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Abstract

Application of y-aminobutyric acid (GABA) to dorsal root ganglion (DRG) neurons in
vivo increases their membrane conductance for CI™. I studied a mouse DRG neuronal cell line
MD3, produced from hybridization between mouse (Balb/C) DRG neurons and N18TG2
neuroblastoma cells, for sensory and pharmacological properties. Immunostaining with markers
for neurofilaments demonstrated the cells had neuronal characteristics. In addition, the hybrid
cells reacted to CAP and ATP, similar to sensory neurons. Then, I investigated the mechanism
and effects of externally applied agonists and antagonists of GABA on MD3 cells in vitro. 1
used fura-2 to monitor GABA-evoked depolarizations in terms of intracellular Ca**, [Ca**};.
Application of GABA to hybrid cells caused [Ca®*]; increases that implied GABA, receptor
(GABAAR) activation. Applications of GABAAR antagonists bicuculline (BIC) and
picrotoxinin (PTX) confirmed the GABAAR involvement in the intracellular response. BIC, but
not PTX, blocked the GABA-mediated elevations in [Ca’*]. ZAPA, a potent agonist of low
affinity GABA4Rs, also increased [Ca®*]; in hybrid cells. The GABA-evoked increases in
[Ca®*]; were not apparent during the absenc‘e of Ca®* in the extracellular environment and
exposure to dihydropyridines (DHP) nimodipine and nifedipine. The results imply that
depolarization-activated Ca®* influx increased [Ca”*]; during GABA application. I also studied
the effects of GABAg receptor (GABAgR) agonist, B-parachlorophenyl-y-aminobutyric acid
(baclofen), on the hybrid cells. Detectable changes in the [Ca’*}; were not apparent during
GABAGR activation alone. 2-hydroxy saclofen blocked the inhibitory effect of baclofen and
antagonized the GABAgR.

The MD3 hybrid cell line possesses GABA4 and GABAgRs. The augmentation in
[Ca®*]i occurred when GABA activated the GABAAR, increasing Cl” conductance and

depolarizing the membrane potential, thus resulting Ca** influx through voltage-dependent Ca**



it
channels that increase intracellular Ca®>*. The source of the elevations in [Ca®*]; was the
extracellular environment. Nifedipine and nimodipine inhibited the GABA-induced
transmembrane influx of Ca®* through VGCCs. Activation of GABAgRs with baclofen
attenuated the depolarization-induced increases in [Ca** };. In addition, baclofen influenced L-

type channels since DHPs inhibited the K*-mediated [Ca®*]; elevations. The MD?3 cells

exhibited similarities to its sensory parent. Nevertheless, it is a useful model system for the

examination of GABA and other drug effects.
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CHAPTER L. INTRODUCTION

1.1 General Introduction

Certaiﬁ aspects of the peripheral nervous system are relevant to the study of the dorsal
root ganglion (DRG) neuron. For example, the general organizatioh, electrophysiological
properties, processes and structure of the sensory ganglia. In this thesis, I focused on GABA
effects of the intracellular Ca>* concentration ([Ca®*];) increase in a mouse hybrid sensory
neuronal cell line, MD3. Since primary cell cultures of neurons are heterogeneous and labour
intensive to prepare, I used clonal cells that exhibit neuronal features and immortalization.
Every experimental approach has its limitations; however, cell lines represent an unlimited
source of material for analyses. I will review the anatomical organization of the central and
peripheral nervous systems, especially with a fogus on the DRG neuron, and the

pharmacological aspects of y-aminobutyric acid (GABA).

1.2. Synopsis of the Central and Peripheral Nervous Systems

The nervous system depends on input from the external world and the body to maintain
homeostasis in the organism. Two major subdivisions of the nervous system include: the central
(CNS) and peripheral (PNS) nervous systems. Both systems function synergistically to
accomplish necessary actions and have similar anatomical organization and neurochemistry
(Sterini, 1997). The CNS consists of the brain and spinal cord while the PNS indudes
peripheral nerves (spinal and cranial), thé autonomic nervous system, and the sensory ganglia.
The PNS mediates communication between the CNS, the body of the organism, and the external
environment. The CNS monitors the external environment via sight, sound, taste, smell, and
touch. It also regulates the internal homeostasis of the organism through other modalities such

as pH level, O, concentration, distention of internal vessels and viscera, and osmotic pressure of

fluids. The CNS interacts with the PNS through the primary afferent fibers in the dorsal root




and the outgoing efferent motor fibers in the ventral horns of the spinal cord (Terzis & Smith,
1990).
1.2.1. Anatomical Organization of the PNS

The PNS is a complex entity composed of cell bodies motor, sensory and autonomic
neurons as well as their supportive connective tissue, cellular elements, and associated end-
organs. The microscopic structural elements of the PNS include the axons; sensory receptors,
neuromuscular junctions, synapses, and ganglia.

Situated near the ventrolateral surface of the spinal cord, the ventral root joins with the
dorsal root to form the spinal root. Located inside the ventral root are the somatic motor axons
and visceral motor axons. The dorsal root extends from the dofsolateral surface of the spinal
cord and has both central and peripheral processes. At the vertebral level, enclosed within the
spinal canal, the majority of dorsal roots have both autonomic (visceral) and somatic sensory
axons.

The autonomic nervous system innervates the periphery using two neurons. Located in
the CNS, the preganglionic neuron sends its axon peripherally to synapse on the postganglionic
neuron in the wall of a target tissue or in a peripheral ganglion. The sympathetic system
influences activities that expend energy such as increasing the heart rate and thé force of each
beat, raising arterial pressure, elevating the blood sugar level, and directing blood flow to the
skeletal muscles (Barr & Kiernan, 1988). Sympathetic responses occur also during times of
stress and emergency (flight or fight response). The parasympathetic system conserves and
restores energy by decreasing the rate and force of the heart, lowering blood pressure, and
increasing the activity of the digestive system (Barr & Kiernan, 1988).

Peripheral ganglia are collections of sensory, sympathetic or parasympathetic neurons

outside the CNS. Both the DRG and cranial ganglia are sensory ganglia. The location of

DRGs, also known as posterior root or spinal ganglia, is on the posterior roots of the spinal




neﬁeé. Cranial sensory ganglia such as the trigeminal root ganglia have cell bodies located near
the attachment of the nerve roots to the brainstem. The trigeminal root ganglia have functional
equivalence to the DRG, innervating the head, neck, and oral structures. Motor ganglia are part
of the autonomic nervous system, terminating in the ear, glands, or smooth muscle. The DRG
contains the soma of a variable number of ganglia cells including sensory neurons, proximal
portions of axons, associated satellite and Schwann cell sheaths, and connective and vascular
tissue elements of the PNS (LieBerman, 1976).
1.2.2. Classification of Nerve Fibers

Connective tissue supports afferent and efferent nerve fibers that travel in bundles called
fascicles. Spinal nerves have both a dorsal root and a ventral root. The three major categories
of afferent fibers, depending upon where the impulse originates, are somatic, visceral, and
proprioceptive. Nerve fibers of the dorsal roots are important for sensory information to reach
the spinal cord and the rest of the CNS. A whole range of nerve fibers constitutes the peripheral
nerves and spinal roots. Erlanger and Gasser origiﬁally defined the classification of fibres ina
mixed peripheral nerve trunk as one of three groups: 4, B, or C (Perl, 1992).

The A fibers, the myelinated somatic afferent and efferent nerve fibers, transmit impulses
from afferent endings for pain, temperature, touch, pressure, and vibration and send impulses to

motor end plates. The four subgroups of the 4 group are a, B, 5, and ¥ neurons. o neurons have
the most heavily myelinated axons and the highest conduction speeds while the  neurons have
lightly myelinated fibers with the slowest conduction rates of the 4 group (Bessou & Perl, 1969;
Lynn & Carpenter, 1982). The B fibers consist of myelinated efferent preganglionic fibers of

the autonomic system. Their diameter reaches approximately 3 pm in diameter with impulse
rates ranging from 3-15 m/s (Bessou & Perl, 1964). The C fibers are unmyeﬁnated fibers from

the postganglionic sympathetic axons of the autonomic nervous system, and the unmyelinated




afferent fibers of the peripheral nerves and dorsal roots. As with 48 fibres, C fibres have an
entire range of sensory modalities such as pain, touch, and temperature (Fitzgerald, 1979; Lynn
& Carpenter, 1982). The postganglionic sympathetic C fibers have diameters ranging from 0.3
to 1.3 um with impulse speeds from 0.7 to 2.3 m/s. The afferent C fibers range from 0.4 to 1.2
pm with conduction speeds ranging from 0.6 to 2.0 m/s (Daniel & Terzis, 1977). Nerve fibres
of the 48 and C classes transmit pain information (Burgess & Perl, 1967; Kumazawa & Perl,

1977; Fyffe, 1983).

1.3. Anatomical Organization of DRG Neurons

DRG neurons are sensory neurons, located within the dorsal root ganglion of the PNS.
They and their cranial nerve equivalents are the primary éensory cells for general somatic
sensation. The DRG neuron is a functional unit of the nervous system, capable of receiving,
conducﬁng, processing, transmitting stimuli, and making functional contact with other neurons.
The vertebrate DRG neuron is a mononucleate cell that possesses a cell body, also known as the
soma or perikaryon, and a population of fine cytoplasmic processes (neurites). These extensions
of the soma surround tissues, possessing an excitable plasma membrane. The peripheral
dendrites of DRG neurons convey pain, pressure, temperature, and stretch impulses from either
free endings in skin or a number of specialized end-organs in skin, muscle, tendons, joints,
connective tissue, and bone to the somata (Lieberman, 1976). |

The DRG neuron is spheroidal, with round or oval profiles (Bunge et al., 1967). They
vary enormously in size, ranging from diameters of 10 um for the smallest cells of small
vertebrates to 115 pm for the largest spirial ganglion cells of man (Ohta et al., 1974). The DRG

neurons are pseudounipolar with a stem process or the initial tract of the axon. On leaving the

cell body, the stem process often pursues a complex course near the cell body. The central




process enters the spinal cord through the dorsal root while the peripheral process extends to the
periphery in a peripheral nerve, to receive sensation and terminate in a sensory ending (Taylor &
Pierau, 1991). The T- or Y-shaped bifurcation occurs at a variable distance from the cell body,
commonly close to or within the axial fibre region (Lieberman, 1976).
1.3.1. Embryology and Morphology of Neurons in Sensory Ganglia

The nervous system develops from ectoderm, the outermost of the three germ layers n
the embryo. The derivation of the CNS is primarily from this germ layer; in the PNS, the
ectodermal and mesodermal structures combine to produce the final structures. During the third
week of gestation, when the neural groove appears on the dorsal surface of the embryo, the
longitudinal groove deepens where the lateral margins meet to close the neural groove to form
the neural tube. The neural crest is the portion of the ectodermal tissue that separates from the
tube, forming a pair of elongated tissue masses along the dorsolateral margins of the neural tube
and eventually developing into sensory ganglia (Pannese, 1974). The cells are first bipolar, but
the two processes fuse to form the single process of this pseudounipolar type of neuron
(Tennyson, 1965, 1970). The stem process that arises from smaller cell bodies is short and
unconvoluted, whereas the stem process of larger neurons often at first wind around the parent
cell body (Barr & Kiernan, 1988). During development, DRG neuronal processes begin to
associate with the surrounding tissues that are forming in the periphery (Pannese, 1974).

Two morphological subtypes of DRG neurons are: "large light" ("light" or L) and "sméll
dark" (SD) neurons (Jacobs et al., 1975, Rambourg et al., 1983). From the statistical analysis of
mice and rats, both L and SD neurons have a normal distribution of cell size and overlap each

other. The L neuron distribution extends over the entire size range of the ganglion while SD

neurons are limited to the lower end of the distribution (Lawson, 1979).




'1.3.2. Processes of DRG Sensory Neurons

Situated on structures near the surface of the body and in deeper tissues, somatic sensory
axons are the peripheral part of DRG neurons in spinal nerves, and cranial sensory ganglia in
cranial nerves. Somatic afferents carry information concerning changes in the external
environment. Receptors detect three types of sensations: pain; temperature, warm and cold; and
touch, light and deep. Light touch requires only surface stimulation while deep touch requires
firmer stimulation that provokes the receptors that lie deeper in the tissues. |

DRG neurons are afferent units with dendritic processes, its peripheral afferent fiber and
receptive terminals in peripheral tissue, and its central axon’s branches and synaptic contacts in
central tissue (Perl, 1992). The primary function of the spinal dorsal roots and their cranial
equivalents is to serve as afferent conduits to the CNS (Perl, 1992). The axons vary in diameter
from a maximum of 20 pm to a minimum of 0.2 pm depending on the destination of the nerve
and the sensory modality conveyed (Iggo, 1974). Both the peripherally and centrally directed
processes, and stem process that connects them with the cell body, are structurally axons and all
three may be myelinated. At its origin, the stem process is small and generally less than 3 pm in
diameter in small mammals and leaves the perikaryon rather abruptly, commonly at an acuté
angle. The diameter of the stem process may increase at some distance from the cell body and

the myelinated part of the stem process is usually considerably larger than unmyelinated axons

of peripheral nervous tissue.

1.3.3. Electrophysiological Properties of DRG Neurons
Under physiological conditions, the initiation of action potentials (AP) in sensory
ganglion neurons develops at, or close to the receptor terminals. Although the position of the

soma is off-stream in relation to the impulse traffic 'through-route', ganglion cell perikarya are

believed to play a far less dominant role in the electrophysiological activities.than is the case in




multi-polar neurons. The terminal portions of the peripheral process are vital in the sensory
ganglion cell; however, one should not consider the soma and stem process as silent partners in
the process of electrical signalling. The anatomy and the physiology of the spinal cord and the
brain stem nuclei, which the sensofy ganglion cells terminate, also play a major role because
these areas generate activity and control reflex activity. In neurons, the observed resting
membrane potential is typically —50 to —60 mV, meaning that the internal environment is more
negative than the extracellular component (Gallego & Eyzaguirre, 1978; Mayer & Westbrook,
1983). The calculation of the potential difference (PD) developed across a membrane using the
Nernst equation is:

E,= (RT/zF) log10 [K*/[K"]i
Determining membrane potentials requires R, the universal gas constant (8.31 J/mol), T, the
absolute temperature, F, the Faraday constant (96500 C/mol), z, the charge constant, [K']o, the
extraceHulaf potassium ion concentration, and [K'};, the intracellular potassium ion
concentration.

Although initiation is not normally at the level of the cell body, action potentials always
invade the soma passing along its processes (Scott et al., 1969; Varon & Raiborn, 1971).
Conduction along the initial axon is slow, however, the central terminals of cells with large
diameter myelinated axons are depolarized before the soma (Darian-Smith, 1973).
1.3.4. Presynaptic Inhibition

Many hypotheses exist concerning presynaptic inhibition mechanisms. The CI”
equilibrium potential relative to the membrane potential influences the CI” conductance that
leadé to hyperpolarization, depolarization, or no potential change depending on the CI” gradient

across the membrane. An increased CI” conductance shunts the presynaptic spike, reducing

transmitter output (Eccles, 1964; Takeuchi & Takeuchi, 1966). A high extracellular K*




environment near the presynaptic terminals may induce depolarization (Rudomin et al., 1981).
In addition, the decrease in presynaptic Ca®* current may reduce the transmitter release from the
presynaptic cell (Dunlap & Fischbach, 1978; Kretz et al., 1986). Previous research provided
evidence for primary afferent depolarizations (PAD) produced from GABAergic pathways
(Eccles et al., 1963a,b; Curtis et al., 1977). The most accepted hypothesis is the shunting effect
of the chloride conductance, lowering the amplitude of the action potential in the nerve terminal
(Dunlap & Fischbach, 1978; Kretz et al., 1986), reducing Ca®" influx through voltage-activated
channels and transmitter release. However, the exact ionic mechanisms involved in presynaptic
inhibition in primary afferents by GABA agonists remain unknown because the nerve terminals

are not readily accessible to investigation.

1.4. Pharmacological Responses
1.4.1. y-Aminobutyric Acid (GABA) Receptors

GABA has many functions that include inhibitory transmitter, seizures, and trophic
factor in synaptogenesis (Wolff ez al., 1978; Roberts, 1991). It has also been implicated in the
pathogenesis of Huntington's disease, Parkinsonism, epilepsy, schizophrenia, tardive dyskinesia,
and senile dementia, as well as other behavioral disorders (Mountjoy ef al., 1984; Gunne &
Andren, 1993; Reynolds et al., 1997; Volpi et al., 1997, Wassef et al., 1999; Brailowsky et al.,
1999; Casamenti ef al., 1999). The term GABA receptor (GABAR) refers to a GABA
recognition site on pre-and postsynaptic membranes. When an appropriate agonist binds to this
receptor, a change in membrane permeability permits inorganic ions to cross. For example, a
change in permeability to CI”, for example, results in hyperpolarization of the receptive neuron

for postsynaptic inhibition or depolarization in the case of presynaptic inhibition.
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In vertebrates, three major types of GABARS are: type A (GABAAR), B (GABAgR), and
C (GABACR). The GABARSs have differences based on their physiology, pharmacology, and
anatomical location as well as their second messenger mechanisms. The subunit combination
influenced the pharmacological properties of a particular GABAR (MacDonald & Olsen, 1994;
Costa, 1998).

1.4.2. GABA, Receptors

GABA and structural analogues of GABA like muscimol, a substance from the
hallucinogenic mushroom Amanita muscaria, and synthetic analogues such as 4, 5, 6, 7-
tetrahydroisoxazolopyridin-3-ol (THIP), 3-aminopropanesulfonate, peiperidin-4-sulfonate, and
isoguvacine activate GABA4Rs, controlling the opening and‘ closing of a CI” channel
conductance (Macdonald & Olsen, 1994).

Astroglia, central and peripheral neurons have GABAARs (Grobin et al., 1999). This
major inhibitory neurotransmitter receptor is a multi-subunit receptor-channel complex that
belongs to a large superfamily of ligand-gated ion channels that includes the nicotinic-
cholinergic, ionotropic glutaﬁxate, and glycine receptors. The GABAsR-ion channel complex is
a heteropentameric glycoprotein of approximately 250 kD, combining multiple polypeptide
subunits (Delaney & Sah, 1999). The five distinct classes of polypeptide subunits (a, $, 8, v,
and p) have multiple isoforms. Therefore, a structural diversity exists for the GABAAR with a
family of at least 17 génes coding for diverse subunits (a1-6, B1-4, y1-3, 3, p1-2, ©, and €)
(Schofield et al., 1987; Olsen & Tobin, 1990; Sieghart, 1995; Hedblom & Kirkness, 1997).

Many pharmacological agents, including anesthetics (for review, see Mody et al., 1991;
Weight et al., 1992), ethanol (Sudzak ef al., 1986) and endogenous neurosteroids (Majewska et

al., 1986), affect GABA-mediated Cl” conductance. Evidence for the biochemical and structural

relationships between GABA and benzodiazepine showed that they share the same receptor




10

complex and GABA eﬁhances the binding of benzodiazepines (Sigel et al., 1983; Schofield et
al., 1987; Stauber et al., 1987). While GABA égonists activate the GABAAR, benzodiazepines
increase the frequency of the channel opening without altering the channel conductance or
duration of opening (Choi et al., 1977; Macdonald & Barker, 1978a; Macdonald & Barker,
1979). However, barbiturates slightly decrease the opening frequency but prolong the duration
of opening (Study and Barker, 1981; Olsen, 1981, 1987; Twyman et al., 1989a,b; Macdonald
and Twyman, 1992). The steroids that may include anesthetic steroidé and progesterone
metabolites also augment GABAR current (Majewska et al., 1986; Callachan et al., 1987a,b).
GABA antagonists bicuculline (BIC), picrotoxinin (PTX), methyl 6,7-dimethoxy-4-ethyl-[3-
carboline-3-carboxylate (DMCM), and penicillin (Raichle et al., 1971; Macdonald and Barker,
1978b) diminish GABA-mediated CI” conductance. Therefore, distinct compounds affect the
GABAAR function through several different sites: GABA, PTX / barbiturate, benzodiazepine,
and steroid (Olsen, 1981; Sigel et al., 1983; Stauber ef al., 1987). Compounds that increase
protein phosphorylation may also influence GABAAR channel function (Whiting ef al., 1990).
However, the significance of phosphorylation of GABAARs remains uncertain but may have an
important role for the regulation of the receptor function and expression (Browning e al., 1990,
1993).

