of the corium, amenable to
placement of the inflow/outflow reservoir. Both circumstances are seldémSueeral
modifications are possible to increase the chance of success in an erpesirae the
difficult process of placement of the inflow/outflow reservoir is required befatempr
sensitivity is determined.

The first modification is to select fibers most likely to respond to protons prior t

placement of the reservoir, and the second is to deliver a broader stimulus thanguast prot
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In this project, thirty-eight C and CtXibers were examined for sensitivity to protons.
Sixteen fibers with no response to protons (mean CV = 0.55 £ 0.06 m/s) were evenly
distributed throughout the C and Gifgange. Twenty-two fibers demonstrated a minimum
of 2 action potentials upon exposure to protons (mean CV = 0.43 + 0.03 m/s) and were
evenly distributed throughout the C and G#ange. However, five fibers (mean CV = 0. 52
+ 0.09 m/s) had a vigorous metered discharge frequency from the proton stimulus and their
CVs clustered (0.69, 0.66, 0.67 and 0.29, 0.29 m/s) at the higher and lower ends of C-fiber
CVs. These CVs suggest the efficiency of Study 5 could be increased bytiarseiefibers
by a known measure (CV) prior to reservoir placement.

The second modification is to select a noxious chemical stimulus more likelsuio r
in a robust metered response than protons alone. The addition of ATP and/or cap#aécin t
proton stimulus solution increases the chance of selecting a cutaneous giepfitdgsaicin
sensitive and deeper epidermal/dermal layer) or non-peptidergic @iBRige and
superficial epidermal layer) fiber (Zylka, Rice, & Anderson, 2005) to induce a mbust

response (Petruska, Napaporn, Johnson, Gu, & Cooper, 2000).

Fibers with No Change in Responsiveness

No subset of characterized high mechanical threshéladAC fibers had changes in
responsiveness more than any other subset from GABA exposure. So the question:becomes
was there any fiber group that did not have a change in responsiveness from GABA
exposure? All three CM fibers identified in this project (one each in Stuldip]land llic)
failed to have a change in responsiveness during GABA exposure. Three fibexg biudi
three different techniques can only provide a starting point for the formation ohkgpst

and further GABA investigation.
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Conclusions and Perspectives

The specific aims of this project were to study the effects of GABA feneait fibers,
and the major goal was to develop &te/ivo mouse skin-nerve preparation and
measurement instrumentation to adequately test anti-nociceptive and anatgiegjenous
and pharmacological compounds.

First, let me express my thoughts about development of the mouse skin-nerve
preparation and a functional electrophysiological rig. Although | had mangwrges, | also
had several accomplishments. Perhaps my greatest advancement was thef dedigal
compartment recording chamber that maintained receptor behavior for gin@até0 hours.
Inspiration came from Peter Reeh and Stephen Schneider (former postdogtianai sf Dr.
Perl), but ‘trial and error’ led to the design and construction of a very functionableluaad
reproducible chamber, scaled to mouse proportions. Figures 28 and 29 (Appendix U)
represent my design plans for the mouse skin-nerve recording chambera@teces
were: 1) economical ‘top to bottom’ construction of an electrophysiologicalnajugive of
hardware, pClamp and Spike2 software, and diode laser) for under $23,000; 2) creative
laboratory construction of a constant pressure mechanical stimulator froosalie surgical
supplies for high mechanical threshold fibers and from a miniature mobile phone loudspeake
for low mechanical threshold fibers; 3) pharmacological examination of respainse
somatosensory C fibers to high frequency stimulation; 4) development of a tedfanique
compare corium- and epidermal-derived responses from electrical and makthanic
stimulation of a single fiber; and 5) the implementation of a diode laser ascaistraat
stimulus. These accomplishments were directly applied to the achievemeaSyfecific

Aims.
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Specific Aim 1 was to classify GABA-responsive PAFs by excitabalitd
conductivity and by sensory modality and stimulus intensity. No change in nonyactivit
dependent excitability or conductivity was observed in any classificatiober fduring
GABA exposure. These results challenge the findings of Bhistkul, eB&87Yand Brown
and Marsh (1978) of slowing of conduction and decreased amplitude of CAP components.
On the other hand, an increase in activity dependent conduction latency was observed in half
(all CMHA) of high mechanical threshold C fibers during GABA exposure and may lend
support to the notion that GABA interferes with the conduction of high frequency impulses.

