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ABSTRACT

The establishment of neuronal polarity constitutes a central phase in neuron:ll

devdopment and synaptogenesis. In my thesis. 1 study làctors that regulate the

devdopment of neuronal polarity and its rdationship \Vith neurotransmiller receptor

expression. For my experiments. 1have investigated the devdopment of sensory neurons

l'rom neonatal rat nodose ganglia in culture. Sensory neurons have a pseudo-unipolar

morphology. do not extend dendrites. and arc devoid of synaptic connections on thcir

somata. However. nodose neurons form synapses de nol'O in cultures. and 1show th:ll the

neurons have retained the ability to extend dendrites. Extrinsic factors control dendrite

extension by these neurons: the ganglionic satellite cells inhibit the growth of dendrit<.'S

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. hrain-derived neurotrophie f.1ctor

(BDNF) and neurotrophin-3 (NT-3) do not induce the neurons to extend dendrites. but

promote the expression of properties typieal of nodose neurons in vivo.

As nodose neurons acquire a new dendritie-axonal polarity in the presence of NGF,

they increase the density offunctional neuronal nicotinic acetylcholine receptors (nAChRs)

on their somato-dendritic domains. To lcarn more about the relationship between dendrites

extension and nAChR gene expression, 1 have examined the changes in transcript levels

of nAChR subunits in nconatal rat sympathetie neurons dcvcloping in culture. 1show that

the developmental pattern of nAChR subunit expression in the cultured neurons follows

elosely that of sympathetic neurons developing in vivo, with the exccption of one specifie

subunit, 0.7' 1 show that the increase in 0.3 mRNA levels corrclates well with an incrcasc

III the density of functional nAChRs on the neurons. In addition, my results suggest that

these increases are regulated by mechanisms intrinsic to nconatal sympathetie ncurons. On

the other hand, the changes ir. 0.7 gene expression, which correlate with changes in

o.-bungarotoxin binding, are activity-dependent and regulated by a calciumlcalmodulin­

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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RÉSUMÉ

L'établissement de la polarité neuronale représente une étape critique du développement

neuronal ct de la synaptogénèse. Dans ma thèse. j'étudie les facteurs qui contrôlent le

dévdoppement de la polarité neuronale ct son lien avec l'expression des récepteurs de

neurotransmelleurs. Les neurones sensoriels ont une morphologie pseudo-unipolaire. ne

développent pas de dendrites ct 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 nova

lorsqu'ils se développent en culture. En fait. je démontre qu'ils ont la capacité de croître des

dendrites. et que des facteurs externes contrôlent celle croissance. Les cellules ganglionnaires

satellites inhibent la croissance dendritique et incitent les neurones à acquérir une morphologie

unipolaire. C~'Pendant. en rabsence de cellules satellites. les neurones du nodose acquièrent

une nouvelle morphologie multipolaire et. en n.'ponse à la neurotrophine. NGF. développent

plusieurs dendrites. En revanche. les neurotrophines BDNF et NT-3 n•induisent pas ces

neurones à croître des dendrites. mais stimulent plutôt rexpression de caractéristiques propres

aux neurones 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

racétylcholine (nAChRs) sur leur membrane somato-dendritique. Pour mieux comprendre le

lien entre la croissance dendritique et rexpression des gènes du nAChR. j'ai examiné les

changements de niveau des ARN messagers (ARNm) pour les sous-unités du nAChR dans les

neurones sympathiques du rat nouveau-né en culture. Je montre que le patron d'expression des

gènes du nAChR dans les neurones en culture suit de près celui qui prévaut dans les neurones

sympathiques se développan: in vivo, à rexception d'un gène, a 7. Je montre également que

raugmentation du niveau d'ARNm pour a3 est en corrélation avec l'augmentation de la densité

tonctionnelle de nAChRs sur les neurones. De plus, mes résultats suggèrent que ces

augmentations sont contrôlées par des mécanismes intrinsèques aux neurones sympathiques

post-natau:". Cependant. les changements de niveaux de l'ARNm a7. qui sont en corrélation

avec les changements de niveaux du récepteur nicotinique de la a-bungarotoxine, dépendent

de l'activité neuronale et sont contrôlés par un mécanisme impliquant l'activité de la protéine

kinase calciumlcalmoduline-dépendente. Les résultats présentés dans ma thèse mettent en

lumière certains mécanismes qui contrôlent la croissance des dendrites et la façon dont celle-ci

influence l'expression des récepteurs de neurotransmetteurs.
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CONTRIBUTION TO ORIGINAL SCIENCE

ln chapter 3. 1 demonstrate. for the tirst time. that neon;ll;ll rat senso~' neUI\)JlS h;l\'e

the ability to extend dendrites in culture. and that two extrinsie inl1uenees c<lntrol dcndritie

outgrowth from these neurons. Ganglionic satellite cells inhibitthcir growlh. wherc';ls Nt;F

stimulates their growth. 1 show that satellite cells induee nodosc ncurons to ;lcquirc ;\

unipolar morphology through a direct contact mechanism. Thesc reslllts indicatc th;lt

neuronal polarity is regulated. in part. by extrinsic factors. and provide elllC"S to the

mechanisms that control neuronal polarity.

ln chapter 4. 1 show a correlation between the extension of dendrites by nodose

neurons and an increase in the functional expression of nAChRs. and demonstr.lle that the

neurons express functional nAChRs on their somatodendritic domains. In addition. 1show

that nodose neurons develop clusters of synaptophysin immunoreactivity in axonal·

terrninal-like or varicosities-like structures as they develop in culture. These n.."SuIts

suggest that sensory neurons can develop a fully differentiatcd dendritic-axonal polarity.

ln chapter 5. 1 demonstrate that PI rat nodose neurons can grow in culture in the

absence of exogenous sources of neurotrophins. However, 1 show that nodose n.:urons

contain signific3."lt transcript levels for the 4 known neurotrophin rcceptors, p75LNGFR,

trkA, trkB and trkC. 1 demonstrate that neurotrophins have distinct effects on the

differentiation ofnodose neurons: while NGF promotes dendrite outgrowth and functiona!

nAChR expression by the neurons, BDNF and NT-3 promote capsaicin sensitivity, a

characteristic of C-type sensory neurons. My results provide preliminary evidence for co­

expression of multiple trlrreceptors within individual nodose neurons and for distinct

effects mediated by different neurotrophins on individual neurons.

ln chapter 6, 1demonstrate that the expression of 4 nAChR transcripts (Ct3' Cts, B2 and

B4) in cultured neonatal rat superior cervical ganglion neurons occurs independent of

innervation and membrane depolarization. In addition, 1 provide evidence for the Jack of

regulation by protein kinase C and A, and tyrosine kinases on the expression of nAChR

transcripts.. On the other hand, 1 demonstrate that the expression of 0.7 transcripts and Ct­

BTX-nAChRs are up-regulated by membrane depolarization. 1 identify part of the
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signalling pathway that regulates Ct7 in showing that Ca2+ influx through L-type Ca2+

channels and CaM kinase activity arc mediating the effects of membrane depolarization.

Thcsc rcsults providc evidence that nAChR subunit expression is differcntially regulated.

Onc novel aspect of this study is that it links membrane depolarization with

ncurotransmitter 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 sorne forms of synaptic plasticity.

ln Chapter 7. 1show a correlation between the specific increast' in Ct. transcript levels.'
and an incrcase in ACh-evoked current densities on cultured SCG neurons. In contrast.

1 show that changes in Ct7 transcript levels have no conscquences on the macroscopic

ACh-evoked currents on SCG neurons.

Ali of the experiments presented in this thesis were performed by myseIf. The

experiment prt.'sented in Figure 7.6 \Vas donc in collaboration with Ali Haghighi.
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Chapter 1

Introduction

INTRODUCTION

The complex morphologies of nerve celIs have fascinated many investigators for over

150 years. In the early age of neuroscience. the unusual shapes of neurons hacl in làct.

represented an obstacle to the appreciation of the celIular 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 :1."(on terminais and the dendrites. During

development. neurons extend these processes in various. but specific. directions: these

processes. then. encounter numerous a."(ons and dendrites trom other nerve celIs.

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. Indeeci. 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 cOlIlmunicate with each other, the presynaptically

released neurotransmitter molecule must recognize its specific chemical receptor on the

postsynaptic membrane.

It 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 terminais and dendritic branches.

Thus. the morphologies !hat neurons adopt during development will greatly influence,the

development of synaptic connections and the transmission of signais trom neuron to

neuron.
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[n my thesis. 1 have studied factors that control the morphologies of neurons. More

specifically. 1 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 experirnents address several topics in

developmental and cellular neurobiology; to keep this introduction from being toO long.

1 have restrained myself to discuss only the topics that are immediately relevant to my

experiments. Unforrunately. 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 at'.empt to write an introduction for non-experts on these

different topics. 1 have made several generalizations and simplifications that e."<perts will

easily recognize.

1 have organized this introduction as follows: First. 1 discuss the essence of neuronal

polarity by highlighting the differences between axons and dendrites at the cellular and

physiologicalleveL Second. 1briefly review experiments that have addressed the intrinsic

mechanisms and e."<trinsic influences that govern the establishment of neuronal polarity.

Third. 1 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 (nAChRs) on peripheral neurons, 1have 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

impulse 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 terminais the

"apparatus of distribution" (Cajal. 1989). His proposition provided the basis of what is
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now the concept of "neuronal polarity". With the discovery of dendro-dendritic and :1.'(0­

:I.'(onic synapses. initially referred to as "unconventional" or "unusual" synapses. the law

of dynamic polarization had to be modified (Shepherd. 1994). However. tor most neurons.

the :I.'(on is primarily concemed with conduction and transmission of infonnation. while

dendrites are primarily concemed with receiving infonnation. From a cell biological point

of view. neurons are highly polarized. and :I.'(ons and dendrites have fundamentally

different structureS. Accordingly. the establishment of neuronal polarity is a critical stage

ofneuronal development. and has important consequences on the construction ofcomplelC.

neuronal circuitry.

Dendrites

Dendrites appear like elC.tensions 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 smaller than the parent stem. Typically. their ramifications are

confined to the vicinity of the cell body (Peters et al.. 1991). The surface area ofdendrites

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 forro on dendrites.

The classical view ofdendrites has been that they are electrically passive structureS that

funnel synaptic pOtentials to the soma aÎld axon hillock, the site of action potential

initiation. (Eccles, 1964; RaU, 1970). However, dendrites are now believed to be active

structures.. capable of actively propagating action potentials. controlling internaI free

calcium (Ca2"l levels, modulating synaptic transmission, and even hosting protein

synthesis (Steward and Banker. 1992; Bliss and Collingridge. 1993; Stuart and Sakmann.

1994; Regebr and Tank, 1994). In order to assimilate synaptic inputs and translate them

into short- and long-term responses.. dendrites possess elements that can actapt 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 cao
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buffer or release Ca1+ almost instantaneously. and enzymes that respond to rapid changes

in Ca1+ levels thereby modifying locally the receptive propenies of the postsynaptic

membrane.

Cytop/asmic 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 cell

body ends and where dendrites begin (Peters et al.. 1991). Indeed, the rough endoplasmic

reticulum (RER), ribosomes and the Golgi comple.x extend into dendrites for sorne

distance (Banlett and Banker. 1984a,b: Peters et al., 1991). The dendritic cytoske1eton is

panicu1arly enriched in microtubules. These microtubules are polarized in both

orientations and linked together by the microtubule-associated protein 2 (MAP2)

(Bernhardt and Matus. 1984; Caceres et al.. 1984: Baas et al. 1988; Bunon. 1988: Peters

et a/.• 1991). An intriguing observation in dendritic cytop1asm is the presence ofRNA and

even sorne mRNAs. which have been shown to be actively transponed relatively far into

distal dendrites (Davis et al., 1987, 1990). Notable examples of dendritic mRNAs are

those of MAP2. the CI. subunit of the multifunctional Ca1+/calmodulin-dependent protein

kinase (CaM kinase m, the immediate early gene Arc. and a small non-coding RNA,

Neural BCI (Garner et al., 1988: Bruckenstein et a/.• 1990; Kleinman et al., 1990; Tiedge

et al.. 1991; Cbicurel et a/., 1993: Lyford et a/., 1995). The presence within dendrites of

these mRNAs, wbich code for proteins associated with neuronal polarity or synaptic

function. suggests that 1) protein synthesis occurs within dendrites and 2) that local

control ofprotein synthesis is used as a mechanism to modulate synaptic interactions. The

possibility of dendritic translation is supponed by the presence of a synthetic machinery

witÏün 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 funher evidence of dendritic translation of rnRNA to protein by demonstrating
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the incorporation of radiolabelled amino acids within dendrites of cultured hippocampal

neurons and within preparations ofhippocampal synaptosomes (Rao and Steward. 1991;

Torre and Steward. 1992; Steward and Banker. 1992).

Dendritic spines and surface domains

Dendrites can be covered with proruberances or spines that are typicaHy "mushroom"

shaped.. but that can bave a wide variety of other shapes. ranging from short and srubby.

to long and thin. The density of spines varies for differem 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 rwo 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 trom the plasma

membrane ioto the cytoplasm that is retèrred to as the postsynaptic density (Peters et al.•

1991). This dense structure of proteins develops in close apposition to presyn~ptic

terminais., and contains the basic elements for the reception and transmission of synaptic

signais. It contains ligand-gated ion channels that mediate synaptic currents, and enzymes

such as CaM kinases that modulate synaptic transmission. Postsynaptic densities are also

localized outside dendritic spines. throughout somatodendritic domains. and are anchored

by structural proteins. suc.'!. actin, spectrin and rubulin.

Although spines appear to increase the surface area ofdendrites 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 he used physiologically to

control the relative weights ofsynaptic inputs from different afferent sources (RaH. 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 Ca2+ and its

linked effectors. suggests !hat dendritic spines may rather serve to concentrate the

biochemical elements !hat modulate synaptic activity. Indeed, the size ofa dendritic spine
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approaches the molecular scale: the estimated volume of a rat CA1 pyramidal cell spine

is roughly 0.06 11m3 (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 ofsynaptic transmission in dendrites

A common link to synaptic modulation events in dendrites appears to be the generation

of intracellular waves of free Ca~'" (Kennedy, 1989; Schulman. 1993; Regehr and Tank.

1994; Clapham, 1995). The primary source of Caz", during synaptic activity cornes from

the extracellular solution. Caz", 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. Internai stores of Ca:!.... such as the smooth endoplasmic reticulum. also

play a significant role in dendritic CaZ- dynamics (Regehr and Tank. 1994). A local rise

in Ca:!'" concentration ([Ca:!"']) can trigger and regulate the activities of a variety of

enzymes, receptors, 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-lerm

pOlentiation (LTP) and long-term depression (LTO), which represent changes in synaptic

efficacy that may underlie learning and memory (Bliss and Collingridge, 1993; Linden.

1994; Bear and Malenka. 1994). LTP and LTO 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 ofpostsynaptic NMDA

receplors. as weil as a rise in [Ca:!"'] in the dendritic spine. The decoding of these Caz+

influxes by Ca:!+-linked protein kinases and phosphatases, such as CaM kinase II and

calcineurin. may delermine the elicited changes in synaptic efficacy (Lisman. 1994). CaM

kinase II is one of the most abundant prolein in postsynaptic densities. Its biochemical
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properties (see appendix 3) make it an attractive candidate for decoding synaptic signais

and translating them into biochemical signais. that ultimately Iead to gene expression.

Indeed. transynaptic signais inducing long-term responses in neurons are bound to involw

changes in gene expression (Goelet el al.. 1986: Frey el al.. 1993: Nguyen el al.• 1994).

During synaptic activity, oscillations in [Ca1] are a1so generated at the base of dendrites

and in the perikacyon. These waves of Ca1+ are. in part. triggered by the activity of L-type

Ca1+ channels, which preferentially target to those membrane domains (Ahlijanian el al..

1990; Westenbroek el al.. 1990: Regehr and Tank. 1994). The slowly inactivating Ca1+

influxes through L-type Ca1+ channels at depolarized potentials may provide a link

between activity in distal dendrites and changes in gene expression (Murphy el al.. 1991:

Ghosh and Greenberg, 1995). Linle is known about the relationship between synaptic

activity and the e.xpression of proteins involved in synaptic transmission. In chapter 6. 1

propose a novel link between neuronal activity and neurotransminer receptor expression.

Potential mechanisms of activity-mediated changes in gene expression in neurons are

briefly discussed in appendix 2.

A:l:ons

A single axon originates generaIly from the perikaryon or. occasionally, from a

dendrite. The axon can be discemed 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 ooly a few microns.

remaining in the vicinity of the perikacyon. 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. whi1e 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 coBateraIs can be wrapped with a sheath of myelin of various

thickness that is produced by the glial cells (Hammond and Tritsch, 1990; Peters el al••
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1991 ).

The principal characteristic of the 3,.xon is ilS ability to act as a "transmission cable" by

propagating ail or none action potentials over long distances up to ilS terminais to evoke

transmitler release. However. the axon has additional functions: it can modulate synaptic

transmission. release various factors. retrogradely transpOrt signais from ilS targelS and

also receive synaptic contaclS from other neurons.

Cytoplasmic content

The cyloskeletal filamentous elements in axons are packed more densely than those in

dendrites. Axons are enriched in actin filaments and neurofilamenlS (Peters et al.. 1991).

the laner being heavily phosphorylated (Sternberger and Sternberger. 1983; Lein and

Higgins. 1989). Unlike in dendrites, the microtubules of 3,.xons ail have the same

orientation with their plus-end distal (Baas et al.. 1988; Burton, 1988). and these

microtubules are associated with abundant tau and MAP 3/4 (Huber el al., 1985;

Bernhardt et al.• 1985; Goslin el al.• 1988, 1990; Kosik and Finch, 1987; Doni el al..

1987; Binder el 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 el al., 1988; 1990).

The 3,.xon appears to exclude organelles involved in protein synthesis and it is generally

accepted that mRNAs are not transported in the axon. beyond ilS proximal segment

(Bartlen and Banker, 1984a.b; Peters el al., 1991; Craig and Ban.'<er, 1994; see Litrnan el

al., 1993, 1994). However, the axon's cyloplasm is highly specialized in the bidirectional

transport of vesicles !hat contain various proteins and peptides. Vesicles filled with

neurotransminer srnthetic enzymes or neuropeptides can be transPOrted up to hundreds

of millimeters a day by mechanisms of fast axonal anterograde transport. On the other

hand. cyloskeletal 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 transportS

molecules. such as nerve growth factor (NGF), !hat are taken up at the nerve terminais.

Retrograde transport is achieved at rates similar to fast amerograde transport. The force-
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generating proteins that mediate these transports include kinesin and dynein: thes.: prot.:ins

bind to microtubules and travel along their length using energy derived l'rom .-\TP

hydrolysis. Kinesin binds to vesicles and carries them along the plus-end of microtubul.:

tracks toward the axonal tenninals. In contrast. dynein moves toward the minus-end of

microtubules and serves as a retrograde carrier (Vallee and Bloom. 1991: Val.: <!t al..

1992).

A:conal terminais. varicosities and surjàce domains

The a"<onal membrane has numerous specialized domains distributed in specific rcgions

along its length. Many a"<ons begin with a cone-shaped axon hillock that contains clusters

of voltage-dependent Na+ channels (Westenbroek et al.• 1989): these clusters generate the

action potentials. The nodal portions of myelinated :1."<oos. known as nodes of Ranvier.

also contain dense clusters of Na+ channels which serve to propagale the action potentials

along the axon to the nerve tenninals (Westenbroek et al. 1989).

The a"<onal tenninal is a distinct domain of the axon. Tenninals arc filled \Vith synaptic

vesicles that are anchored to a cyloskeletal matrix. They also contain large-dense core

vesicles, mitochondria, endosomes and coated vesicles (Peters et al.. 1991). Elements of

the smooth endoplasmic reticulum in the terminais act as intracellular Ca2+ stores. The

synaptic vesicle membranes and the plasma membrane contain a collection of proteins.

such as synapsins, synaptophysin and syntaxin. that control synaptic vesicle trafficking.

docking or fusion (Benneth and Scheller, 1994). These processes arc 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; Schulman. 1993; Chapman et al., 1995).

An electron dense domain at the membrane serves as the site of vesicle contact for

exocylosis and is tenned the active zone. Ca2+ influx is the primary signal that initiates

the synaptic release mechanism (Dodge and Rahamimoff, 1967: Katz and Miledi, 1968):

at the neuromuscular junction. N'-type Ca2+ channels and Ca2+-gated K+ channels are
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ciustered in line with the postsynaptic neurotransmiller receptors to provide rapid

activation ofpostsynaptic rcceptors upon fusion ofvesicles (Robitaille et al.. 1990. 1993:

Cohen et al.. 1991). Unmyeiinated a."<ons of autonomie neurons fonn a dense p1e."<us of

libers on target smooth muscle and release neurotransminers trom a."<onal varicosities

which appear like protrusions of the a."<on spaced every 3 to 5 !lm. These varicosi:ies do

not contain e1ectron dense active zones. suggesting no preferential orientation of synaptic

vesicle exocytosis (Peters et al.. 1991).

In summary. a.xons 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

subcellu1ar domain that is specialized in receiving synapses and in modulating synaptic

infonnation. The complexity of dendritic patterns contributes to the particular function of

a neuron in the circuits to which it belongs. Consequently, detennining the mechanisms

that control dendrite initiation. elongation. branching patterns 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 polarity. 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 demo'nstration by Banker

and colleagues that many of the morphological and molecular distinctions bet'Neen axons

and dendrites of hippocampal neurons are reproduced when embryonic hippocampal

neurons develop in culture (Bartlett and Banker. 19843..b: Dotti et al., 1988). Soon after

plating. these neurons e.xtend severa! minor processes: after 1-2 days. one of those

processes 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 MAP:: or GAP-43. The tàct that

embryonic hippocampal neurons readily establish a dendritic-a'l:onal polarity in culture

suggests that an endogenous program governs their development (Craig and Bankcr.

1994). Syrnpathetic neurons from embryonic or neonatal rat superior cervical ganglia

(SCG) develop a simi1ar dendritic-axonal polarity in culture (Landis. 1976: Peng ,:1 a/.•

1986: Higgins et al.. 1991). In vivo. both hippocampal and SCG neurons exhibit primarily

"c1assical" synaptic interactions: in culture. their a'l:ons are consistently presynaptic and

their dendrites postsynapùc (Bartleu and Banker. 1984b: Furshpan et al.. 1986). Neurons

obtained from other regions of the nervous system. inc1uding the cerebellum and the

mesencephalon have also been shown to develop neuronal polarity in culture (Kosik and

Finch. 1987: Autillo-Touati et al.. 1988: Ferreira and Caceres. 1989: Caceres and Kosik.

1990: Lafont et al.. 1992).

Because of the advantages of cell culture for cell biological studies. these culture

systems have thus become the method of choice to study the mechanisms that govern

neuronal po1arity. The ability to visualize living cells. to alter their intrinsic properties. or

to manipu1ate their environment has provided a preliminary understanding of the intrinsic

mechanisms and extrinsic factors that control the establishment ofneuronal polarity (Craig

et al., 1992: Craig a.'ld Banker. 1994).

Intrinsic mechanisms of neuronal polarity

The t.yloskeleta1 properties of axons and dendrites contribute to their differential

growth, maintenance and molecular targeùng. The orientation of microtubules is different

in axons versus dendrites: while in the axon they are ail oriented p1us-end distal, in

dendrites both microtubule orientaùons exist (Baas et al.. 1988). Consequently, proteins

and organelles that preferentially lravel on microtubules oriented towards the minus end

could target specifically to dendrites. Little is known. however. about the specific signais

that proteins use to lravel on microtubules. Molecules such as dynein. which moves

toward the minus end of microtubules. could specifically carry vesic1es within dendrites.

Differentially targeted proteins may contain amino acid sequences that allow them
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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 microtubules 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 ofaxonal 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 et al.•

1992; see also Dinsmore and Solomon. 1991). suggesting that both axons and dendrites

need MAP2 for their development. In fucl, 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 MAP2 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 Cbapter 3 would seem to indicate that MAP2 may,

in fuel, not be essential for the initiation ofaxonaJ growtb 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 between 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 et aL. 1988a,b; Goedert et al.•

1991). One possible consequence ofthe 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 transcrlpts

to dendrites and local translation (Steward and Banker, 1992). However, il is virtually

unknown how local translation in dendrites is regulated: equally tmknown is whether

membrane proteins. such as neurotransminer receptors, whicb require RER- and Golgi-like

strUctures for translation. ue synthesized in dendrites. In cbapter 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 imracellular transport and insertion at specifie sites. The other

way is by random insertion of membrane proteins that diffuse within the lipid moiety and

are trapped at specifie sites by elements of the cytoplasmic cytoskeleton (Elson. 1993).

The distinct cytoskeletons of dendrites and axons may provide differential anchoring of

membrane proteins. Postsynapùc receptors on somatodendritic domains have been shown

to cluster at synapses (Jacob et al.. 1984: Triller et al.. 1985: Loring and Zigmond. 1987;

Loring et al.. 1988: Sargent and Pang. 1989: Craig et 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 et al., 1993). intracellular anchors are

likely to contribute to the formation of postsynaptic receptor clusters. By analogy. the

clustering of muscle nAChRs at the endplate is mediated. in part. by the 43K protein and

the spectrin/dystrophin family ofproteins (reviewed by Froehner. 1993); similar anchors

could be involved in clustering neuronal ion channels.

Why is ic chat sorne neurons do noc establish a dendritic-a:conal polarity?