GABA antagonists compete with GABA directly at the GABAAR or non-competitively
through modification of the receptor or inhibition of the GABA-activated ionophore. Two
classic GABA antagonists are plant convulsants BIC and PTX, each acting differently on the -
GABAR with BIC competitively antagonizing GABA at the receptor level whereas PTX non-
competitively blocking GABA-activated ionophores (Johnston, 1991). Other antagonists
include petrazepin, the amidine steroid RU5135, and a series of pyridazinyl-GABA derivatives

like SR-95531 (Johnston, 1991).



11

GABA is also an important neurodevelopmental factor and signal molecﬁle during early
ontogenesis (Meier ef al., 1991; Belhage et al., 1998). The elucidation of the exact mechanism
will involve GABA4R activation since studies discovered that GABA agonists replicate GABA
effects and antagonists inhibit neurodifferentiation (Meier et al., 1985; Belhage ef al., 1986).
1.4.3. GABAjg Receptors

In mammals, GABAgR binding sites occur inside and outside the CNS, and are present
in lower species. For example, at the neuromuscular synpase of lobsters, both inhibitory and
excitatory axon terminals possess GABAgpRs (Miwa et al., 1990). GABAgRs are BIC- and
PTX-insensitive, activated by B-para-chlorophenyl-GABA (baclofen), antagonized by 2-
hydroxy-saclofen, and unassociated with CI” conductance (Sivilotti & Nistri; 1991; Bowery,
1993). Coupling of GABAgRs to G-proteins activates intracellular second-messenger pathways.
GABAGgR activation also mediates the release of amines, excitatory amino acids, neuropeptides,’
and hormones. While the GABAR is linked to CI” channels, the GABAgR is associated with
Ca®" or K* channels via second messenger systems (Newberry & Nicoll, 1984; Asano et al.,
1985; Inoue et al., 1985; Holz et al., 1986; Ogata et al., 1987, Dolphin & Scott, 1987; Dutar &
Nicoll, 1988). Therefore, GABAgRs activate an inhibitory effect associated with a K’
conductance increase, a Ca?* conductance decrease, or an adenylyl cyclase functional decrease.
Metabotropic GABAgR require coupling between two distinct gene products: GABAgR1 and
GABAgR2 (Kaupmann ef al., 1997,.1998; Martin et al., 1999; Bowery & Enna, 2000).

In terms of pharmacology, the GABAgR is different from the GABAAR by its selective
affinity for baclofen and lack of affinity for BIC and muscimol (Bowery e# al., 1980,1981; -
Bowery, 1993). Only a limited number of GABAgR agonists are active, presumably because

they cannot differ significantly in structure from GABA. Baclofen activation of the GABAp

presynaptic receptors decreases Ca”* conductance and hence, transmitter release (Scholz &
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Miller, 1991; Diverse-Pierluissi & Dunlap, 1995). Baclofen, (—)-baclofen being the more active
form, is virtually inactive at GABA4 sites but is stereospecifically active at GABAg sites. The
most pc;tent agonists are the phosphonic analogues, 3-aminopropyl phosphinic acid and its
methyl analogue (Pratt ef al., 1989). Unlike the GABAAR, the GABAgR does not respond to
benzodiazepines or barbiturates. The first selective but relatively weak GABAg antagonist was
phaclofen (Kerr et al., 1987). In other brain regions, Lambert et al. (1989) observed similar
results using the more potent derivatives, saclofen and 2-hydroxy-saclofen. The antagonistic
compounds that affect the GABAAR have no effect on the GABAgR mechanism. GABAgR
antagonists include CGP 35348, the first phosphinic derivative to be reported (Olpe e? al., 1990;
Seabrook et al., 1990), and CGP 36742, a brain-penetrating antagonist, competitively
antagonizes responses to baclofen when applied to rat cerebrocortical neurons, (Bowery, 1993).
Many thioether analogues of saclofen and phaclofen are pharmacologically less active than the
original compounds (Allan et al., 1990).
1.4.4. GABA( Receptors

Recent pharmacological and molecular biological experiments discovered a third class of
GABARs, named GABAcRs. In the retina, many types of species, bipolar and horizontal cells
had GABACRs (Qian & Dowling, 1994; Bormann & Feigenspan, 1995; Enz et al., 1995).
Coupled to BIC-insensitive, PTX-sensitive CI” channels, GABACRs are activated by CACA and
TACA (Shimada et al., 1992; Qian & Dowling, 1993).

Although GABACRSs also gate a CI” conductance, they are not blocked by BIC or
SR95531 and are markedly less sensitive to PTX. They are also insensitive to modulation by
benzodiazepines and barbiturates (Qian & Dowling, 1993; Bormann & Feigenspan, 1995;

Johnston, 1996). Assembled.from p subunits (p1, 92, p3), GABA(Rs share some homology

with GABAAR subunits, but do not appéar to coassemble with them (Cutting ef al., 1991;
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Shimada et al., 1992). However, the significance of these receptors outside of the retina is

unknown.

1.5. GABA in DRG Neurons

Past experiments demonstrated that GABA depolarizes the somata and terminals of
primary afferent neurons, causing presynaptic inhibition in the spinal cord (Eccles et al.,
1963a,b; Schmidt, 1963; Tebecis & Phillis, 1969; Davidson & Southwick, 1971; Barker &
Nicoll, 1973; Krnjevic, 1974; Feltz and Rasminsky, 1974; Nishi et al., 1974; Deschenes et al.,
1976; Deschenes & Feltz, 1976; Gallagher et al., 1978). Nishi and colleagues (1974) observed
in bullfrog DRG neurons that GABA was the most potent depolarizing substance among its
analogues, resulting in increased CI” conductance. GABA is a major neurotransmitter that
generates presynaptic inhibition at central terminals of primary afferents in the dorsal horn,
where released GABA simultaneously activates both GABA and GABAgRs.

GABARs in human DRG neurons behaves differently compared to other vertebrate
neurons that hyperpolarize during GABA application. Valeyev et al. (1996) determined that
BIC and PTX did not influence GABA currents in human DRG neurons. However, in rat DRG
neurons, both antagonists inhibited GABA-mediated responses (Nowak et al., 1982; Twyman et
al., 1989b). These differences may be due to the particular receptor subunit composition in
human DRG cells or the experimental design. In the membrane of DRG cells, GABAARs and
GABAgRs may exist together or separately. A recent study found 50 % of each kind of receptor
in the primary sensory terminals (Si ef al, 1997).

1.5.1. GABA s Receptors of DRG Neurons

In mature DRG neurons, BIC competitively and PTX non-competitively inhibit

GABAAR subunit proteins that have CI” conductanée (De Groat, 1972; Nishi et al., 1974; |
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Gallggher et al., 1978; Choi & Fischbach, 1981; Dunlap, 1984; Inoue & Akaike, 1988). As
mentioned above, activation of GABAAR channel with an appropriate agonist conducts CI” ions
predominantly. Since the CI” equilibrium potential is near resﬁng potential in most neurons,
increasing the CI” condﬁctance depresses excitability by causing a shunt of the depolarizing
effects of an excitatory input. In DRG neurons, the éoncentration of CI” is higher inside
compared to the extracellular environment (Feltz & Rasminsky, 1974; Nishi et al., 1974;
Gallagher et al., 1978). The activation of GABA4Rs results in the opening of CI” channels and
a concomitant CI” efflux out of DRG neurons, depolarizing the membrane (N ishi et al., 1974,
Gallagher et al., 1978; Bormann, 1988). The depolarization activates voltage-gated ca*
channels (VGCC), allowing Ca®" from the external environment to enter thé cells. GABARs
affect a variety of VGCCs in DRG neurons.

1.5.2. GABAg Receptors of DRG Neurons

Initial investigations concerning GABAgR in DRG neurons found thaf stimulation or
activation of the receptor decreased membrane Ca®" conductance. This depression was
attributed to the decrease in the duration of APs in C and A8 neurons (Dunlap, 1981;
Desarmenien et al., 1984) and in DRG neurons of cat, mouse, and rat from voltage clamp
studies (Robertson & Taylor, 1986; Green & Cottrell, 1988; Formenti & Sansone, 1991). The
action of baclofen on the GABAgR also produces an inhibition of VGCCs, decreasing the
amount of Ca** influx or shortening the AP duration in the membrane of DRG neurons (Dunlap
and Fischbach, 1978; Llinas et al., 1981; Desarmenien ef al., 1984; Deisz & Lux, 1985; Dolphin
& Scott, 1986,1987). A diminution of Ca®" influx through VGCCs may account for the ability

of baclofen and GABA to reduce the evoked-release of neurotransmitters (Bowery et al.,

1980,1981; Price et al., 1984).
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1.6. Objectives

Previously, our laboratory created the MD3 cell line according to the protocol described
by Hammond and colleagues (1986). Immortal cell lines have advantages over primary
cultures, owing to ease of maintenance of cells in simple media and acquisition of an infinite
lifetime. Neuronal cell lines are also an unlimited source of a pure neuron population, allowing
investigations of receptor properties. Fusion of mouse DRG sensory neurons with a mouse
neuroblastoma N18TG2, deficient in hypoxanthine phosphoribosyltransferase (HPRT),
generated the clonal cell line MD3. The reasons for choosing the neuroblastoma parent include
its embryological similarity to neurons (Augusti-Tocco & Sato, 1969); therefore, the chances of
eliminating some neuronal gene expression are reduced (Killary & Fournier, 1984). In Platika's
study (1985), the hybrid sensory neuronal cells expressed a neuron-like morphology, cell-
surface gangliosides and excitable membranes. Successful fusion occurs when these neuronal
properties represent the expression of neuronal genes. Suburo and colleagues (1992) also found
specific markers and neuropeptides, and cell depolarization in response to capsaicin and
bradykinin in their hybrid sensory neuronal cells.

This study investigated the GABA pharmacology of the mouse hybrid sensory neuronal

cell line created from hybridization termed MD3. The MD3 cell line may possess GABARs and

be a model of GABAR interactions. Therefore, a central hypothesis of this thesis is that GABA

binds to the GABA subtype A receptor. opening the CI” chloride channels that depolarizes the

cell; this activates voltage-gated Ca®* channels, increasing [Ca’']; as a consequence of Ca®

influx. GABA subtype B receptor activation may attenuate the evoked elevations in [Ca™];.

Various GABAR antagonists and Ca®* channel-blockers should inhibit both types of responses.

Fura-2 was used to measure the [Ca**]; of MD3 cells to determine the presence of GABAR and

its responses to different compounds. To determine the mechanisms and effects of GABA-
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evoked depolarizations, bath and local applications of GABA-related compounds influenced
[Ca®*];, exhibiting GABAR pharmacology. Determining the GABAR subtype involved in the
generation of intracellular transients involved applying antagonists that distinguished between
GABA4 and GABAgR subtypes. A principal mechanism proposed to explain GABA-evoked

depolarizations in the mammalian system is that GABA depolarizes the cell through activation

of the GABA4R coupled to anion-selective channels, resulting in efflux of CI".
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Chapter II. METHODS

2.1. Cell Culture

We previously i)roduced the hybrid sensory neuronal cell line MD3 by somatic fusion of
hypoxanthine phophoribosyl transferase (HPRT)-deficient mouse N18TG2 neuroblastoma cells
and Balb/c mouse DRG sensory neurons. using methods described by Hammond ef al. (1986).
In brief, DRGs were removed from 3 week old .Balb/C mice and incubated in phosphate-
buffered saline (PBS) containing 0.25 % collagenase (type I; WoﬁMgon Biéchemical,
Freehold, NJ) and 20 pg/ml DNase (Sigma, St. Louis, MO) for 40 min at 37 °C and dissociated
into single cells by repeated pipetting. Single DRG neurons were re-suspended in Dulbecco’s
modified Eagle’s medium (DMEM) containing phytohemagglutinin (40 pg/mi) that facilitates
the adherence of DRG neurons to the N18TG?2 cells. Then, the N18TG2 neuroblastoma cells
were added to the DRG neurons. After a 15 min incubation, the medium was aspirated and the
cells were fused with 50 % (v/v) polyethylene glycol (PEG 4000, Sigma). The fusion products
were plated in DMEM containing 5 % fetal calf serum, 5 % horse serum (HS), 100 uM
hypoxanthine, 0.4 uM aminopterin, and 16 uM thymidine (HAT medium) which selects against
HPRT-deficient cells. After 7 days of treatment in HAT medium, cultures were fed with
DMEM containing 5 % fetal bovine serum (FBS) and 5 % HS. Individual colonies were
isolated and expanded further in DMEM containing 5 % fetal bovine serum (FBS), 5 % HS, 20
pg/ml gentamicin, and 2.5 pg/ml fungizone. One of the expanded colonies was named MD3 to

be used in the present study.

Cells frozen in a nitrogen tank Were quickly thawed, washed, and resuspended in media.

Stock cultures of mouse hybrid sensory neuronal cell line MD3 were grown in tissue culture

o

flasks with growth medium consisting of DMEM with 5 % FBS, 5 % HS, 20 pg/ml gentamicin,
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and 2.5 pg/ml fungizone. MD?3 cells were maintained in a humidified atmosphere of 5 % CO;
and 95 % air at 37 °C and fed twice a week. Experiments were performed on MD3 cells, plated
onto poly-D-lysine-coated 22 mm glass coverslips (#1 thickness, Carolina Biological Supply,

Burlington, NC).

2.2. Immunocytochemistry

MD?3 cells on aclar plastic coverslips (9 mm, round) were cultured for 2-4 days. The
cells were rinsed thoroughly in PBS, fixed in methanol at —20 °C for 10 min, and incubated with
a mouse monoclonal antibody (Ab) against microtubule-associated protein-2 (MAP-2, 1: 100;
Sigma Chemical) and a rat monoclonal Ab against high molecular weight neurofilament protein
(NF-H, 1:10, Ta51; gift from Dr. V. Lee) at 4 °C for 48 h. Celis treated with the primary
antibodies were washed 3 X 2 min in PBS. Appropriate biotinylated anti-mouse or anti-rat IgG
Ab was diluted in PBS (1: 200) and applied to the coverslips for 1 h at room temperature (RT).
Hybrid sensory neuronal cells were extensively washed in PBS and then incubéted in.adivin—
biotin complex solution (ABC, Vector Laboratories, Mississauga, ON) that binds to the
biotinylated secondary antibody for 1 h at RT. The chromogen diaminobenzadine (DAB)
revealed this antibody staining. The cells were washed extensively in PBS and incubated for 2
min in 0.1 M Tris-HCI buffer containing 0.5 mM 3,3’-DAB and 0.02 % hydrogen peroxide.
Coverslips were dehydrated in 70-100 % ethanol, cleaned in xylene, and embedded on

microscopic slides with Permount.

2.3. Preparation of Test Solutions

HEPES-buffered Hank's balanced salt solution (HHBSS, adjusted to pH 7.4 with NaOH)

consisted of (in mM): 145 NaCl, 2.5 KCl, 1.0 MgCl, 20 HEPES, 10 glucose, and 1.8 CaCl. In
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Ca’*-free HHBSS buffer, 50 pM ethylene glycol bis (B-aminoethyl ether)-N,N,N',N'-tetraacetic
acid (EGTA) replaced the CaCl, to chelate any excess Ca’" ions present. GABA, o-methylene
ATP, capsaicin (CAP), (+)-baclofen, diazepam, 2-hydroxy-saclofen, nifedipine, nimodipine,
(Z)-3-[aminoiminomethyl) thio] prop-2-enoic acid (ZAPA), BIC methobromide, and PTX were
prepared from frozen aliquots of stock solution (1-100 mM) and diluted in HHBSS buffer.

Since CAP, diazepam, nimodipine, and nifedipine are water-insoluble, they were first dissolved

in 100 % alcohol and diluted in HHBSS with a final alcohol concentration of 0.01 %. .

2.4. Application of Drugs

The experimental protocol involved recofding the changes in [Ca’*]; of the MD3 cells in
a sefies of different solutions (for example, normal saline, Ca?'-free saline, and normal saline
with agonist or antagonist, recovery in normal saline). MD3 cells were placed in a recording
chamber, with a bath volume of 0.4 ml, on the stage of a Nikon inverted microscope (Nikon
Diaphot TMD). This chamber was superfused with the different types of HHBSS buffer using a
system of multiple rubber tubes connected to reservoirs containing the various solutions. A
three-way solenoid valve allowed switching between the different types of recording solutions.
Trials with a marker dye showed that complete replacement of the solution occurred within 30
sec at a flow rate of 2 m/min. This relatively slow speed of solution exchange does not affect
the results because the kinetics of the responses were not measured. An ejection technique with
a Picospritzer was used where pressurized nitrogen gas ejected drugs from pipettes. This
“puffer” technique allowed rapid and repeated applications of drugs of known concentrations

(Fischbach & Choi, 1981). Small quantities of o,3-methylene ATP (100 uM), CAP (30 um),

GABA (10-100 uM), ZAPA (100 pM), or KCI (25-100 mM) were applied to individual cells by

pressure microejection (5-20 psi, 10-150 ms) from a two-channel Picospritzer (General Valve,
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Fairfield, NJ). A micromanipulator was used to position the single-barrel micropipette over the
cells near the recording site. At the start of an experiment, GABA agonists or KCI were applied
by pressure to initiate a response. If no response resulted, then the ejection time was increased,
or the pipette was moved closer to the cells. Care was taken to optimize the pipette tip-to-cell
distance, such that a maximal response was obtained at a given pressure.

Using a double pull protocol, thin-wall glass tubings were drawn under low heat on
using an instrument (Narashigi Instrument, Tokyo, Japan) that produced a sharp tip from thin-
walled glass (diameter of 1.0 mm o.d., World Precision Instruments). The tips were broken to -
give a tip diameter of 10-20 um. The micropipettes were backfilled with a long, thin needle. If
the solution could not be expressed from the tip, the electrode was assumed clogged and
discarded. Experiments with trypan-blue dye solutions showed the ejection pulses covered the
cell area during drug application. In‘éddition, trypan blue allowed visualization of the perfusion
flow inside the chamber. BIC (100 nM-100 puM), baclofen (50 nM-100 pM), nimodipine (1-20
pM), nifedipine (1-20 uM), 2-hydroxy-saclofen (500 nM-10 uM), PTX (10-25 pMm), and
diazepam (1-20 uM) were mixed directly to HHBSS buffer and applied to cells in the recording
chamber. At the end of each experimental day, the recording chamber, apparatus and rubber

tubings were washed first with 10 % alcohol, followed by distilled water.

2.5. Chemicals and Drugs

GABA, N-2-hydroxyethylpiperazine-N'-2-etheansulfonic acid (HEPES), nifedipine,
nimodipine, diazepam, potassium chloride (KCI), bovine serum albumin (BSA), CAP (8-
methyl-N-vanillyl-6-nonenamide), EGTA were all purchased from Sigma; ZAPA sulfate from

Tocris Cookson (Ballwin, MO); ()-baclofen, (—)-BIC methobromide, PTX and 2-hydroxy-

saclofen from Precision Biochemicals (Vancouver, BC); fura-2/AM, pentapotassium salt ((2-[6-
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(bis(carboxymethyl)-amino)-5-methylphenoxy)ethoxy-2-benzofuranyl]5-oxazole carboxylic
acid), was purchased from Molecular Probes (Eugene, OR).

