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ABSTRACT

The establishment of neuronal polarity constitutes a central phase in neuronal
development and synaptogenesis, In my thesis, 1 study factors that regulate the
development of neuronal polarity and its relationship with neurotransmitter receptor
expression. For my experiments, | have investigated the development of sensory neurons
from neonatal rat nodose ganglia in culture. Sensory neurons have a pscudo-unipolar
morphology. do not extend dendrites. and are devoid of synaptic connections on their
somata. However, nodose neurons form synapses de novo in cultures, and 1 show that the
neurons have retained the ability to extend dendrites. Extrinsic factors control dendrite
extension by these neurons: the ganglionic satcllite cells inhibit the growth of dendrites
and induce the neurons to develop a unipolar morphology. In the absence of satellite cells,
nodose neurons establish a new multipolar morphology and, in response to nerve growth
factor (NGF). extend several dendrites. However, brain-derived neurotrophic factor
(BDNF) and neurotrophin-3 (NT-3) do not induce the neurons to extend dendrites, but
promote the expression of properties typical of nodose neurons in vivo,

As nodose neurons acquire a new dendritic-axonal polarity in the presence of NGF,
they increase the density of functional neuronal nicotinic acetylcholine receptors (nAChRs)
on their somato-dendritic domains. To learn more about the relationship between dendrites
extension and nAChR gene expression, I have examined the changes in transcript levels
of nAChR subunits in nconatal rat sympathetic neurons developing in culture. I show that
the developmental pattern of nAChR subunit expression in the cultured ncurons follows
closely that of sympathetic neurons developing in vivo, with the exception of one specific
subunit, o. I show that the increase in a; mRNA levels correlates well with an increase
1n the density of functional nAChRs on the neurons. In addition, my results suggest that
these increases are regulated by mechanisms intrinsic to nconatal sympathetic ncurons, On
the other hand, the changes in @, gene expression, which correlate with changes in
a-bungarotoxin binding, are activity-dependent and regulated by a calcium/calmodulin-
dependent protein kinase pathway. The results presented in this thesis provide insights on
how neurons are influenced in their extension of dendrites and how this extension affects

neurotransmitter receptor expression.
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RESUME

L établissement de la polarité neuronale représente une ¢tape critique du développement
ncuronal ¢t de la synaptogéncése. Dans ma thése, j'¢iudie les facteurs qui controleni le
déveioppement de la polarité neuronale ¢t son licn avec l'expression des récepteurs de
neurotransmeticurs, Les neurones sensoricls ont une morphologic pscudo-unipolaire, ne
développent pas de dendrites ot sont dénués de contacts synaptiques sur leur corps cellulaire.
Pour mes expériences, j ai suivi en culture le développement de neurones sensoriels provenant
du ganglion nodose chez le rat nouveau-né, car ces neurones forment des synapses de novo
lorsqu™ils se développent en culture. En fait, je démontre quils ont la capacité de croitre des
dendrites, et que des facteurs externes controlent cette croissance. Les cellules ganglionnaires
satellites inhibent la croissance dendritique et incitent les ncurones i acquérir une morphologie
unipolaire. Cependant, en I"absence de cellules satellites. les neurones du nodose acquiérent
une nouvelle morphologic muitipolaire et, en réponsc a la neurotrophine, NGF. développent
plusicurs dendrites. En revanche, les neurotrophines BDNF et NT-3 n'induisent pas ces
ncurones d croitre des dendrites. mais stimulent plutot 1'expression de caractéristiques propres
aux ncurones sensoriels du ganglion nodose in vivo.

Lorsque les neurones du nodose développent une nouvelle polarité dendritique-axonale, en
présence de la NGF, ils augmentent la densité fonctionnelle de récepteurs nicotiniques de
"acétylcholine (nAChRS) sur leur membrane somato-dendritique. Pour mieux comprendre le
lien entre la croissance dendritique et I'expression des génes du nAChR, jal examiné les
changements de niveau des ARN messagers (ARNm) pour les sous-unités du nAChR dans les
ncurones sympathiques du rat nouveau-né en culture. Je montre que le patron d’expression des
génes du nAChR dans les neurones en culture suit de prés celui qui prévaut dans les neurones
sympathiques sc développant in vivo, a I'exception d'un géne, o,. Je montre €galement que
"augmentation du niveau d’ARNm pour a3 est en corrélation avec 'augmentation de la densité
fonctionnelle de nAChRs sur les neurones. De plus, mes résultats suggérent que ces
augmentations sont contrlées par des mécanismes intrinséques aux neurones sympathiques
post-nataux. Cependant, les changements de niveaux de I’ARNm a4, qui sont en corrélation
avec les changements de niveaux du récepteur nicotinique de la a-bungarotoxine, dépendent
de I"activité neuronale et sont contrélés par un mécanisme impliquant 1"activité de la protéine
kinase calcium/calmoduline-dépendente. Les résuitats présentés dans ma thése mettent en
lumiére certains meécanismes qui contrdlent la croissance des dendrites et la fagon dont celle-ci

influence I"expression des récepteurs de neurotransmetteurs.
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CONTRIBUTION TO ORIGINAL SCIENCE

In chapter 3. I demonstrate, for the first time, that nconatal rat sensory neurons have
the ability to extend dendrites in culture, and that two extrinsic intluences control dendritic
outgrowth from these neurons. Ganglionic satellite cells inhibit their growth. whercas NGF
stimulates their growth. [ show that satellite cells induce nodose neurons to acquire a
unipolar morphology through a direct contact mechanism. These results indicate that
neuronal polarity is regulated. in part. by extrinsic factors, and provide clues to the
mechanisms that control neuronal polarity.

In chapter 4. 1 show a correlation between the extension of dendrites by nodose
neurons and an increase in the functional expression of nAChRs. and demonstrate that the
neurons express functional nAChRs on their somatodendritic domains. In addition, | show
that nodose neurons develop clusters of synaptophysin immunorcactivity in axonal-
terminai-like or varicosities-like structures as they develop in culture. These results
suggest that sensory neurons can develop a fully differentiated dendritic-axonat polarity.

In chapter 5, I demonstrate that Pl rat nodose ncurons can grow in culture in the
absence of exogenous sources of neurotrophins. However, | show that nodose ncurons
contain significant transcript levels for the 4 known neurotrophin receptors, p75-NGF R,
trkA, kB and #kC. 1 demonstrate that neurotrophins have distinct cffects on the
differentiation of nodose neurons: while NGF promotes dendrite outgrowth and functional
nAChR expression by the neurons, BDNF and NT-3 promotc capsaicin sensitivity, a
characteristic of C-type sensory neurons. My results provide preliminary evidence for co-
expression of multiple #rkTeceptors within individual nodosc neurons and for distinct
effects mediated by different neurotrophins on individual ncurons,

In chapter 6, I demonstrate that the expression of 4 nAChR transcripts (a5, &g, B, and
B,) in cultured neonatal rat superior cervical ganglion neurons occurs independent of
innervation and membrane depolarization. In addition, 1 provide evidence for the lack of
regulation by protein kinase C and A, and tyrosine kinases on the expression of nAChR
transcripts. On the other hand, I demonstrate that the expression of ¢, transcripts and a-

BTX-nAChRs are up-regulated by membrane depolarization. I identify part of the
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signalling pathway that regulates @4 in showing that Ca®* influx through L-type Ca**
channels and CaM kinase activity are mediating the effects of membrane depolarization.
These results provide evidence that nAChR subunit expression is differentially regulated.
One novel aspect of this study is that it links membrane depolarization with
neurotransmitter receptor expression through a CaM kinase pathway. The identification
of a CaM kinasc mechanism in regulating expression of a neurotransmitter receptor offers
a potential mechanism for some forms of synaptic plasticity.

In Chapter 7, I show a correlation between the specific increase in o transcript levels
and an increase in ACh-evoked current densities on cultured SCG neurons. In contrast,
I show that changes in a- transcript levels have no consequences on the macroscopic
ACh-evoked currents on SCG neurons.

All of the experiments presented in this thesis were performed by myself. The

experiment presented in Figure 7.6 was done in collaboration with Ali Haghighi.
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Chapter 1

Introduction

INTRODUCTION

The complex morphologies of nerve cells have fascinated many investigators for over
150 years. In the early age of neuroscience, the unusual shapes of neurons had. in fact,
represented an obstacle to the appreciation of the cellular nature of the nervous system.
Neurons make use of their complex morphology to establish thousands of connections
with other distant neurons. These connections. or synapses, generally form between the
specialized processes of two neurons: the axon terminals and the dendrites. During
development, neurons exiend these processes in various. but specific. directions; these
processes. then. encounter numerous axons and dendrites from other nerve cells.
Remarkably. neurons appear to have the ability to choose to form synapses only with a
specific subsets of other neurons. Among the numerous elements that determine the
specificity of neuronal connections, a major one is the chemical compatibility between
nerve cells. Indeed. neurons use various neurotransmitters and neurotransmitter receptors
to transmit information from one to another. Furthermore, each neuron releases a
particular set of neurotransmitters and possesses a few specific types of neurotransmitter
receptors. Therefore. for neurons to communicate with each other, the presynaptically
released neurotransmitter molecule must recognize its specific chemical receptor on the
postsynaptic membrane.

[t is unknown why neurons adopt a given shape or synthesize a particular set of
neurotransmitters or neurotransmitter receptors. The synthesis of these molecules is often
initiated by the transcription of their genes in the nucleus, but these molecules typically
act far away from that nucleus, in the remote axonal terminals and dendritic branches.
Thus. the morphologies that neurons adopt during development will greatly influence the
development of synaptic connections and the transmission of signals from neuron to

neuron.
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In my thesis. [ have studied factors that control the morphologies of neurons. More
specifically, I have investigated the extrinsic influences that govern the initiation of
dendrites and examined the relationship between the extension of dendrites and the
expression of neurotransmitter receptors. My experiments address several topics in
developmental and cellular neurobiology; to keep this introduction from being 100 long.
[ have restrained myself to discuss only the topics that are immediately relevant to my
experiments. Unfortunately. many interesting and important subjects receive only brief
attention, although some are discussed later in the following chapters or in one of the 3
appendices. Furthermore, in atempt to write an introduction for non-experts on these
different topics. I have made several generalizations and simplifications that experts will
easily recognize.

[ have organized this introduction as follows: First. [ discuss the essence of neuronal
polarity by highlighting the differences between axons and dendrites at the cellular and
physiological level. Second. I briefly review experiments that have addressed the intrinsic
mechanisms and extrinsic influences that govern the establishment of neuronal polarity.
Third, I briefly review what is known about factors that regulate the expression of
neurotransmitter receptors on neurons. As my experiments addressed the expression of
neuronal nicotinic acetylcholine receptors (RAChRS) on peripheral neurons, I have largely
restricted this section to the expression of these members of the ligand-gated ion channel

family on peripheral neurons.

NEURONAL POLARITY

With his remarkable sketch of a large motor neuron, Dieters was the first, in 1865, to
identify the neuron’s axon and dendrites, in what he described as the "axis cylinder” and
the "protoplasmic prolongations” (Shepherd, 1994). Three decades later, Cajal formulated
the "Law of Dynamic Polarization” which stipulated that "the transmission of the nervous
impulise is always from the dendritic branches and the cell body to the axon or functional
process”. The cell body and its dendritic prolongations would be the "receptor apparatus”
whereas the axon would be the “emission apparatus” and the nerve terminals the
"apparatus of distribution" (Cajal. 1989). His proposition provided the basis of what is
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now the concept of "neurcnal polarity”. With the discovery of dendro-dendritic and axo-
axonic synapses. initially referred to as "unconventional” or "unusuai” synapses, the law
of dynamic polarization had to be modified (Shepherd. 1994). However. for most neurons.
the axon is primarily concermned with conduction and transmission of information. while
dendrites are primarily concerned with receiving information. From a cell biological point
of view, neurons are highly polarized. and axons and dendrites have fundamentally
different structures. Accordingly, the establishment of neuronal polarity is a critical stage
of neuronal development. and has important consequences on the construction of complex

neuronal circuitry.

Dendrites

Dendrites appear like extensions of the perikaryon. Generally, multiple dendrites
originate from the cell body as thick tapering unmyelinated processes that have irregular
contours and specialized appendages. They ramify by branching at acute angles, usually
subdividing into branches smailer than the parent stem. Typically, their ramifications are
confined to the vicinity of the cell body (Peters et al.. 1991). The surface area of dendrites
is commonly greater than that of the perikaryon; for instance, the surface area of the
dendrites of the dentate granule cells is approximately 12 times greater than that of the
cell body (Desmond and Levy, 1982). In the central nervous system (CNS), the majority
of synapses form on dendrites.

The classical view of dendrites has been that they are ¢lectrically passive structures that
funnel synaptic potentials to the soma and axon hillock, the site of action potential
initiation. (Eccles, 1964; Rall, 1970). However, dendrites are now believed to be active
structures, capable of actively propagating action potentials, controlling internal free
calcium (Ca®*) levels, modulating synaptic transmission, and even hosting protein
synthesis (Steward and Banker, 1992; Bliss and Collingridge. 1993; Stuart and Sakmann,
1994; Regehr and Tank, 1994). In order to assimilate synaptic inputs and translate them
into short- and long-term responses, dendrites possess elements that can adapt quickly to
changes in synaptic activity. They have voltage-dependent ion channels that sense and

control the neuron’s state of excitability. Dendrites have organelles and proteins that can
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buffer or release Ca=" almost instantaneously. and enzymes that respond to rapid changes
. R e o. . . .
in Ca~" levels thereby modifying locally the receptive properties of the postsynaptic

membrane.

Cvtoplasmic content

The original denomination of dendrites by Dieters as protoplasmic prolongations is
accurate in that dendrites appear metabolically continuous with the cell body: it is
sometimes impossible to delineate, even with electron microscopy (EM), where the ceil
body ends and where dendrites begin (Peters e al., 1991). Indeed, the rough endoplasmic
reticulum (RER), ribosomes and the Golgi complex extend into dendrites for some
distance (Bartlett and Banker, 1984a.b: Peters et al., 1991). The dendritic cvtoskeleton is
particularly eariched in microtubules. These microtubules are polarized in both
orientations and linked together by the microwbule-associated protein 2 (MAP2)
(Bernhardt and Martus, 1984; Caceres et al.. 1984: Baas er al. 1988; Burton, 1988; Peters
et al., 1991). An intriguing observation in dendritic cytoplasm is the presence of RNA and
even some mRNAs. which have been shown to be actively transported relatively far into
distal dendrites (Davis er al, 1987, 1990). Notable examples of dendritic mRNAs are
those of MAP?2, the o subunit of the multifunctional Ca**/calmodulin-dependent protein
kinase (CaM kinase II), the immediate early geﬁe Arc, and a small non-coding RNA,
Neural BC1 (Gamer et al., 1988; Bruckenstein er al., 1990; Kleinman et al., 1990; Tiedge
er al., 1991; Chicurel er al., 1993; Lyford er al., 1995). The presence within dendrites of
these mRNAs, which code for proteins associated with neuronal polarity or synaptic
function, suggests that 1) protein synthesis occurs within dendrites and 2) that local
control of protein synthesis is used as a mechanism to modulate synaptic interactions. The
possibility of dendritic translation is supported by the presence of 2 synthetic machinery
within dendrites, including polyribosomes, Golgi apparatus and the "spine apparatus” or
"cisternae” that are often observed with EM at the base of dendritic spines (Steward and
Falk. 1986: Steward and Reeves, 1988). In addition, Steward and colleagues have
provided further evidence of dendritic translation of mRNA to protein by demonstrating
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the incorporation of radiolabetled amino acids within dendrites of cultured hippocampal
neurons and within preparations of hippocampal svnaptosomes (Rao and Steward, 1991:
Torre and Steward, 1992; Steward and Banker, 1992).

Dendritic spines and surface domains

Dendrites can be covered with protuberances or spines that are typically "mushroom”
shaped. but that can have a wide variety of other shapes, ranging from short and stubby,
to long and thin. The density of spines varies for different neuronal types. as well as along
the length of a given dendrite. For example. a layer 5 pyramidal cell in the visual cortex
may have up to 15000 spines, averaging about two spines per micrometer length of
dendrite (Larkman, 1991). Each of these spines commonly receive a single excitatory
synapse. The spine contains a diffuse electron dense structure stretching from the plasma
membrane into the cytoplasm that is referred to as the postsynaptic density (Peters er al..
1991). This dense structure of proteins develops in close apposition to presynaptic
terminals, and contains the basic elements for the reception and transmission of synaptic
signals. It contains ligand-gated ion channels that mediate synaptic currents, and enzymes
such as CaM kinases that modulate synaptic wransmission. Postsynaptic densities are also
localized outside dendritic spines, throughout somatodendritic domains, and are anchored
by structural proteins, such actin, spectrin and tbulin.

Although spines appear to increase the surface area of dendrites significantly, their role
seems not simply to provide more postsynaptic membrane but rather to help modulate
synaptic transmission (Koch and Zador, 1993). Their shape have led some to propose that
the high resistance of the spine stem might sculpt the electrical signal generated by the
synapse (Chang, 1952). Thus, the spine stem resistance may be used physiologically to
control the relative weights of synaptic inputs from different afferent sources (Rall, 1970).
The presence of actin filaments at the spine base suggests that its shape may be changed
to control the resistance of the spine neck (Crick, 1982). However. our current
understanding of the plasticity of synaptic transmission. with the key role of Ca** and its
linked effectors, suggests that dendritic spines may rather serve to concentrate the
biochemical elements that modulate synaptic activity. Indeed, the size of a dendritic spine
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approaches the molecular scale: the estimated volume of a rat CAl pyramidal cell spine
is roughly 0.06 um? (Harris and Stevens; 1989): in such volume, the resting levels of free

Ca”* (e.g. 80-100 nM) is reached with approximately only 4 Ca** ions.

Modulation of synaptic transmission in dendrites

A common link to synaptic modulation events in dendrites appears 1o be the generation
of intracellular waves of free Ca2* (Kennedy, 1989; Schulman. 1993; Regehr and Tank.
1994; Clapham, 1995). The primary source of Ca>* during synaptic activity comes from
the extracellular solution. Ca** flows inside neurons mainly through 2 classes of ion
channels: voltage-gated Ca>* channels and ligand-gated ion channels that are permeable
to Ca>*, particularly the N-methyl-D-aspartate (NMDA) and nicotinic acetylcholine
(nACh) receptors. Internal stores of Ca*, such as the smooth endoplasmic reticuium. also
play a significant role in dendritic Ca** dynamics (Regehr and Tank. 1994). A local rise
in Ca=* concentration ([Ca*]) can wigger and regulate the activities of a variety of
enzymes, recéptors. ion channels. regulatory proteins and structural proteins. This broad
scope of effects by Ca=" requires an assortment of Ca>* effector systems. including
ATPases, ion channels, proteases. phospholipases, kinases and phosphatases, that can
respond to changes in Ca®* levels within milliseconds to minutes (Kennedy, 1989:
Schulman, 1993). Ca**-linked signalling cascades within dendrites can produce long-term
changes in neuronal function that underlie synaptic plasticity.

The best characterized phenomena of synaptic plasticity are those of long-term
potentiation (LTP) and long-term depression (LTD), which represent changes in Synaptic
efficacy that may underlie learning and memory (Bliss and Collingridge, 1993; Linden.
1994; Bear and Malenka, 1994). LTP and LTD are respectively elicited by high- or low-
frequency stimulation of a presynaptic neuron. Although these changes in synaptic
efficacy are opposite. they both require. in the brain, the activation of postsynaptic NMDA
receptors, as well as 2 rise in [Ca=*] in the dendritic spine. The decoding of these Ca®*
influxes by Ca>"-linked protein kinases and phosphatases, such as CaM kinase II and
calcineurin, may determine the elicited changes in synaptic efficacy (Lisman, 1994). CaM

kinase II is one of the most abundant protein in postsvnaptic densities. Its biochemical
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properties (see appendix 3) make it an attractive candidate for decoding synaptic signals
and translating them into biochemical signals. that ultimately lead to gene expression.
Indeed. transynaptic signals inducing long-term responses in neurons are bound to involve
changes in gene expression (Goelet ez al. 1986: Frey er al.. 1993: Nguyen er al., 1994).
During synaptic activity, oscillations in {Ca~"] are also generated ar the base of dendrites
and in the perikaryon. These waves of Ca>" are. in part. triggered by the activity of L-type
Ca* channels, which preferentially target to those membrane domains (Ahlijanian et al..
1990; Westenbroek er al.. 1990: Regehr and Tank. 1994). The slowly inactivating Ca="
influxes through L-type Ca>* channels at depolarized potentials may provide a link
between activity in distal dendrites and changes in gene expression (Murphy et al., 1991:
Ghosh and Greenberg, 1995). Little is known about the relationship between synaptic
activity and the expression of proteins involved in synaptic transmission. In chapter 6, |
propose a novel link between neuronal activity and neurotransmitter receptor expression.
Potential mechanisms of activity-mediated changes in gene expression in neurons are

briefly discussed in appendix 2.

Axons

A single axon originates generally from the perikaryon or, occasionally, from a
dendrite. The axon can be discerned morphologically from dendrites by its cylindrical
shape and smooth contours. At its site of origin, the axon is commonly thinner than
dendrites. The length of axons varies substantially; certain axons project to structures
located centimeters away from the cell body, while others extend only a few microns,
remaining in the vicinity of the perikaryon. The axon is not a unique process; it ramifies
extensively by branching at obtuse angles, usually giving rise to collaterals of the same
diameter as the parent stem. Some axonal collaterals are "recurrent” and grow back to the
perikaryon. while most collaterals ramify in the terminal field of the axon, giving rise to
a dense arborization of very fine branches that form synaptic contacts with their cellular
targets. The axon and its collaterals can be wrapped with a sheath of myelin of various
thickness that is produced by the glial cells (Hammond and Tritsch, 1990; Peters et al.,



1991).

The principal characteristic of the axon is its ability to act as a "transmission cable” by
propagating all or none action potentials over long distances up to its terminals to evoke
transmitter reiease. However, the axon has additional functions: it can modulate synaptic
transmission, release various factors, retrogradely transport signals from its targets and

also receive synaptic contacts from other neurons.

Cvtoplasmic content

The cytoskeletal filamentous elements in axons are packed more densely than those in
dendrites. Axons are enriched in actin filaments and neurofilaments (Peters er al.. 1991).
the latter being heavily phosphorylated (Sternberger and Sternberger. 1983; Lein and
Higgins. 1989). Unlike in dendrites, the microtubules of axons all have the same
orientation with their plus-end distal (Baas er al.. 1938: Burton, 1988). and these
microtubules are associated with abundant tau and MAP 3/4 (Huber er al, 1985:
Bermnhardt er al.. 1985: Goslin ez al.. 1988, 1990: Kosik and Finch, 1987: Dotti er al..
1987; Binder er al., 1985). A lipid linked protein termed GAP-43 (growth-associated
protein-43), whose function is not fully understood, is enriched in the axon, particularly
in its growth cones (Goslin er al.. 1988; 1990).

The axon appears to exclude organelles involved in protein synthesis and it is generally
accepted that mRNAs are not transported in the axon. beyond its proximal segment
(Bartlett and Banker, 1984a.b; Peters er al., 1991; Craig and Banker, 1994; see Litnan et
al., 1993, 1994). However, the axon’s cytoplasm is highly specialized in the bidirectional
transport of vesicles that contain various proteins and peptides. Vesicles filled with
neurotransmitter synthetic enzymes or neuropeptides can be transported up to hundreds
of millimeters a day by mechanisms of fast axonal anterograde transport. On the other
hand, cytoskeletal proteins such as tubulin, actin and neurofilaments are transported slowly
and move at a rate of a few millimeters per day. The axon also retrogradely mwansports
molecules. such as nerve growth factor (NGF), that are taken up at the nerve terminals.

Retrograde transport is achieved at rates similar to fast anterograde transport. The force-
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generating proteins that mediate these ransports include kinesin and dynein: these proteins
bind to microtubules and travel along their length using energy derived from ATP
hydrolysis. Kinesin binds to vesicles and carries them along the plus-end of microtubule
tracks toward the axonal terminais. In contrast. dvnein moves toward the minus-end of
microtubules and serves as a retrograde carrier (Vallee and Bloom, 1991: Vale er al..
1992).

Axonal terminals, varicosities and surface domains

The axonal membrane has numerous specialized domains distributed in specific regions
along its length. Many axons begin with a cone-shaped axon hillock that contains clusters
of voltage-dependent Na* channels (Westenbroek er al., 1989); these clusters generate the
action potentials. The nodal portions of myelinated axons, known as nodes of Ranvier,
also contain dense clusters of Na” channels which serve to propagate the action potentials
along the axon to the nerve terminals (Westenbroek ez al, 1989).

The axonal terminal is a distinct domain of the axon. Terminals are filled with synaptic
vesicles that are anchored to a cytoskeletal matrix. They also contain large-dense core
vesicles, mitochondria, endosomes and coated vesicles (Peters e al., 1991). Elements of
the smooth endoplasmic reticulum in the terminals act as intracelluiar Ca®* stores. The
synaptic vesicle membranes and the plasma membrane contain 2 collection of proteins,
such as synapsins, synaptophysin and syntaxin, that control synaptic vesicle trafficking,
docking or fusion (Benneth and Scheller, 1994). These processes are highly regulated by
phosphorylation events achieved by protein kinases, such as CaM kinases and protein
kinase C (PKC). The differential activities of these enzymes contribute to the modulation
of synaptic vesicle release and to the plasticity of synaptic transmission (Bliss and
Collingridge, 1993; Schuiman, 1993; Chapman er al., 1995).

An electron dense domain at the membrane serves as the site of vesicle contact for
exocytosis and is termed the active zone. Ca>* influx is the primary signal that initiates
the synaptic rejease mechanism (Dodge and Rahamimoff, 1967; Katz and Miledi, 1968);

at the neuromuscular junction, N-type Ca?* channels and Ca®*-gated K* channels are
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clustered in line with the postsynaptic neurotransmitter receptors to provide rapid
activation of postsynaptic receptors upon fusion of vesicles (Robitaille er al., 1990, 1993:
Cohen er al.. 1991). Unmyelinated axons of autonomic neurons form a dense plexus of
fibers on target smooth muscle and release neurotransmitters from axonal varicosities
which appear like protrusions of the axon spaced every 3 to 3 um. These varicosities do
not contain electron dense active zones, suggesting no preferential orientation of synaptic

vesicle exocytosis (Peters er al.. 1991).

In summaryv. axons and dendrites have fundamental differences in their cytoskeletal
organization. membrane domains and physiological properties. The extension of dendrites
provides a neuron with a greater postsynaptic surface area. but more importantly, with a
subceliular domain that is specialized in receiving synapses and in modulating synaptic
information. The complexity of dendritic patterns contributes to the particular function of
a neuron in the circuits to which it belongs. Consequently, determining the mechanisms
that control dendrite initiation. elongation. branching pattemns and maturation is vital to

the understanding of brain functions.

THE ESTABLISHMENT OF NEURONAL POLARITY

To develop a dendritic-axonal polarity, neurons need highly efficient mechanisms of
sorting and targeting of proteins. An appropriate targeting of cytoskeletal or membrane
proteins is critical for the establishment and maintenance of neuronal polanity. Learning
how cellular constituents come to be differentially distributed within neurons will help to
elucidate how neuronal polarity develops.

A major advance in the study of neuronal polarity was the demonstration by Banker
and colleagues that many of the morphological and molecular distinctions between axons
and dendrites of hippocampal neurons are reproduced when embryonic hippocampal
neurons develop in culture (Bartlett and Banker, 1984a.b: Dotti er al., 1988). Soon after
plating: these neurons extend several minor processes; after 1-2 days, one of those
processés becomes longer. accelerates its growth and develops into an axon. At day 4. the

minor processes differentiate into dendrites. By then. both types of processes have
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segregated their specific cytoskeletal constituents. such as MAP2 or GAP-43. The fact that
embryonic hippocampal neurons readily establish a dendritic-axonal polarity in culture
suggests that an endogenous program governs their development (Craig and Banker.
1994). Sympathetic neurons from embryonic or neonatal rat superior cervical ganglia
(SCG) develop a similar dendritic-axonal polarity in culture (Landis. 1976: Peng et al.,
1986: Higgins er al.. 1991). fn vivo, both hippocampal and SCG neurons exhibit primarily
“classical” synaptic interactions: in culture, their axons are consistently presynaptic and
their dendrites postsynaptic (Bartlett and Banker, 1984b: Furshpan ez al.. 1986). Neurons
obtained from other regions of the nervous system, including the cerebellum and the
mesencephalon have also been shown to develop neuronal polarity in culture (Kosik and
Finch. 1987: Autillo-Touati er al.. 1983: Ferreira and Caceres. 1989; Caceres and Kosik.,
1990; Lafont er al.. 1992).

Because of the advantages of cell culture for cell biological studies. these culture
svstems have thus become the method of choice to study the mechanisms that govern
neuronal polarity. The ability to visualize living cells, to alter their intrinsic properties. or
to manipulate their environment has provided a preliminary understanding of the intrinsic
mechanisms and extrinsic factors that control the establishment of neuronal polarity (Creig
er al., 1992: Craig and Banker, 1994).

Intrinsic mechanisms of neuronal polarity

The cytoskeletal properties of axons and dendrites contribute to their differential
growth, maintenance and molecular targeting. The orientation of microtubules is different
in axons versus dendrites: while in the axon they are all oriented plus-end distal, in
dendrites both microtubule orientations exist (Baas er al., 1988). Consequently, proteins
and organelles that preferentially travel on microtubules oriented towards the minus end
could targer specifically to dendrites. Little is known, however, about the specific signals
that proteins use to travel on microwbules. Molecules such as dynein, which moves
toward the minus ead of microtubules, could specifically carry vesicles within dendrites.

Differentially targeted proteins may contain amino acid sequences that allow them



selective incorporation into distinct populations of transport vesicles,

Neuro-specific microtubule-associated proteins. such as MAP2 and tau are believed to
contribute to the support of neuronal processes by making microwbules longer, more
stable and stiffer than in non-neuronal cells. MAP2 and tau cause microtubules to bundle
and may stabilize the emerging microtubules behind the growth cone (Kelly and Grote.
1993; Matus, 1994). Caceres and Kosik (1990) have shown that inhibition of tau
expression by cultured cerebellar neurons with antisense oligonucleotides prevents the
initiation of axonal growth. or causes the retraction of a mature axon. "Dendrite-like”
minor processes appeared unaffected by this treatment, suggesting that tau promotes
primarily axonal growth. Similar antisense experiments were performed for MAP2 on
these neurons; in this case. the growth of all processes was prevented (Caceres er al.,
1992; see also Dinsmore and Solomon. 1991), suggesting that both axons and dendrites
need MAP2 for their development. In fact, neurons have been shown to express MAP2
in ail processes early on in culture, and to segregate MAP2 to somatodendritic
compartments later on (Kosik and Finch, 1987: Craig and Banker, 1994). These results
suggest that MAP?2 is essential for the initiation of neurite outgrowth, while later, during
neuronal maturation, it acts to stabilize dendritic microtubules (Matus, 1988, 1994).
However, observations presented in Chapter 3 would seem to indicate that MAP2 may,
in fact, not be essential for the initiation of axonal growth from sensory neurons.

The cross bridging of microtubules by MAP2 or tau causes a differential spacing
between microtubules, which is likely to affect targeting, The space berween microtubules
polymerized with tau is approximately 20 nm, while it is roughly 100 nm with MAP2,
which is a 4-5 fold larger protein than tau (Hirokawa er al, 1988a,b; Goedert er al,
1991). One possible consequence of the narrow spacing between microtubules cross-linked
by tau may be the exclusion of ribosomes from the axon (Baas et al., 1987).

Another mechanism of protein targeting may involve targeting of specific transcripts
to dendrites and local translation (Steward and Banker, 1992). However, it is virtually
unknown how local translation in dendrites is regulated: equaily unknown is whether
membrane proteins, such as neurotransmitter receptors, which require RER- and Golgi-like
structures for translation, are synthesized in dendrites. In chapter 6, we will further discuss
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this problem, after presenting evidence suggesting that ligand-gated ion channel transcripts
are not targeted to dendrites.

The targeting of proteins incorporated in different surface domains can arise in two
main ways. One way is by intraceilular transport and insertion at specific sites. The other
way is by random insertion of membrane proteins that diffuse within the lipid moiety and
are trapped at specific sites by elements of the cytoplasmic cytoskeleton (Eison. 1993).
The distinct cytoskeletons of dendrites and axons may provide differential anchoring of
membrane proteins. Postsynaptic receptors on somatodendritic domains have been shown
to cluster at synapses (Jacob er al., 1984; Triller et al., 1985; Loring and Zigmond. 1987:
Loring er al.. 1988; Sargent and Pang, 1989: Craig er al. 1993: Sargent and Wilson,
1995); while this process appears to be in part controlled by presynaptic contacts (Sargent
and Pang, 1988, 1989; Moss and Role, 1993; Craig er al, 1993), intracellular anchors are
likely to contribute to the formation of postsynaptic receptor clusters. By analogy. the
clustering of muscle nAChRSs at the endplate is mediated, in part, by the 43K protein and
the spectrin/dystrophin family of proteins (reviewed by Froehner, 1993); similar anchors

could be invoived in clustering neuronal ion channels.

Why is it that some neurons do not establish a dendritic-axonal polarity?

While almost all neurons in mammals establish a typical dendritic-axonal polarity, a
notable exception is the sensory neuron. Mammalian sensory neurons do not extend
dendrites from their cell body; sensory neuroblasts extend two axonal-like processes that
fuse together during embryogenesis (Tennyson, 1965). The portion of cytoplasm remaining
between the two neurites then elongates into a short and thick trunk forming a unipolar
process from which the two axonal processes bifurcate (Cajal. 1955). Sensory neurons
have thus a "pseudo-unipolar" morphology, with one axon growing peripheraily and the
other growing centrally (see Figure 1.1). The neuronal somata in sensory ganglia are
totally engulfed by peri-somatic glial cells (satellite cells) and are completely devoid of
synapses (Lieberman. 1976; Pannese, 1981). The satellite cells are believed to influence
this developmental transition between bipolar to unipolar neurons: cultured embryonic

dorsal root ganglion (DRG) neurons recapitulate this developmental transition only in the



Figure 1.1. Distinct polarities of sympathetic and sensory neurons

Sympathetic neurons develop a typical dendritic-axonal polarity: they
extend several dendrites that contain nAChRs and receive synapses; they
extend one axon that innervates various effector organs. Sensory neurons do not
extend dendrites from their cell body, and do not receive synapses; instead,
they extend two axonal-like processes that fuse together during development,
giving rise to a pseudo-unipolar morphology, with one axon growing
peripherally and one growing centrally.

These striking differences in morphology provide each class of neurons with
very distinct functions. Sympathetic neurons integrate synaptic potentials
induced, in part, by the release of ACh onto their dendrites from pre-ganglionic
neurons in the CNS. These potentials are then transmitted to the proximal axon
where an ali or none action potential is triggered and sent along the axon to the
terminals or varicosities to evoke transmitter release onto effector organs. In
contrast, in sensory neurons, a receptor potential is generated at the peripheral
nerve endings, which evokes action potentials; these action potentials are then
conducted along the axon to the terminals within the CNS. In sensory neurons,
the cell body is, in fact, displaced from the main route of information flow and
appears to play no immediate role in transferring signals from the periphery to
the CNS.
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presence of their satellite cells (Mudge. 1984).

The importance of satellite cells in the development of sensory neuron morphology
raises the question of whether they are responsibie for the lack of dendrites on these
neurons. On the other hand. sensory neurons may be intrinsically incapable of elaborating
dendrites. However, their common neural crest cell origin with sympathetic neurons,
which elaborate a complete dendritic-axonal polarity, suggests that extrinsic influences
play a role in determining the polarity of sensory neurons and their lack of dendrites.
Determining the mechanisms that control the polarity of sensory neurons should provide
clues to the understanding of the initial events that lead to dendrite extension and to the
establishment of neuronal polarity. In Chapter 3, [ demonstrate that extrinsic influences

greatly affect the polarity of sensory neurons.

Extrinsic factors that influence neuronal polarity

In spite of the intrinsic ability that hippocampal or sympathetic neurons have to
establish a dendritic-axonal polarity, their environment contributes significantly to the
refinement of a fully differentiated polarity. For hippocampal neurons, their maturation
stage in culture (>day 7), which involves dendritic branching, synaptogenesis and the
formation of dendritic spines, is believed to be highly regulated by extrinsic influences,
particularly cell-cell interactions (Bartlett and Banker 1984b; Fletcher er al., 1991; Craig
et al., 1993; Fletcher et al., 1994). Extrinsic influences on neuronal polarity have been
particularly well characterized in cell culture, and include the extracellular matrix (ECM),
cell-cell contacts, growth factors, neurotransmitters and neuronal activity. Below, I briefly
review the roles that these influences play on the establishment of neuronal polarity and
dendritic outgrowth.

Extracellular matrix and cell adhesion molecules

The roles that adhesion molecules play on the extension of neurites bave been
extensively studied (Sanes, 1989), but the number of studies that have addressed the
differential effects of these molecules on axonal growth versus dendritic growth remains

modest. Cell-substratum contacts, orchestrated by integrins (i.e. transmembrane receptors
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that integrate extracellular and intracellular structures) or other cell-adhesion molecules.
are believed to mediate differential attachment to the substrate (Burridge er al.. 1988:
Gumbiner, 1993). Axons and dendrites are likely to use different types of focal contacts
for their growth. Specific adhesion molecules, such as the L1 cell-adhesion molecule
(Persohn and Schachner, 1987, 1990) and the og integrin subunit. have already been
shown to localize preferentially on axonal membranes (Bossy er al.. 1991). More of these
molecules specifically located on axonal or dendritic membranes will probably be
identified in the future.

Higgins and colleagues have investigated the role of ECM molecules on axonal and
dendritic growth by embryonic and neonatal rat SCG neurons developing in culture. In
serum-free medium, SCG neurons usually extend a single axon on a polylysine substrate,
whereas laminin induces the extension of several axons that grow more rapidly {(Lein and
Higgins, 1989). In contrast, collagen IV and thrombospondin accelerate axonal growth
without promoting multiple axons (Lein er al.. 1991: Osterhout er al., 1992). When SCG
neurons develop on a mixture of ECM proteins. in the form of a basement membrane
extract, called Matrigel, they develop multiple dendrites (Lein and Higgins, 1989). These
results suggest that SCG neurons possess various ECM protein receptors that mediate
differential growth of neuronal processes. Lein er al. (1991) showed that the collagen IV-
accelerated axonal growth by SCG neurons could be blocked by an a8, integrin antibody
(Turner et al.. 1989) without any effect on the laminin-induced axonal growth.
Furthermore, short term axonal growth (e.g. 6 hours) on laminin can occur independert
of protein synthesis, whereas collagen IV-mediated outgrowth requires protein synthesis
(Lein er al., 1991). However, the effects of laminin on axonal growth differ among
distinct neuronal types: while it increases both the number of axons and their rate of
growth in SCG neurons, it does not affect axonal number in hippocampal neurons. but
only accelerates their growth (Lein er al.. 1992). These findings illustrate the potential
diversity of interactions between ECM proteins and their receptors as well as the
differential signals that these receptors may transduce to promote distinct patterns of

process outgrowth.
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Prochiantz and colleagues also investigated the role of ECM proteins on rat
mesencephalic and striatal neurons (Chamak and Prochiantz, 1989; Prochiantz et al.. 1990:;
Lafont er al. 1992). and have proposed that dendritic growth by these neurons is
dependent on a tight adhesion to the substrate, whereas axonal growth is not. A similar
postulate was made from experiments with cultured hippocampal neurons that elongated
longer axons on substrates of decreased adhesive strength. such as laminin and tenascin,
while more adhesive substrates. such as poly-omnithine or concanavalin A. promoted

dendrite outgrowth (Lochier and Schachner, 1993).

Glial cells

A major source of ECM proteins and other adhesion molecules that interact with
neurons in vivo comes from surrounding glial cells. The importance of glial cells in
determining the morphology of nerve cells is well documented. Astrocytes from various
regions of the brain have been shown to differentially support dendritic and axonal growth
(Denis-Donini er al. 1984; Chamak er al., 1987; Autllo-Touati er al.. 1988: Rousselet et
al., 1988. 1990; Prochiantz er al. 1990; Qian er al., 1992; Le Roux and Reh, 1994). In
culture, postnatal day 1 (P1) rat SCG neurons do not extend dendrites in the absence of
serum (Bruckenstein and Higgins, 1988a). Addition of ganglionic satellite cells (peri-
somatic glia) or Schwann cells (peri-axonal glia) to these cultures induces dendritic
growth by the neurons (Tropea er al, 1988). Unlike P1 rat SCG neurons, P21 neurons
develop dendrites in serum-free medium. indicating that, over the first 3 weeks of
posmatal development in vivo, SCG neurons acquire an intrinsic ability to develop
dendrites in culture (Bruckenstein er al, 1989). The acquisition of this ability appears to
be influenced by the SCG satellite cells, whose proliferation occurs mainly during the first
2-3 weeks postnatally {see Figure 1.2; Hendry and Campbell, 1976). Indeed, by growing
P1 rat SCG neurons with satellite cells for 3 weeks in serum-free medium, and re-plating
these neurons in the absence of satellite cells, Bruckenstein er al. (1989) showed that the
neurons can then elaborate dendrites.

Prochiantz and colleagues have shown that astrocytes from different regions of the
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brain differentially promote dendritic and axonal growth from rodent mesencephalic and
striatal neurons. They proposed that homotypic astroglial cells promote dendritic growth
while target-derived astrocytes promote axonal growth (Denis-Donini er af. 1984; Chamak
et al., 1987; Autillo-Touati er al., 1988; Rousselet er al.. 1988, 1990; Prochiantz er al..
1990; see also Qian er al.. 1992). However, others have shown that the differences in the
ability of glial cells 1o promote axonal or dendritic growth may not be confined to either
homotypic or target-derived glia (Le Roux and Reh, 1994). Furthermore, astrocytes have
been shown to promote dendritic growth from SCG neurons (Johnson er al.. 1989), as do
sciatic nerve Schwann cells or satellite cells derived from sensory ganglia: however,
fibroblasts and heart cells do not (Tropea er al, 1988: Johnson ez al.. 1989). In contrast.
Schwann cells induce sensory neurons to acquire a unipolar morphology in culture
(Mudge. 1984). In summary. these results indicate that most glial cells express factors that
affect neuronal morphologies and polarities; however. these factors produce different

etfects on different neuronal types.

Growth factors

The nature of the glial cell factors that affect neuronal polarity is largely unknown. In
addition to adhesive interactions, diffusible factors released by glial cells are aiso
important. For example, conditioned media from astroglial cells have been shown to
promote dendritic outgrowth from various CNS neurons (Rousselet ez al., 1988, 1990; Le
Roux and Reh, 1994). Growth factors, such as neurotrophins and cytokines, are likely
candidates for mediating the effects of glial cell released factors.

Cvtokines

Cytokines, which were originally identified as signalling factors in the immune system.
also have important effects on developing nerve cells (Jonakait, 1993: Rothwell and
Hopkins, 1995a.b). For example, cultured rat SCG neurons switch their neurotransmitter
phenotype from adrenergic to cholinergic in response to leukemia inhibitory factor (LIF).
a factor identical to the cholinergic differentiation factor released by heart muscle cells
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(Patterson and Chun, 1977: Yamamori er al. 1989). It has been shown that the presence
of either serum. glial cells or basement membrane extract is essential for dendritic
outgrowth from embryonic rat SCG neurons (Bruckenstein and Higgins. 1988b: Tropea
er al. 1988: Lein and Higgins, 1989). Lein er al. (1994) have identified a potential
candidate that could mediate these interactions: they have shown that. in the absence of
the above 3 influences. osteogenic protein-1 (OP-1). a member of TGF-8 family
(Ozkaynak er al.. 1990), induces SCG neurons 10 develop dendrites to the same extent as
they do in vivo. Cytokine receptor compiexes. such as those of ciliary neurotrophic factor
(CNTF) or LIF, interact with cytoplasmic tyrosine kinases that navigate below the surface
membrane (known as Jak/Tyk kinases) and mediate signalling after cytokine binding
(Stahl and Yancopoulos, 1994).

Neurotrophins

More than 4 decades ago, Levi-Montaicini discovered a factor that caused sympathetic
and sensory neuron neurites to grow, and was therefore termed nerve growth factor
(NGEF). In the late 1950s, the combined efforts of Levi-Montalcini, Hamburger and Cohen
led to the remarkable experiment of injecting antibodies to NGF in neonatal mice, which
resulted in the massive death of sympathetic neurons (Levi-Montalecini, 1987). This
experiment demonstrated the crucial role of NGF in neuronal survival, and since then,
NGF and now other neurotrophins have become key players in the neurotrophic
hypothesis. The hypothesis stipulates that during development neurons actively compete
for the limiting quantities of target derived factors. by establishing optimum contact with
their targets. Those neurons that fail to make contacts with their targets in time undergo
programmed cell death. As different targets may release different factors. this mechanism
provides a means of enforcing appropriate connections between neurons and their intended
terminal targets.

In addition to their nevrotrophic action, neurotrophins produce a vast array of effects
on neuronal functions and even on some non-neuronal cell functions (reviewed in
Korsching, 1993; Davies, 1994; Bothwell, 1993). Furthermore, in the last decade, there

has been an enormous increase in our understanding of how these neurotrophins operate,



19

in part due to the identification of their receptor tyrosine kinase rrks and to the
development of useful neuronal cell line models such as the PC12 rat pheochromocytoma
cell line (reviewed in Greene, 1991; Barbacid, 1994; Chao, 1994: Kaplan and Stephens.
1994). However, the amount of new information is too large to review in this introduction.
Therefore, I have restricted the foilowing section mainly to the role of NGF on dendritic
outgrowth. As a complement, I included in appendix 1 a summary of the molecular

diversity of the neurotrophin family and the neurotrophin receptors.

The promoting effects of NGF on axonal growth and on neurite outgrowth from PC12
cells are well documented (Greene and Tischler, 1982; Campenot, 1994). Experiments
with compartmented cultures of SCG neurons have demonstrated that NGF supplied to
axonal terminals is necessary and sufficient to promote axonal elongation and branching,
whereas NGF supplied only to neuronal somata does not promote axonal growth, These
results indicate that the effects of NGF on axonal growth are local and that no anterograde
NGF-mediated signals affect axonal growth (reviewed in Campenot, 1994).

Although few studies have investigated the effects of neurotrophin on dendritic growth.
NGF has been proposed to play a critical role in the development of dendrites by
sympathetic neurons. Axotomy of adult mice SCG neurons causes a significant reduction
in the length and complexity of their dendrites in a reversible fashion until peripheral re-
innervation occurs (Yawo, 1987). As the major source of NGF acting on neurons is
believed to be the innervated target (Korsching and Thoenen, 1983b; Shelton and
Reichardt, 1984; Purves er al, 1988), this observation suggests that NGF promotes
dendrite cutgrowth from SCG neurons. In fact, daily injections of NGF to neonatal rats
or mice caused a substantial increase in the growth of SCG neuron dendrites (Snider,
1988; Purves er al., 1988; Ruit and Snider, 1991).

SCG neurons in young adult mice continue to increase their dendritic arbour as the
targets of these neurons expand (Purves et al., 1986a). Presumably, the amount of NGF
available is determined by the target size which then regulates the density of innervation
as well as the size of the dendritic field (Korsching and Thoenen, 1983a; Purves er al..
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1986b, 1988). In fact. synapses on SCG neurons are formed mainly on the dendrites
(Osterberg er al.. 1976: Forchand. 1985). and it has been shown that NGF treatment in
neonatal rats results in a significant increase in the number of synapses in the SCG
(Schafer er al.. 1983).

It is unknown whether the effects of NGF on axonal outgrowth and dendritic outgrowth
operate through similar mechanisms. NGF activates tyrosine phosphorvlation of its
receptor trkA and also binds to a second receptor termed p75-NOFR (whose function is
poorly understood; see appendix 1, and see appendix 2 for a brief description of signalling
pathways that are activated by NGF). These receptors are expressed throughout the surface
of neurons (Kim et al.. 1979; Carbonetto and Stach. 1982: Okazawa er al. 1993):
however, the major supply of NGF is believed to be from retrograde transport (Korsching
and Thoenen, 1983b; Richardson and Riopelle, 1984: Shelion and Reichardt, 1984: Purves
et al., 1988). If target sources of NGF stimulate dendritic outgrowth. while the action of
NGF on axonal growth is local (Campenot, 1994), then it is likely that NGF acts on

axonal and dendritic growth through different mechanisms.