While almost ail neurons in mammals establish a typical dendritic-axonal polariry. a

notable exception is the sensory neuron. Mammalian sensory neurons do not extend

dendrites from their cell body; sensory neuroblasts e.xtend twO axonal-like processes that

fuse together during embryogenesis (Tennyson, 1965). The portion ofcytoplasm 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 peripherally and the

other growing centrally (see Figure l.l). 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 (ORG) neurons recapitulate this developmental transition only in the
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Figure 1.1. Distinct polaTities ofsympathetic 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 ce1l 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 potentiaIs are then transmitted to the proximal axon
where an all or none action potential is triggered and sent along the axon to the
terminaIs or varicosities to evoke transmitter release onto effector organs. In
contrast, in sensory neurons, a receptor potential is generated at the periphera1
nerve endings, which evokes action potentiaIs; these action potentials are then
conducted along the axon to the terminaIs within the CNS. In sensory neurons,
the ce1l body is, in fact, displaced from the main route of information flow and
appears to play no immediate role in transferring signaIs from the periphery to
theCNS.
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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 responsible 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 \Vith sympathetic neurons.

which elaborate a complete dendritic-a;17.onal polarity. suggests that extrinsic influences

play a role in determining the polarity of sensory neurons and their lack of dendrites.

Determining the mechanisrns 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. 1 demonstrate that extrinsic influences

greatly affect the polarity of sensory neurons.

Extrinsic factors that influence neuronal polarity

In spite of the intrinsic ability that hippoc:ampal 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 (Bartlen and Banker 1984b; Fletcher et 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-celi contacts, growth factors, neurotransminers and neuronal activity. Below, 1briefly

review the roles that these influences playon the establishment of neuronal polarity and

dendritic outgrowth.

ExtraceOlllllr matrix and ceO adhesion molecllies

The raies that adhesion molecules playon the extension of neurites have been

extensively studied (Sanes, 1989), but the number of studies that have addressed the

differential effects of these molecules on ~onal growth versus dendritic growth remains

modest. CelI-subStratum contacts. orchestrated by integrins (Le. transmembrane receptors
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that integrate extracellular and intracellular structures) or other cell-adhesion molecules.

are believed to mediate differential anachment to the substrate (Burridge et 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 LI cell-adhesion moiecule

(Persohn and Schachner, 1987. 1990) and the CIS integtin subunit. have already been

shown to localize preferentially on a"{onal membranes (Bossy et 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 a"{on 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 a"{onal growth

without promoting multiple a"{ons (Lein et al., 1991: Osterhout et al., 1992). When SCG

neurons develop on a mixture of ECM proteins, in the form of a basement membrane

extract. called Mattigel, 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 et al. (1991) showed that the collagen IV­

accelerated a"{onal growth by SCG neurons could be blocked by an (t,B) integtin antibody

(Turner et al., 1989) without any effect on the laminin-induced axonal growth.

Furthermore, short term a"{onal growth (e.g. 6 hours) on laminin can occur independer:t

of protein synthesis, whereas collagen IV-mediated outgrowth requires protein synthesis

(Lein et 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 et al., 1992). These findings iIIustrate the potential

diversity of interactions between ECM proteins and their receptors as weil as the

differential signais 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 ~l al.. 1990:

Lafont el 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-ornithine or concanavalin A. promoted

dendrite oUlgrowth (Lochter 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 rnorphology of nerve cells is well docurnented. Astroeytes from various

regions of the brain have been shown to differentially support dendritic and axonal growth

(Denis-Donini et al. 1984: Chamak et al., 1987: Autillo-Touati et al.. 1988: Rousselet et

al., 1988. 1990; Prochiantz et al.. 1990; Qian et al.. 1992: Le Roux and Relt, 1994). In

culture, posmatal day 1 (Pl) rat SCG neurons do not e:'(tend dendrites in the absence of

serum (Bruckenstein and Higgins, 1988a). Addition of ganglionic satellite cells (peri­

somatic glial or Schwann cells (peri-axonal glial to these cultures induces dendritic

growth by the neurons (Tropea et aL, 1988). Unlike Pl 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 et 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 posmatally (see Figure 12; Hendry and Campbell. 1976). Indeed, by growing

Pl 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 et al. (1989) showed that the

neurons cao then elaborate dendrites.

Prochiantz and colleagues have shown that astroeytes from different regions of the
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brain differentially promote dendritic and axonal growth trom rodent mesencephalic and

striatal neurons. They proposed that homotypic astroglial cells promote dendritic growth

while target-derived astrocytes promote a;'{onal growth (Denis-Donini et al. 1984; Chamak

et a/.• 1987; Autillo-Touati et a/.• 1988; Rousselet et a/.. 1988. 1990; Prochiantz et al..

1990: see also Qian et al.. 1992). However. others have shown that the differences in the

abi1ity of glial cells to promote a'<onal or dendritic growth may not be confined to either

homotypic or target-derived glia (Le Roux and Reh. 1994). Furthennore. astrocytes have

been shown to promote dendritic growth from SCG neurons (Johnson et a/.• 1989). as do

sciatic nerve Schwann cens or satellite cens derived trom sensory ganglia: however.

fibroblasts and heart cens do not (Tropea et al.. 1988: Johnson et al.. 1989). In contrast.

Schwann cens induce sensory neurons to acquire a unipolar morphology in culture

(Mudge. 1984). In summary. these results indicate that most glial cens express factors that

affect neuronal morphologies and polarities: however. these factors produce different

effects 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 also

important. For e.,<ample, conditioned media from astroglial cells have been shown to

promote dendritic outgrowth trom various CNS neurons (Rousselet et 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.

Cytokines

Cytokines, which were originany identified as signalling factors in the immune system.

aise 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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(P:merson and Chun. 1977; Yamamori et al.. 1989). It has been shown that the presence

of either serum. glial celIs or basement membrane extract is essential for dendritic

outgrowth from embryonic rat SCG neurons (Bruckenstein and Higgins. 1988b; Tropea

et al.. 1988: Lein and Higgins. 1989). Lein et al. \ 1994) have identitied a potemial

candidate that could mediate these interactions; they have shown that. in the absence of

the above 3 influences. osteogenic protein-l (OP-I). a member of TGF-B tàmily

(Ozkaynak et al.. 1990). induces SCG neurons to develop dendrites to the same extent as

they do in vivo. Cytokine receptor complexes. such as those of ciliary neurolrophic tàctor

(CNTF) or LIF. interact with cytoplasmic tyrosine kinases that navigate below the surfuce

membrane (known as JaklTyk kinases) and mediate signalling after cytokine binding

(Stahl and Yancopoulos. 1994).

Neurotrophins

More than 4 decades ago. Levi-Montalcini discovered a factor that caused syrnpalhelic

and sensory neuron neurites to grow. and \Vas therefore termed nerve growth factor

(NGF). 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 syrnpatheùc neurons (Levi-Montalcini. 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 cornpete

for the limiùng quanùùes of target derived factors. by establishing opùmum contact with

their targets. Those neurons that fail to make contacts with their targets in time undergo

programmed celI death. As different targets may release different factors. this mechanism

provides a means ofenforcing appropriate connecùons between neurons and their intended

terminal targets.

In addiùon to their neurotrophic acùon, neurotrophins produce a vast array of effects

on neuronal funcùons and even on sorne non-neuronal cell functions (reviewed in

Korsching, 1993: Davies. 1994: Bothwell, 1995). Furthermore, in the last decade. there

has been an enormous increase in our understanding of how these neurotrophins operate,
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ln part due to the identification of their receptor tyrosine kinase trks and to the

development ofuseful neuronal cellline models such as the PCI2 rat pheochromocytoma

cellline (reviewed in Greene, 1991: Barbacid. 1994: Chao, 1994: Kaplan and Stephens,

1994). However. the amount of new information is toc large to review in this introduction.

Therefore. 1 have restricted the following section mainly to the role of NGF on dendritic

outgrowth. As a complement. 1 included in appendix 1 a summary of the molecular

diversity of the neurotrophin family and the neurotrophin receptors.

The promoting effeclS ofNGF on axonal groWlh and on neurite outgrowth from PCI2

cells are well documented (Greene and Tischler. 1982; Campenot. 1994). ExperimenlS

with compartrnented cultures of SCG neurons have demonstrated that NGF supplied to

a:~onal terminais is necessary and sufficient to promote a,'(onal elongatbn and branching,

whereas NGF supplied only to neuronal somara does not promote a'(onal growth. These

results indicate that the effects ofNGF on axonal growth are local and that no anterograde

NGF-mediated signais affect a'(onal growth (reviewed in Campenol, 1994).

Although few studies have investigated the effeclS ofneurotrophin 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: Shellon and

Reichardt. 1984; Purves et al.. 1988). this observation suggests that NGF promotes

dendrite cutgrowth from SCG neurons. In faCI, daily injections of NGF to neonatal rats

or mice caused a substantial increase in the growth of SCG neuron dendrites (Snider.

1988; Purves et 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 ofNGF

available is determined by the targe! size which then regulates the density of innervation

as weil as the size of the dendritic field (Korsching and Thoenen. 1983a; Purves et al..
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1986b. 1988). [n facto sYnapses on SCG neurons are formed mainlv on the dendrites. .
(Osterberg et al.. 1976: Forehand. 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 et al.. 1983).

It is unknown whether the effects ofNGF on axonal outgrowth and dendritic outgrowth

operate through similar mechanisms. NGF activates tyrosine phosphorylation of its

receptor trkA and aiso binds to a second receptor termed p75LNGFR (whose function is

poorly understood; see appendix 1. and see appendix 2 for a briefdescription of signalling

pathways that are activated by NGF). These receptors are expressed throughout the surface

of neurons (Kim et a/.. 1979; Carbonetto and Stach. 1982; Okazawa et al.. 1993);

however. the major supply ofNGF is believed to be from retrograde transport (Korsching

and Thoenen. 1983b; Richardson and Riopelle. 1984: Shelton and Reichardt. 1984: Purves

et al.. 1988). If target sources of NGF stimulate dendritic outgrowth. while the action of

NGF on uonal growth is local (Campenot. 1994). then it is likely that NGF acts on

uonal and dendritic growth through different mechanisms.

Innervation and activity

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 et al., 1977; Bradley and Berry, 1978;

Deitch and Rubel. 1984; Mattson, 1988; Lipton and Kater. 1989; Vaughn. 1989; Wong

et al.. 1991; Schilling et al.. 1991; Wingate and Thompson. 1994). In rodent cerebellum.

mutations and treatments that affect afferent input to Purkinje cells resultîn dramatic

allerations 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 Ca2+ (Schilling et al.. 1991).
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Figure 1.2. Development ofthe Tat SUperiOT 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 birth,
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 smalI
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 terminaIs of pre­
ganglionic neurons and dendrites of SCG neurons. During that time, SCG neuron axonal
terminaIs 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 terminaIs 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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ln contrast. innervation and dectrical activity seem to play a smal1 role on the dendritie

geometry of sympathetic neurons. even though over 90% of synapses fonn on dendrites

(Foreband. 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 etTeet

on dendritic growth by the neurons in serum-free condition (Bruckenstein and Higgins.

1988b).

Several studies perfonned 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 influx of

Ca2+. However. diverse effects have been observeci. from neurite retraction to neurite

sprouting and branching (Manson. 1988: Lipton and Kater. 1989: Pugh and Berg. 1994:

Zheng et al.. 1994: Smal1 et al., 1995). Part of this diversity of effects is due to the

different types and amounts ofneurotransminer useci. the time course of their applications.

as well as the neuronal types that were studied. Furthermore. most of tllese studies did not

make the distinction between axons and dendrites. Nevertheless. these results emphasize

the notion that a fine runing of [Ca2i 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. TIlese

differential effects are. in part, related to the neural circuits involved. and may contribute

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

RELATIONSHIP BETWEEN DENDRITE OUTGROWTH AND POSTSYNAPTIC

RECEPTOR EXPRESSION

Beyond the establishment of a basic morpbological polarity, neurons undergo further

maturation of their axonal and dendritic arbours and fonn synapses. Synaptogenesis

involves severa! complex processes in both the presynaptic and postsynaptic neuron. In

order tO provide an efficient assembly of the numerous proteins involved in the

establishment of functional synapses, neurons must bave the necessary mecbanisms 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

outb'rowth reb'ulate 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 slUdies on the nAChRs on autonomic neurons. Below. 1 review the main findings

on the regulation of nAChR expression on autonomic neurons. but first, 1briefly introduce

the family of neuronal nAChRs.

Neuronal nicotinic acetylcholine receptors

Fast synaptic transmission in autonomic neurons is mediated by nAChRs. which are

part of the gene superfamily of ligand-gated ion channels that includes 5-HT3' GABAA

and glycine receptors (reviewed in OrteIls and Lunt. 1995). The neuronal nAChR gene

family is composed of II genes that code for proteins with homologies to the muscle

nAChR genes (Sargent. 1993; Elgoyhen et al.. 1994). These genes have been grouped in

rwo classes of subunits. a. (o.::-~) and 8 (8::-8,v. based respectively on the presence or the

lack of rwo adjacent cysteines in a region homologous to the putative ACh bincling site

of the muscle nAChR a. subunit (0. 1), 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 a. or 8 subunit groups (Sargent. 1993). In rats, no a.g gene has been

identified: the recendy discovered~ subunit appears to be a more .listant member of the

nAChR family. with 36-39% homology with ail rat neuronal and muscle a. subunits

(Elgoyhen et al.. 1994).

Neuronal nAChRs are believed to be pentamers containing 2 a. and 3 8 subunits

(Cooper et al.. 1991: Anand et al.. 1991). Unlike muscle nAChRs. which incorporate 4

different gene products. the products ofonly one a. subunit gene and one 8 subunit gene

c:m give rise to a functional receptor in "'tènopus e.,,<pression system. Thus far, 3 a. subunits

(O.::. 0.3' 0.4) and 2 8 subunits (8::. 8,v have bèen found to co-assemble in various
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functional combinations in )r:enoptL~ oocytes (Patrick et al.. 1993; Papk.:. 1993). ln

addition. 3 other nAChR genes. a~. as and a9• have been shown to give rise to functional

homomeric nAChRs when expressed in Xenopus oocytes (Couturier et al.. 1990b: Sèguéla

et al.• 1993: EIgoyhen et al.. 1994; Gerzanich et al.. 1994). In contrast. expression of as

and a6 in combination with any 13 subunit. or expressior. of 133 with any of the a subunits

did not give rise to functional nAChRs (Boulter et al.. 1990: Couturier et al.. 1990a).

However. these subunits. particularly as, may incorporate into functional nAChRs that are

composed of more than (wo different subunits (Vemallis. 1993: McGehee and Role.

1995). As of yet. the potential for combinations of 3 different subunits incorporating into

a functional nAChR in Xenopus oocytes has been largely unexplored (but see McGeh.:.:

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 et al.• 1991: Patrick

el al.. 1993: Papke. 1993: McGehee and Role. 1995). Such functional diversity opens the

possibility ofa large number of functionally distinct nAChRs: yet the subunit composition

ofnAChRs on neurons has not been fully reso1ved. Several lines of evidence suggest that

the prevalent high-affinity nicotine binding receptor in the CNS is an a4/13:! receptor

(Wada el al.• 1989: Flores el al.• 1992: Clarke, 1993: Sargent. 1993). In autonomic

neurons, synaptic receptors are likely to incorporate lX3 and 134 subunits. perhaps in

combination with other subunits. like 1.12 and as (Vemallis el al., 1993: Convemton el al..

1994: Mandelzys el al., 1994, 1995).

Nicotinic AChRs have been shown to cIuster at synaptic membranes of autonomic

neurons (Jacob el al., 1984: Loring and Zigmond. 1988: Loring el al., 1988: Sargent and

Pang. 1989: Sargen1 and Wilson. 1995). Zigmond and colleagues measured the density of

nAChRs at synapses by EM autoradiography using [12SI]-neuronal-Bungarotoxin, a toxin

that blacks synaptic transmission on autonomic neurons (Sah el al., 1987; Loring and

Zigmond. 1988). They estimated approximately 600 sitesllllTl2 in the synaptic membrane

of chick ciliary neurons and 4800 sitesllllTl:! 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 [020000 siteslJ.lm1 of [11sI]-a-Bungarotoxin). If

a quantum of ACh released from pre-ganglionic neuron nerve terminaIs is similar to that

released from motor neuron nerve terminaIs. 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 srrategy for synaptic plasticity.

Neuronal nAChRs appear to gate significant amount of Ca1+. although precise

measurements of Ca1+ permeability through neuronal nAChRs have been difficult to

obtain (Patrick et al.. 1993: Vernino et al.. 1992. 1994). Vernino et al. (1994) recendy

estimated that approximately 4% of the inward current through nAChRs in chromaffin

cells was carried by Ca1+. This permeability to Ca1+ by nAChRs may be important for

the modulation of nicotinic cholinergie 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 Ma1enka. 1994; Linden, 1994).

a-BTX-nAChRs

Alpha-bungaroloxin (a-BTX) binds to many nerve ceUs in the CNS and PNS.

However. un1ike for nerve-muscle synapses. a-BTX does not b10ck synaptic transmission

on neurons that express a-BTX binding proteins (a-BTX-nAChRs) (Clarke. 1992). The

first a-BTX-nAChR to be purifiee'. was shown to contain an a 7 gene product (Schoepfer

et al.• 1990). a-BTX has been shown to bind homomeric receplors expressed in Xenopus

oocytes (i.e. a7' as and~ homomeric receptors) and to b10ck their agonist-galed currents

(Coururier et al.. 1990b; Ségué1a et al., 1993: E1goyhen et al.. 1994; Gerzanich et al..

1994). Based on their homomeric narure. a-BTX-nAChRs have been suggested to

represent primitive ancestors of the ligand-gated ion channel superfamily of receptors

(OneUs and Lunt. 1995). These receplOrs have distinct patterns of distnbution compared

10 conventional nAChRs, both in the CNS and PNS (Jacob and Berg, 1983; Clarke et al..

1985; Loring et al.• 1985: Clarke. 1993: De1toro et al.. 1994; Elgoyhen et al., 1994). In
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autonomic ganglia. a-BTX-nAChRs appear less clustered than other nAChRs and arc

distributed primarily on exrra-synaptic membranes (Jacob and Berg. 1983: Loring t?l al..

1985: Sargent and Wilson. 1995). However. these receptors have also becn detccted 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 a9/a-BTX-nAChR that is believed to mediate

the cholinergic synapses between the cochlear etTerents and outer hair cells of the &,'Uinea

pig and short hair cells of the chick cochlea (Housley and Ashmore. 1991; Fuchs and

Murrow. 1992; Elgoyhen et al., 1994). Alpha-BTX-nAChRs appear to have a remarkably

high permeability to Ca2+. suggesting that they activate Ca2"'-dependent cellular events.

such as those involved in synaptogenesis or synaptic plasticity (Sëguda et al.. 1993:

Patrick el al.. 1993; Elgoyhen el 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 Ca2+ influx

through voltage-dependent Ca2+ channels are blocked (Pugh and Berg, (994). These

results suggest that the a-BTX-nAChR plays a role in neurite outgrowth through direct

or indirect control of Ca2+ leve1s in growth cones.

Expression ofnAChRs in autonomie neurons

Autonomic ganglia express primarily 5 idemified nAChR transcripts: a3' as. a7' 62 and

64 (Corriveau and Berg, 1993; Mandelzys et al.. 1994; Devay el al.. (994). Based on

comparisons belWeen the functional properties of nAChRs e;'<pressed in Xenopus oocytes

and those of nAChRs on rat SCG neurons, there is evidence to indicate that SCG neuron

nAChRs incorporate a3 and 64> and perhaps 6:: (Covernton et al.. 1994; Mandelzys el al.•

1995). On the other hand. nAChRs on chick ciliary neurons have been shown to contain

also an as subunit (Vernallis el al.. (993). Autonomic neurons express an a-BTX-nAChR

that incorporates the a7 subunit; whether other subunits are included in the a-BTX­

nAChR is unknown (Vernallis et al.. (993). During devciopment of autonomic &,'llIlglia.,
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nAChR transcripts tirst appear at a period that corresponds to neuronal differentiation

(Zoli et al.. 1995). Subsequently. sorne transcripts disappear (Devay and Role. 1994: Zoli

et al.• (995). while others increase si~'lIificantly (Corriveau and Berg. 1993: Devay and

Role. 1994; Mandelzys et al.. 1994; Schwartz Levey et al.• 1995; Zoli et al.. 1995).

ln chick ciliary neurons. the expression of nAChRs has been investigated at the protein

leve1 using various antibodies of different subunit specificities. The most commonly used

antibody has been the MAb35. which was raised against the CI. subunit of the

Electrophorus nAChR. This antibody specific:::lIy recognizes the chick Cl.s subunit on

immunoblots, but binds to neuronal-BTX binding sites on cultured ciliary neurons and to

sorne nAChRs in chicken brain (Whiting and Lindstrom. 1986; Halvorsen and Berg. 1987;

Schoepfer et al., 1989: Conroy et 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 MAb35 binding was estimated to be 3 to 1 (Jacob

et al.. 1986; Jacob, 1991). Surprisingly, only 5% of the intracellular MAb35 binding sites

were shown to incorporate in the membrane (Stollberg and Berg, 1987). This tinding

suggests that the turnover rate of intracellular MAb35 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 intracellu1ar pool of MAb35 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. Cl.s) e.xpressed 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 man fully assembled pentamers. The prevalence of an intracellular pool of

nAChR subunit immunoreactivity has aise been observed in the CNS with a 62 specific

antibody (Hill et al., 1993).

Experiments using various subunit-specific antibodies revealed that ciliary neurons

express proteins for ail 5 nAChR subunit transcripts, but only two receptor subtypes were

distinguished on their surface: one that incorporates Cl.3' Cl.s and 64 subunits and one that
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incorporates 0.7 subunit. The a.7-cont:lining receplor binds CL-BTX specitical1y (Comoy et

al.. 1992: Vernal1is et al.. 1993: Sargent and Wilson. 1995).

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 (Margiott:1 and Gurantz. 1989: Engisch and Fischbach. 1990: Manddzvs

et al., 1994: Schwartz Levey et al.. 1995), which appears to correlate \Vith an increase in

nAChR rranscript levels (Corriveau and Berg. 1993: Devay et al.• 1994: Mandelzys et al..

1994: Schwartz Levey et al., 1995). However. on cultured chick ciliary neurons. the size

of macroscopic ACh-evoked currents does not seem to correspond to the number of

MAb35 binding sites (Margiott:1 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 conduct:lnce or the number of

[12SI]MAb35 binding sites. suggesting that a cAJ\1P-dependent mechanism influences the

number of functional receptors on these neurons (Margiott:1 et 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 rranscripts and

proteins than needed for the expression of ACh-evoked currents. and that post­

rranscriptional mechanisms contribute significantly to their functional expression

(Margiotta et al., 1987a,b: Jacob, 1991; see also Corriveau and Berg, 1994).

E.'l:trinsic influences regulate nAChR e.'l:pression in autonomie neurons

E.T:traceliular matrix and cell-eell contacts

By analogy with muscle nAChRs. there is good reasons tO believe that the targeting

ofnAChRs is regulated by cell-cell interactions or by the EC:Vl proteins (Froehner, 1993;

Hall and Sanes, 1993). Surprisingly, little is known about cel1-eell cont:lct- or ECM

molecule-mediated mechanisms that regulate neurorransminer 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 proeess 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 e.~ression (Brenner and Martin. 1976: Jacob and Berg, 1987; 1988:

McEachem et al., 1989). However, the possibility of an injury response by the neurons

was proposed as a possible e.~lanation for the decrease in currents (Schwartz Levey er

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 et al. (1995)

repeated this experiment, but measured the effects of target deprivation on the mRNA

levels of 3 nAChR transcripts, ~, CJ.s and 84, 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 !han control neurons.. and a corresponding reduction in 0.3

and 84 mRNA levels was observed (Schwartz Levey et al.• 1995). The reasons for these

different results is unclear: problems such as ectopic re-innervation of ciliary neuron

a.xons, or selective survival of neuronal subpopulations could have contributed to the

apparent conflicts in these results.

Consistent with a target-derived factor regulating nAChR e.xpression is the finding that

an cye e.xtract increases nAChR number when added to cultures of chick ciliary neurons

." ",.
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(Halvorsen et al.. 1991). However. no effect was observed on the expression of nAChR

transcripts (Corriveau and Berg. 1994). suggesting that a post-tr:mscriptional mechanism

controis 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 et al.. 1990; Mandelzys and Cooper. (992). Also. NGF has

been shown to differentially regulate the expression of nAChR genes in PC12 cells

(Rogers et al.• 1992); whether such regulation occurs in neurons is unknown; this issue

is addressed in Chapters 5 and 6.

Growth factors trom pre-gang1ionic innervation may also regulate nAChR expression.

Role and colleagues found that a soluble factor released by pre-ganglionic neurons induces

functional nAChR expression by cu!tured chick sympathetic neurons. These changes in

ACh sensitivity could be accounted for by changes in single channel properties. as weil

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 ciliary neurons in vivo. where no difference in the currents was

observed between denervated and control neurons (see below; McEachem et al.. 1989;

Engisch and Fischbach. 1990; Schwartz Levey et 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 et al.. 1979; Martinou et al.. 1991;

Falls et 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 bas recently been shown to be

expressed by all cholinergic neurons in the CNS and to cause the tyrosine phosphorylation

ofa 185 KDa protein in central and peripheral targets ofthese 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 groWlh factors control nAChR

gene expression in neurons.

Innervacion and acciviry

The role of activity per se on neuronal nAChR gene expression has not been closely

srudied. Most of what is known on activity-mediated regulation of nAChR expression

comes from srudies on muscle extra-junctional nuclei (Changeux, 1991; Hall and Sanes.

1993). Indeed. Ca1+ influx through L-type Ca2+ channels and PKC activity (K1arsfeld et

al.. 1989) or protein kinase A (PKA) activity in rat (Walke et al.. 1994) down-regulate

the expression of nAChR subunits from extrasynaptic nuclei.