2.6. Measurement of Intracellular Free [Ca®’]
2.6.1. Prepération of Cells for Ca** Recording

Cell cultures grew on poly-D-lysine-coated 22 mm glass coverslips for at least 12 h
before initiation of any experiments. Intracellular Ca** levels were measured using the Ca**-
sensitive fluorescent chelator fura-2 (Grynkiewicz et al., 1985). An ampule containing 50 pg of
fura-2/AM (acetoxy methyl ester) was mixed with 50 pL of dimethyl sulphoxide (DMSO) to
make a 1 pM stock solution. The stock solution was aliquoted into Eppendorf tubes at 3 uL
each and stored in —20 °C. Fura-2/AM was mixed with 0.2 % pluronic F-127 acid (Molecular
Probes) and 0.02 % BSA in the recording buffer (HHBSS). The addition of pluronic acid
increases the solubility of the highly hydrophobic dye, facilitating the fura-2 loading of the cells.
From earlier work (Yoo et al., 1999), adding glucose to HHBSS sustained cell viability during
loading, washing, and testing. Without glucose, the cells would also lose their fura-2
fluorescence signal at a much faster rate.
2.6.2. Calcium Imaging

All cells examined were incubated with fura-2/AM (5 uM) in HHBSS for 45 min at 37
°C. Fura-2/AM permeates cell membranes into the cytosol where it is hydrolyzed into fura-2, a
non-esteric form that is membrane-impermeable, remaining trapped inside the cell. After
loading, the cells were washed twice in recording buffer to remove any excess fura-2 that may
be present on the exterior. The cells were incubated a further 15 min at 37 °C to completely de-
esterify fura-2/AM to fura-2. Finally, the glass coverslip with the fura-2 loaded cells was

mounted on a perfusion chamber and placed onto the stage of the Nikon inverted microscope.




22
Figure 1 illustrates the overall experimental setup. Cells on glass coverslips were used within a
week after plating and passaged between 2-20 times before taking a new vial of cells from the
liquid nitrogen storage.

Excitation light from a 100 W xenon arc lamp (Osram, Germany) passed through 340 or
380 nm filters mounted in a plate, reflected by a dichroic mirror and focused onto the cells via a
40X-fluorite epifluorescence objective. The fura-2 fluorescence signal was detected by a
silicone intensified target (SIT) video camera (Hamamatsu C2400-08). The ratios of the |
fluorescence intensity at 340 and 380nm wavelengths were stored on a desktop computer.
Before each experiment, cells regions were marked and chosen based on their appearance with
an even distribution of fura-2. Regions of high cell density were avoided because of the
difficulty in discriminating signals between cells. Ratios were obtained from 8-frame averages
of pixel intensities (ranging from 0 to 255) at each of the excitation frequencies.

An appropriate softiware program, Image-1/FL Quantitative Fluorescence System
(Universal Imaging, West Chester, PA), was used on the desktop computer to control optic
equipment and the parameters of fluorescence data acquisition (background subtraction, filter
wheel/ shutter switch, sampling rate and camera sensitivity). Using ratios should, to a first
approximation, normalize for differences in preparation geometry, as well as for the effects of
light scattefing, illumination nonuniformity, and indicator concentration differences
(Grynkiewicz et al.,1985). Then, the ratios were converted to a direct measurement of [Ca*'];

using the following equation:

[Ca®); (in nM) = KpB(R-Rimin)/(Rmax-R)
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Figure 1 Experimental Setup of Fura-2 Imaging System. Fura-2 loaded
cells were mounted in a perfusion chamber and viewed through an inverted
microscope. Excitation light passed through 340 or 380 nm filters and
reflected off a dichroic mirror. A video camera recorded the fluorescence
signal from fura-2 loaded cells and the signals were converted from analog
to digital and analyzed by a computer. A picosprizter that was connected to
a N, pressure source locally applied drugs to the MD3 cells and ejected
known drug concentrations rapidly and repeatedly from a single-barrel glass
micropipette.
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Converting the ratio values to [Ca>}; required the values Rpax = 0.12, Ranin = 5.5, Kp= 221
(constant), p = 5.4 nM. Ry is the minimum value of the fluorescence ratio (340 nm/380 nm)
observed with 0 mM Ca®* HHBSS buffer with 50 pM EGTA. Ry is the maximum ratio value
when 4-bromo-A23582 (10 uM, Molecular Probes), a Ca’" ionophore, was added to increase the
[Ca®"].

The imaging system was calibrated using fura-2 pentapotassium salt (fura-2/KS, 5 uM,
Molecular Probes) with a series of buffers containing 100 mM KCl, 10 mM MOPS, and Ca**-
EGTA/EGTA in ratios that yielded Ca’" concentrations between 0 and 39.8 pM (pH 7.2) on the
current system previously (Yoo et al., 1999). The dissociation constant for fura-2 binding (Kq)
and the ratio of fluorescence intensities at 380 nm under zero and saturating Ca”* concentrations
(B) were determined to be 221 and 5.4 nM, respectively. The value for K4 in our fura-2 imaging
system was similar to values reported by Grynkiewicz et al. (224 nM, 1985). Experiments were
completed in a dark room at RT (22-24 °C) where full-field images of fura-2 fluorescence at
340 nm and 380 nm were recorded every 10 s. Température was previously shown not to
influence the Kp, value (Uto et al., 1991). Although the individual levels of fluorescence were
different in normal saline, the ratio signal was nearly uniform over the population of cells. The
resting fluorescence ratio corresponded to Ca*" level of approximately ranging from 38 to 142
nM Baseline level of cytoplasmic free Ca®* in individual cells was constant during perfusion of
HHBSS buffer for up to 2 h. The isobestic point is the wavelength at which the excitation
spectra for the Ca** bound and unbound forms of the dye intersect and not influenced by ion
binding. Therefore, in the present system, the fluorescence measured at the excitation
wavelength of 340 nm will rise while excitation from 380 nm will produce a fluorescence signal
that will decrease when fura-2 and Ca** form a complex (Thayer ez al., 1988). The ratio of

these two fluorescent intensities is related to Ca®>" concentration in a manner that is independent
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of dye concentration, optical path length, or dye bleaching (Thayer ef al., 1988). Data are
presented as mean + SEM unless otherwise stated. Most of the data were graphed as
measurements of [Ca®*]; over time. Statistical comparison between control and experimental
groups was performed by Student’s t-test. The data were analyzed using StatView version 4.02

(Abacus Concepts, Berkeley, CA), Prism version 2.0 software (GraphPad, San Diego, CA), and

Microsoft Excel version 8.0 software (Microsoft Corporation, Redmond, WA).




26

Chapter I11. RESULTS
3.1. Identifying the MD3 cell line

From cultures of MD3 cells plated on glass coverslips, I quantified the [Ca®*];using
microfluorimetry imaging. Recording the ﬁJra-2‘ﬂu0rescent ratio values of mouse hybrid
sensory neuronal cells enabled the calculation of [Ca®*]; from the methods described by
Grynkiewicz et al. (1985).
3.1.1. Immunocytochemistry

First, the immunocytochemistry technique showed that the MD3 cell line possesses
neuronal characteristics. Anti-MAP-2 and anti-NF-H (clone Ta51) Abs labelled the hybrid
sensory neuronal cells for neuronal properties (Lee ef al., 1982). After growing in culture for at
least 24 h, cells were fixed and immunostained with cell type-specific Abs, staining all the cells
in culture (Figure 2). The cells appeared to be a morphologically heterogeneous population
containing cells of different sizes and different number of processes with cell body diameters
ranging between 10 and 25 um. The majority of the cells had two or more short- or medium-
sized processes (89.6 %; n = 1012). Positive immunoreactivity to MAP-2 and NF-H Abs
indicate that the MD3 cells express neuronal phenotypes.
3.1.2. Capsaicin-evoked Response

After determining cytoskeletal immunoreactivity, I examined the mouse hybrid sensory
neurona} cells for sensitivity to capsaicin (CAP), a pungent tasting ingredient in peppers of the
Capsicum family. Sensitivity to CAP helps to identify nociceptive sensory neurons (Bevan &
Szolcsanyi, 1990) because of its ability to elicit pain and burning sensations (Simone et al.,
1987,1989). It selectively damages sensory neurons, depleting them of neurotransmitter
substances lik¢ substance P and other neuropeptides (for review see Jancso et al., 1977; Nagy &

Hunt, 1983; Holzer, 1988, 1991). Fura-2 imaging showed the effects of CAP on the MD3
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Figure 24,B Immunocytochemistry. 4. Antibodies against NF-H (Ta51) and B.
MAP-2 specifically labelled the MD3 cells. Diaminobenzidine revealed the
antibody staining. The selected antibodies showed that the hybrid sensory
neuronal cells possess neuronal characteristics. Scale bars =10 um.
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cells. The average baseline level of [Ca®*]; was 89.6 + 7.4 oM (n = 27). The concentration for
CAP was chosen on the results o/f a previous report that found CAP had an EC50 =1.1 pM on rat
DRG neurons (Oh et al., 1996). After observing a stable baseline [Ca®*);, T applied 3 uM CAP
for less than 15 sec increased [Ca”']; (14 independent experiments), as illustrated in Figure 34.
The rise in cytoplasmic Ca®* from a second application of CAP was ~80 % smaller than the
original exposure, or disappeared completely, presumably due to acute desensitization withv
rapid onset. Subsequent CAP applications were similarly ineffective for observation periods of
up to 30 min. in summary, the CAP;evoked response exhibited pronounced acute
desensitization and tachyphylaxis when bath applied. However, to circumvent desensitization
and evoke repeatable responses, I applied CAP (30 uM) onto MD3 cells with a Picospritzer,
resulting in reproducible responses with increased [Ca*); responses with repeated agonist
exposures. Consecutive applications of CAP resulted in increases of [Ca®*];, ranging from 191
to 630 nM (mean increase in [Ca®"]i = 404 + 56 nM; n = 14; Figure 3B). In 5 separate
experiments, I observed little or no increase in [Ca®*]; on applying capsaicin after a 10 min
pretreatment with dapsazepine S uM), a CAP receptor antagonist (Walpole ef al., 1994). The
responsiveness of the MD?3 cells to CAP is consistent with the cMacterEtics of sensory neurons
in vitro and in vivo (Bevan & Szolcsanyi, 1990; Simone et al., 1991).

3.1.3. Effects of o,B-methylene adenosine triphosphate

1 examined the MD?3 cells for responsiveness to o,p-methylene adenosine triphosphate
(ATP) because sensory neurons express an ATP-gated cation conductance (Krishtal e al.,
1988a,b; Bouvier et al., 1991). The MD3 cells responded to applications of 100 uM o, -
methylene ATP, increasing [Ca”"}; (mean increase in [Ca’']; = 317 + 20 nM; n = 58; Figure 4).
After a 5 min wash with normal HHBSS, a second response to 100 uM o,3-methylene ATP was

observed. The responses were similar in reproducibility in terms of their amplitude and time-
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Figure 34,B Capsaicin (CAP)-mediated responses in the MD3 cells. 4.
Application of 3 pM CAP increased [Ca*];; however, repeated bath
applications led to acute desensitization and tachyphylaxis. B. Local
applications of 30 uM CAP increased [Ca?*]; while reducing
desensitization. Squares indicate bath applications while arrowheads
indicate local applications of CAP.
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course. I examined the effects of varying the extracellular Ca®* on the a,p-methylene ATP-
mediated response. Application of 100 uM a,B-methylene ATP did not increase [Ca®*]; in MD3
cells bathing in Ca®*-free recording solution containing EGTA (Figure 4). This figure shows
first two responses to a,p-methylene ATP application in Ca?®" containing HHBSS buffer, then a
no response to o,B-methylene ATP during perfusion of Ca**-free HHBSS, and finally another
response to o,-methylene ATP ina 1.8 mM Ca®* recording solution. None of the MD3 cells
bathed in this manner showed any Ca”* elevation in response to o,B-methylene ATP application
during 0 mM Ca** HHBSS perfusion. Therefore, the rise in [Ca®*]; depended on extracellular
Ca®*. Extracellular EGTA had no effect on the indicator and did not produce obvious
morphological deterioration in the cells. Cells contain either purinergic receptors P2X1 or P2X3
that react to o,B-methylene ATP (Collo et al., 1996). P2X3 receptors are present in only CAP-
sensitive small-diameter sensory neurons (Chen et al., 1995). Therefore, the sensitivity of MD3

neurons to o.,B-methylene ATP is consistent with the presence of purinergic receptors.

3.2. MD3 Cells Exbress GABA Receptors

I recorded the [Ca®"); to determine the mechanisms and effects of GABA-evoked
responses in the mouse neuronal MD3 cells. The [Ca*]; for MD3 neurons was recorded during
and following application of GABA alone and in the presence of various drugs. I monitored the
intracellular Ca®* levels to establish baseline levels, then studied [Ca®*]; following GABA
application, or GABA together with GABA antagonists, followed by washout, and finally
GABA re-stimulation. The response was biphasic at times, with a rapid, transient rise, declining

to a plateau, and finally a gradual decrease to basal levels. Construction of a dose-résponse

curve was not possible because of desensitization to longer applications of GABA. MD3 cells
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Figure 4 Effect of ATP on hybrid sensory neuronal cells. 100 pM a.,f3-
methylene ATP applications increased [Ca®*],, implying the presence of
purinergic receptors in the MD3 cells. The lack of extracellular Ca*
prevented increases in [Ca®'], implying that this rise in [Ca’"]; depended
on the presence of extracellular Ca®*. Filled squares indicate applications
of a,B-methylene ATP.
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presumably had a high internal [CI'] resulting in an efflux of CI” on opening of GABAR-
activated channeis.
3.2.1. GABA-evoked [Ca®]; Elevation

In this.study, I identified GABA chemosensitivity with brief pulses of GABA using a
HHBSS perfusion system. Applications of GABA (100 uM) evoked repeatable, transiént
elevations in [Ca**];that recovered to the pre-drug baseline (mean increase in [Ca®"]i =347 +42
nM; n = 54; Figure SA). The observed GABA-induced Ca*" increases have similar amplitudes
and time courses. MD?3 neurons recovered from locally applied GABA within a few minutes,
minimizing desensitization. The GABA-evoked changes in intracellular Ca®" had either a
- simple or complex recovery phase. The complex recovery had an initial fast phase of [Ca*'];
decline that ended at a level to form a plateau from which [Ca®*]; recovered at a much slower
rate. 1, then, investigated the effects of specific GABAAR agonists to clarify the role of
GABAARSs in the transient increase of [Ca®*]; in MD3 cells. Similar to GABA, ZAPA (100 uM),
a selective and potent agonist of low affinity GABARs, also increased [Ca®*]; of the mouse
hybrid DRG neuronal cells (mean increase in [Ca®*]i= 393 + 44 nM; n = 24; Figure 6). From
these results, I suggest that the MD3 cell line possesses GABARs, more specifically GABAARs
that were activated, thus increasing [Ca®*]; caused by the application of GABA or a related
agonist._
3.2.2. Effect of Bicuculline on GABA-mediated Response

Application of antagonists of GABAergic transmission were used to examine the nature
of the receptors responsible for mediating the response in MD3 cells to GABA stimulation.
Applying different compounds that were selective between the GABA, and GABAgR, I

determined the GABAR subtype responsible for the production of the [Ca®*]; transients. As

mentioned in the Introduction, the GABAAR is part of a superfamily of ligand-gated ion
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Figure 54,B GABA-induced [Ca’"], increases and antagonism of
GABA, receptor. 4. Repeated, control responses to 100 pM GABA in
MD3 cells led to rises in intracellular free Ca?*, [Ca®"];. B. 25 uM
bicuculline antagonized the GABA, receptor and decreased in the rise of
intracellular Ca®*. The arrowheads represent local application of GABA.
The solid, black bar represents the bath application of bicuculline for 5

min.
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Figure 6 Effects of ZAPA. Local applications of ZAPA (100 uM), a
GABA agonist, increased the cytoplasmic free Ca’*, similar to GABA-
evoked responses. Arrowheads indicate applications of ZAPA.
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channels that on activation increases CI” conductance. Applications of GABAAR antagonists
confirmed the involvement of GABARs in increasing internal Ca’" for the hybrid
DRG neuronal cells. In the recording chamber, bath application of BIC to the MD3 cells, at
concentrations ranging from 100 nM-100 pM, reversibly blocked the increase in [Ca**];,
resulting from local applications of GABA. BIC reversibly reduced the amplitude of the
GABA-mediated response in MD3 neurons but did not alter the time course of the responses (n.
= 13). Figure 5B illustrates the time courses of GABA-activated responses under control
conditions and during bath application of BIC. This figure shows first GABA-mediated control
responses, followed by pre-treatment of BIC for a period of 4 min, followed by a GABA
stimulation of the neurons with BIC present. The concentration-response curve for BIC-
mediated inhibition of GABA-induced increase in [Ca2+]i showed an EDsp = 9.3 puM (Figure 7,
cf. with Table 1). I suggest from the BIC and ZAPA experiments provide evidence that
GABARs influence increases in [Ca®*};. With BIC present, the amplitude of GABA-evoked
rise in intracellular Ca*" was reversibly depressed. However, BIC did not affect the baseline
level of [Ca**); during pre-treatment of cells prior to co-application with GABA at the
concentrations studied.
3.2.3. Effect of Picrotoxinin and Diazepam on MD3 Neuronal Cells

As with BIC, PTX application did not affect thé resting [Ca*); levels in the MD3 cells.
When PTX was bath applied for 5 min, as shown in Figure 8, it did not reduce the amplitude of
[Ca®"]; transients evoked by 100 pM GABA (n=9). Simultaneous application of GABA with
10 uM PTX potentiated the GABA-activated response by an average of 18 £ 4 % over control
values. PTX is known to depress GABA-stimulated responses in a non- competitive manner

(Gallagher et al., 1978; Akaike et al., 1985); however, in this experiment, PTX did not inhibit

the GABA-mediated response. In addition, I applied diazepam to determine if the .
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Figure 7 Concentration-response relationship for bicuculline-induced
blockade of GABA-mediated increase in [Ca®*],, (cf. Table 1). GABA was
locally applied to MD3 cells to elicit the control responses. Then, bath
application of bicuculline (100 nM-100 uM) blocked the GABA-evoked
increase in [Ca?*]. The inhibition was calculated as a percentage of the
averaged controls. The EDj, for bicuculline was 9.3 uM. The relationship
between the mean % inhibition and the logarithm of the bicuculline

concentration was fitted with a sigmoidal function using GraphPad software.

Data represent mean + SEM (%) (n = 3-5).

36




37

Table 1 Effects of bicuculline on GABA-induced increase in [Ca**];. The control responses
were averaged elevation in [Ca®*]; due to two local applications of GABA (100 pM). Bath
application of bicuculline (100 nM-100 pM) blocked the responses due to local application of
GABA. The percent inhibition of the GABA-evoked response was calculated as a fraction of
the averaged control values. The values are expressed as mean + SEM (%). The p values
indicate statistical differences from control values (Student’s t-test).

[Bicuculline]® [Ca™); P value n
(uM) (% of control)b

0.1 993+ 7.0 0.6845 4

1 91.8+ 59 0.1541 4

5 80.0+10.8 0.0731 4

10 452+ 8.9 0.0005 5

20 18.3+11.7 0.0001 5

25 13.6x 7.3 < 0.0001 3

100 3.8+ 24 < 0.0001 4

@ Bicuculline was applied for 5 min.
b Average of 2 responses to GABA applied from micropipette
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Figure 8 Effects of picrotoxinin. PTX (10 uM) was bath applied to MD3
cells for 5 min prior to GABA (100 uM) stimulation. PTX did not inhibit
the GABA response. The arrowheads indicate local applications of
GABA. The black, solid bar represents applications of PTX.
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benzodiazepine receptor is an integral part of the GABAARs in MD3 neurons, as described in
DRG neurons (Akaike ef al., 1989). Bath applications of diazepam (1-50 uM) for 20 min did
not significantly affect the [Ca®*]; responses evoked by local applications of GABA (n = 11;
data not shown). The failure of diazepam applications to potentiate the GABA-stimulated
response implies that some differences in GABAsRs may exist between MD3 cells and DRG

neurons (see Discussion).