Innervation and acrivity

Several studies, in vivo and in culture, have indicated that innervation.
neurotransmitters and neuronal activity alter the growth patterns of dendrites (Rakic and
Sidman, 1973; Berry and Bradley, 1976; Benes er al., 1977; Bradley and Berry, 1978:
Deitch and Rubel, 1984; Mattson, 1988; Lipton and Kater, 1989; Vaughn. 1989; Wong
et al., 1991; Schilling er al., 1991; Wingate and Thompsor., 1994). In rodent cerebellum.
mutations and treatments that affect afferent input to Purkinje cells result in dramatic
alterations in the morphology of their dendritic tree (Rakic and Sidman. 1973; Berry and
Bradley, 1976; Bradley and Berry, 1978). The primary effect of afferent innervation is an
induction of dendritic branching by Purkinje cells. In culture, synaptic activity in these
cells has been shown to produce similar effects: the emerging dendrites of Purkinje cells
stop growing once functional synapses form and begin to branch. One of the initial events
that produces this effect is the influx of Ca** (Schilling er al.. 1991).
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Figure 1.2, Development of the rat superior cervical ganglion.

This cartoon illustrates in a simplified manner some of the stages of development for
rat sympathetic neurons during late embryogenesis and early postnatal life. By bixth,
SCG neurons have reached their targets, which supply NGF to the neurons and thereby
support neuronal survival. At this stage of development, SCG neurons have few small
dendrites and receive few synapses. During the first two weeks of postnatal development
major changes occur in the SCG. Satellite cells proliferate, SCG neurons elaborate
dendrites, and a considerable number of synapses form between nerve terminals of pre-
ganglionic neurons and dendrites of SCG neurons. During that time, SCG neuron axonal
terminals branch further and innervate larger surface of target cells, and consequently
_transport retrogradely increasing amounts of NGF. In addition, during this early post-
natal development, SCG neurons increase the density of their nAChRs on their
somatodendritic membranes.

The coincidence of these events raises the question of whether some of those are linked
together or coordinately regulated. For instance, is the larger supply of NGF from
retrograde transport stimulating dendrite outgrowth? Is the satellite cell proliferation
promoting dendrite extension? Are the incoming synapses inducing more dendritic
outgrowth? Or, is it the elongating dendrites that "capture" more incoming terminals to
form synapses? What causes the density of nAChRs to increase on these neurons? Is it
due to NGF supply? Satellite cell influence? Innervation? Increase in neuronal activity?
Does the extension of dendrites affect nAChR expression?
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In contrast. innervation and electrical activity seem to play a small role on the dendritic
geometry of sympathetic neurons, even though over 90% of svnapses form on dendrites
(Forehand, 1985). Indeed. Voyvodic {1987) showed that denervation of neonatal SCG
neurons caused no effect on the subsequent growth or branching of dendrites. Likewise,
addition of elevated potassium (high K™ or TTX on cultured SCG neurons had no effect
on dendritic growth by the neurons in serum-free condition (Bruckenstein and Higgins,
1988b).

Several studies performed in culture investigated the effects of neurotransmitters. such
as glutamate, serotonin, dopamine and ACh. on neuritic outgrowth. These experiments
showed that neurotransmitters can greatly affect neuritic outgrowth through the infiux of’
Ca>*. However, diverse effects have been observed, from neurite retraction to neurite
sprouting and branching (Mattson. 1988; Lipton and Kater. 1989; Pugh and Berg, 1994:
Zheng er al., 1994: Small er al., 1995). Part of this diversity of effects is due 1o the
different types and amounts of neurotransmitter used, the time course of their applications.
as well as the neuronal types that were studied. Furthermore, most of these studies did not
make the distinction between axons and dendrites. Nevertheless, these results emphasize
the notion that a fine tuning of [Ca**] in growth cones is critical for controlling its
movements {(Lipton and Kater, 1989). Therefore, it appears that innervation and neuronal
activity cause a variety of effects on dendritic outgrowth and neuronal polarity. These
differential effects are, in part, related to the neural circuits involved. and may contribute

to the differential effects that synaptic activity has on adaptive changes.

RELATIONSHIP BETWEEN DENDRITE OUTGROWTH AND POSTSYNAPTIC
RECEPTOR EXPRESSION

Beyond the establishment of a basic morphological polarity, neurons undergo further
maruration of their axonal and dendritic arbours and form synapses. Synaptogenesis
involves several complex processes in both the presynaptic and postsynaptic neuron. In
order 1o provide an efficient assembly of the numerous proteins involved in the
establishment of functional synapses, neurons must have the necessary mechanisms for

targeting these molecules to the appropriate location.
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How is the expression of molecules involved in synaptogenesis regulated during the
establishment of neuronal polarity? The initiation and the further elaboration of dendrites
will require additional supply of elements of the postsynaptic densities. How are these
molecules coordinately expressed? Do the same extrinsic factors that regulate dendrite
outgrowth regulate the expression of molecules needed for synapse formation. such as the
postsynaptic neurotransmitter receptors? Little is known about the factors that influence
the expression of neurotransmitter receptors on neurons; much of what is known comes
from studies on the nAChRs on autonomic neurons. Below, I review the main findings
on the regulation of nAChR expression on autonomic neurons, but first, I briefly introduce
the family of neuronai nAChRs.

Neuronal nicotinic acetylcholine receptors

Fast svnaptic transmission in autonomic neurons is mediated by nAChRs, which are
part of the gene superfamily of ligand-gated ion channels that includes 5-HT;, GABA
and glycine receptors (reviewed in Ortells and Lunt, 1995). The neuronal nAChR gene
family is composed of 11 genes that code for proteins with homologies to the muscle
nACHR genes (Sargent. 1993: Elgoyhen er al.. 1994). These genes have been grouped in
two classes of subunits, o (0t-0g) and B (8,-8,), based respectively on the presence or the
lack of two adjacent cysteines in a region homologous to the putative ACh binding site
of the muscle nAChR « subunit (et;). The homologies of the predicted sequences among
the cloned neuronal nAChR subunits in the rat range from 40 to 68%, with no preferential
homology among & or B subunit groups (Sargent, 1993). In rats, no &g gene has been
identified: the recently discovered &g subunit appears to be a more uistant member of the
nAChR family. with 36-39% homology with all rat neuronal and muscle o subunits
(Elgovhen er al.. 1994).

Neuronal nAChRs are believed to be pentamers containing 2 o and 3 B subunits
(Cooper er al.. 1991: Anand er al.. 1991). Unlike muscle nAChRs, which incorporate 4
different gene products. the products of only one & subunit gene and one B subunit gene
can give rise 10 a functional receptor in Xenopus expression system. Thus far, 3 a subunits

(0~ O3. @) and 2 B subunits (B, B,) have been found to co-assemble in various
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functional combinations in Xenopus oocvtes (Patrick er al.. 1993: Papke. 1993). In
addition. 3 other nAChR genes. «-. ¢tg and ¢tg. have been shown to give rise to functional
homomeric nAChRs when expressed in Xenopus oocytes (Couturier er al.. 1990b: Ségusla
et al., 1993 Elgoyhen et al.. 1994 Gerzanich er al., 1994). In contrast. expression of a4
and o in combination with any B subunit. or expressior: of B; with any of the a subunits
did not give rise to functional nAChRs (Boulter er al.. 1990: Couturier er al., 1990a).
However, these subunits. particularly a5, may incorporate into functional nAChRs that are
composed of more than two different subunits (Vernallis, 1993; McGehee and Role,
1995). As of yet, the potential for combinations of 3 different subunis incorporating into
a functional nAChR in Xenopus oocytes has been largely unexplored (but see McGehee
and Role. 1995). Several experiments have indicated that most functional receptor
subtypes expressed in Xenopus oocytes have different functional properties in terms of
ligand affinity. open time, conductance and ion selectivity (Deneris er al.. 1991; Patrick
et al., 1993; Papke, 1993: McGehee and Role. 1995). Such functional diversity opens the
possibility of a large number of functionally distinct nAChRs; yet the subunit composition
of nAChRs on neurons has not been fully resolved. Several lines of evidence suggest that
the prevalent high-affinity nicotine binding receptor in the CNS is an «,/8, receptor
(Wada er al., 1989; Flores er al.. 1992; Clarke, 1993: Sargent. 1993). In autonomic
aeurons, synaptic receptors are likely to incorporate ¢y and B, subunits. perhaps in
combination with other subunits. like £, and o5 (Vemnallis et al.. 1993 Convemnton et al.,
1994; Mandelzys ez al.. 1994, 1995).

Nicotinic AChRs have been shown to cluster at synaptic membranes of autonomic
neurons (Jacot er al., 1984; Loring and Zigmond. 1988; Loring et a/., 1988; Sargent and
Pang, 1989; Sargeffi and Wilson. 1995). Zigmond and colleagues measured the density of
nAChRs at synapses by EM autoradiography using ['251]-neuronal-Bungarotoxin, a toxin
that blocks synaptic transmission on autonomic neurons (Sah et al, 1987; Loring and
Zigmond, 1988). They estimated approximately 600 sites/pm® in the synaptic membrane
of chick ciliary neurons and 4800 sites/um® in that of cultured rat sympathetic neurons.

These estimates were 10-20 and 50-100 fold higher, respectively, than for non-synaptic
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membranes. However, these densities of nAChRs at neuronal synapses are lower than
those at the neuromuscular junction (up to 20000 sites/um* of ['251]-0&-Bungarotoxin). If
a quantum of ACh released from pre-ganglionic neuron nerve terminals is similar o that
released from motor neuron nerve terminals. it is possible that these lower densities of
nAChRs in neuron-neuron synapses limit the size of synaptic potentials (Dryer and
Chiappinelli. 1987). If so. modifying the number and localization of nAChRs on neurons
may be a strategy for synaptic plasticity.

Neuronal nAChRs appear to gate significant amount of Ca®*, although precise
measurements of Ca>" permeability through neuronal nAChRs have been difficult to
obtain (Patrick et af., 1993: Vemino et al, 1992, 1994), Vernino et al. (1994) recently
estimated that approximately 4% of the inward current through nAChRs in chromaffin
cells was carried by Ca>*. This permeability to Ca®* by nAChRs may be important for
the modulation of nicotinic cholinergic synaptic activity in the nervous system, as it has
been shown for NMDA receptor-mediated synapses in CNS neurons (Bliss and
Collingridge. 1993; Bear and Malenka, 1994; Linden, 1994).

a-BTX-nAChRs

Alpha-bungarotoxin (a-BTX) binds to many nerve cells in the CNS and PNS.
However, unlike for nerve-muscle synapses, a-BTX does not block synaptic transmission
on neurons that express a-BTX binding proteins (a-BTX-nAChRs) (Clarke, 1992). The
first a-BTX-nAChR to be purifiet;. was shown to contain an .- gene product (Schoepfer
et al., 1990). a-BTX has been shown to bind homomeric receptors expressed in Xenopus
oocytes (i.e. at;, 0ig and oy homomeric receptors) and to block their agonist-gated currents
(Couturier er al., 1990b; Séguéla er al., 1993; Elgoyhén et al., 1994; Gerzanich er al..
1994). Based on their homomeric namre. ¢-BTX-nAChRs have been suggested to
represent primitive ancestors of the ligand-gated ion channel superfamily of receprors
(Ortells and Lunt, 1995). These receptors have distinct patterns of distribution compared
to conventional nAChRs, both in the CNS and PNS (Jacob and Berg, 1983:; Clarke ez al..
1985: Loring er al.. 1985: Clarke. 1993: Deltoro et al., 1994: Elgoyhen et al., 1994). In
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autonomic ganglia, a-BTX-nAChRs appear less clustered than other nAChRs and are
distributed primarily on extra-synaptic membranes (Jacob and Berg, 1983; Loring et al.,
1985: Sargent and Wiison. 1993). However, these receptors have aiso been detected near
synaptic sites and have been proposed to have a peri-synaptic localization (Jacob and
Berg, 1983; Sargent and Wilson, 1995). Their role in synaptic transmission is poorly
understood (Clarke. 1992). except for the cy/a-BTX-nAChR that is believed to mediate
the cholinergic synapses between the cochlear efferents and outer hair cells of the guinea
pig and short hair cells of the chick cochiea (Housley and Ashmore. 1991: Fuchs and
Murrow, 1992: Elgoyhen er al, 1994). Alpha-BTX-nAChRs appear to have a remarkably
high permeability to Ca>*. suggesting that they activate Ca**-dependent cellular events,
such as those involved in synaptogenesis or svnaptic plasticity (Séguéla er al.. 1993:
Patrick et al.. 1993; Elgovhen er al., 1994: Castro and Albuquerque, 1995). Interestingly.
a-BTX-nAChRs have been observed on growth cones of cultured chick sympathetic
neurons (Carbonetto and Fambrough. 1979). and nicotine applications on growth cones
of chick ciliary neurons cause them to retract. unless a-BTX-nAChRs or Ca** influx
through voltage-dependent Ca** channels are blocked (Pugh and Berg, 1994). These
results suggest that the a-BTX-nAChR plays a role in neurite outgrowth through direct

or indirect control of Ca* levels in growth cones.

Expression of nAChRs in autonomic neurons

Autonomic ganglia express primarily 5 identified nAChR transcripts: o5, 0.4, @4, 8, and
B, (Corriveau and Berg, 1993; Mandelzys er al.. 1994: Devay er al., 1994). Based on
comparisons between the functional properties of nAChRs expressed in Xenopus oocytes
and those of nAChRSs on rat SCG neurons, there is evidence to indicate that SCG neuron
nAChRs incorporate o, and By, and perhaps B (Covemnton er al., 1994: Mandelzys et al..
1995). On the other hand, nAChRs on chick ciliary neurons have been shown to contain
also an o, subunit (Vernallis et al., 1993). Autonomic neurons express an a-BTX-nAChR
that incorporates the o, subunit; whether other subunits are included in the a-BTX-

nAChR is unknown (Vemallis ef al.. 1993). During deveiopment of autonomic ganglia,
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nAChR transcripts first appear at a period that corresponds to neuronal differentiation
(Zoli et al., 1995). Subsequently, some transcripts disappear (Devay and Role, 1994; Zoli
et al., 1995). while others increase significantly (Corriveau and Berg, 1993: Devay and
Role, 1994; Mandelzys et al.. 1994; Schwartz Levey et al.. 1995; Zoli er al., 1995).

In chick ciliary neurons, the expression of nAChRs has been investigated at the protein
level using various antibodies of different subunit specificities. The most commonly used
antibody has been the MAD35. which was raised against the o« subunit of the
Electrophorus nAChR. This antibody specifically recognizes the chick o subunit on
immunoblots, but binds to neuronal-BTX binding sites on cultured ciliary neurons and to
some nAChRSs in chicken brain (Whiting and Lindstrom. 1936; Halvorsen and Berg, 1987;
Schoepfer et al., 1989: Conroy er al.. 1992: Vemallis et al., 1993). Chick ciliary neurons
contain abundant MAb35 binding sites on their membrane as well as intracellularly; the
ratio of intracellular versus membrane MAbB35 binding was estimated to be 3 to 1 (Jacob
et al.. 1986: Jacob, 1991). Surprisingly. only 5% of the intracellular MAb33 binding sites.
were shown 1o incorporate in the membrane (Stollberg and Berg, 1987). This finding
suggests that the turnover rate of intracellular MAb3S binding proteins is much higher
than that of the surface ones. This situation is reminiscent of muscle where the half-life
of nAChRs is greatly increased at the synapse (Hall and Sanes, 1993). Taken together,
these findings suggest that ciliary neurons contain an intracellular pool of MAb335 binding
sites that correspond to 1) a reserve of readily accessible nAChRs, and/or 2) improperly
assembled receptors, and/or 3) single nAChR subunits (e.g. &5) expressed in excess
compared to their rate of incorporation into functional receptors. It is possible that
unassembled nAChR subunits or improperly assembled receptors are more rapidly
degraded than fully assembled pentamers. The prevalence of an intracellular pool of
nAChR subunit immunoreactivity has also been observed in the CNS with a B, specific
antibody (Hill er al., 1993).

Experiments using various subunit-specific antibodies revealed that ciliary neurons
express proteins for all 5 nAChR subunit transcripts, but only two receptor subtypes were

distinguished on their surface: one that incorporates o3, ¢ and 8, subunits and one that
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incorporates o5 subunit. The ct;-containing receptor binds «-BTX specifically (Conroy er
al.. 1992; Vernallis er al.. 1993; Sargent and Wilson, 1993).

Several studies also investigated the expression of functional nAChRs. During
development of autonomic neurons, there is a substantial increase in the ACh-evoked
current densities (Margiotta and Gurantz, 1989; Engisch and Fischbach. 1990: Mandelzys
et al., 1994; Schwartz Levey er al.. 1995), which appears to correlate with an increase in
nAChR transcript levels (Corriveau and Berg, 1993: Devay er al.. 1994: Mandelzys er al..
1994; Schwartz Levey et af., 1995). However, on cultured chick ciliary neurons. the size
of macroscopic ACh-evoked currents does not seem to correspond to the number of
MADb35 binding sites (Margiotta et al.. 1987a). The authors have postulated that the
majority of nAChRs on cultured ciliary neurons are non-functional or desensitized.
Incubating these neurons with cAMP analogues increased the size of the ACh-evoked
currents by 2-3 fold, without affecting single channel conductance or the number of
['35I]MAb35 binding sites, suggesting that a cAMP-dependent mechanism influences the
number of functional receptors on these neurons (Margiotta er al.. 1987b: Vijayaraghavan,
et al., 1990).

Based on these results obtained from experiments with chick ciliary neurons, it has
been postulated that these neurons express far more nAChR subunit transcripts and
proteins than needed for the expression of ACh-evoked currents. and that post-
transcriptional mechanisms contribute significantly to their functional expression
(Margiotta et al., 1987a,b; Jacob, 1991; see also Corriveau and Berg, 1994).

Extrinsic influences regulate nAChR expression in autonomic neurons
Extracellular matrix and cell-cell contacts

By analogy with muscle nAChRs, there is good reasons to believe that the targeting
of nAChRSs is regulated by cell-cell interactions or by the ECM proteins (Froehner, 1993;
Hall and Sanes, 1993). Surprisingly, little is known about ceflcell contact- or ECM
molecule-mediated mechanisms that regulate neurotransmirter receptor localization or

expression on neurons. The pre-ganglionic nerve appears to regulate nAChR clustering at
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the synapse (Sargent and Pang, 1988, 1989: Moss and Role, 1993): this process may
involve the release of an agrin-like molecule from the nerve (McMahan, 1990). It is
unknown whether ECM proteins and cell-cell contacts regulate the expression of nAChR
genes. Sensory neurons from the rat nodose ganglion express little or no ACh-evoked
currents on their somata in vivo or when co-cultured with their ganglionic satellite cells.
However, when satellite cells are removed. the neurons begin to express large ACh-
evoked currents, suggesting that ganglionic satellite cells repress the appearance of these

currents (Baccaglini and Cooper. 1982; Cooper, 1984: Cooper and Lau. 1986).

Growth factors

Axotomy experiments in post-hatched chick ciliary neurons have been shown to cause
a reduction in ACh-evoked currents, suggesting that the target of these neurons (the eye)
promotes nAChR expression (Brenner and Martin, 1976: Jacob and Berg, 1987; 1988:
McEachern ez al., 1989). However, the possibility of an injury response by the neurons
was proposed as a possible explanation for the decrease in currents (Schwartz Levey et
al.. 1995). Engisch and Fischbach (1990) removed the eyes of embryonic chicks (E2)
before the ciliary neurons could contact them, and measured their ACh sensitivity during
development in ovo. Their results indicate that the developmental increase in ACh-evoked
currents is largely unaltered by the removal of the eye. Schwartz Levey er al. (1995)
repeated this experiment, but measured the effects of target deprivation on the mRNA
levels of 3 nAChR transcripts, 03, 05 and B, as well as on ACh-evoked currents. In
contrast to the study of Engisch and Fischbach (1990), the ACh sensitivity of target-
deprived neurons was smaller than control neurons, and a corresponding reduction in o5
and By mRNA levels was observed (Schwartz Levey er al.. 1995). The reasons for these
different results is unclear: problems such as ectopic re-innervation of ciliary neuron
axons. or seiective survival of ncuronél subpopulations could have contributed to the
apparent conflicts in these results.

Consistent with a target-derived factor regulating nAChR expression is the finding that

an eye extract increases nAChR number when added to cultures of chick ciliary neurons

R
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(Halvorsen er al.. 1991). However, no effect was observed on the expression of nAChR
transcripts (Corriveau and Berg, 1994), suggesting that a post-transcriptional mechanism
controls ACh sensitivity on these neurons.

There is also evidence that neurotrophins can affect nAChR expression. NGF increases
the ACh-evoked current densities on nodose neurons developing in culture in the absence
of satellite cells (Mandelzys er al., 1990; Mandelzys and Cooper. 1992). Also. NGF has
been shown to differentially regulate the expression of nAChR genes in PCI12 cells
(Rogers et al., 1992); whether such regulation occurs in neurons is unknown; this issue
is addressed in Chapters 5 and 6.

Growth factors from pre-ganglionic innervation may also regulate nAChR expression.
Role and colleagues found that a soluble factor released by pre-ganglionic neurons induces
functional nAChR expression by cultured chick sympathetic neurons. These changes in
ACh sensitivity could be accounted for by changes in single channel properties. as well
as an increase in functional receptor incorporation at the surface membrane (Role, 1988:
Gardette et al.. 1991). These results differ somewhat from those obtained with denervation
experiments on chick ciliarv neurons in vivo. where no difference in the currents was
observed berween denervated and control neurons (see below: McEachemn er al.. 1989;
Engisch and Fischbach, 1990; Schwartz Levey er al. 1995). This suggests that local
environmental factors affect functional expression of nAChRs in vivo.

These factors may be related to the growth and differentiation factor ARIA (AChR
inducing activity) which is a leading candidate as a motor-derived inducer of nAChR
expression from skeletal muscle synaptic nuclei (Jessel er al.. 1979: Martinou er al., 1991
Falls er al, 1993). ARIA is found at the motor endplate and up-regulates gene expression
of the € nAChR subunit (Chu et al., 1995). In addition, it has recently been shown to be
expressed by all cholinergic neurons in the CNS and to cause the tyrosine phosphorylation
of a 185 KDa protein in cenwral and peripheral targets of these cholinergic neurons (Corfas
et al., 1995). These results suggest that ARIA or other related molecules play a similar
role to that on muscle nAChRs on neuronal nAChR expression.

In summary, several lines of evidence indicate that growth factors regulate functional
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expression of nAChRs; it remains unknown whether any growth factors control nAChR

gene expression in neurons.

Innervation and activity

The role of activity per se on neuronal nAChR gene expression has not been closely
studied. Most of what i1s known on activity-mediated regulation of nAChR expression
comes from studies on muscle extra-junctional nuclei (Changeux, 1991: Hall and Sanes.
1993). Indeed. Ca=* influx through L-tvpe Ca>* channels and PKC activity (Klarsfeld er
al.. 1989) or protein kinase A (PKA) activity in rat (Walke er al., 1994) down-regulate
the expression of nAChR subunits from extrasynaptic nuclei.

Several studies on the developmental expression of neuronal nAChRs have suggested
that innervation plays a key role in nAChR expression. based on the coincidence between
the time of innervation and the period of large increases in nAChR transcripts, proteins
and ACh-evoked currents (Jacob, 1991; Moss and Role, 1993; Devay et al, 1994). For
example, the postnatal developmental increase in both nAChR transcripts and ACh-evoked
current densities in SCG neurons (Mandelzys er al.. 1994) occurs during the period of
synapse formation,

Surprisingly, innervation appears not to play a predominant role in the expression of
neuronal nAChRs. Pre-ganglionic denervation or removal of pre-ganglionic neurons prior
to innervation have little effect on the developmental increase in both the number of
surface nAChRs (measured by MAb35 or neuronal-BTX binding) and the size of the
ACh-evoked currents on autonomic neurons (McEachem er al, 1989; Engisch and
Fischbach, 1992: Sargent er al, 1991; Streichert and Sargent, 1992; Mandelzys er al..
1994). However, a number of studies examining the influence of innervation on
intracellular MAD3S binding or nAChR transcript levels have indicated that removal of
innervation slows the increase in nAChR transcripts and intracellular pool of MAb33
binding sites (Jacob and Berg, 1987: 1988; Boyd er al. 1988: McEachem er al., 1989: A
Arenella er al, 1993; Schwartz Levey ez al, 1995). Mandelzys ez al. (1994) compared the
effects of neonatal rat SCG pre-ganglionic denervation on the expression of both the ACh-
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evoked currents and the levels of nAChR transcripts. The results indicated that. similar
to the ACh-evoked currents, the developmental increase in nAChR transcript levels was
little affected. However, much of the deve’opmental increase in o, mRNA was prevented
by denervation.

Thus. the precise role of innervation in the regulation of nAChR expression is not
completely resolved. In order for functional synapses to form rapidly when neuronal
processes come in contact, the synaptic machinery should be ready for fast assembly.
Therefore, it may be essential that expression of postsynaptic receptors is already activated
prior to innervation. This situation has been well described for synaptogenesis on muscle
where there are ample nAChRs on the muscle membrane before svnaptogenesis (Cohen
et al.. 1979). Once the functional synaptic connections are established. activity-dependent
refinement of the synaptic machinery may take place to modify the synaptic interactions
(Haydon and Drapeau, 1995).

One way that synaptic activity can modify synaptic interactions is by causing changes
in gene expression of molecules involved in synaptic transmission. Neuronal activity is
believed to activate a series of immediate early genes, which in turn may control the
expression of delayed response genes, Little is known, however, about the relationship
between neuronal activity and expression of proteins involved in synaptic transmission.
To learn more about the role that activity plays on nAChR expression, we have used the
approach of culturing rat sympathetic neurons under conditions that mimic neuronal
activity, and measured the effects on nAChR transcript levels. Our findings are consistent
with the concept that activity plays little role in the expression of the nAChRs that are
involved in synaptic transmission, while they demonstrate that activity regulates the
expression of a-BTX-nAChRs (Chapter 6).

Statement of problem and overview

The data accumulated thus far on the developmental appearance of nrAChR transcripts
and on the regulation of their expression in autonomic neurons raise the possibility that
after neurogenesis the neurons are inturinsically programmed to express nAChRs.

Furthermore, there is not direct evidence that nAChR genes are regulated by extrinsic
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influences. What regulates the developmental increases in nAChR transcript levels and
ACh-evoked currents? Could they be controlled by mechanisms related to neuronal
maturation, such as the extension of dendrites?

To investigate this probiem. an additional class of neurons are useful: the sensory
neurons from the rat nodose ganglion. The mammalian nodose ganglion is a cranial
sensory ganglion whose axons run in the vagus nerve to provide sensory innervation to
most of the viscera, including heart. lungs, trachea and gut (Paintal, 1973). Sensory
neurons do not elaborate dendrites or receive synapses on their cell body. Interestingly,
nodose neurons lave been shown to form cholinergic synapses among each other when
they develop in culture under certain conditions, suggesting that these neurons can express
new postsynaptic elements involved in synaptogenesis. An important component of
synapses is the dendrite. Couid these neurons be extending dendrites in these cultures? If
so, this could provide information on the initial events that determine dendrite outgrowth.

For my thesis work. I first asked: what determines the polarity of sensory neurons? Is
it an intrinsic determination or do exuinsic influences control sensory neuron polarity?
Can nodose neurons develop dendrites in culture? I investigated whether glial cells play
a role in nodose neuron polarity and whether neurotrophins are involved in the
differentiation of nodose neurons in culture. Next, I asked whether there is a relationship
between nAChR expression and the establishment of polarity by nodose neurons.

To determine whether the establishment of neuronal polarity influences the expression
of nAChR genes and whether they are controlled by similar influences, I began t
investigate the regulation of nAChR gene expression in cultured sympathetic neurons. I
asked more specifically what role activity piays in nAChR expression. Finally, I
investigated how changes in mRNA levels for specific nAChR subunits affect changes in

ACh-evoked currents on neurons.

In Chapter 3, I examine the establishment of polarity by newborn rat nodose neurons
and show that they have retained the ability to extend dendrites in newbom rats. [
demonstrate that two extrinsic influences control dendritic outgrowth on nodose neurons:
satellite cells and NGF.
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In Chapter 4, [ show a correlation between the extension of dendrites by nodosc
neurons and the expression of functional nAChRSs, and I show that nodose neurons express
nAChRs on their dendrites.

In Chapter 3. I investigate the roles that various neurotrophins play in nodose neurons
development. I demonstrate that nodose ganglia express muitiple neurotrophin receptors
and that BDNF and NT-3 influence nodose neurons to undergo a distinct differentiation
compared to NGF-treated neurons: while NGF promotes dendrite extension and functional
nAChR expression. BDNF and NT-3 influence nodose neurons to express attributes of
their sensory phenotype.

To leamn more about mechanisms that regulate nAChR gene expression, | investigate,
in Chapter 6. the expression of nAChRs in sympathetic neurons. as they develop in culture
under various conditions. [ demonstrate that activity plays a differential role in nAChR
expression and identifv one signalling pathway that leads to the expression of onc single
nAChR subunit. My findings provide a link between neuronal activity, CaM kinase I
activity and neurotransmitter receptor expression. Such link suggests a potential
mechanism for synaptic plasticity. In this chapter. I zlso provide some clues to the role
of NGF on the expression of nAChR genes. Finally, [ begin to investigate the expression
of nAChK genes in nodose neurons.

In Chapter 7, I demonsirate a correlation between increases in transcript levels for one
single nAChR subunit and increases in ACh-evoked current densities. In addition, I
examine the contribution of the a-BTX-nAChRs on the macroscopic ACh-evoked currents

on SCG neurons.



Chapter 2
General Methodology

This chapter describes the general methods and the materials used for the experiments
described in the following chapters. In the “experimental procedures” sections of cach of

the following chapters. relevant additional information is included.

2.1. NEURONAL CULTURES

Nodose and superior cervical (SC) ganglia were dissected under sterile conditions
trom P1 to P14 rats (Sprague Dawley, C.D. strain. Charles River. Canada) that were killed
bv cervical dislocation. The dissected ganglia were placed in a petri dish containing

plating medium (see below).

2.1.1. Dissociation and plating

The ganglia were dissociated and the neurons cuitured as originally described by
Mains and Patterson (1973). Hawrot and Patterson (1979} and Hawrot (1980). The
dissociation was done at 37°C in the following enzyme containing medium: modified
HBSS (see below). 8% (v/v) FVM (see beiow), 4 mM HEPES (pH 7.4). collagenase (1
mg/ml. type 1: Sigma) and a neutral protease, dispase (grade 2. 2.4 mg/ml. Boehringer
Manrheim). After a 15 min incubation period. the ganglia were gently triturated (pipetted
up and down) with a 5 ml serological pipette to soften the capsule surrounding the
neurons. When the ganglia had settled to the bottom of the tube. the solution was removed
and replaced with a similar enzymatic solution as above. except that the collagenase was
omitted. Dispasc was used because it is 2 mild proteolytic enzyme that causes minimal
damage to neurons. The dissociation continued at 37°C tor another 3-4 hrs. while
triturating the ganglia several times every 15-20 min with a fire polished pasteur pipene
coated with plating medium,

When cells were fully dissociated, § ml of plating medium were added to the cell

suspension to inactivate the enzymes. and the cells were centrifuged with a clinical
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centrifuge (International Equipment Co.p at 1335 RPM tor 5 min. Cells were then
resuspended in 0.5 ml of plating medium and added on the tog of 3.7 mi of'a 35% percoll
sclution {see below), The pereoll solution was centrifuged tor 20 min at 1335 RPM o
establish a gradient of cells: more than 939, of the neurons pelleted 1o the bottom of the
tube. while =80% of non-neuronal cells remained in suspension. The op 3.5 ml of the
solution was either discarded or kept for non-ncuronal cell cultures (see below): the
pelleted neurons were washed twice by centritugations in plating medium. resuspended
tn plating medium (0.1 mi/culture dish). and added to the center well of moditied petrd
dishes (sec below) which had been previously coated with laminin {(sce below) and that
contained 1.5 ml of growth medium (see below). The cell suspension was restricted to the
center well of the culture dish by a sterile giass ring. The glass ring was removed 24 hrs
later, a time at which all neurons have attached to the substrate and extended neurites. In
spite of the percoll separation (above) a tew non-neuronal cells remained in the neuronal
suspension of SCG. while signiticantly more remained in the nodose ncuronal suspension.
For relatively pure neuronal cultures. 5-10 uM cytosine arabino-turanoside (Ara-C. Sigma)

was added to the growth medium for the first 3 days of culture.

2.1.2. Isolation of ganglionic non-neuronal cells and satellite cell-neuron co-cultures

The non-neuronal ceils of dissociated nodose and SC ganglia were obtained trom the
percoll separation step (above): after the centrifugation. the non-neuronal cell traction
remains on top of the percoll solution. while the neurons pellet to the bottom. Therefore.
we collected the top layer (3 ml) of the solution and transferred it to another 15 ml
centrifuge tube. and washed the cells twice by centrifugation in plating medium. The
non-neuronal cells from nodose ganglia were occasionally cultured alone to prepare
monolavers of satellite cells. which then served as substrates for subsequent ncuronal
platings. Alternativelv. the non-neuronal cells were mixed with neurons before plating and
both cell types were co-cultured. [n addition. non-neuronal cells trom nodose and SC
ganglia were used for RNA isolation (see section 2.4.1.). Over 95% of the cells isolated
in this manner are non-neuronal as measured by cell counts under phasc contrast

microcopy. The nodose non-neuronal cell population is composed of satellite cells
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(peri-somatic glia). Schwann cells (peri-axonal glia) and fibroblasts (Pannese. 1981). In
culture. the tirst two tvpes are indistinguishable: we have not attemptied to ditterentiate
satellite cells and Schwann cells. which are verv closelv related (Licberman. 1976:
Pannese. 1981: Le Douarin and Ziller. 1993). In this thesis. [ refer to spindle shuped cells
{10-12 um long and 3-4 pm at their widest portion) as satellite cells, Fibroblasts {latten
on the substrate and cover a large area (>100 um diameter). When piated in culture,
satellite cells proliferate much more rapidly than the fibroblasts. so they can rapidiv form
a confluent monolaver (3-4 davs). As thev divide more rapidly. satellite celis can be killed
with 3-4 days of’ Ara-C treatment. In contrast. fibroblast-like cells divide slowly in these
nodose cultures and many do not die with a 4 dav Ara-C treatment. Although they are low
in number in enriched neuronal cultures (<5%). they flatten on the coverslips and cover
large areas under the neurons within a few days in culture. and become difficult w detect
by phase microscopy. In this thesis. when I refer to satellite-cell free neuronal cultures.

these tibroblasts may be present.

2.1.3. Incubation
The cultures were incubated in a humid atmosphere of 93% air and 3% CO, at 37°C.
and were fed with growth medium every 2. 5 or 4 days depending on the experimental

paradigms.

2.1.4. Solutions and media

Modified L15 medium: Leitzbovitz 15 (L15: Gibco) was used as a base for all media
(plating and growth). The powder (14.9 g) was dissolved in 1080 ml of double distilled
water (ddHO). To the mixture was added: 60 mg imidazole. 15 mg glutamic acid. 15 mg
proline. 10 mg inositol. 15 mg aspartic acid. 15 mg cystine. 5 mg B-alanine. 2 mg vitamin
B12. 10 mg choline chloride. 0.5 mg lipoic acid. 0.02 mg biotin. 5 mg B-aminobenzoic
acid, 25 mg fumaric acid (all trom Sigma). and 0.4 mg coenzyme A (P-L Biochemicals.
Inc.). The pH was adjusted to 7.4 with | M HCL and the medium was filtered through a

0.2 pm filter (Nucleopore), This modified L1 medium is temmed L13-Air,



L13-CO;: 10 R50 mi of L13-Air. 170 ml of 150 mM NaHCO; war added before tiltration.
The pH of this solution. used in growth media. was kept at pH ~.4 by exposing it to
an atmosphere coint.ming 93% air and 5% CO.,

These media were stored at 4°C for up to 6 months.

Growth medium: Generally consisted of' L153-CO,. supplemented with FVM, 5% rat
serum and neurotrophins.

Modified HBSS (Hank's balanced salt solutions: 140 mM NaCll 3.4 mM KCI 0.33 mM
NaH,PO,;. 0.44 mM KH,PO,;. 0.18 mM MgCl., 10 mM
N-2-hydroxyethylpipeiazine-V -2-cthanesuitonic acid (HEPES), 3.6 mM glucose, 3
ng/ml phenol red (pH adjusted to 7.4 with [ N NaOH).

Fresh vitamin mix (FVM): 1.25 mg/ml ascorbic acid. 65 pg'ml giutathione and 12 pg/mi
6.7-Dimethyl-5.6.7.8-tetrahydropterine [Sigmal. supplemented with 100 mg/ml glucose
(Fisher), L-glutamine (50 mM. Gibco) penicillin (12000 Units/ml. Gibe ),
streptomycin (12000 pg/ml. Gibeco)

Plating Medium: consist of 45 ml of L15-Air. 5 ml horse serum (Gibeo) and 2 ml FVM.

Percoll solution (35%): 2 ml percoll (Pharmacia). 3.7 ml L15-Air and 0.1 ml of | M
HEPES (pH 7.4).

Rat serum: The rat serum was prepared by bieeding male retired breeders (Sprague
Dawley. C.D. strain. Charies River Canada Inc.) that were asphyxiated in a CO,
saturated bell jar. The blood was allowed to clot on ice and centritfuged at 16.000 rpm
at 4°C for 30 min to pellet the blood cells. The supematant (serum) was kept at 4°C
overnight. recentrifuged. filtered through a 0.22 um tilter and stored in 2.5 ml aliquots
at -20°C.

Neurowrophins: Two types of NGF were used in our cxperiments. First. 7S NGF was
isolated and purified from mouse salivary glands using column chromatography
through Sephadex G-100 and DEAE-ceilulose (by. Brigitte Pi¢ and Allan Mandelzys)
based on the method of Bocchini and Angelett (?969 ). The NGF stock (1 mgfml in

ddH-0) was filtered through a 0.22 um membrane and stored at -70°C unul use. We
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tested the activity of this 7S NGF by growing SCG neurons in increasing
concentrations. We used the dose (usually | pe/ml) that provided maximal survival
and neurite outgrowth from SCG neurons cultured for | week. Second. we used
recombinant 2.5 NGF at 25 ng/ml. We also used BDNF and NT-3 (provided by

Amgen) at 25 ng/ml.

2.1.5. Modified culture dishes

Holes (5-15 mm in diameter) were cut in the center of plastic petri dishes {Corning.
35mm) and covered with an aclar (Allied Plastics) coverslip fixed to the outside with a
silicon elastomer (sylgard: Dow Corning). This creates a shaliow (2 mm) well in the
center of the petri dish. which allows changing the growth media without exposing the
ncurons to the air. The day before a culwre. the petri dishes were sterilized with
ultraviolet light (20 min). and 50-100 ul laminin {prepared by Steve Gee and Yves Gagné,
in Dr. S. Carbonetto’s laboratory. Center for Research in Neuroscience) at a concentration
ot 30 pg/ml (diluted in L15-Air) was added to the center wells and left at 4°C overnight.
Prior to plating the neurons. the dishes were washed twice with HBSS to remove unbound
laminin. before growth medium was added. These culture dishes also served as recording
chambers for the electrophysiological experiments. and incubation chambers for

immunocytochemistry and in site hybridization.
2.2. STAINING AND BINDING

2.2.1. Immunacytochemistry

Freshly prepared fixative solution (see below) was added (=1 mi) to culture dishes for
15 min. The fixed neurons were rinsed 3 times with Tris-buffered saline (TBS: see
below). permeabilized with 100% ethanol at -20°C for 15 min. rehydrated with 3 rinses
of TBS. and incubated in blocking buffer {see below) for 30 min. In the same solution.
primary antibodies were added for 1 hr at room temperature. After 3 rinses with TBS. the
secondary antibodies (goat anti-mouse FITC and goat anti-rabbit RITC [1:5300 or 1:1000].

or horse nnti-mousE\‘Biptin and donkey anti-rabbit biotin [1:200 or 1:500]) were added for



9

‘a2

I' hr (Bochringer Mannheim. ICN immunobiologicals. Sigma). When biotinyiated
secondary antibodies were used. strepavidin-FITC or strepavidin-aikaline phosphatase { AP)
was added for 45 min, after rinsing. When strepavidin-AP was used. eells were rinsed
once more with AP reaction buffer (see below), and incubated in AP reaction bufter plus
NBT (180 pg/ml: sce below) and BCIP (360 pg/mi: see below) to allow AP enzvmatic
reaction. When a strong brown staining appeared (=30 min), the reaction was ierminated
with stopping buffer (see below). All incubations and rinses were done in the moditied
culture dishes (see 2.1.5.). in which the neurons were grown in the center well: in this
way. small volumes of antibody solution (25-50 pl) could be used to incubate the neurons.
while large volumes (=2 ml) of TBS were used for rinsing out antibodies. After the last
rinse. the coverslips were pealed off from under the culture dishes with small forceps and
mounted on slides using Immuno Fluore mounting medium (ICN Immunobiologicals). The
cells were examined by epifluorescence on a Zeiss (Axiovert 35) microscope. or with

bright field microscopy (for AP labelling).

2.2.1.1. Preparation of fixative solution:

The fixative solution consisted of 4% paratormaidehyde in 0.! M phosphate buffer
(pH 7.4). 25 mi of ddH,O was warmed up to 30-60°C in a clean beaker containing a
stirring bar. 4 g of paraformaldehyde (16% solution: w/v) was added to the warmed
ddH,0. While stirring, =10 pasteur pipette drops of 10 M NaOH were added until almost
all the paraformaidehyde was dissolved. A drop of phenol red was added to approximate
the pH (i.c. pink solution). Drops of 10 M HCI were then added until the colour changed
to red-orange (the accuracy of the pH is not critical at this step). The solution was fiwered
{0.22 pm) to remove traces of undissolved paraformaldehyde and kept cold afterward until
needed (within 24 hrs). At the time of fixation. the paraformaidehyde stock (16%) was
mixed with phosphate buffer (pH 7.4: 0.5 M stock). Occasionally. giutaraldchyde (0.02%:
from 25% stock: Fisher) was added to retain better neuronal morphology. The fixative

solution was warmed up to 37°C betore use.
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2.2.2.2. Solutions and reagents for immunocvtochemistrv:

AP talkaline phosphatase) reaction buffer: 100 mM NaCl. 5 mM MgCl.. 100 mM
Tris-HCI (pH 9.5).

BCIP thromochioroindoly! phosphate): 50 mg of BCIP dissolved in | ml of 100 4
dimethylformamide: vortexed well and stored at 4°C. protected from light for up to
a vear (Bochringer Mannheim).

Blocking buffer: TBS containing 5% normal serum (either trom goat. rabbit or horse
depending on the secondary antibody origin).

NBT (nitro blue terrazolium): 50 mg of NBT in | ml 70% dimethyltormamide: stored at
4°C, protected from light for up 1o a year (Boehringer Mannheim).

Phosphate buffer: for | liter of 0.5 M phosphate buffer pH 7.4: 387 mi of | M Na.HPO,
and 113 ml of | M NaH.PO,. completed to 1 liter with ddH.O. Sterilized by
autoclaving.

Phosphate buffer saline (PBS): 0.1 M phosphate buffer (pH 7.4) with NaCl 0.9%.
Sterilized by autoclaving.

Tris-buffered saline (TBS): 5 mM Tris-HCI. NaCl 0.9%. (pH adjusted to 7.4 with HCD.

Stopping buffer: PBS (pH 7.4) and 20 mM NaEDTA.

2.2.3. Lucifer yellow injection

A stock of lucifer vellow (lithium salt: Sigma) was prepared by dissolving 53 mg of
luciter yellow in 100 pl of distiiled water (5%). This solution was then mixed with LiCl
200mM (1:1). Microelectrodes filled with the lucifer yellow solution (resistance of 20-70
MQ) were used to impale neurons. The microelectrode was connected to a tank of
pressurized nitrogen and the release of pressure was controlled by a solenoid valve. When
a resting potential of at least -30 mV was observed. lucifer yellow was injected with brict
pulses (0.1-1 sec) of pressure {5-15 psi). Lucifer yellow (potassium salt: Sigma) was also
used to label neurons while performing whole-cell voltage clamp experiments (see chapter
4). In these experiments. the lucifer vellow was included in the pipette soiution and

diffused passively into the cell during the recordings.
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2.2.3. Measurements of MAP2 labelled dendrites
The proportion of neurons forming dendrites was measured by counting the number
of neurons with and without dendrites in cultures that were immunostained for MAP2
after 1. 2 and 3 wecks in culture. In this thesis, 1 refer to thick. apering. MAP2 positive
processes that end locally (but that have a length of at least one cell body diameter
[>35um]) as dendrites (Dotti er wl. 1988: Bruckenstein and Higgins., 1988a.b). The
number of primary dendrites per neuron was determined for all neurons that had dendrites
in a given culture. The mean dendritic length was measured by projecting the image from
an inverted Zeiss (axiovert 35) microscope on a digitizing tablet and analvzed with
Sigmascan software (Jandel Scientific). The lengths of cach primary dendrite. including
the branches. were measured on 30 neurons with dendrites in a given culture. We
expressed the total dendritic growth as the product of the percentage of neurons with
dendrites. the number of primary dendrites per neuron. and the mean length of dendrites.
We also traced MAP?2 positive processes onto paper by camera lucida drawing: to do this,

we used AP-labeiling and bright-field microscopy.

2.2.4. «-BTX binding

SCG neurons were plated at 3000-6000 neurons/cm- on 3 cm® aclar coverslips. Betore
performing a-BTX binding. all cultures were washed twice with plating medium. followed
by a2 90 min pre-incubation with or without | pg/ml of cold @~-BTX in plating medium at
37°C. ["**1Ja-BTX (1.5 nM: 130 Ci/mmol: NEN: kindly provided by Dr. M. Quik.
Department of Pharmacology. McGill University) dissolved in plating medium was then
added to every dish for 2 90 min incubation at 37°C. The cells were subsequently washed
6 times with plating medium over a 60 min period to remove all unbound ['**1]-a-BTX.
The neurons were finally extracted in 0.5 ml of 0.5 M NaOH. and the radioactivity was

measured with a y-counter (from Department of Pharmacology).



2.3. ELECTROPHYSIOLOGY

2.3.1. Patch-clamping recording conditions

We used the modified culture dishes (see 2.1.3.) as recording chambers. The thin aclar
coverslips permit visualization of neurons at 400X on a Zeiss {axiovert 35) microscope.
The ground clectrode was connected using an agar bridge (small tubing filled with
perfusion solution containing 2% agar). During the recording. the chamber was continually
perfused at a rate of 0.5-1 ml/min using a peristaltic pump (Extracorporeal} and the fluid
was withdrawn via a suction tube positioned at the opposite side of the chamber, The fluid
volume in the recording chamber was approximately 500-300 pl. All recordings were done
at room temperature (21-24°C).

Membrane currents were measured with whole-cell patch-clamp techniques (Hamill
er al. 1981) using a LIST EPC-7 amplifier. Currents were usually filtered at 5 KHz with
an ecight-pole Bessel filter (Frequency Devices. Inc.). and then sampled. displayed and
stored on line with a 386-based PC comiputer (AT class with an EISA bus running at 33
MHz and a 64K cache and an A/D card [Omega]): we used Patchkit (Alembic Sotftware.
Montréal) for data acquisition and analysis. In some experiments. the currents were
digitized at 44 kHz by a pulse code modulation unit (PCM 701, Sony Corp.) and stored
on a Beta video cassetie recorder (Betamax. Sony Corp.). The pipette resistances were 2-6
MQ (Narishige PP-83 patch pipette puller) and the current signal was balanced to zero in

the extracellular perfusion fluid (see below).

2.3.2. Ligand sensitivity assays
To measure ligand sensitivity on neurons. we used three different methods of ligand
application.

" First. ligands dissolved in extracellular medium were applied for 1 to 4 sec onto the
cell body by pressure ejection from an electrode with a =10-20 um diameter tp. The
pipette tip was positioned at 20-30 um from the cell body. so that. on application of light
pressure (=10-30 KPa from a tank of pressurized nitrogen) the entire cell bodv and

proximal processes were perfused. The cultures were continuously perfused at a rate of
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| ml‘min so that no buildup of ligand occurred in the recording chamber during the
experiment,

Second. ligands werce also applied by pressure gjection. but from double barrel pipettes
(see below) to test for sensitivity of two different ligands on the same neuron. The tip
openings were also =10-20 pm. and the pressure was applied in one pipette at a time,

Third. we used a method of rapid agonist application: the agonist solution is applicd
to a neuron from double-barrel pipette (sce betow), each barrel having a tip opening of
150-200 pm in diameter. The double-barrel pipette is attached to an electromechanical
switching device (built by John Knowles. Department of Physiology. MeGill). and its tips
are positioned =30-30 um from the neuron. with the central axis of one barrel in line with
the neuron: initially the neuron is pertfused by the solution from this barrel (control
solution). but. by triggening the electromechanical device. the second barrel rapidly moves
into position and perfuses the neuron with its solution (agonist). The flow rate from cach
barrel is usually 8-12 ul/sec: higher rates are difficult because they detach the neurons
from the substrate, The flow from each barrel is controlled by a valve so that the flow of
agonist is not continuous. but limited to recording period (usually 2-5 s tor each trial): in
addition. the recording chamber is perfused at 1-2 ml/min with perfusion solution (sce
below) to minimize the build up of agonist. To assess the speed of our agonist application
technique. we filled each barrel with a different salt concentration and measured the time
course for the change in electrode tip potential to occur upon switching from one barrel
to the other. From this test. we demonstrated that our switching device changes the
concentration in the vicinity of the electrode within 2 ms (Figure 2.1).