In support of the animal behavioral work of Carlton, et al. (1999), Denda, et al. (2002,
2003), and Reis, et al. (2006, 2007a, b), a portion of high mechanical threshold single fibers
had suppressed responsiveness to mechanical stimuli during GABA exposure.ubséte s
of fully characterized fibers, no group of high mechanical threshold fibersiematsfied as
the most likely to have a change in responsiveness during GABA exposure. However, CM
fibers were observed to be the least likely to have a change in responsiveness AlBAng G
exposure.

A majority of noxious heat sensitive fibers had suppressed responsiveness during
GABA exposure and one CMHA fiber had suppressed responsiveness to a noxious proton
stimulus during GABA exposure. Results from noxious heat and proton study phases
support the notion that GABA may not only influence noxious mechano-sensitive
mechanisms as reported in the animal behavior literature, but also noxious thasitives
and chemo-sensitive mechanisms. The aggregate of the observations from Btdies |

supports the view that the action of GABA in the periphery is inhibitory.
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The probable confounding mechanical force interaction between the ring reservoir
and the tip of mechanical probes limited the search for the anatomic loci of GABRya
(Specific Aim 2) and it remains unknown if GABA agonists are better suited faalopi
perineural, or systemic applications. A reasonable approach for drug deliteapisly the
GABA agonist to the anatomical structures that localize functional GABAptors. Future
work will emphasize the validity and reliability of laser stimulation wnttiie ring reservoir
for identification of anatomic loci of GABA activity. A limited number of expeents were
conducted to determine optimal GABA concentrations to suppress activity of high
mechanical and heat threshold fibers. A subset of GABA responsive fibers wasdetpas
10 fold increase or decrease in concentration and a paucity of evidence supported a
difference from responses to 100 GABA (Specific Aim 3).

Why do PAFs and peripheral terminals localize GABA and GABA receptors?
Nociception and pain are subject to the competitive influence of excitatory abhddnhi
endogenous mechanisms, a balance infrequently studied more peripheral than the firs
synapse in the spinal cord. Critical to correlating afferent activity tograi clear signals
from sensory structures in response to both brief and persistent noxious stimulation.
Peripheral endogenous inhibition by GABA and exogenous inhibition by GABA-derived
analgesics may serve to maintain high fidelity signals from sensoryspeliffic to the
detection of noxious events.

While this research was not designed to reach the point of application of GABA as an
adjuvant analgesic, the methodology required for peripheral pharmacolodice) bes

been advanced by this basic work. New approaches to the selective inhibition gbtneice
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impulse generation and conduction are valuable steps to the ultimate goal of improved

ambulatory surgical pain management.
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APPENDICES

APPENDIX A

Compound Action Potential from a Sural Nerve Fascicle

mv.

Bob gk

A

e —— ms

32 2 - aa

Figure 1. Example of a CAP recorded from a 12.5 mm length of a large sural nerve fascicle
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APPENDIX B

Aims and Methods of Previous GABA Studies

Table 1.

Aims and Methods Used in GABA Sudies

Aim Support or Method Study Variable/Unit of Measure Level of Analysis
Challenge Phase
1 Early studies of I(_:l\rylted electrical: |
Bhisitkul (1987); Electrical Latent_:y (ms) pre/post test
Brown (1978) threshold Electrical threshold (V) pre/post test
1 None Activity Il Proportional latency change pre/post test change
dependent pre-/post-high frequency from high frequency
electrical: stimulus (percentage points stimulation
C-fibers proportional
1 Animal studies of Mechanical:
Carlton (1999); VF-constant force llla Discharge frequency (#/time) Pre/post test 44%
Denda (2002, Graded change in frequency
2003); Reis LMEE-constant  lllb VF threshold (kPa) Pre/post test
(2006, 2007a,b)  pressure observed change in
llic Discharge frequency (#/time) threshold
Pre/post test 44%
change in frequency
1 Carlton (1999) Noxious heat:

Diode laser IVa Discharge frequency (#/time) Pre/post test 44%
change in frequency
by fiber

Diode laser IVb Discharge frequency (#/time) Pre/post test 44%
change in frequency
by RF area