3.3. Mechanism of Increase in [Ca®*];
3.3.1. Absence of Ca®" in the Extracellular Environment

I examined the possible ionic mechanisms involved in the GABA-induced response
leading to an increase in [Ca®'};. To determine the route involved in raising internal Ca>*
subsequent to GABAAR activation, I observed the effect of changes in extracellular Ca** on the
GABA-evoked response. During the perfusion of Ca®*-free extracellular solution (0 mM Ca®),
GABA (100 uM) did not raise the [Ca*];, as illustrated in Figure 94. First, control GABA-
evoked responses were established in regular recorciing buffer with 1.8 mM Ca®*, and then the
hybrid neurons were perfused in Ca**-free media with local applications of GABA. The MD3
cells, in the absence of extracellular Ca®*, failed to respond to GABA. Previous studies have
reported that incubation of cells in Ca®*-free buffer depletes internal Ca®* stores (Matsuda et al.,
1997, Kerpér & Hinkle, 1997). The perfusion time was about one minuté to avoid depleting
intracellular Ca’* stores while exposing MD3 cells to Ca**-free media. The rate of perfusion
enabled complete solution exchange within 30 s. During the replacement of Ca**-free solution
back to normal buffer, applications of GABA were effective again in increasing [Ca?*]i. Also,

during the absence of extracellular Ca®", I applied thapsigargin (1-10 pM) and caffeine (1-10

mM) in the bath for 5 min prior to local application of GABA in 15 cells. Pre-treatment with
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Figure 9 GABA-mediated response with changes in extracellular Ca?*.
GABA (100 uM) application during perfusion of Ca®*-free buffer
resulted in the disappearance of the increase in [Ca®*];. The presence of
extracellular Ca?" was required to initiate the GABA-mediated response.
The arrowheads represent GABA stimulation of MD3 cells. The solid bar
represents a 1 min bath application of Ca2*-free HHBSS buffer.
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either thapsigargin or caffeine produced little or no change in the baseline [Ca®*]i. The
ai)plication of either thapsigargin or caffeine also produced no difference in the amplitude of the
GABA-induced increase in [Ca®*}; (data not shown). The inability of the hybrid sensory
neuronal cells to respond to GABA in Ca**-free solution and the return of the GABA-mediated
response following the return of Ca**-containing buffer imply that the increase in [Ca*};
following GABA application was a result of transmembrane influx of Ca**, requiring a Ca®*
environment to observe intracellular Ca’* transients. The rise in [Ca2+]i resulted from a Ca®*
influx and not release from internal stores. No indicator signal decrease or cell deterioration
occurred from the EGTA in the Ca**-free HHBSS.
3.3.2 GABA-induced Ca?* Transient Inhibition with Dihydropyridines

My hypothesis was that GABA stimulation of receptors in MD3 cells increased
intracellular free Ca** through VGCCs. Therefore, to determine the consistency of this
hypothesis, I assessed the effects of Ca®* channel blockers on VGCC-mediated increase in
[Ca®'];. Neuronal L-fype Ca”* channels are sensitive to DHP antagonists (Fox et al., 1987a,b;
Aosaki & Kasai, 1989). GABA was applied to the hybrid DRG neuronal cells in the presence of
nimodipine and nifedipine. I studied the changes in [Ca**]; in MD3 cells during and after
applications of GABA alone as well as in the presence of a dihydropyridine (DHP).
Intracellular Ca" levels were first monitored for at least 2 min to establish basal levels, then
during GABA application, followed by application of GABA and a DHP, and finally GABA
alone after washout of the Ca®* channel blocker. Nifedipine and nimodipine, at concentrations
of 1-20 uM, attenuated ele\}ations in [Ca®'}; (n = 27; Figures 10,11). The VGCC blockers were
both bath applied, inhibiting the GABA-induced increase in cytoplasmic free Ca’* in the hybrid

neuronal cells. Therefore, I suggest the GABA-induced response results from a depolarization

because of a transmembrane influx of Ca** through voltage-gated L-type Ca®" channels.
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Figure 10 Nifedipine-induced inhibition of GABA-evoked response.
Nifedipine (10 uM), an L-type Ca** channel blocker, inhibited the
transient increases in [Ca*'],. Nifedipine was bath applied for 5 min while
GABA was locally applied simultaneously. The arrowheads represent

local applications of GABA (100 pM). The solid, black bar represents
bath application of nifedipine.
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Figure 11 Nimodipine-induced inhibition of GABA-mediated response.
Nimodipine (10 pM), an L-fype Ca*>* channel blocker, attenuated the
increase in [Ca®*] ; from GABA application. Nimodipine was bath applied
for 5 min, followed by a picospritzer application of GABA. The
arrowheads represent local applications of GABA (100 pM). The solid,
black bar represents bath application of nimodipine.
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Extended washing of 10—15 min failed to reverse the effects of nifedipine and nimodipine
completely in 12 out of 27 neurons. Both L-type Ca®* channel blockers were first dissolved in
alcohol and then diluted in HHBSS to a final concentration of 0.01 % alcohol. However, the
vehicle, alcohol, had no effect oﬁ the basal [Ca®*]; when cells were applied with GABA 1n the

presence of 0.01 % alcohol-containing HHBSS (data not shown).

3.4. Ionic Mechanism of Depolarization

3.4.1. Depolarization-induced [Ca*']; Increase

I also studied K*-evoked Ca®" entry through voltage-sensitive Ca®* channels in the
sensory neuron-derived hybrid cellsf High external K* depolarizes excitable cells and,
consequently, induces Ca®" influx via VGCCs (Benham et al., 1992). Increasing K" from its
normal level of 2.5 mM to 25 mM elevated [Ca®"];in MD3 cells (mean increase in [Ca®*];= 538
+ 60 nM; n = 58). Figme 12 illustrates the effect of local applications of K* (25 mM) and the
subsequent depolarization-induced elevations in [Ca®*];. When the extracellular Cai+ was
replaced with EGTA, no change in [Ca®*]; resulted from the depolarization with high K*.
Similar to the GABA-mediated response in the absence of external Ca*, I did not observe an
elevation of [Ca®*]; following K*-evoked depolarizations when the external solution contained
no Ca?*. The response returned following a 3-5 min wash in Ca2+-containing' HHBSS buffer. 1
suggest that the MD3 neurons possess VGCCs that mediate Ca** when depolarized with K*. As
with GABA-mediated responses, one type of recovery was smoéth while the other pattern,
observed at times, was more complicated. The initial fast decline of [Ca®*); decline ended at a

level from which [Ca®']; recovered at a much slower rate. Adverse effects of high K* solutions
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Figure 12 K*-evoked [Ca®"], increase. Local applications of K* (100
uM) depolarized hybrid cells and increased their cytoplasmic free Ca**.
When Ca?* was removed from the external solution, no increase in
[Ca?*], occurred with high K" application. However, on return of
extracellular Ca?* perfusion, the depolarization-evoked [Ca], increases
returned. Bar indicates perfusion of zero Ca?* buffer. Arrowheads
represent applications of KCl.
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were not apparent on the cells because the increase in [Ca?*]; returned to baseline levels.
3.4.2. Inhibition of K*-evoked Increase in [Ca®'];

As with GABA-induced responses, I investigated the effects of Ca®* channel blockers on
the K*-stimulated Ca”* increase. 1 observed the effects of nifedipine and nimodipine on voltage-
dependent Ca®" influx in mouse hybrid DRG neuronal cells in culture. K* evoked
depolarizations that activate VGCCs, resulting in [Ca®]; increases as a consequence of Ca®*
inﬂux. To confirm this mechanism, I applied nifedipine and nimodipine to inhibit Ca® influx
through VGCCs. When 25 mM K; stimulated the MD3 cells, control responses elevated
cytosolic Ca**. However, pre-treatment of hybrid sensory neuronal cells with nimodipine (1-20
uM) and nifedipine (1-20 pM) inhibited the increase in [Ca®*}; due to K* application (n = 20;
Figures 13,14). Full recovery from dihydropyridine application occurred in 10 out of 20 MD3
cells. In some cells (n = 10), however, extended washing for about 10-15 min only partially
reversed the total blockade produced by either nimodipine or nifedipine. From the above data, I
suggest that similar to GABA, K'-mediated responses involved Ca’* influx through L-fype

VGCCs in the MD3 cells.

3.5. Activation of GABAjg Receptor
3.5.1. GABAjg Receptor Agonism

Using baclofen, an agonist at GABAgRs, I investigated the presence of GABAgRs on
. the MD3 cells. Therefore, in order to observe the effects of GABAgR stimulation, I first used

K* to depolarize the cells while applying baclofen. Baclofen application (50 nM-100 uM) for 5
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Figure 13 Nifedipine-induced inhibition of K'-mediated [Ca®*].
increases. Nifedipine (10 pM), an L-type Ca* channel blocker, inhibited
the transient increases in [Ca®*];. Nifedipine was bath applied for 5 min
while KCl1 (25 mM) was locally applied intermittently. The arrowheads
represent local applications of KCl. The solid, black bar represents bath
application of nifedipine.
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Figure 14 Nimodipine-induced inhibition of K'-mediated
depolarization. Nimodipine (10 uM), an L-type Ca”* channel blocker,
attenuated the transient increases in [Ca®*];. Nimodipine was bath
applied for 5 min while K" was applied locally. The arrowheads
represent local applications of KCI (25 mM). The solid, black bar

- represents bath application of nifedipine.
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min did not produce significant effects on the baseline values of [Ca®*]; (n = 87). However,
during the application of K (25 mM), (+)-baclofen (500 nM-100 pM) significantly reduced the
amplitude of the K*-induced [Ca?"]; transients by 18—-100 % (n = 51; Figure 154). Baclofen (50
nM-100 puM) did not cause any pérturbations in .baseline [Ca*);, implying that there was no
constitutive activity involving GABAgRs. The graph in Figure 16 shows the concentration-
response curve for baclofen-induced inhibition of K*-evoked increase in [Ca**]; which revealed
an EDso = 1.8 uM (cf. with Table 2). In these experimems, the K applications presumably
depolarized the MD3 cells, activating VGCCs that permitted Ca®" influx that increased [Ca2+]i;
3.5.2. GABAjg Receptor Antagonism |

Once I determined that the MD3 cells possessed GABAgRSs, 1 investigated the ability of
2-hydroxy-saclofen (1-20 uM) to antagonize the inhibitory effect of baclofen (500 nM-10 uMm)
on thé K*-induced increase in [Ca**]i(n = 18). 2-hydroxy-saiclofen (1 uM) was bath applied for
the first 4 min, followed by a 4 min co-application with baclofen (1 uM). Firstly, bath
application of 2-hydroxy-saclofen for 4-8 min had little effect on the baseline [Ca®"];. However,
I observed that 2-hydroxy-saclofen antagonized the effects of baclofen on the K'-mediated |
increase in [Ca®'];. Before 2-hydroxy-saclofen application, baclofen application decreased the
rise in [Ca**];by 25-85 % but 2-hydroxy-saclofen prevented any further effects of baclofen-
mediated blockade of the K*-evoked increase in [Ca®]; (n = 11; Figure 15B). Application of 2--
hydroxy-saclofen (1-20 uM) also antagonizedl the subsequent responses to baclofen. 2-hydroxy-
saclofen blocked the effects of baclofen-mediated inhibition of KCl-evoked elevation in [Ca®");
n=7; Figure 17). Therefore, the results show that 2-hydroxy-saclofen antagonizéd baclofen
and blocked the inhibitory effect of baclofen on K*-mediated increase in [Ca®*]; through

VGCCs. WhenK* bresumably depolarized the MD3 cells during co-applications of 2-hydroxy-

saclofen and baclofen, the response to K* did not decrease as observed during baclofen
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application alone (see Figure 154). The above results with 2-hydroxy-saclofen imply that MD3

cells have functional GABAgRs in addition to GABAARSs.
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Figure 154,B GABAg receptor activation and antagonism. 4. Using
KCl to depolarize cells, baclofen (1 pM) decreased the rise in [Ca®*];. B.
2-hydroxy saclofen (1 uM) antagonized the baclofen-induced inhibitory
response. The arrowheads represent local applications of KCl1 (25 mM).
The solid, black and white lines represent bath applications of baclofen
(10 min) and 2-hydroxy saclofen (4 min), respectively.
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Figure 16 Concentration-response relationship for baclofen-mediated
inhibition of the KCl-induced increase in [Ca?'],, (cf. Table 2). First, KCl
was locally applied to MD3 cells for control responses. Then, during bath
application of baclofen (50 nM-100 uM) blocked the KCl-evoked
increases in [Ca?*],. The inhibition was calculated as a percentage of two
averaged controls. The EDy, for baclofen was 1.8 uM. The relationship
between the mean % inhibition and the logarithm of the baclofen
concentration was fitted with a sigmoidal function using GraphPad
software. Data represent mean + SEM (%) (n = 4-19).




Table 2 Effects of baclofen on the KCl-induced increase in [Ca>*].. The control responses
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were an averaged elevation in [Ca?*]; due to two local applications of KC1 (25 mM). Then, bath

application of baclofen (50 nM-100 uM) blocked the increase in [Ca®]; due to KC1. The
percent inhibition of the KCl-mediated response was calculated as a fraction of the averaged
control values and expressed as mean + SEM (%). The p values indicate statistical differences
from control values (Student’s t-test).
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? Baclofen was applied for 4 min

b Average of 2 responses to KCl applied from micropipette
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< 0.0001
< 0.0001
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Figure 17 Reverse application of 2-hydroxy-saclofen and baclofen. The
hybrid cells were first treated with 2-hydroxy-saclofen, followed by
baclofen. 2-hydroxy-saclofen prevented subsequent application of
baclofen from influencing the K'-mediated increase in {Ca™"] ..
Arrowheads indicate K* (25 mM) application. The solid, black and white
bars represent bath applications of baclofen (1 uM) and 2-hydroxy
saclofen (1 uM), respectively.
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Chapter IV. DISCUSSION

I studied the [Ca**]; changes in a mouse hybrid sensofy neuronal cell line MD3,
generated from mouse DRG sensory neurons and N18TG2 neuroblastoma cells in culture, using
Ca®* imaging with fluorescent Ca®*-chelator fura-2. Fura-2 was trapped inside the cells and
visualized using digital imaging of the fluorescence (Williams et al., 1985; Connor, 1985,
1986). Fura-2 was found to be effective in competing with the endogenous Ca** buffers, to
capture. virtually all incoming Ca>* (Bollman et al., 1998). Upon binding Ca’* ions, the
excitation maxima of fura-2 are shifted (Thayer et al., 1988). The indicator method does not
give a quantitative measure of the Ca®" influx. However, this procedure directly provides a
measure of the [Ca’"); perturbations. The technique is very powerful, because Ca®" currents or
- channel activity is extremely sensitive to the internal dialysis that accompanies methods such as
suction-electrode or whole-cell patch recording (Fedulova et al., 1981; Byerly & Hagiwara,

1982; Fenwick et al., 1982).

4.1. Identifying the MD3 Cell Line
4.1.1. Immunocytochemistry

The immunocytochemical findings show that the MD3 cells were neuronal in nature.
Immunocytochemical detection of cytoskeletal proteins indicates that MD3 cells have a
neuronal phenotype (Lee et al., 1982). Reactivity to monoclonal Abs NF-H and MAP-2
provided an identification of MD3 cells as sﬁown in Figure 2. MAP-2 and neurofilament
immunoreactivity also exists in DRG neurons (Naves et al., 1996).
4.1.2. Capsaicin-evoked Response

CAP causes intense burning pain because of its excitatory action on vanilloid receptors

of sensory neurons (Geppetti et al., 1988; Simone et al., 1989). The CAP-activated channels are

permeable to cations, includiné Ca** (Cholewinski et gl., 1993; Koplas et al., 1997).
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Applications of CAP to the MD3 cells provided a tentative identification that they possessed
nociceptive properties similar to sensory neurons in vivo. From Figure 34, for example, the
hybrid cells responded to 3 uM CAP, raising the [Ca®*];. The cells showed acute desensitization,
a diminished response during constant CAP application, as well as tachyphylaxis, a decreased
response to successive applications to CAP. In Figure 34, consecutive bath applications of CAP
decreased the increases in cytoplasmic Ca”" with successive stimulation, illustrating both acute
desensitization and tachyphylaxis. Acute desensitization was observed as an inactivation of the
response during prolonged application of CAP whereas tachyphylaxis is a decrease in
responsiveness of the receptor during successive applications (Koplés etal., 1997). CAP
stimulates sensory neurons associated with the C- and Ad-fibres (Bevan & Szolcsanyi, 1990).
Therefore, the similar sensitivity to CAP as DRG sensory neurons (Gschossman et al., 2000)
implies the hybrid sensory neuronal cells have vanilloid receptors and nociceptive properties.
4.1.3. a,p-methylene ATP-induced [Ca®"]; Increase

Sensory neurons are known to have an ATP-gated ion conductances (Krishtal ez al.,
1983, 1988a,b). Once ATP binds to its receptor, a depolarization results from Na* influx. With
fura-2 microfluoremetry, I measured the éccumulation of cytoplasmic Ca®*, most likely through
Ca** influx through ATP-gated cation channels. In general, cells that éxpress P2X1 or P2X3
receptors respond to af-methylene ATP (Collo ef al., 1996). While P2X1 receptors are
expressed in sensory ganglion neurons and spinal cord motoneurons (Valera et al., 1994), the
P2X3 receptors are found only in CAP-sensitive sensory neurons (Chen ef al., 1995). From
Figure 4, 100 uM o, 3-methylene ATP applications to MD3 cells elevated [Ca*'};. However,
during perfusion of zero Ca®** HHBSS buffer, o,B-methylene ATP had no effect. Therefore, I

suggest that the rise in [Ca®']; depended on extracellular Ca**, resulting from Ca®* influx

through the ATP-gated channels as reported in other studies (Krishtal et al., 1988a,b; Bean ez
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al., 1990). The results imply that these channels allow sufficient Ca®" entry in a normal Ca**
gradient to elevate somatic [Ca**];. The MD3 cells express receptors that respond to o,p-
methylene ATP as well as CAP, corresponding to a nociceptive phenotype. The CAP- and a.,-
methylene ATP-mediated responses imply that thé hybrid sensory neuronal cell line has
nociceptive properties. Also, combining the results from immunocytochemistry and the
fesponses to o,B-methylene ATP and CAP imply the hybrid sensory neuronal cells possess

neuronal characteristics.

4.2. GABA Experiments

I investigated the GABA-evoked responses as well as agonists and antagonists in MD3
cells. In the present investigation, GABA produced a transient rise in [Ca®*];, presumably a
consequence of changes in membrane potential. Previous research has revealed that a GABA-
induced depolarization in many typés of excitable tissue including crustacean stretch receptors
of crayfish muscle (McGeer et al., 1961) and frog spinal ganglion (Nishi et al., 1974). GABA
enhance [Ca®*]; in explanted, early postnatal cerebellar granule neurons, mammalian dorsal horn
neurons in culture, and early postnatal neocortical neurons of slices (Connor ef al., 1987; Yuste
& Katz, 1991; Reichling ef al., 1994). The data from the current study imply that the [Ca2+]i
transients in this cell line may be due to the VGCC's activation from CI” conductance-induced
membrane depolarization, resulting from an unusually high internal [CI'} and an efflux of CI".
In the present study, the time courses of GABA-, KCl-, and ZAPA-evoked increases in [Ca™];

varied from one experiment to another. The differences in time course of these drugs may arise

from the distance between the ejection pipette and the mouse hybrid sensory neuronal cells.
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4.2.1. GABA-induced [Ca*']; Increase

After having identified the re.sponses of sensory neurons to CAP and o, 3-methylene-
ATP sensitivity, and performed immunocytochemistry, I examined the hybrid sensory neuronal
cells for GABARs because GABA modulates transmission in primary afferent neurons
(Rudomin and Schmidt, 1999). When stimulated with GABA, fura-2 fluorescent imaging
methods revealed [Ca®*]; perturbations in the MD3 cells. GABA evoked reproducible, transient
increases in [Ca'}; in the MD3 cells, implying that they have receptors for GABA. The data
from the experiments are consistent with the hypothesis that GABA activates its receptor,
resulting in a CI” conductance-induced membrane depolarization that produces Ca** influx
through nimodipine- and nifedipine-sensitive VGCCs, thereby elevating [Ca®);. This
mechanism has been observed in acute preparations of dorsal spinal cord and the trigénu'nal
complex of the brain stem from 1- and 2-week old rat pups that have both high- and low- _
threshold Ca®* channels (Huang, 1989; Mintz et al., 1992). Of interest is the fact that
GABARs and DHP-sensitive VGCCs form tight spatial coupling in neuronal somata (Hansen
etal., 1992).
4.2.2. GABA-evoked Depolarization Mechanisms

Several different mechanisms may explain the role that GABA has in evoking an
increase in [Ca®*]; in the MD3 cells. Current through the CI"-permeable channel may depolarize
the cell when the sustained concentration for the internal CI” environment is greater than that in
the extracellular space. This process of GABA-induced depolarization occurs in peripheral
ganglion neurons (Nishi ef al., 1974; Adams & Brown, 1975). However, in other neuronal
preparations such as hippocampal pyramidal cells, this mechanism is insufficient to explain both

hyperpolarizing and depolarizing effects within a single neuron (Obata ef al., 1978; Alger &

Nicoll, 1979; Lambert et al., 1991). Nevertheless, the sensory neuron-derived cells presumably
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contain a high CI” internal environment as demonstrated by their responses to GABA agonists
and K.