When rapid agonist application was used. we found that it was imperative to add 500
nM Tetrodotoxin (TTX: Sigma) in the pertusion solution as well as in the agonist solution
to block unclamped voltage-dependent Na™ currents (see Figure 7.1).

For measurements of ligand sensitivity. neurons with clear nuclet were selected at
random and voltage-clamped at -60 or -50 mV during drug application. All currents were
normalized to whole-cell membranc capacirance by integrating the capacity current evoked

bv a 5 mV hyperpolarizing voltage step from a holding potential of -60 or -50 mV.
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Figure 2.1 Rapid agonist appiication. A patch electrode containing regutar intracellular
medium (section 2.3.4.) was pertused by one barrel containing 30 mM NaCl. By triggering
an electro-magnetic device at the time indicated by the armow, a second barrel perfusing
250 mM NaCl moved rapidly in tront of the patch electrode tip. The resulting shift in the
liquid junction potential produced a current that reached its peak within approximately 2
ms.

For measurements of ACh-evoked current densities on nodose neurons. 50 uyM ACh
was used: at this dose. little desensitization of the nAChRs occurred. The ACh-evoked
currents on nodose neurons are blocked by nicotinic antagonists hexamethonium or curare
{Mandelzys and Cooper. 1992). With whole-cell voltage clamp technique. a current of 5
pA could be resolved: such current is likely to arise from the simultaneous opening of
only 2-3 nAChRs. Thus. neurons scored as "non-sensitive” to ACh are presumed not to
express functional nAChRs. When a larger dose {e.g. 100 uM) was used in parallel
(double-barrel), it was shown not to detect more ACh-sensitive neurons (Mandelzys and
Cooper. 1992). indicating that 50 uM ACh is sufficient to measure the proportion of

neurons expressing tunctional nAChRs.

Double-barrel electrode puffers: Two microelectrodes \a;ere inserted together in a
Narishige PF-2 vertical microelectrode puller: heat was applied without vertical tension .
and the two microelectrodes were twisted by 360 degrees. The heat was then turned off
to allow the two twisted microelectrodes to cool down: then vertical tension was applied

with heat to pull two identical double-barrel puffers. For experiments using pressure
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ejection of ligands. the tips were cut to have openings of 10-20 pm. using sharp dissection
forceps. For fast application experiments. tips were cut to be 150200 pm in diameter. and

the edges were smoothed with a sharpening rock.

2.3.3. Voltage-gated Ca** current recording

For recording Ca™* currents. we used 2 depolarizing protocols. one to focus on the
tail currents (e.g. L-type Ca™* currents) and one to focus on more rapidly inactivating
Ca=" currents (including N-type Ca=* currents) (sce Chapter 6 for details). The perfusion
solution was the same as that shown below except that it contained 3 mM CaCl,. 10 mM
tetracthylaramonium (TEA)-bromide (Sigma) and 2 mM 4-aminopyridine {(4-AP)-Cl (grade
Il. Sigma). In most recordings. the dihydropyridine agonist (+)-202-791 (1 pM: stock: |
mM in ethanol. Sandoz Pharma) was added to the perfusion solution to allow better

resolution of the tail currents.

2.3.4. Solutions and reagents for electrophysiological recordings

Pipette solution fregular): 65 mM KF. 55 mM KAc. 5 mM NaCl, | mM MgCl.. 10 mM
ethylene glycol-bis (b-aminoethyl ether)-V.N.V'. NV -tetraacetic acid (EGTA), 10 mM
HEPES. and 0.2 mM CaCl, (final concentration of =10""M): pH was adjusted to 7.4
with 2 M KOH (final=20 mM). [n some experiments. the pipette also contained 0.5%
lucifer yellow (potassium salt: Sigma).

Piperte solution for recording Cu”* currents: 65 mM CsF, 50 mM CsAc, 4 mM MaCl..
4 mM Na,ATP, 0.2 mM NaGTP. 14 mM phosphocreatine (Sigma). 10 mM HEPES,
10 mM EGTA: pH was adjusted to 7.4 with 2 M KOH (final=25 mM). The solution
was kept on ice during the experiments.

E.m'acel!ulmi perfusion solution fregular): 140 mM NaCl, 54 mM KClL 0.33 mM
NaH,PO,, 0.44 mM KH,PO,. 2.8 mM CaCl,. 0.18 mM MgCl,. 10 mM HEPES. 5.6
mM glucose. 2 mM glutamine. 5 ug/ml phenol red: pH was adjusted to 7.4 with I M
NaOH (final=2 mM). For fast agonist application experiments, 0.5 pM Tetrodotoxin
(TTX: Sigma) was added.
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Extracellular perfusion solution for recording Cu- * currents: same as above except that
CaCl, was at 5 mM. and 10 mM tetracthylammonium (TEA)-bromide (Sigma). 2 mM

4-aminopyridine (4-AP)-Cl (grade I1. Sigma) and 1 pM TTX were added.
2.4. MOLECULAR BIOLOGY

2.4.1 RNA extraction

RNA was extracted from nodose and SC ganglia or from cuitured neurons. by a
method based on Chomcezynski and Sacchi (1987). The ganglia were dissected and kept
in a petri dish containing ice-cold L15-Air until the end of the dissection. The ganglia
were then transferred 1o 2 15 ml polypropyviene wbe (Falcon 2059). and the L135 air was
removed and replaced by 3 ml of ice-cold solution D (see below). The ganglia were then
homogenized using a polviron. For many experiments. the ganglia were dissociated and
neurons were scparated from non-neuronal cells as described above (2.1.1.) prior to RNA
extraction. In that case. the dissociated neurons were rinsed once with plating medium
(2.1.4.) and once with ice-cold modified HBSS (2.1.4. containing DEPC-H,O [see below])
and resuspended in solution D (usually 200-200 pl) by pipetting up and down 10 times
with a "pipetman” {no polviron was necessary). For cultured neurons, the petri-dishes were
rinsed twice with ice-coid modified HBSS (plus | mM CaCl,). Then. 2-4 petri dishes
from one given condition were typically pooled together and 300400 pu! of solution D was
used to collect the RNA. To maximize vield of RNA extraction. 100 pl of solution D was
added to the center well of one petri dish. pipetted up and down 5 times and the solution
was transferred to 2 second well. A second 100 pl of solution D was used to rinse the
same center well. -

The following solutions were added sequentially to the solution D containing neuronal
extracts while vortexing berween each one: sodium acetate 2 M (pH 4.1) at a 1:10 ratio
with solution D: phenol (see below) at a 1:1 ratio with solution D: chloroform:isoamyl
(24:1) at a 2:10 ratio with solution D. This mixwre was kept on ice for 15 min.
centrifuged for 20 min at 4°C (10 000g). and the aqueous phase was recovered and mixed

with equal volume of isopropanol and stored at -20°C for | hr or overnight (7_’4—18 hrs for
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cultured neuron RNA). The precipitated RNA was then centrifuged, resuspended in 0.1
to 0.5 ml of solution D (depending on the amount of RNA) and reprecipitated with equal
volume of isopropanol at -20°C for 1 hr or overnight (24-48 hrs for RNA from cultured
neurons). The precipitated RNA was rinsed with 70% ethanol. air dried and resuspended
in DEPC-H,O (100-400pl1) and the optical densitics (ODag, and ODay,) were measured
on a spectrophotometer to quantify the amount of RNA (0D, of 1=40pg/ml RNA) as
well as the ratio RNA:DNA. A ratio ODa,'OD4y, of 1.8-2.1 was considered satisfactory
for RNase protection assays. The RNA from cultured neurons was resuspended in only
100 ul. and its OD was measured using an RNase free microcuvette {100 pl: Beckman)
that was pre-cleaned with DEPC-H»O containing 100 mM NaOH and | mM EDTA. In
this manner. the ODs could be measured for the entire RNA samples, without extra
dilutions. The RNA was then re-precipitated and kept at -20°C until use for RNase
protection assays. Our average vield of total cellular RNA from 4 petri dishes with cach

<6000 SCG neurons cultured for 7 dayvs was 2.0 = 0.2 pg.

2.4.2. Riboprobe synthesis

Riboprobe syntheses. for RNase protection assays and in sty hybridization
experiments. were performed according to that described by Krieg and Melton (1987).
[33P] radiolabelled antisense RNA probes were transcribed in vitro from linearized
plasmids containing subcloned portions of the cDNAs of interest. For the transcription
reaction. the following reagents were added sequentiaily in a microcentrifuge tube: | pl
of ATP, GTP and CTP (10 mM stock: final=500 uM: Prorﬁega). 8.5 ul nuclease frec
ddH-O (Promega), 2 p! 10X transcription buffer (see below), 4 ul >>UTP (800 Ci/mmot:
Dupont). 1 ul (30 Units) RNase inhibitor (Pharmacia). =0.5 pg of linearized template
c¢DNA (=1 pl) and 0.2 to 1.0 pl of RNA polymerase {either SP6. T3 or T7, 5-10 Units).
The final volumne was =20 pl: after mixing well. the solution was incubated at 37°C for
50-60 min. Qccasionally. fresh polymerase was added for another 50-60 min of
transcription reaction. The template DNA was then digested with 10 Units of DNase !
(Pharmacia) for 20 min at 37°C. To help precipitating the probes. 10 pg tRNA (Sigma)

was added. before 100 pl DEPC-H,O and 100 pl watcr-saturated phcnol:chlumhnn
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{50:50) was added and vortexcd well in order to remove all proteins. After 5 min
centrifugation (10 000g). the aqueous phase was collected and mixed with 9 ul of 10 M
ammonium acctate and 322 pl ethanol. The probes were precipitated for 30 min and
centrifuged for 20 min at 10 000g.

In order to eliminate any smaller radiolabelled RNA resulting from incomplete
transcription, which could interfere with the full length riboprobes in the hybridization
reactions, we “gel purified” the probes. The pelieted probes were resuspended in loading
butTer (sec below) and separated by electrophoresis on a 3%% polyacrvlamide-8M Urea gel
{see below) for 1 hr at constant voltage (240 V) with 1X TBE (see below) as the running
buffer. Following electrophoresis. the gel was adsorbed to Watman paper and covered
with plastic wrap. and exposed to Kodak X-ray film (in the dark room) for approximately
| min to reveal the probe signals. The outline of the film was drawn with a marker onto
the Watman paper during the exposure period: the developed X-rayv film could then be
placed back on top of the gel to excise the probes (through the film) with a razor blade.
The highly radicactive piece of gel was then put in a microcentrifuge tube containing
clution butter (see below). The probes were eluted (vigourous shaking at 37°C) for 2-18
hrs. The eluate was mixed with equal volume of 100% ethanol to precipitate the probes.

The precipitated probes were kept at -20°C until use (up o 3 days).

2.4.3. RNase protection assay

RNase protection assays were performed according to protocols described in Krieg
and Melton (1987). Sambrook er al. (1989) and Ausubel er al. (1989). with minor
modifications. Tvpically. 0.5-2 pg of total cellular RNA was combined with | to 3
radiolabelled riboprobes (usually 200 000 cpm each). both as ethanol precipitates. The
mixture was centrifuged at 10 000g for 20 min. the ethanol removed and the radioactive
pellet rcsuspeﬁded in 30 pl hybridization buffer (see below), by 30 triturations. We found
that this method gave us much more reproducible results than resuspending the pellet by
vortexing. The RNA mixture was denatured at $5-90 °C for 10 min and incubated
overnight at 60°C. The following day. the non-hybridized riboprobes (or all single

stranded RNAs) were digested by a 30 min incubation at 37°C with RNase T1 (1000
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Untts, Sigma). in 330 ml of digestion buffer (see below). To stop the digestion reaction,
50 pg of proteinase K (Sigma) and 10% sodium dodecy! sultate (SDS) were added tor a
13 min incubation at 37°C. Then. 10 pg of tRNA was added to help precipitue the
RNA/riboprobe duplexes which were first extracted with phenol:chlorotorm (50:30), Atter
vortexing and centrifuging (3 min, 10000g). the aqueous phase was recovered and
combined with | ml of 100%% ethanol to precipitate the RNA/riboprobe duplexes. which
took 30 min at room temperature. After centrifugation (20 min. 10 000g) the ethanol was
removed and the pelleted RNA/mboprobe duplexes were resuspended in 30 pl loading
buffer by 30 “triturations”. separated by incubating at 85-90°C for 3 min, and
electrophoresed on a 5% polyacrylamide-8 M Urea gel for 2-3 hrs at 230 volts, The gol
was then placed on Watman paper. covered of plastic wrap and vacuum-dricd tor 43-60
min. The dried gel was first exposed to a phosphor imaging plate for -2 hrs at room
temperature to quantify the hybridization signals. Then the gel was exposed to X-ray film
at -70°C with an intensifying screen for 1-4 days.

The thermal stabilities for all probes. as calculated from their melting temperatures,
differed by less than 1°C. The specific activity of each riboprobe was calculated from the
number of adenine bases. To quantify the levels of mRNA among different transcripts.
the relative intensities of the hvbridization signals were divided by the specific activity

of the corresponding riboprobe.

2.4.4. In situ hybridization

For in situ hybridization. neurons were grown in small (5 mm-=) coverslips to
minimize the amount of riboprobes. Two labelling techniques were used: [32P]-[abcllcd
riboprobes revealed by emuision photography and digoxigenin (DIG)-labelled riboprobes
revealed by immunocytochemistry with a DIG antibody conjugated with alkaline
phosphatase (DIG-Ab-AP).

2.4.4.1. Fixation of cells
Cells were fixed according to that described in section 2.2.1.. except that the fixative

was prepared with DEPC-H.0. Glutaraidehyde (0.01%) was also used facultatively (better
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fixation quality. but weaker hvbridization signals). Neurons also were permeabilized with
1005 ethanol at -20°C for 13 min, or alternativelv with 7075 ethanol (30% DEPC-H-O)

and stored at -20°C until use (up 10 2 weeks).

2.4.4.2 Pre-hvbridization

Cells were re-hydrated by 3 rinses with DEPC-PBS. Salmon sperm DNA (final: 250
pz'mi: see betow) and tRNA (final: 500 ug/ml) were boiled for 5 min and chilled on ice.
and then mixed with pre-hvbridization buffer (see below), containing RNase inhibitor.
vanadyl sulphate ribonucleoside complex (VSRC: 20 mM: Boehringer Manheim). The
mixture was reidly added to the neurons in the center well of each dish (e.g. 20-30 pi)

and the cells were incubated for 1-3 hrs at 43°C in a humid incubator.

2.4.4.3. Riboprobe hvbridization

Precipitated ¢cRNA probes (either {*2P] or DIG -labelled probes: see below) were
pelleted by 20 min centrifugation, rinsed with 70% ethanol. and air dried for 10 min.
Salmon sperm DNA and tRNA (same final concentrations as above) were added to the
pellet and thoroughly mixed by 30 triturations. The mixture was boiled 5 min after which
the hyvbridization buffer. VSRC (20 mM final). and DTT (60 mM final) were added. After
removing the pre-hybridization buffer from the center well of each culture dish. the cRNA
probe-containing hybridization buffer was added (30 ul). The cells were incubated with
the probes for =16 hrs at 43°C in a humid incubator: 1 X 10% cpm of [**P]-labelled
riboprobes or 20 ng of DIG-labelled riboprobes were mixed with 30 ul of hybridization
butfer.

2.1.4.3. Rinsing procedure and digestion of non-hvbridized RiA

After hybridization. the cells were rinsed twice with =1 ml of warm (=43°C)4X SSC  _
(see below) while gently shaking on a rotatory plate in a 43°C incubator for 10-15 min. )
Two more rinses were repeated with 2X SSC and then the neurons were rinsed once with
RNase bt_lj_'f;gi {see bglotxxr). followed by a 30 min incubation at 37 °C with RNase T!

(2pliml: SigmainRNase butfer. in order to digest any non-hvbridized cRNA probes. This
%ﬂf_'
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was followed by 3 rinses with 1X SSC for 10-13 min. and 1 rinse with 0.1 X SSC for 15

min at 43°C.

2.4.4.4 ["-Pl-ribonrobes: emulsion coating. development and slide mounting

The emulsion coating of [:‘ :P]-labelied specimen was carried out in the dark room.
The emulsion solution (50:50 Kodak NTB2:ddH,0) was melted by incubation in 37°C
water bath. The aclar coverslips were pealed off from the petrt dishes and. one by one.
dipped vertically into the emulsion without tilting. After dipping for 2-3 sec. the
coverslips were withdrawn. the excess emulsion drained into tissuc paper. and the
coverslips were allowed to dry by standing vertically in a light proof plastic box
coniaining a Drierite bag to remove humidity. The boxes were scaled with tape and stored
at 4°C for 1 1o 2 weeks. before processing for development. To develop the emulsion.
coverslips were dipped (in the dark room) in Kodak D-170 developer (13°C) for & min.
Development was stopped by rinsing with ddH.O for 30 sec. and the emulsion was fixed
with 24% sodium thiosulphate for 3 min. After rinsing for 10 min with tap water and 30
sec in ddH-O. coverslips were dehydrated by sequential rinses with 30%. 75%. 95% and
100%4 ethanol solutions. and air-dried for 15 min. Coverslips were then mounted on slides

with Entellan (Fisher). and examined with phase contrast and dark field microscopy.

2.4.4.5. DIG-riboprobes: DIG-antibodv incubation and alkaline phosphatase reaction

Cells were rinsed once with DIG-Ab-AP buffer (see below) and incubated with
DIG-Ab-AP blocking solution (see below) for 30 min at room temperature. Then. the celis
were incubated for | hr with DIG-Ab-AP (sheep antibody: Bochringer Mannheim: 1/200
dilution in DIG-Ab-AP blocking solution). followed by 3 rinses with DIG-Ab-AP buffer
for 10-15 min on shaking table at room T°C. The alkaline phosphatase reaction was
performed as described in section 2.2.1.. Cells were incubated with the reaction mixiure
for 1 to 24 hrs depending on the intensity of the signal (brown color).

2.4.4.6. Riboproke svnthesis for in situ hvbridization

-

[32P]-lab;iled cRNA antisense probes were synthesized. gel purified and cluted as
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deseribed in section 2.4.2.

DiG-labelied ¢cRNA antisense probes were synthesized according to the method
described in section 2.4.2. with some moditications:

The following reagents were added sequentially in a microcentrifuge tube: 6 pl of
ATP. GTP and CTP (10 mM stock: tinal=1.5 mM). 6 ul of UTP:DIG-UTP mix
(75%:25%: both 10 mM stocks: UTP-DIG tfrom Boehringer Mannheim). 4 ul 10X
transcription butfer. 10 pg linearized template DNA. 2 pl {60 Units) RNase inhibitor
{(Pharmacia). 0.3-2 ul RNA polvmerase (SP6. T7 or T3). completed to 40 ul with nuclease
free ddH,O. Probes were synthesized for 1 hr. and fresh polymerase was added for a
sccond round of svnthesis.

As described in section 2.4.2., the template DNA was digested. the probes were
extracted with phenol-chloroform. and then precipitated with ethanol. Precipitated probes
were resuspended in DEPC-H.O and reprecipitated again with ethanol and ammonium
acetate. Finally. the pelleted probes were rinsed with 70% ethanol and resuspended for OD
measurements. after which they were re-precipitated and kept a -20°C until use {good for

several months).

2.4.5. cDNA plasmids

Plasmids (containing cloned cDNA and ampicillin resistance gene) were grown in E.
Coli. on 2YT agar plates (see below) or in 2YT medium (sce below) containing ampicillin
(20-160 pg/ml). The plasmid DNA was extracted and purified using alkali lysis of
bacterial cultures. phenol-chloroform extraction. and polyethyiene glycol precipitation as
described by Sambrook er al. (1989).

Plasmids containing nAChR subunit cDNA inserts of a». o3, @, &5 @7, B, B3 and
B, were supplied by Dr. E. Deneris (Case Western reserve University) and used as
templates for the transcription reaction (Mandeizys er al.. 1994). The sizes of the
synthesized riboprobes (in base pairs) were ¢.=194, a3=268. a =602, e =547, a»=510.
B,=381. B;=492 and B,=d4-t1. Most of the probes were made against the carboxy terminus

and the 3° non-coding region. except for the probes for c, and 8, which were made

against the amino termini. All chosen sequences exhibit very little homology among one
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another.
Plasmids containing subcloned portions of” neurotrophin receptors were supplied by
Dr. P. Barker (Montreal Neurological Institute, McGill university) for ik (pSPrrk 3-7)

and pTSLNGFR

(p3a). Dr. Tony Jelsima (Center tor Research in Neuroscience. MceGill
University) and Dr. E. Shooter (Stanford University) for p75-NFR (oNGEFR 1. Dr. G.
Yancopoulos (Regencron) for #74B (pSK-mkB) and rhkC (pSK-trAC). The sizes of the
synthesized riboprobes (in base pairs) were: rhA=397. rkB=730 or 333. wrkC=324.
p75ENOFR (n52)=300.

The plasmid pSK-r74B contained the full length cloae of mkB. To make a template
cDNA for a riboprobe that would allow us to distinguish both major splice isoforms of’
kB (i.e. kBTN and rrkBT™). we cut the clone at site 2530 and in the poivlinker of
pSK with Drall to remove a portion of the DNA. The cut DNA was migrated on a 1%
agarose (with ethidium bromide) to separate the linear plasmid from the released
undesired piece of DNA. The linear plasmid (larger band) was excised from the gel under
a UV light. extracted from the gel by centrifugation through micro-spin filter (0.45 pm:
DiaMed) and religated using T4 DNA ligase. By linearizing this modified 4B clone
[pSK-rkB"] with Hinc [l we transcribed an antisense riboprobe that spans part of the
intracellular tyrosine kinase domain (only in rkBTR™) as well as the transmembrane
region (common to both isoforms). The riboprobe length was 730bp. and the length of the
fragments after protection were: irkBTK* =715bp. trkBTR =2 10bp.

Plasmid containing subcloned portion of GAPDH (pTRI-GAPDH-mouse plasmid) was
purchased from Ambion. Probe length=300bp: protected length of riboprobe=150bp.

All restriction enzymes. DNA modifving enzymes and transcription enzymes were
purchased from New England Biolabs (NEB).

2.4.6. Solutions and reagents for molecular biology:
2x ¥T Medium: for 1 liter of ddH,O. 16g bacto-tryptone. 10g bacto-yeast extract {Fisher).
and 5g NaCl: pH adjusted to 7.0 with NaOH 5N sterilized by autoclaving 20 min.

Agar plutes: 2x YT medium plus 15 mg/ml bacto-agar: autoclaved 20 min. cooled down
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to 30°C and 20 pg/ml of ampicillin was added before liquid (30-35 mi) was pourcd
in 10 cm plates. Kept at 4°C protected from light up to 2 month.

Denhardt’s solution 100X: 2% (wiv) Ficoll (Sigma-mol biol grade). 2% (w'v)
polvvinylpyrollidine (mol. biol. grade: Sigma). 2% (w/v) BSA (fraction V: Sigma).
in ddH,0: filtered through 0.45 pm. aliquoted (=1 mi) and stored at -20°C.

DEPC-H,0: diethyl pyrocarbonate-treated ddH.O. The ddH,O was stirred with 0.1% of
DEPC for several hrs and autoclaved for | hr to hydrolyse the DEPC {from Fisher).

DIG-Ab-AP buffer (Digoxigenin-antibodv-alkaline-phosphatase buffer): 150 mM NaCl.
100 mM Tris-HCl (pH 7.5)

DIG-Ab-AP Blocking solution: DIG-Ab-AP buffer + 3% Fetal Calf Serum (v/v) and 1%
blocking reagent (Boerhinger Mannheim).

Digestion buffer: 300 mM NaCl, 10 mM Tris-Ci (pH 7.5) and 5 mM NaEDTA in ddH,O.

DTT (Dithiothreitol): 5 M DTT (mol. biol. grade: Sigma). dissolved in 0.01 M sodium
acetate (pH 5.2); filtered through 0.45 pm. aliquoted (=1 ml) and stored at -20°C.

Elution huffer: 2 M ammonium acetate. 1% SDS. 33 yg/mi tRNA. and DEPC-H-O

Hvbridization buffer tor in situ hybridization: same as pre-hybridization buffer plus 10%
dextran sulphate

Hybridization buffer for RNuse protection assavs: 80% deionized formamide (Fisher),
10% 10X hybridization buifer (400 mM PIPES [piperazine-N.N"-bis{2-ethanesulfonic
acid]] buffer. pH 6.4. 4 M NaCl and 10 mM EDTA}. and 10% DEPC-H,0.

Loading buffer: 30% formamide, | mM EDTA. 0.02% (wsv) xvlene cylanol. 0.02%% (w/v)
bromophenol blue. and DEPC-H,0.

Phenol forr DNA preparation: The phenol (Fisher) was saturated with 0.1 M Tris pH 8.0
according to the method of Sambrook er «f.. 1989. Hvdroxvquinoline (0.1% wiv) was
added to reduce oxidation. RNase activity. and to facilitate the distinction between the

| aqueous and organic phases.

Phenol for .RNA preparation: The phenol was sawrated with ddH,O (+ 0.1%
hydroxyquinoling).

Phenol:chloroform: 1 volume of phenol (DNA or RNA tvpe: see above) was mixed with
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I volume of chloroform:amyl (24:1).

Polvacrlamide-8 M Urea gel (3%): (for 50 ml) 24¢g of urea (BRL). 5 ml of 10X TBE.
6.25 ml of 24:1 acrylamide:bis-acrylamide (38:2% stock. Fishery and DEFC-H.O.
Once the ingredients were dissolved. the solution was tiitered through Watman paper.
500 ul of 10% ammonium persulfate (BRL) and 10 ul of TEMED
{N.N.N"N"-tetramethylethylenediamine, Fisher) were added to catalvse gel
polymerization. which took approximately 1 hr.

Pre-hybridization buffer for in situ hybridization: 50% formamide (super pure grade.
Fisher), 4X SSC. 1X "denhardt’s", 20 mM phosphate buffer (pH 7.0). 20% (w/v)
sarcosy!: filtered through 0.45 pm filter, aliquoted (=1 ml) and stored at -20°C.

RNase buffer: 300 mM NaCl. 100 mM Tris-HCl. 5 mM NaEDTA. ddH-O

Salmon sperm DNA: orepared according to Sambrook er af. (1989).

Sofution D: 4 M guanidine isothiocvanate. 25 mM sodium citrate. 0.53% sarcosyl (viv).
0.75 % (v/v) B-mercapioathanol

SSC: 20X solution: NaCl (175.53 g) and sodium citrate (88.2 g} in 1 liter of ddH-O. pH
adjusted to 7.0 with 10 N NaOH: sterilized in autoclave (2 min).

Stopping buffer: PBS (pH 7.4) and 20 mM NaEDTA.

TBE: 392 mM Tris-HCI. 890 mM boric acid and 25 mM EDTA. pH adjusted to 8.3 with
HCI: Sterilized by autoclaving.

Transcription buffer: 400 mM Tris-HCI [pH 7.9]. 60 mM MgCl.. 20 mM spermidine. 10
mM DTT: from NEB.

2.5. Data analysis

When scoring the percentage of neurons that cxtended dendrites or that were sensitive
to capsaicin. the confidence limits of these percentages were estimated from the binomial
distribution (Walipole, 1982). Standard t-tests and Duncan’s multiple-range tests were used.

where indicated. to determine statistical differences (Walpole. 1982).



Chapter 3

NGF Induces Neonatal Rat Sensory Neurons To Extend Dendrites

in Culture After Removal of Satellite Cells

INTRODUCTION

Vertebrate neurons typically have several dendrites that originate from their cell
bodies. and most afferents establish synapses on these dendrites. Little is known. however.
about the mechanisms that stimulate or inhibit the initiation of dendrites. or what controls
the arborization of dendrites once they have been initiated. Studies have indicated that the
initiation of dendrites are. in part. governed by mechanisms intrinsic to neurons (Dotti er
al.. 1988: Black and Baas. 1989). In addition. there is ample evidence that extrinsic
factors influence neuronal polarity and dendritic arborization (Mudge. 1984: Purves et al..
1988: Snider. 1988: Tropea er al.. 1988: Bruckenstein and Higgins. 1988a.b: Lein and
Higgins. 1989: Chamak and Prochiantz. 1989: Johnson er «l.. 1989: Clendening and
Hume. 1990: Rousselet et al.. 1990: Schilling et al.. 1991: Le Roux and Reh. 1994).

While almost all vertebrate neurons extend dendrites. a notable exception is the
peripheral sensory neuron. Morphologically. sensory neurons are pseudo-unipolar. and
their ovoid somata. which are devoid of synapses. are covered by satellite cells (peri-
somatic glia) and lack dendrites (Lieberman. 1976: Pannese. 1981). The axons of sensory
neurons bifurcate shortly after emerging from the cell body: one branch grows peripherally
and its terminais develop into 2 sensory transducer: the other branch groWs centraily
forming synaptic connections within the CNS. The fact that sensory neurons do not
express typical dendritic-axonal polarities. like those established on most neurons. suggests
that either part of the mechanisms that initiate dendritic growth are not functioning in
sensory neurons. or mechanisms exist which actively suppress sensorv neurons from
extending dendrites. Deciding between these two possibilities should provide some clues
as to the mechanisms that control the establishment of neuronal polarity.

Previously. it was shown that when neonatal sensory neurons from rat nodose ganglia
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were cultured in the absence of satellite cells, they formed synapses among one another
(Cooper, 1984), suggesting that these neurons were expressing new postsynaptic elements
necessary for svnapse formation. One example is the neuronal nAChR: in vivo, fow
nodose neurons express ACh-evoked currents. yet in these cultures. many have high
density ACh-evoked currents and the synapses are cholinergic (Cooper. 1984: Mandelzys
and Cooper. 1992). Other possible postsvnaptic specializations that could be expressed on
these neurons, and play a role in promoting these novel synapses among sensory neurons.
are dendrites. If dendrites were being expressed de novo on these neurons, this preparation
would provide an attractive model to investigate various mechanisms that control dendritic
outgrowth. as well as targeting and localization of postsynaptic elements (c.g. nAChRs)
and nerve terminals in neuron-neuron svnapses.

To investigate whether nodose neurons have dendrites. one needs a reliuble marker
to distinguish dendrites from axons as the neurons develop in culture. There are several
notable differences in cytoskeletal protein and organelle content between axons and
dendrites. For example: (1) ribosomes and Golgi elements are present in dendrites but not
in axons (Bartlett and Banker, 1984a.b: Peters er al., 1991): (2) the microtubule polarity
orientation differs in axons and dendrites (Black and Bass. 1989); (3) a much greater
number of neurofilaments are phosphorylated in axons compared to dendrites (Peng er ai..
1986): and. (4) the types of microtubuie-associated proteins differ in axons and dendrites
(Kosik and Finch, 1987: reviewed by Matus. 1988). In particular. microtubule-associated
protein-2 (MAP2), and the mRNA that codes for it. are found exclusively in cell bodies
and dendrites (Caceres er al.. 1984: Caceres er al.. 1986: Kosik and Finch, 1987: Garner
et al.. 1988), whereas. tau proteins are predominantly distributed in axons (Kosik and
Finch, 1987: Craig and Banker. 1994).

In this cﬁa‘pter. we have used lucifer yellow injections to examine the establishment .
of neuronal polarity by neonatal nodose neurons in culture and used antibodies to MAP2

to investigate whether these neurons extend dendrites as they develop in culture.



wn
=0

EXPERIMENTAL PROCEDURES
Cell cultures

Neurons were dissociated. separated from thetr non-neuronal cells and cultured as
described in section 2.1. In sateflite cell free cultures. Ara-C (10 pM) was added to the
culture medium for the first 4 days to eliminate any remaining dividing cells. As described
in section 2.1.2, some slow dividing fibroblast-like cells remain in these cultures. Satellite
cells and Schwann cells divide rapidly in culture and can be virtually eliminated with a
4 day Ara-C treatment. Both cell types are undistinguishable in these cultures. and are
essentially similar in vivo (Lieberman. 1976: Le Douarin and Ziller. 1993): therefore. we
include both types when we refer to satellite cells. To co-culture neurons and satellite
cells, we used two different methods. First. for most cultures. the percoll step (for
separation of neurons from satellite cells: see section 2.1.1.) was omitted and no Ara-C
was added to the growth medium. Second. for some cultures. particularly those involving
short term cultures combined with lucifer yellow injections. the satellite cells suspension
obtained from the percoll step was washed and plated on laminin coated coverslips.
allowed to grow 2-3 days (until confluence) before neurons (from another litter of
nconatal rats) were plated on top of them. In some cases. the satellite cell layer was pre-
fixed with 0.5% paraformaldehyde (overnight at 4°C). and thoroughly washed with HBSS
before plating the neurons on top (Hawrot. 1980).

[n this study. we used 10 nM 7S NGF (see section 2.1.4.). In cultures grown without
NGF. sheep antiserum to mouse NGF (kindly provided by Dr. J. Diamond. McMaster
University) was added to the cultures at a dilution of 3:10000 (a dilution of 1:10000
blocks the trophic effect of 10 nM 7S NGF when added to SCG cultures).

Immunocytochemistry
All iramunostaining procedures were performed as described in section 2.2.1. HM-2
{Sigma). a mouse monoclonal antibody against MAP2. was used to label dendrites. SMI3 1
‘{Sternberger-Meyer Immunochemicals). a2 mouse monoclonal antibody against
phosphorylated forms of the M and H neurotilaments subunits.-was used to label axons.

For double labelling experiments (for MAP2 and phosphorviated neurotilaments), we used
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a rabbit polycional antibody against MAP2 (R4, kindly provided by K. Kosik) together
with the SMI31 antibody. In some experiments we immunostained our cultures with an
antibody against MAP2a and b isoforms (AP-20: Sigma): the staining pattern was similar
to the HM-2 and R4 antibodies suggesting that MAP2¢. which has been observed in axons
(Tucker et af.. 1988). is not present in neonatal nodose neurons or at ieast not in their
axons. We also tested the antibody SMI32 (Sternberger-Mever Immunochemicals) to stain
non-phosphorylated neurofilaments in neuronal cell bodies and dendrites (Sternberger and
Sternberger. 1983\ Although we observed most of the immunorcactivity with this
antibody in the cell bodies and dendrites. we could detect weak labelling in some axons:
therefore, we preferred to use MAP2 antibodies as dendritic markers. The primary
antibodies dilutions were: HM-2, 1:5000: R4, 1:10000; AP-20, 1:300; SMI31 and SMI32,
1:20000. Both dendritic morphologies and the: localization of HM-2, R4, AP-20, SMI31
and SM132 staining were similar in nodose and SCG neurons. However. we occasionally
observed faint staining with the MAP2 antibodies in SCG axons particularly betore the
extension of dendrites from SCG neurons. This is consistent with previous obscrvations
(Caceres er al.. 1986: Kosik and Finch. 1987: Higgins er af.. 1988). In contrast. nodose
neurons had no apparent staining in their axons beyond their proximal 20-30 pm. at ail

times in culture.

Lucifer yellow injection
‘To visualize complete neuronal morphologies. neurons were injected with lucifer

yellow as described in section 2.2.3..

RESULTS
Nodose neurons co-cultured with ganglionic satellite cells have morphologies typical
of sensory neurons

In vive. nodose neurons develop in closc association with their ganglionic sateflite
cells and do not extend dendrites (Pannese. 1981). Figure 3.1A shows a typical phase

contrast photomicrograph of nodosc neurons co-cultured with their satellite cells for three

\\
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FIGURE 3.1. Nodose neurons cultured with their ganglionic satellite cells.
{A) Phasc contrast photomicrograph of neonatal nodosc neurons in culture for
3 weeks with satellite cells. (B) lucifer yellow injection of two noedose neurons
from sister cultures. The upper neuron is unipofar and is itlustrated in a montage
of two photographs at diffcrent exposures to allow a better visualization of the
single axon branching into two axons. The lower ncuron is bipolar: it has two
axons emerging from the cell body. {C) Fluorescent MAP2 (HM-2) staining of the
same neurons as in A. Neurons lack MAP2 positive processes and many neurons

have weakly immunostained cell bodics. Scale bar, 40 pm.
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weeks with NGF. The cell bodies of most neurons remained spherical or ovoid. although
many appeared to have flattened onto the satellite cells. Most processes from these
neurons are covered by the satellite cells and are difficult to resolve with phase optics. To
investigate the morphologies of these neurons. the neurons were injected with lucifer
vellow. Forty-six percent (29/63) of these neurons were unipolar after 2-3 weeks in culture
{Figure 3.1B: top). This unipolar morphology is similar to sensory neurons in vivo (Cajal.
1955: Tennyson. 1963). Twenty-nine percent (18/63) of the neurons had a bipolar
morphology (Figure 3.1B: bottom): this morphology s tvpical of undifferentiated sensory
ncuroblasts (Tennyson. 1963). Sixteen percent (10/63) of the neurons had 3 or more
axons. Six percent (4/63) of the neurons had one or two short {(<33um) thick processes
emerging from the cell body. and 2 neurons. however, had thick processes that were 35
to 60 pum in length suggestive of dendrites. To investigate whether these processes had
properties typical of dendrites. cultures were immunostained with antibodies to MAP2.
Figure 3.1C shows the same field as Figure 3.1A but immunostained for MAP2. Of 1740

neurons examined, over 97% lacked processes with detectable MAP2 labelling.

Nodose neurons cuitured alone are multipolar and develop dendrites

Unlike nodose neurons co-cultured with satellite cells. virtually all nodose neurons
cultured without satellite cells acquire multipolar morphologtes. Figure 3.2A and 3.2B
show two typical examples of neurons injected with lucifer vellow that had developed for
three weeks in culture in the absence of satellite cells and in the-presence of NGF. The
neuron in Figure 3.2A has 3 thick tapered processes emerging from the cell body that are
tvpical of dendrites. and has at least 2 thin processes of constant calibre typical of axons.
In contrast, all 3 processes emerging from the neuron in Figure 3.2B appear axonal.

To distinguish further dendrites from axons in these cultures. we immunostained them
with antibodies 1o MAP2 and 10 phosphorylated neurofilaments (SMI31). as MAP2 is
localised to somatodendritic domains. while neurotilaments are primarily phosphorviated
in axons (Stermnberger and Stemberger. 1983). Figure 3.3A is a tvpical phase contrast
photomicrograph of three neonatal rat nodose neurons that have developed in culture tor

3 weeks in the absence of satellite cells and in the presence of NGF. Figure 3.3B shows



FIGURE 3.2. Nodose neurons cultured without their ganglionic satellite cells.

Lucifer yetlow injection of two typical nodose neurons that have developed
for three weeks in the absenee of satellite cells. The neuron in (A) has three thick
tapering processes that end locally, typical of dendrites, and at least two long thin
processes of constant calibre, typical of axons (which extend well beyond the
ficld). The neuron in (B) has a spherical cell body with three axonal processes but

no dendrite-like processes. Scale bar, 40 um.






FIGURE 3.3. Doublc labelling for MAP2 and phosphorviated neurofilaments
on nodose neurons after three weeks in culture without satellite cells and with
NGF.

{A) Phasc contrast photomicrograph showing three neurons (one is out of the
plane of focus). (B) Fluorescent photomicrograph (rhodamine labelling) showing
MAP2 staining with rabbit anti-MAP2 (R4). Onc neuron has three MAP2 positive
processes while the other two have no MAP2 positive processes. (C) Fluoreseent
photomicrograph (fluorcsceine labelling) showing shosphorylated neurofilament
staining with mousec antibody SMI31. The network of axons scen in A is brightly
labelled whereas the cell bodies and dendrites (arrow) have litde iFany staining,
Note the thin axons running along and on top of the dendrites (arrowhead). Scale

bar. 40 um.
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the same 3 neurons immunostained for MAP2. Two ncurons have taint MAP2 labelling
in their cell bodies but no MAP2 positive processes: the other neuron has 3 thick, MAP2
positive processes. typical of dendrites. Figure 3.3C shows the same ticld immunostained
with the SMI31 antibody. SMI31 labels most of the processes observed with phase optics
except for the dendrites which typically have axonal processes running over or along the
side of them. Almost 25% (Table 3.1) of the neurons in these cultures had dendrites atter
three wecks: Figure 3.4 1s a montage from one such culture that illustrates this proportion.

In addition to the proportion of neurons that had dendrites. we also measured the
number of primary dendrites (dendrites extending directly trom the cell bodies) of these
neurons and the lengths of each primary dendrite to quantity further the extent of dendritic
outgrowth in these cultures. Each parameter was mcasured at one. two. and three weeks
after plating the neurons. Table 3.1 shows that. between one and three weeks in culture,
1) the proportion of neurons extending dendrites increased approximately 2.5 told 2) the
average number of primary dendrites per neuron increased nearly two fold. and 3) the

mean dendritic length doubled.

Table 3.1. Development of dendrites and axons in the absence of satellite celis and with NGF,

Time in  Percentage Number of Mean length Number
cuiturc  of neurons primary dcgdrilcs of dendrites? of’ axons
{weeks)  with dendrites’ per neuron” per neuron?
1 10.6 =0.2 (2314 1.4 =0, (2d6) 86 £8 (66) 2.9 0.1 (13)
2 18.7 =0.3 (2503) 2.0 =0.2 (469) 108 £7 (92) 2.7 0.1 (31)
3 241 204 (1755) 2.4 =02 (422) 155 £9 (93 2.7 0.1 (48)

! Mean = SEM {n=tota! number ol ncurons from <4 dilTerent platings)

< Mean = SEM (n=all the neurons that had dendrites)

* Mean = SEM tn=all the dendrites lrom 30 neurons selected randomly in a given culture)
4 Maan = SEM (n=all the ncurons injected with luciter yellow)

N,



FIGURE 3.4. Nodose neurons cultured with NGF,

(A) Phasc contrast photomicrograph of’ nodose neurons that have developed
in culture for three weeks in the absence of satellite cells and in the presence of
NGF. (B) Fluorescent MAP2 (HM-2) staining of the same neurons as in A. Note
that 2 ncurons have long MAP2 positive processes. 1 neuron has a short MAP2
positive process (< 35um). 4 neurons have MAP2 staming {of variable intensitics)
only in their cell bodics and 1 neuron shows no stainir > for MAP2 (arrow). Scale

bar. 80 pm.
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NGF stimulates dendrite formation

The above results indicate that the control of dendrite initiation is subject o the
removal of satellite cells: however, NGF was continualty present in these cultures. and
NGF has becn shown to induce dendritic arborization on sympathetic ncurons in vive
(Purves er al.. 1988: Snider. 1988). NGF also promotes the expression of ACh-evoked
currents on nodose neuroas in culture (Mandelzys ¢r ¢f.. 1990: Mandelzys and Cooper.
1992). Therefore. we tested whether NGF had an effect on dendrite outgrowth once the
satellite cells were removed from the cultures.

Figure 3.5A shows a typical phase contrast photomicrograph of nodose ncurons that
have developed in culture essentially devoid of satellite cells and without NGF for three
weeks. With phase optics. these cultures appear qualitatively similar to cultures grown in
the presence of NGF (c.f. Figure 3.4A). as neonatal rat nodose do not need NGF for
growth and survival in cuiture. even though they possess high-affinity NGF receptors
(Mandelzys er al.. 1990: see also Figure 3.1). Figure 3.5B shows the same field
immunostained with an antibody to MAP2. In contrast to what was observed with cultures
grown with NGF, these cultures showed significantly fewer MAP2 positive processes. The
quantification of dendritic outgrowth in these cultures without NGF is presented in Table
3.2. This Table shows that after three week: without NGF. less than 6% of the neurons
extended dendrites and that the average number of primary dendrites per neuron. as well
as the mean dendritic length, are both two foid less than those of neurons stimulated by
NGF. Total dendritic growth. calculated as the product of the three dendritic parameters

in Table 3.1 and 3.2. was more than 13 fold greater in cultures with NGF (Figure 3.6).

To test whether NGF selectively rescued NGF-dependent neurons capable of
extending dendrites. we removed NGF and added anti-NGF to some cultures that had
received NGF for their first 2 weeks of development and allowed the cultures to develop
for an additional 2 weeks. The removal of NGF did not result in neuronal death. In
contrast. when we removed NGF from cultures of SCG neurons. the neurons died within

a few days.



FIGURE 3.5. Nodose neurons cultured without NGF,

(A) Phase contrast photomicrograph of ncurons in culture tor three wecks
without satellite cells and without NGF. (B) Fluorescent MAP2 (HM-2) staining
of the same neurons as in A. Note that fewer MAP2 positive processes are present

(compare with Figure 3.4) in these cultures. Same scale as Figure 3.4.
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Table 3 2. Development of dendrites and axons in the absence of stellite cells and withous NGF,

Time in  Percentage Number of Mean length Number
cuiture of neurons primary Jendrites of dendrites”’ of axons
(weeks) with dendrites! pur neuron per neuron’

l 4.3 =0.1 (1839 1.3 =0.1 (7 T7 =6 (40 ND

2 3.220.] (3029 1.2 =01 (138) N1 =6 (4D 20+ (20

3 3.8 0.1 (999

1.2 201 (4D

T3 28 (4

26 =01 (35

: Mean = SEM (n=total number of ncurons from <4 different platings)
~ Mean = SEM (n=ail the neurons that had dendrites)
3 Mean = SEM (n=all the dendrites from 30 neurons selected randomiy in a given culture)

* Mean = SEM (n=all the neurons injected with lugifer vellow

ND= not determined

To test whether these effects of NGF on process outgrowth were specitic for the

initiation of dendrites (and not axons). we filled individual neurons with tucifer vellow

and measured the number of axons emerging from the somata after {. 2 and 3 weeks in

culture. We classified thin processes of constant calibre that couid be followed for a long

distance as axons. whereas dendrites were classified as thick. tapered. processes that ecnded

locaily (Tropea er al.. 1988: Bruckenstein and Higgins. 1988a.b: Peters er al.. 1991). The

results from these experiments indicate that the number of axons emerging from the

somata did not increase significantly trom 1 week to 3 weeks in culture. independent of

the presence of NGF (see Table 3.1 and 3.2). These resuits indicate that the effects of

NGF are specific for dendrite initiation and emphasize that the initiation of dendrites on

these neurons occurs after much longer times in culture than the initiation of axons (c.f.

Dotti er al.. 1988).

The ability of nodose neurons to develop dendrites is developmentally regulated

The above results indicate that nodosc neurons trom Pl rats retain the ability to

cxtend dendrites. To determine whether this ability is developmentally regulated. we
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FIGURE 3.6. Total dendritic outgrowth by nodose neurons over time in
culture. Total dendritic outgrowth was determined by the product of
percentage of neurons with dendrites, number of primary dendrites per
neuron, and mean length of dendrites, as given in Table 3.1 and 3.2. The
values are normalized for 100 neurons. The bars represent SEM.
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cultured P14 nodose neurons in the absence of satellite cells and with NGF. The results
obtained from staining 3 week old culwures indicate that the neurons have lost most of
their ability to extend dendrites (Table 3.3). Although we did not inject these neurons with
lucifer yellow. most neurons appeared multipolar under phase microcopy. suggesting that
the removal of satellite cells still alters the pseudo-unipolar morphology of these P14

neurons.

Table 3.3. Limited development of dendrites by P14 nodose neurons,

Time in Perceninge Number of Mean length
culture of neurons primary dendrites of dendrites”
(weeks) with dendrites’ per neuron”

3 6.0 0.5 (1347 1.5 £0.2 (75 63 =4 (49

' Mean = SEM (n=total number of neurons tfrom 3 dit¥erent platings)

h 0

= Mean = SEM (n=all the neurons that had dendrites)

k3 . - - . .

© Mean = SEM (n=ail the dendrites from 30 neurons selected randomly in a given culivre)

The expression of MAP2 immunoreactivity is low in neonatal nodose neurons

In Figures 3.4 and 3.5, it is noticeable that many of the neurons without dendrites
have weak or no detectable MAP2 staining in their cell bodies. suggesting that these
neurons express little MAP2. To examine whether P1 nodose neurons cxpress MAP2. we
fixed neurons 12-18 hrs after plating and immunosizined the neurons for MAP2. We
simultaneously immunostained freshly plated SCG neurons to compare levels of MAP2
staining. Figure 3.7 shows phase contrast photomicrographs of 3 P1 nodosc neurons (A)
and 2 Pl -SCG neurons (B) grown overnight in culture. rigures 3.7C and 3.7D
demonstrate that P1 nodose neurons contain far less MAP2 immunoreactivity than SCG
neurons. The majority of P! nodose neurons had faint or undetectable MAP2
immunoreactivity: some showed moderate staining. whereas all SCG neurons had stmng

MAP2 labelling. These observations suggest that P1 nodosc neurons cxpress little MAP2,

b4
=)



FIGURE 3.7. MAP2 immunoreactivity in freshly plated P1 nodose and SCG
neurons.

Phase contrast photomicrographs of 3 nodose (A) and 2 SCG (B) ncurons
grown in culture for 18 hrs. Fluorescent photomicrographs (C and D) of the same
neurons as above. Note that SCG neurons have bright MAP2 immunoreactivity in

their somata. while nodose ncurons have faint MAP2 staining. Scale bar. 10 pm.