Heated SIF to IVc Discharge frequency (#/time) Pre/post test 44%

ring reservoir change in frequency
by fiber

1 None Chemical: \% Discharge frequency (#/time)  Pre/post test 44%

Protons to change in frequency

in/outflow by fiber

reservoir

1 None Innocuous Vi Spontaneously ongoing observation of
cooling discharge frequency (#/min) change in discharge
stimulation frequency

2 Carlton (1999);  Anatomic loci of 1, llla, Quality of effect: suppression R, S, S-R Groups —

Stoyanova (2004), activity b, or enhancement discharge observations
Nakagawa (2003) Ve,V  frequency from GABA R=ring,
S=superfusate

3 Paradoxical pro- Concentration I, 1, Discharge frequency (#/min)  pretest and 2 posttest

nociception: effects lllabc comparison from
Carlton (1999); IVab change in
Ocvirk (2008) concentration
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APPENDIX C

Skin-nerve Preparation Schematic Representation and Photograph

Skin Bundle of fibers on
mirrored stage

Organ bath Nerve compartment
compartment Bilayer oil and SIF

Teased
bundles on
mirrored
stage

Cutaneous
distribution of
the sural nerve

Figure 3. Skin-nerve preparation in the dual compartment recording chamber.
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APPENDIX D

GABA Analog Formulae and GABA: Receptor Figures

/\ N C//O y C//O
=0 ? 2’\/\/
H,N CZ \oH "OH

OH

GABA molecules in freely- rotated configurations (1, 2, 3)

Cl

GABAA.c agonists in ring or linear chain restricted configurations
(4. muscimol; 5. baclofen; 6. CACA)

Cl

GABA ¢ antagonists In ring restricted configurations
(7. bicuculline; 8. saclofen; 9. TPMPA)

Figure 4. GABA analog structures [Kerr & Ong (1992), Bowery (1993), Chebib & Johnston

(1999)].
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Figure 5. GABAA.c receptor subtype schematic (dotted arrows indicate GABA and G-protein
binding sites and solid arrows indicate ion channels).
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APPENDIX E

GABA.c Receptor Properties

Table 2.

Central GABA.c Receptor Responsiveness to Phar macological Agonists, Antagonists, and
Allosteric Modulators

Receptor Type GABAA GABAg GABAC

Pharmacologic

Sensitivity'

Baclofen Inactive Potent agoniSt Inactive

barbiturates Positive modulator  Inactive Inactive

benzodiazepines Positive modulator  Inactive Inactive

Bicuculline Competitive Inactive Inactive
antagonist

CACA Weak agonist Inactive Partial agohist

Calcium Negative modulator -

Muscimol Potent agonist Inactive Partial agonist

Neurosteroids Positive & negativeInactive Inactive
modulators

Protons PositivgoH Negative| pH
NegativetpH - Positive? pH
modulator modulator

Phaclofen inactive Competitive Inactive

antagonist
Picrotoxin Negative modulator Inactive Competitive
antagonist
Saclofen Inactive Competitive Inactive
antagonist
TPMPA Weak antagonist Weak agonist Competitive
antagonist
Notes:

& Compiled from Bormann, 2000; Cherubini & Stratd97; Johnston, 1996a, 1996b; Murata, Woodward,
Miledi, & Overman, 1996; Wang, Hackam, Guggino, &ttihg, 1995; Wegelius et al., 1996.

®Inactive is relative potency with respect to ottesreptor subtypes and not an absolute measurdivifyac

¢ Agonists bind to the GABA receptor site; seledyivs relative to other receptor subtypes and tsahsolute.
dCompetitive antagonists prevent GABA receptor atitdbn through occupancy of GABA receptor site.
Partial agonist is relative to the efficacy of GABA

"Non-competitive positive and negative modulatorsitib allosteric binding sites; positive allosteriodulator
exhibits similar effect compared to GABA and negatillosteric modulator binds to the same allostsite but
exerts an opposite or inverse effect.

96



APPENDIX F

Solutions and Concentrations for Electrophysiological Recording

Table 3.