A DRG neuron may generate a high CI” internal environment through a variety of
mechanisms. To maintain a stable depolarizing CI reversal potential, a neuronvmay employ an
inward pump such asa CI'-HCO;-exchanger with the production of CO,/HCO3 as the driving
force or a CI” cation transporter driven by the Na* gradient (Kopito, 1990). Evidence for this
comes from research on mouse oligbdendrocytes and guinea-pig hippocampal neurons where
the CI” transporter inhibitor, furosemide, reduces GABA-evoked depolarizations (Misgeld et al.,
1986; Hoppe & Kettleman, 1989).

- Depolarization and subsequent activation of VGCCs would result when the intracellular
CI” concentration is sufficiently high for a net efflux of CI” during activation of GABARs. The
electrochemical CI” diffusion gradient across the afferent neuron membrane is directed outward,
the result of an iﬁwardly directed CI” pumb (Nishi et al., 1974; Gallagher et al., 1978). Also, a
major difference has been substantiated when comparing neurons in terms of their recovery time
following intracellular Clinjection. Motoneurons recovered in about 30 seconds (Eccles,
1964), 90 seconds for cortical neurons (Kelly et al., 1969), but 30 minutes for the spinal
ganglion. One reason for the slow recovery in DRG neurons may be the lower resting CI”
conductance. In addition, the primary afferent neuron may have effective pumps that prevent
outward leakage of CI”, not found in motor and cortical neurons (Gallagher ef al., 1978).

In previous experiments, removal of CI™ from the external solution was possible by
replacing NaCl with an equimolar solution of sodium isethionate. However, there are
conflicting reports. Barker & Nicoll (1973) observed in the amphibian that Cl"-free media
produced a small increase in the membrane potential while others found a decrease in the

GABA potential (Nishi ef al., 1974; Kudo et al., 1975) or no change (Constanti & Nistri, 1976)
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in GABA’s depolarizing capacity following CI” removal. A removal of external CI” failed to
increase the Cl” gradient across the nerve terminal membrane during a drug-induced reduction in
" activity of concentration-dependent CI” pump that maintains the gradient.

4.2.3. GABA-evoked Ca®" Influx

As explained earlier, GABA-induced a transient increase in [Ca**]; through membrane
depolarization, presumably due to an increased Cl” conductance. Previous studies alsb have
demonstrated that stimulation of GABA4Rs results in Ca** influx in cultured dorsal horn
ﬁeurons, as well as neocortical and hippocampal neurons (Reichling ef al., 1994; Owens et al.,
1996; Canepari et al., 2000). What happens to the hybrid sensory neuron following
depolarization? The data show that the GABA-evoked depolarization activated VGCCs since
DHPs inhibited the Ca** transients. The depolarization would activate other voitage-gated
channels such as voltage-gated Na* and K* channels. ‘However, depolarization from GABA-
induced CI” conductance may inhibit neuronal activity such as APs because it could act as a
current shunt, or indirectly activate Ca®*-dependent K* currents (Staley & Mody, 1992). The
afferent activity along the sensory nerves would then depend on both the excitatory and
inhibitory influences as well as their electrophysiological propertiesof the somata.

The GABA-mediated [Ca®*]; increases may also serve a developmental role, since small
tonic elevations of [Ca®*]; promote neuronal survival and development in embryonic rat spinal
cord cultures (Franklin & Johnson, 1992). Also, GABA stimplates early stages of
synaptogenesis in cultured neuroblastoma cells, influences the differentiation of cultured
cerebellar granule neurons, and disrupts developing cerebellum in vivo (Belhage et al., 1998).
One study observed the responses to GABA in the cultures diminished over time; hence, the
depolarizing response to GABA may result in developmental regulation in vivo (Reichling et al.,

1994).
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The regulation of cytoplasmic free Ca®* concentration is vital to controlling neuronal
function (Mironov et al., 1993). The time course of [Ca®*]; accumulation and the rate of [Ca™];
recovery following Ca®" influx may be important factors in the activation of different messenger
systems. Many studies have observed transient rises of [Ca®*]; induced from membrane
depolarization in many neuronal types (Tsien & Tsien, 1990; Miller, 1991; Henzi &
MacDermott, 1992).

4.2.4. Bicuculline Antagonism of GABA-response

I examined further the GABA-mediated response in the DRG neuronal cell line MD3 to
determine the nature of the receptors implicated in enhancing the [Ca®**]i. The results from this
section provide evidence that BIC selectively and reversibly blocked the effects of GABA. As
shown in.Figure 5B, BIC antagonized the GABA-evoked response in the mouse hybrid DRG
neuronal cells in culture. In invertebrate muscle (Smith & Costanti, 1981) and cat DRG neurons
(Gallagher et al., 1978), BIC was a noncompetitive or 'mixed' noncompetitive antagonist.
However, on most vertebrate central and peripheral neurons, BIC was a competitive inhibitor of
the GABA-evoked response (Curtis ef al., 1971; Bowery & Brown, 1974; Levy, 1977;
Simmonds, 1980). The BIC effect on the GABA-mediated response in MD3 cells was either by
direct competition with GABA at its receptor (competitive inhibition) or decreased CI' channel
conductance (non-competitive inhibition). However, determining the exact mechanism of
antagonism was not possible using the fura-2 microfluoremetry systerﬁ. Nevertheless, ZAPA
applications that activate GABAARS increased [Ca®"];, consistent with the presence of
GABAARs in MD3 cells (Allan et al., 1997). The observed antagonism by BIC with an EDsg =

9.3 uM is consistent with GABA and GABAR interactions (MacDonald & Olsen, 1994).
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4.2.5. Effects of Picrotoxinin and Diazepam

The mechanism of PTX inhibition of GABA-activated CI” conductance is different in a
variety of tissues. PTX inhibits the GABA-evoked response competitively and
noncompetitively, or a mixture of both effects on lobster muscle (Takeuchi & Takeuchi, 1969;
Shank et al., 1974; Constanti, 1978). PTX had similar effects on neuronal membrane_s
(Gallagher et al., 1978; Homma & Rovainen, 1978; Hori et al., 1978; Akaike et al., 1985).
However, no PTX inhibition of the GABA-stimulated response was observed in the MD3 cells,
as in hippocampal (Segal, 1993) and human dorsal root ganglion neurons (Valeyev et al., 1996).
This inconsistency may be due to GABAR subtypes with different channel properties.
Differential manifestation of individual GABAR subunits and the combination of various
distinct subunits influences channel properties (Shivers et al., 1989; Verdoorn et al., 1990;
Zhang et al., 1991). Picotoxinin-insensitivity may result from unique subunit combinations,
such as mutations in the y2 subunit of the GABAAR (Shen et al., 1999). In MD3 cells,
analogous variations in the benzodiazepine receptor may result in lack of the potentiation of
GABA-mediated action by diazepam (Macdonald & Olsen, 1994; Knoflack et al., 1996;

Malgrange et al., 1997; Williamson et al., 1998).

4.3. Mechanism of GABA-mediafed Increase in [Ca®"];
I investigated the mechanisms concerning responses in MD3 cells to GABA
applications. GABA binds to its receptor, opening the chloride channel to increase CI”

conductance and depolarizing the cell. However, what is the process that produced the

heightened [Ca®*]; in the hybrid neurons?
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4.3.1. Absence of Ca®" in the Extracellular Environment

The treatment of the MD3 cells with 0 mM Ca®* recording buffer during GABA
stimulation established that the [Ca®']; increase depended on extracellular Ca®*. Perfusion of
Ca**-free buffer through the recording chamber eliminated the GABA-induced response,
resulting in no change in the in [Ca®*}; (Figure 9). This removed the possibility of the Ca®*
concentration increase occurring through release of internal stores such as the endoplasmic
reticulum. Therefore, [Ca®']; increased because of Ca®* influx from the exterior to the intérior of
the MD3 cell. To minimize depletion of the internal stores during eradication of extracellular
Ca®", the exposure time to EGTA—containihg Ca**-free HHBSS buffer was about a minute. The
[Ca?*); elevations following GABA applications returned with the perfusion of Ca®*-containing
HHBSS buffer. Also, I did not detect a change in baseline [Ca”*]; on thapsigargin or caffeine
application, observed in some cells (cf. Guerini & Carafoli, 1999). However, thapsigargin and
caffeine had no effects on GABA-evoked increase in [Ca®"];, implying that the GABA-induced
reéponse did not involve Ca*" release from internal stores. Therefore, Ca®* influx, not Ca®*
release from internal stores, and extracellular Ca?* influenced the augmentation in [Ca®*]; in
MD3 neurons.
4.3.2. GABA-response Inhibition with DHPs

The results imply that the GABA-induced response involves GABA4R activation and
extracellular Ca** influx. The application of DHP antagohists inhibited GABA-mediated rise in
cytoplasmic Ca®*, verifying that the transmembrane influx of Ca*" occurred through VGCCs, as
in cultured dorsal horn neurons (Reichling et al., 1994) and gonadotropes (Williams et al.,
2000). The present study used nimodipine and nifedipine to define the functional presence of L-
type channels. From Figures 10 and 11, the application of DHPs inhibited the rise in

cytoplasmic Ca®* from GABA induction. This provides evidence that the GABA-mediated

response initiates entry of Ca>* through L-fype channels that DHPs potently inhibit (Fox et al.,




1987a; Aosaki & Kasai, 1989; Plummer ef al., 1989). These channels exhibited a slowly
inactivating, voltage-dependent Ca”* current in primary sensory neurons as in chick DRG
(Nowycky et al., 1985). In addition, L-type Ca** channels controlled the release of substance P
from DRG neurons in chick and rat (Pernery et al., 1986; Holz et al., 1988).

Ca®" channels play a significant functional role, though poorly defined, in neurons
(Nowycky, 1992). In addition, direct electrical excitability as well as simultaneous conversion
of electrical activity into other functional activities such as transmitter release, regulation of
gene expression, or further control of membrane excitability involve Ca®* channels (Nowycky,
1992). VGCCs have an important role in a number of neuronal functions that depend on the
intracellular Ca** concentration. Fox et al. (1987a) discovered the co-existence of three types of
Ca®* channels in DRG neurons. In addition, various neurotransmitters modulate Ca®* channel
currents in many neuronal cell types (Menon-Johansson ef al., 1993), representing one of the
mechanisms whereby presynaptic inhibition may occur in both the central and peripheral
nervous systems (Dunlap & Fischbach, 1978).

In mammalian neurons, cadmium and manganese block Ca® currents; howéver, these
divalent ions were unsatisfactory as blockers in experiments with fura-2 (Connor et al., 1987).
Conner and associates (1987) discovered that cadmium produced a steédy increase in the
fluorescence ratio of fura-2 while manganese rapidly decreased the fluorescence ratio values at
about 10 % of initial values. Therefore, I applied DHPs to investigate its effects on GABA-
stimulated the cytoplasmic Ca’* increase. Nimodipine and nifedipine, at concentrations ranging
from 1-20 uM, inhibited the GABA-induced depolarization that increase [Ca2+]i (Figures 10 and

11). Therefore, GABAAR activation may have depolarized MD3 cells through a CI' efflux,

initiating Ca?" influx through DHP-sensitive Ca?* channels, leading to an increase in [Ca®'];.
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4.4. K*-induced Increase in [Ca®'];

K*-induced [Ca®"}; transients produced through VGCCs increased [Ca"); (Figure 12).
Nimodipine and nifedipine blocked the rapid depolarization from K'-applications and mimicked
the DHP inhibition of the GABA-activated response (Figures 10 and 11). Thus, these results
demonstrate the influx of extracellular Ca®" to be important in the depolarization-induced
changes in [Ca2+]i. Previous studies on neurons and neuronal cell lines showed DHP inhibition
of Ca*" mﬂux and transmitter release in response to K* depolarization (Toll, 1982; Takahashi &
Ogura, 1983; Freedman ef al., 1984; Sasakawa et al., 1984; Carboni et al., 1985; Enyeart ef al.,
1985; Perney et al., 1986). DHP Ca®" channel antagonists bind to high-affinity sites and block
the depolarization-induced entry of Ca®" (Miller & Freedman, 1984). fhe inhibition of Ca®*
influx is due to the selective interaction of the DHPs with VGCCs (Rane et al., 1987).

Mnay investigations have reported that DHPs do not affect Ca’" influx or Ca®*-
dependent transmitter release in intact neurons or synaptosomes (Nachshen & Blaustein, 1979;
Ebstein & Daly, 1982; Daniell ef al., 1983; Rampe et al., 1984; Ogura & Takahashi, 1984
Shalaby ef al., 1984; Boll & Lux, 1985; Perney et al., 1986; Suszkiw et al., 1986). However,
other investigations observed the involvement of DHP-sensitive Ca®" channels for both Ca®"
entry into and transmitter release from synaptosomes, neurons or neuronal cell lines (Toll, 1982;
Takahashi & Ogura, 1983; Freedman ef al., 1984; Sasakawa et al., 1984; Turner & Goldin,
1985; Enyeart et al., 1985; Middlemiss & Spedding, 1985; Carboni et al., 1985; Perney et al.,

1986). In the present study, the Ca®* channels of the MD3 cell line accounted for Ca** entry and

were sensitive to nimodipine and nifedipine during K*- and GABA-induced responses.
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4.5. GABAg Receptor Activation.

The results presented in this section show evidence for GABAgRs in MD3 cells.
Baclofen inhibited neurotransmission at peripheral and central synapses such as primary afferent
terminals within the spinal cord (Fox et al., 1978). Without affecting the baseline [Ca®™"];,
baclofen reduced the K*-evoked rises in [Ca**]; in MD3 cells (Figure 154), agreeing with the
results from other studies on rat and chick DRG neurons. GABAgRs mediated this effect
because 2-hydroxy-saclofen did not significantly change the baseline [Ca®*]; and completely
blocked the baclofen-inhibition of KCl-induced responses. Baclofen directly depressed Ca**
currents and modulated GABAgR's influence on neuronal excitability (Dunlap, 1984; Deisz &
Lux, 1985). Another study showed that bath application of baclofen for 5-10 min suppressed
the inward current produced by DRG neurons from exposure to GABA (Xi et al., 1997).
Baclofen-induced inhibition in the MD3 neurons may involve G proteins. Stimulation of
- GABABgRs with baclofen or GABA at the binding site activated G proteins and proceeded
through different biochemical pathways (Holz et al., 1986), resulting in the closure of CI”
channels and a decrease in CI” efflux in DRG neurons by phosphorylation of GABAARs. In
chick DRG cultures, pertussis toxin reduced the effect of GABA on AP duration, revealing a G-
protein involvement in the process (Holz et al., 1986). GABAgR activation may mediate a
decrease in Ca®* conductance through a direct link with G-proteiné. Holz et al. (1986)
discovered that by incubating DRG neurons with either GDP--S, a non-hydrolyzeable analogue
of GDP, or pertussis toxin, removed GABA-induced inhibition of Ca®* currents, implying the
participation of a Gi-like protein membrane protein. GABAgRs of embryonic chick sensory
neurons in vitro decreased Ca**-dependent APs with no change in the resting conductance.

Activation of GABAgR during an AP inhibits VGCCs in the membrane, decreases extracellular

Ca®" flux, and results in low neurotransmitter release from presynaptic terminals. Activation of
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GABAgRs in the MD3 neurons did not lead to an increase in cytoplasmic Ca®*. The inhibitory
effects of baclofen persisted for the dﬁration of its presence. The ability of the GABAgR to
modulate second-messenger systems may explain the effect of baclofen in depressing [Ca®"];
elevations. For example, the GABAgR decreased cAMP production (Desrues ef al., 1995;
Hashimoto & Kuriyama, 1997). In the previous section, nimodipine and nifedipine inhibited the
KCl-mediated increase in [Ca**];. Since high K* depolarized the MD3 neurons during baclofen
application, then the GABAgR activation that decreased the influx of Ca®* presumably affected
L-type Ca’" channels. The observed effects of baclofen at GABAgR, with an EDsy = 1.8 uM,
may have resulted from a decrease in voltage-activated Ca®" currents, as observed in spinal
neurons (Batueva ef al., 1999). Given that MD?3 cells are similar to DRG neurons, the effects of
baclofen and the antagonism by a GABAgR antagonist imply that GABAgR activation can
influence the voltage-dependent activities in sensory ganglia.

The co-administration of 2-hydroxy-saclofen with (—)-baclofen provided evidence that
the effects of baclofen-mediated inhibition of K*-induced Ca’” transients were specific to the
GABAGgR (Curtis et al., 1988; Lambert et al., 1989; Harrison et al., 1990). The results show
that bath application of 2-hydroxy-saclofen antagonizes the depressant actions of baclofen in the
MD3 neurons. As illustrated from Figure 17, 2-hydroxy-saclofen blocked the inhibitory effects
.of baclofen during K*-induced enhancement of [Ca®*];. The effective treatment with 2-hydroxy-
saclofen abolished the effect of (—)-baclofen. Ffom these results, I suggest that the mouse

hybrid sensory neuronal cells posses GABAgRS that respond to baclofen and 2-hydroxy-

saclofen, influencing K*-evoked Ca®* transients.
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4.6. Ca** Sequestration and Efflux Mechanisms

The regulation of cytoplasmic free Ca®" is central to the control of neuronal function.
When Ca’* enters through VGCCs, the heightened [Ca®"); integrates with and influences other
intracellular signals, controlling neurotransmitter release, activation of Ca’*-dependent enzymes,
and modulation of membrane ion channels (Benham et al., 1992). In fact, extended increases in
cytosolic Ca®* were acutely cytotoxic (Schanne et al., 1979; Choi, 1988, 1995). This present
study showed heightened internal Ca®" levels in hybrid DRG neuronal cells from GABAR
activation and K*-evoked depolarizations. Then, how do these cells recover from such acute
increases in Ca**load? One source of help is the mitochondria. In addition to their ubiquitous
role as the major synthesizer of ATP in aerobic cells (Nicholls, 1985; Thayer & Miller, 1990),
mitochondria have the ability to transport and store Ca®" (Nicholls & Akerman, 1982; Akerman
& Nicholls, 1983). The mitochondria have a high rate of Ca2+ accumulation. When containing
high free Ca** of 10 uM or more, nﬁtochondria concentrated on the accumulation of the cation
rather than ATP synthesis (Nicholls & Akerman, 1982). Two papers identified a role for
mitochondrial uptake of Ca®* following large Ca** loads in DRG neurons (Thayer & Miller,
1990; Duchen et al., 1990). In neuronal tissue, the plasma membrane, inner mitochondrial
membrane, and endoplasmic reticulum have a role in the regulation of the cytosolic free Ca®*
concentration (Nicholls & Akerman, 1983).

From this current study, GABA may contributes to excitotoxicity as observed in cortical
neuron cultures from heightened [Ca*]; (Erdo et al., 1991). However, once Ca®" enters the cell
through Ca®* permeable channels, Ca®* encounters many obstacles that prevent it from

influencing its physiochemical properties. Ca®* binding proteins buffered most of the Ca®* (> 99

%) that enters the cytoplasm (McBurney & Neering, 1987; Neher & Augustine, 1992; Zhou &
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Neher, 1993) and taken up into intracellular organelles. However, the two main extrusion
mechanisms, sodium-Ca®* exchange and the ATP-driven Ca?* pump, send all the Ca** back

across the plasmalemma.

4.7. Sensory Ganglion Soma

| The arbitrary assumption that the effects of GABA on the cell body membranes giving
rise to terminals should be similar to the terminals comes from the following evidence: GABA
depolarized DRG neurons grown in culture (Nishi et al., 1974; Feltz & Rasminsky, 1974;
Deschenes et al., 1976; Obata et al., 1978; Gallagher er al., 1978). Studies observed evidence
for synapses on the soma of DRG in chick embryo tissue cultures (Miller et al., 1970; Lodin et
al., 1973). Kayahara and colleagues (1981,1984,1986) discovered synapses between the
ganglion cell soma and the terminals of cell processes of uhknown origin in their ultrastructural
study of the cat spinal ganglion in vivo.