03
conceivably because they do not extend dendrites i vive. Atter 3 weeks in culture. many
neurons still had faint or undetectable MAP2 immunoereactiviry 1see Figure 3.4): none of
these neurons had thick tapered processes. On the other hand. scveral neurons had
moderate or strong MAPZ immunoreactivity in their ¢ell bodies but did not extend
dendrites. Finally, all neurons that extended thick. tapering processes had strong MAPZ
staining i their cell bodies as well as in their dendrites (we did not quantitied precisely
the proportions of "faintly”. "moderately” and "stronglyv” MAP2-labelled neurons. because
of the variability ot labelling intensitics between experiments). These results suggest that
1) MAPZ 1s involved in dendrite extension by nodose neurons. but not sutficient (Higgins

er af.. 1988), and 2) that MAPZ is not essential for axonal outgrowth.

Nodose ncurons acquire their unipolar morphology early when co-cultured with
satellite cells

During sensory ncuron development. the two axons of bipolar sensory neuroblasts fuse
at their onigin to give Tise to one single primary process that bifurcates into two axonal
processes (e.g. pseudo-unipolar: Tennvson. 1963). After 2-3 weeks in cultures with
satellite cells. nearly halt” of nodose neurons have one single primary process. while
almost one third are bipolar (sce Figure 3.1). These results raise the question as to
whether these neurons, when co-cultured with satellite cells. undergo the same pattern of
differentiation as observed in vivo. Alternatively. could these unipolar neurons (seen after
2-3 weeks) be extending only one process right from the onset of development in culture?
To answer these questions. we plated freshiv dissociated P! nodose neurons on either a
laminin substrate or on a confluent monolayer of nodose satellite cells that had been
plated 2-3 days earlier on laminin. The next dav. we injected neurons in both culture
conditions with lucifer vellow 1o visualise neuronal morphologies. Figure 3.8 shows
examples ot neurons njected with lucifer vellow under phase contrast or tluorescence
optics. When plated on a laminin substrate. most neurons acquire a multipolar morphology
{Figure 3.8A and 3.8B): in contrast. when piated on satellite cells. approximately 30%, of
the neurons were unipolar (Figure 3.8C and 3.8D: Table 3.4). Interestingly. this effect

seems 10 occur only when the satellite cells are in high density (e, forming a monolayver
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on the substrate): indeed. as noticeabie in Figure 3.8A, the enriched neuronal fraction from
dissociated nodose ganglia (see section 2.1.2.) sull contains a substantial number of non-
neuronal cells (either satellite:Schwann cells or f{ibroblasts). However. their density is
much lower compared to Figure 3.8C. indicating that low density satellite ceils may not
induce nodose neuron to re-acguire unipolarity. Because nodose neurons seem 1o re-
acquire their unipolar morphology rapidly tless than 24 hrs) when growing on satellite

gests that nodose neurons do not recapitulate the developmental switch from

-
-

cells. it sug
bipolar to unipolar morphologies that has been observed tor sensory neuroblasts in vive
(Tennyson, 1963). Instcad. the neurons appear to extend only one axon. thereby re-

acquiring "immediately” their unipolar morphology when they develop with satellite cedls,

The influence of satellite cells on nodose neuron polarity involves a direct contact
mechanism

The mechanism by which satellite cells induce sensorv neurons to acquire their
pscudo-unipolar morphology is unknown. A simple scheme is that the satellite cell
produce their effect via either a diffusible released factorts) or a direct contact mechanism.
To test whether satellite cells promote unipolar morphology via a direct contact
mechanism. we plated treshly dissociated neurons under 3 conditions: 1) on monolavers
of living satellite cells: 2) on monolavers of paraformaldehvde-tixed satellite cells
(Hawrot. 1980): or 3) on laminin-coated coverslip treated with paraformaldehyde. Then.
18-24 hrs after plating. we injected the neurons with lucifer vellow. The fixed satellite
layers appeared intact 18 hrs post-fixation. when viewed with phase contrast microscopy
(compare Figure 3.8E and 3.8C). Interestingly. 4/9 injected neurons were unipolar on fixed
satellite cells (Table 3.4). whereas 0/5 neurons were unipolar on fixed laminin. These
results suggest that a direct contact mechanism between satellite cells and neurons is. at

least in part. responsible for the unipolar morphology of sensory neurons.



FIGURE 3.8. Suatellite cells induce nodose neurons to re-acquire a unipolar
morphology carly on in culture via a cell-cell contact mechanism.

Phase contrast photomicrographs (AL C, Eb of 2 P1 nodose neurons that were
plated on I8 hrs betore on (A) laminin, (C) satelite cell monelaver, (E) fixed
satellite cell monolaver. Fluorescent photomicrogriphs (B, Do F) of the same
neurons as on the left injected with lucifer vellow, In (A) note the presence ol a
few satellite cells as well as some large fibroblast-like flat cells. (B) shows a
neuron that extended 3 axons after being plated on [aminin. (D) shows a neuron
that extended only | axon after being plated on a monolayer of satellite cells. (F)
shows 2 neuron that extended only | axon after being plated on 2 monolayer of
fixed satellite cells. This figure indicates that living or fixed satellite cells induce

nodose neurons to extend only one axon. Scale bar. 20 pm.
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Table 3.4, Differential polanties of nodose neurons on laminin and satellite cell substrate

~~ NN
Substrate _® —(o— ®
Laminin (11} 9% 18% 3%
Satellite cetls (12) 50% 124 5%
Fixed satellite cells (9) 235 33% 2%

Percentage of lucifer vellow-injected neurons that were either unipolar (left). bipoiar (middle) or
multipolar (right: 3 or more axons), when plated on laminin or on living or pre-fixed satellite
cells. The number of injected neurons is in parentheses for each condition.

DISCUSSION

In this chapier we have investigated factors that determine the polarity of sensory
neurons of neonatal nodose ganglion. Our main finding is that these P1 nodose neurons
are capable of extending dendrites in cuiture. in spite of their unipolar morphology in
vivo. We showed that removal of satellite cells is essential to permit these neurons to

develop a multipolar morphology and that NGF promotes their extension of dendrites.

Role of satellite cells on neuronal polarity

When neonatal sensory neurons from rat nodose ganglia develop in culture with their
ganglionic satellite cells. many of these neurons acquire pseudo-unipolar morphologies
similar to that of sensory neurons in vivo. Furthermore. it appears that the satellite ceils
repress dendrite outgrowth from nodose neurons. as the removal of satellite cells in culture
allows them to develop dendrites. particulariy in the presence of NGF. [nterestingly. this
satellite cell influence on sensorv neurons is opposite to the ghial cell influence on neurons
which normaily extend dendrites in vivo (Tropea ¢r /.. 198R: Clendening and Hume.

1990: Johnson er af.. 1989: Rousselet ef al.. 1990): in these latter studies. the presence of
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glial cells induces dendrite outgrowth. For instance, satellite and Schwann cells promote
dendritic outgrowth from cultured SCG ncurons (Tropea er al.. 1988). However. as
discussed in Chapter 1. Schwann cells from sciatic nerve or from sensory ganglia also
promote dendritic outgrowth by SCG neurons (Tropea er «i.. 1988). These results indicate
that influences from non-neuronal cells have differential effects on neuronal morphology.
whether they act on sensory or svmpathetic neurons (see also Mudge., 1984). Possibly, the
two neuronal types have distinct surface receptors that respond difterently to satellite cells
influence. Altemnatively. similar receptors on both neuronal lineages are linked to difterent
signalling molecules and thereby produce ditferent signals. Consequently. with respect to
dendrites and neuronal polanity. ghal cells influence cultured neurons 1o acquire propertics

that they would normally have in vive (Mudge. 1984: Tropea er uf.. 1983).

QOur results are reminiscent of those of Mudge (1984) who reported that embryvonic
(E 9-10) chick scnsory neurons undergo a developmental transition from bipolar to
pseudo-unipolar within 3-7 days when Schwann cells are added to cultures that had
developed without non-neuronal cells. We show that when rat neonatal nodose neurons
are plated directly on satellite cells. many of them seem 10 have acquired 2 unipolar
morphology by less then 24 hrs. Unless nodose neurons undergo a rapid switch from
bipolar to unipolar (less than 24 hrs). our results differ from those of Mudge (1984),
which showed a transition from bipolar to unipolar when DRG neurons develop with
Schwann cells. Two expianations can be proposed to account for these differences. First,
most rat nodose neurons are already pseudo-unipolar by Pl (Altman and Bayer. 1982).
uniike E 9-10 chick DRG neurons that are still bipolar {Mudge. 1984). Concetvably. when
unipolar nodose neurons are dissociated and come in contact with satellite cells. they only
regenerate that single process. thus re-acquiring a unipolar morphology. Second. in our
experimental paradigm. the neurons did not develop alone prior to addition of satellite
cells. but were instead in continuous contact with satellite cells. However. it scems
unlikely that delaved sateilite cell proliferation would induce nodose neurons 10 acquire
a unipolar morphology. Indeed. in some instances. a few satellite cells would remain alive

after the initial 4 days of Ara-C treatment in a given culture dish. and 10-14 davs later,
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a confluent monolaver would form. Nonetheless, in that situation the neurons often had
MAPZ positive dendrites and most had multiple processes. suggesting that satellite cells
may not reverse nodose neuron morphology back to unipolar.

Thus, it appears that nodose neurons develop in culture, tn part. differently than DRG
neurons. [n fact, when we cultured Pl rat DRG neurons without satellite ¢ells and on
laminin. thev failed 1o extend dendrites. The reasons for this difference are unknown.
Nodose neurons originate from the ectodermal placodes. whereas DRG neurons come
from the neural crests (d°Amico-Martel and Noden. 19853; Le Douarin, 1986). It is
possibie that this ditference in origin is responsible for this difference in the
morphologicai plasticity of these neurons. However, when we plated trigeminal neurons
(of which 30"« originate trom the ectodermal placodes: d"Amico-Martel and Noden.
1983). only 2%n developed dendrites. Another possibility is that nodose neurons are less
committed to their /n vivo morphology at this stage of development compared 10 other
peripheral sensory neurons. In this context. when we cultured Pl4 rat nodose neurons
without satetlite cells. we observed limited dendritic outgrowth, suggesting that by Pi4

nodose neurons have become more committed to their sensory phenotype.

Another difference between our results and the ones of Mudge (1984) is noteworthy:
embrvonic chick DRG ncurons were shown to remamn bipolar when grown without
Schwann cells. whereas many nodose neurons develop multiple processes in the absence
of satellite cells. These DRG neurons were plated on collagen, while nodose neurons were
plated on laminin. Higgins and colleagues showed that laminin induces SCG neurons to
extend more axons than does coflagen IV (Lein and Higgins. 1989 Lein er al.. 1991).
Therefore, it is possible that laminin induced nodose neurons to extend more axons than
they would have on a collagen substrate. This result also suggests another explanation for
the fact that late proliteration of ganglionic satellite cells did not reverse nodose neuron
polarity: the neurons have become multipolar (53 or more axons). and this may prevent
them from being able to re-acquire a pseudo-unipolar morphology as bipolar ncuroblasts
can {Tennyson. 1963: Mudge. 1984).

The mechanism(s) by which the satellite cells produce their effect on polarty s
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unknown. As a first approach we took advantage of the fact that the neurons re-acquire
thetr unipolar morphology rapidly when plated on a monolaver of satellite cells, By
plating neurons on fixed satellite cells. we found that nearly as many neurons were
unipolar. providing good evidence that a direct contact is essential for nodose neurons to
acquire sensory morphology. This result 1s consistent with the finding that Schwann cell
condition media did not induce DRG neurons to become pseudo-unipolar (Mudge, 1934,
In addition. a low density of satellite cells netther inhibited dendrite ¢xtension trom
nodose neurons nor promoted their unipolarity. /n vive. sensory ncurons are tightly
surrounded by satellite cells (Pannese. 1981): in culure, a similar situation occurs when
satellite cells are in high densitv. causing manyv ncurons to flatten on the substratc.
Perhaps numerous contacts with their satellite cells atfect the sensory neurons’
cvtoskeletal elements. which then cause the neurons to acquire this unipolar morphology.

We did not determine the nature of the contact involved. It appears unlikely that a
satellite cell layer does not allow nodose neurons to become muitipolar because the
neurons are not in contact with the laminin substrate. Indeed. satellite cells produce large
amounts of laminin that can be casily detected on their surface (Bunge and Wood. 1987).
On the other hand. it seems more likely that a moleculets) on the surface of satellite cells
represses the extension of multiple axons and/or dendrites. This raises the question as to
whether the satellite cell interaction that causes the neurons to become unipolar is also
responsible for the lack of dendrites on these neurons.

The number of candidate molecules for this satellite cell effect remains rather large
at this point. Cell-adhesion molecules. such as N-CAMs or integrins represent obvious
possibilitics to consider. Receptor tyrosine Kinase activity plays an essential role in nerve
cell differentiation (Schlessinger and Ullrich. 1992). These receptors are activated either
by ditfusible factors (e.g. NGF. EGF. FGF. CNTF. insulin) or by cell-cell interactions. in
the case of the ep/li-rclated receptor tvrosine kinases. The eph receptors belong 1o the
largest known family of receptor tvrosine kinases. with many members displaying specific
patterns of expression in the developing and adult nervous system. Many of the genes
coding for e¢phi-related tyrosine kinases are expressed primarily in nerve cells (Hirai ¢r of..

1987: Lai and Lemke. 1991: van der Geer ef af.. 1994: Davis ef ul.. 1994). C onceivably.,
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a receptor of this Kind may be expressed specitically on the surtace of sensory neurons

and respond w a ligand expressed on the surtace of glial cells,

Role of NGF on the extension of dendrites by nodose ncurons

For neonatal nodose neurons developing in culture without satellite cells, we showed
that NGF causes over a 15 tfold tnerease i total dendritic outgrowth. Snider (1988
showed that treatment of neonatal rats with NGF for | to 2 weeks increased the number
of primary dendrites on SCG neurons, as well as the length and branching of existing
dendrites. an effect that persisted for many months (Ruit and Snider. 1991). Qur results
on the ctfects of NGF are consistent with Snider’s observations i vive: we found that
NGF caused an increase in the number of primary dendrites. as well as in the length of
cach dendrite. Importantlv. we observed that NGF also caused a 5 told increase in the
number of neurons extending dendrites. so that after 3 weeks in culture. almost 23%% of
the neurons extended dendrites. These results suggest that NGF causes neurons to initiate
dendrites de novo.

It seems unlikely that these results are due to selective survival of a sub-popuiation
of NGF-dependent neurons because: (1) 85-90% of neonatal rat nodose neurons do not
need NGF for survival in culture (Mandelzys er afl.. 1990 see also Figure 3.1) (2)
addition of anti-NGF to the cultures afier two weeks had no effect on the number of
neurons. It is also very unlikely that NGF induced mitosis of ncuronal precursors present
in the postnatal nodose ganglion that would have then differentinted ditferently than
tvpical sensory neurons and extended dendrites. Indeed. Altman and Bayer (1982) showed.
using [3H]thyrnidine incorporation experiments. that nodose neurons undergo last celil
division benwveen embrvonic day 11 and 13. Furthermore. Cooper (1984) showed that the

number of neurons in the nodose ganglion does not change in the ganglion after birth.

In contrast to chick nodose neurons which do not have high-atfinity NGF receptors
(Lindsay and Rohrer. 1986). Mandelzys er af. (1990) showed that neonatal rat nodosce
neurons express high-affinity NGF receptors in culture in the absence of satellite cells. In

adult rats. it appears that a significant proportion of nodose neurons have relatively high-
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affinity NGF receptors. but few appear to express detectable levels ot s A mRNA (Verge
er al.. 1992). Furthermore. in embryvonic mice (Martin-Zanca 7 a/.. 1990: Barbacid. 1994)
and rats { Emfors ef «f.. 1992). in situe hybridization experiments detected few neurons with
trkA mRNA. However. it has been shown that many embrvonic (E 13.5- 14.5) rat nodose
neurons ¢an be rescued by NGF in culture. suggesting that significant levels of A
protein riay be expressed tn many of these neurons at that stage of development (Katz ot
al.. 1990). Theretore. it is possible that the levels of #dA mRNA have been
underestimated in previous studies (Martin-Zanca er af.. 1990: Emtors e af.. 1992:
Barbacid. 1994). For instance. initial in sitn hvbridization studies revealed that kA
mRNA was not present in SCG ganglia (Martin-Zanca ¢r of.. 1990). whereas nearly all
SCG neurons were shown later to express kA (Emfors ef of.. 1992 Barbacid. [993).
Furthermore, a recent report indicated that 7£A is expressed in more CNS regions than
previously appreciated (Holtzmar er af.. 1995). Altematively. as the expression of irk
receptors has been shown to be highly regulated during development ot peripheral neurons
(Emtors er al.. 1992: Mu ¢f al.. 1993: Barbacid. 1994: Verdi and Anderson. 1994). it is
possible that kA is expressed at higher levels in Pl rat nodose neurons. compared to
embrvonic nodose neurons (see Chapter 5). Another possibility. not mutually exclusive
of the previous ones. is that rrkA expression is up-regulated in cultured nodose neurons.

In addition. rat nodose neurons contain abundant mRNA and protein ievels of the so-
called low-attinity NGF receptor (p73-~"®) (Yan and Johnson. 1988: Verge er al.. 1992:

see Chapter 5). more so than sympathetic neurons. The significance of this abundant
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expression of p7 in nodose neurons and the putative role that p73 may play

in the NGF etfect on nodose neurons will be discussed in Chapter 5.

The specificity of NGF tor kA makes it unlikely that its effects are mediated through
another rk receptor (but sce aiso Chapter 3). It the effects of NGF operate via a mkA-
driven tvrosine kinase signalling cascade, it may involve post-transiational modifications
of proteins important for dendritc outgrowth (e.g. MAPZ. sce below) or through e iove

expression of genes that were previously repressed and that code tor proteins essential for
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the initiation and growth ot dendrites. Such repression may have been released by the
removal of satellite cells which override the dendrite induction by NGF on nodose neurons
(unless satellite cells repress kA expression). It ts likely that nodose neurons encounter
NGF in vivo, but based on the results presented here. the satellite cells surrounding the
neurons in the ganglia should prevent NGF from inducing nodose neurons to extend
dendrites.

NGF promotes axonal growth and nerve terminal branching. The action of NGF on
axonal growth is local and independent of the amount ot NGF supplicd to the cell body
(reviewed by Campenot. 1994). indicating that NGF's action on axonal growth cones is.
at least in part. independent of protein synthesis. In contrast. the mination of dendnitic
arowth by sympathetic neurons in culture has been shown to depend on protein synthesis
(Lein and Higgins, 1991). It is widely believed that a major source of NGF for neurons
is their innervated targets ( Korsching and Thoenen. [983a: Richardson and Riopelie. 1984:
Shelton and Reichardt. 1984: Purves er of.. 198%): thus. the promoting effect of NGF on
svmpathetic neuron dendritic growth i vivo may occur through retrogradely transported
NGF (or a retrograde signal modulated by NGF). However, local supply of NGF is
necessary for neurite outgrowth of svmpathetic neurons in culture (Campenot. 1994). Does
NGF promote the growth of dendrites at the level of dendritic growth cones? [t so. the
supply of NGF would have to be provided by other sources than neuronal targets. possibly
from the satellite cells. [f dendrites require a local supply of NGF as well as protein
svathesis in order to extend. a concerted action of NGF from local sources and trom
retrograde sources may be necessary for their development. During retrograde transport
of NGF and of its internalized receptor. rrkA. the fatter could remain autophosphoryiated
and thereby recruit SH2-domain-containing molecules in the cell body. Some of these
molecules are involved in signalling cascades that lead to activation of gene expression
{appendix 2). NGF has been shown to activate a program of neuronal differcntiation in
PCI12 cells through the activation of ras-MAP kinase (MAPK) pathway (appendix 2)
leading to neuro-specific gene expression. Conceivably. the effect of NGF on dendritic

outgrowth could involve activation of a similar cascade of events leading to the expression



of neuro-specitic genes essential for dendritic outgrowth.
The role of NGF and other neurotrophins on nodose neuron development will b

discussed further in chapter 3.

Role of MAP2 in nodose neuron polarity

The MAP2 gene is aliernatively spliced into 3 ditferent transcripts encoding for two
high molecular weight forms. MAPZa and MAPZb. and a low molecular weight tform.
MAP2c {Garner and Martus, 1988), MAPZa.b are aimost exclusively localized in the cell
bodics and dendrites (Goedert ef «l.. 1991, whereas. MAP2c is found in axons during
development (Tucker er «f.. 1988). It appears likely that MAPZ2a.b play an essential role
tor the growth and maintenance of dendrites. presumably by stabilizing microtubuies or
by cross-bridging them to neurotilaments (Hirokawa er af.. 1988b: Matus. 1988, [993:
Gocedert ef al., 1991). The degree of phosphorviation of MAP2ab, could atfect the cross-
bridging of microtubules 10 other cvtoskeletal elements allowing dendritic growth
(Olmsted. 1986). A good correlation has been observed between the degree of MAP2
phosphoryvlation and the extension of dendrites by hippocampal neurons in culture (Diez-
Gaza and Avila. 1993). NGF may regulatc MAP2 phosphorviation via activation of
tntracellular  kinases such as MAPK (Schanen-King et al. 1991 which iself
phosphorviates MAP2 (Landreth er of.. 1990: Mivasaka er ¢f.. 1990) (sec appendix 2).

An intriguing obscrvation is the fact that most Pl nodose neuron somata had weak
or undetectable staining for MAP2. Similar observations were made tor adult rat DRG
neurons (De Camilli er af.. 1984). As sensorv neurons do not extend dendrites in vivo.
these finding suggests that sensorv neurons do not need to express MAP2 tor their normal
development. If so. it raises questions about the relationship between the expression of
MAP2 and the extension of dendrites: in the cascade of events that lead to the initiation
of” dendrites. does MAP2 expression precede the development of dendrites and is it
essential? Or instead. is MAP2 expression concomitant with dendrite initiation. or perhaps
even delayed until the dendrite emerges from the soma? Qualitative observations suggest

that the number ot” MAP2 positive neurons increased in cuiture over time. even though
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many of these neurens did not extend dendrites. Furthermore. ¢very neurons that extended
thick tapered processes strongly stained tor MAP2 in their cell body and dendrites. This
suggests that MAPZ expression precedes dendrite initiation and provides additional
cvidence that MAPZ is essential for dendrite growth and maintenance (Matus, 1988,
1994}, However. we observed many neurons that had strong MAP2 labelling in their cell
body but that did not extend dendrites. Furthermore. Higgins er @/ (198%) found that rat
SCG neurons. cultured without other cell rvpes and without serum. do not extend
dendrites, even though theyv ail express MAPZ. These results timply that MAP2 expression
is not sutfictent for dendrite extension. and that other tactors, in addition to MAP2, are
involved in the imitiation of dendrites. These are likely to include extracellular matrix or
cell-adhesion molecules (Bruckenstein and Higgins, 1988b: Tropea of «f.. 1988; Letn and
Higgins. 1989),

Our suggestive evidence that sensory neurons may not need to express MAP2 for their
normal development is worth further discussion. Two groups have inhibited the expression
of MAPZ. using antisense technology. either in P19 EC cells {Dinsmore and Solomon.
19911 or in cerebellar neurons (Caceres ef ¢f.. 1992). The results of these studies indicated
that MAPZ expression was essential for the extension of all neurites (thus including
axons). Our observation would imply that. on the contrary. MAP2 is not essential for
axonal outgrowth from sensorv neurons. We cannot exclude. however. that low levels of
MAP2 expression occurs in all nodose nzurons and that theyv are not detected by
immunocytochemistry. As the cell types used in these studies are different trom sensory
neurons. our results do not necessarily contradict these studies, but thev inevitably raise
the question of whether these antisense experiments can cause additional uncontrotlable

effects.



Chapter 4

Expression of Nicotinic Acetylcholine-Evoked Currents

on Nodose Neurons Extending Dendrites.

INTRODUCTION .

In chapter 3. we demonstrated that Pl nodose neurons have the ability to extend
dendrites when they develop in culture in the absence of satellite cells and in the presence
of NGF. This formation of dendrites. which were identified on the basis of their
morphology and staining for MAP2 (Caceres er al.. 1984: Caceres er al.. 1986: Kosik and
Finch. 1987: Dotti er al.. 1988), indicates that nodese neurons have established a new
dendritic-axonal polarity. An advanced stage in the establishment of neuronal polarity
involves the segregation of elements implicated in syvnapse formation. such as the
clustering of synaptic vesicles in presynaptic terminals and the clustering of postsynaptic
receptors on somatodendritic domains (Craig and Banker, 1994). Cooper (1984) showed
that nodose neurons form de novo funcuonal synapses among each other when they
develop under similar culture conditions. and that the pharmacology of these synaptic
interactions is nicotinic. Furthermore, unlike in vivo. many nodose neurons express large
nicotinic ACh-evoked currents when they develop in culture in the absence of non-
neuronal cells (Baccaglini and Cooper. 1982: Cooper, 1984: Cooper and Lau. 1986).
providing that NGF is present (Mandelzys er al.. 1990: Mandelzys and Cooper. 1992).

Therefore, it appears that the extension of dendrites by nodose neurons correlates well
with the expression of nicotinic ACh-evoked currents on these neurons and with the
formation of cholinergic synapses. However. these findings raise the following questions:
1) Is the expression of ACh-evoked currents on nodose neurons restricted to neurons
extending dendrites? 2) Are nAChRs located on these dendrites? 3) Do synapses form on
these dendrites?

In this chapter. we have combined morphological and electrophysiological techniqus

to determine the expression of functional nAChRs on nodose neurons with or without
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dendrites. In addition. we examine the segregation of svnaptic vesicles in these cultures

as the neurons develop dendrites.

EXPERIMENTAL PROCEDURES
Neuronal cultures
Nodose neurons were cultured as described in section 2.1.. in the presence of NGF and

in the absence of satellite cells.

ACHh sensitivity and lucifer yellow injection

ACh-evoked currents were measured electrophysiologically using whole-cell patch-
clamp techniques as described in section 2.3.. Lucifer vellow (1%. potassium sait; Sigma)
was added to the pipette solution: the fluorescent dve rapidly diffused throughout the
entire cell body and proximal processes (up to 150-200 pM). while performing whole-cell
recordings. ACh (50 uM) was applied by pressure gjection (see section 2.3.2.) onto
neurons that were voltage-clamped at -50 mV. Two tvpes of "puffers” were used: 1) to
record whole-cell ACh-evoked current densities we used a puffer with an opening of 10-
20 um (microelectrode with a broken tip) to ensure that cell body and proximal processes
were perfused by the ACh: 2) to record ACh-evoked currents on dendrites. we used a
puffer with an opening of <1 um (patch-clamp pipette of high resistance) to restrict the
application of ACh to a small area. In most of the experiments described in Figure 4.1.
the neurons were visualized by epi-fluorescence after the electrophysiological recordings
on a different microscope (Leitz Ortholux II. with the kind permission of Dr. Wayne
Lapp, Department of Physiology. McGill University). In these cases. the neurons were
fixed with 4% paraformaldehvde and mounted on glass slides with immunofluor mounting
media (see section 2.2.1.). In order to match appropriately the recorded ACh-evoked .
currents with the labelled neurons, we marked the aclar coverslip from beneath with a
sharp glass electrode. Furthermore, we recorded from only 2-3 neurons per culture dish
before fixation to avoid mismatches and to ensure that recorded neurons did not lose their

fluorescence. as some neurons die after whole-cell recordings. Fortunately. we later
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installed a fluorescent attachment on the electrophysiological setup which allowed us
visualize the neurons during the recordings. This was imperative for the experiments
shown in Figure 4.2, where the ACh was applied locally onto dendrites. For these
experiments. once a neuron had been filied with lucifer vellow, we drew its silhouette on
paper and noted where the ACh "puffs” were applied. Afterward, the fluorescent neuron
was photographed. and a more accurate sketch of the neuron was done by laving a
transparent paper on the picture of the fluorescent neuron and outlining its silhouette. This

drawing was then scanned to produce a computer generated image as seen in Figure 4.2C.

Immunocytochemistry

Neurons we fixed. permeabilized and immunostained as described in section 2.2.1.
after different periods of time in culture. To label synaptic vesicle protein synaptophysin
we used 2 mouse monoclonal antibody (SVP-38. Sigma) and goat anti-mouse-FITC
secondary antibody. Due 1o the limited amount of poiveional MAP2 antibody (R4. Chapter
3) supplied. double staining experiments fur MAP2 and synaptophysin could not be

performed.

RESULTS
The extent of dendrite growth correlates with ACh sensitivity

To investigate whether ACh-evoked current densities were different on neurons
extending dendrites from those lacking dendrites. we simultaneously filled neurons with
lucifer yellow while recording from them electrophysiologically with whole-cell voltage
clamp techniques. We held the neurons at -50 mV and applied 50 pM ACh from a
"puffer" pipette with large opening (see experimental procedures and section 2.3.2). We
classified thick, tapering processes that end locally as dendrites and thin processes of
relatively constant calibre that extend for long distances as axons (Bruckenstein and
Higgins. 1988a.b: Chapter 3). Figure 4.1A shows 3 neurons grown for 3 weeks and filled
with lucifer yellow: below each one is shown their respective whole-cell ACh-evoked

currents. Neuron A has 2 long dendrites and a large (2300 pA) ACh-evoked current:



FIGURE 4.1. ACh sensitivity of nodose neurons with and without dendrites.

(A) shows three lucifer vellow-filled neurons that have developed in culture for
two weeks. Neuron A has two long dendrite-like processes: neuron B has two
short dendrite-like processes: neuron € has no dendrite-like processes. Under cach
neuron ts shown its respective ACh-gated inward current evoked by pressure
application of 50 uM ACh for 2 sec (horizontal bar). (B) shows the ACh-evoked
current densities (pA/pF) on the three classes of neurons shown in (A): class A
(n=12). B (n=9). and C (n=12). The values represent the means £ SEM. Currents

were filtered at 3 KHz and sampled at 5 KHz. Scale bar. 40 pm,
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neuron B has 2 short dendrites and a smaller (300 pA) ACh-evoked current: neuron C has
no dendrite and has no detectable ACh-evoked current. We recorded from over 30
identified neurons and their morphologies fell into the 3 categories illustrated in Figure
4.1A: class A neurons. with 2 or more long dendrites (>60 um). class B neurons. with 1
or 2 small dendrites (33-60 pum). and class C neurons. with no dendrites. Figure 4.1B
shows the quantification of ACh-evoked current densities. which represent the peak
evoked currents normalized for the size of the neurons (whole-cell capacitance). Neurons
with long dendrites had larger functional nAChR density than neurons with small
dendrites or without dendrites. The class 4 neurons have ACh-evoked current densities
similar to svmpathetic neurons (Mandelzys and Cooper. 1992: see Chapter 7). These
results demonstrate that the ACh-evoked current densities correlate with the extent of

dendritic growth on nodose neurons.

Nodose neuron dendrites have functional nAChRs on their surface

The above results strongly suggest that nodose neurons express functional nAChRs on
their dendrites. To obtain more direct evidence of this, we applied ACh locally along
dendrites. axons and cell bodies of neurons using a puffer pipette with small opening
(<] um). By including lucifer veilow in the patch electrode, we could visualize the entire
dendrites and the proximal axons. Figure 4.2 shows the resuits obtained by recording from
a neuron grown for 3 weeks. Figure 4.2A is a phase contrast photomicrograph taken after
the whole-cell recordings were performed. and Figure 4.2B shows the same neuron as in
A under fluorescence optics. This neuron has 3 thick dendrites and 2 smaller dendrite-itke
processes: axonal-like processes appear to emerge from the base of one dendrite. Figure
4.2C shows a sketch of the same neuron with the. superimposed ACh-evoked currents
obtained by application of 50 uM ACh. Each arrow points to the region of ACh
application. The ACh response on the cell body was 140 pA (trace /). while the ACh-
evoked currents ranged from 30 to 250 pA on the dendrites (araces 2-3. 7-10).
Applications of ACh on axonal-like processes evoked no detectable current (¢races // and
12). In additon. application of ACh at regions where no processes were apparent

produced no detectable current (zraces 6 and 13). indicating that the ACh-evoked currents



FIGURE 4.2. ACh-cvoked currents on nodose neuron dendrites.

(A) Phasc contrast photomicrograph of nodose neurons grown for 3 weeks in
the absence of satellite cells and with NGF. (B) Fluorescent photomicrograph of
the same ficld as in A showing a ncuron filled with lucifer yellow and the patch
electrode containing lucifer yellow. Note the three thick dendrites and the 2
smaller dendrite-like processes emerging from the cell body. Axonal processes
appear to emerge from the base of the dendrite that is growing toward "4
O’clock". (C) Sithouette of a the same neuron as in B with ACh-evoked currents
superimposed near the locations of ACh applications (arrows). The currents were
recorded from the cell body which was held at -50 mV with whole-cell voltage-
clamp. after 250 ms applications of 50 pM ACh from a "puffer" electrode with a
small tip opening (<1 pm), positioned a few pum away from the surface of the
neuron. The peak ACh-evoked current on the cell body (trace 1) was 140 pA.
while the peak ACh-cvoked currents on dendrites ranged from 50 to 250 pA
(traces 2-5, 7-10). ACh applications on axonal-like processes (traces 11 and 12)
or on regions without processes (traces 6 and 13) evoked no detectable currents.

Currents were sampled at § KHz and filtered at 3 KHz. Scale bar. 40 um.
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recorded on dendrites are not due to diffusion of agonist to the cell bodyv. Experiments
such as the one shown in Figure 4.2 were performed on 6 neurons which had identifiable
dendrites (judged first by phase contrast microscopy. and confirmed by fluorescent
microscopy). In all cases. the neurons had measurable ACh-evoked currents on their
dendrites. These results demonstrate that dendrites from nodose neurons express functional
nAChRs.

Observation of functional synapses in cultures of nodose neurons

By recording from pairs of neurons with microelectrodes, Cooper (1984) demonstrated
that nodose neurons can form functional cholinergic syvnapses under similar culture
conditions. The probability of finding pairs of neurons that were svnaptically coupled was
around 13-20%. However. in approximately 50% of the recorded neurons. spontaneous
excitatory postsvnaptic currents (EPSCs) could be observed (Cooper. 1984). In this study.
we did not attempt to repeat these .experiments with patch clamping. but occasionally.
while recording from these neurons to measure their ACh sensitivity. we observed
spontaneous EPSCs. Figure 4.3 shows examples of spontaneous EPSCs recorded from 3
neurons; each had large ACh-evoked currents consistent with the nicotinic pharmacology

of these synapses (Cooper. 1984).

Presence of synaptophysin clusters along nodose neuron dendrites

Banker and colleagues described the time course of synaptic vesicle accumulation in
axonal terminals during the establishment of neuronal polarity by hippocampal neurons
(Fletcher et al., 1991, 1994). Early on in culture, synapsin I and svnaptophysin are
expressed by these neurons, but their immunoreactivity is diffuse and I;ainly restricted to
the cell bodies and proximal axons. When axons contact appropriate targets. svnaptic
vesicles rapidly redistribute 1o form dense accumulations of vesicles within presvnaptic
specializations, as demonstrated by electron microscopy (Fletcher er al.. 1991). These
clusters of vesicles can also be detected as large puncta of synaptic vesicle protein
immunoreactivity (Fletcher er al., 1991, 1994; Craig et al.. 1993). Interestingly. Fletcher

et al. (1994) demonstrated that the limiting factor in the time course of this presynaptic
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FIGURE 4.3. Synaptic currents in nodose neurons developing in culture.
Representative recordings of EPSCs with whole-cell patch-clamping
from 3 neurons voltage-clamped at -50 mV. These neurons were grown in
culture for 3 weeks with NGF, and had large ACh-evoked current
densities. Currents were filtered at 3 KHz and sampled at 20 KHz.



FIGURE 4.4. Formation of synaptophysin immunoreactive puncta in cultured
nodose neurons.

Phase contrast photomicrographs of nodose neurons grown tn the absence of
satellite cells and in the presence of NGF for 3 (A). 7 (€). 20 (E). and 26 (G)
days. Fluorescent photomicrographs (fluorescein) of the same fields as on the left
showing synaptophysin immunoreactivity. After 3 days (B) synaptophysin
immunoreactivity is diffuse an primarily visible in the cell bodies (arrow). After
7 days (D). few puncta of synaptophysin immunoreactivity are visible. primarily
apposed to cell bodies (arrows). while the diffuse immunoreactivity within the cell
bodics has decreased. (F) After approximately 3 (F) to 4 (H) weeks, several puncta
of synaptophysin labelling are visible. both on somata (arrowheads) and dendrites
(arrows). In addition. several puncta of synaptophysin immunoreactivity appear
along axons. usually at the intersection of two axons. These puncta may

correspond to axonal varicosities. Scale bar, 35 pm.
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organization. in hippocampal cultures. was the state of maturity of the postsynaptic
membrane.

Given that nodose neurons develop dendrites. express functional nAChRs on their
surface as well as on their cell body, and form nicotinic ¢cholinergic svnapses among one
another. we immunostained nodose neuron cultures for svnaptophysin, to examine whether
synapse may form on their dendrites.

Figure 4.4 shows the localization of synaptophysin immunoreactivity in cultured nodose
neurons after 3. 7. 18 and 27 days in culture. By day 3. onlv faint svnaptophysin
immunoreactivity is detectable in the ceil bodies (Figure 4.4A and 4.4B, arrow). By 7
days. a few puncta of synaptophysin immunoreactivity are detectable and are mainly
concentrated around cell bodies (Figure 4.4C and 4.4D. arrow). suggesting the formation
of presvnaptic specializations apposed to neuronal somata. After 3— weeks in cuiture.
puncta of svnaptophysin immunoreactivity are abundant. Most of them are localized
around the somata (Figure 4.4E-4.4H. arrowheads). although 2 significant number of
puncta also appear along dendrites (arrows). In addition. 2 significant number of
immunoreactive clusters appear at the intersections of axons (Figure 4.4E-4.4H).
suggestive of axonal varicosities. These results suggest that 1) cultured nodose neuron
axons develop presyvnaptic accumulations of synaptic vesicles: 2) this accumulation occurs
during the maturation of postsynaptic membrane: 3) synapses form on both cell bodies and

dendrites.

DISCUSSION
Correlation detween RAChR expression and dendrite extension

In vivo, nodose neurons do not extend dendrites nor do they exhibit much ACh
sensitivity on their cell bodv (Mandelzys and Cooper. 1992). A similar situation occurs
in co~cultures of nodose neurons with their ganglionic satellite cells. In contrast. when
they develop without satellite cells they develop sensituvity to ACh (Baccaglini and
Cooper. 1982: Cooper. 1984: Cooper and Lau. 1986; Mandelzvs and Cooper. 1992) and

extend dendrites. The addition of NGF to satellite cell-free nodose cultures greatly
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enhances both the ACh-evoked current densities (Mandelzys and Cooper, 1992) and
dendritic outgrowth, whereas the addition of NGF to satellite cell-neuron co-cultures has
no inductive effect on both the ACh sensitivities and dendrite outgrowth. In addition.
when the neurons develop for an additional 2 weeks iz vivo. thev lose this ability 10
extend dendrites in culture as well as to develop ACh-evoked currents (Mandelzys and
Cooper., 1992). These results suggest that the acquisition of both of these new properties
are intumately refated. However, not all nodose neurons develop these new properties in
cultures. Therefore. in spite of these correlations. the possibility remained that the neurons
extending dendrites and the neurons expressing functional nAChRs in these cultures were
distinct neuronal populations. In this chapter. we demonstrate in combined morphoiogical
and electrophyvsiological experiments that neurons extending several long dendrites have
high ACh-evoked current densities. whereas neurons that lacked dendrites had small or
no detectable ACh-evoked currents. The class 4 neurons (Figure 4.1) represent
approximately 20-30 % of the neurons in these cultures, the class B neurons
approximately 20 %. while the class C neurons constitute approximately half of the
neurons in these cultures.

These results link together the developmental expression of dendrites. 2 major structural
component of a postsvnaptic neuron. with the expression of 2 postsynaptic
neuroiransmitter receptor. The temporal expression of these two synaptic elements
suggests that they are coordinately regulated. and suggest that nAChRs are expressed on

dendrites.

Expression of functional nAChRs on nodose dendritic membrane

The estabiishment of neuronal polarity involves the segregation of moilecules to the
various domains specialized for svnaptic functions. Targeting of neurotransmitter receptors
to dendritic domains within dense clusters is likelv to represent one of the most advanced
stages of neuronal maturation (Craig and Banker. 1994). Dendrites need reurotransmitter
receptors on their surface 1o receive svnaptic inputs. We demonstrate here that the newly
extended dendrites of nodose neurons possess functional nAChRs on their surface,

suggesting that the neurons have established an advanced stage of neuronal polarity.
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Our experiments did not address whether nAChRs are concentrated in clusters on the
dendritic membrane. Although the size of the puffer tip was kept very small (<1 pm). the
ACh could have easily diffused to reach relatively large patches of membrane. However.
the ACh responses recorded on dendrites cannot be explained by a diffusion of the ACh
to the cell body for the following 3 reasons: 1) the kinetics of the responses were similar
when ACh was applied onto the cell body or on the dendrites: 2) the sizes of the
responses were comparable on both surfaces. and 3) when ACh was applied on axonal-like
processes or near the cell bodv where no processes were apparent. no ACh-evoked
currents were detected. The second point suggests that the Censity of nAChRs on certain
regions of dendrites is at least as high as on the cell body. The third point suggests that
axonal-like processes do not have functional nAChRSs on their surface. although we cannot
rule out that dispersed clusters of receptors may have been missed or that currents were

not observed because of the small surface area of axons.

Evidence for synaptic contacts onto nodose neuron dendrites

The observation that clusters of svnaptophysin immunoreactivity develop in culture of
nodose neurons suggests that accumulation of synaptic vesicles occurs in their nerve
terminals or axonal varicosities. Early on in culture, few clusters are apparent. while faint.
diffuse labelling is visible in cell bodies. Interestingly. the formation of these clusters
appears delaved (>6 davs) compared to cultured hippocampal neurons. where cluster
formation starts within 3 days after plating (Fletcher er al.. 1994). In hippocampal
neurons. this delay in cluster formation has been shown 1o depend on the period needed
for postsynaptic membrane maturation. Indeed. Fletcher ez al. (1994) used co-cultures of
mature and young neurons ("heterochronic” co-cultures) to demonstrate that presynaptic
terminals from newly plated neurons coniacting mature postsynaptic neurons were rapidly
induced to accurmulate synaptic vesicle proteins, whereas contacts with immature
posts_(rnaptic neurons failed to induce such cluster formation. Their results suggest that
axons have the capacity to develop presvnaptic specializations soon after they emerge.
provided they encounter appropriate targets. Furthermore. they suggest that the maruration

stage of the postsynaptic cell bodies and dendrites determines. or at least. influences the
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onset of presynaptic specializations (Fletcher ef al.. 1994). In nodose neuron cultures. few
dendrites are observed after one week and the density of functional nAChRs is still low.
Therefore the longer delay in synaptophysin immunoreactivity clustering obgerved in
nodose neuron cultures is consistent with this concept of a role in postsvnaptic membrane
maturity. While the temporal expression of dendrites and nAChRs suggests that they are
coordinately regulated. a similar temporal correlation appears to take place for the
clustering of synaptic vesicles. suggesting an addituonal component of svnapses that is
coordinately regulated in these neurons.

We observed the highest concentration of puncta of svnaptophysin immunoreactivity
around cell bodies (Figure 4.4): we also observed several clusters along dendrites. In
addition. puncta were detectable along axons often at ntersections with other axons. The
latter clusters may correspond to the formation of axonal varicosities by these neurons.
as those seen in sympathetic neurons (Landis. 1976: Peters er al.. 1991). Occasionally.
when nodose neurons were injected with lucifer vellow. small "swellings” in their axons
were observed. reminiscent of varicosities.

That higher density of synaptophysin clusters forms along cell body membranes.
compared to -dendritic membranes. after 2-3 weeks of culture development is not
surprising: the first appearance of immunoreactive puncta is detectable on cell bodies
(Figure 4.4C and 4.4D) when dendrites are just emerging; if svnaptic contacts form at
random on both types of postsynaptic membranes. more presynaptic contacts should

accumulate along cell bodies. while some are accumulating along newly extending
dendrites.

When sympathetic neurons develop in culture with skeletal myotubes, they become
cholinergic and form functional cholinergic synapses with each other and with the
myotubes (Nurse and O’Lague, 1975). Single sympathetic neurons grown in microcultures
form synapses onto themselves ("autapses”); these sfnapses can be either cholinergic or
adrenergic. although only the cholinergic synapses can be detected electrophysiologically
(Furshpan er al.. 1976: Landis. 1976). It’lifgestingly. Landis (1976) found that. in these

microcultures. cholinergic synapses v.ere preferentially located on dendrites, while
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adrenergic synapses were located on cell bodies. Nodose ganglia contain several
neurotransmitters including acetylcholine, serotonin, dopamine, glutamate, as well as
substance P. vasoactive intestinai polypeptide and somatostatin (Matsumura and Koelle,
1961: Fujiwara er al.. 1978; Talman er al., 1980; Gaudin-Chazal et al., 1983: Katz er al..
1983: Kessler er al., 1983: Mathieu er al.. 1984; Palouzier er al., 1987: Ternaux er al..
1989). Cooper (1984) showed that functional synaptic interactions between nodose
neurons were cholinergic. It would be interesting to determine whether the clusters of
svnaptophysin immunoreactivity seen on dendrites correspond preferentially to cholinergic
svnapses in these cultures, as observed in sympathetic neurons microcultures (Landis.
1976). In addition, it will be interesting 10 examine the potential clustering of nAChRs
into "hot spots” and co-localization with synaptophysin immunoreactivity, and. if this

happens. to see which one appears first.



Chapter 5

BDNF and NT-3 Promote Sensory Differentiation

by Neonatal Rat Nodose Neurons

INTRODUCTION

A critical phase in the development of the PNS is the period of large scale cell death.
This period is believed to be an important determinant in the achievement of appropriate
connections in neural circuitry. Neurotrophins are key plavers in this process as they
selectively rescue neurons that express their cognate receptors. In the CNS. however.
neurons appear less dependent on neurotrophins for survival during development (Klein
et al., 1993, 1994; Barbacid. 1994). and studies have indicated that neurotrophins play
additional roles to their neurotrophic action (Korsching, 1993: Campenot. 1994: Davies,
1994; Kang and Schuman. 1995). In fact, neurotrophins and their receptors (see appendix
1) are stll expressed in the postnatal nervous system (Klein er al.. 1990b: Barbacid.
1994). suggesting that neuronal functions in postatal life are regulated by neurotrophins.
While there is considerable information on the survival role of neurotrophins. less is
known about their specific effects on other neuronal functions.

Some distinctions are beginning to unravel between the signalling cascades activated
by the NGF receptor. irkA. and other receptor tyrosine kinases. such as the EGF receptors
(see appendix 2); however it is largelv unknown whether different ik receptors activate
distinct signalling cascades in neurons. There is evidence that different sk receptors may
be co-expressed within the same sensory neurons (McMahon er al.. 1994), and the marked
overlap in &k receptor expression in the CNS suggests that co-expression of rks occurs
in some CNS neurons as well (Emfors er al.. 1992: Barbacid. 1994: Holtzman er al..
1995). This raises the question as to whether different neurotrophins can produce distinct
responses by neurons that co-express their receptors. and consequently whether different
neurotrophins can stimulate distinct pathways of neuronal differentiation in a neuron. If

so, this would imply that each class of ok receptors activate different downstream
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signailing events within a given neuron.