Solutions and Concentrations Used in Electrophysiological Recordings

Agent Desired action Concentration
GABA GABA receptor agonism 10, 100, 100
SIF acidified with HCI TRPV1 receptor agonism pH< 4.0
Adenosine triphosphate P2Xeceptor agonism 1Qm
Capsaicin TRPV1 receptor agonism (10
Lidocaine HCI Sodium channel antagonism 1mM
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APPENDIX G

Receptive Field Distributions of Sural and Plantar Nerves

Figure 6. Receptive field distribution on hind-paw dorsal surface of sural nerves in GABA

and control experiments (upper aspect is medial, lower aspect is laterdicates location,
but not size).
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Figure 7. Receptive field distribution on hind-paw plantar surface of plantar nerves in GABA
and control experiments (medial aspect is right, lateral aspect is iefticates location not
size).
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Figure 8. Receptive field distribution on hind-paw plantar surface of sural nerves in GABA
and control experiments (medial aspect is left, lateral aspect isaigitticates location, but
not size).
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APPENDIX H

Von Frey Filament Conversion Units

Table 4.

Conversion Units for Von Frey Filaments

Handle Force Area Pressure Force Pressure
marking (9)? (mn?)° (g/mnf)° (mN)? (kPajf®
1.65 0.0045 0.0032 1.4063 0.078 13.79
2.44 0.0275 0.0082 3.3537 0.392 32.89
2.83 0.068 0.0127 5.3543 0.686 52.51
3.22 0.166 0.0196 8.4694 1.569 83.06
3.61 0.407 0.0249 16.3454 3.922 160.2
3.84 0.692 0.0324 21.358 5.882 209.4
4.08 1.202 0.0412 29.1748 9.804 286.1
4.56 3.63 0.0995 36.4824 39.216 357.7
4.74 5.495 0.114 48.2018 58.824 472.7
4.93 8.511 0.1295 65.722 78.431 644.5
5.07 11.749 0.1466 80.1432 98.039 785.9
5.18 15.136  0.1832 82.6201 147.059 810.2
5.46 28.84 0.2454 117.5224 254.902 1152.5
Notes.

@ average actual measurements for force as provided by Stoelting

P Cross-sectional area calculated from average actual filament diaBtdelting Catalog
58011)

¢ Applied pressure is calculated and listed as dfimnd kilopascals (pascal: Pa = N/m
kg/m- <)

dindividually calibrated by Stoelting in Newtons

®Filaments as measured in kPa are ordinal scaled.
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APPENDIX |

Reservoir Instruments

Figure 9. Ring reservoir.

Double

Figure 10. Inflow/outflow reservoir for noxious thermal and chemical stimulation.
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APPENDIX J

Mechanical Stimulator Design and Representative Recording

Linear
motion
end-
effector
drawn to T
1/3 scale

LA

Notes:

Drive mechanism of actuator

Threaded adaptor

Flexible stranded stainless steel thrust wire coupled to threaded adaptor

Fixed point of semi-rigid plastic tube casing of thrust wire apparatus

Continuous semi-rigid plastic casing and flexible stranded stainlesshstest wire
Modified tuberculin syringe secured to xyz micromanipulator and ground wire
Stabilization points of plastic tube casing to modified tuberculin syringe

Linear motion end-effector (LMEE) device composed of von Frey filament (3cm x
0.3mnf surface area) attached to thrust wire

N~ WNE

Figure 11. Permanent magnet-series electrodynamic vibration actuator coaglexible
end-effector linear motion device for stimulation of mechano-sensibeesfi
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Figure 12. Two mechanical pulses (upper trace, interstimulus interval = 1 min) with onsets
and offsets of stimulus (bottom trace).
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APPENDIX K

Laser Photographs

Figure 13. Correspondence of infrared beam area (upper image) with visible locator beam
area (lower image) indicated with arrows.
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Figure 14. Visible beam area (pink) during infrared laser irradiation of mouse cutaneous
receptive field in organ bath.
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APPENDIX L

Summary of Laser Property Data

B R e
onN b
L L |

fiber frequency

02 04 06 08 1 12 2 4 6 8 10 10+
CV (m/s)

Figure 15. Conduction velocity of 41 fibers examined in laser experiments.

fiber frequency
o
1

33 53 88 160 209 286 358 473 750
VF threshold (kPa)

Figure 16. Von Frey threshold of 41 fibers examined in laser experiments.
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Figure 17. Example of responses of a high mechanical threshold C fiber (top trace) to four 7
s pulses of graded laser emissions (bottom trace).

dischardge freguency
fimpulsesis)
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laser current (mA)

Figure 18. Laser stimulus-response relationships of a single high mechanical threshold C
fiber to graded increases in laser driver current and repetitive 7 s.pulses
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Figure 19. Delayed laser-induced discharge pattern (upper trace) of a very high ncathani

threshold A fiber to a 7 s laser pulse (lower trace).