- The DRG has been viewed as a model for GABA iﬁteractions at presynaptic sites within

the spinal cord (Feltz & Rasminsky, 1974; Valeyev et al., 1999; Rudomin & Schmidt, 1999).
The effects of transmitters at sensory ganglion somata may have significance for thé
mechanisms of action of drugs for potential therapy of sensory nerve injury and allodynia
(Gordon et al;, 1995; Baccei & Kocsis, 2000; van Hilten et al., 2000). The MD3 cells have

many properties of DRG neurons in vitro and in vivo. They possess functional GABA, and

GABAGRs, providing a simple system for studying drug effects of DRG neurons.




70

Chapter V. SUMMARY AND CONCLUSIONS

1. I studied the properties of a cell line (MD?3) produced from hybridization between
mouse DRG sensory neurons and N18TG2 neuroblastoma cells. Immunostaining with MAP-2
and NF-H Abs demonstrated that MD3 cells had neuronal characteristics. In addition, the
hybrid sensory neuronal cells reacted to CAP and a,p-methylene ATP, similar to sensory

neurons.

2. I investigated the mechanisms and effects of GABA-evoked depolarizations on the

mouse hybrid sensory neuronal cells in culture using fura-2 imaging of [Ca®*];.

3. The MD3 cell line possessed GABAA and GABAgRS. GABAAR activation increased
the [Ca®"]; of these sensory neuronal cells. This augmentation of [Ca**]; may have resulted from
GABA-mediated increase in CI” conductance that depolarized the membrane potential, resulting
in Ca®" influx through voltage-dependent Ca®* channel activation. BIC, but not PTX, prevented

transient rises in [Ca®*];.

4. Nifedipine and nimodipine inhibited the GABA- and K*-mediated transmembrane
influx of Ca®* through VGCCs, presumably through blockade of Ca®* entry through L-type
channels. In addition, thapsigargin and caffeine did not affect the GABA-mediated response
and no elevation in {Ca®'];occurred from application of GABA and K* during Ca*-free HHBSS
buffer perfusion. Therefore, GABA- and K+-media‘;ed responses depended on extracellular

Ca?".
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5. Activation of GABAgRs with baclofen attenuated the K*-induced increase in [Ca’’];.
2-hydroxy-saclofen antagonized the inhibitory effect of baclofen on the increase in [Ca®*}i. In
addition, baclofen presumably influenced L-fype channels since DHPs inhibited the K*-mediated

[Ca®*]; elevation.

6. The MD3 neurons exhibited many properties of DRG neurons in vivo and in vitro. It

provides a model for the examination of drug applications that modulate the GABAR and, thus,

is likely to be a useful model system.




72

REFERENCES

Adams PR. Brown DA. (1975). Actions of y—aminobutyric acid on sympathetic ganglion cells.
J Physiol (Lond). 250: 85-120.

Akaike N. Hattori K. Oomura Y. Carpenter DO. (1985). Bicuculline and picrotoxin block y-
aminobutyric acid-gated CI' conductance by different mechanisms. Experientia. 41: 70-71.

Akaike N. Oyama Y. Yakushiji T. (1989). Influences of external Ca®" on the GABA-induced
chloride current and the efficacy of diazepam in internally perfused frog sensory neurons. Brain
Res. 504: 293-296.

Akerman KEO. Nicholls DG. (1983). Physiological and bioenergetic aspects of mitochondrial
calcium transport. Rev Physiol Biochem Pharmacol. 95: 149-201.

Alger BE. Nicoll RA. (1979). GABA-mediated biphasic inhibitory responses in hippocampus.
Nature. 281: 315-317.

Allan RD. Dickenson HW. Johnston GA. Kazlauskas R. Mewett KN. (1997). Structural
analogues of ZAPA as GABA, agonists. Neurochem Int. 30: 583-591.

Allan RD. Drew CA. Ong J. Tran HW. (1990). Thioether analogues of baclofen, phaclofen, and
saclofen. Neurosci Lett. 112: 223-228.

Aosaki T. Kasai H. (1989). Characterization of two kinds of high-voltage-activated Ca-channel
currents in chick sensory neurons: Differential sensitivity to dihydropyridines and w-conotoxin
GVIA. Pflug Arch Eur J Physiol. 414: 150-156.

Armstrong CM. Hille N. (1972). The inner quaternary ammonium ion receptor in potassium
channels of the node of Ranvier. J Gen Physiol. 59: 388-400.

Asano T. Ui M. Ogasawara N. (1985). Prevention of the agonist binding to y- aminobutyric acid
B receptors by guanine nucleotides and islet-activating protem, pertussis toxin, in bovine
cerebral cortex. J Biol Chem. 26: 12653-12658.

Augusti-Tocco G. Sato G. (1969). Establishment of functional clonal lines of neurons from
mouse neuroblastoma. Proc Natl Acad Sci USA. 64: 311-315.

Baccei ML. Kocsis JD. (2000). Voltage-gated calcium currents in axotomized adult rat
cutaneous afferent neurons. J Neurophysiol. 83: 2227-2238.

Barker JL. Nicoll RA. (1973). The pharmacology and ionic dependency of amino acid responses
in the frog signal cord. J Physiol (Lond). 228: 259-277.

Barr ML. Kiernan JA. (1988). Peripheral nervous system. In: The human nervous system: an
anatomical viewpoint. pp. 44-48; 355-58. JB. Lippincott Company, Philadelphia.




73

Batueva I. Tsvetkov E. Sagatelyan A. Buchanan JT. Vesselkin N. Adénina V. Suderevskaya E.
Rio JP. Reperant J. (1999). Physiological and morphological correlates of presynaptic inhibition
in primary afferents of the lamprey spinal cord. Neuroscience. 88: 975-987.

Bean BP. Williams CA. Ceelen PW. (1990). ATP-acitvated channels in rat and bullfrog sensory
neurons: current-voltage relation and single channel behaviour. J Neurosci. 10: 11-19.

Belhage B. Meier E. Schousboe A. (1986). GABA-agonists induce the formation of low-affinity
GABA-receptors on cultured cerebellar granule cells via preexisting high affinity GABA-
receptors. Neurochem Res. 11: 599-606.

Belhage B. Hansen GH. Schousboe A. (1998). Effects of gamma-aminobutyric acid (GABA) on
synaptogenesis and synaptic function. Perspect Dev Neurobi. 5: 235-246.

Benham CD. Evans ML. McBain CJ. (1992). Ca** efflux mechanisms following depolarization-
evoked calcium transients in cultured rat sensory neurons. J Physiol (Lond). 455: 567-583.

Bessou P. Perl ER. (1964). A movement receptor of the small intestine. J Physiol (Lond).
182: 404-426.

Bessou P. Perl ER. (1969). Response of cutaneous sensory units with unmyelinated fibers to
noxious stimuli. J Neurophysiol. 32: 1025-1043.

Bevan S. Szolcsanyi J. (1990). Sensory neuron-specific actions of capsaicin: mechanisms and
applications. Trends Pharmacol Sci. 11: 330-333.

Blaustein MP. Ratzlaff RW. Schweitzer ES. (1978). Calcium buffering in presynaptic nerve
terminals: kinetic properties of the non-mitochondrial calcium sequestration mechanism. J Gen
Physiol. T2: 43-64.

Boll W. Lux HD (1985). Action of organic antagonists on neuronal calcium currents. Neurosci
Lett. 56: 335-339.

Bollmann JH. Helmchen F. Borst JGG. Sakmann B. (1998). Postsynaptic Ca*" influx mediated
by three different pathways during synaptic transmission at a Calyx-type synapse. J Neurosci.
18: 10409-10419.

Bormann J. (1988). Electrophysiology of GABA4 and GABAg receptor subtypes. Trends
Neurosci. 11: 112-116.

Bormann J. Feigenspan A. (1995). GABA( receptors. [Review]. Trends Neurosci. 18: 515-519.

Bouvier MM. Evans ML. Benham CD. (1991). Calcium influx induced by stimulation of ATP
receptors on neurons cultured form rat dorsal root ganglia. Eur J Neurosci. 3: 285-291.

Bowery NG. Brown DA. (1974). Depolarizing actions of y-aminobutyric acid and related
compounds on rat superior cervical ganglion in vitro. Br J Pharmacol. 50: 205-218.



74

Bowery NG. Hill DR. Hudson AL. Doble A. Middlemiss DN. (1980). (-)-Baclofen decreases
neurotransmitter release in the mammalian CNS by an action at a novel GABA receptor.
Nature. 283: 92-94,

Bowery NG. Doble A. Hill DR. Hudson AL. Shaw JS. Middlemiss DN. (1981). Bicuculline-
insensitive GABA receptors on peripheral autonomic nerve terminals. Eur J Pharmacol. 71: 53-
70.

Bowery NG. (1993).GABAg receptor pharmacology. [Review]. Annu Rev Pharmacol Toxicol.
33:109-147.

Bowery NG. Enna SJ. (2000). y-Aminobutyric acidg receptors: first of the functional
metabotropic heterodimers. J Pharmacol Exp Therap. 292: 2-7.

Brailowsky S. Garcia O. (1999). Ethanol, GABA, epilepsy. Arch Medical Res. 30: 3-9.

Browning MD. Bureau M. Dudek EM. Olsen RW. (1990). Protein kinase C and cAMP-

dependent protein kinase phosphorylate the B-subunit of the purified GABAA receptor. Proc
Natl Acad Sci USA. 87: 1315-1318.

Browning MD. Endo S. Smith G. et al. (1993). Phosphorylation of the GABA4 receptor by
cAMP-dependent protein kinase and protein kinase C: analysis of the substrate domain.
Neurochem Res. 18: 95-100.

Bunge MB. Bunge RP. Peterson EP. Murray MR. (1967). A light and electron microscope study
of long term organized cultures of rat dorsal root ganglia. J Cell Biol. 32: 439-466.

Burgess PR. Perl ER. (1967). Myelinated afferent fibres responding specifically to noxious
stimulation of the skin. J Physiol (Lond). 190: 541-562.

Byerly L. Hagiwara S. (1982). Calcium currents in internally perfused nerve cell bodies of
Limnea stagnalis. J Physiol (Lond). 322: 503-523.

Callachan H. Cottrell GA. Hather NY. et al. (1987a). Modulation of the GABA4 receptor by
progesterone metabolites. Proc R Soc (Lond). B231: 359-389.

Callachan H. Lambert JJ. Peters JA. (1987b). Modulation of the GABAA, receptor by
barbiturates and steroids. Neurosci Lett Suppl. 29: S21.

Canepari M. Mammano F. Kachalsky SG. Rahamimoff R. Cherubini E. (2000). GABA- and
glutamate-mediated network activity in the hippocampus of neonatal and juvenile rats revealed
by fast calcium imaging. Cell Calcium. 27: 25-33.

Carboni E. Wojcik WJ. Costa E. (1985). Dihydropyridines change the uptake of calcium
induced by depolarization into primary cultures of cerebellar granule cells. Neuropharmacology.
24: 1123-1126.




75

Chen CC. Akopian AN. Sivilotti L. Colquhoun D. Burnstock G. Wood JN. (1995). A P2X
purinoceptor expressed by a subset of sensory neurons. Nature. 377: 428-431.

Cherubini E. Gaiarsa JL. Ben-Ari Y. (1991). GABA: an excitatory transmitter in early postnatal
life. Trends Neurosci. 14: 515-519. ,

Choi DW. Farb KH. Fischbach GD. (1977). Chlordiazepoxide selectively augments GABA
action in spinal cord cell cultures. Nature. 269: 342-344.

Choi DW. Fischbach GD. (1981). GABA conductance of chick spinal cord and dorsal root
ganglion neurons in cell culture. J Neurophysiol. 45: 605-620.

Choi DW. (1988). Calcium mediated neurotoxicity: relationship to specific channel types and
role in ischaemic dmage. Trends Neurosci. 11: 465-468.

Choi DW. (1995). Calcium: still center-stage in hypoxic-ischemic neuronal death. Trends
Neurosci. 11: 465-467.

Cholewinski A. Burgess GM. Bevan S. (1993). The role calcium in capsaicin-induced
desensitization in rat cultured dorsal root ganglion neurons. Neuroscience. 55: 1015-1023.

Collo G. North RA. Kawashima E. Merlo-Pich E. Neidhart S. Suprenant A. Buell G. (1996).
Cloning of P2X5 and P2X6 receptors and the distribution and properties of an extended family
of ATP-gated ion channels. J Neurosci. 16: 2495-2507.

Connor JA. (1985). Ca measurements using the fluorescent indicators quin-2 and fura-2
combined with digital imaging in mammalian CNS cells. Soc Neurosci Abstr. 11: 176.

Connor JA. (1986). Digital imaging of free calcium changes and of spatial gradients in growing
processes in single, mammalian central nervous system cells. Proc Natl Acad Sci USA. 83:
6179-6183.

Connor JA. Tseng HY. Hockberger PE. (1987). Depolarization- and transmitter-induced

changes in intracellular Ca®* of rat cerebellar granule cells in explant cultures. J Neurosci. 7:
1384-1400.

Costa E. (1998). From GABAA receptor diversity emerges a unified vision of GABAergic
inhibition. Annu Rev Pharmacol Toxicol. 38: 321-350. :

Constanti A. Nistri A. (1976). A comparative study of the action of y-aminobutyric acid and
piperazine on the lobster muscle fibre and the frog spinal cord. Br J Pharm. S7: 347-358.

Constanti A. (1978). The ‘mixed’ effect of picrotoxin on the GABA dose/conductance relation
recorded from lobster muscle. Neuropharmacology. 17: 159-167.

Curtis DR. Duggan AW. Felix D. Johnston GAR. McLennan H. (1971). Bicuculline, an
antagonist of GABA, and synaptic inhibition in the spinal cord of the cat. Brain Res. 33: 69-96.




76

Curtis DR. Lodge D. Brand SJ. (1977). GABA and spinal afferent terminal excitability in the
cat. Brain Res. 130: 360-3.

Curtis DR. Gynther BD. Beattie DT. Kerr KI. Prager RH. (1988). Baclofen antagonism by 2-
hydroxy-saclofen in the cat spinal cord. Neurosci Lett. 92: 97-101.

Cutting GR. Lu L. O’Hara BF. Kasch LM. Montrose-Rafizadeh C. Donovan DM. Shimada S.
Antonarakis SE. Guggino WB. Uhl GR. Kazazian HH. (1991). Cloning of the y-aminobutyric
acid (GABA) ¢cDNA: a GABA receptor highly expressed in the retina. Proc Natl Acad Sci USA.
88: 2673-2677.

Daniel RK. Terzis JK. (1977). Structure and function of the peripheral nerves. In:
Reconstructive Microsurgery. (Daniel RK and Terzis JK). Boston: Little Brown and Co.

Daniell LC. Barr EM. Leslie SW. (1983). **Ca®" uptake into rat whole brain synaptosomes
unaltered by dihydropyridine calcium antagonists. J Neurochem. 41: 1455-1459.

Darian-Smith I. Johnson KO. Dykes R. (1973). Cold fiber population innervating palmar and
digital skin of the monkey responses to cooling pulses. J Neurophys. 36: 325-340.

Davidson N. Southwick CAP. (1971). Amino acids and presynaptic inhibition in the rat cuneate
nucleus. J Physiol (Lond). 219: 689-708.

De Groat WC. (1972). GABA-depolarization of sensory ganglion: antagonism by picrotoxin and
bicuculline. Brain Res. 38: 429-432.

Deisz RA. Lux HD. (1985). y—aminobutyric acid-induced depression of calcium currents of
chick sensory neurons. Neurosci Lett. 56: 205-210.

Delaney AJ. Sah P. (1999) GABA receptors inhibited by benzodiazepines mediate fast
1nh1b1tory transmission in the central amygdala. J Neurosci. 19: 9698-9704.

Desarmenien M. Santangelo F. Loeffler, JP. Feltz P. (1984) Comparative study of GABA-

mediated depolarizations of lumbar Ad and C primary afferent neurones of the rat. Exp Brain
Res. 54: 521-528.

Deschenes M. Feltz P. (1976). GABA-induced rise of extracellular potassium in rat dorsal root
ganglia: an electrophysiological study in vivo. Brain Res. 118: 494-499.

Deschenes M. Feltz P. Lamour Y. (1976). A model for an estimate in vivo of the ionic basis of
presynaptic inhibition: an intracellular analysis of the GABA-induced depolarization in rat
dorsal root ganglia. Brain Res. 118: 486-493.

Desrues L Vaudry H. Lamacz M. Tonon MC. (1995). Mechanism of action of gamma-butyric
acid on frog melantrophs. J Mol Endocrinol. 14: 1-12.

Diverse-Pierluissi M Dunlap K. (1995) Interaction of convergent pathways that inhibit N-type
calcium channels in sensory neurons. Neuroscience. 65: 477-483.




77

Dolphin AC. Scott RH. (1986). Inhibition of calcium currents in cultured rat dorsal root
ganglion neurones by (—)-baclofen. Br J Pharmacol. 88: 213-220.

Dolphin AC. Scott RH. (1987). Calcium channel currents and their inhibition by (—)-baclofen in
rat sensory neurons modulation by guanine nucleotides. J Physiol (Lond). 386: 1-17.

Duchen MR. Valdeolmillos M. O*Neill SC. Eisner DA. (1990). Effects of metabolic blockade
on the regulation of intracellular calcium in dissociated mouse sensory neurones. J Physiol
(Lond). 424: 411-426.

Dunlap K. (1981). Two types of y—aminobutyric acid receptor on embryonic sensory neurones.
Br J Pharmacol. 74: 579-585. g '

Dunlap K. (1984). Functional and pharmacological differences between two types of GABA
receptor on embryonic chick sensory neurons. Neurosci Lett. 47: 265-270.

Dunlap K. Fischbach GD. (1978). Neurotransmitters decrease the calcium component of
sensory neurone action potentials. Nature. 276: 837-839.

Dunn FT. (1955). The delay and blockage of sensory impulses in the dorsal root ganglion.
~J Physiol (Lond). 157: 252.

Dutar P. Nicoll RA. (1988). A physiological role for GABAg receptors in the central nervous
system. Nature. 332: 156-158.

Ebstein RP. Daly JW. (1982). Release of norepinephrine and dopamine from brain vesicular
preparations: Effects of calcium antagonists. Cell Mol Neurobiol. 2: 205-213.

Eccles JC. Schmidt RF. Willis WD. (1963a). Pharmacological studies on presynaptic inhibition.
J Physiol (Lond). 168: 500-530.

Eccles JC. Schmidt RF. Willis WD. (1963b). The mode of operation of the synaptic mechanism
producing presynaptic inhibition. J Neurophysiol. 26: 523-536

Eccles JC. (1964). In: The Physiology of Synapses. pp.176. Springer-Verlag, New York.

Enyeart JJ. Aizawa T. Hinkle PM. (1985). Dihydropyridine Ca”™ antagorﬁsts: potent inhibitors
of secretion from normal and transformed pituritary cells. 4m J Physiol. 248: C510-519.

Enz R. Brandstatter JH. Gartveit E. Wassle H. Bormann J. (1995). Expression of GABA
receptor pl and p2 subunits in the retina and brain of the rat. Eur J Neurosci. 7: 1495-1501.

Erdo SL. Micheler A Wollf JR. (1991). GABA accelerates excitotoxic cell death in cortical
cultures: protection by blockers of GABA-gated chloride channels. Brain Res. 542: 254-258.

Fedulova SA. Kostyuk PG. Veselovsky NS. (1981). Calcium channels in the somatic
membrane of the rat dorsal root ganglion neurons, effect of cAMP. Brain Res. 214: 210-214.




78

Feltz P. Rasminsky M. (1974). A model for the mode of action of GABA on primary afferent
terminals: depolarizing effects of GABA applied iontophoretically to neurones of mammalian
dorsal root ganglia. Neuropharmacology. 13: 553-563.

Fenwick E. Marty A. Neher E. (1982). Sodium and calcium channels in bovine chromaffin cells.
J Physiol (Lond). 331: 599-635.

Fitzgerald M. (1979). The spread of sensitization of polymodal nociceptors in the rabbit from
nearby injury and by antidromic nerve stimulation. J Physiol (Lond). 297: 207-216.