Neonatal nodose neurons represent a good preparation to investigate the differential
roles that neurotrophins play on neuronal differentiation as these neurons can grow well
in culture in the absence of exogenous neurotrophins. As of yet. however, there has been
no quantitative measurements of 7k expression in rat nodose neurons. Experiments with
in sirw hybridization indicate that in developing rodents most nodose neurons express rkB.
many express r4C. and only few express kA (from EI13-E18: Klein er al.. 1990b:
Martin-Zanca er al.. 1990: Emfors er al.. 1992: Barbacid. 1994). However, Verge ez al.
(1992) reported that aduit nodose ganglia contain many more neurons with high-affinity
NGF binding sites compared to neurons expressing detectable levels of trkA by in situ
hybridization: furthermore, P1 rat nodose neurons grown in culture also possess abundant
high-affinity NGF binding sites (Mandelzvs er al.. 1990). The presence of high-affinity
NGF binding and the lack of &rkA mRNA in a given neuron may seem contrary to what
one would expect: however, the majority of nodose neurons express high mRNA and
protein levels of p75-YF® (Yan and Johnson. 1988; Verge er al.. 1992). Although the
relationship of p75-~C® to kA is still unclear, recent evidence indicates that p75tNGFR
favours high-affinity NGF binding when co-expressed with &kA. particularly when a high
ratio of p75-NCF® versus irkA is expressed (e.g. 10:1) (Benedetti er al., 1993: Lee er al..
1994; Verdi et al.. 1994; Chao. 1994). Therefore, one interpretation of the above findings
is that nodose neurons that have high-affinity NGF binding sites express kA at low
levels (below detection in previous in situ hybridization studies) in combination with high
levels of p75-NGFR,

As it is clear that most nodose neurons express kB (Klein er al.. 1990b: Emfors er
al., 1992: Barbacid. 1994), if kA is also expressed at low levels by many of these
neurous, then a significant proportion of neurons may co-express multiple r7&s. This raises
the question of whether NGF and BDNF would produce the same effects on the
differentiation of nodose neurons co-expressing their receptors. As shown in Chapter 3
and 4. NGF promotes the establishment of a dendritic-axonal polarity on nodose neurons
developing in culture and stimulates the neurons to express 2 higher density of functional

nAChRs on their somatodendritic domains. These effects of NGF can only occur in the
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absence of ganglionic satellite cells which appear to repress this NGF-induced
differentiation. while they induce nodose neurons to acquire a pseudo-unipolar
morphology. On the other hand. BDNF has been shown to premote neuronal precursors
10 acquire properties of sensory neurons in culture (Kalchiem and Gendreau. 1988: Sieber-
Blum. 1991). In addition, BDNF and. to a lesser extend. NT-3 have been shown to
support embryvonic nodose neuron development (Davies. 1994: Emfors er al.. 1994a.b:
Farinas er al.. 1994; Jones er al.. 1994). Based on these observations, we hypothesized that
BDNF and perhaps NT-3 promote the sensory differentiation of nodose neurons. To test
these predictions, we compared the effects of these neurotrophins on nodose neurons
polarity, dendrite outgrowth. nAChR expression and capsaicin sensitivity. Capsaicin (the
active ingredient in hot pepper) is a highly selective marker for sensorv neurons that
extend C fibers and thinlv myelinated Ad fibers (Fitzgerald, 1983: Marsh er al.. 1987:
Bevan and Geppetti. 1994). and the majority of neurons (70-75%) in the nodose ganglion
extend unmyelinated C fibers (which notably innervate the tongue: Paintal. 1973).

[n addition. in this chapter. we first examine the effects of neurotrophins on the growth
and survival of cultured nodose neurons and quantify the expression of neurotrophin

receptor transcripts in neonatal nodose neurons.

EXPERIMENTAL PROCEDURES
Neuronal cultures

P1 nodose and SC ganglia were dissociated and the neurons were plated and cultured
according to that described in section 2.1. From 400 to 600 neurons were plated in the
center wells (6 mm in diameter) of modified peti dishes (section 2.1.5.). Each
neurotrophin was added at 25 ng/mi. even when combined together in the growth medium.
As described in the result section. most cultures were grown initially with all 3
neurotrophins (4 days). At day 4, the dishes were rinsed twice with L15-Air and fresh
growth media were added. containing either NGF, BDNF. NT-3. no neurotrophins. or all

3 neurotrophins combined.
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Neuronal counts

Approximately equal number of neurons (400-600) were plated in each condition (4
petri dishes per condition). A few hours after plating, nodose neurons can easily be
distinguished from non-neuronal cells under phase contrast microscopy as they remain
spherical while non-neuronal cells quickly flatten down and spread on the substrate. All
neurons were counted in each cujture dish, 12-18 hrs after plating, and 4, 7 and 14 days

later. The counts were repeated on 3 separate platings.

Immunocytochemistry
Neurons were fixed. permeabilized and immunostained for MAP2 (HM-2 antibody).
as described in section 2.2.1. and Chapter 3. after approximately 3 weeks of development

in culture.

Electrophysiology

Whole-cell voltage clamp was performed as described in section 2.3.. ACh and
capsaicin (8-methyl-V-vaniilyl-6-nonenamide) (both 50 uM) were applied sequentially on
a given neuron by pressure gjection from a double-barrel puffer with tip openings of
approximately 20 pm, prepared as described in section 2.3.2.. In most experiments, ACh
was applied first because the capsaicin-evoked currents took several minutes to recover.
To make sure that prior application of ACh did not affect capsaicin sensitivity, we applied
capsaicin first on some neurons followed by an ACh application 5-10 minutes later, and
then re-applied capsaicin 2 min later. The second response to capsaicin was not
significantly different from the first one, whether the cell was sensitive or not to ACh
(n=5).

RNA extraction and RNase protection assays

Total cellular RNA was extracted from freshly dissociated P1 nodose and SCG
neurons which had been separated from their satellite cells (see section 2.1.1.) as
described in section 2.4.1. RNase protection assays were performed as described in section
2.4.3. with riboprobes for rrkA. kB, wkC, and p75-"°, We used two different probes
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for rkB (see section 2.5.4.); one probe (730 bp) is protected either by r&B™" (713 bp)
or by #kB™ (210 bp) transcripts: the other probe is protected only by the iB™"
transcript (315 bp). The #4C riboprobe (324 bp) can only hybridize with the rkC™*"
transcripts {protected length=313 bp). Either 1 or 2 pg of total cellular RNA were used
for hybridization with each riboprobe. The assays were repeated 3 times (each in duplicate
reactions) on different extracted RNAs. The hybridization signals were quantified as

described in section 2.4.3. after correction for the specific activity of each riboprobe.

In siru hybridization

The in sire hybridization experiments were performed as described in section 2.4.4.
using digoxigenin (DIG)-labelled riboprobes. and immuno-alkaline phosphatase reaction.
P1 Nodose and SCG neurons were plated and fixed 12 hrs after plating. The neurons were
incubated with 2 DIG-labelled anusense kA riboprobe svnthesized from the same
template as that used for the RNase protection assays. The controls consisted of 1)
neurons incubated only in the pre-hybridization buffer {section 2.4.4.2.) but not with kA
riboprobes, and subsequently processed for alkaline phosphatase immunoreaction: 2)
neurons treated with RNase T1 for 3¢ minutes, prior to regular hybridization with DIG-
labelled rkA riboprobes: 3) neurons incubated with sense DIG-labelled trkA riboprobes:
4) neurons pre-incubated with 3X unlabelled kA antisense riboprobe for 3 hrs and
subsequently co-incubated with 5X unlabelled antisense kA and DIG-labelled antisense
trkA. To make sure that our 5X unlabelled (rkA competition control (74} was specific. we
pre-incubated neurons with an unrelated. unlabelled antisense riboprobe (o7 nAChR; see
Chapter 6) for 3 hrs and co-incubated this riboprobe with DIG-labelled antisense kA (see
Figure 5.4C and 5.4D). Our controls #1 and 2 were completely negative, while our sense
control (#3) showed low levels of labelling after long alkaline phosphatase reaction. Qur
control #4 showed very little signal in nodose neurons and low levels of labelling in SCG
neurons (see Figure 5.4F) which express higher levels of rkA than nodose neurons (see
Figure 5.3b). This control indicates that the 5X uniabelled kA competed most of the
DIG-labelled %A antisense riboprobe. In Figure 5.4. we show two of these controls (#2:
Figure 5.4G and 5.4H. and #4: Figure 5.4E and 5.4F). The alkaline phosphatase reactions
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were all stopped at the same time in 2 given experiment, usually after approximately 5

hrs.

RESULTS
Growth and survival of nodose neurons developing in culture with or without
different neurotrophins

Neonatal rat nodose neurons can grow for many weeks in cuiture without satellite cells
and without adding any neurotrophin (Chapter 3: Mandelzys ez al.. 1990). However, soon
after plating, a significant proportion of neurons die within the first 2-3 days, with or
without NGF. This cell death may be due to the manipulations and dissociation of the
neurons, or perhaps because other neurotrophins, such as BDNF or NT-3, are needed for
their survival. To test whether these neurons require neurotrophin for survival, we plated
freshly dissociated neurons under 5 conditions: with 1) NGF, 2) BDNF, 3) NT-3 . 4)
NGF+BDNF+NT-3, and 5) without any neurotrophin {each neurotrophin at 25 ng/ml), and
counted the proportions of neurons that survived over a 2 week period. Figure 5.1 A shows
that in the absence of neurotrophin. approximately 60% of the neurons have remained
from day 1 to day 4 in culture. Adding NGF resulted in a 10% increase in the number of
neurons after 4 days in culture compared to no neurctrophin. In contrast, most neurons
remained after 4 days in the presence of BDNF (94%) or NT-3 (89%). Finally, in the
presence of all neurotrophins. almost no neuronal loss was measured after plating (Figure
5.1A). Interestingly, past 4 days in culture, nearly ail neurons remained and grew in the
cultures independent of the condition (Figure 5.1A). These results indicate that a large
proportion of rat neonatal nodose neurons can grow independent of neurotrophin in
culture, suggesting that these neurons have developed, at Pl. beyond the period of
neurotropbin dependence.

Next. we asked whether growing ‘the newrons with 2 combination of all 3
neurotrophins for the first 4 days was sufficient to make them ail neurotrophin-
independent thereafter. To do this, we changed the growth medium atr day 4 to one
containing either NGF, BDNF, NT-3, no neurotrophin. or the 3 combined. Figure 5.1B
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FIGURE 5.1. Effects of neurotrophins on nodose neuron survival in culture.

(A) Mean (+SEM) counts of neurons grown in the absence of neurotrophin, or in the
presence of NGF, BDNF, NT-3, or NGF+BDNF+NT-3 (all neurotrophins at 25 ng/ml).
Neurons were counted 12 hrs after plating, and 4, 7 and 14 days later. The number of
neurons after 12 hrs were normalized to 100%. (B) Mean (*SEM) counts of neurons
grown in presence of NGF+BDNF+NT-3 for the first 4 days, and subsequently grown
in presence of either no neurotrophin, NGF, BDNF, NT-3 or NGF+BDNF+NT-3.
Under this paradigm, most neurons survive for 2 weeks in culture.



FIGURE 5.2. Effect of neurotrophins on nodose neuron growth in culture.
Phasc contrast photomicrographs of nodosc neurons grown for 4 days with
NGF+BDNF+NT-3. and subsequently without neurotrophin, or with NGF, BDNF
or NT-3, or with NGF+BDNF+NT-3. for a following 17 days. The number of
ncurons and the total amount of process outgrowth were similar under each

condition.
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shows that after 4 days in culture nearly all nodose neurons no longer depend on any
exogenous neurotrophin for survival. Figure 5.2 shows phase contrast photomicrographs
of these cultures which were grown for the first 4 days with NGF+BDNF+NT-3 and for
a following 17 days in the presence of either NGF, BDNF. NT-3. all 3 neurotrophins or
without neurotrophin. This Figure shows that the amount of process outgrowth is roughly

the same under each condition.

Expression of neurotrophin receptors in P1 nodose neurons

To determine which neurotrophin receptors are expressed by newborn rat nodose
neurons. we measured the transcript levels of irkA. #4B. rkC and p75%N¥FR with RNase
protection assays. For comparison. we measured simuitancousty the levels of these
transcripts on newborn SCG neurons.

Figure 5.3a shows the results from an RNase protection assay for the 4 neurotrophin
receptor transcripts in nodose and SCG neurons that were dissociated and separated from
their ganglionic satellite cells (see section 2.1.1). Figure 5.3b shows the quantification of
the levels of these neurotrophin receptor transcripts in both neuroral tvpes, expressed
relative to p75-¥°R in nodose neurons (=100%). This figure demonstrates that among trk
receptor transcripts. kB mRNA is expressed at highest levels in nodose neurons. but only
by 2-3 fold compared to kA and irkC mRNAs. p75-¢™ transcripts are expressed 10-14
fold more than /7AA mRNA in nodose neurons. In contrast, #4A mRNA is 2-3 fold more
abundant than p75-Y™ in SCG neurons. SCG neurons contain undetectable levels of rkB
ranscripts and little #4C mRNA. Nodose neurons contain approximately 5 fold less kA
mRNA than SCG neurons.

The nboprobes used to hybridize 4B and 7AC mRNAs were directed against regions
that encode the tyrosine kinase domains of the receptors. Therefore, these 2 riboprobes
cannot detect mRNAs that encode the truncated spliced variants of these two receptors
that lacked the tyrosine kinase domains (2kB™ and #4C™"; see appendix 1). To test
whether the #4B™" receptor is expressed in nodose neurons. we used a longer riboprobe
of 715 bp that spans from part of the tyrosine kinase intracellular loop to the

transmembrane region which is common to both spliced variants (see section 2.4.5.). The
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FIGURE 5.3. Expression of neurotrophin receptor transmpts m P‘I nodose and SCG neurons.

(A) Left: RNase protection assay for t7kA, trkBIK+, rkCTK* and p75MNGFR transeripts
on P1 nodose and SCG neuron RNA. The sizes (bp) of the ([‘)rotected antisense riboprobes on
the left panel are: irkA=300 £rkB=315 rkC=315 and p75 FR_270. Right: RNase protection
assay for tkBTK* and tkBTK" on nodose neuron and total brain RNA. The 730 bp #kB
riboprobe was protected by either the trkBTK+ ¢ transcript (715bp) or the ek TK- transcript
(210bp). 1 mg of total cellular RNA and 200 000 cpm of riboprobe was added in each reaction.
(B) Mean (xSEM) transcript levels of neurotrophin receptors in nodose and SCG rneurons
normalized to 1:‘/"5‘-‘1\1(-"’1:"R transcript levels in nodose neurons (n=5).
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right panel of Figure 5.3a shows that very little if any #kB™" is expressed in nodose
neurons, while it is abundantly expressed in the brain. trkB™" is believed to be mainly
expressed in glial cells (Beck er al.. 1993; Frisen er al., 1993; Jelsma er al.. 1993:
Valenzuela er al., 1993); when we performed RNase protection assays on whole ganglia,
this splice variant became apparent suggesting that nodose satellite cells express some
rkB™,

These results demonstrate that all 4 neurotrophin receptor transcripts are expressed by
nodose neurons. If we compare our results on & mRNA levels in nodose neurons with
those obtained from in situ hybridization experiments (Martin-Zanca er al., 1990; Verge
et al., 1992: Emfors er al.. 1992: Barbacid. 1994). it suggests that irkA is expressed at low
levels tn the majority of the neurons. Such conclusion would imply that previous in situ
hybridization studies did not detect those low levels of kA transcripts. Altemnatively, as
these in situ hybridization experiments were performed on embrvonic or adult nodose
ganglia. it is possible that P| rat nodose neurons express higher levels of irkA than earlier
and later in development. Our measurements of neurctrophin receptor transcripts on SCG
neurons are consistent with previous studies which have indicated that 1) #4A mRNA is
expressed at high levels in embryonic and neonatal SCG neurons: 2) rkC is expressed
very early in embryonic development and its transcript levels decrease thereafter; 3) trkB
is expressed at very low levels if at all expressed: 4) p75-¥%F® expression is still low by
birth, but it largely-increases postnatally (Emfors er al.. 1992; DiCicco-Bloom er al., 1993:
Barbacid, 1994: Verdi er al.. 1994).

To estimate the proportion of nodose neurons that express kA, we needed to develop
a sensitive protocol for in siru hybridization to be able to resolve low levels of kA
mRNA in neurons. Our preliminary approach has been to use uniformly labelled antisense
riboprobes (300 mers) that have been labelled on every four uracil with a digoxigenin
molecule (DIG). which is then revealed with an immuno-alkaline phosphatase resction
(see section 2.4.4.). As a first step. we performed the in siru hybridization on freshly

plated neurons to minimize background signals. Figure 5.4 shows the result from one
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FIGURE 5.4. /n sitn hybridization for kA in nodose and SCG neurons, with
DIG-labelled antisense kA riboprobe.

Phase contrast photomicrographs of nodose (A} and SCG (B) ncurons grown
for 12 hrs in culture, fixed and incubated with DIG-labelled kA antiscnse
riboprobes. revealed with an immuno-atkaline phosphatase reaction. (C) and (D)
Bright field photomicrographs of the same field as above showing kA mRNA
labelling in neurons. (C) The majority of nodose ncurons were labelled at various
intensities for 7kA mRNA. The large arrow points to a neuron that showed little
or no signal for irkA mRNA, the arrowhead to a neuron with faint signal for kA
mRNA, and the small arrow to a ncuron with moderate signal for 7kA mRNA.
(D) Virtuaily all SCG neurons showed strong signal for irkA mRNA (large arrow
points to one example). No rkA mRNA signal above background was found in
non-neuronal cells (small arrow). The DIG-1rkA riboprobe hybridization in C and
D was performed with a 5X amount of unlabelled riboprobes of an unrelated
mRNA (a; nAChR subunit): this provided a control for the specificity of the
competition with unlabelled trkA antisense riboprobe shown in E and F. (E) to (H)
show control experiments with differential interference optics to allow better
visualization of unlabelied neurons. In (E) and (F) the hybridization with DIG-trkA
riboprobe was competed with 5X unlabelled trkA antisense riboprobe. No signal
above background was observed in nodose neurons (E), while faint signal was
observed in SCG neurons (examples pointed by arrowheads in E and F). This
suggests that most, but not all DIG-trkA signal is competed with the unlabelled
trkA antisense riboprobe. In (G) and (H) the fixed neurons were pre-incubated
with RNase T1 (20 U/ul) for 30 min before incubation with DIG-trkA riboprobe.
No signal above background was observed under this condition in both neuronal
populations. Similar results as those in G and H were obtained with sense DIG-
labelled ¢rkA riboprobe incubation, or without DIG-labelled riboprobe incubation.
Scale bar, 40 pm.
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experiment performed on Pl nodose and SCG neurons. This figure shows that while
nearly all SCG neurons are labelled strongly for trkA mRNA (Figure 5.4B and 5.4D), the
majority of nodose neurons are moderately labelled, although the labelling appears more
uneven between nodose neurons m the same culture (Figure 3.4A and 3.4C). Furthermore,
some nodose neurons appear unlabelled (Figure 5.4A and 5.4C: large arrow). These
preliminary results suggest that kA mRNA is present in a much larger proportion of

nodose neurons than previously appreciated. though at low levels.

NGF specifically induces dendrite formation

After three weeks in culture. many nodose neurons have extended MAP2 positive
dendrites when grown in the absence of sateilite cells and in the presence of NGF
(Chapter 3). To test whether BDNF and NT-3 influence the polarity of nodose neurons.
we grew sister cultures of neurons in the presence of these neurotrophins and
immunostained them for MAP2. Neurons were grown in the presence of all 3
neurotrophins for the first 4 days: at day 4. the growth medium was changed to one
containing either NGF, BDNF. NT-3, or no neurotrophin. Figure 5.5 shows that nodose
neurons extend more elaborate dendrites in the presence of NGF compared to BDNF, NT-
3. or without neurotrophins. In addition. only approximately 6 or 7% of the neurons had
dendrites in the presence of BDNF or NT-3. respectively. whereas in the presence of
NGF. nearly 20% of the neurons had dendrites after 3 weeks in culture. BDNF appeared
not to promote any dendritic outgrowth, while NT-3 seemed to cause a small increase in
the dendritic length (Figure 5.6).

The estimated total dendritic outgrowth. under the different conditions. as calculated
by the product of the proportion of neurons with dendrites, the number of dendrites per
neurocn, and the mean dendritic length. is shown in Figure 5.6B. This histogram
demonstrates that among these neurotrophins. only NGF induces substantial dendritic
outgrowth: in the presence of NT-3 the amount of total dendritic-growth is significantly
higher than without neurotrophin, mainly because the few dendrites present are more
elaborated than the ones present in the absence of neurotrophins.

As illustrated in Figure 5.2, the overall amount of process outgrowth appeared



FIGURE 5.5. MAP2 immunostaining in nodose neurons developing in culture
with either NGF, BDNF. NT-3. or without neurotrophin.

Fluorescent photomicrographs of neurons immunostained with monoclonal
antibody HM-2 against MAP2. In the presence of NGF many neurons extend long
claborated dendrites; in the presence of BDONF, few neurons had short dendrites:
in the presence of NT-3. few ncurons have short dendrites, although occasionally
longer than in the presence of BDNF: in the absence of neurotrophin, few neurons

had short dendrites.
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FIGURE 5.6. Camera lucida drawings and quantification of dendritic outgrowth by nodose neurons
in the presence or absence of neurotrophins. (A) Selected neurons with MAP2 labelled dendrites were
traced by camera lucida drawing. The neurons were grown for 3 weeks in culture in the presence of
NGF, BDNF, NT-3 (25 ng/ml) or without neurotrophin (no NT). In the presence of NGF, 20% of the
neurons had several elaborated MAP?2 positive dendrites. In the presence of BDNF, 6% of the neurons
had short dendrites. In the presence of NT-3, 7% of the neurons had short dendrites, occasionally
longer compared to neurons grown with BDNF or without neurotrophins. In the absence of
neurotrophin, 6% of the neurons had short MAP2 positive dendrites. (B) Total dendritic outgrowth
by nodose neurons, as calculated by the product of the percentage of neurons with dendrites, the
number of deidrites per neuron, and the mean dendritic lengths. The mean total dendritic outgrowth
(XSEM) is expressed per 100 neurons. *In the presence of NT-3, the total dendritic growth was
significantly different from that in the absence of neurotrophin (p<0.001, t-test).
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relatively similar between each neurotrophin condition, suggesting that axonal outgrowth
was not differentially affected by any of these neurotrophins. Although we did not
measure the number of primary axons per neuron in this chapter (see Chapter 3). it was
clear that the neurons were multipolar under each condition. Similar observations were
made when the neurons were grown in the presence of either NGF. BDNF. NT-3 or
without neurotrophin at the onset of plating. These observations suggest that the number
of axons that nodose neuvrons extend in these cultures is independent of neurotrophins and

is only determined by the presence or the absence of satellite cells (Chapter 3).

Capsaicin-evoked currents on nodose neurons

The above results indicate that BDNF and NT-3 do not induce much dendritic
outgrowth from nodose neurons: perhaps instead. these neurotrophins intluence P1 nodose
neurons to acquire properties of sensorv neurons. To examine this possibility. we
investigated whether neurotrophins influence the neurons to acquire their typical
sensitivity to capsaicin, using whole-cell voltage clamp recording (Bevan and Geppetti.
1994). Figure 5.7A shows an example of a capsaicin-evoked inward current on a freshly
dissociated P1 nodose neuron: the current activates relatively siowly (e.g. 2-4 sec: see
inset) and is sustained for a long period of time (e.g. 3-4 min). We found that 26/40
{65%) P1 nodose neurons were sensitive to capsaicin. with a mean evoked-current of 40
= 6 pA/pF (SEM). This compares well with a proportion of 70-75% measured in vivo in
nodose ganglia (Marsh er al.. 1987). In contrast, when we measured capsaicin sensitivity

on freshly dissociated P1 SCG neurons, 0/12 neurons were sensitive.

Capsaicin sensitivity is retained by BDNF but not by satellite cells

The ganglionic satellite celis of the nodose ganglion induce the neurons to re-acquire
a unipolar morphology typical of sensory neurons. However. satellite cells by themselves
do not sustain nodose neuron's capsaicin sensitivity in culture (Figure 5.7B). In contrast.
capsaicin sensitivity is influenced by neurotrophins: when neurons grow in the presence
of BDNF with or without satellite cells. 50-70% of them retain their sensitivity to

capsaicin, whereas neurons developing with NGF. either in the presence or absence of
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FIGURE 5.7. Capsaicin sensitivity of nodose neurons.

(A) Whole-cell patch clamp recording of a typical capsaicin-evoked current on a
nodose neuron voitage clamped at -50 mV. Upon a 4 sec application of 50 pM capsaicin by
pressure ejection, a large, slowly activating inward current is evoked and takes a few
minutes 10 retum to baseline. The inset shows the time of full activation (3-4 sec). The
current was filtered at 3 KiHz and sampled at 100 Hz. {B) Percentage of capsaicin-sensitive
nodose neurons in vivo (freshly dissociated) and after development in culture.
Approximately 65% of freshly plated nodose neurons are sensitive to capsaicin. In the
presence of BDNF, cultured nodose neurons retain their capsaicin sensitivity with or
without satellite cells (no significant difference between + or - satellite cells; p>0.05, t-test).
In the presence of NGF, cultured nodose neurons lose their sensitivity to capsaicin, with
or without satellite cells (* significantly different from day 0; p< 0.001, t-test)
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satellite cells, lose their capsaicin sensitivity (Figure 3.7B). These results indicate that in
spite of their induction effect on sensory neuron polarity. satellite cells do not sustain

capsaicin sensitivity on nodose neurons.

BDNF and NT-3 promote capsaicin sensitivity, while NGF promotes ACh sensitivity
on nodose neurons.

As shown above, NGF does not sustain capsaicin sensitivity on nodose neurons. but
instead it promotes dendritic outgrowth and causes an increase in ACh-evoked current
densities (Mandelzys and Cooper, 1992). To test whether the neurons that acquire high
ACh sensitivity lose their sensitivity to capsaicin. we applied both ACh and capsaicin on
the same neurons using double-barrel electrode puffers. with one barrel containing 50 uM
capsaicin and one barrel containing 30 uM ACh.

Figure 5.8 shows the ACh- and capsaicin-evoked currents from three neurons grown
for 3 weeks with NGF. The neuron in (A) has 2 large ACh-evoked current (2800 pA) but
is insensitive to capsaisin; the neuron in (B) has a smaller ACh-evoked current (500 pA).
but has a large capsaicin-evoked current (2600 pA): the neuron in (C) has no ACh-evoked
current and a large capsaicin-evoked current (2700 pA). Figure 3.9A shows the ACh-
evoked current densities plotted against the capsaicin-evoked current densities for 35
nodose neurons grown with NGF for 2-3 weeks. The distribution of points is skewed t0
the bottom right of the plot indicating that most neurons with large ACh-evoked currents
(>10 pA/pF) had no capsaicin-evoked currents. [n contrast. a higher proportion of neurons
with small or no ACh-evoked currents were capsaicin-sensitive, We found that 20% of
the neurons were insensitive to both ACh and capsaicin (Figure 5.9A; right).

As BDNF promotes capsaicin sensitivity of nodose neurons in culture (Figure 5.78)
and does not promote dendritic outgrowth, one would predict that in the presence of
BDNF, nodose neurons do not express ACh-evoked currents. Figure 5.9B shows that in
the presence of BDNF, the distribution of capsaicin-evoked currents plotted against the
ACh-evoked currents is skewed to the left. indicating that most capsaicin-sensitive neurons
had small ACh-evoked currents. However. this figure shows that a large proportion of

neurons were sensitive to ACh, aibeit the currents were small. generaily <10pA/pF. Based
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FIGURE 5.8. ACh- and capsaidn-evoked currents on nodose neurons grown for 17 days in
culture without satellite cells and with NGF (after an initial 4 days with all 3 neurotrophins).
ACh (50 uM) and capsaicin (50 pM) were co-applied sequentally on the same neuron with a
double- barrel puffer electrode. The capsaicin application (3 sec) was done 2 min after the ACh
application (3 sec). (A) This neuron had a large ACh-evoked current and a large capsaidn-
evoked current (B). (C) This neuron had a small ACh-evoked current and a large capsaicin-
evoked current (D). (E) This neuron had no ACh-evoked current and was sensitive to capsaicin.
ACh-evoked currents were filtered at 3 KHz and sampled at 5 KHz. Capsaicin-evoked currents
were sampled at 100 Hz.
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on our results in Chapter 4 (Figure 4.1). an ACh-evoked current density of approximately
10 pA/pF may represent an indicator of neurons that extend dendrites. We found that only
2-3% of the neurons had ACh-evoked current densities 210pAJpF in the presence of
BDNF (Figure 3.9B: right). while approximately 6% had dendrites (Figure 3.3). In
contrast. we found that 30-35% of the neurons had ACh-evoked currents 210pA/pF in the
presence of NGF (Figure 3.7A: right). while 20-25% had dendrites (Figure 3.3: chapter
3). These proportions are consistent with a correlation between dendrite outgrowth and
ACh-evoked current densities (Chapter 4).

In addition. we found that NT-3 essentially produces the same effects as BDNF on
nodose neurons. as it sustains their capsaicin sensitivity. and few neurons have ACh-
evoked currents 210pA/pF (2-3%: Figure 5.9C).

To test whether NGF actually inhibits capsaicin sensitivity on nodose neurons, we
grew the neurons without neurotrophin. Figure 5.9D shows that onlv 20% of the neurons
were sensitive to capsaicin in the absence of neurotrophin. indicating that NGF does not
inhibit capsaicin sensitivity on nodose neurons. Surprisingly. Figure 5.9D also shows that
fewer neurons had ACh sensitivity in the absence of neurotrophin compared to neurons
grown with BDNF or NT-3. indicating that these neurotrophins promote low density
nAChR expression on nodose neurons.

If individual nodose neurons co-express multiple trk receptors. one might expect that
by adding all 3 neurotrophins together the neurons will be induced to express both large
capsaicin- and ACh-evoked currents, unless conflicting signals are mediated by different
trk receptors on the same neurons. To determine whether more than one neurotrophin cun
produce effects on individual neurons, we grew nodose neurons in the presence of all 3
neurotrophins. Figure 5.9E shows that 50% of the neurons were sensitive to capsaicin.
indicating that BDNF and NT-3 did not have additive effects on the proportion of neurons
that express capsaicin-evoked currents (c.f. Figure 5.9B and 5.9C). However,
surprisingly, in the presence of ail 3 neurotrophins fewer neurons (16%) had ACh-evoked
currents 210 pA/pF (Figure 5.9E: night) compared to neurons grown with NGF (33%:
Figure 5.9A: night).

Table 5.1 shows the mean ACh- and capsaicin-evoked current densities from all



FIGURE 5.9. Effects of neurotrophins on ACh- and capsaicin-evoked currents in culture in the absence of satellite cells.
ACh (50 pM) and capsaicin (50 uM) were co-applied sequentially on neurons (see Figure 5.8) that were grown for 2-3
weeks with either (A) NGF, (B) BDNF, (C) NT-3, (D) no-neurotrophin or (E) all 3 neurotrophins. All neurons were grown
for the {irst 4 days with the 3 neurotrophins combined. On the left hand graph of (A) to (E), the capsaicin-evoked current
densitics are plotted against the ACh-evoked current densities for individual neurons (filled circles). On the right hand
histogram of (A) to (E) is shown the percentage of neurons ) non-responsive to both capsaicin and ACh, 2) sensitive to
capsaicin, and 3) that had ACh-evaked current densities 210 pA/pF. This value of 10 pA/pF may represent a rough indicator
of neurons with dendrites (see Figure 4.1). (A) In the presence of NGF, the distribution of current densilies are skewed to
the bottom-right of the plot, indicating that many neurons had large ACh-evoked currents (33% with current densities 210
pA/pF), but few (23%) were sensitive to capsaicin. (B) In the presence of BDNF, the cusrent densities are skewed to the
middle-lef of the plot, indicating that few neurons had large ACh-evoked currents (3%) and many were capsaicin-sensitive
(50%). (C) In the presence of NT-3, neurons had similar ACh and capsaicin sensitivities compared 1o neurons grown with
BDNE. (D) In the absence of neurotrophin few neurons had ACh-evoked current densities above 210 pA/pF (1-2%) and few
were sensitive to capsaicin (20%); a large proportion of neurons were, in fact, insensitive to both ACh and capsaicin (50%).
(E) In the presence of all 3 neuretrophins, the same percentage of neurons were sensitive to capsaicin as in the presence of
BDNF, however fewer neurens (16%) had ACh-cvoked current densities above 210 pA/plF compared to neurons grown with
NGF (33%). n: NGF=74, BDNF=69, NT-3=52, no neurctrophin=37, NGF+BDNF+NT-3=35. For the currem density plots,
35 ncurons were selected at random for cach condition. The proportion of unresponsive neurons is not reflected on these

distribution plots and was therefore shown on the histogram.
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neurons growing under each condition. This table demonstrates that in the presence of all
neurotrophins, the mean ACh-evoked current densities are smaller than with NGF alone,
suggesting that BDNF and/or NT-3 partiaily repress the effects of NGF on functional
nAChR expression. In addition. it shows that the mean ACh-evoked currents in the
presence of BDNF or NT-3 are higher than in the absence of neurotrophin. suggesting that
these neurotrophins promote the expression of low densityv nAChRs. Finally, the few
neurons that were sensitive 10 capsaicin in the presence of NGF had 2 fold larger

capsaicin-evoked currents than in the absence of neurotrophin.

. Table 3.1 Effects of ncurotrophins on mean ACh- and capsaicin-evoked currents on nodose neurons

NGF -+ without
NGF BDNF NT-3 BDNF - NT-3 neurotrophin.
(79) (69) (52) (35) (37
ACh (pA/pF) 87=12"" 21=04™ 28205 53=10" 1.1 =0.37°
Caps (pA/pF) 6.8 £2.0 13.2 22.4° 1Lt =248 13.7 3.8° 3.4 =8¢

Mean (=SEM) ACh- and capsaicin-¢voked current densities (pA/pF) measured with whole-cell voltage-clamp
recording on nodose necurons grown for 2-3 weeks with or without various neurotrophins. Significant
differcaces (p<0.05. Duncan’s multipls-range test) for mean ACh-cvoked current densities compared to
neurons grown with NGF. or compared to neurons grown with *NGF+BDNF~NT-3. or compared with
neurons grown ~without neurotrophins, Significant differences (p<0.001. t-test) for capsaicin-evoked current
densitics compared to neurons grown with INGF. (n in parentheses)

DISCUSSION

Nodose neurons provide sensory innervation to the viscera. including the heart, the
lungs. the trachea, the gut, and to the tongue, and thereby participate in autonomic reflex
responses, such as a change in blood pressure. heart rate, respiration. or suckling in
neonates (Paintal, 1973). The main finding in this chapter is that BDNF and NT-3
influence nodose neurons 1o retain some of the attributes of sensorv neurons, while NGF

influences these neurons 10 acquire ncw properties more typical of svmpathetic neurons.
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Neonatal rat nodose neurons grow in culture without addition of exogenous
neurotrophins.

An interesting observation in this chapter is that only 40% of P! rat nodose neurons
depend on neurotrophins for survival initially after plating. Furthermore. this neurotrophin-
dependence nearly disapnears as the neurons grow for an additional 4 davs in culwre.
These results contrast with those obtained with embryonic chick nodose neurons which
highly depend on BDNF and. to a lesser extend. on NT-3 for survival (Hofer and Barde,
1988: Lindsay et al.. 1985: Vogel and Davies, 1991: Davies. 1994: Farifias er al.. 1994).
Furthermore, rkB™" (-/-) and BDNF (-/-) neonatal mutant mice have very small nodeze
ganglia. suggesting that many of these neurons depend on BDNF for survival (Kliein ez
al.. 1993: Ernfors er al.. 1994a: Jones er al.. 1994). One likely explanation for our results
is that P! rat nodose neurons have developed beyond the period of large-scale cell death
that occurs during the development of most peripheral ganglia (Barde, 1989). Consistent
with this interpretation is the fact that the number of neurons in the nodose ganglion does
not change from newborn to adult rats (Cooper, 1984). Marked changes in neurotrophin
dependence during development have been shown in peripheral neurons (Oppenheim,
1991; Birren et al, 1993: Buchman and Davies, 1993; Buj-Bello er al.. 1994; Gaese et
al., 1994).

Recent evidence have indicated that sensory neurons, as well as CNS neurons, may
"feed” themselves with neurotrophins in an autocrine fashion (Ghosh er al.. 1994: Acheson
et al., 1995). Several studies have shown that sensory neurons express neurotrophins
(Schecterson and Bothwell, 1992: Ernfors er al.. 1992;-Acheson ez al.. 1995). and Emfors
et al. (1992) reported the presence of BDNF mRNA in embryonic rat nodose ganglia.
Tiwus, it is possible that some nodose neurons survived in these cultures by producing their
own‘neurotrophins. If so. such production of neurowrophins was not sufficient to induce
the neurons to extend dendrites, express ACh-evoked currents or remain capsaicin-
sensitive. Precedent evidence exist for a differential effect of neurotrophin concentration
on neuronal survival versus expression of genes involved in neuronal function. For

instance, low concentration of NGF (e.g. 2 ng/ml) is sufficient.to sustain rat SCG neurons.
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although high concentrations of NGF (e.g. 100-200 ng/ml) cause a large increase in Tal
a-tubulin and tyrosine hydroxylase mRNA (Ma er al., 1992). The fact that P1 rat nodose
neurons no longer depend on neurotrophins for survival after 4 days in culture provided
us with a good preparation to investigate the distinct roles of neurotrophins on neuronal

differentiation.

Capsaicin-sensitive sensory neurons

In this chapter, we used capsaicin as a marker for the sensory neuron phenotvpe of
nodose neurons. The gene coding for the capsaicin receptor has not yet been identified.
The capsaicin receptor is linked to a non-selective cation channel and is believed to.
correspond to a proton sensor that activates at acidic pH (Bevan and Geppetti. 1994).
Capsaicin first excites and then functionally desensitizes visceral C-type afferents as well
as a substantial proportion (40-30%) of somatic C-type afferents from the DRG: these
afferents transmit noxious stimuli, and their activity can result in the sensation of pain
(Fitzgeral, 1983: Marsh er al.. 1987; Bevan and Gepperti. 1994). Chronic treatment of
animals with capsaicin causes a reduction in reaction to noxious chemical stimuli, as weil
as noxious thermal and mechanical stimuli (Fitzgerald, 1983). This subpopulation of DRG
neurons has been shown to depend on NGF for survival during development. and okA (-/-
) mutant mice also lose much of their nociception and thermoception (Smeyne et al.,
1994). Likewise, Winter er al. (1988) showed that the response to capsaicin of cultured
adult rat DRG neurons. which no longer depend on NGF for survival (Schwarwz er al..
1982), was sustained by NGF. In contrast, we show here that BDNF sustains capsaicin
sensitivity on nodose neurons at a time when the neurons no longer depend on BDNF for
survival. These results indicate that different neurctrophins can regulate similar functions
on distinct populations of neurons depending on their context of development. This could
mean that different tr&s activate similar signalling pathways which lead to the expression
of the same gene in different neurons. Such pathway could'ée related to the one that each
trk receptor uses to promote neuronal survival. as in this case. NGF is a survival factor
for the embryonic DRG neurons that express capsaicin sensitivity. while BDNF is a

- survival factor of most embryonic nodose neurons. However. it is also possible that
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different signalling cascades activated by each 1k lead to the expression of the same gene
in distinct cellular contexts. In any case, it is interesting 10 consider that both receptors.

rkA and kB, appear not to mediate the same signals in nodose neurons, whether or not

they are co-expressed in the same neurons (see below).

Model

Figure 5.10 describes our working mode! for the differentiation of nodose neurons in
culture in response to satellite ceils and neurotrophins. based on our results presented in
Chapter 3, 4 and 5. First, the initial polarity that freshly dissociated nodose neurons (Stage
1) acquire is determined by the contact with satellite cells (Stage 2): 50% of the neurons
re-acquire their unipolar morphology when plated with satellite cells, whereas in the
absence of satellite cell contact (Stage +). they elongate many axons giving rise t0 a
mulupolar morphology. This process is independent of neurotrophins. When the neurons
develop in the presence of satellite cells (Stage 2), NGF does not induce them to extend
dendrites or to express ACh-evoked currents, nor does it promote their capsaicin
sensitivity. However, the neurons respond to BDNF (Stage 3) by maintaining their
capsaicin sensitivity. In summary. in the presence of satellite cells and BDNF, nodose
neurons appear to develop as sensory neurons in vivo.

When the neurons develop in the absence of satellite cells, they respond to NGF and
to BDNF by expressing different properties. in the presence of BONF (Swage 5). they
express low density nAChRs, but retain their capsaicin sensitivity. However, with NGF
(Stage 6). they acquire a fully differentiated dendritic-axonal polarity, express high density
of nAChRs. and lose sensitivity to capsaicin: it appears that the neurons have then
acquired a phenotype similar to sympathetic neurons.

In the presence of NT-3. the neurons had similar properties to those of neurons grown
with BDNF. suggesting that /r&C mediates mainly the same effects as #kB. However, as
NT-3 has been shown to activate aiso kB and kA under some conditions (Cordon
Cardo er al.. 1991; Ip er al.. 1993b: see appendix 1), it is possible that NT-3 mediates its
effects through 4B (and kA but see below).

This model needs further discussion. Below I discuss the potential co-expression of
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multiple ¢rk receptors in nodose neurens and speculate on the possible specificities among
trk-mediated signals. In addition. I discuss the potential participation of p75-N°R in these
effects. Finally. I address the role of nAChRs on sensory neurons and discuss the possible

mechanisms that underlie the increase in ACh-evoked currents on nodose neurons.

Potential co-expression of multiple. trks in nodose neurons

An important question concerning our model is whether NGF, BDNF and NT-3 acted
on separate populations of neurons each expressing their cognate receptors. or whether
many of these neurons co-expressed both kA and kB (or trkA and rkC or the 3 irks
together). which thereby differentially affected nodose neurons’ development. As
mentioned above. for NT-3. it is possible that its effects were mediated by trAB. or even
by rkA. in the case of the small induction of dendrite outgrowth (Figure 5.6B: appendix
1.

Our quantification of the transcript levels for the various neurotrophin receptors
indicates that #AB mRNA is expressed at levels 2-3 fold greater than &kA and riC.
Based on the findings of previous in situ hybridization studies on trk receptor expression
in embryonic rodents (Martin-Zanca er al., 1990: Emfors er al.. 1992: Barbacid. 1994).
we were expecting 2 much greater difference between the amount of 74B mRNA and the
amount of rkA mRNA. as well as more trkC than kA, Our results then suggest that the
levels of kB and o#C have decreased in newborn nodose neurons compared to
embryonic nodose neurons: this interpretation is consistent with the fact that many Pl
nodose neurons survive in culture in the absence of BDNF and NT-3. Because the
majority of embryonic rodent nodose neurons were shown to express #4B and #4C at
high levels (Emfors er al., 1992: Barbacid. 1994). it is possible that a similar proportion
of neurons express those erks by birth, although at lower levels.

trkA is believed to be expressed by only a smail fraction of nodose neurons in
embryonic rodents. based on in siru hybridization experiments (Martin-Zanca et al.. 1990:
Emfors er al.. 1992: Barbacid. 1994): similar observations were made in adult rat nodose

neurons (Verge et al., 1992). However, this latter sudy demonstrated that a large fraction
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of the gangha bound NGF with relatively high-affinity, and similar observations were
made on cultured nodose neurons (Mandelzys er al.. 1990). High-affinity NGF binding
is believed to be optimized by a high ratio of p75-N&FR;

Benedetti er al., 1993: Lee er al.. 1994: Chao, 1994; see appendix 1), and we found 10-14

trkA expression (e.g. 10:1;

fold more p75-NCFR

mRNA than kA mRNA in nodose neurons. Taken together, these
findings could be explained by the fact that many nodose neurons express both kA and
p7S-¥SR Our finding that kA is expressed at higher levels than previously appreciated
may be due to the greater sensitivity of the RNase protection assays compared to in situ
hybridization, or because the expression of #kA is higher in neonatal nodose neurons
compared 10 embryonic or adult nodose neurons. [n fact, profound developmental changes
in neurotrophin receptor expression have been observed in peripheral neurons (Emfors ez
al.. 1992; Mu et al.. 1993; Verdi and Anderson, 1994). A large increase in p75"NCF® has
been shown in sympathetic neurons during late embryonic and postnatal development
(Verdi and Anderson, 1994), and this increase could, in fact, be due to NGF’s action on
kA (Ma et al., 1992; Miller er al.. 1994: Verdi and Anderson, 1994). If so. the
expression of kA in nodose neurons may be essential for the high levels of p75-VoF®
transcripts in these neonatal neurons (which would argue that #4kA was already present
in embryonic nodose neurons).

Our preliminary in situ hybridization experiments also suggest that a large proportion
of nodose neurons express low levels of kA, although we have not yet quantified this
proportion precisely. In a given culture, we observed more variability in the intensities of
the kA mRNA signals between nodose neurons than between SCG neurons (Figure 5.4)
which contained generally stro:ig signals.

Taken together our results and those of others on neurotrophin receptor expression
suggest that a significant proportion of nodose neurons co-express multiple s,
[nterestingly, McMahon er al. (1994) showed that nearly all visceral afferents of adult
DRG neurons co-expressed kA and rkB. This may indicate that visceral targets provide
both BONF and NGF to their afferent nerves. Another possibility is that NGF is provided
by the targets, while BDNF is provided by the neurons themselves (Emfors er al.. 1992;



104
Schecterson and Bothwell, 1992). We plan to repeat in siru hybridization experiments

using riboprobes of all rks and p75t¥FR

on thin adjacent sections of P1 nodose ganglia
to demonstrate more definitively co-expression of different #& receptor transcripts in
nodose neurons. In addition. when specific & antibodies become available. we will
perform immunocytochemistry on these ganglia sections to verity that ik receptor proteins

are also expressed.

Further evidence for co-expression of irks in some nodose neurons comes from the
results obtained in Figure 5.9E and Table 5.1, where the neurons were grown with all 3
neurotrophins. Indeed. under this condition. BDNF (or NT-3) seemed to have interfered
with the effects of NGF on nodose neurons: 1) only 16% of the neurons had ACh-evoked
currents above 10 pA/pF with all 3 neurotrophins (Figure 3.9E), while with NGF alone
(Figure 5.9A). 33% had currenis above 10 pA/pF: 2) the mean ACh-evoked currents on
neurons grown with all 3 neurotrophins were only 60% of those on neurons grown with
NGF alone (Table 5.1). If BDNF (and/or NT-3) and NGF were acting only on two
separate populations of neurons, the induction of ACh-evoked currents by NGF should not
have been affected by BDNF (and/or NT-3). These results suggest that activation of arkA
and kB (or trkC) can trigger distinct signalling cascades within one neuron, which
produce conflicting signals to the neurons with respect to the expression of nAChRs and
capsaicin receptors. In this context, it is noteworthy that the extension of dendrites by
nodose neurons in this study appeared less extensive in the presence of NGF than that
observed in Chapter 3. This difference could be explained by the fact that, in this chapter,
we grew the neurons for the first 4 days with all neurotrophins. The presence of BDNF
and/or NT-3 initially may have promoted survival of neurons that did not respond 10 NGF.

or alternatively, as BDNF and NT-3 partially inhibited the effects of NGF on ACh-evoked
currents (Figure 5.9E: Table 5.1), their presence initially. may have reduced the effects
of NGF on dendritic outgrowth. |

An alternative explanation can be offered for why fewer neurons expressed high ACh-
evoked current dgnsitis in the presence of ail 3 neurotrophins: this has to do with the

possible involvement of p75-¥*® in this process and is discussed below.
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Potential mechanisms for specificity among neurotrophin-mediated signals

How can 2 different neurotrophins mediate distinct signals in one neuron? Upon ligand
binding, some of the tyrosine residues that are phosphorvlated in the intracellular domains
of tris have been shown to bind specific SH2 domain-containing enzymes (or adapior
proteins; see appendix 2). Specificity in the binding of these SH2 domains appears to be
provided by the structural arrangement of amino acids surrounding both the tyrosine
residues on the receptors and the SH2 domain of the enzymes or adaptor proteins that
bind to autophosphorylated s&s. Differences in the structural arrangement around the
tyrosine residues of autophosphorylated kA and 4B could link each of these w4s to
distinct signalling molecules mediating separate functions.

Another difference in the activation of #&A and 4B in nodose neurons may have to
do with the relative amount and/or distribution of each receptor on the surface membrane.
The levels of expression of (rkB transcripts is higher than that of kA in nodose ganglia
(Figure 5.3), and BDNF (and/or NT-3) seems to override. in part. the NGF influence on
nAChR expression (Figure 5.9E; Table 3.1). It is possible that the intensity of
autophosphorylation of a given frk mediates distinct signals: as (4B dominates, its
activation may induce a different intraceilular cascade of events than that of kA, By
analogy, the activations of kA or the EGF receptor (EGFR) have been shown to cause
very distinct effects on PCI2 cells: NGF leads to mitotic arrest and neuronal
differentiation, while EGF leads to cell proliferation (Greene and Tischler, 1982).
However, both processes are believed to involve activation of the ras-MAPK pathway (see
" appendix 2). Recent evidence suggests that the intensity and the time course of activation
of this ras-MAPK pathway encodes part of the differential effects of NGF and EGF on
PC12 cells (Marshall, 1995). For example. PC12 expressing low levels of rkA can be
induced to proliferate with NGF (Schlessinger and Bar-Sagi. 1995: Marshall, 1995), while
PC12 cells over-expressing the EGFR can be induced to undergo neuronal differentiation
with EGF (Traverse er al.. 1994). In this context, it is also possible that each of the
neurotrophins up-regulated expression of their own receptox;s (Holtzman er al., 1992); in
this way, neurotrophins could potentiate their effect. To test this possibility, we plan 0

extract RNA from these cultures and measure mRNA levels for the various srks under
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each condition. Another possibility is that kA and #AB are located in distinct surface
domains or. once internalized. targeted to distinct intracellular regions. thereby recruiting
and/or activating different signalling molecules.