A
1 - A

o
0.5 o 88 o DN o
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0 500 1000 1500 2000 2500 3000 3500

laser current (mA)

Figure 20. Relationship of CV to the laser driver current to stimulate 19 fibers (fdur A
fibers represented bw, 2 C/AS fibers byA , and 13 C fibers b9) to threshold.
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Figure 21. Possible laser-induced sensitization from use of laser as search stinpplers (
trace shows initial laser pulse, middle trace shows second identical pulsiyration of
pulse is shown in lowest trace
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APPENDIX M

Summary of GABA Data
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Figure 22. Conduction velocity of 45 fibers examined for responsiveness to GABA.
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Figure 23. Von Frey thresholds of 43 fibers examined for responsiveness to GABA.
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fully categorized fibers

Figure 24. Categories of 25 characterized fibers in Studies I-VI.

i _

Figure 25. Responses from laser stimulation of multiple fibers (upper trace) to a 7 s lase
pulse (lower trace).
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APPENDIX N

Study Il. Representation of Activity Dependent Conduction Delay

The below tracing is an example of activity dependent conduction delay. From top to
bottom: the first trace is representative of the pre- GABA treatment monditd before
high frequency electrical stimulation of the nerve (black); the secondisraggresentative
of the pre- GABA treatment condition and at the end of 3 min of high frequency stonulati
(black); the third trace is representative of 2 min GABA treatment befgheftaquency
stimulation (maroon); and the fourth trace is representative of 5 min of G/ARftent and
at the end of 3 min of high frequency stimulation (maroon). Arrows indicate the sbegle f

action potential under study.

' 4

Figure 26. Activity dependent conduction delay.
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APPENDIX O

Study llla: Response from Von Frey Stimulation

Table 5.

Summary of Responses of Von Frey Simulation in Sudy I11a

Discharge Frequency in Impulses/s

Delivery Skin Fiber cVv 100uM 1004M 1000uM
method  type class m/s  pretest  GABA GABA GABA
3 min 6 min 3 min

S g AOMS8 4 12 12 - 12

S h C/ASLThE 104 7 7 - 7

S h CMAS 0.73 8 13 - 13

S g CLTh§ 0.64 43 42 42 -

R h C/ASMS8 1.00 17 40 - -

R g ASLThS 516 20 27 29 -

R h ASLThS 6.84 40 30 - 6

R h CMAS 0.69 12 14 - 10

Note: g = glabrous; h = haing = C fiber; A = A fiber; LTh= positive response to low pressure
mechanical stimuli; M = positive response to high, but not low pressure nieadratimuli; A =
positive response to protons; H = positive response to noxious heat; Gvepesiponse to noxious
cold; 8§ = no characterization for noxious thermal stimuli; S = superfuRiering reservoir.
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Study llIb: Single Fiber Changes in Von Frey Threshold

APPENDIX P

Table 6.
Summary of Sngle Fiber Changesin Von Frey Threshold in Sudy 111b
. . . *Wash
. . Pre-test 3 min > min 3 min 10min
Delivery Skin Eiber class CVv VE 100uM  100uM  1000uM b100
method type m/s GABA GABA GABA
threshold threshold threshold threshold M
GABA
S g AMS§ 4.00 358 358 - 358 -
S g CMACS 0.25 358 473 358 - -
S g AALThS 3.21 160 160 209 160 -
S h CMHS8 0.31 209 358 160 - -
S h ASHS 295 286 - 473 - -
S h C/AOLThg 1.04 53 83 83 - %53
S h CMAS 0.73 473 358 358 -
S h CLTHS 0.64 83 83 83 - -
S g AOMH 6.36 209 209 286 358 -
S h ASSAI 30.0 160 160 160 160 -
R h AoM 8.8 209 209 83 - 8209
R h C/AoM§ 1.00 358 209 83 - @209
R h AALThS 5.16 160 160 160 - 286
R h AOLThS 6.84 160 160 - 160 -
R h CMAS 0.69 358 358 - 286 -
R h  ApSAl§ 310 83 83 83 -
R g ABSAINIE 15 83 83 83 - -