Formenti A. Sansone V. (1991). Inhibitory action of acetylcholine, baclofen and GTP-gamma-S
on calcium channels in adult rat sensory neurons. Neurosci Lett. 131: 267-272.

Fox S. Krjevic K. Morris ME. Puil E. Werman R. (1978). Action of baclofen on mammalian |
synaptic transmission. Neuroscience. 3: 495-515.

Fox AP. Nowycky MC. Tsien RW. (1987a). Kinetic and pharmacological properties
distinguishing three types of calciuim currents in chick sensory neurones. J Physiol (Lond). 394:
149-172.

Fox AP. Nowycky MC. Tsien RW. (1987b). Single channel recordings on three types of
calcium channels in chick sensory neurons. J Physiol (Lond). 394: 173-200.

Franklin JL. Johnson EM. (1992). Suppression of programmed neuronal deathby sustained
elevation of cytoplasmic calcium. Trends Neurosci. 15: 501-508.

Friel DD. Tsien RW. (1992). A caffeine- and ryanodine-sensitive Ca®" store in bullfrog
sympathetic neurones modulates effects of Ca®* entry on [Ca’'};. J Physiol (Lond). 450: 217-
246. '

Freedman SB. Dawson G. Villereal ML. Miller RJ. (1984). Identification and characterization
of voltage-sensitive calcium channels in neuronal clonal cell lines. J Neurosci. 6: 1453-1467.

Fyffe REW. (1983). Afferent fibers. In: Handbook of the Spinal Cord, vols 2 & 3, Antaomy and
Physiology. (ed. Davidoff RA). pp. 79-136. Marcell Dekker, New York.

Gallagher JP. Higashi H. Nishi S. (1978). Characterization and ionic basis of GABA-induced
depolarizations recorded in vitro from cat primary afferent neurones. J Physiol (Lond). 275:
263-282.

Gallego R. Eyzagiurre C. (1978). Membrane and action potential characteristics of A and C

nodose ganglion cells studies in whole ganglia and in tissue slices. J Neurophysiol. 41: 1217-
1232.

Garaschuk O. Linn J. Eilers J. Konnerth A. (2000). Large scale oscillatory calcium waves in the
immature cortex. Nature Neurosci. 3: 452-459.



79

Geppetti P. Fusco B. Marabini S. Maggi CA. Fancuillacci M. Sicuteri F. (1988). Secretion, pain,

and sneezing induced by the application of capsaicin to the nasal mucosa in man. Br J
Pharmacol. 93: 509-514. '

Gordon NC. Gear RW. Heller PH. Paul S. Miaskowski C. Levine JD. (1995). Enhancement of
morphine analgesia by the GABAg agonist baclofen. Neuroscience. 69: 345-349.

Green KA. Cottrell GA. (1988). Actions of baclofen on components of the Ca-current in rat and
mouse DRG neurones in culture. Br J Pharmacol. 94: 235-245.

Grobin AC. Inglefield FR. Schwarz-Bloom RD. Devaud LL. Morrow AL. (1999). Fluorescence
imaging of GABA4 receptor-mediated intracellular [Cl-] in P19-N cells reveals unique
pharmacological properties. Brain Res. 827: 1-11.

Grynkiewicz G. Poenie M. Tsien RY. (1985). A new generation of Ca”* indicators with greatly
improved fluorescence properties. J Biol Chem. 260: 3440-3450.

Gschossmann JM. Chaban VV. McRoberts JA. Raybould HE. Young SH. Ennes HS. Lembo T.
Mayer EA. (2000). Mechanical activation of dorsal root ganglion cells in vitro: comparison with
capsaicin and modulation by kappa-opioids. Brain Res. 856: 101-110.

Guerini D. Carafoli E. (1999). The calcium pumps. In: Calcium as a Cellular Regulator
(Carafoli E and Klee C). pp 249-278. Oxford University Press, Oxford.

Gunne LM. Andren PE. (1993). An animal model for coexisting tardive dyskinesia and tardive
parkinsonism: a glutamate hypothesis for tardive dyskinesia. Clin Neuropharmacol. 16: 90-95.

Hammond D. Wainer B. Tonsgard J. Heller A. (1986). Neuronal properties of clonal hybrid cell
lines derived from central cholinergic neurons. Science. 234: 1237-1240.

Hansen GH. Belhage B. Schousboe A. (1992). First direct electron microscopic visualization of
a tight spatial coupling between GABA-receptor and voltage-sensitive calcium channels.
Neurosci Lett. 137: 14-18.

Hara K. Saito Y. Kirihara Y. Yamada Y. Sakura S. Kosaka Y. (1999). The interaction of
antinociceptive effects of morphine and GABA receptor agonists within the rat spinal cord.
Anesth Analg. 89: 422-427. '

Harrison NL. Lovinger DM. Lambert NA. Teyler TJ. Prager R. Ong J. Kerr DI. (1990). The
actions of 2-hydroxy-saclofen at presynaptic GABAg receptors in the rat hippocampus.
Neurosci Lett. 119: 272-276.

Hashimoto T. Kuriyama K. (1997). In vivo evidence that GABA(B) receptors are negatively
coupled to adenylate cyclase in rat striatum. J Neurochem. 69: 365-370.

Hedblom E. Kirkness EF. (1997). A novel class of GABA, receptor subunit in tissues of the
reproductive system. J Biol Chem. 272: 15346-15350.




80

Henzi V. MacDermott AB. (1992). Characteristics and function of Ca** and inositol-1,4,5-
triphosphate releaseable stores of Ca®* in neurons. Neuroscience. 46: 251-273.

Holz GG. Rane SG. Dunlap K. (1986). GTP-binding proteins mediate transmitter inhibition of
voltage-dependent calcium channels. Nature. 319: 670-672.

Holz GG. Dunlap K. Kream RM.(1988). Characterization of the electriéally—evoked release of
substance P from dorsal root ganglion neurons: Methods and dihydropyridine-sensitivity. J
Neurosci. 8: 463-471.

Holzer P. (1988). Local effector functions of capsaicin-sensitive sensory nerve endings:
involvement of tachykinins, calcitonin gene-related peptide and other neuropeptides.
Neuroscience. 24: 739-768.

Holzer P. (1991). Capsaicin: cellular targets, mechanisms of action, and selectivity for thin
sensory neurons. Pharmacol Rev. 43: 143-201.

Homma S. Rovainen CM. (1978). Conductance increases produced by glycine and y-
aminobutyric acid in lamprey interneurones. J Physiol (Lond). 279: 231-252.

| Hoppe D. Kettenmann H. (1989). GABA triggers a CI' efflux from cultured mouse
oligodendrocytes. Neurosci Lert. 137: 14-18.

Hori N. Ikeda K. Roberts E. (1978). Muscimol, GABA and picrotoxin: effects on membrane
conductance of curstacean neuron. Brain Res. 141: 364-370.

Huang L-YM. (1989). Calcium channels in isolated rat dorsal horn neurones, including labelled
spinothalamic and trigeminothalamic cells. J Physiol (Lond). 411: 161-77.

Iggo A. (1974). Cutaneous Receptors. In: The peripheral nervous system. (Hubbard JI). pp.349.
Plenum Press, New York.

Inoue M. Matsuo T. Ogata N. (1985). Characterization of pre- and postsynaptic actions of (-)-
baclofen in the guinea-pig hippocampus in vitro. Br J Pharmacol. 84: 843-851.

Inoue M. Akaike N. (1988). Blockade of gamma-aminobutyric acid-gated chloride current in
frog sensory neurons by picrotoxin. Neurosci Res. S: 380-94.

Jacobs JM. Carmichael N. Cavanagh JB. (1975). Ultrastructural changes inn the dorsal root and
trigeminal ganglia of rats poisoned with methyl mercury. Neuropath Appl Neurobiol. 1: 1-19.

Jancso G. Kiraly E. Jancso-Gabor A. (1977). Pharmacologically induced selective degeneration
of chemosensitive primary sensory neurones. Nature (Lond). 270: 741-743.

Johnston GAR. (1991). GABA, antagonists. Semin Neurosci. 3:205-210.

Johnston GAR. (1996). GABA, receptors: relatively simple transmitter-gated ion channels?
Trends Pharmacol Sci. 17: 319-323.




81

Kaupmann K. Huggel K. Heid J. Flor PJ. Bischoff S. Mickel SJ. McMaster G. Angst C. Bittiger
H. Froestl W. Bettler B. (1997). Expression cloning of GABAg receptors uncovers similarity to
metabotropic gluatmate receptors. Nature (Lond). 368: 239-246.

Kaupmann K. Malitschek B. Schuler V. Heid J. Froestl W. Beck P. Mosbacher J. Bischoff S.
Kulik A. Shigemoto R. Karschin A. Bettler B. (1998). GABAg receptor subtypes assemble into
functional heteromeric complexes. Nature (Lond). 396: 683-687.

Kayahara T. Takimoto T. Sakashita S. (1981). Synaptic junctions in the cat spinal ganglion.
Brain Res. 216: 277-290.

Kayahara T. Sakashita S. Takimoto T. (1984). Evidence for spinal origin of neurons synapsing
with dorsal root ganglion cells of the cat. Brair Res. 293: 225-230.

Kayahara T. (1986). Synaptic connections between spinal motoneurons and dorsal root ganglion
cells in the cat. Brain Res. 376: 299-309.

Kelly JS. Krnjevic K. Morris ME. Yim GKW. (1969). Anionic permeability of cortical
neurones. Exp Brain Res. 7: 11-31.

Kerper LE. Hinkle PM. (1997). Cellular uptake of lead is activated by depletion of intracellular
calcium stores. J Biol Chem. 272: 8346-8352.

Kerr DIB. Ong J. Prager RH. Gynther BD. Curtis DR. (1987). Phaclofen: a peripheral and
central baclofen antagonist. Brain Res. 405: 150-154.

Killary AM. Fournier RE. (1984). A genetié analysis of extinction: trans-dominant loci regulate
expression of liver-specific in hepatoma hybrid cells. Cell. 38: 532-34.

Knoflach F. Benke D. Wang Y Scheurer L. Luddens H. Hamilton BJ. Carter DB. Mohler H.
Benson JA. (1996). Pharmacological modulation of diazepam-insensitive gamma-aminobutyric
acid receptors a4p2y2 and a6fy2. Mol Pharmacol. 50: 1253-1261.

Kopito RR. (1990). Molecular biology of the anion exchanger gene family. Int Rev Cytol. 123:
177-199. '

Koplas PA. Rosenberg RL. Oxford GS. (1997). The role of calcium in the desensitization of
capsaicin responses in rat dorsal root ganglion neurons. J Neurosci. 17: 3525-3537.

Kretz R. Shapiro E Kandel ER. (1986). Presynaptic product by an identified presynaptic
inhibitory neuron. I. Physiological mechanisms. J Neurophysiol. 55: 113-130.

Krishtal OA. Marchenko SM. Pidoplichko VI. (1983). Receptor for ATP in the membrane of
mammalian sensory neurones. Neurosci Lett. 35: 41-45.

Krishtal OA. Marchenko SM. Obukhov AG. (1988a). Cationic channels activated by
extracellular ATP in rat sensory neurons. Neuroscience. 27: 995-1000. '




82

Krishtal OA. Marchenko SM. Obukhov AG. Volkova TM. (1988b). Receptors for ATP in rat

sensory neurons: The structure function relationship for ligands. Br J Pharmacol. 95: 1057-
1062.

Krnjevic K. (1974). Chemical nature of synaptic transmission in vertebrates. Physiol Rev. 54:
418-540.

Kudo Y. Abe N. Gotto S. Fukuda H. (1975). The chloride-dependent depression by GABA in
the frog spinal cord. Eur J Pharmacol. 32: 251-259.

Kumazawa T. Perl ER. (1977). Primate cutaneous sensory units with unmyelinated (C) afferent
fibers. J Neurophysiol. 40: 1325-1338.

Lambert NA. Harrison NL. Kerr DIB. Ong J. Prager RH. Teyler TJ. (1989). Blockade of the late
ISPS in rat CA1 hippocampal neurons by 2-hydroxy saclofen. Neurosci Lett. 107: 125-128.

Lambert NA. Borroni AM. Grover LM. Teyler TJ. (1991). Hyperpolarizing and depolarizing
GABA, receptor-mediated dendritic inhibition in area CA1 of the rat hippocampus.
J Neurophysiol. 66: 1538-1548.

Lawson SN. (1979). The postnatal development of large light and small dark neurons in mouse
dorsal root ganglia: A statistical analysis of cell numbers and sizes. J Neurocytol. 8: 275-294.

Lee V. Wu L. Schlaepter W. (1982). Monoclonal antibodies recognize neurofilament triplet
proteins. PNAS. 79: 6089-6092.

Levy RA. (1977). The role of GABA in primary afferent depolarization. [Review]. Prog
Neurobiol. 9:211-267. '

Lieberman AR. (1976). Sensory Ganglia. In: The peripheral nerve (Landon DN). Chapman and
Hall: London. pp. 188-278.

Llinas R. Steinberg 1Z. Walton K. (1981). Relationship between presynaptic and calcium
current and postsynaptic potential in squid giant synapse. Biophysical J. 33: 323-352.

Lodin Z. Faltin J. Booher J. Hartman F. Sesenbrenner M. (1973). Formation of intercellular
contacts in cultures of dissociated neurons from chicken dorsal root ganglia. Neurobiol. 3: 376-
390.

Lynn B. Carpenter SE. (1982). Primary afferent units from the hairy skin of the rat hind limb.
Brain Res. 238: 29-43.

MacDonald RL. Barker JL. (1978a). Benzodiazepines specifically modulate GABA-mediated
postsynaptic inhibition in cultured mammalian neurons. Nature. 271: 563-564.

MacDonald RL. Barker JL. (1978b). Specific antagonism of GABA-mediated postsynaptic
inhibition in cultured mammalian neurons: a common mode of anticonvulsant action.
Neurology. 28: 325-330.



83

MacDonald RL. Barker JL. (1979). Anticonvulsant and anesthetic barbiturates: different post-
synaptic actions in cultured mammalian neurons. Neurology. 29: 432-447.

MacDonald RL. Twyman RE. (1992). Kinetic properties and regulation of GABA4 receptor
channels. In: Jon Channels. (Narahashi T). Plenum: New York. 4: 315-343.

MacDonald RL. Olsen RW. (1994). GABA, receptor channels. [Review]. Annu Rev Neurosci.
17: 569-602.

Majewska MD. Harrsion NL. Schwartz RD et al. (1986). Steroid hormone metabolites are
barbiturate-like modulators of the GABA receptor. Science. 232: 1004-1007.

Malgrange B. Rigo JM. Lefebvre PP. Coucke P. Goffin F. Xhauflaire G. Belachew S. Van de
Water TR. Moonen G. (1997). Diazepam-insensitive GABA4 receptors on postnatal spinal
ganglion neurones in culture. Neuroreport. 8: 591-596.

Martin SC. Russek SJ. Farb DH. (1999). Molecular identification of the human GABAg R2:
Cell surface expression and coupling to adenylyl cyclase in the absence of GABAg R1. Mol Cell
Neurosci. 13: 180-191.

Matsuda T. Takuma K. Nishiguchi E. Hahimoto H. Azuma J. Baba A. (1997). Involvement of
Na'-Ca’?" exchanger in reperfusion-induced delayed cell death of cultured tat astrocytes. Eur J
Neurosci. 8: 951-958.

Mayer ML. Westbrook GL. (1983). A voltage-clamp analysis of inward (anamolous)
rectification in mouse spinal sensory ganglion neurones. J Physiol (Lond). 340: 19-45.

McBurney RN. Neering IR. (1987). Neuronal Ca homeostasis. Trends Neurosci. 10: 164-169.

McGeer EG. McGeer PL. McLennon H. (1961). The inhibitory action of 3-hydroxy-tyramine,
gamma-aminobutyric acid (GABA) and some other compounds towards the crayfish receptor
neuron. J Neurochem. 8: 36-49.

Meier E. Hansén L. Schousboe A. (1985). The trophic effect of GABA on cerebellar granule
cells is mediated by GABA-receptors. Int J Dev Neurosci. 3: 401-407.

~ Meier E. Hertz L. Schousboe A. (1991). Neurotransmitters as developmental signals.
Neurochem Int. 19: 1-15.

Menon-Johansson AS. Berrow N. Dolphin AC. (1993). G, transduction GABAg-receptor

modulation of N-type calcium channels in cultured dorsal ganglion neurons. Pflug Arch Eur J
Physiol. 425: 335-343.

Michelson HB. Wong RK. (1991). Excitatory synaptic responses mediated by GABA, receptors
in the hippocampus. Science. 253: 1420-1423.

Middlemiss DN. Spedding M. (1985). A functional correlate for the dihydropyridine bihding
site in rat brain. Nature. 314: 94-96.




84

Miller RJ. (1991). The control of neuronal Ca** homeostasis. Prog Neurobiol. 37: 255-285.

Miller RJ. Freedman SB. (1984). Minireview: Are dihydropyridine binding sites voltage
sensitive calcium channels? Life Sci. 34: 1205-1221.

Miller RV. Kruger S. Coates PW. Orkand PM. (1970). Formation of synaptic contacts on
dissociated chick embryo sensory ganglion cells in vitro. Brain Res. 24: 356-358.

Mintz IM. Adams ME. Bean BP. (1992). P-type calcium channels in rét central and peripheral
neurons. Neuron. 9: 85-89.

Mironov SL. Usachev JM. Lux HD. (1993). Spatial and temporal control of intracellular free
Ca?" in chick sensory neurons. Pflug Arch Eur J Physiol. 424: 183-191.

Misgeld U. Deisz RA. Dodt HU. Lux HD. (1986). The role of chloride transport in postsynaptic
inhibition of hippocampal neurons. Science. 232: 1420-1423.

Miwa A. Ui M. Kawai N. (1990). G-protein is coupled to presynaptic glutamate and GABA
receptors in lobster neuromuscular synapse. J Neurophysiol. 63: 173-180.

Mody I. Tanelian DL. Maclver MB. (1991). Halothane enhances tonic neuronal inhibition by
elevating intracellular calcium. Brain Res. 538: 319-323.

Mountjoy CQ. Rossor MN. Iversen LL. Roth M. (1984). Correlation of cortical holinergic and
GABA deficits with quantitative neuropathological findings in senile dementia. Brain. 107: 507-
518. -

Nachshen DA. Blaustein MP. (1979). The effects of some organic “calcim antagonists” on
calcium influx in presynaptic nerve terminals. Mol Pharmacol. 16: 579-586.

Nagy JI. Hunt SP. (1983). The termination of primary afferents within the dorsa horn:
evidencefor rearrangement following capsaicin treatment . J Comp Neurol. 218: 145-158.

Naves FJ. Huerta JJ. Garcia-Suarez O. Urdangaray N. Esteban I. Del Valle ME. Vega JA.
(1996). Distribution of immunoreactivity for cytoskeletal (microtubule, microtubule-associated,
and neurofilament) proteins in adult human dorsal root ganglia. Anat Rec. 244: 246-256.

Neher E. Augustine GJ. (1992). Calcium gradients and buffers on bovine chromaffin cells.
J Physiol (Lond). 450: 273-301.

Newberry NR. Nicoll RA. (1984). Direct hyperpolarizing action of baclofen on hippocampal
pyramidal cells. Nature. 308: 450-452.

Nicholls DG. Akerman KEO. (1982). Mitochondrial calcium transport. Biochim Biophys Acta.
683: 57-88.

Nicholls DG. (1985). A role for the mitochondrion in the protection of cells against clacium
overload? Prog Brain Res. 63: 97-106.




85

Nishi S. Minota S. Karczmar AG. (1974). Primary afferent neurones: the ionic mechanism of
GABA-mediated depolarization. Neuropharmacology. 13: 215-219.

Nowak LM. Young AB. Macdonald RL. (1982). GABA and bicuculline actions on mouse
spinal cord and cortical neurons in cell culture. Brain Res. 244: 155-164.

Nowycky MC. (1992). Voltage-gated ion channels in dorsal root ganglion neurons. In: Sensory
neurons-diversity, development and plasticity (Scott SA). Oxford University Press: New York.
pp. 101-104. _ :

Nowycky MC. Fox AP. Tsien RW. (1985). Three types of neuronal calcium channel with
different calcium agonist sensitivity. Nature. 316: 440-443.