Much remains to be leamed about the specific signals that neurotrophin receptors
mediate. In fact. we are just beginning to understand some of the specificity between rrk-
and other receptor tyrosine kinase-mediated signals (see appendix 2). Our results provide
evidence that different srks do produce distinct signalé: more definitive evidence should
arise from experiments that combine double labelling in sitw hyvbridization with
measurements of dendritic outgrowth. ACh- and capsaicin-evoked currents on identified

neurons.

The role of p75-"CFR

An important player in NGF's action on nodose neurons may be p75-¥°"*_ Although
little is known about the potential for p75“¥“FR to mediate intracellular signals, there is
good evidence that it cooperates with kA for high-affinity NGF binding (Davies er al..
1993; Barker and Shooter 1994; Lee et al., 1994; Chao. 1994) and for signal transduction
(Hantzopoulos et al., 1994; Verdi et al.. 1994; Chao. 1994). The potentiation by p75-V4FR
of high-affinity NGF binding and of #kA signalling was observed only when the ratio of
p75tNCFR:priA was elevated (from 5 to 20 fold: Benedett er al.. 1993; Lee er al.. 1994:
Verdi er al., 1994: Chao, 1994). In MAH cells. a neuronal progenitor cell line, trkA was
transfected alone or with p75""°™ at a ratio of 1:10-20 (rrkA:p75- R, Verdi er al.
1994). In p75-N9R expressing cells. a 5 min NGF (50 ng/ml) treatment caused an 8 fold
larger rkA autophosphorylation compared to cells expressing rkA alone. We find a
p75+NSFR1pkA ratio of 10-14 in nodose neurons (Figure 5.3). Therefore. it is possible that
p75*NCFR potentiated NGF s action on nodose neurons in culture. Likewise, p75*¥°"R may
have potentiated BDNF and/or NT-3 effects on nodose neurons as well (Wright et al..
1992; Hantzopoulos er al., 1994); however, the relationship between p75*¥°™® and kA
appears thus far more prevalent in neurons than between p75-¥® and (r&B or #r4C (Chao.
1994). For instance, mutant mice lacking p75-SFR show neuropathies in sensory neurons

co-expressing frkA, but not in neurons co-expressing kB or trkC (Lee er al.. 1992:
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Crowley er al.. 1994). Trigeminal neurons from these mice require larger concentrations
of NGF to survive in culture, but not BDNF nor NT-3 (Davies et al.. 1993).

In addition, p75-NCFR

may promote specificity for activation of trkA by NGF. NT-3
has been shown to bind and activate kA in cells expressing low levels of p75-¥GFR
(Cordon Cardo er al., 1991: Ip er al.. 1993b), but Benedeni er al. (1993) demonsirated a
dose dependent decrease in NT-3"s ability to bind to rrkA when p75-YFR expression was
increased in PC12 cells. If high levels of p75““CFR favour selectivity, this could explain
why NT-3 poorly mimicked NGF's action on nodose neurons. It is unknown. however

SLNGFR We observed

whether NT-3 can bind to 4B in the presence of high levels of p7
a similar effect on nodose neurons™ capsaicin sensitivity by NT-3 and BDNF. If p75-N™®
also prevents NT-3 from activating kB, our results would suggest that it is #4C that
mediated the effect of NT-3 on nodose neurons.

It has been proposed that p75*““*® promotes ekA autophosphorviation by favouring
binding of NGF to kA, through a phenomenon of local concentration of NGF (Barker
and Shooter, 1994). Due to its rapid association and dissociation kinetics, combined with
the fact that p75-"°FR is expressed in excess compared to #%A in neurons co-expressing
these receptors. one role of p75-"F* would be to concentrate NGF near kA or to present
NGF to trkA (Barker and Shooter, 1994). If so, adding, for example, BDNF and NGF
together on neurons could lead to 2 screening effect by BDNF on the binding of NGF 10
p75“NC*R In this way, the addition of all 3 neurotrophins in Figure 5.9E could have
reduced the action of NGF on kA and thereby reduce its induction effects on the ACh-
evoked currents. However, if such mechanism exists, it wouid imply that it is specific for
the action of NGF on mkA, as the effects of BDNF as well as NT-3 on capsaicin
sensitivity were not reduced by addition of all 3 neurotrophins together.

SLNGFR in neurotrophin's action on nodose neurons,

To determine further the role of p7
we plan to repeat these experiments in the presence of an antibody to p75“““F® that blocks
neurotrophin binding to p75-N® (Barker and Shooter. 1994). In addition, we plan to test
the effects of a mutated NGF molecule that binds and activates kA, without being able
to bind p75-N%® (Barker and Shooter. 1994), to determine whether p75-~® is essential

for NGF's action on nodose neurons.
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nAChRs on sensory neurons
We find a good correlation between the extent of dendritic outgrowth and the density
of functional nAChRs (i.e. most neurons with ACh-evoked current densities above 10
pA/pF have dendrites). In addition. nearly all neurons that had ACh-evoked current
densities above 10 pA/pF were insensitive to capsaicin. indicating indirectly that nodose
neurons with dendrites had no capsaicin receptors. Those neurons then resemble
sympathetic neurons which extend dendrites. have ACh-evoked current densities above
10 pA/pF and are insensitive to capsaicin.'However, approximately 30-40%% of freshly
dissociated Pl and P14 nodose neurons express small ACh-evoked currents (generally
below 10 pA/pF: Mandelzys and Cooper, 1992). which were. for the most part. previously
undetected by current clamp recordings with sharp microelectrodes (Mandelzys er al..
1990). Figure 5.9 shows that in the presence of BDNF and/or NT-3. several neurons had
both capsaicin-evoked currents as well as ACh-evoked current densities below 10 pA/pF.
Chick DRG neurons have also been shown to express nAChR transcripts (Bovd er al..
1991). As mammalian sensory neurons do not receive synaptic inputs onto their ceil
bodies (Lieberman. 1976), the putative role of these nAChRs in sensory function is more
likely to be at the nerve terminals. The presence of nAChRs on sensory endings has been
known for quite some times. but their role is yet unknown (see Diamond. 1955, 1959:
Gray. 1959: Paintal. 1964). Electrophysiological recordings and immunohistochemical
studies in the CNS support a presynaptic role for nAChRs (Esplin er al.. 1972; Rowell er
al., 1987; Swanson er al.. 1987; Mulle e al.. 1991). [n fact. the terminal field of nodose
afferents in the CNS, the nucleus tractus solitarius (Sumal er al. 1983). shows
immunoreactive signals for nAChRs (Swanson er al.. 1987). The functional role of
nAChRs on sensory neuron nerve terminals may be to regulate axonal outgrowth and
pathfinding or to modulate ansmitter release from the terminals in the CNS (Diamond.
1959; Chesselet. 1984: Swanson er al.. 1937: Nordberg et al.. 1989).
If nAChRs are expressed in sensory neurons terminals, why do we detect ACh-evoked
currents on their somata? Presumably. the targeting of the receptors is not strict and/or
partially altered when the neurons are removed from their normai environment and

allowed to develop in culture. If targeting of nAChRs is not precisely regulated. a low
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density of receptors on the soma may be insignificant, while their accumulation in the
small terminals may contribute to relevant presynaptic function and/or neurite ourgrowth.
If nAChRSs expression in the terminals is indeed important for sensory function. this may
explain why BDNF and NT-3 promote low density of functional nAChRs on these

neurons (Figure 5.9: Table 5.1).

What induces high-density nAChRs on somatodendritic domains of nodose neurons?

The possibility that nodose neurons express nAChRs in vivo raises the question as to
whether the large ACh-evoked currents induced by NGF are due t0 an increased
expression of nAChR genes, or merely due to a change in nAChR targeting when the
neurons undergo a change to dendritic-axonal polarities. Conceivably, more nAChR
transcripts may not be needed to account for this NGF-mediated increase in functional
nAChRs; the shipment of nAChRs to the terminals may be altered by the change in
neuronal polarity causing more receptors to target to the somatodendritic domains.
However. it is unclear whether such change in receptor targeting could account for the
chinge in receptor density observed on the somatodendritic domains of the neurons. as
their surface area should be larger than that of the neurons’ nerve terminals.

Another possibility. not exclusive of the first one. is that the extension of dendrites,
promoted by NGF. imposes on the neurons an increased expression of nAChR genes. In
this manner, NGF may not per se regulate nAChR gene expression. but cause an indirect
increase due 1o its effects on dendritic outgrowth. The fact that NGF does not induce more
ACh-evoked currents on the somata of nodose neuroas developing with their ganglionic
satellite cells (i.e. when they are unipolar) is consistent with a link between the expression
of ACh-evoked currents on the neurons’ somata and nodose neuron polarity. In fact. the
removal of satellite cells. which disrupts nodose neurons unipolar morphology. causes per
se (in the absence of neurotrophins) 2 small increase in the proportion of neurons with
ACh-evoked currents on their cell bodies (Mandelzys and Cooper. 1992).

If. on the other hand. NGF regulates directly the expression of nAChR genes on
nodose neurons, this \a;ould imply that the ganglionic satellite ceils repress this regulation.

Satellite cells may regulate the expression of a "silencer factor” that negatively controls
3 ) ’ g 3
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nAChR gene expression. Altematively, satellite cells may partially repress r74A expression
on nodose neurons. so that upon thetr removal in culture, kA expression increases and
allows NGF to promote dendrites and nAChR expression on nodose neurons.

[t is also conceivable that NGF regulates some post-transiational modifications on
nAChRs and thereby increases their gated currents or turns on pre-existing non-tunctional
receptors (as it has been proposed for nAChRs on chick ciliary neurons via a cAMP-
dependent mechanism: Margiotta e al.. 1987b). However, given the time course of the
NGF effect (e.g. days: Mandelzys er al.. 1990: Mandelzys and Cooper. 1992) such
mechanisms appear less likely.

Finally. another potential inducer of nAChR expression in these cultures is neuronal
activity: in the absence of satellite cells and presence of NGF, functional synapses form
between these neurons after 2-3 weeks. We did not investigate whether synapses formed
in the presence of other neurotrophins: if svnapse formation were to be induced
preferentially by NGF. the increase in neuronal activity could potentially up-regulate

nAChR expression.



Chapter 6

Differential Regulation of Neuronal Nicotinic ACh Receptor
Subunit Genes in Cultured Neonatal Rat Sympathetic Neurons:
Specific Induction of a; by Membrane Depolarization

through a Ta>*/Calmodulin-Dependent Kinase Pathway

INTRODUCTION

As nodose neurons acquire their new dendritic-axonal polarity. they increase the
density of functional nAChRs on their surface. In Chapter 5 we discussed a number of
possibilities of how this increase in functional nAChR density may be controlled on
nodose neurons. To investigate these various possibilities one approach is to examine how
nAChR gene expression changes in these neurons as they extend dendrites in culture.

However. before undertaking this type of study. we realized that it would be initially
more advantageous to conduct these experiments on rat SCG neurons fur the following
reasons: 1) all SCG neurons express large ACh-evoked currents (Mandelzys and Cooper
1992) and 2) extend dendrites in vivo and in culture (Higgins er al.. 1991): 3) the nAChR
genes expressed in SCG neurons have been identified (Mandelzys er al.. 1994). Moreover.
4) the SCG is a large peripheral ganglion that contains 6-8 fold more neurons than the
nodose ganglion. and therefore provides more material for RNA measurements.

Interestingly. the ACh-evoked current densities on neonatal SCG neurons in vivo also
increase (Mandelzys er al.. 1994) at a time when the neurons extend dendrites (Rubin.
1985a: Smolen and Beaston-Wimmer. 1986: Vovvodic. 1987). however, it is unknown
what regul:ites nACHR gene expression in these neurons. Conceivably, the mechanisms
that regulate nAChR gene expression in SCG neurons during development and
establishment of polarity also control nAChR gene expression in nodose neurons
extending dendrites in culture. N
Therefore. to learn more about the regulatib\ﬁ of nAChR gene expression on neurons.

our first approach was to measure transcript levels of nAChR subunits in neonatal SCG



developing in cuiture.

SCG neurons express 5 nAChR genes: 3. 5. as. B+ and B;. As discussed in Chapter
1. 2utonomic neurons contain two types of nAChRs. one that incorporates &;. B, and
perhaps B, and/or as (Vemailis er al.. 1993: Mandelzys er af.. 1995: McGehee and Role.
1993). and one that incorporates the «- subunit and that binds «-BTX (the «-BTX-
nAChR: Schoepter er al.. 1990: Couturier er af.. 1990b: Séguéla er al.. 1993). The
expression of nAChR transcripts has been investigated over the first two weeks of
postnatal development in rat SCG neurons (Mandelzys er al.. 1994). a pertod when these
neurons extend dendrites as well as receive synaptic inputs (Smolen and Raismen, 1980:
Schafer er al.. 1983: Rubin. 1935b). Mandelzys e al. (1994) found that a; and -
transcripts increased several fold over this period of development. while the two B subunit
transcripts and the oS transcript showed little changed. In parallel to this differential
change in nAChR transcript levels. the ACh-evoked current densities increased
significantly. Interestingly. this deveiopmental increase in ACh-evoked currents as well
as the increase in dendrite outgrowth on SCG neurons w.re both found to be independent
on presynaptic innervation (Voyvodic. [987; Mandelzys er al.. 1994). Furthermore. in
denervated SCG neurons. the developmental patiern of nAChR subunit gene expression
occurred as in control neurons. with the exception of a-. for which much of the
developmental increase was prevented. As the a, gene codes for a protein that
incorporates into an a-BTX-nAChR. these results suggest that each type of nAChRs on
SCG neurons is regulated differently.

The a-BTX-nAChR is abundant on rat SCG neurons (Fumagalli ez af.. 1976). but its
function is poorly understood (Clarke. 1992). However recent studies have suggested that
a-BTX-nAChRs promote Ca>* influx and thereby influence various Ca~*-mediated
processes possibly linked to synapse formation or synaptic transmission { Vijayaraghavan
et al., 1992; Séguela et al.. 1993: Pugh and Berg, 1994: Castro and Albuquerque. 1995).

To learn more about the factors that control the differential changes. in nAChR
transcript levels during svmpathetic neuron development, we measured the levels of each

nAChR subunit transcript present in these neurons as they develop in culture under
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various conditions. In this chapter. we have focused primarily on the relationship between
neuronal activity and nAChR expression. In addition, we have examined the role of Ca*"-
linked protein kinases in nAChR expression since related studies done on skeletal muscle
have demonstrated that activity causes changes in nAChR gene expression as a
consequence of C2”* influx and the activation of PKA in rat {(Waike et al.. 1994) or PKC
in chick (Klarsfeld er al.. 1989). However linle is known about the role of activiry on
neurotransmitter receptor gene expression.

Finally. as a first approach in understanding what causes the increase in ACh-evoked
currents on cultured nodose neurons, we have determined which nAChR transcripts are
expressed by P1 rat nodose neurons in vive and compared levels to those of P1 SCG

neurons.

EXPERIMENTAL PROCEDURES
Neuronal Cultures

SCG ganglia were dissected from newbom rats. dissociated and cultured as described
in section 2.1. The cultures were treated for the first 2-3 days with Ara-C to eliminate the
few remaining non-neuronal cells. For explant cultures. we cut the ganglia in half and
plated one half-ganglion per petri dish: no Ara-C was added.

Treatment of cultures. To depolarize the neurons, we mixed a stock solution of 350
mM KC! in a 1:9 ratio with growth medium. which already contains 5 mM KCI. Many
of the agents that were added to our cultures were first dissolved in dimethyl sulfoxide
(DMSO) or ethanol. which typically amounted to 0.1% of the culture media. Treating
neurons for 48 hrs with any of the drugs listed below. with 0.1% DMSO or with an
additional 35 mM KCI had no effect on neuronal survival, as measured by cell counts. or
on the morphological appearance of the neurons, as judged by observing the cultures with
phase contmsf microscopy. Nifedipine. verapamil and KN-62 had no effect on the nAChR
- mRNA levels when added to control cultures (data not shown). We used the following
agents: 50 p_g/m! a-amanitin {stock: ! mg/ml in H:O). 5 uM nifedipine (stock: 10 mM in
' DMSO). 5 uM verapamil {stock: 20 mM in ethanol). 10-50 uM nicotine (hydrogen tartrate
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sait. stock: 250 mM in H,O). 10-100 pM carbachol (Cl salt. stock: | M in H,0). 1-3 mM
choline (CI salt. stock: 1 M in H,0), 100 mM hexamethonium (Cl salt. stock: 10 M in
H,>0). 100-200 nM a-BTX {stock: 125 uM in H.0) and 2 pM artropine (sulfate sait. stoek:
1 mM in H,0). all from Sigma: 0.3-10 uM KN-62 (stock: 20 mM in DMSO. 1-20 uM
chelervihrin (stock: 10 mM in DMSO). 1-10 uM H-89 (stock: 10 mM in DMSO). 1-100
uM genistetn (stock: 100 mM in DMSQ). 100-300 n.M PMA (stock: 300 uM in DMSO)
and 1-10 pM forskolin (stock: 10 mM in DMSO). all trom Biomol.

RNA extraction
The RNA was extracted from freshly dissociated neurons and from newrons that had
grown trom | to 7 days in cultures {occasionally 14 and 21 day old cultures). according

to the method described in section 2.4.1..

RNase protection assays

RNase protection assavs and riboprobe svntheses were performed as described in
section 2.4.3.. Antisense riboprobes for nAChR subunits and GAPDH were svnthesized
as described in section 2.4.2. For each hybridization reaction. 0.5 pg of total cellular RNA
was combined with 2 or 3 radiolabelled probes of 200.000 cpm each. Dried gels were first
exposed to a phosphor imaging piate to quantifv the radioactive bands and subsequently
to X-ray film for 48-72 hrs. The specific activity of each riboprobe was calculated from
the number of adenine bases in the protected region. To quantify the levels of mRNA
among different transcripts. the relative intensities of the hybridization signals were
divided by the specific activity of the corresponding riboprobe. For each culture, every
RNA sample was tested in duplicate or triplicate. mRNA levels for all nAChR subunits
were similar between whole ganglia and dissociated neurons (centrifuged through percoll).
as the contribution of the non-neuronal cells in total ganglionic RNA from P1 rat SCG
is less than 10 % (Mandelzys er al.. 1994). To estimate the number of nAChR transcripts
expressed per neuron. we svnthesized sense RNA for a; and B. and measured their
OD.gg- By comparing hybridization sign5f§ from known amounts of sense a3 and B, RNA

(2.g. 0.1. 0.3, 1, 2. 5. 10 pg) and hybridization signals from 0.5 ug of SCG RNA (=6000
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neurons: see section 2.4.1.), we estimated that an SCG neuron (average size = 30 um in
diameter) cultured for 7 days has on average 1000-1500 B- transcripts and 5000-7000 a4
transcripts. In some experiments. we normalized nAChR subunit hybridization signals with
those for GAPDH to control for RNA loading. However, as both B subunit transcript
levels showed little ¢change in culture and with any treatment. they also served as internal
controls in many experiments. As shown previousiv for SCG neurons in vivo, transcripts
for a~. @y and B; nAChR subunits were not detected in SCG neurons developing in

culture (data not shown: see Mandelzys er af.. 1994).

In situ hybridization
The same [32p]-labellcd probes prepared for the RNase protection assavs were used to

perform the in situ hybridization on 2 week old culwres, as described in section 2.4.4..

Immunocytochemistry
Neurons cultured for 2-3 weeks were fixed and immunostained for MAP2 (HM-2

antibody) as described in section 2.2.1

a-BTX binding
Neurons were plated at 15 000-20 000 neurons/3 em= aclar coverslip. At day 5. sister
cultures were treated with 40 mM KCl. At day 7. a-BTX binding was performed as

described in section 2.2.4.. In each experiment (n=3) 4 dishes per condition were used.

RESULTS
Expression of nAChR transcripts in cultured SCG neurons

P! SCG neurons express 5 nAChR transcripts: the most abundant transcript is B;.
followed by.ct; and @-: B. is expressed at approximately one third of B;. while s is
expressed at the lowest levels (i.e. 1/5 of a;: see Figure 6.1 and Mandelzys er al.. 1994).
Over the first two postnatal weeks. SCG neurons undergo a significant change in the

expression of these transcripts: mRNA levels for &; increase nearly 4 fold. and levels for
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FIGURE 6.1. Developmental expression of nAChR subunit
transcripts in neonatal rat SCG neurons in vivo.

Transcript levels of the 5 nAChR transcripts expressed in
SCG neurons measured by RNase protection assays. The
mRNA levels were normalized for the levels of oz (=100%).
Adapted from Mandelzys, 1992.
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- increase 3 fold. whereas those for «s. B, and B, show little change (see Figure 6.1 and
Mandelzys et al.. 1994). The factors responsible for this differential expression of nAChR
transcripts are unknown. To learn more. we have investigated nAChR expression by
neonatal SCG neurons developing in dissociated cell cultures in the absence of satellite
cells (Figure 6.24). Figure 6.2B shows that SCG neurons developing in culture express
4 nAChR transcripts at levels similar to neurons developing in vive (cf. Figure 6.1):
mRNA levels for ¢; increase 2-3 fold over 7 days in culture. and levels of as. B, and B,
remain essentially constant. These results suggest that the mechanisms that regulate gene
expression of those 4 nAChR subunits in SCG neurons in vive act similarly in cultured
SCG neurons. However, the expression of «- is different: unlike the increase in mRNA
levels during development in vivo. the «; mRNA levels in SCG neurons in cuiture
decrease 3 fold within 2 days, and remain low for at least 3 weeks.

To test whether dissociation and removal of satellite cells affected nAChR transcript
levels, we prepared explant culwures and extracted RNA from these cultures. We observed
a similar differential change in nRAChR mRNA levels with explant culrures. suggesting
that the regulation of nAChR subunit expression is not influenced by SCG ganglionic
satellite cells. and that the decrease in o mRNA levels in these neurons is not a
consequence of removing the non-neuronal cells.

To investigate whether the drop in a; mRNA level was a result of decreased stability
of a; mRNA, we blocked mRNA synthesis by treating cultures at day 0 or at day 1 for
24 hrs with a-amanitin (50 pM). a transcription inhibitor. We found no significant
difference in the rate of decrease in a; mRNA levels between control- and a-amanitin-
treated cultures 24 hrs later. suggesting that the decreased a; mRNA levels reflect a
reduction in &, mRNA synthesis and not an accelerated o, mRNA degradation (Figure
6.1C). In addition. we found that &; mRNA levels in a-amanitin-treated cultures
decreased at a rate similar to that of a; mRNA (data not shown), suggesting that both

transcripts have comparable stabilities.

Homogenous expression of nAChR transcripts

To determine whether all neonatal rat SCG nreurons express nAChR transcripts. we
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FIGURE 6.2. Developmental expression of nAChR transcripts by neonatal SCG neurons in
culture.

(A) Phase contrast photomicrograpk of SCG neurons that have developed in culture for 1 week.
The horizontal bar is 60 pm. (B) Relative mRNA levels for the five RAChR subunits expressed in
freshly dissociated rat SCG neurons {day 0) and over the first 7 days in culture. The mRNA
levels for each subunit were measured by RNAse protection assays, quantified with a phosphor
imager and expressed relative to the levels of oz subunit mRNA at day 0 (=100%). The measured
a5 transcript levels correspond approximately to 2000-3000 copies per neuron (see experimental
procedures). Examples of the hybridization signals for the five nAChR subunits are shown in
Figure 62A and 6.2C at day 0, 3 and 7. Each value represent an average of 4-6 cultures (+SEM).
{C) Decay of mRNA levels for a7 subunit in control and a-amanitin-treated cultures. a-amanitin
(50 uM) was added for 24 hrs either at day 0 or at day 1. Values represent means (ZSEM) of 4
cultures.



FIGURE 6.3. Homogenous cxpression of nAChRs in SCG neurons.

In situ hybridization with [*>P]-labelled antisense o5 and B, subunit antisense
riboprobes in SCG ncurons cultured for 2 weeks. The same riboprobes as those
used for the RNase protection assays were used for the in site hybridization. Left
hand pancls (A, C. E. G): Phasc contrast photomicrographs of tixed SCG neurons.,
Right panels (B. D. F. H): Dark ficld photomicrographs of the same fields as in
the left hand pancls. (B) shows the grain signals for antisense oy riboprobe. (D)
shows the grain signals for antisense By riboprobe. (F) High magnification of a
neuron incubated with antisense «: this photograph shows the grains are restricted
to ncuronal somata and absent from dendrites {arrows). (H) shows a control pre-
treated with RNase T1 and incubated with antisense radiolabelled o riboprobe.
Other controls. such as sense ay and By radiolabelled riboprobes gave similar

results as in H. Most if not all neurons had signals for ay and B, transcripts.
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performed in situ hybridization on the cultured neurons. We used antisense [32P]-labelled
riboprobes for &y and B, subunits, which are believed to incorporate in the synaptic
nrAChRs (Vemallis er al.. 1993: Mandelzys ez al.. 1995). Figure 6.3 shows an example of
such an experiment. The results indicate that all neurons in the cultures express both «;
and B transcripts. Figure 6.3H shows a high power photomicrograph which demonstrates
that the grains are restricted to neuronal somata. These results indicate that with respect
to & and Bj. the expression of nAChRs is homogenous in rat SCG: conceivably. the other

subunit transcripts are aiso expressed by every neuron.

Membrane depolarization results in specific up-regulation of ¢; mRNA

The specific decrease in o4 transcript levels in cultured SCG neurons is intriguing; in
vivo the a; mRNA levels increase postnatally. and denervation experiments have indicated
that much of this increase is regulated by pre-ganglionic innervation (Mandelzys er al..
1994). One consequence of placing neonatal neurons in culture is that initiaily they have
a reduced electrical activity. in part. because the neurons are denervated. To test whether
membrane depolarization plays a role in the expression of nAChR subunits. we added 40
mM KCl to sister cuitures (high K™). Exposing the neurons to high K™ at the time of
plating had little effect on mRNA levels for s, By or By (Figure 6.4A) 43-72 hrs later.
After 3 days. mRNA levels for a; were only 1.3 (20.1) fold greater in high K*-treated
neurons compared to control neurons. However. high K~ produced a significant change
in a; mRNA levels: unlike in control neurons. c; mRNA levels remained at their initial
value for several days in high K'-treated neurons (Figure 6.4A. 6.4B). High K™ appears
to increase a; mRNA synthesis because addition of 50 uM a-amanitin to both control and
high K™ cultures resulted in similar decay rates for o, mRNA levels (data not shown): this
suggests that high K™ does not increase o mRNA levels by affecting s mRNA stability.
Furthermore, by delaving the addition of high K™ w0 day 3. we observed a 2-3 fold
increase in o transcripts. which reached 70% of its plateau value in 24 hrs and 100% by
48 hrs (Figure 6.4C). High K” added at day 5 caused little change in transcript levels of

the other nAChR subunits. including a;. indicating that the effects of membrane
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FIGURE 6.4. Membrane depolarization and Ca2* influx induce a; gene expression.

(A) RNase protection assays for o3, a7, By (left), ag and By (right) nAChR subunit mRNAs. The

protected riboprobe base pair sizes are: By= 571, ap= 467, az= 258, ag= 479, and §,4= 411. In both

gels, the first lane (Day 0) is total cellular RNA from freshly dissociated SCG. RNA from neurons

grown for 3 days in control medium (2nd lane; Ctr), with additional 35 mM NaCl (3rd lane; NaCl),

as a control for osmolarity change, or with additional 35 mM KCl (3rd lane; KCl) to depolarize the

neurons. &y mRNA levels drop in culture, but are sustained in high K*. a5, By and B; mRNA

levels change little in culture and are not affected by high K*. c; mRNA levels increase in culture
and are 1.3 + 0.1 greater in high K*. (B} Means (SEM) of mRNA levels for &; subunit relative to
Dzy 0 (=100%); n=3 cultures. (C) RNase protection assays, as in (A), for RNA extracted from
freshly dissodated neurons (Day 0) or neurons that have been cultured for 7 days in control
medium (Ctr), with additional 35 mM KCl for 24 hrs (added at day 6) or for 48 hrs (added at day
5), or for 48 hrs with both KCl and 5 uM nifedipine, an L-type Ca 2+ channel blocker. High K*
induces oy expression after its drop in culture; nifedipine blocks this high K* induction, but has
no effect on other nAChR transcripts (see also Table 6.1). (D) Means (1SEM) of mRNA levels for ay
subunit relative to Day 7 control (=100%); n=6 cultures. In some experiments, L-type Ca2* charmel
blocker verapamil (5 uM) was added with high K™ (n=3). Each reaction, in this figure and in figure
6.3, 6.4 and 6.6, contained 0.5 g of total cellular RNA and 200 000 cpm for each riboprobe.
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depolarization are specific for a- (Figure 6.4C and Table 6.1).

The role of Ca®* influx

Several stdies have shown that sustained membrane depolarization. produced by high
K*. induces the expression of many genes by increasing Ca=" influx through 1.4-
dihydropyridine (DHP)-sensitive L-tvpe Ca=* channels ( Murphy er al.. 1991: Bading et
al.. 1993: Rosen er al.. 1994: Bessho er al.. 1994). To test whether this is the case for -
gene expression, we added L-type Ca=* channel blockers verapamil (3 pM) or DHP-
antagonist. nifedipine (5 uM) to cultures treated with high K~ from day 3 to day 7. Figare
6.4C and 4d show that both nifedipine and verapamil specifically block the increase in a.-
mRNA levels while having no effect on other nAChR transcript levels (see also Table
6.1). These data indicate that Ca** influx through L-type Ca** channels is necessary for

the induction of a- gene expression by membrane depolarization,

The effects of protein Kinase activity on nAChR suburit expression

Next. we investigated whether the induction of o, gene expression by Ca=" influx is
mediated by the activity of a protein kinase. To test if PKA is involved. we either treated
control and high K* cultures at day 5 with forskolin (10-30 uM) for 48 hrs 1o activate
PKA. or treated high K™ cultures with H-89 {1-10 pM) to inhibit PKA. Neither treatments
had any effect on o, transcripe levels (Figure 6.5). To determine if PKC is involved. we
either treated control and high K™ cultures at day 5 with phorbol-12-myristate-13-acetate
(PMA: 100-300 nM) for 48 hrs to activate PKC. or treated high K™ cultures with
chelerythrin (1-20 pM) to inhibit PKC. Similarly. neither the activation nor the inhibition
of PKC had any effect on «- transcript levels (Figure 6.5). To test for tyrosine Kinase
involvement. we increased the concentration of NGF 4 fold in both control and high K~
cultures (from 25 ng/ml to 100 ng/ml). in attempt to increase signalling through kA (Ma
et al.. 1992). This treatment did not affect any of the nAChR transcript levels (Table 6.2).

In addition, we treated SCG neurons with tyrosine kinase inhibitors: neonatal SCG

neurons depend on 1k tvrosine kinase activity for survival. and treating cultures with
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FIGURE 6.5. PKA, PKC and tyrosine kinase do not regulate nAChR subunit expression.

(A) RNase protection assays performed as in Figure 6.2 on RNA extracted from SCG neurons cultured
for 7 days in control medium (Ctr), or treated at day 5 with PKC activator PMA (100 nM), PKA
activator forskolin (10 pM), or with 40 mM KCl with either 0.1% DMSO (Ctr), tyrosine kinase inhibitor
genistein (10 pM), PXA inhibitor H-89 (2 uM) or PKC inhibitor chelerythrin (2 #M). In addition, PMA,
forskolin and NGF were added to some high K* cultures (not shown). None of these agents affected
nAChR subunit expression (see also Tables 1 and 2).

(B) Mean (YSEM) mRNA levels for 7 subunit relative to control (=100%); n=3 cultures. Higher doses
of these agents were also tested: genistein, 100pM; H-89, 10uM; chelerythrin, 20uM; PMA, 300 nM;
forskolin 30 uM; no significant differences on the nAChR subunit mRNA levels were observed at these
doses (n=2).



119

tyrosine kinase inhibitors caused the neurons to die within 48 hrs. However. in the
presence of high K™, SCG neurons can survive for 48 hrs without 2% activity due o the
increase in [Ca:"]i caused by the openings of L-type Ca=* channels (Koike er a/.. 1989:
Franklin and Johnson. 1992 Franklin er al.. 1995). Therefore. we treated high K™ cultures
with tvrosine kinase inhibitor genistein (10-100 uM): this had no effect on the tncrease
in &~ transcripts or on the levels of other nAChR transcripts (Figure 6.5). We also treated
high K™ cultures with K-252a, a kinase inhibitor that inhibits rr% activity specifically at
low concenrrations (10-100 nM: Koizumi er al.. 1988: Berg er al.. 1992); 100 nM K-252a
had little effect on nAChR transcript levels (Tabie 6.2).

These resuits suggest that neither PKA. PKC nor tyrosine kinases are involved in the
Ca" signalling cascade that affects o~ gene expression. Furthermore. Table 6.1 and 6.2
show that the activities of these 3 classes of protein kinases appear not to be involved in
the regulation of any nAChR transcript expressed by SCG neurons developing in culture.

However, we did observe that a 10 fold higher aose of K-2522 as well as KT-5926
(1 pM) partiaily blocked the - induction by high K™ (Table 6.1): these agents inhibit a
number of protein kinases at such concentration. including the multifunctional
Ca"*/calmodulin-dependent protein kinase II (CaM kinase II or CaM kinase) (Hashimoto
er al., 1991).

- CaM Kkinase activity up-regulates &, gene expression

To test whether CaM kinase activity is involved in the induction of «; gene expression
by membrane depolarization. we treated controi and high K™ cultures with KN-62, a
specific CaM kinase inhibitor (Tokumistu er al.. 1990). In control cultures. KN-62 { 10uM)
for 48 hrs had no effect on nAChR transcript levels (data not shown): however. when
added to high K~ cultufes. -IF(N-62 completely blocked the increase in a-~ mRNA levels
(Figure 6.6). The block by KN-62 is dose-dependent with an ICsq of 1.2 puM and full
inhibition at 3-4 uM (Figure 6.6B). which is consistent with the dose-dependent effects
of; 'KN-62 on purified CaM kinase activity in vitro (Tokumistu er al.. 1990: Enslen er af..
1994).
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FIGURE 6.6. CaM kinase activity mediates the induction of 07 nRAChR expression
by membrane depolarization.

(A) RNase protection assay performed as in Figure 6.2 on RNA extracted from
neurons cultured for 7 days. High K was added at day 5, either with 5 uM
nifedipine, 0.1% DMSO (0), or with 0.5 to 10 pM KN-62, a CaM kinase inhibitor. In
this experiment, &3 riboprobe was added at 100 000 cpm/reaction. (B) KN-62
" inhibits high X" induction of & expression in a dose dependexnt manner with an
IC5q of ~1.2 pM and full inhibition at 34 pM. The means (+SEM) were obtained
from 3 cultures.
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Table 6.1. Effects of membrane depolarization. Ca™™ influx and serine‘threonine protein kinase
activity on nAChR expression.

40 mM KCI

Nifedipine K-252a KT-53926  KN-62 Chelerythrin - H-89 PMA Forskolin

6) (5 uM:6) (1 uaM3) (D ad3) (<M (2 uMi3) (] pM3) (100 nM3Y (10 pM:3)
@, 104=5  105=2 95z % 107=10 117=7  111=10 117210 107=7 10810
@y 120215 120= 3 ND ND 9917 116=15  110=23  120=28  100=20
- 256215 98=9 166=155 1432178 103=2  272=127  25T=S5T 112=20 116=iS

8, 109=7 =35 100210 123=16 106= & 108 7 106=14 9azx12 =3

B, 10t=3 109% 3 ND ND 9715 9d=12 104= 6 98= 7 1o=1s

Mean (2SEM) mRNA leveis, measured with RNasc protection assays. expressed relative to control ncurons at day 7
(=100"). All treatments were done from day § to day 7. *Significantly different from control neurons (p<0.001. 1test).
SSignificantly differcnt from control neurons and high K*-treated neurons (p<0.03, Duncan’s multiple-range test). n is
shown in parentheses: ND = not determined.

Table 6.2. Effects of NGF and tyrosing kinase activity on nAChR expression.

40 mM KCI™

High NGFY Reg. NGF- High NGF K-252a Genistein
(100 ng/ml:2) (25 ng/ml: 6) (100 ng/ml:2) (100 RM:D) (10 pM:3)

ay 105213 1042 5 107£12 10713 103 7

as 10114 12015 ND ND 10120

a; 100£ 8 256£15" 262530" 230225" 250:20"

B, 110z 6 109= 7 %9=10 100=10 a=12

B, 95213 10123 100210 9R=1S 105= 9 .

Mean (2S5EM) mRNA levels. measured with RNase protestion assays. expressed relative, to
control neurons at day 7 (=100%). Ncurons were grown for 7 days with 100 ng/ml of NGF.=

“*Neurons were treated with 40 mM KC1 at day 5 for 48 hrs with regular or high NGF

concentration, or with tyrosine kinasc inhibitors. *Signiticantly different trom control nevrons
(p<0.001. t-test). n is shown in panTitheses: ND = not determined.
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Lack of effects of KN-62 on L-tvpe Ca®* channels

Although the above results indicate that CaM kinase activity is involved in the Ca="
signalling cascade that regulates a- gene expression. a potential difficulty in their
interpretation could arise if. in addition to its inhibition of CaM Kinase activity, KN-62
also blocked Ca”~ influx through the DHP-sensitive L-type Ca"" channels. Therefore. we
investigated this possibility by measuring Ca™" currents on SCG neurons with whole-cell
voltage clamp techniques. To distinguish Ca=" curreats flowing through L-tvpe Ca™"
channels from those flowing through other Ca™" channels we focused on the tail currents:
several studies have shown that the Ca=" tail current recorded at the end of a positive -
voltage step from a depolarized holding potental is due largely 1o DHP-sensitive L-tvpe
Ca** channels (Plummer er af.. 1989: Regan er af.. 1991: Mathie er al.. 1992). anc can
be prolonged by DHP analogues. such as Bay K 8644 or (+)202-791 (Hess er al.. 1934
Plummer er al.. 1989). Figure 6.7A shows an example of Ca=" currents recorded from a
neuron in the presence of TTX (I pM). TEA (10 mM) and 4-AP (2 mM) to block
voltage-dependent Na” and K™ currents. Tail currents were evoked by a twe step voltage
protocol: first we held the neurons at -30 mV to partially inactivate non L-type Ca="
channels. then we applied a 150 ms depolarizing voltage step to +30 mV. followed by a
repolarizing step to -40 mV. This resulted in a large Ca~" tail current (Figure 6.7A. left)
which was prolonged 2-3 fold in the presence of | uM (+)202-791 (Figure 6.7A. right):
this indicates that much of the tail current was due to the deactivation of L-tvpe Ca*"
channels. In addition. as shown in Figure 6.7A. these tail currents were biocked by the
DHP-antagonist. nifedipine (5 pM). but were unaffected by w-Conotoxin GV1A (w-CgTx:
5 uM). a specific blocker of N-tvpe Ca=" channels (Plummer ef al.. 1989: Regan et al..
1991).

To test whether KN-62 affects L-type Ca"" channels. we recorded Ca=™ tail currents
from neurons treated with 4 pM KN-62. both acutely. and for 24 hrs prior to rccording.-
Figure 6.7A shows that KN-62 had no significant effect on L-type Ca"* channcls on these
neurons. Thercfore. we concluded that the inhibition by KN-62 on a- gene expression

after higth" is duc most likely to its inhibitory action on CaM kinase activity (Figure
6.6).
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FIGURE 6.7. Effects of KN-62 on Ca®* currents recorded with wholecell voltage clamp. Leak-subtracted
Ca2* currents recorded in presence of 1 M TTX, 10 mM TEA and 2 mM 4-AP. (A) The neuron was held
at =30 mV to partially inactivate non L-type Ca2* currents and a depolarizing step to +30 mV was applied
for 150 ms. Repolarization to -40 mV at the end of the step evoked a Ca2* tail current. This tail current is
prolonged by DHP-agonist {(+)-202-791 (1 pM; right trace). (B} Tail currents elicited as in (A) from a neuron
in contro} medium or in presence of either 5 uM nifedipine, 5 pM @~CgTx, or 4 pM KN-62. Nifedipine blocks
the tail currents, whereas w-CgT'x and KN-62 do not. The histogram shows the mean tail current densities
(£SEM) from 6 neurons in each condition, obtained by measuring the amplitude of the tail currents 3 ms after
repolarization and dividing by whole-cell capacitance. (C) The neurons were held at -60 mV to remove
inactivation of transient Ca%*currents and a depolarizing step to +20 mV was applied for 125 ms. At least
50% of the current was blocked by w~CgTx (5 pM); a similar blockade was observed with KN-62 (4 uM).
This effect of KN-62 was observed with concentrations as low as 0.2 pM. As in (B), the tail currents were
unaffected byboth drugs. Nifedipine (5 itM) had a small effect on the CaZ* currents during the step, while
eliminating most of the tail current. All drugs were applied as in (B).Currents were filtered at 3 KHz and
sampled at 5 KHz.
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It had been reported. however, that KN-62 may reduce Ca=™ influx in other
preparations (Li e af.. 1992). To investigate whether this could occur through other
classes of Ca=" channels. we recorded from neurons at more negative holding potentials
(-60 mV) to remove inactivation of non-L-tvpe Ca™* currents. Figure 6.7C shows that ®-
CeTx (5 M) blocks a large portion of these Ca~ currents. without any signiticant effect
on the il currents. We observed similar results in neurons treated with 4 M KN-62:
furthermore. even concentration as low as 0.2 pM. which had little effect on «- expression
(Figure 6.6). also blocked these currents. Nifedipine (5 pM). on the other hand. affected
onlyv a small fraction of the current clicited by the depolarizing step. and blocked most of
the tail current (Figure 6.7C): this is consistent with L-type Ca=" currents representing
only a small proportion of the total Ca** currents on rat SCG neurons (Plummer er af..
1989: Regan er al.. 1991). Therefore. it appears that KN-62 can inhibit non-L-tvpe Ca™*

channels.

Choline also induces - expression

Several studies have shown that activation of nAChRs increases [Caz"']i. either by
depolarizing neurons and activating voltage-dependent Ca®* channels. or by Ca=" influx
tarough nAChRs directly (Mulle er al.. 1992a: Vernino er al.. 1992: Vijavaraghavan er al..
1992: Trouslard er al.. 1993: Rathouz and Berg. 1994). Therefore. we investigated whether
application of nicotinic agonists to cultured SCG neurons. either at day 0 or day 3. would
increase - transcript levels. We found that neither the addition of nicotine (10-50 uM)
nor carbachol (10-100 uM) for 48 hrs had any effect on the mRNA levels of the 5
nAChRs present in these neurons (data not shown). possibly because these long agonist
applications desensitize the receptors.

Choline. a byproduct of ACh degradation and a weak nicotinic agonist (see Chapter
7) has been shown to cause an increase in [Ca**]; in SCG neurons. by causing Ca™*
release from internal stores (Koike er al.. 1989). To test whether an intracellular source
of Ca>* can up-regulate &, we treated neurons with 5 mM choline. Figure 6.8 shows that

choline caused a moderate but significant increase in @> mRNA levels when added at day
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FIGURE 6.8. Choline induces o7 expression.

RNase protection assay on RNA extracted from SCG neurons cultured for 7 days. At
day 5, additional 35 mM KCl, 5 mM choline (Chol), or 5 mM choline with either KN-62
(4 M) or nifedipine (5 pM) were added to sister cuitures. Choline caused a small
increase in o7 mRNA levels without affecting the levels of a3 and Bo; B4 and ag were
also unaffected (data not shown). The choline effect was not blocked by nifedipine, but
was blocked by KN-62. Mean (£SEM) mRNA levels for &7 subunit expressed relative to
control (=100%); n=4 cultures.



125
5. the other 4 nACHR transeript levels were not affected. The choline-induced increase in
@~ transcripts was not blocked by nifedipine. indicating that Ca~" influx through L-tvpe
Ca®* channels was not involved. Neither was this choline effect blocked by
hexamethonium (100 uM). atropine (2 uM) or «-BTX (100 nM) (data not shown).
suggesting that nicotinic and muscarinic ACh receptors do not mediate this etfect.
Nevertheless. the increase in a- mRNA levels produced by choline was prevented by
KN-62 (4 uM: Figure 6.8). indicating that the choline effect is mediated by a CaM kinase
pathway. We did not investigate further how choline produces its effect on CaM kinase
activity. but it is likely to occur by increasing Ca=" release from internal stores (Koike er
al.. 1989).

Correlation between changes in a; mRNA levels and changes in «-BTX-nAChRs
As the a- gene codes for an «-BTX-nAChR (Schoepfer er af.. 1990. Couturier er df..
1990b: Séguéla ¢r al.. 1993). we investigated whether the induction of «- gene expression
by membrane depolarization in cultured SCG neurons results in an increase in the number
of «-BTX binding sites on the surface of these neurons. Figure 6.9 shows that neurons
exposed to high K* for 48 hrs had 3-3 fold more surface ['**1Ja-BTX binding than
control neurons. These results demonstrate a good correlation between increases in both

a- mRNA levels and a-BTX-nAChRs on the surface of the these neurons.

Neonatal rat nodose neurons express nAChR subunit transcripts

As a first step in determining if nAChR transcripts in cultured nodose neurons are
regulated in a similar way to that of cultured SCG neurons. we have measured the
expression of nAChR transeripts in Pl nodose ganglia. Figure 6.10 shows an RNase
protection assay for @;. a;. B, 8; performed on mRNA extracted from Pl SCG and
nodose ganglia. Nodose neurons express relatively high levels of nAChR transcripts. By
comparison with SCG neurons. B, transcripts are expressed at similar levels. B, at
approximately 50% lower levels, while a; and «- transcripts are expressed at even lower
levels. In addition. we found that @ and B; mRNA are also present at very low levels in

nodose neurons. while &~ and o, transcripts are not detectable (data not shown: see also
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RNase protection assays for ag, az, B, and By transcripts on P1
SCG and nodose neurons. Nodose neurons express B, mRNA at levels
comparable to SCG neurons; oy and [34 are expressed at lower levels in
nodose neurons compared to SCG neurons. Of the 4 transcripts, oy is
expressed at the lowest levels in nodose neurons. Each reaction contained
1 pg of total cellular RNA and 200 000 cpm for each riboprobe.
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Mandelzys. 1992). These results demonstrate that even though freshly dissociated nodose
neurons have small or undetectable ACh-evoked currents on their somata. thev express
significant levels of nAChR transcripts. These findings are consistent with the notion that
a population of nodose neurons express tAChRs on their terminals. These results will be

discussed further in Chapter 8.

DISCUSSION

In this chapter. we have investigated the expression of nAChRs in SCG neurons
developing in culture. Qur results demonstrate that when SCG neurons develop in culture.
they express nAChR transcripts at levels comparable to in vive. with the exception of a-.
Furthermore. the resuits demonstrate that membrane depolarization differentially regulates
the expression of nAChR subunits by up-regulating specifically a-. A novel aspect of this
studv is that it links neuronal activity with neurotransmitter receptor gene expression

through a CaM kinase pathway.

Role of Ca®* influx and CaM Kinase activity on ¢, subunit expression

To demonstrate that CaM kinase activity is essential for the induction of the a- gene
by membrane depolarization. we used a potent and selective CaM kinase inhibitor, KN-62
(Tokumitsu er ai.. 1990). Several studies have addressed the specificity of KN-62.
Tokumitsu er al. (1990) showed that KN-62 competes with calmodulin for its binding site
on CaM Kkinase. but does not interact with calmodulin directly. /n vitro. } *i-62 inhibits
CaM kinase autophosphorylation with an IC, of approximately 1.0 pM (Tokumitsu et al..
1990) and inhibits phosphorylation of a purified substrate by CaM kinase with an [C, of
1-2 uM (Ensien er al.. 1994). In contrast, {00 fold higher concen:iﬁtions have lirtle effect
on calmodulin dependent kinases. such as myvosin light chain kinase. phosphodiesterase.
PKA or PKC (Tokumitsu er al.. 1990). We found that KN-62 inhibits the increase in a-
expression induced by membrane depolarization in a dose-dependent manner with an ICs,

of approximately 1.2 pM and full inhibition at 3-4 pM. consistent with the specific action
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th

of KN-62 on CaM kinases ( Tokumitsu of /.. 1990: Enslen of «i.. 1994). In addition, high
concentration (I pM) of K-232a and KT-3926. which notably inhibit CaM Kkinase IT

(Hashimoto er al.. 1991). also prevented part of the inerease in a- mRNA,

The induction of «- expression by membrane depoiarization is due to an influx of
Ca~" through L-type Ca*~ channels. One concern was w.ic.er the effects of KN-62 were
due. in part. to inhibition of Ca=" influx. possibly by interfering with L-type Ca="
channels direetly. a concern aiso addressed by others (Li ¢f a¢f.. 1992: Hack er af.. 1993:
Wyllie and Nicoll. 1994). Most of the Ca=" currents in rat SCG neurons sre carried
through N-type channels (Plummer er of.. 1989: Regan er af.. 1991), although one can
reliably measure Ca™" currents through L-tvpe channels in these neurons by recordir g the
tail currents at the end of depolarizing voltage steps (Plummer ¢ «f.. 1989: Regan ez «f..
1991: Mathie er ¢l 1992). We used this approach to demonstrate that 4 uM KN-62 has
no etfect on the L-type currents on SCG neurons. Our results are consistent with those of
Hack er al. (1993) who showed that KN-62 (2.53-10 uM) had no effect on intracellular
+3Ca™" levels in rat cerebellar granule cetls grown in culture with high K™ for one week.
On the other hand. we did observe some inhibition of non L-type Ca=" currents by KN-62.
presumably N-tvpe currents (Plummer er al.. 1989: Regan er al.. 1991). We did not
investigate this inhibition in detail. but the fact that we observed inhibition by KN-62 at
doses lower than that needed to inhibit the activity of CaM kinase significantly (0.2 pM:
Figure 6.4 and see Tokumitsu er al. 1990: Enslen er al.. 1994) suggests that KN-62
affects these non-L-type Ca* channels directly. This differential effect of KN-62 on Ca**
channels may explain the divergent results obtained with KN-62 on Ca=" influx {Li er al..
1992: Hack er al.. 1993: Wyllie and Nicoll. 1994),

- L2 2 . . " . -

Our finding that Ca~* influx through L-type Ca=" channcls is essential for high K
induction of a- expression is consistent with the sustained mode of depolarization used
in our experiments. Indeed. high K™ (40 miM) raises the membrane potential to

approximately -30 to <20 mV in SCG neurons (Franklin ¢r ¢f.. 1995): at such sustained
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membrane potentiais. L-tvpe Ca** channels are sull activated. while other tvpes are
largely inactivated (Tsicn er «/.. 1988: Plummer er al.. 1989). In fact. the high K™ -induced
sustained elevation in [Caz*]i in rat SCG neurons (ar 40 mM. the [Ca:"']i =150-200 aM:
Kotke and Tanaka. 1991: Franklin er al.. 1995) is generated only by the activation of DHP
sensitive L-type C a=* channels. and not by -C gTx-sensitive N-type Ca=" channels (Vidal
et al., 1989; Collins er al.. 1991: Franklin and Johnson. 1992; Franklin er al.. 1995).