Several srudies on the developmental expression of neuronal nAChRs have suggested

that innervation plays a key role in nAChR expression. based on tbe coincidence between

the time of innervalion and the period of large increases in nAChR transcriplS. proleins

and ACh-evoked currents (Jacob, 1991: Moss and Role, 1993: Devay et al., 1994). For

example, the postnatal developmemal increase in both nAChR transcripts and ACh-evoked

currem densities in SCG neurons (Mandelzys et 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

10 innervation have linle ef'fect 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 et al., 1989: Engisch and

Fischbach. 1992: Sargent et al., 1991: Streicbert and Sargent, 1992: Mandelzys et al.,

1994). However, a number of srudies examining the influence of innervation on

intracellular MAb35 binding or nAChR transcript levels have indicated !hat removal of

innervation slows the increase in nAChR transcripts and intracellular pool of MAb35 -.
binding sites (Jacob and Berg, 1987: 1988; Boyd et aL, 1988: McEachem et aL, 1989: .

Arenella et al., 1993: Schwartz Levey et al., 1995). Mandelzys et aL (1994) compared the

effects ofneonatal rat SCG pre-ganglionic denervation on the expression ofbotb the ACh-
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evoked currents and the levels of n..\ChR transcripts. The results indicated that. similar

to the ACh-evoked currents. the developmental increase in nAChR transcript levds \Vas

liule affected. However. much of the deve'0pmental increase in 0.7 mRNA was prevenr<:d

by denervation.

Thus. the precise role of innervation in the regulation of nAChR expression is nOI

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 ofpostsynaptic receptors is already activatcd

prior to innervation. This situation has been weil described for synaptogenesis on muscle

where there are ample nAChRs on the muscle membrane before synaptogenesis (Cohen

et a/.• 19ï9). 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

be!ieved to activate a series of immediate early genes. which in tum may control the

expression of delayed response genes. Little is known, however. about the relationship

between neuronal activity and e.,,<pression of proteins involved in synaptic transmission.

To leam more about the role that activity plays on nAChR e."<pression. we have used the

approach of culturing rat syrnpathetic 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 !iule role in the expression of the nAChRs that are

involved in synaptic transmission. while they demonstrate that activity re!.'II1ates the

expression of o.-BTX-nAChRs (Chapter 6).

Statement of problem and overview

The data accurnulated thus far on the developmental appearance of nAChR transcripts

and on the regulation of their expression in autonomic neurons raise the possibility that

after neurogenesis the neurons are intrinsically programmed to express nAChRs.

Furthermore. there is not direct evidence that nAChR genes are regulated by e."<trinsic



•

•

•

..,
:J_

influ.:nc.:s. What r.:gulat.:s the developmental increases in nAChR transcript levels and

ACh-.:voked currents? Could they be controlled by mechanisms related to neuronal

maturation. such as the .:xtension of dendrites?

To investigate this problem. an additional cIass of neurons are useful: the sensory

n.:urons trom the rat nodose ganglion. The mammalian nodose ganglion is a cranial

s.:nsory ganglion whose axons run in the vagus net":e 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 ceU body. Interestingly.

nodose neurons have 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. Could 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. 1 tirst asked: what determines the polarity of sensory neurons? Is

it an intrinsic determination or do extrinsic influences control sensory neuron polarity?

Can nodose neurons develop dendrites in culture? 1 investigated whether glial ceUs play

a role in nodose neuron polarity and whether neurotrophins are involved in the

differentiation of nodose neurons in culture. Ne."<t., 1 asked whether there is a relationship

berween nAChR expression and the establishment of polarity by nodose neurons.

To determine whether the establishment ofneuronal polarity influences the e."<pression

of nAChR genes and whether they are controlled by similar influences. 1 began to

investigate the regulation of nAChR gene expression in cultured sympathetic neurons. 1

asked more specifically what role activity plays in nAChR expression. Finail Y• 1

investigated how changes in mRNA levels for specific nAChR subunits affect changes in

ACh-evoked currents on neurons.

In Chapter 3. 1 examine the establishment of polarity by newbom rat nodose neurons

and show that they have retained the ability to extend dendrites in newbom rats. 1

demonstrate that rwo e."<trinsic influences control dendritic outgrowth on nodose neurons:

satellite ceUs and NGF.
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In Chapter -1. 1 show a correlation bel\\'een the extension of dendrites bv nodosc

neurons and the expression of functional nAChRs. and I show that nodose neurons express

nAChRs on their dendrites.

In Chapter 5. 1 investigate the roles that \'arious neurotrophins play in nodose neurons

development. 1 demonstrate that nodose ganglia express multiple neurotrophin reccptors

and that BDNF and NT-3 influence nodose neurons to undergo a distinct ditT.:n:ntiation

compared to NGF-treated neurons: whiIe NGF promotes dendrite extension and funetional

nAChR expression. BDNF and NT-3 influence nadose neurons to express attributes of

their sensory phenotype.

To learn more about mechanisms that regulate nAChR gene expression. 1 investigate.

in Chapter 6. the expression ofnAChRs in sympathetic neurons. as they develop in culture

under various conditions. 1 demonstrate that activiry plays a differential role in nAChR

expression and identify one signalling pathway that leads to the expression of one single

nAChR subunit. My findings provide a link between neuronal activiry. CaM kinase Il

activiry and neurotransmitter receptor expression. Such link suggests a potential

mechanism for synaptic plasticiry. In this chapter. 1 :llso provide sorne clues to the role

ofNGF on the e.xpression of nAChR genes. Finally. 1 begin to investigate the expression

of nAChK genes in nadose neurons.

In Chapter 7. 1demonstrate a correlation between increases in transcript levels for one

single nAChR subunit and increases in ACh-evoked current densities. In addition. 1

examine the contribution of the a.-BTX-nAChRs on the macroscopic ACh-evoked currents

on SCG neurons.
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Chapter 2

General Methodology

This chapter describcs the general mcthods and the matcrials used for the expcriments

described in the following chapters. In the "experimental procedures" sections of each of

the following chaplers. relevant additional information is included.

2.1. NEURONAL CVLTURES

Nodose and superior cervical (SC) ganglia were dissected under sterile conditions

trom Pl to PI4 rats (Sprague Oawley. C.O. strain. Charles River. Canada) that were killed

by cervical dislocation. The dissected ganglia were placed in a petri dish containing

plating medium (see below).

2.1.1. Dissociation and pIating

The ganglia were dissociated and the neurons cultured as originally described by

Mains and Panerson (1973). Hawrot and Panerson (1979) and Hawrot (1980). The

dissociation was done at 37Q C in the following enzyme containing medium: moditied

HBSS (see below). 8% (v/v) FVM (see below). 4 mM HEPES (pH 7.4). collagenase (1

mg/ml. type 1: Sigma) and :l neutral protease. dispase (grade 2. 1.4 mg/ml. Boehringer

Mannheim). Atier a 15 min incubation period. the ganglia were gemly triturated (pipened

up and down) with a 5 ml serological pipene 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. Oispasc was used because it is a mild proteolytic enzyme that causes minimal

damage to neurons. The dissociation cominued at 37Q C ter another 3-4 hrs. while

triturating the ganglia several times every 15-10 min with a tire polished pasteur pipette

coated with plating medium.

When cells were tùlly dissociated. 5 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.) JI 1335 RPM for 5 111111. Cells were then

resuspended in 0.5 ml ofplating medium and added on the top ,lf5.7111I"LI 35"" perc"ll

sclution (see belowl. The percoll solution was eentritùged ti.lr 20 min ;\t 1335 RPl'.l III

establish a gradient of eells: more than 95"" of the neul'Ons pdleled to the bolt0111 ,,!, Ihe

tube. while "'80% of non-neuronal cells remained in suspension. The top 3.5 ml llf tht.·

solution was either discarded or kept for non-neuronal edl cultures (sec bdow): the

pelleted neurons were washed twice by centrilùgations in plating 111ediu111. resuspendeù

in plating medium (0.1 mliculture dish). and added to Ihe ,'enter weil of 1110ùitieù petri

dishes (sec bdow) which had been previously coated with laminin (sec bdow) ,mù that

contained 1.5 ml of gro\Vth medium (sec bdow). The ccII suspension \Vas restricted to the

center weil of the culture dish by a sterile glass ring. The glass ring was rcmoveù 24 hrs

later. a time at which ail neurons have attached to the substrate and extended neuritt.'S. In

spite of the pereoll separation (above) a few non-neuronal cells rc111ained in th~ neuronal

suspension ofSCG. while signilicantly more remained in the nodose n..:uronal s"Uspension.

For relativdy pure neuronal cultures. 5-10 ).lM cytosine arabino-lùranosidc (Am-C. Sigma)

was added to the growth medium 1er the tirst 3-4 days of culture.

2.1.2. Isolation of g:mglionic non-neuronal cells and satellite cell-neuron co-culturcs

The non-neuronal ceIls of dissociated nodosc and SC ganglia were obtaincd ti'om the

percoll separation step (above): alier the centrifugation. the non-neuronal ccII lrnction

remains on top of the pereoll solution. while the neurons pellet to the bottom. Therelorc.

we collected the top layer (3 ml) of the solution and transl~rred it to another 15 ml

centrifuge tube. and washed the cells twice by centrifugation in plating medium. The

non-neuronal cells l'rom nodose ganglia were occasionally culturcd alone to prepare

monolayers of satellite cells. which then served as substratcs lor subsequent neuronal

platings. Alternativcly. the non-neuronal cclls were mixed with neurons before plating and

both cell types were co-cultured. ln addition. non-neuronal cells l'rom nodose and SC

ganglia were used for RNA isolation (sec section 2.4.1.). Ovcr 95% of the cells isolated

in this manner are non-neuronal as measured by cell counts under phase contrast

microcopy. The nodosc non-neuronal ccli population is composed of satellite cells

.'
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Ip<:ri-somatic glial. S<:hwann cells Ip<:ri-axonal glial and tïbroblast~ (Pannes<:. 19RI). ln

<:ultur<:. the tirst two typ~'S are indistinguishablc: wc have not attcmpted to diff<:rcntiate

sat<:lIite <:ells and Schwann cells. which are very c10sely related (Liebcrman. 19ï6:

Pannesc. 1981; Le Douarin and Ziller. 1993 l. In this thesis. 1refer [0 spindle shaped <:ells

( 10-1 ~ ~lm long and 3--1 !lm at their widest portion) as satellite cells. Fibroblasts :latten

on the substrate and cover a large area (>100 !lm diameter). When plated in culture.

satellite ccIls prolit,:rate much more rapidly than the tibroblasts. so they can rapidly form

a contluent monolayer (3--1 days). As they divide more rapidly. satellite ceUs can be killed

with 3--1 days of Ara-C treatment. In eontrast. tibroblast-like cells divide slowly in these

nodose cultures and many do not die with a 4 day Ara-C tre:ltment. Although they are low

in number in enrich~'d neuronal cultures «5%). they !latten on the coverslips and cover

large areas unJer the neurons within a few days in culture. and become difficult tu dcteet

by phase microscopl'. In this thesis. when 1 refer to satellite-cell free neuronal cultures.

these tibroblasts mal' be present.

2.1..3. Incubation

The cultures were incubated in a humid atmosphere of95% air and 5% CO: at 3ï°C.

and were fed with growth medium every :2. 3 or 4 days depending on the experimental

paradigms.

2.1.4. Solutions and media

ModiJied Ll5 medium: Leitzbovitz 15 (L15: Gibco) was used as a base ter ail media

(plating and growth). The powder (14.9 g) was dissolved in 1080 ml of double distilled

water (ddH:Ol. To the mixture was added: 60 mg imidazole. 15 mg gluramic acid. 15 mg

proline. 10 mg inositol. 15 mg aspartic acid. 15 mg cystine. 5 mg 13-alanine. :2 mg vitamin

BI:2. 10 mg <:holinc chloride. 0.5 mg lipoic acid. 0.0:2 mg biotin. 5 mg 13-aminobenzoic

acid. 25 mg tùmaric acid (ail trom Sigma). and 004 mg co"nzyme A (P·L Biochemicals.

Inc.l. The pH was adjusted to ïo4 \Vith 1 M HCI. and the medium was filtered through a

0.2 !lm tilter (Nucleopore). This moditied LIS medium is tenned L15-Air.
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Ll5-CO:: to R50 ml of LIS-Air. 1iO ml of 150 mM N;IHCO> W;I,' adJed bell)re liltratilln.

The pH of this solution. used in growth media. was kepl al 1'1-1 -.~ by expl)sing il III

an atmospherc COil',:!ning 95% air and 5"" COz.

These media wcre stored al ~oC 101' up to h momhs.

GrowlII medium: Gcnerally consisled of LIS-COz. supplemenlc'd with FVl\l. 5"" l'al

serum and neurotrophins.

Modified HBSS (Hank:, balanCt!d salr sollllicJll): I~O mM :"aCI. 5"~ mM KCI. IU3 mM

NaHzPO~. OA~ mM KHzPO~. 0.1:\ mM i\lgel:- III mM

N-2-hydroxyethylpipt;";lZine-,v'-2-ethanesulfonie aciJ 1HEPES 1. 5.6 mM glucllse. 5

).lg/ml phenol red (pH adjusted to iA with \ N NaOHl.

Fresil l'itamin mi.~ IFV,"{): 1.25 mg/ml ascorbic acid. 65 ~Igml glutUlhione ;md 12 ~lgiml

6.i-Dimethyl-5.6.7.8-tetrahydropterine [Sigma]. supplemented with 100 mg.'ml glucose

(Fisher). L-glutamine (50 mM. Gibco) penicillin (12000 units/ml. Gibe ,l.

streptomycin (12000 ).lg.'"ml. Gibco)

Ph/ring Medium: consist of 45 ml of LIS-Air. 5 ml herse serum (Gibcol and 2 ml FVM.

Pereoll soill/ion (35%): 2 ml percoll (Pharmacial. 3.7 ml LIS-Air and 0.\ ml of 1 M

HEPES (pH 7.4).

Rai serum: The rat serum was prepared by blecding male rctircd brcedcrs (Spr.lgue

Dawley. C.D. strain. Charles Rivcr Canada Inc.) that \Vcre asphyxialed in a COz

saturaled bell jar. The blood was allowed to clot on icc and cemrifugcd at 16.000 rpm

at 4°C for 30 min to pellet the blood cells. The supematam (serum) was kcpt at 4°C

ovemight. recemritùged. tiltered lhrough a 0.22 ).lm tilter and slored in 2.5 ml aliquots

at -20°C.

Neurolrophins: Two types of NGF wcre used in our cxperimems. Firsl. 75 NGF was

isol:llcd and puritied l'rom mouse salivary glands using column chromatography

through Sephadex G-IOO and DEAE-cellulose (by.-Brigitte Pië and Ailan Mandelzysl

based on the method of Bocchini and Angelclti (1969). Thc NGF slock (1 mg/ml in

ddH,O) was tiltered through a 0.22 ).lm mcmbrane and storcd at -iO°C umil use. Wc- -
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t.:st.:d th.: aClivity of this 7S NGF by growing SCG ncurons in incr.:asing

.:onccntrations. Wc us.:d the dos.: (usually 1 J.lg:ml) rhat provided maximal survival

and n.:urite outgrowth l'rom SCG ncurons culturcd for 1 wc.:k. Second. wc us.:d

r.:combinant 2.5S NGF at 25 nglm!. We also used BDNF and NT-3 (provided by

Amgen) at 25 nglm!.

2.1.5. Modified culture dishes

Holes (5-15 mm in diameter) were eut in the center of plastic petri dishes (Coming.

35mm) and covered with an aclar (Allied Plastics) coverslip tixcd to the outside with a

silicon e1astomer (svlgard: Dow Coming). This creates a shallow (2 mm) weil in the.- -
c.:nt.:r of the petri dish. which allows changing the growth media without exposing tho::

n.:urons to the air. The day before a culture. the petri disho::s were sterilized with

ultraviolet light (20 min). and 50-100 llilaminin (prepared by Steve Gee and Yves Gagnë.

in Dr. S. Carboneno's laboratory. Center for Research in Neuroscience) at a concentration

of 30 llglml (diluted in LIS-Air) was added to the center wells and left at 4°C ovemight.

Prior to plating the neurons. the dishes were washed t\vice 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 sitll hybridization.

2.2. STAINING AND BINDING

2.2.1. Immunocytochemistry

Freshly p-epared fixative solution (sec below) was added (~l ml) to culture dishes for

15 min. The tixed neurons were rinsed 3 times with Tris-buffered saline (TBS: sec

bclow). permeabilized with 100% ethanol at -20°C tor 15 min. rehydrated with 3 rinses

of TBS. and incubated in blocking buffer (see below) tor 30 min. In the same solution.

primary antibodies were added for 1 hr at room temperature. Atter 3 rinses with TBS. tho::

secondary antibodies (goat anti-mouse FITC and goat anti-rabbit RITC [1 :500 or 1: 1000].

or horsc anti-mouse"'b:otin and donkey anti-rabbit biotin [1 :200 or 1:500]) were addcd for



• 1 hr (Boehringer Mannheim. ICN immunobiologicals. Sigma\. When biotinylated

secondary anribodies were used. strepavidin-FITC or strepavidin-alkaline phosphmase tAPl

was added for 45 min. alier rinsing. \Vhen strepavidin-AP was used. eells wen: rinsed

once more with AP reaction butTer (sec bclow). and incubated in Ar reaetion buffer plus

NBT (ISO J.lghnl: sce below) and BCIP (360 J.lgiml: sec below) to ;lllow AP enzymatie

rcaction. When a Slrong brown staining appcared (::30 min). the re;letion was tenninated

with stopping butTer (s....e below). Ail incubations and rinses were donc in the moditied

culture dishes (sce 2.1.5.). in which the neurons were !!rown in the center weil: in this

way. small volumes ofantibody solution (25-50 J.ll) could be used to incubate the neurons.

while large volumes (::2 ml) of TBS were used for rinsing out antibodies. Alier the last

rinse. the coverslips were pealed otT from under the culture dishes with small forceps and

mounred on slides using Immuno Fluore mounting medium (ICN lmmunobiologicais). 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 tixative solution:

The fixative solution consisted of 4% paratbnnaldehyde in 0.1 M phosphate butTer

(pH 7.4). 25 ml of ddHp was wanned up to 50-60cC in a clean beakcr containing a

stirring bar. 4 g of parafonnaldehyde (16% solution: w/v) was added to the wanned

ddH20. While stirring. :: 10 pasteur pipette drops of 10 M NaOH were added until almost

ail the parafonnaldehyde was dissolved. A drop of phenol red was added to approximatc

the pH (Le. pink solution). Drops of 10 M Hel were then added until the colour changed

to red-orange (the accuracy of the pH is not critical at this step). The solution was Iiltered

(0.22 J.lm) to remove traces of undissolved parafonnaldehyde and kepl coId alierward unril

needed (within 24 hrs). At the time of fixation. the parafonnaldehyde stock {16% 1 was

mixed with phosphate butTer (pH 7.4: 0.5 M stock). Occasionally. glutaraldchydc 10.02%:

from 25% stock: Fisher) was added tO retain better neuronal morphology. The tixative

solution was wanned up to 37cC betore use.
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2.2.2.2. Solutions amI rea!!cnts for immunocvtochemistrv:

:lP (ll/ku/ine p//(JSp/IlIlUSe) reuction /mt/er: 100 mM NaCI. 5 mM MgCI::. 100 mM

Tris-HCI (pH 9.5).

BCIP ("mmoc/r/omincloZ\'/ phosphate): 50 mg of BClP dissolved in 1 ml of 100 "'<.

ùimethylfonnamide: vortexed weil and stored at 4°C. protected l'rom lighl for up to

a year (Boehringer Mannheim).

B/oding blitfer: TBS containing 5% nonnal serum (either from goat. rabbit or horse

ùepending on the secondary antibody origin).

NBT (nitro b/ue tetra:o/iull1): SO mg of NBT in 1 ml 70% dimethyltonnamide: stored at

4°C. protccted from light for up to a year (Boehringer Mannheim).

P/lOsp/lClte blltler: tor 1 liter 01'0.5 M phosph:!te butTer pH 7.4: 387 ml of 1 M Na::HPO~

and 113 ml of 1 M NaH::PO~. completed to 1 liter with ddH::O. Sterilized by

autoclaving.

Phosphate blitfer saline (PBS): 0.1 M phosphate butTer (pH 7.4) with NaCI 0.9%.

Sterilized by autoclaving.

Tris-blitlèrecl saline (TBS): S mM Tris-HCI. NaCI 0.9%. (pH adjusted to 7.4 with HCI).

Sropping bliffer: PBS (pH 7.4) and 20 mM NaEDTA.

2.2.3. Lucifer yellow injection

A stock of lucifer yellow (lithium salt: Sigma) was prepared by dissolving S mg of

luciter yellow in 100 III of distilled v.lIter (S%). This solution was then mixed with LiCI

200mM (1: 1). Microelectrodes filled with the lucifer yellow solution (resistance of 20-70

Mn) were used to impale neurons. The microelectrode was connected to a tank of

prcssurized nitrogen and the relcase ofpressure was controlled by a solenoid valve. When

a resting potential ofat lcast -30 mV was observed. lucifer yellow was injected with brief

pulses (0.1-1 sec) of pressure (S-IS psi). Lucifer yellow (potassium salt: Sigma) was also

used to label neurons whiIe perfonning whole-cell voltage clamp expcriments (see chapter

4). In thesc experimcnts. the lucifer yellow was included in the pipette solution and

diffused passively into the cell during the recor~ings.
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2.2.3. Measurements of :\IAP2 labelled dendrites

The proportion of neurons lonning dendrites W:lS measured by couming the number

of neurons with :lnd without dendrites in cultures th:lt were immunostained l\lI' MAP;:

alier 1. : and 3 weeks in culture. In this thesis. 1 rcfer to thiek. tapering. MAP: positive

processes that end locally (but that have a length of:lt least one eell body diameter

[>35J.lm]) as dendrites (Dolti I!( <JI•• 19R8: Bruckenstein and Higgins. l<lSSa.bl. The

number of primary dendrites per neuron was detennined I\)r ail neurons that had dendrites

in a given culture. The mean dendritic Icngth was measured by projecting the im:lge l'rom

an inverted Zeiss (axiovert 35) microscope on a digitizing tablet and analyzed \Vith

Sigmascan soft\V:lre (Jandel Scientilic). The Icngths of C:lch primary dendrite. including

the bmnches. were measured on 30 ncurons with dendrites in :1 given eulture. We

expressed the t01:l1 dendritic growth :lS the product of the percemage of neurons with

dendrites. the number of prim:lry dendrites per neuron. :lnd the me:ln length of dendrites.

Wc :llso tmced MAP2 positive processes omo p:lper by C:lmemlucid:l dmwing: to do this.

\Ve used AP-I:lbelling and bright-lield microscopy.

2.2.4. et-BTX binding

SCG neurons were pl:lted:lt 5000-6000 neuronslcm~ on 3 cm~ :lclar coverslips. Belore

perfonning et-BTX binding. ail cultures were w:lshed rwice with pl:lting medium. followed

by :1 90 min pre-incub:ltion with or without 1 J.lglml of cold et-BTX in pl:lling medium at

37°C. [1~SI]et-BTX (1.5 nM: 130 Ci/mmol: NEN: kindly provided by Dr. M. Quik.

Dep:lrtment of Phannacology. McGill University) dissolved in plaling medium was Ihen

added 10 every dish for a 90 min incubation at 37°C. The cells were subsequently w:lshed

6 times with plating medium over:l 60 min period 10 rcmove:lll unbound [1~Sll-et.BTX.

The neurons were lin:llly extmcled in 0.5 ml of 0.5 M N:lOH. :lnd the mdioaclivily W:lS

me:lsured with a (-counter (from Department of Phannacology).
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2.3. ELECTROPHYSIOLOGY

2.3.1. Patch-damping rccording conditions

W..: used th..: modified culture dishcs (se..: 2.1.5.) as recording chambers. The thin aclar

coverslips permit visualization of n..:urons at 400X on a Zeiss (axiovert 35) microscope.

The ground c1ectrod..: was connecœd using an agar bridgc (small tubing tilled with

perfusion solution containing 2% agar). During the recording. the chamber was conrinually

perfused at a rate of 0.5-1 ml/min using a peristaltic pump (Extracorporeal) and the tluid

was withdrawn via a suction tube positioned at the opposite side of the chamber. The tluid

volume in the recording chamber was approximarely 500-800 Ill. Ali recordings were done

at room temperature (21-24°C).

Membrane currents were measured with whole-cell patch-clamp techniques (Hamill

e( al. 198\) using a LIST EPC-i amplifier. Currenrs were usually liltered at 3 KHz with

an eight-pole Bessel tilter (Frequcncy Deviees. Inc.). and then sampled. displayed and

stored on line with a 386-based PC computer (AT c1ass with an EISA bus running at 33

MHz and a 64K cache and an AlD card [Omega]): we used Patchkit (Alembic Software.

Montreal) for data acquisition and analysis. In sorne experimenrs. the currents were

digitized at 44 kHz by a pulse code modulation unit (PCM iD\. Sony Corp.) and stored

on a Beta video cassette recorder (Betamax. Sony Corp.). The pipette resistances \Vere 2-6

MQ (Narishige PP-83 patch pipette pu11er) and the currenr signal was balanced to zero in

the extracellular perfusion tluid (sec 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 eXlracellular medium were applied for 1 to 4 sec onto the

cell body by pressure ejectio!l ITom an e1ectrode with a ::10-20 Ilm diameter tip. The

pipette tip was positioned at 20-30 Ilm fi"om the cell body. so that.. on application of light

pressure (::10-30 KPa from a tank of pressurized nitrogen) the entire cell body and

proximal processes \Vere perfused. Thc cultures \Vere continuously pertùsed at a rJte or



• 1 ml!min so that no buildup of li!!and oeeum:d in th.: reeordin!! chamber durin" the.. .. =-
.:xp.:rim.:nt.

Second. ligands were also appli.:d by pressure ejeetion. bm from double barrel pipettes

(se.: b.:low) to t.:st for sensitivity of two diff.:r.:nt ligands on the same neuron. The tir

op.:nings were also .. 10-20 J.1m. and the pressure \Vas applied in one pipette at a time.