Obata K. Oide M. Tanaka H. (1978). Excitatory and inhibitory actions of GABA and glycine on
embryonic chick spinal neurons in culture. Brain Res. 144: 179-184.

Ogata N. Inoue M. Matsuo T. (1987). Contrasting properties of K conductances induced by
baclofen and y-aminobutyric acid in slices of the guinea pig hippocampus. Synapse. 1: 62-69.

Ogura A. Takahashi M. (1984). Differential effect of a dihydropyridine derivative to Ca®* entry
pathways in neuronal preparations. Brain Res. 301: 323-330.

Oh U. Hwang SW. Kim D. (1996). Capsaicin activates a nonselective cation channel in cultured
neonatal rat dorsal root ganglion neuorns. J Neurosci. 16: 1659-1667.

Ohta M. Offord K. Dyck PJ. (1974). Morphometric evaluation of first sacral ganglia of man. J
Neurol Sci. 22: 73-82.

Olpe H-R. Karlsson G. Pozza MF. Brusgger F. Steinmann M. Van Reizen Fagg G. Hall RG.
Froestl W. Bittiger H. (1990). CGP 35348: a centrally active blocker of GABAg receptors.
Eur J Pharmacol. 187: 27-38.

Olsen RW. (1981). GABA-benzodiazepine-barbiturate receptor interactions. J Neurochem.
37:1-13.

Olsen RW. (1987). The y-aminobutyric acid/benzodiazeine/barbiturate receptor chloride ion
channel complex of mammalian brain. In: Synaptic Function. (Edellman GM. Gall WE. Cowan
WM.) pp. 257-71. Neuroscience Research Foundatioin/Wiley.

Olsen RW. Tobin AJ. (1990). Molecular biology of GABA4 receptors. [Review]. FASEB J.
4: 1469-80.

Owens DF. Boyce LH. Davis MB. Kriegstein AR. (1996). Excitatory GABA-induced responses
in embryonic and neonatal cortical slices demonstrated by gramicidin perforated-patch
recordings and calcium imaging. J Neurosci. 16: 6414-6423.

Pannese E. (1974). The histogenesis of the spinal ganglia. Adv Anat Cell Biol. 47: 1-97.




86

Perl ER. (1992). Function of Dorsal root ganglion Neurons: An overview. In: Sensory neurons:
diversity, development, and plasticity (Scott SA). pp. 3-23. Oxford University Press, New York.

Perney TM. Hirning LD. Leeman SE. Miller RJ. (1986). Multiple calciurﬂ channels mediate
neurotransmitter release from peripheral neurons. Proc Natl Acad Sci USA. 83: 6656-6659.

Platika D. Boulos MH. Baizer L Fishman MC. (1985). Neuronal traits of clonal cell lines
derived by fusion of dorsal root ganglion neurons with neuroblastoma cells. Proc Natl Acad Sci
USA. 82: 3499-3503. '

Plummer MR. Logothetis DE. Hess P. (1989). Elementary properties and pharmacological
sensitivities of calcium channels in mammalian peripheral neurons. Neuron. 2: 1453-1463.

Pratt GD. Knott C. Davey R. Bowery NG. (1989). Characterization of 3-aminopropyl
phosphinic acid as a GABAg agonist in rat brain tissue. Br J Pharmacol. 96: 141.

Price GW. Blackburn TP. Hudson AL. Bowery NG. (1984). Presynaptic GABAg sites in the
interpenduncular nucleus. Neuropharmacology. 23: 861-62.

Qian H. Dowling JE. (1993). Novel GABA responses from rod-driven retinal horizontal cells.
Nature. 361: 162-164.

Qian H. Dowling JE. (1994). Pharmacology of novel GABA receptors found on rod horizontal
cells of the white perch retina. J Neurosci. 14: 4299-4307.

Raichle ME. Kult H. Louis S. McDowell F. (1971). Neurotoxicity of intravenously administered
penicillin G. Arch Neurol-Chicago. 23: 232-239.

Rambourg A. Clermont Y. Beaudet A. (1983). Ultrastructural features of six types of neurons in
rat dorsal root ganglia. J Neurocytol. 12: 47-66.

Rampe D. Janis RA. Triggle DJ. (1984). Bay K 8644, a 1,4-dihydropyridine derivative to Ca**
channel activator: Dissociation of binding and functional effects in brain synaptosomes. J
Neurochem. 43: 1688-1692.

Rane SG. Holz GG. Dunlap K. (1987). Dihydropyridine inhibition of neuronal calcium current
and substance P release. Pflug Arch Eur J Physiol. 409: 361-366.

Reichling DB. Kyrozis A. Wang J. MacDermott AB.(1994). Mechanisms of GABA and glycine
depolarization-induced calcium transients in rat dorsal horn neurons. J Physiol (Lond). 476:
411-421.

Reynolds NC. Lin W. Meyer Cameron C. Roerig DL. (1997). Differential responses of
extracellular GABA to intrastriatal perfusions of 3 nitorprionic acid and quinolinic acid in the
rat. Brain Res. 778: 140-149.

Roberts E. (1991). Living systems are tonically inhibited, autonomous optimizers, and
disinhibition coupled to variability generation is their major organizing principle: inhibitory




87

command-control at levels of membrane, genome, metabolism, brain, and society. Neurochem
Res. 16: 409-421.

Robertson B. Taylor WR. (1986). Effects of gamma-aminobutyric acid and (-)-baclofen on
calcium and potassium currents in cat dorsal root ganglion neurones ir vitro. Br J Pharmacol.
89: 661-672.

Rudomin P. Engberg I. Jimenez I. (1981). Mechanisms involved in presynaptic depolarization
of group I and rubrospinal fibers in cat spinal cord. J Neurophysiol. 46: 532-548.

Rudomin P. Schmidt RF. (1999). Presynaptic inhibition in the vertebrate spinal cord revisited.
Exp Brain Res. 129: 1-37. Review.

Sasakawa N. Yamamoto S. Kato R. (1984). Effects of inhibitors of arachidonic acid metabolism
on calcium uptake and catecholamine release in cultured adrenal chromaffin cells. Biochem
Pharmacol. 33: 2733-2738. ‘

Schanne FAX. Kand AB. Yound EA. Farber JL. (1979). Calcium dependence of toxic cell
death: a final comon pathway. Science. 206: 700-702.

Schmidt RF. (1963). Pharmacological studies on the primary afferent depolarization of the toad
spinal cord. Pflug Arch Eur J Physiol. 277: 325-364.

Schofield PR. Darlison MG. Fujita N. (1987). Sequence and functional expression of the
GABA, receptor shows a ligand-gated receptor superfamily. Nature. 328: 221-227.

Scholz KP. Miller RJ. (1991). GABAg receptor-mediated inhibition of Ca** currents and
synaptic transmission in cultured rat hippocampal neurones. J Physiol (Lond). 444: 669-686.

Scott BS. Engelbert VE. Fisher KC. (1969). Morphological and electrophysiological
characteristics of dissociated chick embryonic spinal ganglion cells in culture. Exp Neurol. 23:
230-248.

Seabrook GR. Howson W. Lacey MG. (1990). Electrophysiological characterization of potent

agonists and antagonists at pre- and postsynaptic GABAg receptors on neurons in rat brain
slices. Br J Pharmacol. 101: 949-957.

Segal M. (1993). GABA induces a unique rise of [Ca®*]; in cultured rat hippocampal neurons.
Hippocampus. 3: 229-238.

Shalaby IA. Kongsamut S. Freedman SB. Miller RJ. (1984). The effects of dihydropyridines on
neurotransmitter release from cultured neuronal cells. Life Sci. 35: 1289-1295.

Shank RP. Pong SF. Freeman AR. Graham LT. (1974). Bicuculline and picrotoxin as

antagonists of y-aminobutryate and neuromuscular inhibition in the lobster. Brain Res. 72: 71-
78.




88

Shen W. Mennerick S. Zorumski EC. Covey DF. Zorumski CF. (1999). Pregnenolone sulfate
and dehydroepiandrosterone sulfate inhibit GABA-gated chloride currents in Xenopus oocytes
expressing picrotoxin-insensitive GABA4 receptors. Neuropharmacology. 38: 267-271.

Shimada S. Cutting G. Uhl GR. (1992). y-Aminobutyric acid A or C receptor? ¥-Aminobutyric
acid p1 receptor RNA induces bicuculline-, barbiturate-, and benzodiazepine-insensitive y-
aminobutyric acid responses in Xenopus oocytes. Mol Pharmacol. 41: 683-687.

Shivers BD. Killisch I. Sprengel R. Sontheimer H. Kholer M. Schofield PR. Seburg PH. (1989).
Two novel GABA4 receptor subunits exist in distinct neuronal subpopulations. Neuron. 3: 327-
337.

SiJQ. Li ZW. Hu HZ. Zhou XP. Guan BC. (1997). Inhibitory effect of baclofen on GABA-
induced depolarization and GABA-activated current in primary sensory neurons. Neuroscience.
81: 821-827.

Sieghart W. (1995). Structure and pharmacology of gamma-aminobutyric acid A receptor
subtypes. [Review]. Pharmacol Rev. 47: 181-234.

Sigel E. Stephenson FA. Mamalaki C. Barnard EA. (1983). A y—aminobutyric
acid/benzodiazepine receptor complex of bovine cerebral cortex: Purification and partial
characterization. J Biol Chem. 258: 6965-6971.

Simmonds MA. (1980). Evidence that bicuculline and picrotoxin act at separate sites to
antagonized y—aminobutyric acid in rat cuneate nucleus. Neuropharmacology. 19: 39-45.

Simone DA. Ngeow JYF. Putterman GJ. LaMotte RH. (1987). Hyperalgesia to heat after
intradermal injection of capsaicin. Brain Res. 418: 201-203. '

Simone DA. Baumann TK. LaMotte RH. (1989). Dose-dependent pain and mechanical
hyperalgesia in humans after intradermal injection of capsaicin. Pain. 38: 99-107.

Simone DA. Sorkin LS. Oh U. Chung JM. Owens C. LaMotte RH. Willis WD. (1991).
Neurogenic hyperalgesia: central neural correlates in responses of spinothalamic tract neurons. J
Neurophysiol. 66: 228-246.

Sivilotti L. Nistri A. (1991). GABA receptor mechanisms in the central nervous system. Prog
Neurobiol. 36: 35-92.

Slingluff CL. Terzis JK. Edgerton MT. (1987). The quantitative microanatomy of the brachial
plexus in man: reconstructive relevance. In: Microreconstruction of Nerve Injuries (Terzis JK).
pp. 285-324. WB. Saunders, Philadelphia.

Smith TG. Constanti A. (1981). Area-examination of the GABA-inhibitory action of bicuculline
on lobster muscle. Eur J Pharmacol. 70: 25-33.




89

Staley KJ. Mody 1. (1992). Shunting of excitatory input to dentate gyrus granule cells by a
depolarizing GABA, receptor-mediated postsynaptic conductance. J Neurophysiol. 68: 197-
212.

Stauber GB. Ransom RW. Dilber Al. Olsen RW. (1987). The y—aminobutyric acid-
benzodiazepine receptor protein from rat brain: large-scale purification and preparation of
antibodies. Eur J Biochem. 167: 125-133.

Sterini C. (1997). Organization of the peripheral nervous system: autonomic énd sensory
ganglia. J Invest Dermatol Symp Proc. 2: 1-7.

Strichartz GR. (1973). The inhibition of sodium currents in myelinated nerve by quaternary
derivatives of lidocaine. J Gen Physiol. 62: 37-57.

Study RE. Barker JL. (1981). Diazepam and (+)-pentobarbitol: Fluctuation analysis reveals

different mechanisms for potentiation of y-aminobutyric acid responses in cultured central
neurons. Proc Natl Acad Sci USA. 78: 7180-7184.

Suburo AM. Wheatley SC. Horn DA. Gibson SJ. Jahn R. Fischer-Colbrie R. Wood JN.
Latchman DS. Polak JM. (1992). Intracellular redistribution of neuropeptides and secretory
proteins during differentiation of neuronal cell lines. Neuroscience. 46: 881-889.

Sudzak PD. Glowa JR. Crawley JN. Schwartz RD. Skolnick P. Paul SM. (1986). A selective
imidazobenzodiazepine antagonist of ethanol in the rat. Science. 234: 1243-1247.

Suszkiw JB. O’Leary ME. Murawsky MM. Wang T. (1986). Presynaptic calcium channels in
rat cortical synaptosomes: Fast-kinetics of phasic calcium influx, channel inactivation, and
relationship to nitrendipine receptors. J Neurosci. 6: 1349-1357.

Takahashi M. Ogura A. (1983). Dihydropyridines as potent calcium channel bloékers in
neuronal cells. FEBS Lett. 152: 191-194.

Takeuchi A. Takeuchi N. (1966). A study of the inhibitory action of gamma-aminobutyric acid
on neuromuscular transmission in the crayfish. J Physiol (Lond). 183: 418-432.

Takeuchi A. Takeuchi N. (1969). A study of picrotoxin on the inhibitory neuromuscular
junction of the crayfish. J Physiol (Lond). 205: 377-391.

Taylor DCM. Pierau F-K. (1991). The anatomy of the primary afferent neurone. In: Studies in
neuroscience No. 14, Nociceptive afferent neurones. pp. 18-35. Manchester University Press,
New York.

Tebecis AK. Phillis JW (1969). The use of convulsants in studying possible functions of amino
acids in the toad spinal cord. Comp Biochem Physiol. 28: 1303-1315.

Tennyson VM. (1965). Electron microscopic study of the developing neuroblast of the dorsal
root ganglion of the rabbit embryo. J Comp Neurol. 124: 267-318.




90

Tennyson VM. (1970). The fine structure of the axon and growth cone of the dorsal root
neuroblast of the rabbit embryo. J Cell Biol. 44: 62-79.

Terzis JK. Smith KL. (1990). Composition of the peripheral nerve. In: The Peripheral Nerve:
sturcture, function, and reconstruction. pp. 1-37. Raven Press, New York.

Thayer SA. Sturek M. Miller RJ. (1988). Measurement of neuronal Ca®" transients using
simultaneous microfluorimetry and electrophysiology. Pflug Arch Eur J Physiol. 412: 216-223.

Thayer SA. Miller RJ. (1990). Regulation of the intracellular free calcium concentration in
single rat dorsal root ganglion neurones in vitro. J Physiol (Lond). 425: 85-115.

Toll L. (1982). Calcium antagonists: High-affinity binding and inhibition of calcium traﬁsport in
a clonal cell line. J Biol Chem. 257: 13189-13192.

Tsien RW. Tsein RY. (1990). Ca channels, stores, and oscillations. Ann Rev Cell Biol. 6: 715-
760.

Turner TJ. Goldin SM. (1985). Calcium channels in rat brain synaptosomes: Identification and
pharmacological characterization. J Neurosci. 5: 841-849.

Twyman RE. Rogers CJ. Macdonald RL. (1989a). Differential mechanisms for enhancement of
GABA by diazepam and phenobarbital: a single channel study. Ann Neurol. 25: 213-220.

Twyman RE. Rogers CJ. Macdonald RL. (1989b). Pentobarbital and picrotoxin have reciprocal
actions on single GABA-CI channels. Neurosci Lett. 96: 89-95.

Uto A. Arai H. Ogawa Y. (1991). Reassessment of fura-2 and the ratio method for
determination of intracellular Ca®" concentrations. Cell Calcium. 12: 29-37.

Valera S. Hussy N. Evans RJ. Adami N. North RA. Suprenant A. Buell G. (1994). A new class
of ligand-gated ion channel defined by P2X receptor for extracellular ATP. Nature. 371: 516-
519.

Valeyev AY. Hackman JC. Wood PM. Davidoff RA. (1996). Pharmacologically novel GABA
receptor in human dorsal root ganglion neurons. J Neurophysiol. 76: 3555-3558.

Valeyev AY. Hackman JC. Holohean AM. Wood PM. Katz JL. Davidoff RA. (1999). GABA-
induced CI' current in cultured human dorsal root ganglion neurons. J Neurophysiol. 82: 1-9.

van Hilten BJ. van de Beek W-JT. Hoff JI. Voormolen JHC. Delhaas EM. (2000). Intrathecal
baclofen for the treatment of dystonia in patients with reflex sympathetic dystrophy. New Engl J
Med. 343: 625-630.

Varon S. Raiborn C. (1971). Exictability and conduction in neurons of dissociated ganghomc
cell cultures. Brain Res. 30: 83-98.

Verdeorn TA. Draguhn A. Ymer S. Seeburg PH Sakmann B. (1990). Functional properties of
recombinant rat GABA receptors depend upon subunit composition. Neuron. 4: 919-928.




91

Volpi R. Chiodera P. Caffara P. Scaglioni A. Saccani A. Coiro V. (1997). Different control
" mechanisms of growth hormone (GH) secretion between gamma-amino- and gamma-hydroxy-

butyric acid neuroendocrine evidence in Parkinson’s Disease. Psychoneuroendocronol. 22: 531-
538.

Walpole CS. Bevan S. Bovermann G. Boelsterli JJ. Breckenridge R. Davies JW. Hughes GA.
James 1. Oberer L et al. (1994). The discovery of capsazepine, the first competitive antagonist of
the sensory neuron excitants capsaicin and resiniferatoxin. J Med Chem. 37: 1942-1954.

Wassef AA. Dott SG. Harris SA. Brown A. O’Boyle M. Meyer WJ. Rose RM. (1999). Ciritical
review of GABA-ergic durgs in treatment of schizophrenia. J Clin Psychopharmacol. 19: 222-
232. '

Weight FF. Aguayo LG. White G. Lovinger DM. Peéples RW. (1992). GABA- and glutamate-
gated ion channels as molecular sites of alcohol and anesthetic action. [Review]. Adv Biochem
Psychopharmacol. 47: 3-47.

Whiting P. McKernan RM. Iversen LL. (1990). Another mechanism for creating diversity in y-
aminobutyrate type A receptors: RNA splicing directs expression of two forms of y2 subunit,

one of which contains a protein kinase C phosphorylation site. Proc Natl Acad Sci USA. 87:
9966-9970.

Williams B. Bence M. Everest H. Forrest-Owen W. Lightman SL. McArdle CA. (2000).
GABAA receptor-mediated elevation of Ca>* and modulation of gonadotrophin-releasing
hormone action in alpha T3-1 gonadotropes. J Neuroendocrinol. 12: 159-166.

Williams DA. Fogary KE. Tsien RY. Fay FS. (1985). Calcium gradients in single smooth
muscle cells revealed by the digital imaging microscope using fura-2. Nature. 318: 558-561.

Williamson AV. Mellor JR. Grant AL. Randall AD. (1998). Properties of GABA(A) receptors
in cultured oligodendorcyte progenitor cells. Neuropharmacology 37: 859-873.

Woijcik WJ. Neff NH. (1984). y-Aminobutyric acid B receptors are negatively coupled to
adenylate cyclase in brain and in the cerebellum these receptors may be associated with granule
cells. Mol Pharmacol. 25: 24-28.

Wolff JR. Joo F. Dames W. (1978). Plasticity in dendrites shown by continuous GABA
administration in superior cervical ganglion of adult rat. Nature. 274: 72-74.

Xi ZX. Yamada K. Tsurusaki M. Akasu T. (1997). Baclofen reduces GABAAx receptor responses
in acutely dissociated neurons of bullfrog dorsal root ganglia. Synapse. 26: 165-174.

Yoo ASJ. Krieger C. Kim SU. (1999). Process extension and intracellular Ca® in cultured
murine oligodendrocytes. Brain Res. 827: 19-27.

Yuste R. Katz LC. (1991). Control of postsynaptic Ca*" influx in developing neocortex by
excitatory and inhibitory neurotransmitters. Neuron. 6: 333-344. '




Zhang JH. Makoto S. Tohyama M. (1991). Different postnatal developmental profiles of
neurons containing distinct GABA, receptor beta subunit mRNAs (B1, B2, and B3) in the rat
forebrain. J Comp Neurol. 308: 586-613.

Zhou Z. Neher E. (1993). Mobile and immobile calcium buffers in bovine adrenal chromaffin
cells. J Physiol (Lond). 469: 245-273.

92