When this paradigm of stimulation has been used to investigate activity-mediated
changes in gene expression. L-tvpe Ca™" channel activity was shown to be essential
(Murphy et al. 1991: Bading er al.. 1993: Rosen er af.. 1994: Bessho et al. 1994).
However. in vivo, membrane depolarization in neurons is not chronic. but rather pulsatile,
which is likely to recruit activity of other Ca=~ channels: whether their activities affects
gene expression is unknown. Interestingly, Murphy et «l. (1991) demonstrated that
blocking the L-tvpe Ca=* on cultured cortical neurons did not compromise the synaptic
interactions and generation of action potentials on these neurons. but did inhibit the
synaptic activation-dependent expression of immediate early genes. It has been found that
L-type Ca~* channels are preferentiaily targeted to the cell body and proximal dendritic
membranes {Ahlijanian er al., 1990: Westenbroek er al.. 1990). These findings suggest
that L-type Ca=* channels may be involved in coupling svnaptic activity in distal dendrites
to regulate local processes in the ceil body, including gene expression (Murphy er af..

1991).

CaM kinase family

Our results show that CaM kinase activity regulates &- gene expression. Several tvpes
of CaM kinases have been characterized and have been classified tnto two main groups
referred to as the dedicated CaM kinases and the multifunctional CaM kinases (Schulman,
1993). Dedicated CaM kinases. which include myu;in light chain kinase. phosphorylase
kinase and CaM kinase II1. phosphorvlate unique substrates. For instance. CaM kinase I
phosphorylates the eukarvotic elongation factor 1I. The multifunctional CaM kinases.

which include CaM kinase 1. Il and IV activate a broad spectrum of substrates. CaM
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kinase I regulates primarily neurotransmitter release by phosphorvlating svnaptic vesicle
proteins (reviewed by Hanson and Schulman. 1992: Schulman, 1993). The two CaM
kinases whose activities have been shown to atfect gene expression are CaM kinase il and
IV {Bading er af.. 1993: Enslen er uf.. 1994: Enslen and Soderling. 1994). KN-62 has been
shown to inhibit CaM kinase Il (Tokumitsu ¢r @f.. 1990) as well as [V and V (Enslen ez
al.. 1994: Mochizuki er of. 1993). While litle is known about the function and
distribution of CaM kinase V. CaM kinase [V has been shown to target to the nucieus
(Jensen er al.. 1991) suggesting that it has a direct role in regulating gene expression
(Enslen er al.. 1994). However. PKA activity has beer shown to inhibit CaM kinase [V
activity (Kameshita er al.. 1991). whereas neither activation nor inhibition of PKA has any
effect on a5 expression in SCG neurons. making it less likely that CaM kinase IV is
involved. On the other hand. the biochemical properties and cellular distribution of CaM
kinase Il make it a more attractive candidate for mediating the effects of activity on «-
expression (see appendix 3: Hanson er a/.. 1994: Hanson and Schulman. 1992 Schuiman.
1993).

CaM kinase IT affects synaptic plasticity and gene expression

CaM kinase I (also referred simply as CaM kinase: Schulman. 1993) is a key plaver
in the induction of LTP (Malinow er al.. 1989) and other forms ot synaptic plasticity
(Silva er al.. 1992a.b; Schulman. 1993: Lisman. 1994: Chapman e¢r a/. 1993). In brain
slices from mutant mice with a null mutation in the «-subunit of CaM kinase (one ot the
two major brain subunits) LTP cannot be induced. and these mice are impaired in spatial
learning (Silva er al.. 1992a.b). Thus far, the involvement of CaM kinase in regulation of
svnaptic function has been demonstrated to occur through post-translational processes such
as modulation of ion channel activity or transmitter release (Hanson and Schulman. 1992).
However. CaM kinase can phosphorylate transcription factors (Wegner ¢ af.. 1992). target
to the nucleus {Srinivasan er al.. 1994) and régulatc the expression of immediate carly
genes (Enslen and Soderling. 1994: Bading er al.. 1993). Many of the immediate carly

gene products are believed to regulate the expression ol "delaved response genes”. which
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may code for protetns participating in ncuronal tfunction. Our finding that activity
regulates the expression of @ neurotransmitter receptor subunit through a CaM Kinase
pathway suggesis another mechanisin by which CaM kmase could atfect svnaptic

plasticity.

Mechsnism of regulation of u- expression

How CaM kinase regulates u- expression in SCG netrons 1s unknown. Qur data using
a-amanitin suggest that the changes in - mRNA levels result from altered mRNA
svnthesis rather than from a change in mRNA swabilitv: the approximate rate ot decay in
- mRNA was unaltered by a-amanitin, and was comparable to the decay of other nAChR
transcripts in neurons ireated with a-amanitin, However, we cannot exclude the possibility
that «-amanitin blocked transcription of a genets) coding tor 2 proteints) that
preferentially destabilizes - mRNA. We have not determined the signalling events
downstream of CaM Kinase that are responsible for the induction of «- expression. From
the refatively slow time course for a- mRNA levels to plateau after treatment with high
K™ (greater than 24 hrs). it scems likely that transcription of other genes. such as
immediate carly genes, precedes a- expression (Sheng and Greenberg, 1990: Bading er
al.. 1993: Enslen and Soderling. 1994: Ghosh and Greenberg. 1993), It so. the «- gene
could be considered a delaved response gene. Although many immediate carly genc
products have been shown to bind to DNA clements upstream ol delaved response genes.
the direct link between activity. immediate early genes induction and delaved response
gene expression has not been demonstrated { Armstrong and Montminy. 1993 Morgan and
Curran. 1993). The a- genes could represent a good model to investigate this link. The
promoter clements of the a- gene have been identified in chick but not in rat. The
promoter of chick a- gene has been shown to confer neuro-specific expression: however.
no specific DNA binding scquence that could be responsible for an activitv-mediated
regulation has been identified (Mauer-Sadzinski er af.. 1992).

It has been shown recently that a- and other neuronal nAChR subunits are expressed
at low levels tn embryonic chick skeictal muscle. Interestinglv. the developmental pattern

of a- mRNA expression follows that of the muscle «, subunit. reaching peak expression
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prior to svnaptogenesis and decreasing after svnapse formation (Corriveau er af., 1993),
These results suggest that ranscription of ¢~ docs not occur strictly in neurons (¢t Matter-
Sadzinski er al.. 1992). and that similar mechanisms that down-regulate muscie nAChR
subunits during activity can also regulate a- in muscle. If so. this could mean that the «-
gene contains two distinct upstream sequences that regulate transcription in opposite

- h .
manner after Ca= influx. depending on the celtlular context.

It is noteworthy that the increase in «- mRNA levels after high K™ appears to plateau
at levels equivalent to day 0. whereas in vivo, w- mRNA levels continue to increase (see
Figure 6.1: Mandelzys er /.. 1994). These results could mean that other factors are
involved in regulation of a- gene expression. or, altematively. that CaM kinase activity
is not optimally activated by susiained high K™ treatment in these cultures. While severzl
studies have shown that high K~ activates CaM kinase activity in neurons (Fukunaga et
al.. 1989: Ocorr and Schulman. 1991: Bading et al.. 1993). the biochemical properties of
CaM kinase predict that pulsatile stimulations of neurons should activate CaM kinase even
more effectively (Hanson er al.. 1994: appendix 3). Moreover. a sustained high K™
treatment is likely to induce Ca~-activated phosphatases. such as Ca*~"/calmodulin-
dependent phosphatase. calcineurin. Conceivably. the ratio between Ca~*/calmodulin-
dependent kinase and phosphatase activities is greater in neurons receiving patterned
synaptic activity compared to neurons that are chronically depolarized (Hanson er al..

1994: Lisman. 1994).

Effects of choline and other nicotinic agonists on «- expression

Nicotinic agonists. nicotine and carbachol. did rot mimic the etfects of high K. even
though activation of nAChRs by these ligands causcs a large increase in [Ca:‘"_li {Mulle
er al., 1992a: Vemino er al.. 1992: Vijavaraghavan er al.. 1992: Trouslard er al.. 1993;
Rathouz and Berg. 1994). However. as nAChRs desensitize. a prolonged application of
nicotinic agonists may not produce a sustained increasc in [Ca:*]i: we plan to test whether

pulsatile applications of these agonists can induce o, expression.
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Interestingly. we observed that choline produced a small but significant increase in «-
expression, Choline has been shown 1o cause an increase in [Ca:']1 in cultured SCG
neurons. presumably by releasing Ca=" from internal stures (Koike or af. [989).
Consistent with this. we found that the choline etfect on w- expression was not blocked
by nifedipine. hexamethonium, «-BTN or atropine. suggesting that this effect is not due
to Ca=~ influx nor to the activation of nicotinic or muscarinic receptors. However, the
increase in @- ranseript levels was blocked by KN-62. indicating that CaM kinase activity
was stimulated by choline. Whether choline has a role in «- expression in vive is unclear.
Due to cholinesterase activity at svaapses between pre-ganglionic and SCG neurons.
choline couid build up to considerable levels during high freguency activity. but whether
it can reach high enough concentrations to intluence «- eoxpression in uncertain.
Nevertheless. these results indicate that the CaM kinase-induced expression of a- may

also be activated by pathways that do not require Ca=~ intlux,

Lack of effects of PKC., PKA and tyrosine kinase inhibitors

Our results with inhibitors or activators of PKA and PKC suggest that these enzymes
have little role in regulating @-. In fact. we found that none of the nAChR transcript levels
were altered by these kinase inhibitors and activators. We cannot rule out. however. that
some of these agents did not inhibit or activate properly the target enzyvmes. To reduce
such possibilitv. we attempted to block their activity in presence of high K™, as well as
to stimuiate their activity in control condition with different agents. in addition, we tested
higher concentrations of these agents. without observing any effects. To stimulate PKC.
we used 100 mM PMA. which could. upon prolonged treatment. down regulate PKC in
SCG neurons (Matthies er «l.. 1987). Thus. we also added PMA to high K™ cultures. but
observed no effect on the high K™ induction of a; mRNA levels. We conclude from these
experiments that PKA and PKC are not likely to be involved in the regulation of nAChR
gene expression i neonatal rat SCG neurons developing in culture, This contrasts with
the roie of PKA and PKC on the activity-mediated expression of nAChRs by muscle
extra-junctional nuclei (Klarsteld er al.. 1989: Waike er al.. 1994),

To test for a role in tvrosine kinase activity, we used two inhibitors. genistein and K-
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252a. While genistein inhibits several tyrosine kinases (Levitzki and Gazit. 1993). low
zoncentrations of K-232a (e.g. 10-{00 nM) were shown 1o inhibit 4 receptors
preferentially (not the EGF receptor: Koizumi er af.. 1988: Berg er af.. 1992). although
higher doses can also inhibit serine:threonine protein kinases. including CaM kinase
{Hashimoto er af.. 1991). Adding these agents to control cuitures causes the neurons 0
die. as they need NGF and kA activity to survive at this stage of development (Johnson
and Deckwerth, 1993). Removal of NGF, induces apoptosis in SCG neurons (Martin e¢
al.. 1988). a process that can be prevented temporarily by increasing [C a:"]i with high K.
even though this treatment does not activate kA (Koike er af.. 1989: Franklin er af.
1995). Consistent with these findings, the neurons survived well after treatment with
tvrosine kinasc inhibitors in high K™ cultures. However. the nAChR transcript levels were
unaltered by these agents, suggesting that tyrosine kinases do not regulate nAChR gene
expression in cultured SCG neurons. at least not under high K~ condition. Finally.
changing the concentration of NGF in the culture medium. from 25 to 100 ng'/ml. a
treatment that was shown to affect gene expression in cultured SCG neurons (Ma er al..

1992). caused no effects on nAChR expression.

What regulates gene expression of the other nAChR subunits?

An interesting aspect of our results is that the expression of nAChR transcripts that
code for subunits other than - is regulated by mechanisms that appear independent of
afferent innervation as well as target contact. Membrane depolarization had little effect
on the expression of those transcripts. and protein kinase activity appeared not to be
involved in their expression. In fact. the expression of these 4 nAChR transcripts by
cultured neurons parallels closely their expression by neurons developing in vivo over the
same time period. suggesting that the expression of these genes is governed by intrinsic
mechanism related to SCG neuron phenotype. This interpretation is consistent with the
observations of Zoli ez al. (1995). which indicated that the majority of nAChR transcripts
examined (i.e. ct3. @, B, and B;) became detectable with in situ hybridization at a period

corresponding 10 neurogenesis. Interestingly. Schoenherr and Anderson (1995) reported
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that ligand-gated ion channel genes. including nACh. NMDA and glveine receptors.
contain "Neuron-restrictive silencer clement-fike  sequences”. Thus. the release of
transcription inhibition by down-regulation of 2 neuron-restrictive silencer factor during
neurogenesis, could be a mechanism responsible for the appearance of nAChRs at this
period.

When SCG neurons develop in ¢ilture. only the mRNA tor ¢ increased significantly.
indicating a ditferential regulation of the nAChR subunits during neuronal maturation. The
promoter of rat a; nAChR subunit was recently characterized and shown to be activated
by the POU domain transcription tactor SCIP/Tsi-i. which is believed to confer neuro-
specific gene expression (Yang er af.. 1993). It will be interesting to determine whether
this factor 1s also up-regulated during SCG neuron development. Incidentaily, we observed
a small transient decrease in «; mRNA levels after the first day in culture, and this
decrease appeared to be reduced by high K™ (Figure 6.2A): however. the small size and
transient nature of the high K™ effect made it difficult to investigate further. In contrast.
high K™ had no effect on a; mRNA levels when apptlied at day 5. If the @y mRNA levels
are determined by an intrinsic mechanism related to neuronal maturation. this process may
have been retarded by the dissoctation of the neurons.

The levels of both B~ and 8, subunirt transcripts appeared largely unchanged during the
first two postnatal weeks of development as well as in culture for the first 7 days. B
mRNA is the most widespread nAChR transcript in the CNS and is expressed in all
peripheral ganglia examined in the rat (Wada er af.. 1989: Zoli er af.. 1995). including the
nodose ganglion (Figure 6.10). The B, transcript appears to be the least sensitive nAChR
subunit transcript to developmental events (Hill er af.. 1993: Zoli er af.. 1993). except in
the chick optic tectum (Matter ¢r .. 1990). The B, transcript is approximately 3 times
more abundant than that of B, in SCG neurons and its expression seems 10 be largely
restricted to neurons expressing oy (Zoli er uf.. 1995). Interestingly. @5 and B genes.
together with a, form a cluster in the rat (Boulter er a/.. 1990) and chick (Couturier er
al.. 19902) genomes. indicating that the initiation of their expression during neurogenesis

may be coordinately regulated. Downstream of B, and upstream of «; gene lies an inter-
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genic sequence of more than 2 kb. which includes the «; promoter sequence (Bovd. 1993:
Yang et al.. 1994): such a promoter may regulate further ihe expression of o, during
neuronal maturation. Finally, the «s gene is oriented in the opposite direction in this
cluster, suggesting a distinct regulation. Of the five nAChR transeripts, us is expressed
at the lowest levels: it drops transiently by approximately 30% after 3¢ davs in culture.
This drop is similar to what is observed atter denervation in vive (Mandelzys er af.. 1993):
however, unlike for a;. membrane depolarization did not affect «g mRNA levels.
Taken together. our results and those of others discussed here suggest that nAChRs
in rat SCG neurons are largely controlled by intrinsic regulatory mechanisms. possibly
related to neurogenesis. and neuronal maturation. One aspect of neuronal marturation that
takes place during the increase in «;. iz vivo and in culture. is the extension of dendrites.
The early expression of nAChRs may be crucial to allow rapid establishment of functional
svnapses when presvnaptic terminals make initial contacts (Havdon and Drapeau. 1995).
[n addition. nAChRs may be targeted to growth cones and have a role in neuritic guidance
during development (Lipton er al.. 1987: Pugh and Berg. 1994: Zheng er al.. 1994).
Afterward. during synaptogenesis. another nAChR subunit. a-. which may give rise to a
homomeric a-BTX-nAChR (Schoepfer er al, 1990: Couturier ef al.. 1990b: Séguéla er al..
1993). is regulated by an activity-dependent mechanism that involves CaM kinase activity.
The significance ot'this induction is unknown. but it will occupy an important part of the

next chapter.

Differences with chick autonomic neurons

Our proposal that the expression of nAChR transcripts. a;. as. B~ and B, is largely
governed by intrinsic mechanisms in neonatal SCG neurons may not hold true for
embryvonic chick autonomic neurons. In cuiture. the transcript levels of nAChR subunits
drop dramatically in ciliary neurons (Corriveau and Berg. 1994). and appear to be
rcdundantly regulated by contacts with either their afferents or targets. However. the
results obtained from studies that involved the removal of pre- and post-ganglionic

interactions differ depending on whether measurements were done on nAChR transcript
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ievels. nAChR antibody binding. or ACh-cvoked currents (Jacob and Berg, 1987: Roie.
1988: Bovd er wl.. 1988: McEachern er uf.. [989: Engisch and Fischbach. 1990, [992:
Gardette ef afl.. 1991 Arenella er ¢/.. 1993: Moss and Role, 1993: Schwartz Levey ef ol
1993). For example. removal of pre-ganglionic interactions on chick cilianv neurons
retarded the developmentai increase in nAChR transcript levels (Schwartz Levey e wl.
1993). caused a large reduction in intracellular antibody binding. but not on the surtace
binding (Jacob and Berg. 1987: Arenella er «f.. 1993) and caused little effects on the
ACh-evoked currents (McEachem er al.. 1989: Engisch and Fischbach. 1992: Schwartz
Levey et al.. 1993), Interestingly. denervation of post-hatched chick ciliary ganglia caused
a 2 fold decrease in «-BTX binding in 2 days (Jacob and Berg. 1987). similar to the
decrease in «- in cultured SCG neurons. These results suggest that extrinsic influences
may regulate nAChRs at different levels ot expression in chick autonomic neurons. In the
next chapter, we will investigate the relationship between changes in nAChR transcripts

and changes in ACh-evoked currents on SCG ncurons.

Targeting of nAChR mRNA

The transport of some specific mRNAS to dendrites has been proposed to represent a
strategy for regulating local supply of proteins in dendrites in response to svnaptic activity
(Steward and Banker. 1992). An interesting observation made from our in situ
hvbridization experiments is that nAChR transcripts remain in the somata and do not
target to dendrites. However. we did not test whether we could detect transcripts that are
known to be present in dendrites such as MAP2 (Bruckenstein er /.. 1990: Kleiman et
al.. 1990): therefore. we cannot rule out the possibility that nAChR transcripts. localized
within dendrites. were below detection. Nevertheless, similar results to ours have been
reported for glutamate receptors mRNA (GIuR2 and GiuR3) in cultured hippocampai
neurons. even though their respective proteins were found to be abundantly expressed in
dendrites and dendritic spines (Craig er al.. 1993). Synaptosomal preparations enriched in
hippocampal dendritic spines also lacked GluR | mRNA. but contained mRNAs for MAP2
and a-CaM Kinase I (Chicurel er al.. 1993).
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Thus far. few mRNAs have been shown to targert to dendrites; MAP2. ¢-CaM kinase

tl, the immediate carly gene transcript 4rc. and the non-coding RNA neural BCI are
notable examples (Gamer er of.. 1988: Burgin er uf., 1990: Bruckenstein er al.. 1990:
Kleiman er al.. 1990: Chicurel er al. 1993: Lytord er al.. 1993). The facts that these
RNAs are found in dendritic spines of hippocampal neurons and that their products have
been implicated in mechanisms controlling neuronal polarity or synaptic plasticity make
it attractive 1o consider that targeting these transcripts to dendrites aliows for local and
rapid expression of svnaptically involved proteins. If such mechanism exist. it appears that
neurotransmitter receptors are not included among those proteins. In fact, there are no
examples yet of a rough endoplasmic reticulum (RER)-associated mRNA (i.e. coding for
a transmembrane protein) that targets to dendrites. Dendritic spines are likely to be devoid
of RER (Peters er al.. 1991). but Steward and Reeves (1988) have found polyvribosomes
to be associated with membranous cisternae at the base of hippocampal neuron spines.
raising the possibility that transmembrane proteins are svnthesized in dendritic shafts. In
the case of ligand-gated ion channels. many of them are exprcssc-d in axonal terminals.
which are devoid of a translation machinery: encoding the targeting of ligand-gated ion
channels in their mMRNA may thus not be an efficient mechanism to discriminate targeting
of receptors to axons or dendrites. In this context. it is intriguing to know if transport of
ion channels to axons and dendrites is differentially regulated. or whether differential

anchoring mechanisms determine their final localization.



Chapter 7

Changes in ACh-Evoked Current Densities Correlate with Changes

in Transcript Levels for ¢; nAChR Subunit But Not «-.

INTRODUCTION

[n this chapter. we investigate the etfects of the changes in nAChR transeript levels,
described in Chapter 6. on the expression of macroscopic ACh-evoked currents on
cultured SCG neurons.

To leam more about the subunit composition of nAChRs on rat SCG neurons.
Mandelzvs er al. {1995) compared the clectrophysiological and pharmacological properties
of ACh-evoked currents on SCG ncurons with that of known nAChRs expressed in
Xenopus oocvtes (Luetje and Patrick. 1991). The major findings were that: 1) at the
macroscopic level. most functional nAChRs on SCG neurons behave as a uniform
population of receptors. at least with respect to agonist activation and toxin blockade: 2)
the nAChRs on SCG neurons have sensitivities to nicotinic agonists and to neuronal-BTX
that are intermediate to those of a;B; and @B, receptors expressed in Xenopus oocyies.
Based on these results and on the mRNA levels of nRAChR subunits in these neurons. it
was proposed that nAChRs on SCG neurons uniformly incorporate « . B, and perhaps 8+
subunits. As the mRNA levels cf & are less than a tenth those of a; in post-natal SCG
neurons (Chapter 6: Mandelzys er a/.. 1994), and because the incorporation of &g in
functional nAChR expression is still unclear (Boulter er al.. 1990: Couturier er af. 1990b:
but see Vernallis er al.. 1993 and McGehee and Role. 1993). our working mode! of the
functional nAChRs in SCG neurons does not include an a5 subunit.

The fifth nAChR subunit expressed in SCG neurons is a-., which encodes an a-BTX-
nAChR (Schoepfer er al.. 1990: Couturier et af.. 1990b: Séguéla er al.. 1993). Although
this receptor gates a current primarily carried by Ca~* in Xenopus oocytes, it is unclear
whether this receptor gates a current on SCG neurons. a-BTX does not affect svnaptic

transmission between cultured sympathetic neurons (Nurse and O’Lague, 1975) and
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numerous studies have shown a dissociation between «-BTX binding and nAChR
blockade (Nurse and O'Lague, [975: Duggan ¢r al.. 1976: Brown and Fumagalli, 1977;
Partrick and Stallcup. 1977: Carbonetto ¢r ¢/.. 1978: Ravdin and Berg. 1979: Chiappinetli.
1985: Lipton er al.. 1987: Mulle and Changeux. 1990: Sucher er a/.. 1990: Zhang and
Feltz. 1990). Hewever, recently a remarkably large a-BTX sensitive current (~230 pA:pF)
that desensitizes within milliseconds has been reported in chick ciliary neurons (Zhang et
al.. 1994). In addition. Albuquerque ard colleagues have obscrved a rapidlv desensitizing
ACh-evoked current sensitive to «-BTX that carries mainly Ca=" (but that is at least an
order of magnitude smaller than that reported in the chick ciliarv ganglion) in cultured
hippocampal neurons (Alkondon and Albuquerque. 1993; Castro and Albuquerque. 1995).
Both of these currents could be detected by using rapid agonist applications that activate
ACh-evoked currents in less than 20 ms. On SCG neurons. rapid nicotinic agonist
application had not been tested. leaving the possibility that a rapidly desensiuzing ACh-
evoked current sensitive to a-BTX is expressed on these neurons.

Therefore., we set out to examine this possibility. particularly since the a- mRNA
levels change in cultured SCG neurons. We already found a good correlation between the
increase in a- transcripts and the increase in a~-BTX binding on these neurons (Chapter
6). Furthermore, as the a- gene and the @-BTX-nAChR are regulated by an acrivity-
dependent mechanism in SCG neurons. and perhaps by svnaptic transmission in vive
(Mandelzys er al.. 1994), it is intriguing to know whether this regulation affects the
properties of ACh-evoked currents on the neurons.

We observed. in the previous chapter a differential change in nAChR transcript levels
in cultured SCG neurons. Only the o transcript increases as the ncurons develop. How
does this specific increase affect the density of functional nAChRs on the neurons?
Nicotinic AChRs are thought to be heteromeric pentamers formed by the assembiy of 2
o and 3 B subunits (Cooper et al.. 1991: Anand er al.. 1991). Since the mRNA levels of
the 8 subunits appear to have reached their plateau by P1. while the ACh-evoked current
densities continue to increase postnatally (Mandelzvs er «f.. 1994). this may imply that «

subunits in these neurons are rate-limiting for the assembly of functional nAChRs.
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In this chapter. we developed a protocol for rapid agonist application to investigate the

propertics of ACh-evoked currents on SCG neurons developing in culwre.

EXPERIMENTAL PROCEDURES
Neuronal cultures

SCG ganglia were dissected from postnatal P1 and P1= rats. dissoctated and cultured
as described in section 2.1, and in the previous chapter with respect to wreatments with
high K .

Electrophysiology

Newronal recordings: ACh-evoked currents were measured with whole-cell patch clamp
techniques as described in section 2.3.. For agonist application we used a method for rapid
agonist application that provides complete change in solution around the neurons within
approximately 2 ms (see Figure 2.1, section 2.3.2.). We found that our technique of rapid
agonist application generally triggered unclamped voltage-dependent Na™ currents on SCG
neurons (Figure 7.1). To eliminate these currents. we inctuded 500 nM TTX in the bath
pertusion. However. we found that this was sometimes not sutficient to eliminate these
unclamped Na™ currents: the TTX had to be included also in the agonist solution. Indeed.
by switching barrels, the agonist-containing solution rapidly washed out the TTX and
removed the block of voltage-dependent Na™ currents. In the presence of TTX in the bath
perfusion. as well as in the control and agonist perfusion solutions we did not observe
unclamped Na~ currents (see Figure 7.3. 7.4B and 7.5A).

Sensitivity of nicotinic agonist-evoked currents to «-BTX was determined by

incubating neurons with 100-300 nM «-BTX for 2-3 hrs prior to recording.

Xenopus oocvie recordings: The experiments with Xenopus oocyvies were done in
collaboration with Ali Haghighi. 2 graduate student in the department of physiology. The
oocyvtes were prepared. injected and recorded as described by Bertrand er al. 1991, The

recordings were made 2-3 days after nuclear injection of rat - cDNA and co-injection



1 mM ACh

—
<
o~
SO0 ms
1 mM ACh
<
;
W0 ms

FIGURE 7.1. Unclamped voltage-dependent Na* currents evoked by
rapid agonist application.

Top: Rapid application of 1 mM ACh on a freshly dissociated SCG
neuron cvokes a rapidly inactivating current followed by a slowly
desensitizing current, Below: same current as above shown on a faster ime
scale to illustrate the initial rapidly inactivating component. This rapidly
inactivating component was eliminated by addition of 0.5 pM TTX in the
bath perfusion as well as in the control and agonist perfusion solutions (see
Figure 7.3, 7.4B, 7.5A).
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of rat «;B; ¢cDNAs (kindly provided by Dr. Philippe Segucla. Moniréal Neurological
Institute, McGill University) into Xenopus oocvies, The agonist-evoked currents werg
measured with a two electrode voltage clamp, buiit by Mr, John Knowles (Department of
Physiology., McGill Universitv), All drugs were dissolved in OR-2 solution (sec below)
at concentrations indicared in the text. One uM atropine was included in the perfusion
solution.

Solutions: Neuronal recordings were done in regular perfusion medium (section 2.3.4.)
to which 300 nM TTX was added. as rapid application of agonists frequently evoked
unclamped Na™ currents. We used our regular intracellular pertusion solution (section
2.3.4.) or a solution conmaining 130 mM CsCl. 10 mM HEPES (pH 7.4 adjusted with
KOH) (Zhang er al.. 1994). In experiments with choline as an agonist. 1 pM arropine
{Sigma) was added 10 the perfusion solutions.

OR-2 solution consisted of 82.3 mM NaCl. 2.5 mM KCL | mM NaH.PO,. 1 mM
CaCl.. 15 mM HEPES (pH 7.4.

RESULTS
The ACh-evoked current densities increase in cuitured SCG ncurons and lack
rapidly desensitizing kinetics.

Over 7 days of development in culture. P1 rat SCG neurons ditferentiaily regulate the
expression of their nAChR subunits: the mRNA levels of a; increase approximately 2.5
fold: those of o, decrease approximately 3 fold: and those of 8., 8, and a; show liutle
change. High K™ treatment at day 5 causes a specific increase in o mRNA, while at day
0 it sustains @, and causes a 30% increase in oy transcript levels (Figure 7.2). To
investigate whether these changes in nAChR transcript levels affect the magnitude and/or
kinetics of the macroscopic ACh-evoked currents. we used whole-cell voltage clamp
techniques to measure ACh-evoked current densities on: 1) freshlv dissociated neurons.
2) neurons cultured for 3 days with or without high K™, and 3) neurons grown for 7 days
with or without a 48 hr high K* weatment. For these experiments. we applied ACh with

fast perfusion (see section 2.3.2. and experimental procedures) to avoid underestimating
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FIGURE 7.2. Summary of the changes in a3 and ¢y nAChR subunit mRNA
levels in cultured SCG neurons over 7 days of development (open symbols) and
with high K* treatments at Day 0 and Day 5 (filled symbols). a3 transcript
levels increase 2.5 fold from day 0 to day 7, while oy mRNA levels decrease 3
fold within 2 days after plating. Membrane depolarization at the time of plating
sustains oz mRNA levels, while it causes a 30% i:icrease in o3 mRNA levels by
Day 3. Membrane depolarization at day 5 causes a 2-3 fold increase in o
mRNA levels, while it has little effect on a3 mRNA levels. The other nAChR
subunits remain unchanged during that time (see Chapter 6).
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any rapidly desensitizing components. For measurement of ACh-evoked current densities.
we used 100 uM ACh: we aiso tested | mM ACh as 1t was shown to activate a rapidly
desensitizing current on chick ciliary neurons (Zhang o7 w/.. 1994).

Figure 7.3 shows the response ot a freshiy dissoctated P! SCG neuron upon rupid
application of | mM ACh with whole-cell voltage clamp. and demonstrates that the
activation of the current was achieved within less than 3 ms (Figure 7.3; below). The
rising phase can be described by first order kinetics. whiie the desensitizing phase can be
described by a double exponential time course with time constants 2 and 3 orders of
magnitude slower than that for the rising phase. No rapidly desensitizing component was
observed. We found that the peak current densities evoked by 100 uM ACh were not
significantly different from those evoked by | mM ACh. although the currents evoked by
! mM ACh activated -3 fold faster (Table 7.1).

Figure 7.4A shows the mcan ACh-evoked current densitics measured over time in
culture. either at dav 0. 3 and 7. We observed a 2.5 fold increase in the density of ACh-
evoked currents on SCG neurons that had developed tfrom day O to dayv 7 in culture, This
increase correlates well with the increase in & subunit. but not with the decrease in a-.
In addition, the ACh-evoked current densities measured at day 3 were significantly larger
in high K™-treated ncurons than in control neurons. as were the a; mRNA levels (Figure
7.2). However, when the neurons were treated with high K™ at day 3. we observed no
difference in the average magnitude of the ACh-evoked current compared to control
neurons (Figure 7.4A). despite the 2-3 fold increase in «- and the 3-5 fold increase in u-
BTX-nAChRs (Chapter 6).

Figure 7.4B shows examples of ACh-evoked currents from a control neuron in culture
for 7 days. and from a neuron in culture for the same time but exposed to 40 mM KCl
for 48 hrs starting at day 5. We observed no significant difference in the rawe of
desensitization of the currents evoked from neurons under both culture conditions.

These results indicate that changes in a- transcript levels have little effect on the size
of the macroscopic ACh-evoked currents on SCG neurons. suggesting that a- subunits
piay lintle role in these currents. However. the results suggest that a; playvs an important

role in the developmental increase in ACh-evoked currents in culture. A similar
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FIGURE 7.3. Whole-cell currents evoked by rapid application of ACh.

Two consecutive whole-cell currents from a P7 SCG neuron, evoked by
rapidly applying 1 mM ACh. The ACh was applied for 250 ms; the lower trace
shows only the first 80 msec. The currents were recorded at 2 min intervals,
filtered at 3 KHz and sampled at 5 KHz. TTX at 0.5 M was added to both the

ACh and perfusion solutions to eliminate unclamped voltage-gated Na* currents.
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FIGURE 7.4. ACh-evoked current densities correlate with changes in @3 but not a7 transcript
levels.

Whole-cell voltage clamp recording from freshly plated neurons (3-16 hrs; n=10), or neurons that
have developed for 3 (n=12) and 7 {(n=12) days in control culture. Some cultures were treated with
high K* either at the time of plating (n=12) or at day 5 (n=10). (A) Mean (+SEM) ACh-evoked
current densities increase over time in culture at a rate similar to the increase in 3 mRNA (see
Figure 7.1). No significant differences between 7 day old control neurons and neurons treated with
high K+ for 48 hrs at day 5. "Neurons treated with high K* at the time of plating have significantly
larger ACh current densities compared to control neurons (p<0.005, t-test), similar to the differences
seen in o3 mMRNA levels. 100 pM ACh was used to measure ACh-evoked current densities. (B)
Representative currents evoked by fast application of 1 mM ACh. Lower traces show the first 15 ms

of the response on a faster time scale to illustrate the speed of activation. ACh-evoked currents
usually reached 90 % of maximal value within 5-10 ms. No rapidly desensitizating components were

observed in the currents either in control- or high K+-treated neurons at any time in culture or from
freshly dissociated neurons. Currents were filtered at 3 KHz and sampled at 5 KHz.
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correlation between ay mRNA levels and ACh-evoked current densities exists for these

neurons during nostnatal development in vive (Mandelzys er al.. 1994).

Lack of inhibition by ¢-BTX

The expression of rat a- subunit in Xenopus oocytes gives rise to a channel whose
order of ligand potency is: nicotine > ¢ytisine > DMPP > ACh and whose current is
biocked by «-BTX (Séguéla er al.. 1993). In chick ciliary neurons and in some rat
hippocampal neurons. which both express a. (Corriveau and Berg. 1993: Seéguéla er al..
1993). an a-BTX sensitive nicotine- and ACh-evoked current has been reported (Alkondon
and Albuquerque. 1993: Zhang er al.. 1994; Castro and Albuquerque, 1993).

To determine whether a component of the nicotinic-evoked response on SCG neurons
is sensitive t0 a-BTX. we applied 10 to 100 pM nicotine and 100 pM to 1 mM ACh onto
control neurons. or neurons that were pre-incubated with 100-300 nM «-BTX for 2-3 hrs
(Figure 7.5A). As rat SCG neurons express 3 fold more a- mRNA at P14 compared to
Pl (Mandelzys er al.. 1994). we used neurons from PI4 SCG neurons for these
experiments.

Figure 7.5B shows that no significant difference was observed in the agonist-evoked
current densitics between control and a-BTX-treated neurons. Neither did we detect any
significant difference in the kinetics for activation or desensitization of the agonist-evoked
currents (Table 7.1) between control and a-BTX-treated neurons.

The peak current densities evoked by 100 pM nicotine were 2.5 fold larger than those
evoked by 20 uM nicotine. and were comparable to those evoked by 100 pM ACh. As
with ACh. the nicotine-evoked currents activated more rapidly with higher concentrations
{Table 7.1). All ACh- and nicotine-evoked currents desensitized with a double exponential
time course. The faster time constants ranged from 130-250 ms and the slower time
constants ranged from 6-10 sec: none of the agonist-evoked currents had rapidly

desensitizing kinetics (Table 7.1).
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FIGURE 7.5. Lack of effect by «-BTX on ACh- and nicotine-cvoked currents. A. Whole-cell currents
from 6 different neurons: four currents are from necurons in control perfusion and evoked by rapid

application of: 20 pM nicotine, 100 pM nicotine, 100 uM ACh, and | mM ACh: two currents are from
neurons incubated with 10-7M a-BTX fcr 2 hrs and evoked by rapid application of: 1 mM ACh: and 100
MM nicotine. Each current has been superimposed with a single rising exponential and a double decaying
cxponential function: A1* (exp[-t/t1]-1)*(A2*exp{t/12]+A3*exp[t/13]). where, A1=600pA, T1=43ms,
2=185ms, t3=10815ms, and A2/A3=0.55, for 20 um nicotine; Al=1920pA, t1=30ms, T2=185ms,
3=10715ms, and A2/A3=0.17, for 100 Lum nicotine: A1=1600pA, t1=34ms, 12=185ms, 13=10815ms, and
A2/A3=0.31 for 100 um nicotine and 100 nM «-BTX; A1=1570pA, 11=27ms, 12=1725ms, 13=10825ms,
and A2/A3=0.46 for 100 tm ACh; A1=1170pA, T1=12ms, 12=162ms, 13=10825ms, and A2/A3=0.5 for |
mM ACh; Al=1190pA, ti1=12ms, 12=175ms, t3=10715ms, and A2/A3=0.5 for | mM ACh and 100 nM &-
BTX. The currents were filtered at 2 KHz and sampled at 5§ KHz. TTX (0.5 pM) was added to the agonist
and perfusion solutions. B. Mcan ACh and nicotine-evoked current densities with or without
preincubation of 100 nM «-BTX. In one group the currents were evoked with 1 mM ACh and in the other
with 100 pM nicotine. Bars represent the S.E.M. No significant differences were observed between control
and a-BTX- treated ncurons.
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Table 7.1. Time course of activation and desensitization of ACh- and nicotine-evoked currents with or without c-BTX,

Agonist Acuvation Desensitization
Control 10°"M -BTX Control 10°M a-BTX
T T (AT {As)Ts {AnT! {As)Ts
ACh 100 pM  (n=5) =44 nd {0.18) 181 £12  (0.82) 8307 = 154 ad ad
AChlmM (n=9) 6.3+09 62=14 {033)153 =9 (0.67) 7836 2187 (035) 168 =17 (0.65) 7448 = 254
Nicotine 20 pM (n=6) 38=1.4 nd nd nd nd nd
Nicotine 100 pM (n=6) 23232 N+38 011172228 (08N 63T =214 (010 158=29  (090)6452+78

The values (T) represent the mean (= S.E.M.) time constants (in msec) from equations used to describe the activation and
desensitization of the agonist-cvoked currents with or without et-BTX (sce Figure 7.5). The desensitization kinetics are
described by 2 double exponential decay where (A) represents the relatve amplitude for the fast (f) and slow (s)
components, respectively.

Choline as an agonist for o, receptors in Xenopus oocytes

The above resuits suggest that the a-BTX-nAChR does not gate significant ACh- or
nicotine-evoked currents on SCG neurons. One possibility is that another ligand activates
preferentially this receptor. The a-BTX-rAChR is believed to be expressed primarily in

. non-synaptic membranes or perhaps “peri-synapticaily” in chick ciliary neurons (Jacob and
Berg, 1983; Loring er al.. 1985; Sargent and Wilson, 1993). Thus. synaptically released
ACh may not be able to activate this receptor, even if the ACh diffuses outside the
synaptic cleft, as it is rapidly degraded by acerylcholinesterase. One of the bvproduct of
ACh degradation is choline: during high frequency activity. choline may accurnuiate and
perhaps diffuse outside of the cleft. We hypothesized that choline could be a ligand for
the a-BTX-nAChR. To test this hypothesis. we expressed a ¢cDNA for a- into Xenopus
oocytes. and measured their sensitivity to choline.

Figure 7.6A shows that 5 mM choline activates a; receptors expressed in Xenopus
oocytes and is at least as potent as 100 uM ACh (see also Table 7.2): these currents are
blocked bv 100 nM «-BTX. It is noteworthy that muck of the initial desensitizing
component of these currents is likely to arise from a Ca*-activated CI" conductance
(Segueéla et al.. 1993; Gerzanich et al.. 1994).

In contrast to - receptors. choline was a poor agonist for a;8, receptors expressed in



A. o in Xenopus oocytes

100 uM ACh 5 mM chaline
Control
100 uM ACh 5 mM choline
2 hrs in - m choline
100 nM «-BTX "
| 250 nA
10 sec

B. o3B4 in Xenopus oocytes

100 uM ACh 5 mM choline

\300nA

“ -

10 sec
C. SCG neurons
5 mM Choline 5 mM Choline 5 mM Choline + 100 uM Hex
% 1 —
'. i
’ 300 pA
500 s Control a-BTX Hexamethonium

FIGURE 7.6. Choline as an agonist on o7 receptors in Xenopus oocytes and on nAChRs in SCG
neurons.

(A) Inward currents recorded from a Xenopus oocyte injected 2 days before with cDNA encoding
«7. The currents were evoked with 100 pM ACh or 5 mM choline and recorded with two electrode
voltage-clamp at -60mV holding potential. Both the ACh- and choline-evoked currents were
blocked by incubating the oocyte in 100 nM -BTX for 2 hrs. (B) Inward currents recorded from a
Xenopus oocyte co-injected 2 days before with cDNAs encoding a3 and $4. Currents were evoked as
in A. Currents were sampled at 100 Hz. (C) Currents evoked by 5 mM choline on SCG neurons.
Whole-cell recordings from 3 different neurons; left: control; middle: after 2hrs of preincubation with
100 oM a-BTX; right: with 100 pM hexamethonium in the perfusion and agonist solutions. The
holding potential for all three neurons was -60mV. The currents were filtered at 3 Kiz and sampled
at 5 KHz. TTX (0.5 pM) was included in the agonist and perfusion solutions.
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Xenopus oocytes. whereas ACh evoked large inward currents: choline is approximately

20 fold less potent on 3By receptors than is 100 uM ACh (Figure 7.5B: Table 7.2).

Choiine as an agonist on SCG neurons

As choline is a better agonist on a5 recepiors than on ¢;/B, receptors in Xenopus
oocytes, we tested the action of choline on voltage-clamped SCG neurons 10 determine
if we can detect an a-BTX sensitive choline-evoked current on these neurons. Figure 7.6C
shows that 5 mM choline activates inward currents on rat SCG neurons with a time course
significantly slower than that activated by ACh. The peak choline-evoked current densities
were only approxix;nately 3-15% of those activated by 100 pM ACh. which is similar to
the ratios that we observe for o;B, receptors expressed in Xenopus oocytes (Table 7.2).
Pre-treatment with 100 nM a-BTX for 2-3 hrs had no effect on these choline-evoked
inward currents, whereas 100 pM hexamethonium reduced the peak current by 80%
(Figure 7.6C). These resuits indicate that most if not all of the choline-evoked currents

on SCG neurons are gated by nAChRs that are insensitive to «-BTX.

Table 7.2 Ratios of choline/ACh sensitivity on -, and ay'B; nAChRs in Xenopus oocyies
and on SCG neuron nAChRs.

Xenopus oc:m:)m:s.'l SCG neurons™ SCG neurons”™
as a4/B, nAChR control a-BTX
Ratio
Choline~'ACh- 13202 006 =0.015 0.10 =0.05 0.15 £0.02 0.14 =0.02
evoked currents (N (6} (10 (15) (19

* 5 mM choline and 100 pM ACh were applied on the same Xenopus oocytes expressing either a- or
a;/B; nAChRs. *5 mM choline was applied on Pl SCG neurons with fast pertusion, and the mean
evoked current density was divided by the mean ACh (100 pM)-evoked current deasity on P1 SCG
neurons {Figure 7.4A):"For the experiment with a-BTX. | mM choline and 30 uM ACh were ¢o-
applied sequentially by pressure ejection from a double-barrel puffer on control neurons and on neurons
treated with 300 nM «-BTX, This table shows that choline is a better ligand for a- recepiors than tor
@5/B; receptors in Xenopus oocytes. while choline is a poor ligand for SCG neuron nAChRs. In the
presence of a-BTX. the ratio of choline/ACh sensitivity on the neurons is not significantly different
compared to control nerrons (P>0.1, t-est),
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Low concentration of ACh (e.z. 30 uM) was shown not 10 activate o-BTX
sensitive currents on chick ciliary neurons (Zhang er of. 1994), and choline activares
@~ receptors better than ¢y By receptors on Xenopus oocvies (Figure 7.6A and 7.6B).
Therefore. we tested whether the ratio of ACh (30 uMYcholine (1 mM)-evoked
currents would be affected by pre-incubation of «-BTX. We tound no signiticant
difference in this ratio between control neurons and neurons pre-incubated with a-
BTX (Table 7.2). These resuits suggest either that 1) SCG neurons do not express
currents that behave similar to a- receptors in .\'erzt;ptr.\‘ oocytes. or 2) this current is
too smail to resolve with our recordings. and is masked by the large ACh-evoked

currents that are insensitive to ¢-BTX.

DISCUSSION

In this chapter we have measured the relationship between the changes in nAChRs
observed at the mRNA level with changes in macroscopic ACh-evoked currents on
culured SCG neurons. Qur major findings are that the increase in ACh-evoked
current densities correlate well with the increase in a5 transcript. while changes in a-
transcript cause little, or no. effect on the macroscopic ACh-evoked currents. Finally.
the nicotinic agonist-evoked currents on SCG neurons have little or no sensitivity to
a-BTX.

Relationship between o; nRAChR subunit transcript levels and ACh-evoked
currents.

The only nAChR transcript that increases significantly in cuitured SCG neurons
is @5. and we find a similar increase in ACh-evoked current densities. This finding
suggests that the increase in «3 gene expression causes an increase in functional
nAChRs: if so then the a; subunit may be rate-limiting for the assembly of nAChRs
on neonatal SCG neurons. A similar correlation exists in vivo (Mandelzys er al..
1994). In addition. we observed that the mean ACh-evoked current density on neurons
cultured for 3 days with high K™ was 1.4 fold larger than that on control neurons

(Figure 7.4A). and we observed a 1.3 fold increase in «; transcript levels in neurons
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treated with high K™ at dayv 1 (Figure 7.2). This additional correlation adds further
support to the concept that expression of «; in these neurons is a rate-limiting event
for the expression of functional nAChRs.

As nAChRs are believed to comprise 2 o and 3 B subunits (Anand er al.. 1991
Cooper er al., 1991). the concept that oy is rate-limiting for nAChR appearance
implies that the B subunits arc expressed in excess in these neurons at this stage of
development. Inte. =stingly. Hill er af. (1993) found that the B, protein is localized in
large excess in the cytoplasm compared to the plasma membrane of CNS neurons. In
ciliary and choroid cells of chick ciliary ganglia, prevalent intracellular staining with
MAbB335 nAChR antibody has been observed (Jacob er af.. 1986: Jacob. 1991). In fact.
a large proportion of the intracellular pool of nACHR subunits is degraded without
ever reaching the surface membrane of cultured muscle cells (Merlie. 1984) or chick
ciliary neurons (Stollberg and Berg. 1987). These internal pools could. in part. consist
of excess single nAChR subunits that have not assembled into functional receptors.
due to the limited availability of an essential subunit. The existence of a rate-limiting
stbunit in ligand-gated multimeric ton channels would allow neurons to modify the

functional expression of their ligand-gated receptors by controlling only one gene.