Third. we us.:d a method of rapid agonist application: the agonist solution is applied

to a neuron from double-barrel pipette (see below). each barrel having a tip opening of

150-200 J.1m in diameter. The double-barrel pipette is attached to an e1cctromechanic:11

switching device (built by John Knowles. Department of Physiology. McGill). and its tips

are positioned ..30-50 J.1m from the n.:uron. with the central axis of one barrel in line wÎlh

the n.:uron: initially the neuron is pertùsed by the solution from this barrel (control

solution). but. by triggering the e1ectromechanieal device. the second barrel rapidly moves

into position and perfuses the neuron with its solution (agonist). The !low raIe from each

barrel is usually 8-12 J.11/sec: higher rates are difficult because they detach th.: n.:urons

from the substrate. The t10w from each barrel is conlTolled by a valve so that lhe !low of

agonist is not continuous. but limited to recording period (usually 2-5 s for each trial): in

addition. the recording chamber is pertùsed at 1-2 ml/min with perfusion solution (see

below) to minimize the build up ofagonist. To assess the speed of our agonist application

technique. we tilled each barrel with a different salt concentration and measured the time

course tbr the change in electrode tip pOlential 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 eleclTode 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 pertùsion solution as weil as in the agonist SolUlion

to block unclamped volrage-dependent Na'" currents (see Figure ï.I).

For measuremenrs of ligand sensitivity. neurons with e1ear nuelci were selecled at

random and volrage-clamped at -60 or -50 mY during drug application. Ali eurrcnt.~ were

norrnalized to whole-cell membrane eapaeirance by illlegrating the capacity currellt .:voked

by a 5 mY hyperpolarizing voltage step from a holding patenti:11 of -60 or -50 mY.
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Figure 2.1 R~pid ~gonist ~pplic~tion . .Jo. p~tch dcctrodc cont:lining regul~r intrnccllul~r

medium (scction 2.3.-1.) \V~ pcrtùscd by one b~rrel eonmining 50 mM N~CI. By triggering
an ~1t:ctro-m3gnt:tic dcvice at ~he lime indicatcd by the arro\\'. :l second barrel perfusing
250 mM N~CI movcd rnpidly in tiont orthe ~tch elcctrode tip. The resuhing shi ft in the
liquid junction potcnti~1 produced ~ current th~t ~ehed ilS ~k \Vithin ~pproxim~tcly 2
ms.

For measurements of ACh-evoked current densities on nodose neurons. 50 J.lM ACh

\Vas used: at this dose. !inle desensitiz:ltion 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-cetl 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 J.lM) was used in parallel

(double-barrel). it was shown not to detect more ACh-sensitive neurons (Mandelzys and

Cooper. 1992). indicating that 50 J.lM ACh is sufficient to measure the proportion of

neurons expressing functional nAChRs.

Double-barrel elecrrode puffers: Two microelectrodes were 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 lUrned off

to atlow the twO twisted microelectrodes to cool down: then vertical tension was applied

with heat to pull two identical double-barrel putTers. For experiments using pressure
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ejection of ligands. the tips \Vere eut to have opcnings of 10-20 ~lIn. using sharp dissection

forceps. For làst application experiments. tips \Vere cut to be 150-200 ~lm in diameter. and

the edges \Vere smoothed with a sharpening rock.

2.3.3. Voltage-gated Ca2+ current recording

For recording Ca!+ currents. we used 2 depolarizing proloeols. one to locus on lhe

tail currcnts (e.g. L-type Ca!+ currents) and one 10 locus on more r.lpidly inactivaling

Ca!+ currents (including N-type Ca!+ currents) (sec Chapter 6 for details). The perlùsion

solution was the same as that shown below except that it conlained 5 mM CaCI!. 1() mM

tetraethylammonium (TEA)-bromide (Sigma) and 2 mM 4-aminopyridinc {4-AP)-CI (grade

Il. Sigma). In most recordings. the dihydropyridine agonist {+)-202-791 (1 J.IM: stock: 1

mM in ethano\. Sandoz Pharrna) was added to the perlùsion solution to allow beller

resolution of the tail currents.

2.3.4. Solutions and reagents for electrophysiological recordings

Pipette solution (regular): 65 mM KF. 55 mM KAc. 5 mM NaCI. 1 mM MgCl!. 10 mM

ethylene glycol-bis (b-aminoethyl ether)-.v.N.,v·.N·-tetraacetic acid (EGTA). 10 mM

HEPES. and 0.2 mM CaCl: (tinal concentration of .. \0-7M): pH was adjusted to 7,4

with 2 M KOH (tina1..20 mM). ln some experiments. the pipette also contained 0.5%

lucifer yellow (potassium salt: Sigma).

Pipette sollllionjor recording Ca"· curre/lls: 65 mM CsF. 50 mM CsAc.4 mM MgCl:.

4 mM Na:ATP. 0.2 mM NaGTP. 14 mM phosphocre:ltine (Sigma). 10 mM HEPES.

10 mM EGTA: pH was adjusted to 7,4 with 2 M KOH (linal..25 mM). The solution

was kept on ice during the experiments.

Extracellu/ar petfusion solution (regu/ar): 140 mM NaC\. 5,4 mM KCl. 0.33 mM

NaH2PO.\. 0.44 mM KH:PO.\. 2.8 mM CaCI:. 0.18 mM MgCl!. 10 mM HEPES. 5.6

mM glucose. 2 mM glutamine. 5 IJglml phenol red: pH was adjusted to 7.4 with 1 M

NaOH (final..2 mM). For fast agonist application experiments. 0.5 IJM Tetrodotoxin

(TTX: Sigma) was added.
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E.I"IriKellular perfitsirm Sollllion.!;,,· re,"ording Cr'+ curre/1/s: same as above cxcepl that

CaCI, was al 5 mM. and 10 mM retracthvlammonium {TEA)-bromide (Sigma). 2 mM- . -
4-aminopyridinc (4-APl-CI (grade II. Sigmal and 1 IlM TTX were addcd.

2.... MOLECULAR BIOLOGY

2....1 RNA extraction

RNA was extraeted l'rom nodose and SC ganglia or t'rom cultured neurons. by a

method based on Chomczynski and Sacchi (198ï). The ganglia were disseeted and kept

in a petri dish containing ice-cold LIS-Air until the end of the dissection. The ganglia

were then transferred to a 15 ml polypropylene tube (Falcon 2059). and the Ll5 air was

removed and replaced by 3 ml of ice-cold solution 0 (see below). The ganglia were then

homogenized using a polytron. For many experiments. the ganglia were dissociated and

neurons were separated l'rom non-neuronal cells as described above (2.1.1.) prior to RNA

extraction. In that case. the dissociatcd neurons were rinsed once with plating medium

(2.1.4.) and once with ice-cold modified HBSS (2.1.4. containing DEPC-H20 [see beIowj)

and resuspended in solution 0 (usually 200-400 Il\) by pipetting up and down 10 times

with a "piperman" (no polytron was necessary). For cultured neuron$. the petri-dishes were

rinsed l\vice with ice-cold modified HBSS (plus \ mM CaClzl. Then. 2-4 petri dishes

t'rom one given condition were typically pooled together and 300-400 III of solution 0 was

used to colleet the RNA. To maximize yicld of RNA extraction. 100 III of solution 0 was

added to the center well of one petri dish. pipened up and down 5 times and the solution

was tran.;ferred to a seeond well. A second 100 III of solution 0 was used to rinse the

same center well.

The following solutions were added sequentially to the solution 0 containing neuronal

extraclS while vorte.xing bel\veen each one: sodium acetate 2 M (pH 4.\) at al: 10 ratio

with solution 0: phenol (see below) at al: 1 ratio with solution 0: chloroforrn:isoamyl

(24: 1) at a 2: \0 ratio \Vith solution D. This mixture was kept on ice for 15 min.

eentritùged tor 10 min at 4°C ( \0 OOOg). and the aqueous phase was recovered and mixed

\Vith cqual volume of isopropanol and stored at -10°C for \ hr or ovemight (24-48 hrs for
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cultured neuron RNA). The precipitated RNA \Vas then centrifuged. resuspended in 0.1

to 0.5 ml of solution D (depending on the amount of RNA) and repreeipitated \Vith equal

volume of isopropanol at -20°C for 1 hr or ovemight (2-14S hrs for R:-JA from eultun:d

neurons). The prccipitated RNA \Vas rinsed \Vith iO% ethano!. air dried and resuspended

in DEPC-H~O (100400J.l1) and the optieal densities (OD:l>o and OD:~o) \Vere measured

on a spectrophotometer to quantify the amount of RNA (OD~bn of 1=-IO~Ig!1111 RNA! as

weil as the ratio RNA:DNA. A rJtio OD:lW'OD:l~O of I.S-2.1 was eonsidered satisfaetory

for RNase protection assays. The RNA trom cultured neurons was resuspended in only

100 J.ll. and its OD was measured using an RNase tree microcuvelle (100 J.lI: Beckman)

that was pre-cleaned with DEPC-H:l0 containing 100 mM NaOH and 1 mM EDTA. In

this manner. the ODs could be measured for the entire RNA samples. without extm

dilutions. The RNA was then re-precipitated and kept at -20°C unti! use for RNase

protection assays. Our average yield of total cellular RNA trom -1 retri dishes \Vith each

=6000 SCG neurons cultured for 7 days was 2.0 ± 0.2 J.lg.

2.4.2. Riboprobe synthesis

Riboprobe syntheses. for RNase protection assays and il! sitll hybridization

experiments. were performed according to that described by Krieg and Melton (1987).

[3~p] radiolabelled antisense RNA probes \Vere transcribed il! "iII"O trom Iinearized

plasmids containing subcIoned portions of the cDNAs of interesl. For the trJnscription

re:lction. the following reagents were added sequentially in a microcentrifuge tube: 1 J.l1

of ATP. GTP and CTP (10 mM stock: final=500 J.lM: ProlToega). 8.5 J.l1 nuclease trec

ddH~O (Promega). 2 J.ll 10X transcription butTer (see below). -1 J.ll 3"UTP (800 Ciimmol:

Dupont). 1 J.lI (30 Units) RNase inhibitor (Pharmacia). =0.5 J.lg of lincarized tcmplatc

cDNA (=1 J.ll) and 02 to 1.0,.11 of RNA polymerase (either SP6. T3 or T7. 5-10 Units).

The tinal volume was =20 J.l1: after mixing well. the solution \Vas incubated nt 37°C i"Or

50-60 min. Occasionally. fi'esh polymerase was addcd for another 50-(,0 min of

transcription re:lction. The template DNA was then digested with 10 Unil.~ of DNasc 1

(Pharmacia) tor 20 min at 37°C. To he1p precipitating the probes. 10 J.lg tRNA (Sigmal

\Vas added. before 100 J.l1 DEPC-H~O and 100 J.l1 watcr-saturated phenol:chlorofonn
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(50:50) was added and vortexed weil in order 10 remove ail proteins. Aftcr 5 min

centrifugation (10 OOOg). the aqueous phase was eolleeted and mixed with 9 ~li of 1() iv1

.unmonium acetatc and 322 ~li ethanol. The probcs \Vere precipitated for 30 min and

centri tuged for 20 min at 10 OOOg.

1n order to e1iminaœ any smaller radiolabelled R?'JA rcsulting from incompletc

transcription. which could intertère with the tùll length riboprobes in the hybridization

rcactions. wc "gel purified" the probes. The pelleted probes were resuspended in loading

butTer (sec below) and separated by electrophoresis on a 5% polyacrylamide-8M Urea gel

(see below) for 1 hr at constant voltage (240 V) with 1X TBE (see below) as the running

butlèr. Following electrophoresis. the gel \Vas adsorbed tO Watman paper and covered

with plastic \Vrap. and exposed to Kodak X-ray film (in the dark room) tor approximately

1 min to reveal the probe signais. The outline of the film was drawn with a marker omo

the Wallnan paper during the exposure period: the developed X-ray mm could then be

plaeed rock on top of the gelto excise the probes (through the tihn) \Vith a razor blade.

The highly radioactive piece of gel was then put in a microcemritùge tube comaining

dution butlèr (see below). The probes were eluted (vigourous shaking at 3i"C) tbr 2-1 S

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 tO 3 days 1.

2••.3. RNase protection assay

RNase protection assays were pertbrmed according to protocols described in Krieg

and Melton (1987). Sambrook el al. (1989) and Ausubel et al. (1989). with minor

modifications. Typically. 0.5-2 J.lg of total cellular RNA was combined with 1 to 3

radiolabelled riboprobes (usually ~OO 000 cpm each). both as ethanol precipitates. The

mixture was centri fuged at 10 OOOg tbr20 min. the ethanol removed and the radioactive- - ---

pellet rcsuspended in 30 J.l1 hybridization buffer (sec below). by 30 triturations. We found

thal this method gave us much more reproducible rcsults than resuspending the pellet by

vonexing. The RNA mixture was denatured at 85-90 oC tor 10 min and incubated

ovemight at 60°C. The tbllowing day. the non-hybridized riboprobes (or ail single

strandcd RNAsl \Vere digcstcd by a 30 min incubation at 37°C with RNase Tl (1000
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Units. Sigma). in 350 ml of digestion butTer (sec bdo\V). To stop the digesti~ln reaeti"n.

50 Ilg of proteinase K (Sigmal and 10% sodium dodecyl sullàte (SOSl wen: adued Illl":1

15 min incubation at 37°(, Then. 10 Ilg of tRNA \Vas added to help preeipit:nc the

RNA/riboprobe duplexes \Vhich \Vere tirst extracted \Vith phenol:chlorollmn (SO:SOl. Alier

vortexing and ccntrifuging (5 min. 10000gl. the aqucous ph:lse \Vas recllvered and

combincd \Vith 1 ml of 100% ethanol to precipitme the RNAribllprobe duplexes. \Vhich

took 30 min at room temperatllre. Atier centrifugation (20 min. 10 (lOOgl the eth:lI1ol \Vas

removcd and the pellcted RNA/riboprobe duplexes \Vere resuspended in 30 pl loading

buffer by 30 "triturations". separated by incubating at S5-900( for S min. and

electrophoresed on a 5% polyacrylamide-R M Urea gel lor 2-3 hrs at 230 volts. The gel

\Vas then placed on Watman paper. covered of plastic \VrJp and vaeuum-uried 101' -1S·hO

min. The dried gel \Vas tirst exposed to a phosphor imaging plate tor 1·2 hrs :\t rollm

lCmperature to quamiry the hybridization signais. Then the gd \Vas exposed tll X-I~IY tiltn

at -70°C with an intensirying screen for 1-4 days.

The thermal stabilities for ail probes. as calculated trom their mdting temperatures.

diffcred by less than 1°C. The specific activity of each riboprobe \Vas calculated lrom the

number of adenine bases. To quantiry the levels of mRNA among differcm transcripts.

the relative intensities of the hybridization signais were divided by the specitie activity

of the corresponding riboprobe.

2.4.4. ln situ hybridization
,

For in silll hybridization. neurons were grown in small (5 mm-l coverslips to

minimize the amount of riboprobes. T\Vo labelling techniques \Vcrc used: e"Pj-labelled

riboprobes revealed by emulsion photography and digoxigenin (OIGl-labelled riboprobes

revealed by immunocytochemistry with a OIG antibody conjugatcd \Vith alkaline

phosphatase (DlG-Ab-AP).

2.4.4.1. Fixation of cells

Cells \Vere tixed according to that described in section 2.2.1 •. except thut the lixative

was preparcd with OEPC-H,Q. Glutaraldehyde (0.01 %l was also used tàcuitatively (better
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tixaliun qualily. bUI weaker hybridizalion signais). Neurons also wcre permeabilized with

10()'~'" ethanol al _20°C for 15 min. or alternati"c1y with 70". cthanol (30'~;' DEPC-H:Ol

and s(ored at -20°C u11lil use (uP 10 2 weeks).

2.·t·t2. Pre-hvbridization

Cclls wcre re-hydraled by 3 dnses \Vith DEPC-PBS. Salmon sperm DNA (tinal: 250

J.I~:ml: sec bclo\V) and tRNA (tinal: 500 J.lgtml) wcre boilcd tor 5 min and ehillcd on icc.

and thcn mixed \Vilh pre-hybridization buffcr (see below). containing RNase inhibitor.

vanadyl sulphate ribonucleoside complex (VSRC: 20 mM: Boehringer Manheim). The

mixture \Vas r.:idly added to the neurons in the center well of each dish (e.g. 20-30 J.ll)

and the cclls \Vere incubated for 1-3 hrs at 43°C in a humid incubator.

2.4.4.3. Riboprobe hvbridization

Precipitated cRNA probes (either eZpj or DlG -Iabelled probes: see below) \Vere

pclleted by 20 min centrifugation. rinsed with 70% ethanol. and air dried for 10 min.

Salmon sperm DNA and tRNA (same tinal concentrations as above) were added to the

pellet and thoroughly mixed by 30 triturations. The mixture was boiled 5 min atier which

the hybridization buffer. VSRC (20 mM final). and DTT (60 mM final) were added. Atier

removing the pre-hybridization buffer l'rom the center \Vell of each culture dish. the cRNA

probe-containing hybridization buffer was added (30 J.l1). The cells were incubated with

the probes for'" 16 hrs at 43°C in a humid incubator: 1 X 106 cpm 0;' [3ZPj_labelled

riboprobes or 20 ng of DlG-labelled riboprobes were mixed with 30 J.ll of hybridization

butTer.

2.4.4.3. Rinsing procedure and digestion of non-hvbridized -Ri'iA

After hybridization. the cells were rinsed l\vice with ",1 ml ofwarm (",43°C) 4X SSC

(see below) while gently shaking on a rotatory plate in a 43°C incubator tor 10-15 min.

Two lnorc rinses were repe:lled with 2X SSC and then the neurons \Vere rinsed once with

RNase ~utTer (see belo.\V). tbllowed by a 30 min incubation at 37 oC \Vith RNasc TI
/~-~, :.

(2J.lliml: Sigl~~î·iii·RNasè~b!.~\Ter. in order to digest any Ilon-hybriclized cRNA probes. This
~-
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\Vas follo\Vcd by 3 rinses \Vith ! X SSC for 10-15 min. and 1 rinsc \Vith O.! X SSC for 15

min at 43"C.

2.4.4.4. e:Pl-ribonrobes: cmulsion coatin!!. dcvdonmcm and si ide mounting

The emuIsion coating of e:P]-labelkd specimen \Vas earried out in the dark mom.

The emuIsion solution (50:50 Kodak NTB2:ddH:O) was melted by incubation in 3ioC

water bath. The aclar covcrslips were pealcd oiT l'rom the petri dishes and. one by one.

dipped v~rtically into the emulsion without tilting. Alier dipping for 2-3 sec. the

coverslips wcre \Vithdrawn. the excess emulsion drained into tissue paper. and the

coverslips were allowed [0 dry by standing vertic:llly in :l iight proof plastic box

comaining a Orierite bag tO remove humidity. The boxes were sealcd with tape and stored

at 4°C for 1 tO 2 weeks. bdore processing lor developmenl. To de"elop the cmulsion.

coverslips were dipped (in the dark room) in Kodak 0-1 iO devdoper (1JOC) lOI" (> min.

Oevelopmem was stopped by rinsing with ddH:O for 30 sec. and the emulsion \Vas lixed

with 24% sodium thiosulphate for 3 min. Alkr rinsing for 10 min with tap water and 3D

sec in ddH:O. coverslips were dehydrated by sequential rinses with 50%. i5%. 95% and

100% ethanol solutions. and air-dried lor 15 min. Coverslips were then moumed on si ides

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

2.4.4.5. OIG-riboprobes: OIG-antibodv incubation and alkaline phosphatase re-.Iction

Cells were rinsed once with DIG-Ab-AP buffer (see below) and incubaled with

DIG-Ab-AP blocking solution (see below) lor 30 min at room temperature. Then. the ceIls

were incubated for 1 hr with OIG-Ab-AP (sheep antibody: Boehringer Mannheim: 1/200

dilution in DlG-Ab-AP blocking solution). followed by 3 rinses with DlG-Ab-AP bulTer

lor 10-15 min on shaking table at room TOC. The alkaline phosphatase reaetion was

pertorrned as described in section 2.2_1 .. Cells were incubated with the rcaction mixture

lor 1 to 24 hrs depending on the intensity of the signal (brown color).

2.4.4.6. Riboprobi~llthesis for in situ hvbridization

e:P]-lab~ned cRNA antisense probes were synlh~'Sized. gel purified and c1utcd as
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d.:scribed in section 2.4.2.

DIG-Iabcllcd cRNA antisense probes \Vere synthesizcd aecording to the method

described in section 2.4.2. \Vith some modi tications:

The tollowing reagents \Vere addcd sequentially in a microcentritùge tube: 6 ~I of

ATP. GTP and CTP (10 mM stock: tinal=1.5 mM). 6 ~I of UTP:DIG-UTP mix

(75%:25%: both 10 mM stocks; UTP-DIG from Boehringer Mannheim). -+ ~I IOX

transcription butTer. 10 ~g linearized template DNA. 2 ~I (60 Units) RNase inhibitor

(Pharmacia). 0.5-2 ~I RNA polymerase (SP6. T7 or T3). completed to 40 ~l \Vith nuclease

tree ddH:O. Probes were synthesized for 1 hr. and fresh polymerase was added for a

second round of synthesis.

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 resusr-ended in DEPC-H:O and reprecipitated again with ethanol and ammonium

acetate. Finally. the pelleted probes were rinsed with iO% ethanol and resuspended for OD

measurements. after which [hey were re-precipitated and kept a -20°C until use (good for

several months).

2.4.5. eDNA plasmids

Plasmids (containing cloned cDNA and ampicillin resistance gene) were grown in E.

Coli. on 2YT agar plates (see below) or in 2YT medium (see below) containing ampicillin

(20-1 GO ~g/ml). The plasmid DNA was eXlracted and puritied using alkali Iysis of

baeterial cultures. phenol-chlorotorm extraction. and polyethylene glycol precipitation as

dcscribed by Sambrook et al. (1989).

Plasmids containing nAChR subunit cDNA inserts of CI:. CI3' CI4. CI5' Cl.7' 13:. 133 and

13-l were supplied by Dr. E. Deneris (Case Westem reserve University) and used as

templates lor the transcription reaction (Mandelzys et al.• 1994). The sizes of the

synthesized riboprobes (in base pairs) were Cl.:=194. Gl3=268. CI4=602. Gl5=54i. CI7=510.

132=581. 133=492 and 13-l=++ 1. Most of the probes were made against the carboxy terminus

and the 3' non-coding region. except tor the probes for CI4 and 13; which were made

against the amino termini. Ali chosen sequences exhibit very little homology among one
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another.

Plasmids eon!aining subcloned portions of neurotrophin reeeptors were supplied by

Dr. P. Barker (Montreal Neurologieal Institllte. MeGill university) for r!"kA lpSPrrk 5-i)

and pi5LNGFR (pSa). Dr. Tony Jc1sma (Center for Researeh in Neurosciencc. MeGill

University) and Dr. E. Shooter (Stanford University) for piSLNl;FR (pNGFRI). Dr. G.

Yancopoulos (Regeneron) for rrkB (pSK-rrkBl and rrkC lpSK-rrkC). The sizes of the

synthcsized riboprobes (in base pairs) \Vere: rrkA=39i. rrkB=i30 or 33S. rrkC=3~4.

p7SLNGFR (pSal=300.

The plasmid pSK-rrkB contained the tùll length ckllle of rrkB. T0 make a lemplate

cDNA for a riboprobe that would allow us to distinguish both major splice isofomls of

rrkB (i.e. rrkBTK'" and rrkBTK-). we eut the clone at site ~530 and in the polylinker of

pSK with Drall to remove a portion of the DNA. The cU! DNA was migrJted on a l'!';,

agarose (with ethidium bromide) to separate the Iinear plasmid l'rom the rc1e:lsed

undesired piece of DNA. The linear plasmid (Iarger band) was exeised ti-om the gc1under

a UV light. extracted from the gel by eentritùgation through micro-spin tilter (0.45 ~lm:

DiaMedl and religated using T4 DNA Iigase. By linearizing this moditied IrkB clone

[pSK-u*B'] with Hinc Il we transcribed an antisense riboprobe that spans part of the

intracellular tyrosine kinase domain (only in IrkBTK"') as weil as the transmembrane

region (common to both isoformsl. The riboprobe length \Vas 730bp. and the length of the

fragments after protection were: IrkBTK'" =7ISbp. IrkBTK- =21 Obp.

Plasmid containing subcloned portion ofGAPDH (pTRI-GAPDH-mouse plasmid) was

purchaSed from Ambion. Probe length=300bp: protected length of riboprobe= ISObp.

All restriction enzymes. DNA modilYing enzymes and transcription enzymes were

purchased from New England Biolabs (NEB).

2.4.6. Solutions and reagents for molecular biolog~":

2x YT ,V/edium: for 1 liter of ddH20. 16g bacto-tryptone. lOg bacto-yeast extract (Fisher).

and Sg NaCI: pH adjusted to 7.0 with NaOH 5N: sterilized by autoclaving ~O min.

AguI' plUies: 2x YT medium plus 15 mgiml bacto-agar: autoc1aved 20 min. cooled down
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to 50cC and 20 J.lglml of ampicillin was addeù bel'ore liquid (30-35 mi) was poured

in 10 cm plateso KepI at 4°C prolected l'rom light up to a montho

Dl!II/lCIrdtOs so/ution II}I}X: 2% (w/v) Ficoll (Sigma-mol biol grade). 2% (w°v)

polyvinylpyrollidine (mol. biol. grade: Sigma). 2% (w/v) BSA (fraction V: Sigma).

in ddH"O: tiltered through 0.45 !lm. aliquoted ("'1 mi) and stored at -20°C.

DEPC-H:0: diethyl pyrocarbonate-treatcd ddH:O. The ddH:O was stirred \Vith 0.1 ,~.;. of

DEPC for several hrs and autoclaved tor 1 hr to hvdrolvse the DEPC (l'rom Fisher).

D/G-Ab-AP bl!/}i!r IDigoxigenin-alllibocfy-alkaline-pllOsp/lCIlClse bl{/}i!r): 150 mM NaC!.

100 mM Tris-HCl (pH i.51

D/G-Ab-AP Blocking solUlion: OIG-Ab-AP butTer + 3% Fetal Calf Serum (v/v) and l '~'O

blocking n.-agent (Boerhinger Mannheim).