Note: g = glabrous; h = hairyg = C fiber; A = A fiber; LTh = positive response to low pressurecimanical
stimuli; M = positive response to high, but not Igwessure mechanical stimuli: A: positive resjgotos
protons; H: positive response to noxious heat;sitive response to noxious cold; 8 = incomplete
characterization for noxious thermal stimuli anddootons; S = superfusion; R = ring reservoir; ISAtapid
conducting, slow adapting fiber with regular disgepattern to velocity displacement.
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APPENDIX Q

Study llic: Single Fiber Responses from Linear Motion End Effectonition

Table 7.

Summary of Sngle Fiber Responses from Mechanical Stimulation in Sudy Illc

Discharge Frequency in Impulses/s

SKin cerclass GV 100uM  100uM 1&0 1000  Wash

type Pre-test GABA  GABA  “ 1M 10-15
) ) GABA . .

3min 5min 3min  min
7.5m

h CLTh§ 081 6.4 4.4 6.8 - - 5.4

h ABSAI+C 12 8.3 8.0 - - - 8.0

g CMHAC 047 22 2.2 - - - -

g CMHAC 034 82 4.6 - - - 4.8

h CcM 045 4.3 6.72 - - - -

h CMHA 030 27 2.8 - - - -

h CMHA 029 4 4.8 - - - -

h CMHA 029 37 3.2 2.0 3.4 2.6

h CMHAC 0.37 1.4 1.6 - - - 2.0

h ASMHC 2.4 9.5 9.6 7.5 - - 9.6

h CM 090 26 2.8 2.8 3.2 - -

h CMHAC 030 48 4.8 6 5 - 5.4

h CMHA 027 18 1.6 1.8 1.6 - 1.4

Note: g = glabrous; h = haing = C fiber;A = A fiber; LTh = positive response to low pressure
mechanical stimuli; M = positive response to high pressure mechaimeali sbut not low
mechanical threshold stimuli; A = positive response to protons; H= posithponse to noxious heat;
C = positive response to noxious cold; § = incomplete characterization fouadikermal stimuli
and/or protons; SAI = rapid conducting, slow adapting fiber with irregulahdige pattern to
velocity displacement.
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APPENDIX R

Study IVa: Single Fiber Responses from Laser Stimulation

Table 8.

Summary of Sngle Fiber Responses from Laser Simulation in Study IVa

Laser Discharge Frequency in Impulses/7s

. Fiber driver
Skin type cvV 100uM  100uM  100uM
P class current pretest GABA GABA  GABA \ZNaS.h
mA 2min  4min 6 min Smin
g C/A8H 1.21 1300 11 12 6 - 11
g CMHAC 0.30 900 13 13 10 8 8
g C§ 0.37 900 34 12 11 15 -
h CMHA 0.36 1000 15 11 13 15 7
g CMHA 0.49 1500 12 12 5 6 10
h CMH 0.35 1200 32 34 13 15 -

Note: g = glabrous; h = haing = C fiber;A = A fiber; M = positive response to high
pressure mechanical stimuli; A = positive response to protons; H = positive regponse
noxious heat; C = positive response to noxious cold; 8 = incomplete characterization to
noxious thermal stimuli and/or protons.
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APPENDIX S

Discharge Frequency from Laser Stimulation of Multiple Heat Seadtibers
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Figure 27. Discharge frequencies generated from laser stimulation of 3 receptoe by
multiple heat sensitive fibers.
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APPENDIX T

GABA Responsiveness of High and Low Fibers by Study Phase

Table 9.

Summary of High and Low Threshold Fibers for GABA Responsiveness by Sudy Phase
High High Low Low

Study Mechanical Mechanical Mechanical Mechanical Excluded

Phase Threshold Threshold Threshold Threshold
Responder Total Fibers Responder Total Fibers

Il 3 6 0 0 0

lla,b 3 6 0 4 7

llic 2 11 0 2 0

IVa 4 6 0 0 0

IVc 0 1 0 0 0

Vv 1 1 0 0 0

VI 0 0 0 1 0
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APPENDIX U

Dual Compartment Recording Chamber Design Plans
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Figure 28. Recording chamber design plans (top and front views).
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Figure 29. Recording chamber internal feature plans.
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