Lack of relationship between changes in o, transcript levels and ACh-evoked
currents and lack of a-BTX sensitivity of these currents.

While the ACh-evoked currents increase 2.5 fold over a week in culture, the levels
of a; mRNA decrease 3 fold. suggesting that the a- subunit does not contribute
significantly to the macroscopic ACh-evoked currents in rat SCG neurons. In addition.
increasing a; mRINA levels by 2-3 fold with membrane depolarization at day 5 had
no effect on the magnitude or kinetics the ACh-evoked currents on these neurons.
Even though these neurons express an a-BTX-nAChR (Chapter 6: Fumagalli er al..
1976). we did not detect any effect by a-BTX on the ACh-evoked currents on these
neurons. Several studies have reported a similar dissociation berween a-BTX binding

and nAChR blockade (Nurse and O'Lague. 1975: Duggan er al.. 1976; Brown and
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Fumagalli. 1977: Patrick and Stallcup. 1977: Carbonetio er al.. 1978: Ravdin and
Berg. 1979: Chiappinelli. 1985: Lipton er «f.. 1987; Mulle and Changeux. 1990:
Sucher er af.. 1990: Zhang and Feltz. 1990). However. a recent study has indicated
that a rapidly desensitizing o-BTX sensitive ACh-evoked current could be detected
on chick ciliary neurons (Zhang er ai.. 1994): this would suggest that previous studies
had missed such a current because of the use of slow agonist applications. However.
by using a rapid agonist appiication svsiem. we did not detect such a current on
neonatal rat SCG neurons.

Thus. our results contrast those of chick ciliary neurons (Zhang er uf.. 1994), which
have been shown to comwain the same 3 subunits as SCG neurons. including
significant levels of o~ mRNA (Corriveau and Berg. 1993). and to contam a-BTX-
nAChRs (Jacob and Berg. 1983: Loring er al. 1985): it is unclear where the
discrepancy lies. In chick ciliary neurons. a- does not associate with any of the
known nAChR subunits (Vernallis er al.. 1993). but possibly associates with other
unidentified proteins. There is precedent evidence that & can co-assemble with other
subunits. In chick brain and retina. o, has been shown to co-assemble with an ug
subunit. a subunit not vet found in rats (Schoepfer er al.. 1990: Kevser er al.. 1993:
Gorti er al.. 1994). In chick svmpathetic neurons. the ACh-evoked currents are
insensitive to a-BTX. but treatment with antisense oy oligonucleotides produced ACh-
evoked currents on these neurons that could be partiallv blocked by «-BTX.
suggesting that a, had assembled with other subunits to form nAChRs (Listerud er
al.. 1991). In addition. in .Xenopus oocyvies. the o~ subunit can replace the muscle o
subunit and co-assemble with the other muscle nAChR subunits (B.y and o) to form
a functional receptor (e.g. a-/B/v/c: Helekar er al.. 1994).

Another possibility is that a-BTX-nAChRs on SCG ncurons are functionaily
different on SCG neurons. It has been shown that prolvl isomerase activity is essential
for the formation of functional homomeric ligand-gated ion channels in Xenopus
oocvtes (e.g. &7 nAChRs or 5-HT; receptors: Helekar er al.. 1994).

re. it is conceivable that bv co-assembling wi ifferent proteins. or bv
Therefore. it is ¢ ble that by bling with different prot by
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undergoing differential post-translational modifications. «- assembles into receptors

with different functions.

However, the report by Zhang er al. (1994) of such a large «-BTX sensitive ACh-
evoked current, with such rapid desensitization kinetics is surprising. The peak current
for the rapidly desensitizing component evoked by 20 uM nicotine was 5-10 nA (249
pA/pF). an order of magnitude larger than for the siowlv desensitizing component
(around 0.3-1 nA. or 26 pA/pF). The slowly desensitizing component was accounted
for by heteromeric nAChRs on these neurons (Zhang er al.. 1994). The time constant
of desensitization of this a-BTX sensitive component was {1 ms. On these neurons.
the a-BTX-nAChRs were shown to be localized on extra-svnaptic or peri-svnaptic
membranes (Jacob and Berg. 1983: Loring er @l.. 1985: Sargent and Wilson. 1995).
Being away from the synapse suggests that it is not likelv to receive synaptically
released ACh rapidlv. Thus. the functional significance of this rapidly desensitizing
current is unclear.

It should be noted that the a- receptor expressed in Xeropus oocytes does not
desensitize very rapidly (Séguéla er al.. 1993: Figure 7.6A). The Ca> -activated CI”
conductance inactivates within hundreds of msec. but the remaining inward current
still flows for several hundreds of milliseconds to seconds during ACh application.
Thus, if the a-BTX sensitive current on chick ciliary neurons is gated by an a-
receptor, it means thaot this receptor has a remarkably faster rate of desensitization
than in Xenopus oocvtes.

Furthermore. it should be pointed out that when we omited to add TTX in the
perfusion solution. we observed in the ACh responses a large rapidly inactivating
component that was very similar to that reported by Zhang er al. (1994) (Figure 7.1).
However, in the presence of TTX this current disappeared indicating that is was due
to unclamped voltage-dependent Na* currents. Moreover. if we added TTX in the
perfusion solution. but omirted the TTX in the agonist solution. we still evoked

unclamped Na* currents. since the rapid -perﬁ.tsion svstem washed off the TTX
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containing solution around the recorded neuron. Zhang ef af. (1994) tested the TTN
sensitivity of this rapidly desensitizing current on 3 neurons and showed that it was
not affected: however the authors did not state that they included the TTX in the
agonist solution. It is therefore possible that this current was evoked by unclamped
Na~ currents. On the other hand. the fact that a-BTX blocked this current would be
inconsistent with it being an unclamped Na~ current. However, Zhang er «f. (1994)
also reported the surprising tinding that «-BTX blocked 30-45 "% of the slowly
desensitizing nicotine-evoked current on these neurons. It has been shown that some
lots of a-BTX can be contaminated with neuronal-BTX (see Loring and Zigmond.
1988). which is a potent blocker of nicotinic svnaptic transmission on these neurons.
Conceivably, the lot of @-BTX used in this study contained some neuronal-BTX. and
by blocking part of the nicotine-evoked response. the threshold for activating

unclamped Na~ currents was not reached.

In cultured rat hippocampal neurons. a much smaller rapidly desensitizing a-BTX
sensitive current (e.g. 100400 pA) has been observed with fast perfusion (Zorumnski
er al.. 1992; Alkondon and Albuquerque, 1993). and has been shown to be carried
largely by Ca™" (Castro and Albuquerque. 1995). This current was found on
approximately 80% of the neurons and to have a desensitization time constant of
approximately 27 ms (Alkondon and Aibuquerque., 1993). Interestingly. the neurons
that expressed this current had little if any slowly desensitizing ACh-evoked current.
If the o-BTX sensitivity of this current is due to a-. this finding suggests either that
only o- is expressed on these neurons. or that a- co-asscmbles with other nAChR
subunits expressed in the rat hippocampus. such as 4. ay and/or B, (Wada et al..
1989). The difference in the tvpes of nAChR subunits expressed by hippocampal
neurons compared to SCG neurons might favour incorporation of a- into heteromeric
nAChRs that are consequently sensitive to a-BTX.

This possibility is consistent with the results obtained by Puchacz ¢r a/. (1994) who

over-expressed the rat a- gene in SH-SYS5Y cell lines. These cells express nAChRs
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and a-BTX-nAChRs at low levels. and express small nicotine-evoked currents (e.g.
100-250 pA) that activate and desensitize slowly and are insensitive to «-BTX. After
over-expression of a. these cells had 30 fold more a-BTX binding: they also had
nicotine-evoked currents (100-1000 pA) that rapidly desensitized and that were
blocked by a-BTX. However. they no longer expressed slowly desensitizing nicotine-
evoked currents. These resuits suggest that @, co-assembled with other native subunits

to give rise to a rapidly desensiuzing current. sensitive to a-BTX.

What is the role of ¢y in SCG neurons?

The role for the &, gene product in rat sympathetic neurons remains unclear. It
seems likely that it codes for a subunit that contributes to the «-BTX-nAChR (Chaprer
6. Shoepfer er al.. 1990: Couturier er af.. 1990b: Séguéla er al.. 1993). However. «-
BTX does not block cholinergic transmission at svnapses on rat SCG neurons (Nurse
and O’Lague 1975: Brown and Fumagalli 1977: Chiappinelli 19835): furthermore, the
a-BTX-nAChRs are not preferentially localized at svnapses. but have an extrasynaptic
distribution (Jacob and Berg 1983: Fumagalli and DeRenzis 1984: Loring er al. 1985:
Loring er al. 1988: Sargent and Wilson. [995). Taken together. this suggests that the
a-BTX-nAChR may not be directly involved in one to one synaptic transmission
between pre-ganglionic and post-ganglionic neurons. One possibility. however, is that
the a-BTX-nACHhR plays a modulatory role by activating Ca**-dependent processes.
The o receptors expressed in Xenopus oocytes are highly permeable to Ca>* (Séguéla
et al.. 1993). and the a-BTX-nAChR in chick ciliary neurons promotes Ca=* influx.
which in turn may affect process outgrowth (Vijayvaraghavan er af.. 1992 Pugh and
Berg. 1994). As a result of acetylcholinesterase in the synaptic cleft. it is possibie
that. after a burst of svnaptic activity. choline accumulates transiently (possibly
reaching mM concentrations). diffuses outside the cleft. and acts on the «-BTX-

Jn‘A-ChRs in the extrasynaptic membrane. However. we did not resolve a choline gated-
current that couid be blocked by a-BTX on SCG neurons: nonetheless. we sl;ow that

choline gates o, receptors in Xenopus oocytes (Figure 7.6).
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If the a-BTX-nAChR on SCG neurons does gate a small Ca~™ current. it is
possible that this current was not resolved in our recordings because the «-BTX-
insensitive ACh response on SCG neurons is so large. «~-BTX takes time to block the
a-BTX-nAChRs. so we couid not measure ACh-evoked currents with or without a-
BTX on the same neurons. Thus, if the current flowing through the a-BTX-nAChR
was less than 5% that of the current flowing through the other nAChR. and had slow
kinetics, it would be difficult to detect. Further work needs to be done to determine
whether this receptor gates a current on SCG neurons, and whether its activation
affects Ca~“~dependent processes. Measuring changes in Ca=~ levels by Ca=* imaging

on voltage-clamped neurons may allow resolution of such potential current.

[t is attractive to consider that activation of a-BTX-nAChRs by choline in the
vicinity of active synapses would result in a local increase in intracellular Ca™"
concentration post-synaptically, which could selectively modulate the efficacy of these
activated synapses. Similarly. if a-BTX-nAChRs are located on the presvnaptic
cholinergic terminals. choline could act on these presynaptic receptors to elevate Ca="
concentrations in the terminals and affect transmitter release.

Incidentally. the a- transcript levels were up-regulated by choline treatment on
these neurons (Chapter 6). However. a-BTX did not block the choline effect
indicating that choline does not up-regulate a- by causing Ca*" influx through the a-
BTX-nAChR. Instead. it is likely that choline promotes Ca* release from internal
stores through an unknown mechanism (Koike er al.. 1989).

The regulation of a; mRNA by membrane depolarization in SCG neurons. its
regulation during synaptogenesis in muscle (Corriveau er al.. 1995). its developmental
increase during critical stages of synaptogenesis in the vertebrate brain (Couturier er
al.. 1990b). and the high permeability to Ca>* of the a4 receptor (Séguela er al.,
1993) suggest that this receptor plays a role in cellular events related to synapse
formation. Determining its precise function may help elucidate the role of nicotinic

synaptic transmission in the CNS where this subunit is highly expressed.



Chapter 8

General Discussion and Conclusion

In my thesis, [ investigated factors that control the extension of dendrites and the
expression of nAChRs on peripheral neurons. My main findings are: 1) satellite cells
inhibit sensory neurons of the rat nodose ganglion from extending dendrites and induce
them to acquire a unipolar morphology; 2) Pl nodose neurons are capable of extending
dendrites in culture in the absence of ganglionic satellite cells and in the presence of
NGF: 3) in the presence of BDNF and/or NT-3., nodose neurons retain properties of
sensory neurons: 4) as nodose neurons extend dendrites the density of functional nAChRs
on their somatodendritic domains increase; 5) in cultured rat neonatal sympathetic
neurons. four nAChR subunit transcripts and functional nAChRs are expressed as in vivo:;
6) the a7 nAChR subunit expression is dependent on membrane depolarization and is
regulated through a CaM kinase pathway: 7) changes in ACh-evoked current densities on
SCG neurons correlate with changes in mRNA levels for &5; 8) changes in &, transeript
levels correlate with changes in @-BTX-nAChRs on the surface of the neurons but do not

affect macroscopic ACh-evoked currents.

I have already discussed these results in details in previous chapters, therefore, in this
discussion, I would like 1o conclude with a hypothesis for one of the mechanisms that up-
regulates neurotransmitter receptor expression on neurons.

In Chapter 4, [ showed that the increase in ACh-evoked current densities on nodose
neurons correlated with the extent of dendrite outgrowth. Furthermore, we find a temporal -
correlation in the expression of these two postsynaptic elements (Chapter 3;: Mandelzys
et al.. 1990; Mandelzys and Cooper, 1992). In the presence of different neurotrophins,
nodose neurons express nAChRs at a density that also correlates with the extent of
dendrite outgrowth (Chapter 5). For example, in the presence of BDNF. nodose neurons

express low density of ACh-evoked currents and do not extend much dendrites. whereas
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NGF induces many neurons to extend dendrites and to express large ACh-evoked currents
(Chapter 5). These observations provide circumstantial evidence that dendrite outgrowth
and up-regulation of nAChR expression are. in some way. linked together.

The issue is whether 1) dendrite extension and nAChR expression are two separate
processes and that the extrinsic factors. such as NGF. influence each process separately:
or 2) the two processes are not independent, but in some way, the expression of the
postsynaptic receptors is a consequence of the extension of dendrites.

Based on the results from my thesis. [ favour the latter, that is, that the extrinsic
influence, NGF, does not influence nAChR expression directly, but rather causes the
neurons to extend der.adrites. and as a result. this triggers some intrinsic mechanism that
leads to an up-regulation of nAChRs and maybe other proteins needed for synapse
formation.

Before discussing this hypothesis. I discuss the findings that nodose neurons express
significant levels of nAChR transcripts in vivo in order to emphasize that the initial
expression of tAChRs on nodose neurons is likely to occur by a different mechanism than
the one that up-regulates the receptor density when the neurons acquire a dendritic-axonal

polarity.

ACh-evoked currents and nAChR transcript levels in neonatal nodose neurons

We showed that nodose neurons express nAChR genes in vivo: at birth, the neurons
contain 6 different nAChR transcripts: @3, @5, &4, B5. By and B; (Chapter 6: see aiso
Mandelzys, 1992). Surprisingly, most freshly dissociated neurons did not have ACh-
evoked currents, and in those that did, the currents were small. A number of possibilities
can be offered to explain this difference. First, as discussed in Chapter 5, there is good
evidence to indicate that sensory neurons express nAChRs on their terminals (Diamond,
1955, 1959; Gray. 1959; Paintal, 1964; Esplin er al., 1972; Chesselet, 1984; Rowell et al..
1987; Swanson er al., 1987: Nordberg er al., 1989; Mulle er al., 1991). Therefore, the fact
that little or no ACh-evoked currents were detected on the cell bodies might be due to the
lack of RAChR targeting to somata membranes in these neurons in vivo. The nAChR

transcripts in nodose neurons are expressed at lower levels compared to SCG neurons,
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except for B,. The presence of low levels of nAChR transcripts in the neurons may be
sufficient to supply nAChRs for the axonal terminals,

Second. it is also possible that nAChR transcript levels have little correspondence to
the number of functional receptors on the cell surface. For example, the evidence of a
large intracellular pool of receptors (see Jacob er al., 1986; Stollberg and Berg, 1987; Hiil
et al.. 1993) and of silent receptors on the plasma membrane (see Margiotta ez al.. 1987b)
provide good reasons to believe that differences in mRNA levels may not reflect in
similar differences in functional receptors. However, we found a2 good correlation between
the increase in ACh-evoked currents and the increase in oy mRNA levels in SCG neurons
{Chapters 6 and 7). This finding emphasizes the problem of regulating gene expression
of multimeric ligand-gated receptors. and offers the possibility that neurons coatrol
functional expression of these multimeric receptors by regulating expression of a rate-
limiting subunit.

A third possibility is that nAChRs are not preferentiaily targeted to the terminals and
are destined to cell body membranes. but their number is limited by the low amount of
&3 subunits compared to the total amount of 8 subunits. Indeed, the levels of oy
transcripts in nodose neurons were much lower than in SCG neurons (Chapter 6).
Therefore. a3 may be a rate limiting subunit for the assembly of functional nAChRs on
nodose neurons.

A fourth possibility is that nodose neurons are heterogeneous with respect to nAChR
expression, and only those neurons which have detectable small ACh-evoked currents are
those that express nAChR genes. Heterogeneity may also exist in the types of nRAChR
transcripts that are present in different nodose neurons: for instance, all neurons could
express B,, but only a few express a;. Therefore, the nodose neurons that express both
subunits (and/or B,) could be the ones that have small ACh-evoked currents. whereas
those that lack ACh-evoked currents would be missing one essential nAChR subunit, such
as as.

If the expression of nRAChR transcripts in sensory neurons (see also Boyvd et al., 1991;
Zoli er al.. 1995) does not plays a role in nicotinic function. the activation of their

transcription may have been a consequence of a common mechanism that turned on
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nAChR gene expression in most peripheral neurons during neurogenesis (Zoli ez al., 1993;
see Schoenherr and Anderson, 1995). Afterward. the lack of developmental increase in the
transcription of some of these genes (particularly «;) during neuronal maturation of
sensory neurons could have rendered this initial low level expression irrelevant to

nicotinic function.

What increases functional nAChR expression on somatodendritic domains of nodose

neurons?

In Chapter 5. [ proposed 5 possible mechanisms that could increase the functional
density of nAChRs on nodose neurons. Below. [ discuss each of these possibilities. and
incorporate in this discussion some of my findings on the regulation of nAChR gene
expression in SCG neurons (Chapter 6 and 7).

1) Receptor modulation: NGF affects the modulation of nAChRs. such as an increase
in gated currents due to protein kinase activity. or an increase in receptor incorporation,
which gives rise to larger ACh-evoked currents.

2) Activity increases nAChR gene expression: As nodose neurons form functional
synapses in these cultures, electrical activity up-regulates receptor expression.

3) NGF increases nAChR gene expression: NGF directly regulates nAChR gene
expression through a rkA-mediated pathway.

4) Change in receptor targeting: the removal of satellite cells alters the morphology
of the neurons. which in tumn changes the targeting of nAChRs to somatodendritic
domains. instead of the nerve terminals. without affecting nAChR gene expression.

5) Intrinsic regulation of nAChR genes associated with dendrite outgrowth: The
elaboration of dendrites by nodose neurons produces some intrinsic signals in the neurons

to express more nAChRs to supply the increasing postsvnaptic membrane.

1) Receptor modulation
A number of studies have shown that changes in the magnitude of macroscopic ACh-

evoked currents can arise from receptor modulation (Berg er al.. 1989). Margioua er al.
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(1987b) demonstrated that 2 cAMP-dependent mechanism can increase ACh sensitivity
by 2-3 fold within minutes to hours in cultured chick ciliary neurons. Role and colleagues
showed that soluble factor released by pre-ganglionic neurons gives rise to a 10 fold
increase in ACh sensitivity within 1-4 days in cultured chick sympathetic neurons (Role,
1988: Gardette er al., 1991). These changes in ACh sensitivity could be accounted for by
changes in single channel properties, as well as an increase in functional receptor
incorporation at the surface membrane. Furthermore, Halvorsen er al.. (1991) showed that
an eye extract regulates ACh sensitivity, whereas it does not affect nAChR transcript
levels (Corriveau and Berg, 1994).

Similar extrinsic influences are likely to modulate nAChR function in nodose neurons.
However, the increase in ACh-evoked current densities observed on nodose neurons
developing in culture is slow. The neurons must develop for several days before this
increase in macroscopic ACh-evoked currents becomes significant. This time course seems
inconsistent with an event like phosphorylation of the receptors. We cannot exclude,
however, that protein kinase activity changes slowly in these neurons as they develop in
culture. Measuring ACh-evoked currents at the single channel level may help determine

whether receptor function is changed in these neurons as they develop dendrites.

2) Activity and nAChR expression

We found that membrane depolarization of cultured SCG neurons had linle effect on
the magnitude of the ACh-evoked currents. In addition. the transcript levels of «s, ¢.g, B+
and B, were not significantly changed. As nodose neurons express the same subunits, we
might expect that activity does not regulate expression of those nAChR subunit genes in
nodose neurons. In contrast to the lack of effect of membrane depolarization on a3, a5,
B, and B, expression. we found that ¢, mRNA levels and «-BTX binding increased with
membrane depolarization. The levels of - in nodose neurons are much lower compared
to SCG neurons; it will be interesting to determine whether synaptic activity in nodose
cultures increases a- mRNA levels and a-BTX binding. However, based on the lack of
significant difference in macroscopic ACh-¢voked currents on SCG neurons, with or
without high K™ (Chapter 7). [ do not expect that this potential increase in o, will affect



the macroscopic ACh-evoked currents on nodose neurons.

3) NGF and nAChR gene expression

We find an § fold increase in the mean ACh-evoked currents on nodose neurons
grown with NGF compared to neurons grown in absence of neurotrophin (Chapter 3; see
also Mandelzys and Cooper. 1992). Does this mean that NGF regulates nAChR gene
expression directly in nodosé neurons? In Chapter 6. we did not observe any change in
the expression of nAChR transcripts in SCG neurons when we increased NGF
concentration. or when we treated the neurons for 48 hrs with an inhibitor to zrk receptors.
These results suggest that NGF does not regulate nAChR gene expression in SCG
neurons, at least not in the short term (48 hrs). In the long term. it is difficult to determine
whether NGF regulates nAChR expression in SCG neurons, as they depend highly on
NGF for survival. From these results. it is tempting to consider that NGF does not per se
regulate nAChR gene expression in nodose neurons as well. If so, how might NGF
increase nAChRs on nodose neurons? [ speculate that the effects of NGF on nAChR
expression are indirect: NGF promotes nodose neurons to acquire a dendritic-axonal
polarity: this change in polarity affects gene expression and perhaps targeting of nAChRs

(see below).

4) Change in receptor targeting

As mentioned above, there is good evidence that sensory neurons have nAChRs on
their nerve terminals, consistent with the fact that they have little ACh-evoked currents
on their somata. One possibility is that the change in neuronal morphology of nodose
neurons cultured without satellite cells alters the targeting of nAChRs: when the neurons
become multipolar and acquire a dendritic-axonal polarity, the nAChRs are targeted to the
somatodendritic domains rather than to the terminals. Indeed. targeting mechanisms are
intimately related to neuronal poiarity (Kelly and Grote. 1993). In the presence of satellite
cells. the cytoskeletal properties of a pseudo-unipolar neuron may promote the delivery
of transport vesicles containing nAChRs to the bifurcating axon. When satellite celis are

removed, nodose neurons extend several axons. and begin to express more nAChRs on
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the surface of their cell body, even without adding NGF (Mandeizys and Cooper. 1992).
Conceivably. the cytoskeletal properties of ihese multi-axonal neurons have been altered.
so that delivery of transport vesicles containing nAChRs is no longer preferentially
targeted to axonal terminals.

[f sensory neurons express nAChRs at their terminals, and if a change in targeting is
involved in re-directing nAChRs to somatodendritic domains of these newly polarized
nodose neurons, one question remains: Can the amount of receptors made to supply the
terminals of sensory neurons be sufficient to supply the somatodendritic domains of these
newly polarized neurons? Considering the difference in surface area of both regions. it
would appear that the supply might be insufficient without an increased production of
nAChRs.

5) Intrinsic regulation of nAChR genes associated with dendrite outgrowth

When Pl SCG neurons develop in culture, the expression pattern of nAChR transcripts
parallels the one that occurs in vivo over the same period, with the exception of «5. This
occurs even though the neurons have been disconnected from their pre- and post-
ganglionic interactions and separated from their satellite cells (Chapter 6); furthermore.
the macroscopic ACh-evoked currents increase over this period in culture (Chapter 7). In
addition, our attempts at inhibiting protein kinase activity in these neurons did not affect
nAChR expression. A reasonable interpretation from these results is that nAChR
expression in SCG neurons is governed largely by intrinsic mechanisms. These intrinsic
mechanisms could be related ea.rlyh on to neurogenesis, since the first appearance of
nACHR transcripts, in most peripheral neurons «nd in many brain regions occurs at a time
that corresponds to neurogenesis (Zoli er al.. 1995; see also Schoenherr and Anderson:
1995). Afterward. during neuronal maturation and specialization, the expression of some
nAChRs may be further modulated, or consolidated. One aspect of neuronal maturation
is the extension of dendrites; neurons must express ligand-gated receptors on their
dendrites in order to allow them to receive functional synapses. Therefore, one possibility
is that dendrite extension provides intrinsic signals to produce more receptors. In neonatal

SCG neurons, the developmental increase, in vivo and in culture, in the density of
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functional nAChRs (and o3 transcripts) corresponds to a period of extensive dendrite
outgrowth (Vovvodic. 1987: Brusckenstein and Higgins 1988b: Mandelzys er al.. 1994).
In nodose neurons, it is possible that the increase in ACh-evoked current densities on
neurons that extend dendrites is. in fact. due 10 an intrinsic demand by these neurons 10

fill their dendritic membranes with nAChRs.

Conclusion

Figure 8.1 1illustrates how I view the developmental changes that occur in nodose
neurons with respect to the relationship berween neuronal polarity and nAChR expression.
(A) In vivo. and possibly in culture with satellite cells. a large proportion of nodose
neurons express nAChR transcripts at relatively low levels. sufficient to supply nAChRs
to their terminals. These receptors may have a modulatory role in cholinergic ransmission
or axonal guidance. (B) Upon conversion from 2 pseudo-unipolar morphology to a
multipolar morphology. nAChRs are no longer targeted preferentially to the terminals but
are inserted in the soma membrane. At this stage. nodose neurons possess the potential
to develop .a dendritic-axonal polarity and to increase expression of nAChRs. (C) When
provided with NGF, these neurons undergo further maturation and develop this dendritic-
axonal polarity. This maturation phase could promote further targeting of nAChRs to the
somatodendritic domains (compared to B), but. in addition. the expression of nAChR
genes is increased during this maturation phase. A good candidate gene to be primarily
induced is «y which is expressed at low levels in (A). and which increases specifically
when SCG neurons undergo similar maturation. The intrinsic mechanism that woulid link
dendritic outgrowth and the control of ligand-gated ion channel gene expression is
unknown. Retrograde signals from growing dendrites mayv carry information that
influences gene expression of receptors. In addition, some genes that are essential for
dendritic extension and that are up-regulated during dendritic outgrowth may be linked

with nAChR subunit genes. so that their expression is coordinately regulated.

In conclusion. I propose that, among the factors that control neurotransmitter receptor

expression during neuronal development. one of them is derived from the extension of



FIGURE 8.1. Model of relationship between neuronal polarity of nodose neurons and
nAChR expression.

(A) Sensory neuron, developing in vive or in culture in the presence of satellite cells,
express low levels of nAChRs and target them to their terminals. (B) After separating
nodose neurons from their ganglionic satellite cells, the neurons extend multiple axons
and begin to target nAChRs to their cell body membrane. (C) In the presence of NGF,
nodose neurons extend dendrites; this elaboration of dendrites may further promote
targeting of receptors to somatodendritic domains; furthermore, the extension of
dendrites activates some intrinsic signals that up-regulate nAChR genes, giving rise to a
high density of nAChRs on their somatodendritic domains. See text for more details.
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dendrites. This hypothesis and the working model of nodose neuron differentiation should
stimulate future experiments o0 learn more about mechanisms that control neuronal
polarity and svnaptogenesis.

The remarkably elaborated neuronal architectures in the brain add much complexity
for neurons to regulate their multiple functions. The svnthetic machinery of the neuron has
to supply all of its specialized domains with the appropriate ¢lements in order to succeed
in communicating with other neurons. Furthermore. the neuron must be able to adjust to
changes in the needs of any of these domains. in order to modify its communications with

other neurons. and. presumably. to provide the brain with the ability to learn.
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Appendix 1

Diversity of the Neurotrophins and Their Receptors

NGF. the first member of the neurotrophin family. was discovered over 4 decades ago
(Levi-Montalcini. 1987). and only 30 vears later was the second neurotrophin. brain-
derived neurotrophic factor (BDNF). discovered (Barde er al.. 1982). The BDNF gene was
then cloned (Leibrock er al.. 1989) and screening for homologs led to the identification
of genes encoding three additional neurotrophins termed NT-3. NT-4/5 and NT-6 (Emfors
et al.. 1990: Hohn er al.. 1990: Jones and Reichardt. 1990: Maisonpierre et al.. 1990;
Rosenthal er al.. 1990; Berkemeier er al.. 1991: Hallbook et al.. 1991: Ip er al.. 1992;
Gotz er al.. 1994).

The first neurotrophin receptor to be identified was originally termed the NGF receptor
(Chao er al., 1986: Radeke er al.. 1987). However, its binding affinity to NGF was 2
orders of magnitude lower than the high affinity [I'>")-NGF binding observed on nerve
cells, and it did not appear to contain an intraceliular signalling domain. In 1991, the rk
proto-oncogene, originally described in 1986 as an oncoprotein in human colon carcinoma,
was shown to serve as the signailing receptor for NGF (Kaplan er al.. 1991a.b: Klein er
al., 1991a). Soon after tr&B was recognized as the primary receptor for BDNF (Klein et
al., 1991b: Soppet et al.. 1991; Squinto er al., 1991) and NT-4/5 (Berkemeier et al., 1991:
Klein et al.. 1992; Ip er al.. 1992), while irkC was recognized as the primary receptor for
NT-3 (Lamballe er al.. 1991) (Figure A.l1.1). However. NT-3 has been shown to interact
also with trkA and ¢rkB in transfected cell lines (Cordon-Cardo et al., 1991, Klein er al.,
1991b; Soppet er al, 1991: Squinto et al, 1991). The recently identified NT-6, a
neurotrophin found in fish, has been shown promote survival of NGF-responsive chick
neurons and therefore may bind to rkA., albeit with a lower affinity (Gotz ef al., 1994)
(see Figurc A.1.1.).

The molecular diversity of &k receptors is greatly extended by alternative splicing: to

date, we know 2 variants of trkA (Barker er al., 1993). 8 variants of kB (Klein ez al.,
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FIGURE A.1.1. Diversity of neurotrophins and neurotrophin receptors

Tk*= with tyrosine kinase domain

Tk "= splice variant without a tyrosine kinase domain
Dashed arrows indicate that binding is either at low affinity
or has been observed in non-neuronal context.

p75WGR binds with similar affinities all neurotrophins.
Its role in signallin poorly understood
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1989; 1990a; Middlemas ¢r al.. 1991). and 8 variants of 774C (Lamballe er al.. 1991, 1993:
Tsoulfas ef al., 1993; Valenzuela er al., 1993). The 2 &kA variants (796 and 790 amino
acids) differ by only 6 amino acids in the extracellular domain: while no differences in
their biological propertics have been reported, the shorter isoform has been detzcted
mainly in nonneuronal cells (Barker er al., 1993). The § isoforms of 774B can be classified
in two groups designated kB™" (n=6) and rkB™ (n=2). based on the presence or
absence of the intracellular tyrosine kinase (TK) catalytic domain. The same classification
can be used for #C isoforms: 4 rkC™"s and 4 #kC™s. While both truncated isoforms
(trkB™ and #kC™") appear not to transduce signals upon neurotrophin binding.
alternative splicing in the TK catalytic domains of #4B™" and AC™" may confer
differential functional properties in these receptors (Valenzuela er al., 1993: Tsoulfas er
al.. 1993: Garner and Large. 1994). Interestingly. both classes of truncated isoforms have
been detected in glial cells but not in neurons (Beck et af.. 1993; Frisén er al.. 1993;
Jelsma er al. 1993: Valenzuela er al.. 1993). The role of these truncated isoforms is
unknown, although the induction of AB™" expression in glial cells after injury in the
CNS has led to the proposal that they might be involved in ligand recruitment or
presentation (Beck er al.. 1993; Frisén et al.. 1993). A bricf description of what is known
about the signaliling cascades that tyrosine kinase trk receptors activate is presented in the

following appendix.

p7SLNGHR

The low-affinity NGF receptor tumed out to be a low-affinity pan ncurotrophin
receptor. and is now referred to as p75 or p75-NFR (Chao er al.. 1986: Radeke er al.
1987; Rodriguez-Tébar et al., 1990, 1992). It has been generally assumed that p75tNHR
is not capable of signalling (Chao. 1994); however, recent experiments have raised the
possibility that p75-~“® is, in fact. capable of mediating intraccllular signals (Ohmichi
et al., 1991; Tartaglia and Goeddel, 1992: Battleman et al.. 1993: Volonte er al.. 1993a.b).
Protein Kinase activities have been found to be associated with p75"~® (Ohmichi er al..

1991: Volonte ez al., 1993a), including MAPK activity (Volonte et al.. 1993b). p75-NFR
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exhibits structural resemblance with the TNF rceeptor family, which are capable of
cytoplasmic signalling., and may include a signal for apbptosis (Tartaglia et al.. 1993:
Rabizadeh er al.. 1993; Chao, 1994;: Barrett and Bartlett, 1994). An ability of p75-N¢fR
to promote apoptosis cannot be widespread however, as many cells that express p75-Nt®
do not undergo programmed cell death.

However, a number of experiments have shown that p75t~® is not essential for NGF
mediated signalling through kA (Glass ez al.. 1991: Ibanez et al.. 1992; Jing et al., 1992;
ip et al.. 1993b). Nevertheless, several lines of evidence suggest that p75"™*® plays a role
in neurotrophin’s action on nerve cells. In summary, p75~°® is believed to influence
both 1) high-affinity binding of neurotrophins. particularly NGF. and 2) neurotrophin
mediated signalling, although not through a p75"~R.rkA dimerization (Milbrandt, 1986;
Berg er al.. 1991; Hempstead et al.. 1991; Rodriguez-Tébar et al.. 1992: Scheibe and
Wagner, 1992: Davics ¢r al., 1993; Battleman et al.. 1993: Benedetti et al., 1993; Barker
and Shooter., 1994; Chao, 1994: Ibanez, 1994; Verdi er al.. 1994). Moreover, the fact that
p75"NGR is expressed primarily in projection neurons, rather than in local circuit neurons,
suggests that p75"™¥%F could promote retrograde NGF transport. The underlying
mechanisms for these putative functions have not been resolved. The numerous functions

SLNGFR suggest that it associates with different auxiliary

that have been proposed for p7
molecules that are differcntially expressed during development and in distinct cell types

(Chao, 1994).
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Appendix 2

Signal Transduction by Neurotrophin Receptors and

Ca®* Influx Leading to Gene Expression

Extensive progress has been made over the past few years in cluctdating the signal
transduction by receptor tyrosine kinases (RTKs). Activation of these receptors by the
birding of their ligands is known to affcet the expression of many genes via partially
identified cascades of phosphorylation events (on tyrosine. serine and threonine residues)
propagated down to transcription factors. To date, many of the identified signalling events
are shared by most RTKs (e.g. EGF. LIF. NGF receptors): some specificity. however,
between the various signals is beginning to unravel (Marshall, 1995). The complexity of
these mechanisms is increased by the fact that Ca®* influx during neuronal activity also
affects the expression of many of the same genes that are regulated by RTK activity
(Sheng and Greenberg. 1990). Morcover, Ca®* influx has been shown to up-regulate
neurotrophin and neurotrophin receptor expression (Lindvall er al., 1952, 1994; Bergzon
er al.. 1993; Merlio ¢t al.. 1993; Lindhom et al.. 1994).

In nerve cells. genes that are regulated by RTK activity and Ca®* influx have been
classified in two groups: the immediate carly genes (IEGs) whose transcription occurs
rapidly (e.g. min) and transicntly, and the delayed response genes (or late response genes)
whose expression is modified more slowly (e.g. hours. days) (Ghosh and Greenberg.
1995). The products of these delayed response genes could include proteins that are
involved in a variety of neuro-specific functions (Armstrong and Montminy. 1993). Many
of the known IEGs (e.g. c-fos. ¢-jun) code for transcription factors that bind. often as
heterodimers, to DNA sequences (e.g. AP-1 site) that are found in promoter clements of
delayed responsc genes. Therefore, it has been proposed that IEG products control the
expression of delayed response genes: in this way, induction of IEG expression constitutes
an upstream event in the signalling pathway leading to expression of delayed response

gene. However, a direct link between [EG expression and transcriptional activation of
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delayed response genes during synaptic activity or upon growth factors activation has not
yet been established (Armstrong and Montminy, 1993: Morgan and Curran, 1995). Most
of our understanding on these signalling pathways comes from experiments with cultures

of cell lines and, in some instances, have been confirmed in primary neurons.

Figure A.2.1 makes a naive attempt at summarizing some of the intracellular signalling
events triggered by transynaptic activity and NGF receptor activity. This sketch makes,
by no means. a fair representation of everything that is known (or not known) about signal
transduction via Ca>* and NGF. This diagram emphasizes primarily the most characterized
pathway that NGF use to regulate neuronal differentiation and gene expression. It also
describes in parallel a Ca®*/calmodulin-dependent protein kinase pathway which is
relevant to the results presented in Chapter 6. This diagram also illustrates some of the
potential cross talks between NGF- and Ca*'-induced signalling events. Despite the
apparent redundancy and convergence in these pathways, specificity among these signals
may reside in the time courses. cellular locations, intensities or frequencies at which these
converging pathways are stimulated (Sheng and Greenberg, 1990; Schulman, 1993:
Marshall, 1995: Ghosh and Greenberg, 1995). As overwhelming as they may seem, these
multiple interactions provide neurons with the capacity to regulate the expression of the
appropriate genes at the appropriate time, while using a limited set of molecules.

However, a major aspect that this figure fails to illustrate is how genes are turned off.
Indeed. negative regulation may actually play a much greater role in regulating neuronal
function than currently appreciated (Mandel and McKinnon, 1993). A growing nunioer of
neuro-specific genes have been shown to contain promoter elements that restrict their
expression in their appropriate neuronal context (Maue er al.. 1990; Kraner er al.. 1992;
Schoenherr and Anderson. 1995). The mechanisms underlying negative regulation of
neuro-specific genes are. for the most part. enigmatic: however, a neuro-restrictive silencer
factor (NRSF) was recently identified. This factor, which represses multiple neuro-specific
genes, is expressed in non-neuronal cells and in undifferentiated neuronal progenitors,
\\yhile its expression disappears in neurons (Schoenherr and Anderson, 1995). Beyond

these mechanisms that determine neuro-specific genes (e.g. from liver-specific genes), may
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exist others that restrict expression to a particular subset of neurons. Although this should
hold for any tissuc, the complex mosaic of phenotypically distinet cells in the brain
requires a more elaborated assortment of positive and negative regulators, There seems
to be an unusually diverse array of transcriptional activators that are activated by external
stimuli; silencing elements should be in place in the nervow stem in order o obtain

some specificity in gene regulation (Mandel and McKinnon, 1993).

Figure A.2.1 was based on the following references:

Sheng and Greenberg. 1990: Koch ez al., 1991: Ginty ¢r al.. 1991: Hanson and Schulman,
1992; Wegner et al.. 1992: Egan and Weinberg, 1993: McCormick. 1993; Schulman.
1993: Enslen and Soderling. 1994: Kaplan and Stephens, 1994; Rosen er al.. 1994;
Srinivasan ef al.. 1994; Tanaka and Nishizuka, 1994: Cohen er al.. 1995: Ghosh and
Greenberg, 1995: Hill and Treisman, 1995: Hunter, 1995: Marshall. 1995: Pawson. 1995.



: Fllgure description: The binding of NGF dimers to #7kA induces dimerization and autophosphorylation of frkA creating 5 phosphotyrosine sites on the receptors. These residues then
become "docking sites” for SH2 domain-containing proteins; src homology (SH) regions 2 and 3, referred as to SH2 and SH3 domains, are non-catalytic domains conserved among
many cytoplasmic signalling proteins. SH2 domains bind specifically to tyrosine phosphoproteins. Three SH2 domain-containing signalling molecules are known to associate with
autophosphorylated trkA, and in tumn become phosphorylated: SHC, phospholipase C-y1 (PL.C-y1) and phosphalidylinositol-3 or PI-3 kinase. An adaptor protein (e.g. Grb2), binds
to phosphorylated SHC via its SH2 domain. This adaptor protcin also possess SH3 domains, which bind to specific proline-rich motifs, such as those of the guanine nucleotide
exchange factor (GEF) named SOS. Conscquently, Grb2 recruits SOS near the plasma membrane where Ras activation is presumed to take place. SOS presents a guanine nucleotide
to the inactive Ras-GDP (also called p21™*), which converts it to an active Ras-GTP. The active Ras tums on a cascade of phosphorylations from kinase to kinase ending by the
activation of MAPK (mitogen-activated-protein- or microtubule-associated-protein-2- kinase). Briefly, a MAPK kinase (MEK) is activated by a MEK kinase (¢.g. Raf or MEKK)
that has been aclivated by Ras. MAPK (also termed ERK) is a multifunctional kinase with many substrates, including rsk, transcription factors (TFs) and MAP2, MAPK can
translocate into the nucleus to phosphorylate TFs or phosphorylhlc proteins such as rsk which themselves translocate into the nucleus to phosphorylate TFs. This signalling cascade
is tumed off by the rapid hydrolysation of Ras-GTP back to its inaclive form by an intrinsic GTPasc activity. In addition, GTPase aclivating proteins (GAPs) will catalyse this
inactivation. GAPs also possess SH2 domains, therefore they may also be activated by RTK activity, and thus counteract accumulation of Ras-GTP induced by a GEF. Perhaps then,
cffective signal transmission through the Ras route occurs only when GAPs are inhibited. This signalling cascade is likely to be intercepted by several signals, either positive or
negative, or there may be shorter routes, such as the direct association between kA and MAPK. Such association could occur when kA is intemalized; retrogradely transported
trkA could remain autophosphorylated, while NGF icsides inside the transport vesicles, Intemalized frkA can therefore possibly travel near the nucleus and activate signalling proteins
such as MAPK. PI-3 kinase also associates with autophosphorylated kA via its SH2 domain. Its function is poorly understood, although it may have a role in protein sorting and
trafficking, which could include the targeting of intemalized trkA. PLC-y1 also associates with srkA; it catalyses the hydrolysis of P1 4,5-bisphosphate to the potent second messengers
inositol triphosphate (1Py) and diacylglycerol (DAG), DAG activates PKC, while IPy triggers release of Ca®* from internal stores, It is possible that PKC phosphorylates a GEF
directly, which would activate the ras-MAPK cascade. Finally, erkA activation leads to tyrosine phosphorylation of the protein SNT which is found primarily in the nucleus. Its role
is unknowa, but to date it is the only identified target of RTK aclivity tha! is specific for srkA, therefore its activity may underlic some of the specificity in neurotrophin action.

When Ca** flows inside the cell, it activates, among several targets, protein kinases, such as CaM kinases, PKCs and adeaylate cyclase (AC). AD produces sccond messenger
cAMP that activates PKA, which can phosphurylate the CRE binding protcin CREB, a TF for gencs that contain Ca?* response elements (CaRE and CRE or Ca/CRE; found notably
in IEGs). PKC, via an unknown pathway can aclivate a TF, named scrum response factor (SRF), which binds to the serum response element {SRE) of IEGs, such as ¢-fos. CaM
kinase 1V is a monomeric enzyme that can penetrate into the nucleus and phosphorylate CREB. CaM kinase 11 is multimeric and can remain active for a prolonged period, because
of inter-subunits phosphorylation. CaM kinase II can phosphorylaic CREB and other TFs. Ca?* may activate gene expression via activation of Ras-MAPK cascade. The signal that
activates Ras by Ca?* is unknown; it may invelve a proltein kinase, such as CaM kinase or PKC, which could phosphorylate GEF thercby activating the Ras-MAPK cascade, or
phosphorylate GAP, which may decrease hydre'ysalinn of aclive Ras-GTP into inactive Ras-GDP. Another appealing possibility, purely speculative, is that phosphorylation of Ca?*
channels, such as veltage dependent Ca?* channels (particularly L-type Ca®* channels) and ligand-gated channels (NMDAR and nAChR) occurs when Ca?* flows through the channel.
This could provide a substrate for the SH2 domains of GRB2 and thus trigger the GEF-Ras cascade. Conceivably, such a mechanism may necessitate the spatial armangement of the
Ca®* channels with the Ras activators, in order to confer specificity in the induction by Ca®* influx.

Few examples of delayed response genes being regulated by external signals have been described in neurons, and we know very little about how these signals operate to induce
their expression. The identification a7 nAChR gene as a candidate delayed response gene and the identification of a CaM kinase pathway leading to a7 up-regulation provide a good
mode) for investigating the relat’onship between activity, kinase activity, IEG expression and delayed response gene expression in neurons (Chapter 6).
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Appendix 3

The Multifunctional C32+/Calmodulin-Dcpcndcnt Protein Kinase 11

CaM kinase 11 is part of a large group of enzyimes that are activated by the Ca'
receptor, calmoduling While CaM kinase 1L 1L and the myosin-light chain Kinase have
narrow  and relatively  specialized  substrate  protein specilicities,  CadM Kinase 1
phosphorylates a wide scope of substrates that are imporiant in almost every major
cellular activity (Hanson and Schulman. 1992). In nerve cells, it has been shown 1o

regulate neurotransmitier synthesis and release, ion channels, eytoskeletal function and

-
-

gene expression (Hanson and Schulman, 1992), Two CaM Kinase 11 subunits, o and B,
arc highly expressed in the nervous system: for example. they comprise as much as 2%
of total hippocampal proteins (Kennedy. 1992). Both subunits are abundant in dendrites,
and the mRNA coding for the « subunit is targeted to dendrites (Burgin or al.. 1990).
Furthermore. CaM kinase i1 may comprise as much as 20-30% of the postsynaptic
densitics (Kennedy, 1992).

The most interesting features of CaM Kinase 11 are its regulatory propertics tha
may confer to the enzyme the ability to translate synaptic activity into biochamical
signals. CaM kinasc [t is a multimeric holoenzyme formed by 8-10 subunits arranged in
a "rosctic”. with the catalytic and regulatory domain on the outside and the association
domain in the center (Schulman, 1993: see Figure A.3.1). Activation of the kinase occurs
by trapping of Ca**.bound calmodulin onto the autoinhibitory site of a subunit, which
thcn autophosphorylates itselt (Meyer ¢f «l.. 1992). This converts the subunit into Ca'-
independent enzyme that still remains active beyond the duration of the activating Ca™*
signal. Autophosphorvlation aiso occurs between neighbouring subunits within the
holocnzyme: therefore two calmodulin molecules are needed, one o activate a subunit and
the other to present an autoinhibiiory domain of its ncighbouring subunit for
autophosphoryiation. This mecans that phosphorylation of only one or two subunits may

be sufficient to producc activation of all other subunits, This process is highly cooperative



A-S
and may render activition of the enzyme dependent on the fregquencey of Ca=* oscillations
(Hanson and Schulman, 1992 Schulman, 1993: Hanson et ¢l 1994).

Likewise, CaM kinase 1T appears to be a major plaver in generation of LTP. Its
rofe was {irst demonstrated by application of specific CaM kinase [T inhibitors, which
completely blocked LTP induction. but not its maintenance (Malinow ¢f ol 1989). Also.
Ocorr and Schulman (1991) showed that LTP increases the level of C:13+-i11dcpcndcnl
CaM Kinase |1 activity in hippocampal slices. More recently, mutant mice lfacking the
CaM kinase |1 ¢ sabunit were generated (Stiva e wf. 1992a): these mice developed
apparently normally with no obvious anatomical change in their brain. The synaptic
currents measurcd by whole-cell recording in hippocampal neurons ot mutant mice also
appeared normal. However, in most experiments hippocampal slices from these mice
displayed no LTP. providing strong support for CaM kinase 1l playing a eritical role in
LTP.

In addition Silva er al. (1992b) showed. in a following study. that these mutant
mice had impaired spatial learning, Although these mice appeared to have normal vision
and the ability to navigate, they could not use spatial visible cues to locate a hidden

latform in a "Morris water task”, These results also add support to the hypothesis that
P yp

phenomena such as LTP and LTD underlic some forms of leaming and memory.

CaM kinase II

FIGURE A.3.1 Multimeric CaM kinase II. Autophosphorylation of CaM kinase II involves
intra- and  inter-subunit phosphorylations. This provide to the multimeric enzyme with the
ability to remain active long periods after Ca?* stimulation. Furthermore, differences in
stimulation frequency may produce distinct levels of autophosphorylation of the multimeric
enzyme, which may confer Ca2* spike frequency decoding properties to CaM kinase II.