Digestioll bUJfer: 300 mM NaCI. 10 mM Tris-CI (pH i.5) and 5 mM NaEDTA in ddH:O.

DIT IDitlziotl1reiro/): 5 M DTT (mol. biol. grade: Sigma). dissolved in 0.01 M sodium

acetate (pH 5.2); tiltered through 0.45 !lm. aliquoted ("'1 ml) and stored at -20°C.

EllIlion huIler: 2 M ammonium acetate. 1% SDS. 33 !lglml tRNA. and DEPC-H,O

Hybricfi=ation bl!l1er.lor in siru hybricfi=ation: same as pre-hybridization buffer plus 10'Y.

dextran sulphate

Hybridi=atiml bl!tTer .101' RNase protection assa.t:ç: 80% deionized formamide (Fisher).

10% 10X hybridization butTer (400 mM PIPES [piperazine-N.N·-bis[2-ethanesultonic

acid]J butTer. pH 6.4.4 M NaCI and 10 mM EDTA). and 10% DEPC-H:O.

Loacfing bu}Ter: 80% tormamide. 1 mM EDTA. 0.02% (WIV) xylene cylanol. 0.02% (wiv)

bromophenol blue. and DEPC-H:O.

Phenol.lol· DNA prc:paration: The phenol (Fisher) was saturated with 0.1 M Tris pH 8.0

according to the method ofSambrook et al.. 1989. Hydroxyquinoline (0.1% w/V) \Vas

added 10 reduce oxidation. RNase activity. and to facilitate the distinction between the

aqueous and organic phases.

Phenol .lOI' RN.~ preparation: The phenol was saturated with ddH,O (+ O.I·~"

hydroxyquinoline1.

PIII!IIol:dr/oroJimll: 1 volume of phenol (DNA or RNA type: see above) was mixed \Vith
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1 volume of chlorofonn:amyl (24: 1).

PO~l"Gcrylamide-8.11/ Urea gel (5%1: (lor 50 ml) 24g ofurea (BRll. 5 ml of 10:'\ TBE.

6.25 ml of 24: 1 acrylamide:bis-acrylamide (38:2% stock. Fisher! and DEFC-H:O.

Once the ingredients were dissolved. the solution was liltered through Watman papcr.

500 ~l of 10% ammonium persulfate (BRLl and 10 ~l of TE:\.IED

(N.N.N·.N·-tetramethylethylenediamine. Fisher) \Vere added to catalyse gd

polymerization. which took approximately 1 hr.

Pre-hybridi=ation bulfer for in siru hybridi=ation: 50% tormamide (super pure grade.

Fisher). 4X SSc. IX "denhardfs". 20 mM phosphate butTer (pH 7.0). 20% (\V/v)

sarcosyl: filtered through 0.45 ~m tilter. aliquoted (:: 1 ml) and stored at -20°e.

RNase hulfer: 300 mM NaC1. 100 mM Tris-HCl. 5 mM NaEDTA. ddH,O.. -
Salmon sperm DNA: prepared according to Sambrook et al. (19891.

Solwion D: 4 M guanidinc isothiocyanate. 25 mM sodium citrate. 0.5"0 sarcosyl (v'\·).

0.75 % (v/v) B-mercaplocthanol

SSC: 20X solution: NaCI (175.3 g) and sodium citrate (88.2 g) in 1 liter of ddH:O. pH

adjusted to 7.0 with ION NaOH: sterilized in autoclave (20 min).

Stopping bl!lfer: PBS (pH 7.4) and 20 mM NaEDTA.

TBE: 892 mM Tris-HCl. 890 mM borie acid and 25 mM EDTA. pH adjustcd to 8.3 \Vith

HCI: Sterilized by autoclaving.

Transcription buffer: 400 mM Tris-HCl [pH 7.9]. 60 mM MgCI,. 20 mM spennidinc. 10

mM OTT: from NEB.

2.5. Data analysis

When seoring the percentage of neurons that extended dendrites or that \Vere sensitive

to capsaicin. the confidence Iimits of these percent.lges were estimated from the binomial

distribution (Walpole. 1982). St.lndard t-tests and Duncan's multiple-range tests were used.

wherc indicated. to detennine statistical ditTerences (Walpole. 19821.
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Chapter 3

NGF (nduces Neonatal Rat Sensory Neurons To Extend Dendrites

in Culture After Removal of Satellite Cells

INTRODUCTION

Vo:rtebr:lte neurons rypically have several dendrites that originate l'rom their cdl

bodio:s. and most afferenlS establish synapses on these dendrites. Little is known. howcvo:r.

about the mechanisms that stimulate or inhibit the initiation of dendrites. or what controls

the arborization ofdendrites once they have becn initiatcd. Studies have indic:lted that the

initiation of dendrites are. in part. govemed by mechanisms intrinsic to neurons (Dotti et

al.. 1988: Black and Baas. 1989). In addition. there is ample evidence that extrinsic

làctors intluence neuronal polariry and dendritic arborization (Mudge. 1984: Purves et al.•

1988: Snider. 1988: Tropea et al.. 1988: Bruckenstein and Higgins. 1988a.b: Lein and

Higgins. 1989: Chamak a:;d ProchianlZ. 1989: Johnson et al.. 1989: Clendening and

Hume. 1990: Rousselet et al.• 1990: Schilling et al.• 1991: Le Roux and Reh. 1994).

While almost ail vertebrate neurons extend dendrites. a notable exception is the

peripheral sensory neuron. Morphologically. sensory neurons are pseudo-unipolar. and

their ovoid somat:l.. 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 alter emerging from the cell body": one branch grows peripherally

and ilS terminais develop into a sensory transducer: the other branch grows centrally

forming synaptic connections within the CNS. The fact that sensory neuro~s do not

Co'tpress typical dendritic-axonal polarities. like those established on most neurons. suggests

that either part of the mechanisms that initiate dendritic growth are not lùnctioning in

sensory neurons. or mechanisms exist which actively suppress sensory neurons t'rom

extending dendrites. Deciding between these !wo possibilities should provide some dues

as to the mechanisms that control the establishment of neuronal polarity.

Previously. it was shown that when neonatal sensory ncurons from rat nodosc ganglia
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were culturcd in the absence of satellite cells. they tonned synapses among one another

(Cooper. 1984). suggesting that these neurons wcre expressing ne\\" postsynaptie e1ernents

necessary tor synapse fonnation. One example is the neuronal nAChR: in I·i\'(). fe\\"

nodose neurons express ACh-evoked currents. yet in [hese cultures. many have high

density ACh-evoked currents and the synapses are cholinel'Jic (Cooper. 1984: Manddzys

and Cooper. 1992). Other possible postsynaptic specializations that could be expresscd on

these neurons. and play a ro~e in promoting thest: novel synapses among sensory neurons.

are dendrites. If dendrites were being expressed de 110\'0 on these neurons. this preparation

would provide an attractive modcl [0 investigate various mechanisms that control dendritic

outgrowth. as well as targeting and localization of postsynaptie clements (e.g. nAChRsl

and nerve tenninals in neuron-neuron synapses.

To investigate whether nodose neurons have dendrites. one needs a rcliable marker

to distinguish dendrites l'rom axons as the neurons develop in culture. Thcrc are several

notable differences in cyroskeletal protein and organelle content berween axons and

dendrites. For example: (1) ribosomes and Golgi clements are present in dendrites but not

in axons (Bartlett and Banker. 1984a.b: Peters et 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 et CIl••

1986): and. (4) the types of microtubuie-associated proteins ditTer in axons and dendrites

(Kosik and Finch.. 1987: reviewed by Matus. 1988). In particular. microtubu1e-associated

protein-2 (MAP2). and the mRNA that codes for il., are found exclusively in cell bodies

and dendrites (Caceres et al.• 1984: Caceres et 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).

ln this chà~ter. we have used lucifer yellow injections to e:"amine the establishment.

of neurJnal polarity by neonatal nodose neurons in culture and used antibodies to MA?2

to investigate ~hether these neurons extend dendrites as they devclop in culture.
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EXPERIME:"ITAL PROCEDURES

Cell cultures

Neurons were dissoeiated. separnted from their non-neuronal cells and cultured as

described in section 2.1. ln satellite eell trce cultures. Ara-C (10 IlM) was added to the

culture medium for the tirst4 days to eiiminate any remaining dividing cells. As described

in section 2.1.2. some slow dividing tibroblast-like cells remain in these cultures. Satellite

cells and Schwann ceIls dividc rapidly in culture and can be virtually elimin:llcd with a

4 day Ara-C trcatmcnr. Both cell types are undistinguishable in these cultures. and are

essentially similar in vivo (Lieberman. 1976: Le Douarin and ZiIler. i993): theretbre. we

include both types when wc refer to satellite cells. To co-culture neurons and satellite

cells. wc used two ditTerent methods. First. for most cultures. the percoll stcp (for

scparation of neurons from satellite cells: $Ce section 2.1.1.) WOlS omined and no Ara-C

WOlS addcd to the growth medium. Second. tbr sorne cultures. particularly those involving

short term cultures combined with lucifer yellow injections. the satellite cclls suspension

obtained trom the percoll step was washed and plated on laminin coated coverslips.

allowed to grow 2-3 days (until confluence) betbre neurons (from another liner of

nconatal rnts) were plated on top of them. In sorne cases. the satellite cell layer was pre­

fixed with 0.5% parnformaldehyde (ovemight Olt 4°C). and thoroughly washed with HBSS

before plating the neurons on top (Hawrot. 1980).

ln this study. wc used 10 nM 7S NGF (sec 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).

Immunoc)'tochemistry

Ali inununostaining procedures were performed as described in section 2.2./. HM-2

(Sigma). a mouse monoclonal antibody against MAP2. was used to label dendrites. SMI31

'-(Stemberger-Meyer Immunochemicals). a mouse monoclonal antibody againsl

phosphorylated forms of the M and H neurotilaments subunits.-:Was used to label axons.

For double labelling experiments (tbr MAP2 and phosphorylated neurotilaments). we used
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a rabbit polyclonnl antibody against MAPZ (R4. kindly provided bv K. Kosikl to!.!ether. ~

with the SMl31 antibody. In some experiments we immunostained our cultures with :\Il

antibody against MAPZa and b isofonns (AP-:!O: Sigmal: the staining pattern was similar

to the HM-:! and R4 antibodies suggesting that MAP2c. which has becn observed in axons

(Tucker et al.. 1988). is not present in neonatal nodose neurons or at leust not in their

axons. We also tested the antibody SMI3:! (Sternberger-1Vkyer lmmunoehemicalsl to stain

non-phosphorylated neurotilaments in neuronal cell bodies and dendrites (Sternberger :\Ild

Sternberger. 1983-).- Alth0l!gh we observed most of the immunorcaetivity with this

antibody in the cell bodies and dendrites. we could detect weak labelling in some u:{Qns:

therefore. we preferred to use MAP:! antibodies as dendritic markcrs. The primary

antibodies dilutions were: HM-:!. 1:5000: R4. 1: 10000: AP-:!O. 1:500; SMI31 and SM 13Z.

1:20000. Both dendritic morphologies and the·localization of HM-2. R4. AP-ZO. SMl31

and 5MB2 staining \Vere simiIar in nodose :lI1d SCG neurons. However. wc occasionully

observed faint staining with the MAP2 antibodies in SCG axons particularly before the

extension of dendrites from SCG neurons. This is consistent \Vith previous observations

(Caceres et al.. 1986: Kosik and Finch. 1987: Higgins et al.. 1988). ln eontrast. nodose

neurons had no apparent staining in their axons beyond thcir proximal 20-30 J.lm. al ull

times in culture.

Lucifer yellow injection

To visualize complete neuronal morphologies. neurons wcre injccted 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

/11 \·;WJ. nodose ncurons develop ·in close association with their ganglionic satellite

eells and do not extend dendrites (Pannese. 1981). Figure 3.IA shows a typical phase

contras! photomicrograph of nodose neurons eo-cultured with their satellite' cells for three
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FIGURE 3.1. Nodosc ncurons eulturcd with thcir ganglionie satcllite eells.

(A) Phase contrast photomicrogmph ofnconatal nodose neurons in culture for

3 w~'Cks with sollcllite cells. (B) lucifer yc11llw injection of two nodosc neurons

l'rom sister cultures. The upper neuron is unipol:lr and is illustrJted in a montage

of two photogmphs at dinèrent exposurcs to allow a beltcr visualization of the

single axon bmnehing into two axons. The lower neuron is bipolar: il has two

axons emerging l'rom the ccli body. (C) Fluo~'Seent M.'.P::! (HM-::!) staining of the

SOline neurons as in A. Nellrons lack MAP2 positive processes and many neurons

have weakly immunostained ccli bodies. Seale bar. 40 ~lIn.
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weeks with NGF. The ceIl bodies ormost ncurons rcmaincd spherical or ovoid. although

many appeared [0 have tlallcncd OntO thc satellite cclls. Most processcs trom th~'Se

ncurons are covered by the satellite eells and arc: diftieult [0 resolve with phase optics. To

invcstigate the morphologies of these neurons. the neurons werc injected with lucifer

ydlow. Forty-six percent (:!9/63) ofthese ncurons were unipolar atier :!-3 weeks in culture

(Figure 3.1 B: toP). This unipolar morphology is similar to sensory neurons ill l'i\'() (Cajal.

1955: Tennyson. 1965). Twenty-nine percent (18/63) of the neurons had a bipolar

morphology (Figure 3.1 B: bottom): this morphology is typical of unditTerentiated sensory

neuroblasts (Tennyson. 1965). Sixteen percent (10/63) of the neurons had 3 or more

axons. Six percent (4/63) of the neurons had one or twO short (:535,.lIn) thick processes

emerging l'rom the cell body. and:! neurons. ho\Vever. had thick processes thm \Vere 35

to 60 l.lIn in Icngth suggestive of dendrites. To investigate \Vhether these processes had

properties typical of dendrites. cultures \Vere immunostained with antibodies to MA?:!.

Figure 3.! C shows the same tield as Figure 3.lA but immunostained for MA?:!. Of 1ï40

neurons examined. over 97% lacked processes with detectable MAP:! labelling.

Nodose neurons cultured alone are multipolar and deve!op dendrites

Unlike nodose neurons co-cultured with satellitc cclls. virtually ail nodose ncurons

eulturcd without satellite cells acquire multipolar morphologies. Figure 3.:!A and 3.2B

show t\Vo typical examples of neurons injected with lucifer yellow that had developcd tor

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 trom the cell body that are

typical of dendrites. and has at Icast :! thin processes of constant calibre lypical of axons.

ln conrrast ail 3 processes emerging from the neuron in Figure 3.2B appear axonal.

To distinguish further dendrites trom axons in these cultures. we immunostained them
. '.

with antibodies to MA?2 and tO phosphorylated neurotilamenl:> (SMl3!). as MA?2 is

localiscd to somatodcndritic domains. white neurotilaments are primarily phosphorylated

in axons (Stemberger and Stemberger. 1983). Figure 3.3A is a typical phase contrast

photomicrogrnph of three neonata! rat nodose neurons that have developed in culture tor

3 weeks in the absence of satellite cclls and in the presence uf NGF. Figure 3.3B shllws



FIGURE 3.2. Nodos.: n.:urons cultur.:d without th.:ir ganglioni.: satdlit.: ,dis.

Lucilèr ydlow il1i.:ction of two typi':'ll nodllS': n.:urons tlmt ha\'.: d.:\'.:Iop.:d

for thr.:.: w.:.:ks in th.: abs.:nc.: of smdlit.: cdls. Th.: n.:uron in (A) h'1S thr.:.: thid,

tap.:ring proccsscs that .:nd locally. typical of d.:ndrit.:s. and .1l 1':.1St two l,mg Ihill

proc.:ss.:s of constant calibre. Iypical of axons (which .:xt.:nd wdl b.:yond th.:

licld). The neuron in (B) h'ls a spherieal cdl body with thr.:.: aXllnal proc.:ss.:s but

no dendrit.:-like proc.:ss.:s. Sca\.: bar. 40 ~lm.
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FIGURE 3.3. Double labelling for MAP2 anù phosphorylmeù neurolil:1I11l:nts

on nodose neurons after tluee weeks in culture wilhout s:lldlite cdls and with

NGF.

(A) Phase contmst photomicrogmph showing three neurons (one is Ollt of the

plane of focus). (B) Fluorescent photomicrogmph (rhod:lIlline lahdling) showing

MAP2 staining with mbbit anti-MAP2 (R4). One nellron h'ls lhree MA!'2 positive

processes while the other two have no MAP2 positive proeesses. (Cl Fluorescent

photomicrogmph (l1uoresceine labelling) showing :,hosphlll)'lmed neurolilmllent

staining with mouse antibody SM131. The network cl axons seen in A is hrightly

labelled whcreas the cell bodies and dendritl.-s (arrow) have Iinle if any slaining.

Note the thin axons running along and on top of the denùrites (arrowhead). Seale

bar. 40 Ilm.
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thc samc 3 ncurons immunostaincd for MAP~. Two ncurons ha"c faint MAP~ labdling

in tht:ir cdl bodics but no MAP~ positi,'c proccsscs: thc othcr ncuron h:1S :; [hick. MAP~

positivc proccsscs. [ypical of dcndri,cs. Figurc 3.3C shows [hc samc tidd immunostaincd

with thc SM13! antibody. SM!31 labds most of thc prllccssCS obscr"cd \Vith phasc optics

cxccpt for thc dcndriœs which !J'pically ha"c axonal proccsscs running oycr or along thc

side ofthem. Ahnost 25% (Table 3.1) of thc neurons in [hese cultuœs had dendrites alier

thr~'t: weeks: Figure 3.4 is a montage from one sueh culture that illustrales lhis proportion.

In addition to the proportion of ncurons that had dcndrites. wc also mcasuœd the

number of primary dendrites (dcndrites cxtending directly ti·om thc cell bodil.'S) of thesc

neurons and thc kngths ofeach primary dcndrite to quantiry lùrthcr the cxtcnt of dendritie

outgrowth in these culturcs. Each parametcr was measurcd at onc. two. and lhrce wceks

alier plating the neurons. Table 3.1 shows that. bClwccn onc and thrcc weeks in eullure.

1) the proportion of neurons cxtending dendrites increascd approximatdy 2.5 lold 2) the

average number of primary dendritcs per neuron increased nearly [wo lold. and 3) IPe

mean dendritic length doubled.

T.ble 3.1. De"elopment of dendritl.'S .nt! 'xons in lhe .bsenee of smellite eells .nd \Vith NGF.

Time in Percent:1ge Number of Me.n lenuth Numb<....
culture of neurons prim.ry dendrites of dcndri;;''S> of axuns
(wccks) with dendrites1

,
pcr "".'"tIron-iper neuron'"

10.6 ±D.1 (1314) 1.4 ±D.I (146) 86 ::.~ (66) 2.9 ±G.I II':)

2 18.7 ±D.3 (1503) 2.0 ±D.2 (469) lOS :7 (92) 2.7±G.1 (31)

3 2·1.I ±D.4 (1753) 2.4 ±D.2 (422) 155 ::'1 (93) 2.7 :!:i1.1 l':X)

1 M"''':Jn ::: SE:\oI tn=tom! nutnbcr of ncuron~ l'rom 4 dil1èn.'111 pl.nint:-..)
~ Mc:ln :: SE:\-I ln=nn lhe nc.."urons th.n had dcndrilcsJ
.1 Ml.":1n :: SE;"'I ln=all the c"k.'11drïll.."S Irom 30 ncurons sch.."c.:lc.-d r:tndOll1ly in a gi\'cn cuhurel
.l M=n::: SE;\'illn=all the "..."urons injl,."C1cd with luciti...,- )'c!lOW)
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FIGURE 3.4. NoÙos.: n.:urons .:ultur.:ù with NGF.

(A) Phas.: .:ontr.lst photomicrograph of noùos.: n.:urons that ha\'': ù.:vdop.:d

in .:ultur.: fl,r three w.:.:ks in th.: :Ibs.:nc.: of satcllit.: cclls anù in th.: pr.:s.:nce of

NGF. (B) Fluorescent MAP:! (HM-:!) staining of the same neurons as in A. Note

that :! neurons have long MAP:! positive processcs. 1 neuron has a short MAP:!

positive process « 35~1I11). 4 neurons have MAP:! staining (of variable intensities)

only in their ccII bodies and 1 neuron shows no stainir,- for MAP:! (arrow). Scalc

bar. l{O ~tm.
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:'IGF stimulates dendrite formation

The above rcsults indicate thar the comrol of dendritc initiation is subject ro the

rerne"al of satellite cells: however. NGF was eominualiy present in these cultures. and

NGF has been shown to inducc dendritic arborization on syrnpatheric neurons ill l'im

(Purves /1( al.. 19RB: Snidcr. 19R8), NGF also promoles the expression of ACh-evokcd

eurrcnts on nodosc neurons in culture (Mandclzys /1t al.. 1990: Mandelzys and Cooper.

1992), Therefore. wc tested whethcr NGF had an eITect on dendrite outgrowth once the

satellite cells werc removed l'rom the cultures.

Figure 3.5A shows a rypical phase contrast photomicrograph of nodosc ncurons that

have developed in culture essentially devoid of satellite cells and without NGF tor three

weeks. With phase optics. these cultures appear qualitatively similar to cultures grown in

the presence of NGF (c.!: Figure 3.4A). as neonatal rat nodose do not nced NGF for

growth and survival in culture. even though they possess high-affiniry NGF receptors

(Mandelzys et al.. 1990: see also Figure 5.1). Figure 3.58 shows the same tield

immunostained with an antibody to MAP:!. ln contrast to what was observed with cultures

grown with NGF. these cultures showed signiticantly fewer MA?2 positive processes. The

quantitication of dendritic outgrowth in these cultures without NGF is presented in Table

3.2. This Table shows that after three weeko without NGF. less than 6% of the neurons

extended dendrites and that the average number of primary dendrites per neuron. as weil

as the mean dendritic length. are both t\Vo fold 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 15 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 tirst 2 weeks of development and allowed the cultures to develop

tor an additional 2 weeks. The removal of NGF did not result in neuronal de:lth. In

contrast. \Vhen we removcd NGF l'rom cultures of SCG neurons. the neurons dicd within

a tèw days.
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FIGURE 3.5. Nodose neurons cultured withoUl NGF.

(A) Phasc contrasl photomicrograph of neurons in culture for three weeks

without satcllite cells and without NGF. (B) Fluorescent MAP:! (HM-:!) staininl.l

of the samc ncurons as in A. Note that fewer MAP:! positive proeesses arc present

(compare with Figure 3.4) in these cultures. Same scale as Figure 3.4.
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Table 3.2. Dc\Odoplllcnt llf dendrites and axons in Ihe ah~~n~c ~lf :-;mdlitc ~db ~lIld willh\lIl ~(iF.

Timc in Pcrccntagc Numbcr üf \ kan Icncth Numhcr- .
culture of ncurons primary dc~drilcs \'lt dendrites" of ;,1:\ons
(wccks) with dcndritl."S 1 per ncuron- per ncurull-l

4.3 =0.1 (1839) 1.3=0.1 1;9) ii :C> (411) ND

1 5.2 =0.1 (31123) 1.1 =0.1 (158) SI :C> 141) 2.9 -t:tl.l 1211)

3 5.S =0.1 (999) 1.1 =0.1 1471 75 ±S HO) 2.6 :::0.1 1351

1 M(,,~n :!:: SEM (n=lotal numhl..~ of ncumlts from.J diITcl\."m nlalÎnl.!sl, ,. -
- Mc::In :!:: SEM 1n=:lll the ncurons lh:n h:lu I.hmdritl.":')
;1 MI.'":1n :: SEM (0=:111 the dcndrit~ fr1l1l1,)0 Ilcuron." :'Ch:C1Cd r:1ndnmlv in a ci\"cn ~ultlln:)
~ Ml.":ln :: SEM ln=aillhc ncurons injl."Ch:d wjlll ludli:r yc.:ll~)\\ 1 • ..
N0= not dctcrrnincd

To test whether these etTects of NGF on process outgrowth were speci lie tor the

initiation of dendrites (and not axons). we filled indi"idllal neurons with lucifer yellow

and measured the number of axons emerging from the somma atier 1. 2 and 3 weeks in

culture. We classified thin processes of constant calibre [hat COllId be followed for a long

distance as axons. whereas dendrites were c1assified as thick. tapcred. processes that ended

locally (Tropea et al.• 1988: Bruckenslein and Higgias. 1988a.b: Pcters et al.• 1991). The

results from these experiments Îndicate that the number of axons emerging l'rom the

somata did not increase significantly l'rom 1 week to 3 weeks in culture. independent of

the presence of NGF (see Table 3.1 and 3.:!). These results indicate that the etTcets of

NGF are specifie for dendrite initiation and empha~ize that the initiation of dendrites on

these neurons occurs after much longer times in éulture than the initiation of axons (c.t:

Dotti et al.• 1988).

The ability of nodose neurons to develop dendrites is developmentally rl'gulated

The above results indicate that nodose neurons l'rom PI rats retain the ability to

extcnd dendrites. To detcnnine whethcr this ability is devclopmentally regulaled. we



•

•

12000
~

S
::l..

T • +NGF~ 10000..c:-:= 00 -NGF
.... 8000bO-::s
0

.S! 6000-'C
"t:lc:

Cl> 4000"t:l-'"-0
2000E-<

0
1 2 3

Weeks in culture

FIGURE 3.6. Total dendritic outgrowth by nodose neurons over lime 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.



• cultured PI4 nodose neurons in the absenc<: of satellite cclls ;lI1d with NGF. Thc rcsults

obwined from staining 3 week old cultures indicate that the ncurons havc Il'st Illl'St of

thcir ability to extend dendrites (Table 3.3)..-\Ithough wc did not inject thesc neurons with

lucifer yellow_ most neurons appeared multipolar under phase microcopy. sllggesting thal

the removal of satellite ceIls still alters the pselldo-unipolar morphology of thcse P\4

neurons.

Table 3.3. Limitcu ûcvdopmcnt of dendrites by PI4 nouosc ncuron:-o.

1 ~h::tn :!::: SEM In:::tot:ll number llf ncurons l'rom -l dillè1'\:nt pl:uil11!sl
:: ~h"':1n ::: SEM 1n~1t the ncurons that h:ld dendritcs) ..
.' ~'-'":In :!: SEM (0=311 the t.lcndritl."$ lrom JO ncurons Sdl."CIcd ranliomly in a g.i\cn culturel•

Time in
cuhure
(w•..,ks)

.'

Pcrcent:lgc
of ncurons
with dcndritc:s1

6.0 =0.5 (13·m

Numbcr of
primary dc~drih.~

per ncuron-

1.5 =().~ 1;5)

MC:ll1 Icngtl~

nf I.h.:ndritc:\·-

•

The expression of MAP2 immunoreactivity is low in neonatal nodose neurons

ln Figures 3.4 and 3.5. it is noticeable that many of the neurons witholll dendrites

have weak or no deteetable MAP2 staining in their cell bodies. suggesting that th::se

neurons express little MAP2. To examine whether PI nodose neurons express MAP2. wc

tixed neurons 12-18 hrs al'ter plating and immunostained the neurons for MAP2. We

simultaneously immunostained treshly platcd SCG neurons to compare levcls of MAP2

staining. Figure 3.7 shows phase contrast photomicrographs of 3 PI noùose nellrons (A)

and 2 PISCG neurons (8) grown ovemight in culture. i'igllrCS 3.7C and 3.7D- - -
demonstratc that PI nodose ncurons contain tbr Icss MAP2 immunorcactivity than SCG

ncurons. The majority of PI nodosc neurons haù tbint or unùetectable MAP:!

immunoreactivity: sorne showed modcrate staining. whercas ail SCG neurons h,1Ù strong

MAP2 labelling. These observations suggesl that PI nodose neurons express linle MAP:!•
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FIGURE 3.7. MAP2 immunore:lclivity in rreshly plaled PI nodose and SCG

ncurons.

Plmsc contrasl pholomicrographs or 3 nodosc (Al and 2 SCG (B) neurons

grown in culturc for 18 hrs. Fluorescent pholomicrogmphs (C and Dl of the salllC

ncurons as abovc. Note that SCG neurons have bright MA?:! immunorcactivity in

lhcir SOmalI!. whilc nodose ncurons have làint MA?:! staining. Scalc bar. 10 ,.un.



•

•



cLlncei"ably beeausc they do nlH ex tend dendrites in "'l'II . .-\licr .~ weeb in cldture. man:

neumns still h;1d failll lJr undetcctabk :-'1.-\P2 il11l11unoreacti, lty 1scc Figure 3... l: nlHlC "f

these neurons had thiek !apered proce»es. On the lHher hand. sc' erai nCUrlll1S had

moderate or strong \1.-\P2 il11munoreacti"ity in !heir edl bodies bm did not extcnd

dendrites. Finally. ail neurons tlm extended thick. tapering proce»es had mong \1.-\P2

staining il~ thcir ccII bodies as wdl as in thcir dcndrites Iwe diJ not 'lualllitied precise!y

thc proportions of " làilllly". "modcratdy" and "stmngly" \IAP2-labdkd neurons. beeausc

of ~.,c variability of labdling intcnsities between experimelllsl. Thcse results suggcst that

1) :'vIAP2 is involved in dendritc cxtcnsion by nodose ne'.lrons. but not sufticient 1Higgins

<![ a/.• 19~~). and 2) tha[ MAP2 is not eSSenti;li for aXIJl1al outgrowth.

:"'odose neurons acquire thdr unipolar morphology carly when co-cultured with

satellite cells

During sensory neuron devdopment. the two axons ofbipolar sensory ncuroblasts IllSC

at their origin [0 give rise to one single primary proccss that bifurcates into two axonal

proeesses le.g. pscudo-unipolar: Tcnnyson. 19(5). Alier 2-3 weeks in cultures \Vith

satellite œlls. nearly half of nodose ncurons havc one single primary proeess. \Vhile

almost onc third arc bipolar (sec Figure 3.1). Thesc results raise the question as to

\Vhether these neurons. when co-cultured \Vith satellite cells. undergo the same patlcrn of

ditTerentiation as observcd in l·i\"f). Altematively. could these unipolar neurons (secn atier

2-3 wceks) be cxtending only one proccss right from the onset of ilcvelopment in culture'?

To answer these questions. wc plated freshll' dissocialcd PI nodosc ncurons on either a

laminin substrate or on a eontluent monolal'er of nodose satellite cclls that had been

plated 2-3 days earlier on laminin. The next dal'. wc injectcd neurons in both culture

conditions with lucifer l'ellow [0 visualise neuronal morphologies. Figure 3.8 shows

examples of neurons injectcd with lucifer l'ellow under phase contrast or tluorescence

optics. When plated on a laminin substrate. most neurons acquire a multipolar morphology

(Figure 3.~A and 3.8B); in contrnst. when plaled on satellite cells. approximatell' 50"" of

the neurons \Vere unipolar (Figure 3.SC and 3.81); Tab!e 3...). Intcrestingll'. this effect

s~'Cms to occur onIv when the 5:11cllite cclls arc in hil!h densitv (i.e. timninl! a monolaver. _. - ..
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on Ihe substrJte): inc.ked. as notiœabl<: in Figun: 3.SA. th.: enriehed neuronal frJetion t'rom

dissoeiated nodose ganglia Ise.: section 2.1.2.) still comains a substantial number of non·

neuronal edls (cither saldlite'Sehwann eells or libroblasts). However. their density is

much lower compared 10 Figure 3)'C. indieating lhat 10\V density satdlite edls m;lY nol

induee nodose neuron il> re·acquire unipolarity. Because nodose neurons secm ru re·

aequire their unipolar morphology rapidly (I<:ss than 24 hrs) when growing on satdlite

cdls. il suggesls thal nodose neurons do not rccap;luiate thc devdopmental switch l'rom

bipolar to unipolar morphologies that has bccn obscr\'cd lor sensory ncuroblasts ill "im

(Tennyson. 1965). Instead. lhe neurons appcar to extcnd only one axon. thereby re·

aequiring "immcdiarely" their unipolar morphology whcn thcy devdop with satellite eclls,

The influence of satellite eells on nodose neuron polarit)· in\'ol\'es a direct contact

mechanism

The mechan:sm by which satellite cells induce sensory n.:urons to acqutre th.:ir

pscudo-unipolar morphology is unknown. A simpk sch.:me is that the satellite ccII

produce their dTect via either a dit1ùsible releascd factons) or a direct contact m.:chanism.

To test whcther satellite ccIls promote unipolar morphology via a direct contact

mechanism. wc plared freshly dissociated neurons under 3 conditions: 1) on monolayers

of living satellite cells: 2) on monolayers of paratonnaldehyde-tixed satellite cclls

(Hawrot. 1980): or 3) on laminin·coaled covcrslip treatcd \Vith paratormaldchydc. Then.

18-24 hrs atier plating. wc inj<:elcd th.: neurons with lucif.:r ydlow. The tix.:d sardlit.:

layers appeared intact 1S hrs post-tixation. when viewed with phase contrast microscopy

(compare Figure 3.SE and 3.SC). lnterestingly. 4/9 inj.:ctcd ncurons \Verc unipolar on tixed

satellite cells (Tabk 3.4). whereas 015 neurons were unipolar on tixed laminin. These

results suggest that a direct contact mechanism between satellite cdls and neurons is. at

least in parr. responsible tor the unipolar morphology of sensory neurons.



FIGURE 3.8. Saldlil<: <:d\'; indu<:<: n(ldo~<: n<:uron~ 10 r<:-a<:quir<: a unipolar

morphology <:arly on in <:ullur<: \'ia a <:dl-<=<:II <:IHlla<:1 m<:<:hani~l1l.

Phas<: <:ontrasl pholomi<:n'gr;lph~ (A. C. E) Ill' 2 P1 nodo~<: n<:uron~ Ihat w<:r<:

plm<:d on IX hr~ hd;',r<: on (:\1 Ial1linin. IC) ~aldlil<: <:dl l1lolllllay<:r. (E) Ii~<:d

~atdlil<: <:dl l1lonolay<:r. Fluor<:~<:<:nt pholol1li<:rographs (B. D. F) or Ih<: ~al1l<:

n<:urons as on Ih<: kn inj<:<:t<:d wilh lu<:ili:r ydlow. In (A) 11ll1<: Ih<: pr<:s<:n<:<: or a

Ii:w satdlil<: <:dls as wdl as som<: Jarg<: Iibwblasl-lik<: Ilal <:dls. (B) shows a

n<:uron that <:~I<:nd<:d 3 a~ons alkr hdng plat<:d on lal1linin. (Dl shows a n<:uwn

Ihat <:xl<:nd<:d only 1 a~on alkr hdng plat<:d on a monolay<:r or "'ltdlil<: <:dls. (F)

shows ;1 n<:uron thm <:~I<:nd<:d only 1 a~on an<:r hdng plal<:d on a l1lonnlay<:r or

Ii~<:d satdlit<: cdls. This Iigur<: indical<:s Ihal li\'ing or Ii~<:d saldlit<: <:dls indu<=<:

nodos<: n<:urons to <:~t<:nd only on<: ;I~on. Scak haro 20 !lm.
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Table 3.~. DifferentiaI polantics ot nodosc ~eUl.·ons on !J.minin and satellite cell substr:l.tc

Substrate

Laminin (1 !)

Satellite cells (12)

Fixe<! satellite cells (9)

-Q 1"", ~
~- \..!J

/
9% IS% i3%

50% .12.% S%

"e: 33% 22%-,.
Percentage of lucifer yellow-injected neurons that were eicher unipolar (left). bipolar (middle) or

multipolar (righ!: 3 or morc o.<ons). when plated on l:uninin or on living or prc-tïxed satellite

cells. The number of injc:ctcd ncurons is in parentheses for cach condition.

DlSCUSSIOi'"

In this chapter we have investigated factors that determine the polarity of sensory

neurons of n.:onatal nodose ganglion. Our main tinding is that these PI nodose neurons

are capable of e:\tending dendrites in culture. in spite of their llnipolar morphology in

dm. We showed that removal of satellite cells is essential [0 permit these neurons [0

develop a multipolar morphology and that :-':GF promotes [heir 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 acqulre pseuoo-unipolar morphologies

simi!ar to that of sensory neurons in "il'O. Furthermore. it appears that [he satellite cells

repress dendrite outgrowth l'rom nodose neurons. as the removal of satellite cells in culture

allows them to develop dendrites. particularly in the presence of NGF. lnterestingly. this

satellite cell intluenee on sensory neurons is opposite to the glial cell intluence on neurons

whieh normally extend dendrites Ùl "ÎI'O (Tropea el <I/.. 1988: Clendening and Hume.

1990: Johnson el <II.. 1989: Rousselet el al.. 1990): in tht:se latter studics. the presence of
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glial cclls induccs dendrite outgrowth. For instance. satellite and Schwann ccIls promote

dendritic outgrowth l'rom culturcd SCG ncurons (Tropea el al.. 1988). Howevcr. as

discussed in Chapter I. Schwann cclls front sciatic nen.'e or l'rom sensory ganglia also

promote dendritic outgrowth by SCG neurons (Tropea el al.. 1988). These rcsults indicate

thm intluenccs l'rom non-neuronal cells have differcntial etTects on neuronal morphology.

whether they act on sensory or sympathetic neurons (sec also Mudge. 1984). Possibly. the

two neuronal types have distinct surface receptors that respond differently to satellite cells

influence. A!ternatively. simiIar rcceptors on both neuronallineages are linked to ditTercnt

signalling molecules and thcreby produce dilTerent signais. Consequently. with respect to

dendrites and neuronal polarity. glial cells intluence culturcd neurons to acquire properties

that they wouId nonnally have in dm (Mudge. 1984: Tropea el al.. 1988).

Our results are reminbcent of those of Mudge (1984) who reported lhal embryonic

(E 9-10) chick scnsory neurons undergo a devcIopmemal transilion l'rom bipolar 10

pseudo-unipolar wilhin 5-ï days when Schwann cells are added 10 cultures lhal had

developed wilhoUl non-neuronal cells. We show thal when raI nconatal nodose neurons

arc plaled direclly on satellile cells. many of lhem seem 10 have acquired a unipolar

morphology by less lhen 24 hrs. Unless nodosc neurons undergo a rapid SWilCh l'rom

bipolar 10 unipolar (Iess than 24 hrs). our results differ l'rom lhose of Mudge (1984).

which showed a lransilion l'rom bipolar 10 unipolar when DRG neurons deve10p wilh

Schwann cells. Two explanations can be proposed 10 accoum for lhese differences. First.

mOSl raI nodose neurons are already pseudo-unipolar by PI (Allman and Bayer. 1982).

unlike E 9-10 chick DRG neurons lhal are ~"tiII bipolar(Mudge. 1984). Conceivably. whcn

unipolar nodose neurons are dissocialed and come in contacl with salellile cells. lhey only

regenerate lhal single process. thus re-acquiring a unipolar morphology. ~'Cond. in our

experimental paradigrn. lhe neurons did nol develop alone prior to addilion of salellile

cells. but were instead in conlinuous conlact with salellile cells. However. il seems

unlikely that delayed salellile ccII proliferation would induce nodose neurons to acquire

a unipolar morphology. Indeed. in sorne instances. a few salellile cells would remain alive

aner lhe initial 4 days of Ara-C lrealmenl in a given culture dish. and 10-14 days laler.
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a eontluent monolayer would fonn. :-:onethelcss. in that situalion the neurons oft.:n had

:VIAP2 positi\"e dendrites and most had multipl.: proce»cs. "uggcsting that satdlilc cclls

may not rC\'crsc nodosc ncuron morphology baek to Lmipolar.

Thus. ir appcars rhar nl'dosc n.:urons dc\"dop in eulturc. in pan. ditTcrcntly rhan DRG

n.:urons. In facto wh~n w~ culrurcd PI rar DRG ncurons wirhour saldlirc eclls and l)ll

laminin. rhcy l"ailcd lO ~xrcnd dendrit.:s. Th.: rcason:' for rhis diŒ:n:ncc an: unknown.

Nodosc n.:urons originalc from th.: ~crod.:nnal pi:lcod.::,. wh.:r.:as DRG ncurons comc

from rhc n~ural cr.:srs (d'Amieo-Mancl and Nodcn. 1983: Lc Douarin. 19:;:6). Ir is

possiblc thar rhis dilTcrcncc in origir: is rcsponsib!c for rhis dilTcrcncc in rh~

morphologicai plasriciry of lhesc ncurons. Howc\"cr. whcn wc platcd rrig~minal n~urons

(of which 50"" originale from lhe eClodcnnal placodcs: d'Amico-Martd and Noden.

19:;:3). only 2"" dC\'clopcd dcndrircs. Anolhcr possibiliry is thar nodos~ neurons arc !css

commirted ro th~ir ill l'i\"() morphology at rhis smgc oi dc\"dopmcnt comparcd to orh~r

peripherJI sensory neurons. ln rhis contcxt. whcn we culrurcd P1~ rat nodosc n~urons

wirhour sarellirc cclls. wc obscm:d limired dendriric ourgrowlh. suggesling rhar by P1~

nodosc neurons have becomc more commitr~d to rh~ir sensory phenotype.

Anorher dilTer~ncc berween our resulrs and rhc ones of Mudgc ( 198~) is notewonhy:

embryonic chick DRG neurons were shown ro remain bipolar when grown withour

Schwann cells. whereas many nodosc neurons devdop mulriple proc~sscs in rh~ abscncc

of sarellite cells. These DRG neurons were plated on collagen. whil~ nodose neurons were

plated on laminin. Higgins and colleagues showed t!lat laminin induecs SCG n~urons to

extend more axons than does collagen IV (Lein and Higgins. 1989: Lein et al.. 1991).

Therefore. it is possible that laminin induecd nodose neurons to ~xtend more axons rhan

they would have on a eollagen substrate. This result also suggests another explanation lor

the fuct that late prolilèr:llion of ganglionic satellite cells did nO[ reverse nodose neuron

polarity: the neurons have become multipolar (3 or more axons). and this may prcvent

them from being able to re-aequire a pseudo-unipolar morphology as bipolar neuroblasrs

ean (Tennvson. 1965: Mud~e. 1984).. -
The mechanism(s) by which the sarellite cells produce their l,tTect on polarity is
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ul1known. As a tirs[ approach wc rook aù\"antage of the fact that [he neurons re-acquirc

their unipolar morphology rapiùly when p!ateù on a monolaycr of satellite cclls. By

plating neurons on ti:œd satellite cells. wc found [hat nearly as many neurons were

unipolar. proviùing gooù evidence [hat a ùirect contact is essential for nodose neurons 10

acquire sensOlY morphology. This result is consistent with the tinding that Schwann cell

condition media did not induce DRG neurons ta become pseudo-unipolar (Mudge. l',lX-ll.

ln addition. a low ùensity of satellite cclls neither inhibitcd dendrite extension from

nodose neurons nor promoted their unipolarity. III l'im. sensory neurons arc tightly

surrounded by satellite cclls (Pannese. 19X 1): in culture. a similar situation occurs when

satellite cells arc in high density. causll1g many neurons to tlanen on the substrate.

Perhaps numerous contacts with their satellite eells alTect the sensory neurons'

eytoskelctal elements. which then cause the neurons to acquire this unipolar morphology.

We did not detennine the nature of the contact involved. It app~':lrs unlikdy that a

satellite cell layer does not allow nodose neurons to become multipolar because the

neurons are not in contact with the laminin substrate. Indeed. satellite ccIls produce largc

amounts oflaminin that can be easily detected on their su:1àce (Bunge and Wood. 19Sï).

On the other hand_ it seems more likely that a moleculels) on the surface of satellite cells

repre~'S the extension of multiple a.'l:ons 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 laek of dendrites on these neurons.

The number of candidate molecules for this satellite ccli etTect remains rather large

at this point. Cell-adhesion molecules. such as N-C.~Ms or integrins represent obvious

possibilities to consider. Reccptor tyrosine kinase activity plays an esscntial role in nerve

cell difTerentiation ($ehlessinger and Ullrich. 1992). These receptors are activated either

by ditTusible fuctors le.g. NGF. EGF. FGF. CNTF. insulin) or by cell-cell interactions. in

the case of the eph-related rcceptor tyrosine kinases. The eph rcceptors belong to the

largest known tàmily ofreceptor tyrosine kinases. with many members displaying specific

patterns of expression in the developing and adult nervous system. Many of the genes

coding for eph-related tyrosine kinases are exp~-d primarily in nerve cclls {Hirai Cl (//••

198ï: Lai and Lemke. 1991: van der Geer el (//•• 1994: Davis el lIl.• 1994). Concdvably.
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a rcccpror of this kind mal' be expresscd srecitically em the Surt:1CC of ,ensory ncurons

and resrond tO a ligand expressed cm thc surl:lcc c,f glial cdb,

Role of :'l'CF on the extension of dendrites by nodose neurons

For neon:][al nodosc neurons dc\'doping in cultun: withmlt ,atdlite cciI,;. wc ,howcd

that :"GF causes over a 15 fold incrcase in te)tal ekndritic ourgrowth, Snider (19~~)

showcd that treatment of neonatal rats with "iGF for 1 to 2 wceks incrcascd rhc nUll1ber

of prill1ary dendrites on SCG neurons. as wdl as the kngth and branching of cxisting

dendrites. an dTect that persisted for ll1any months (Ruit :md Snider. 1991 l, Our results

on the cffects of NGF arc consistcnt with Snider"s observations in ,oi\"(): we found that

NGF causcd an increase in the nUll1ber of primaI;! dendrites. as wdl as in the kngth of

each dendrite. Importantly. wc observed that NGF also c:auscd a 5 fold incrcasc in thc

number of neurons extending dendrites. so Ihat atier :.; weeks in culture. almost 25°;, of

the neurons extcnded dendrites. These results suggest thal NGF causes neurons to initiale

dendrites dl! 1101'0.

It seems unlikely that these rcsults arc due to seleetivc survival of a sub-population

of NGF-dependent neurons because: ( 1) 85-90% of neonatal r:ll nodose neurons do not

need NGF for survival in culture (Mandelzys l!T al.. 1990: see also Figure 5.1): (2)

addition of anti-NGF to the cultures atier two weeks had no effecl on the number of

neurons. Il is also very unlikely that NGF induced mitosis of neuronal precursors present

in the postnatal nodose ganglion lhat would have then dilTerentiated differently lhan

typical sensory neurons and eXlended dendrites. Indeed. Altman and Bayer ( 1982) showed.

using eH)thymidine incorporation experiments. that nodose neurons undergo last ccII

division belwcen embryonic day 11 and 15. Furthermore. Cooper (19R4) showed that the

number of neurons in lhe nodose ganglion does not change in lhe ganglion atier birth.

In contrasl to chick nodose neurons which do not have high-aflinilY NGF receplors

(Lindsay and Rohrer. 1986\. Mandelzys et al, (1990) showed that neonatal raI nodose

neurons express high-atlinity NGF receptors in culture in lhe absence of satellite cells. In

adult rats. il appears lhat a significant proportion Of nodosc neurons have rclatively high-



•

•

•

JflinilY :"GF reœptars. bUl few Jppe:Jr 10 express Jeleel:Jble levt:ls of Irk.". mR:".". 1Vcrge

1:1 al, . 1992). Funhcnnore. in embryonic mice (:\l:Jrtin-ZJnc:J 1:1 al.. 1990: BarbaciJ. l 'N-,1

and rats (Emtors 1:1 al.. 19921. il1 silU hybridiz:Jlion cxpcrimellls Jetcclcd fc,," ncurons w'ilh

IrkA mRNA. However. it h:Js been shown th:Jl many embryonic (E 13.:'- 1-'.5) rar nodosc

neurons e:Jn he rescueJ by :"GF in culture. suggesling that signilic:Jlll Ie\'cls of IrkA

prorein li"')! be expresseJ in m:Jny of these neurons :JI II!:Jt sr:Jge of Je\'clOpnlelll II\.,nz 1:1

al.. 1990). Tneretore. il is possible th:Jr the lc\'cls of Irk.". IllR:".". h:J\'e becn

lIndereslimated in prcvious sludies IM:Jrtin-Z:Jne:J 1:1 al.. 199(): Erntors <'1 al.. 1992:

Barb:Jcid. 1994). For inst:Jnce. inilial il1 silU hybridiz:Jlion studies re\'e:JIcJ thal Id.".

mRNA was not pr~'Selll in SCG g:Jnglia (Martin-Zane'l ,'1 al.. 19901. \\hereas nearlY:J1I

SCG neurons were shown later 10 express IrkA lEmtors 1:1 al.. 1992: Barbacid. 19<,)-' l.

Funhennorc. a recelll report indicaled that IrkA is expresscJ in more C:"S rcgions lh:Jn

previously appreciared (Hollzman el al.. 199:' 1. Alrem:Jlivcly. as lhe expression oi Irk

rcc~'Ptors has been shown to be highly regulared Juring developmelll oipcripheral nClirons

(Erntors t!t al.• 1992: Mu el al.. 1993: Barbacid. 1994: Verdi and Anderson. 199-'). il is

possible that trkA is expressed ar higher Ievels in PI rat nodose neurons. eomparcd ta

embryonic nodose neurons (sœ Chapter 5). Another possibility. nOl mutually exclusivc

of the previous ones. is rhat trkA expression is up-regulaled in eullured nodose neurons.

ln addition. rat nodose neurons contain abundalll mRNA and protein kvels of lhe so­

called 10w-at1inity NGF receplor lpï5L''';FR) (Yan and Johnson. 1988: Verge et al.. 1992:

see Chapter 5). more so than sympathetic ncurons. The signiticance of this abundant

expression of pï51."';FR in nodose neurons and the putative role lhat p75L '''FR may play

in the NGF etTecl on nodose neurons will be discus.~ed in C1mpter 5.

The specificity ofNGF tor trkA makes il unlikely thal ilS et1ècts are mediated lhrough

another trk receplOr (but sec also Chapler 5). If the etTccts of NGF operate via a IrkA­

driven tyrosine kinase signalling cascade. it ma: involve posl-translational moditicalions

of proteins important for dendritc outgrowth (e.g. MAP2. ~'C bclow) or through de 110\'0

expression of genes that were previously repressed :Jnd that code tor proteins essential tor
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lh..: initiation and gro\\'lh llf d..:ndrir..:s. Such r..:pr..:ssion Inay ha\''': b..:cn rd..:as..:d by rh..:

r..:mo\'al of ,;aldlit..: cdls ",hich ll\wrid..: th..: d..:ndrir..: induction by ~GF on 11l>dos..: n..:urons

lunkss sardlir..: cdls r..:pr..:ss Il'k.-\ ..:xpr..:ssion\. It i, likdy that nodosc n..:urons cncount..:r

:"GF il( ,·i\'(). bm bas..:d on rhc r..:sults pr..:s..:nr..:d h..:r..:. th..: $Jtdlitc c..:11> surrounding rh..:

n..:urons tn the ganglia ,;hould pr..:\'..:nt :-iGF from inducing nodos..: n..:urons ro ..:xrcnd

dendriœs.

:-.iGF promot..:s axonal gro"'th and n..:r\'..: t..:nninal branching. Th..: action of NGF on

axonal gro\\'th is local and ind..:p..:ndent of the amount of ~GF suppli..:d to the .:cil body

Ire\'ie"'..:d by Campenot. 1994). indicating that NGF's acrion on axonal growth cones is.

at kast in part. independent of protein synth..:sis. In contrast. the initiation of d..:ndritic

gro"'th by sympathetic neurons in cultur..: has b..:..:n shown to depcnd on prot..:in synthesis

(Lein and Higgins. 1991). lt is "'iddy bdie\'ed that a major sourcc of :-iGF for neurons

is their inner:ated targets (Korsching and Thoenen. 19:';3a: Richardson and Riopdk. 19:';4:

Shelton and Reichardt. 19::l4: Pun'es .:1 al.. 198::l): thus. th..: promoting d1i:ct of NG F on

symp:uhetic neuron d..:ndritic gro\\'th il( l'i\'() may occur through retrogradcly transportcd

NGF (or a retrograde signal modulated by NGF). However. local supply of NGF is

nec..:ssary for neurite outgrowth ofsympathetic n..:urons in culture (Camp..:not. 1994). Do..:s

:-.iGF promote the growth of dendrites al the kvcl of dendritic growth concs'? If so. th..:

supply ofNGF would ha\'e to be provided by other sources than neuronal targets. possibly

from the satellite cells. If dendrites requin: a local supply of NGF as weil as protein

synrhesis in order to extend. a concerted action of NGF l'rom local sources and l'rom

retrograde sources may be neccssary for their devdopment. During retrograde transport

of NGF and of its inrernalized rec..:ptor. IrkA. the laller eould remain autophosphorylaled

and thereby reeruit SH2-domain-containing molecules in the cciI body. Sorne 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 diITerenriation in

PC12 eells through the activation of ras-MAP kinase (MAPK) pathway (appendix 2)

lcading to neuro-specific gene expression. Conceivably. the eITcct of NGF on dendritic

outgrowth couId involve activation ofa similar cascade of evenl<; leading to th..: ..:xpression
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ùf ncuru-spceitic gcncs essential tor dcndritie ulItgrowlh.

The rok of NGF and other nellrotrophins on nodosc nellron dc\'dopmcnt \\iil b,:

diseussed fllrthcr in ehapter 5,

Rolc of :\1.-\P2 in nodosc ncuron polarity

The :'vl.-\P~ genc is aiternati\'dy spliccd into 3 different tr.mseripts eneoding Illr mo

high mokcular wt:ight tonns. :'vIAP~a and :'vlAP~b. and a low moleclilar wcighr lorm.

:VIAP~c {Garner and :'vlams. 19XXl. :'vlAP~a.b arc almost excIusi\'dy loealized in the ccII

bodies and dendrites (Goedert <.'1 al.. 1991 l. whercas. ""IAP~c is found in axons during

devdopment 1Tucker el al.. 19XXJ. Ir appears likdy rhat :'vIAP~a.b play an essential role

ll)r the growth and mainten.lI1ce of dendrites. presumably by stabilizing mierorllbules or

by cross-bridging thcm to neurotilamcnts 1Hirokawa o!l al.. 19RRb: Matus. 19RR. 1l)9~:

Goedert o!I al.. 1991 J. The degree of phosphorylation of :VIAP~a.b. eould at1"cet the eross­

bridging of microtllbllies lO othcr eytoskdetal dements allowing dendritie growlh

10lmsted. 19R6). A good correlation has been obser.ed between the degree oi MAP~

phosphorylation and the extension of dendrites by hippocampal neurons in culture (Diez­

Gaza and Avila. 1993). NGF may reglilate MAP~ phosphorylation via activation of

intracellular kinases such as MAPK ISchane:n-King e:t al.. 1991) which itself

phosphorylates MAP~ (landreth o!l a/.. 1990: Miyasaka el al.• 1990) (sc:c appendix ::).

An intriguing observation is the làet that most PI nodosc ne:uron somata had weak

or undetectable staining lor M..\P~. Similar observations we:re made lor adult rat DRG

ne:urons (De: Camilli el al.. (984). As sensory ne:urons do not extend dendrite:s il! I·il·o.

th.:se: linding suggl.'Sts that sensory neurons do not ne:e:d to express MAP~ lor the:ir nOrlnal

developme:nt. If 50. it raises questions about the: relationship betwl.-cn the: e:xprl.'Ssion of

MAP~ and the extension of de:ndrites: in the cascade of e:vents that lcod to the initiation

of dendrites. does MAP:! expression precede the developml.'I1t of de:ndritcs and is it

essential'? Or instead. is MAP~ e:xpression concomitant with dendrite initiation. or perhaps

eve:n dclaye:d unril the dendrite e:merges l'rom the soma'? Qualitative: observations sllggl.'St

that the number of MAP:! positive nl.'Urons incrl.":ISed in culture OVI.'I' time. I."'·cn thollgh
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many üf these nellrons did nüt e::"te:l1li dendrit<:s. FlInhe:1111l1re:. e:\ ery n<:urons rhat e::"tended

thick tapered processes mong!y "ained tor \lAP2 in their œil body and dendrites. This

sugge:sts that \IAP2 e::"pressiün precedes de:ndrire initi:ltilll1 3nd provides 3dditional

evidenee th3t \1.-\P2 is e:ssenti31 t"r dendnte gnmth 3nd maintenance: 1\13tus. 19:'::':.

l 'ilJ4). However. wc übsel"\ed m3ny neurons [hat had strong \1.-\P2 Iabclling in their ccii

body bU[ that did not <::"tenJ dendrite:s. Furtheml0re:. Higgins .:r ,;/. 119881 l,)und that rat

SCG neurons. cultur<:d without othe:r ccii type:s and without senllll. do not e:"tend

dendrites. even though th<:y ail <::"pr<:ss \IAP2. These results imply that \IAP2 <::"pression

is not sufficient for dendrite <::"t<:nsion. and that other faclOrs. in addition to \·lAP2. are

involved in the initiation of dendrites. These arc likcly 10 include e::"traccllul:Jr matri:" or

cell-3dhesion mokcules 1Bruckenstein and Higgins. 19:':8b: Tropea .:1 al.. 19:'::':: Lein and

Higgins. 1989).

Our suggestive evidencc that sensory neurons may not need ro e:"press \IAP2 for rheir

nonml devclopment is worth timher discussion. Two groups have inhibited the e:"pression

of MAP2. using antisense technology. eith<:r in P 19 EC cclls (Dinsmore and Solomon.

1991) or in cerebellar neurons (Cacen:s el al.. 1992). The results ofthese srudies indic:ued

that \IAP2 expression was essential for the extension of ail neurites (rhus including

axonsl. Our observation would imply that. on the contrary. MAP2 is nor essential for

axonal outgrowlh l'rom sensory neurons. \Ve cannOI exclude. however. that low kvcls of

MAP2 expression occurs in ail nodose n~urons and [hat they arc not detccted by

imrnunocylochemislry. As [he ccli types used in rhese sludies are ditTerent from sensory

neurons. our resulls do nOI necessarily contradict these studies. but they inevitably raise

the question of whether these antisense experirnents can cause additionai uncontrollable

etTects.
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Chapter 4

Expression of Nicotinic AcetyIcholine-Evoked Currents

on Nodose Neurons Extending Dendrites.

INTRODUCTION

ln 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 MA?2 (Caceres et al.. 1984: Caceres el al.. 1986: Kosik and

Finch. 1987: DOlli el al.. 1988). indicates that nodose neurons have established a new

dendritic-axonal polarity. An advanced stage in the establishment of neuronal polarity

involves the segregation of elements implicated in synapse formation. such as the

clustering of synaptic vesicles in presynaptic terminaIs and the clustering of postsynaptic

receptors on somatodendritic domains (Craig and Banker. 1994). Cooper (1984) showed

that nodose neurons form de novo functional 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 el 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 ofcholinergie synapses. However. these findings raise the following questions:

1) Is the e,'l:pression 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?

ln this chapter. we have combined morphological and electrophysiological techniques

to· determine the expression of functional nAChRs on nodose neurons with or without
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dendrites. In addition. we examine the segregation oi synaptic vesicles in .!lese cultures

as the neurons devdop dendrites.

EXPERIMEI'iTAL PROCEDliRES

Neuronal cultures

Nodose neurons were cultured as described in section 2.1.. in the presence ofNGF and

in the absence of satellite cells.

ACh sensitivity and lucifer yellow injection

ACh-evoked currents were measured dectrophysiologically using whole-cell patch­

clamp techniques as described in section 2.3.. Lucifer yellow (1%. potassium salt: Sigma)

was added to the pipette solution: the fluorescent dye rapidly diffused throughout the

entire cell body and proximal processes (up to 150-200 IJ.Yl). while performing whole-cell

recordings. ACh (50 I.ll\tl) was applied by pressure ejection (see section 2.3.2.) onto

neurons that were voltage-clamped at -50 mV. Two types of "puffers" were used: 1) to

record whole-cell ACh-evoked corrent densities we used a puffer with an opening of 10­

20 IJ.m (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 lJ.ffi (patch-clamp pipelle 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 dectrophysiological recordings

on a different microscope (LeilZ Ortholux II. with the kind permission of Dr. Wayne

Lapp. Deparonent of Physiology. McGill University). In these cases. the neurons were

fixed with 4% paraforrnaldehyde 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 mismatcbes and to ensure that recorded neurons did not lose their

fluorescence. as sorne neurons die after whole-cell recordings, Fortunately. we later
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installed a fluorescent attachrnent on the electrophysiological setup which allowed us to

visualize the neurons during the recordings. This was imperative for the experiments

shown in Figure 4.2. where the ACh was applied locally cnte dendrites. For these

experiments. once a neuron had been filied with lucifer yellow. 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 laying a

transparent paper on the picture of the fluorescent neuron and outlining its silhouette. This

drawing was then scanned to produce a computer gener:lted 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 a mouse monoclonal antibody (5\<1'-38. Sigma) and goat anti-mouse-FITC

secondary amibody. Due to the limited amount ofpolyclonal MAP2 antibody (R4. Chapter

3) supplied. double staining experiments fvr 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 fiIIed neurons with

lucifer yeIIow while recording from them electrophysiologically with whole-cell voltage

clamp techniques. We held the neurons at -50 mV and applied 50 /li\'! ACh from a

"puffer" pipette with large opening (see experimental procedures and section 2.3.2). We

classified thick. tapering processes !hat end locally as dendrites and thin processes of

relatively constant calibre that extend for long distances as a.xons (Bruckenstein and

Higgins. 1985a.b: Chapter 3). Figure 4.lA 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:
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FIGURE 4.1. ACh scnsitivity of nodosc ncurons with and without dcndritcs.

(Al shows thrc<: lucifcr ycllow-fillcd ncurons that hav.: dcwlopcd in culture for

two weeks. Neuron A has two long dendrite-like proc~'$ses; neuron B has two

short dendrite-like processes; neuron Chas no dendrite-like processes. Under cach

neuron is shown its respective ACh-gated inward current evoked by pressure

application of 50 ~M ACh for 2 sec (horizontal bar). (B) shows the ACh-evoked

current densities (pAlpF) on the three classes of neurons shown in (A): class A

(n=12). B (n=9). and C (n=12). The values rcprcscnt thc mcans ± SEM. Currents

were filtcred at 3 KHz and samplcd at 5 KHz. Scalc bar. 40 ~m.
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neuron B has 2 short dendrites and a smaller (300 pAl ACh-cvoked CUITent: neuron Chas

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

4.1 A: class A neurons. with 2 or more long dendrites (>60 llml. class B Ileurons. \Vith 1

or 2 small dendrites (35-60 llm). and class C neurons. \Vith no dendrites. Figure 4.1 B

shows the quantification of ACh-evoked current densities. which represent the peak

evoked currents normalized for the size of the neurons (whole-cd! capacitance). ~eurons

with long dendrites had larger functional nAChR density than neurons with small

dendrites or without dendrites. The class A neurons have ACh-evoked CUITent densities

similar to sympathetic neurons (Mandelzys and Cooper. 1992: sec Chapter i). These

results demonstrate that the ACh-evoked current densities correlate \Vith 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. a.xons and cell bodies of neurons using a puffer pipene ""ith small opening

« 1 1IIIl). 8y inc1uding lucifer yellow in the patch electrode. we could visualize the entire

dendrites and the proximal a.xons. Figure 4.2 shows the results 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 4.28 shows the same neuron as in

A under fluorescence optics. This neuron has 3 thick dendrites and 2 smaller dendrite-like

processes: a.xonal-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 !lM ACh. Each arrow points to the region of ACh

application. The ACh response on the cell body was 140 pA (trace /l. while the ACh­

evoked currents ranged from 50 to 250 pA on the dendrites (traces 2-5. ï-/O).

Applications ofACh on axonal-like processes evoked no detectable current (traces / / and

/2). In addition. application of ACh at regions where no processes were apparent

produced no detectable current (traces 6 and /3). indicating that the ACh-.:voked currents
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FIGURE 4.2. ACh-evoked currents on nodose neuron dendrites.

(A) Phase contrast photomicrograph of nodose neurons grown for 3 weeks in

the absence of satellite cells and with NGF. (B) Fluorescent photomicrograph of

the same field as in A showing a neuron filled with lucifer yellow and the patch

electrode containing lucifer yellow. Note the three thick dendrites and the 2

smaller dendrite-like processes emerging tram the cell body. Axonal processes

appear to emerge from the base of the dendrite that is growing toward "4

O·clock". (C) Silhouette of a the same neuron as in B with ACh-evoked currents

superimposed near the locations of ACh applications (arrows). The currents were

recorded trom the cell body which was held at -SO mV with whole-cell voltage­

clamp. after 2S0 ms applications of SO ~M ACh trom a "puffer" electrode with a

small tip opening «1 ~m). positioned a few ~m away trom the surface of the

neuron. The peak ACh-evoked current on the cell body (trace 1) was 140 pA.

while the peak ACh-evoked currents on dendrites ranged from SO to 2S0 pA

(traccs 2-S. 7-10). ACh applications on axonal-like processes (traces II and 12)

or on regions without processes (traces 6 and 13) evoked no detectable currents.

Currents were sampled at S KHz and fiitered at 3 KHz. Scale bar. 40 ~.
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recorded on dendrites are not due [0 diffusion of agonist to the ~ell body. 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). ln ail 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 cao form functional cholinergic synapses under similar culture

conditions. The probability of finding pairs of neurons that were synaptically coupled was

around 15-20%. However. in approximately 50% of the recorded neurons. spontaneous

excitatory postsynaptic currents (EPSCs) could be observed (Cooper. 1984). In this study.

we did not anempt 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 \vith the nicotinic pharrnacology

of these synapses (Cooper. 1984).

Presence of synaptophysin c:Iusters along nodose neuron dendrites

Banker and colleagues described the time course of synaptic vesicle accumulation in

axonal terminais during the establishment of neuronal polarity by hippocampal neurons

(Fletcher et al.. 1991, 1994). Early on in culture. synapsin 1 and synaptophysin are
~

expressed by these neurons. but their immunoreactivity is diffuse and mainly restricted to

the cell bodies and proximal a.'tons. When a.'tons contact appropriate targets. synaptic

vesicles rapidly redistribute to form dense accumulations of vesicles within presynaptic

specializations. as demonstrated by electron microscopy (Fletcher et al.. 199\). These

clusters of vesicles cao alse be detected as large puncla of synaptic vesicle protein

immunoreactivity (Fletcher et aL. 1991. 1994; Craig et al.• 1993). lnterestingly. Fletcher

et al. (1994) demonstmted that the limiting factor in the time course of this presynaptic
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FIGURE 4.3. Synapti!= currents in nodose neurons developing in culture.
Representative recordings of EPSCs with whole-cell patch-clamping

from 3 neuronsvoltage-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.
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FIGURE 4.4. Fonnation ofsynaptophysin immunoreactive puncta in cultured

nodose neurons.

Phase contrast photomicroh'l'aphs of nodose neurons gro...:n in the absence of

satellite cells and in the presence of NGF for 3 (A). 7 (C). 20 (E). and 26 (G)

days. Fluorescent photomicrographs (fluorescein) of the same fields as on the left

showing synaptophysin immunorcactivity. After 3 days (B) synaptophysin

immunorcactivity is diffuse an primarily visible in the ccII bodies (arrow). After

7 days (D). few puncta of synaptophysin immunoreactivity are visible. primarily

apposed to cell bodies (arrows). while the diffuse immunorcactivity within the cell

bodies has decreased. (F) After approximately 3 (F) to 4 (H) weeks. several puncta

of synaptophysin labelling arc visible. both on somata (arrowheads) and dendrites

(arrows). In addition. several puncta of synaptophysin immunorcactivity appear

along axons. usually at the intersection of two 3."(ons. These puncta may

correspond to axonal varicositics. Scalc bar. 35 ).lm.
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organization. In hippocampal cultures. was the state of maturity of the postsynaptic

membrane.

Given that nodose neurons devetop dendrites. express functional nAChRs on their

surface as weil as on their cell body. and fonn nicotinic cholinergie synapses among one

another. we immunostained nodose neuron cultures for synaptophysin. to examine whether

synapse may fonn on their dendrites.

Figure 4..+ shows the localization ofsynaptophysin immunoreactivity in cultured nodose

neurons after 3. ï. 18 and 2ï days in culture. By day 3. only faint synaptophysin

immunoreactivity is detectable in the cell bodies (Figure 4..+A and 4.4B. arrow). By ï

days. a few puncta of synaptophysin immunoreactivity are detectable and are mainly

concentrated around cell bodies (Figure 4.4C and 4.40. arrow). suggesting the fonnation

of presynaptic specializations apposed to neuronal somata. After 3-4 weeks in culture.

puncta of synaptophysin immunoreactivity are abundant. Most of them are localized

around the somata (Figure 4.4E-4.4H. arrowheads). although a 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 a.xonal varicosities. These results suggest that 1) cultured nodose neuron

a.xons develop presynaptic accumulations ofsynaptic vesicles: 2) this accumulation occurs

during the maturation ofpostsynaptic membrane: 3) synapses fonn on both cell bodies and

dendrites.

DISCUSSION

Correlation ~..tween nAChR expression and dendrite extension

ln vivo. nodose neurons do not extend dendrites nor do they exhibit much ACh

sensitivity on their cell body (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 sensitivity to ACh (Bacc:lglini and

Cooper. 1982: Cooper. 1984: Cooper and Lau. 1986: Mandelzys and Cooper. 1992) and

extend dendrites. The addition of NGF to satellite cell-tTee nodose cultures greatly
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enh::mces both the ACh-evoked current densities (~landelzys and Cooper. 1992) and

dendritic outgrowth. whereas the addition oi :'-iGF [0 satdlite ce11-neuron co-cultures has

no inductive eifect on both the ACh sensitivities and dendrite outgrowth. In addition.

when [he neurons develop for an additional : weeks in \"iro. they lose this ability to

extend dendrites in culture as wdl as [0 devdop ACh-evoked currents (Mandelzys and

Cooper. 1992). These results suggest that the acquisition of both of these new properlies

are intimatdy related. However. not ail nodose neurons develop these new properlies in

cultures. Therefore. in spite ofthese corrdations. 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 morphological

and dectrophysiological experiments that neurons extending several long dendrites have

high ACh-evoked CUITent densities. whereas neurons that lacked dendrites had sma11 or

no detectable ACh-evoked currents. The class A neurolls (Figure 4.1) represent

approximately 20-30 % of the neurons in these cultures. the class B neuroll:>

approximately :0 %. while the class C neurons constitute approximately hall' of the

neurC'I1S in these cultures.

These results link together the devdopmental expression ofdendrites. a major structural

componem of a postsynaptic neuron. with the expression of a postsynaptic

neurotransminer receptor. The temporal expression of these !wo synaptic elements

suggests that they are coordinatdy regulated. and suggest that nAChRs are expressed on

dendrites.

Expression of functional nAChRs on nodose dendritic membrane

The establishment of neuronal polarity involves the sel.'Tegation of molecules to the

various domains specialized for synaptic functions. Targeting ofneurotransminer receptors

to dendritic domains within dense clusters is likely to represent one of the most advanced

stages of neuronal maturation (Craig and Banker. 1994). Dendrites need neurotransminer

receptors on their surface to receive synaptic 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 !lm). 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 body 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 nAChRs 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 surfuce area of a:'(ons.

Evidence for synaptic contacts onto nodose neuron dendrites

The observation that clusters of synaptophysin immunoreactivity develop in culture of

nodose neurons suggests that accumulation of synaptic vesicles occurs in their nerve

terminaIs or a."(onal 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 delayed (>6 days) compared to cultured hippocampal neurons. where cluster

tormation starts within 3 days after plating (Fletcher el a/.• 1994). In hippocampal

neurons. this delay in cluster formation has been shown to depend on the period needed

for postsynaptic membrane maturation. Indeed. Fletcher el al. (1994) used co-cultures of

mature and young neurons ("heterochronic" co-cultures) to demonstrate that presynaptic

terminais from newly plated neurons contacting mature postsynaptic neurons were rapidly

induced to accumulate synaptic vesicle proteins. whereas contacts with immature

postsynaptic neurons failed to induce such cluster formation. Their results suggest !hat

axons have the capacity to develop presynaptic specializations soon after they emerge.

provided they encounter appropriate targets. Furthermore. they suggest that the maturation

stage of the postsynaptic cell bodies and dendrites determines. or at least. influences the



•

84

onset ofpresynaptic specializations 1Fletcher ,,( al.. 1994). In nodose neuron cultures. few

dendrites are observed after one week :md the density of functional nAChRs is still low.

Therefore the longer delay in synaptophysin immunoreactivity clustering ob~erved in

nodose neuron cultures is consistent with this concept of a role in postsynaptic membrane

maturity. While the temporal expression oi dendrites and n.A,.ChRs suggests that they are

coordinately regulated. a similar temporal correlation appears to take place for the

clustering of synaptic vesicles. suggesting an additional component of synapses that is

coordinately regulated in these neurons.

We observed the highest concentration of puncta of synaptophysin immunoreactivity

around cell bodies (Figure 4.4): we also observed several clusters along dendrites. In

addition. puncta were detectable along axons often at intersections with other a.'Cons. The

latter clusters may correspond to the formation of a.xonal varicosities by these neurons.

as those seen in sympathetic neurons (Landis. 19ï6: Peters et al.. 1991). Occasionally.

when nodose neurons were injected with lucifer yellow. small "swellings" in their a.'Cons

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 nOl

surprising: the tirsl appearance of irnmunoreactive puncta is detectable on cell bodies

(Figure 4.4C and 4.40) when dendrites are just emerging; if synaptic contacts fonn at
. .

random on both types of postsynaptic membranes. more presynaptic contacts should

accumulate along cell bodies. while sorne are accumulating along newly eXlending

dendrites.

When sympathetic neurons develop in culrure with skeletal myotubes. they become

cholinergie and fonn functional cholinergie synapses with each olher and with the

myotubes (Nurse and O'Lague. 19ï5). Single sympalhetic neurons grown in microculrures

form synapses onlO themse1ves ("autapses"): these synapses can be either cholinergie or

adrenergic. although only the cholinergie synapses can be detected electrophysiologically

(Furshpan et al.• 1976; Landis. 1976). Interestingly. Landis (1976) found that. in these---0
microcultures. cholinergie synapses_;v,eie preferentially loc:lted on dendrites. while
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adrenergic synapses were located on ceIl bodies. Nodose gang1ia contain several

neurotr:msmitters including acetylcholine. serotonin. dopamine. glutamate. as weIl as

substance P. vasoactive intestinal polypeptide and somatostatin (Matsumura and KoeIle.

1961: Fujiwara el al.. 1978: Talman el al.. 1980: Gaudin-Chazal et al.. 1983: Katz et al..

1983: Kessler et al.. 1983: Mathieu et al.. 1984: Palouzier el al.. 1987: Temaux et al..

1989). Cooper (1984) showed that functional synaptic interactions between nodose

neurons were cholinergic. It would be interesting to determine whether the clusters of

synaptophysin immunoreactivity seen on dendrites correspond preferentiaIly to cholinergic

synapses in these cultures. as observed in sympathetic neurons microcultures (Landis.

1976). In addition. it will be interesting to e.xamine the potential clustering of nAChRs

into "hot spots" and co-Iocalization with synaptophysin immunoreactivity. and. if this

happens. to see which one appears first.
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BDNF and NT-3 Promote Sensory Differentiation

by Neonatal Rat Nodose Neurons

INTRODUCTION

A critical phase in the development of the PNS is lhe period of large scale cell dealh.

This period is believed to be an importanl determinanl in the achievemem of appropriate

connections in neural circuitry. Neurotrophins are key players in this process as they

selecùvely rescue neurons thal express their cognate receptors. In the CNS. however.

neurons appear less dependem on neurotrophins for survival during development (Klein

et al.. 1993. 1994: Barbacie!. 1994). and slUdies have indicated lhal neurotrophins play

additional roles to their neurotrophic acùon (Korsching. 1993: CampenoL 1994: Davies.

1994; Kang and Schuman. 1995). In fuCL neurotrophins and their receptors (see appendix

1) are sùll expressed in the posmatal nervous system (Klein et al.. 1990b: Barbacid.

1994). suggesting lhat neuronal funcùons in posrnatal life are regulaled by neurotrophins.

Whi1e there is considerable intormation on the survival role of neurotrophins. less is

known about their specific effects on other neuronal functions.

Sorne dislinctions are beginning to unravel berween the signalling cascades acùvated

by the NGF receptor. trkA.. and other receplor tyrosine kinases. such as the EGF receptors

(see appendix 2); however it is largely unknown whether different trk receptors activate

distinct signalling cascades in neurons. There is evidence that different trk receptors may

be co-expressed within the same sensory neurons (McMabon et al.. 1994). and the marked

overlap in trk receptor expression in the CNS suggests that co-expression of trks occurs

in sorne CNS neurons as well (Emfors et al.. 1992: Barbacie!. 1994: Ho1tzrnan et al..

1995). This taises the question as 10 whether different neurotrophins can produce distinct

responses by neurons that co-express their receptors. and consequently whether different

neurotrophins can sùmulate distinct pathways of neuronal differentiarion in a neuron. If

50. this wouid imply that each class of trk receptors activate different downstrearn
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signalling events within a given neuron.

Neonatal nodose neurons represent a good preparation to investigate the differential

roles that neurotrophins playon neuronal differentiation as these neurons can grow weil

in culture in the absence of exogenous neurotrophins. As of yel, however. there has been

no quantitative measurements of trk expression in rat nodose neurons. Experiments with

in situ hybridization indicate that in developing rodents most nodose neurons express trkB.

many express trkC. and on1y few express trkA (tram EI3-EI8: Klein et al.. 1990b:

Martin-Zanca et al.. 1990: Emfors et al.. 1992: Barbacid. 1994). However. Verge et al.

(1992) reported that adult nodose ganglia contain many more neurons with high-affinity

NGF binding sites compared to neurons expressing detectab1e levels of trk.A.. by in situ

hybridization: furthermore. PI rat nodose neurons grown in culture also possess abundant

high-affinity NGF binding sites (Mandelzys et al.. 1990). The presence of high-affinity

NGF binding and the Jack of trkA mRNA in a given neuron may seem contrary to what

one would expect: however. the majority of nodose neurons express high mRJ."iA and

protein Jevels of p75~NGFR (Yan and Johnson. 1988: Verge et al.. 1992). Although the

relationship of pi5~NGFR to trkA is still unclear. recent evidence indicates that p75~NGFR

favours high-affinity NGF binding when co-expressed with trkA. particularly when a high

ratio of p75~NGFR versus trkA is e.xpressed (e.g. 10:1) (Benedeni et al.. 1993: Lee el al..

1994: Verdi el al.• 1994: Chao. 1994). Therefore. one interpretation of the above findings

is that nodose neurons that have high-affinity NGF binding sites express trk.A.. 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 trkB (Klein el al.. 1990b: Emfors el

al.• 1992: Barbacid. 1994). if trkA is also expressed at low levels by many of these

neurons. then a significant proportion ofneurons may co-e.xpress multiple trks. This raises

the question of whether NGF and BDNF would produce the sarne 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 a 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 [0 acqUlre a pseudo-unipolar

morphology. On the other hand. BDNF has been shown to prf'mote neuronal precursors

to acquire properties of sensory neurons in culture (Kalchiem and Gendreau. 1988: Sieber­

Blum. 1991). [n addition. BDNF and. to a lesser extend. NT-3 have been sho\\'TI to

support embryonic nodose neuron development (Davies. 1994: Emfors el al.. 1994a.b:

Farinas el al.. 1994: Jones el al.. 1994). Based on these observations. we hypothesized that

BOl'iF and perhaps 1'11-3 promote the sensory differentiation ofnodose neurons. To test

these predictions. we compared the effeclS 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 sensory neurons that

extend C fibers and thinly myelinated A3 fibers (Fitzgerald. 1983: Marsh el al.. 1987:

Bevan and Geppetti. 1994). and the majority ofneurons (70-75%) in the nodose ganglion

extend unmyelinated C fibers (which notably innervate the tongue: Painta!. 1973).

In addition. in this chapter. we tirst examine the effeclS ofneurotrophins on the growth

and survival of cultured nodose neurons and quantify the expression of neurotrophin

receptor transcriplS in neonatal nodose neurons.

EXPERIMENTAL PROCEDURES

Neuronal cultures

PI 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 petri dishes (section 2.1.5.). Each

neurotrophin was added at 25 nglml. 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 LI5-Air and fresh

growth media were added. cOlltaining either NGF, BDNF. NT-3. no neurotrophins. or all

3 neurotrophins combinee!.
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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 culture dish. 12-18 hrs after plating. and 4. ï and 14 days

later. The coums were repeated on 3 separate platings.

Immunocytochemistry

Neurons were fi.xed. permeabilized and immunostained for MAP2 (HM-2 antibody).

as described in section 2.2.1. and Chapler 3. after approximalely 3 weeks of developmem

in culture.

Electrophysiology

Whole-cell voltage clamp was perfonned as described in section 2.3.. ACh and

capsaicin (S-methyl-N-vaniIlyl-6-nonenamide) (both 50 !LM) were applied sequenlially on

a given neuron by pressure ejection from a double-barrel puffer with tip openings of

approximately 20 J.lITI. prepared as described in section 2.3.2.. In most experiments. ACh

was applied first because the capsaicin-evoked currents look several minules to recover.

To make sure that prior application of ACh did not affect capsaicin sensitivity. we applied

capsaicin first on sorne neurons followed by an ACh application 5-10 minutes later. and

then re-applied capsaicin 2 min later. The second response 10 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 extr3cted from fresb.Iy dissociated PI nodose and SCG

neurons which had been Sep3f3ted from lheir satellite cells (see section 2.1.1.) as

described in section 2.4.1. RNase protection assays were perfonned as descn'bed in section

2.4.3. with nlloprobes for trlcA. trkB. trkC. and p75L.'lGFR. We used two different probes

/:",
/

::=:::.::-::-~ .
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for trkB (see section 2.5.4.): one probe (730 bp) is protected either by trkBn-;- (715 bp)

or by trkBTK· (210 bp) transcripts: the other probe is protected only by the trkBTK­

transcript (315 bp). The trkC riboprobe (324 bp) can only hybridize with the trkCTK­

transcripts (protected length=315 bp). Either 1 or 2 ).tg of toml cellular RNA were used

for hybridization with each riboprobe. The assays were repeated 5 times (each in duplicate

reactions) on differem extracted RNAs. The hybridization signaIs were quamified as

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

In situ hybridization

The in situ hybridization experiments were perforrned as described in section 2.4.4.

using digoxigenin (OIGl-!abelled riboprobes. and immuno-alkaline phosphatase reaction.

PI Nodose and SCG neurons were plated and fixed 12 hrs after plaling. The neurons were

incubated with a OIG-Iabelled amisense trkA riboprobe synthesized 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 trk.!\.

riboprobes. and subsequemly processed for alkaline phosphatase immunoreaction: 2)

neurons treated with R,'lase TI for 30 minutes. prior to regular hybridization with DIG­

labelled trkA riboprobes: 3) neurons incubated with sense DIG-Iabelled trkA riboprobes:

4) neurons pre-incubated with 5X unlabelled trkA antisense riboprobe for 3 hrs and

subsequently co-incubated with 5X unlabelled antisense trkA and DIG-Iabelled antisense

trkA. To make sure that our 5X unJabelled trkA competition control (#4) was specific. we

pre-incubated neurons with an unrelated. unlabelled antisense riboprobe «17 nAChR; see

Chapter 6) for 3 hrs and co-incubated this riboprobe with DIG-Iabelled antisense trkA (see

Figure 5.4C and 5.40). Our controls #1 and 2 were completely negative. while our sense

control (#3) showed 10w levels of labelling after long alkaIine phosphatase reaction. Our

control #4 showed very linle signal in nodose neurons and low levels of labelling in SCG

neurons (see Figure 5.4F) which express higher leve1s of trkA !han nodose neurons (see

Figure 5.3b). This control indicates that the 5X unlabelled trkA competed most of the

DIG-Iabelled trkA antisense riboprobe. In Figure 5.4. we show !wo 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 a 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 culture without satellite cells

and without adding any neurotrophin (Chapter 3: Mandelzys el 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 f'lated

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 ngfml), and

counted the proportions ofneurons that survived over a 2 week period. Figure 5.IA 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 neurotrophin. In contrast, most neurons

remained after 4 days in the presence of BDNF (94%) or NT-3 (89%). Finally, in the

presence ofail neurotrophins. almost no neuronalloss was measured after plating (Figure

5.IA). Interestingly, past 4 days in culture, nearly ail neurons remaîned and grew in the

cultures independent of the condition (Figure S.IA). 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 PI. beyond the period of

neurotrophin dependence.

Ne.~ we asked whether growing the neurons with a combination of ail 3

neurotrophins for the fust 4 days was sufficient to make themall neurotrophin­

independent thereafter. To do this, we changed the growth medium at day 4 to one

containing either NGF. BDNF. NT-3, no neurotrophin. or the 3 combined. Figure S.lB
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FIGURE S.l. 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 (alI 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%. lB) 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.
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FIGURE 5.2. Effect of neurotrophins on nodose neuron growth in culture.

Phase contrast photomicrographs of nodose neurons grown for 4 days with

NGF+BDNF+NT-3. and subsequently without neurotrophin. or \Vith NGF. BDNF

or NT-3. or \Vith NGF+BDNF+NT-3. for a following 17 days. The number of

neurons and the total amount of process outgrowth \Vere simiIar under each

condition.
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shows that after 4 days in culture nearly ail 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 1ï days in the presence of either NGF. BDNF. l'iï-3. ail 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 PI nodose neurons

To determine which neurotrophin receptors are expressed by newbom rat nodose

neurons. we measured the transcript levels of lrkA. crkB. lrl..-C and pï5~SGFR with RNase

protection assays. For comparison. we measured simultaneously the levels of these

transcripts on newbam 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 neuronal types. expressed

relative to pï5~SGFR in nodose neurons (=100%). This figure demonstrates that among crk

receptor transcripts. crkB mRNA is expressed at highest levels in nodose neurons. but only

by 2-3 foId compared to lrkA and crl..-C mRNAs. pï5~:-lGFR transcripts are expressed 10-14

fold more than lrkA mRNA in nodose neurons. In contrast. trkA mRNA is 2-3 foId more

abundant than pï5~:-lGFR in SCG neurons. SCG neurons contain undetectable levels of lrkB

rranscripts and linle trkC mRNA. Nodose neurons contain approximately 5 fold Jess trk.6".

mlU~A than SCG neurons.

The riboprobes used to hybridize trkB and trl..-C mRNAs were directed against regions

that encode the tyrosine kinase domains of the receptors. Therefore. these 2 riboprobes

=ot detect mRNAs that encode the rruncated spliced variants of these [WO receptors

that lacked the tyrosine kinase domains (trkBTK• and trl..-CTK.; sec: appendix 1). To test

whether the trkBTK· receptor is expressed in nodose neurons. we used a longer riboprobe

of ï 15 bp that spans from pan of the tyrosine kinase intracellular loop to the

rransmembrane region which is common to bath spliced variants (sec: section 2.4.5.). The



• A SCG NOD

" ;>;g u '" < ~ u 0:: <
'" '" '" '" U'l '" '" '""- .= .= .= "- .= .= .="- "-

• ,
j

.-
-.-

-

trkB TK+

trkB TK-

B
100

"~ 90t;

2;~
- Q10 0 SC1'0
0.......
o 1\ 70
-~

c:> "'> 1: 60.- 0- .....!::=
50Cl) Cl)

... 1:
..!!lCl) 40 TCl) "'> 0
Cl)"'C

30-0
<1:

~.5 20

e 10

0
p75L-.:nl tr1cC trkB trkA

PISCG

p79J"C"' trI.<: trkB trkA

Pl Nodose

•
FIGURE 5.3. Expression of neurotrophin reœptor transcripts in Pl nodose and SCC neurons.

(A) Left: RNase protection assay fortri:A.trkBTK+, trkCTK+ and p75LNCFR transeripts
on Pl nodose and SCC neuron RNA. The sizes (bp) of the&rotected antisense n"boprobes on
the left panel are: trkA=300 trkB=315 trkC=315 and p75LN FR:270. Right: RNase protection
assay for trkBTK+ and trkBTI<- on nodose neuron and total brain RNA. The 730 bp trkB
riboprobe was protected byeither the trkBTI<+ transeript (7lSbp) or the trkBTK- transeript
(21Obp). 1 mg of total œllu1ar RNA and 200 000 cpm of riboprobe was added in each reaction.
(8) Mean (±SEM)~t levels of neurotrophin receptors in nodose and SCC neurons
normalized ta p75LNGFR transaipt levels in nodose neurons (n--S).
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right panel of Figur.: 5.3a shows that very little if any rrkBTK
• is expressed in nodose

neurons. while it is abundantly expressed in the brain. trkBTK• is believed to be mainly

expressed in glial cells (Beek et al.. 1993: Frisen et al.. 1993: Jelsma et al.. 1993:

Valenzuela et al.. 1993): when we performed RNase protection assays on whole ganglia.

this splice variant became apparent suggesting that nodose satellite cells express sorne

trkBTK••

These results demonstrate that all 4 neurotrophin receptor transcripts are expressed by

nodose neurons. If we compare our results on trk mRNA levels in nodose neurons with

those obtained from in situ hybridization experiments (Martin-Zanca et al.. 1990: Verge

et al.. 1992: Emfors et al.. 1992: Barbacid. 1994). it suggests that trk.~ is expressed at low

levels in the majority of the neurons. Such conclusion would imply that previous in situ

hybridization slUdies did not detect those low levels of rrk.~ transcripts. Altematively. as

these in situ hybridization experiments were performed on embryonic or adult nodose

ganglia. it is possible that Pl rat nodose neurons express higher levels of rrkA than earlier

and later in development. Our measurements of neurotrophin receptor transcripts on SCG

neurons are consistent with previous slUdies which have indicated that 1) trkA rnRJ."lA is

expressed at high levels in embryonic and neonatal SCG neurons: 2) trkC is expressed

very early in embryonic development and its tran5cript levels decrease thereafter; 3) trkB

is e:'tpressed at very low levels if at ail expressed: 4) p7SLNGFR expression is still low by

binh. but it largely'increases posmatally (Ernfors et al.. 1992; DiCicco-Bloom et al., 1993:

Barbacid. 1994; Verdi et al.. 1994).

To estima:e the proportion of nodose neurons that express trkA. we needed to develop

a sensitive protocol for in situ hybridization to be able to resolve 10w levels of trkA

mRNA in neurons. Our preliminary approach has been to use uniformly labelled antisense

riboprobes (300 mers) th:1t 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 tirst Step. we performed the in situ hybridization on freshly

plated neurons to minimize background signais. Figure 5.4 shows the result from one
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FIGURE 5.4. In sitll hybridi7.ation for trkA in nodose: and SCG ne:urons. with

DIG-Iabelled antise:ns,~ trkA riboprobe:.

Phase contrast photomicrographs of nodose: (A) and SCG (B) neurons grown

for 12 hrs in culture. fixed and incubate:d with DIG-Iabelle:d trkA antise:nse

riboprobes. rc:vealed with an immuno-alkaline phosphatase reaction. (C) and (D)

Bright field photomicrographs of the same field as above showing trkA mRNA

labdling in neurons. (C) The majority of nodose neurons were: labdIc:d at various

intensities for trkA mRNA. The large arrow points to a neuron that showed liuIc:

or no signal for trkA mRNA. the: arrowhead to a neuron with faint signal for trkA

mRNA. and the small arrow to a neuron with moderate signal for trkA mRNA.

(D) Virtually aIl SCG neurons showed strong signal for trkA mRNA (large: arrow

points to one example). No trkA mRNA si~'Tlal above background was found in

non-neuronal cells (small arrow). The DIG-trkA riboprobe hybridi7.ation in C and

D was perforrned with a 5X amount of unlabelled riboprobcs of an unrelated

mRNA (lX7 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 differc:ntial interference optics to allow beuer

visualization ofunlabelled 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 mos!, but not ail DIG-trkA signal is competed with the unlabelled

trkA antisense riboprobe. In (G) and (H) the fixed neurons were pre-incubated

with RNase Tl (20 UlIlI) 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 trkA riboprobe incubation, or without DlG-labelIed riboprobe incubation.

Scale bar, 40 Ilffi.
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experiment perfonned on Pl nodose and SCG neurons. This ligure shows that while

nearly all SCG neurons are labelled strongly for rrkA mRNA (Figure SAB and 5.4D). the

majority of nodose neurons are modera[ely labelled. although the labelling appears more

uneven between nodose neurons in the same culrure (Figure 5AA and S.4C). Furthermore.

sorne nodose neurons appear unlabelled 1Figure SAA and S.4C: large arrow). These

preliminary results suggest that rrkA 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 culrure. many nodose neurons have extended MAP2 positive

dendrites when grown in the absence of satellite 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 culrures of neurons in the presence of these neurotrophins and

immunostained them for MAP2. Neurons were grown in the presence of aIl 3

neurotrophins for the tirst 4 days: at day -+. 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 ofNGF 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 ~ï-3, respectively. whereas in the presence of

NGF. nearly 20% of the neurons had dendrites after 3 weeks in culrure. 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 caIculated

by the product of the proportion of neurons with dendrites. the number of dendrites per

neuron. and the mean dendritic length. is shown in Figure 5.6B. This histogram

demonstrates !hat 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 iIIustrated in Figure 5.2. the overall amount of process outgrowth appeared
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FIGURE 5.5. MA?2 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 MA?2. In the presence ofNGF many neurons extend long

e1aborated dendrites; in the presence of BDNF. few neurons had short dendrites:

in the presence ofNT-3. few neurons 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. (Al Selec:ted neurons with MAP2labe1led dendrites were
trac:ed by camera lucida drawing. The neurons were grown for 3 weeks in c:ulture 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 severa! elaborated MAP2 positive dendrites. In the presence of BDNF. 6% of the neurons
had short dendrites. In the presence of NT-3, 70/. of the neurons had short dendrites, oc:c:asionally
longer c:ompared 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 calc:ulated by the product of the perœntage of neurons with dendrites, the
number of dei.drites per neuron. and the mean dendritic: lengths. The mean total dendritic: outgrowth
(±SEM) is expresseci per 100 neurons. "ln the presence of NT-3, the total dendritic: growth was
significantly different!rom that in the absenœ ofneurotrophin (p<O.ool, t-test).



•

•

95

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 :l.xons 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 :l.xons that nodose neurons extend in these cultures is independent of neurotrophins and

is only determined by the presence or the absence of satellite ceIls (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 int1uence PI nodose

neurons to acquire propenies of sensory neurons. To examine this possibiliry. we

investigated whether neurotrophins influence the neurons to acquire their rypical

sensitivity to capsaicin. using whole-cell voltage clamp recording (Bevan and Geppetti.

1994). Figure 5.7A shows an example ofa capsaicin-evoked inward current on a freshly

dissociated PI nodose neuron: the current activates relatively slowly (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%) PI nodose neurons were sensitive to capsaicin. with a mean evoked-current of 40

± 6 pAlpF (SEM). This compares weil with a proportion of 70-75% measured in vivo in

nodose ganglia (Marsh et al.. 1987). In contrast.. when we measured capsaicin sensitiviry

on freshly dissociated PI SCG neurons. 0/12 neurons were sensitive.

Capsaicin sensitivity is retained by BDNF but not by satellite cells

The ganglionic satellite cells of the nodose ganglion induce the neurons to re-acquire

a unipolar morphology rypical of sensory neurons. However. satellite cells by themselves

do not sustain nodose neuron's capsaicin sensitiviry in culture (Figure 5.ïB). In contrast..

capsaicin sensitiviry is influenced by neurotrophins: when neurons grow in the presence

of BDNF with or without satellite cells. 50-70% of them retain their sensitiviry to

capsaicin. whereas neurons developing with NGF. either in the presence or absence of
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FIGURE 5.7. Capsaièn sensitivity of nodose neurons.
(A) Whole-œll patch clamp recording of a typical capsaièn-evoked current on a

nodose neuron voltage clamped at -50 mV. Upon a 4 sec application of 50 j1M capsaièn by
pressure ejection. a large, slowly activating inward current is evoked and takes a few
minutes to retum to baseline. The inset shows the time of full activation (3-4 sec). The
current was filtered at 3 KHz and sampled at 100 Hz. (B) Perœntage of capsaièn-sensitive
nodose neurons in viTIO (freshly dissociatee!) and after development in culture.
Approximately 65% of freshly platee! nodose neurons are sensitive to capsaicin. In the
presence of BDNF, cultured nodose neurons retain their capsaièn sensitivity with or
without satellite cells (no significant difference between + or - satellite cells; p>O.D5, 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. 10se their capsaicin sensitivity 1Figure S.iB). These results indicate that in

spite of their induction e:fect on sensory neuron polanty. satellite cells do not sustain

capsaicin sensitivity on nodose neurons.

BDNF and NT-3 promote capsaicin sensitivity. while :'iGF promotes ACh sensitivit)·

on nodose neurons.

As shown above. NGF does not sust:lin 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 lest 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 e1ectrode puffers. with one barrel cont:lining 50 !lM

capsaicin and one barrel cont:lining 50 ILM 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 a 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 (2iOO pA). Figure 5.9A 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 to

the bottom right of the plot indicating that MOSt neurons with large ACh-evoked currents

(>10 pAlpF) had no capsaicin-evoked currents. In 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 S.iB)

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. a1beit the currents were small. generally :>IOpAlpF. Based
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FIGURE 5.S. ACh- and capsaicin-evoked cuxrents on nodose neurons gro\Vn for 17 days in

culture without satellite œlls and with NGF (after an initial 4 days with all 3 neurotrophins).

ACh (50 llMl and capsaicin (50 !!Ml \Vere co-applied sequentially on the same neuron with a

double- barrel puffer e1ectrode. The capsaicin application (3 sec) ,,!as done 2 min after the ACh

application (3 sec). (A) This neuron had a large ACh-evoked current and a large capsaicin­

evoked cuxrent (8). (C) This neuron had a small ACh-evoked cuxrent and a large capsaicin­

evoked cu:rrent (D). (El This neuron had no ACh-evoked cuxrent and was sensitive te capsaicin.

ACh-evoked cuxrents \Vere filtered at 3 KHz and sampled at 5 KHz. Capsaicin-evoked cuxrents

\Vere 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 pAipF may represent an indicator of neurons that extend dendrites. We found that only

2-3% of the neurons had ACh-evoked current densities ~1OpA/pF in the presence of

BONF (Figure 5.9B: right). while approximately 6°'0 had dendrites (figure 5.3). In

contrast. we found that30-35% of the neurons had ACh-evoked currents ~lOpA/pF in the

presence of NGF (Figure S.ïA: right). while 20-25% had dendrites (Figure 5.3: chapter

3). These proportions are consistent with a correlation bel\veen dendrite outgrowth and

ACh-evoked current densities (Chapter 4).

ln addition. we found that 1'11-3 essentially produces the same etTects as BONF on

nodose neurons. as it sustains their capsaicin sensitivity. and few neurons have ACh­

evoked currents ~IOpNpF (2-3%: Figure 5.9C).

To test whether NGF actually inhibits capsaicin sensitivity on nodose neurons. we

grew the neurons without neurotrophin. Figure 5.90 shows that only 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 5.90 also shows that

fewer neurons had ACh sensitivity in the absence of neurotrophin compared to neurons

grown with BONt 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 aIl 3 neurotrophins together the neurons will be induced to express both large

capsaicin- and ACh-evoked currents. unless conflicting signais are mediated by different

trk receptors on the same neurons. To deterrnine whether more than one neurotrophin c..n

produce effects on individual neurons. we grew nodose neurons in the presence of ail 3

neurotrophins. Figure 5.9E shows that 50% of the neurons were sensitive to capsaicin.

indicating that BONF 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). H 0 w e ver.

surprisingly. in the presence ofail 3 neurotrophins fewer neurons (16%) had ACh-evoked

currents ~I0 pAlpF (Figure 5.9E: right) compared to neurons grown with NGF (33%:

Figure 5.9A: right).

Table 5.1 shows the mean ACh- and capsaicin-evoked current densities &om ail
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FIGURE 5.9. ElTecls of neurotrophins on ACh- and capsaicin-evoked currents in culture in the absence of satellite cells.

ACh (50 IIM) and capsaicin (50 IIM) were co-applied sequentially on neurons (sec Figure 5.8) that were grown lor 2-3

weeks wilh either (A) NGI', (B) BDNF, (C) NT-3, (D) no-neurolrophin or (E) ail 3 neurolrophins. Allncurons wcre grown

for the lirsl 4 days with the 3 neurotrophins combined. On the len hand graph of (A) to (l'), the eapsaicin-el'okcd CUITent

dcnsities arc plotted against Ihe ACh-evoked CUITent densities for individual neurons (lllled circles). On Ihe right haml

hislogrnm of (A) to (E) is shown the percenlage of neurons 1) non-responsive to bolh capsaicin and ACh, 2) scnsilive to

capsaiein, and 3) thal had ACh-evoked CUITent densities ~IO pAlpl'. This value of 10 pAlpl' lIlay represent a rough indicalor

of neurons with dendriles (sec Figure 4.1). (A) ln Ihe presence of NGI', the distribulion of CUITent dcnsilies arc skewed to

Ihe bottom·right of the plot, indicating thal many ncurons had large ACh-evoked CUITents (33% with ellITent dcnsities ~ 10

pAlpF), bul few (23%) were sensilive to capsaicin. (B) ln Ihe presence of BDNF, the CUITent densilies arc skewed 10 the

middle·len of Ihe plot, indicating that few neorons had large ACh-evoked CUITents (3%) and lIlany were capsaicin-scnsilive

(50%). (C) ln the presence of NT·3, neurons had silllilar ACh and capsaiein sensilivities cOlllpared to neurons grown with

BDNF. (D) ln the absence of neurotrophin few neurons had ACh-evoked eurrent densilies above ~10 pAlpF (1-2%) and few

were sensilive 10 capsaicin (20%); a large proportion of neurons were, in fact, insensitive to both ACh and capsaicin (50%).

(E) ln Ihe presence of ail 3 neurotrophins, Ihe same percentage of neurons were sensitivc to capsaicin as in the presence of

BDNF, however fewcr neurons (16%) had ACh-evoked CUITent densilies ubove ~IO pA/pI' eOlllparcd to neurons grown with

NGF (33%). n: NGF=74, BDNF=69, NT-3=52, no neurotrophin=37, NGF+BDNF+NT-3=35. For the CUITent density plots,

35 neurons were selected al random for each condilion. The proportion of unresponsive ncurons is nol reneeted on these

dislribution plots and was thercforc shown on Ihe histogralll.

•
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neurons growing under each condition. This table demonstrates that in the presence of ail

neurotrophins. the mean ACh-evoked current densities are smaller than with NGF aJone.

suggesting that BDNF andlor NT-3 panially repress the effects of NGF on functional

nAChR expression. In addition. it shows that the mean ACh-evoked currents in the

presence ofBDNF or NT·3 are higher than in the absence ofneurotrophin. suggesting that

these neurotrophins promote the e.xpression of low density nAChRs. FinalIy. the few

neurons that were sensitive to eapsaicin in the presence of NGF had :2 foid larger

c:\psaicin-evoked currents than in the absence of neurotrophin.

Table S.! EffcclS of ncurotrophins on me:m ACh- and capsaicin-cvokcd currcnts on nodosc ncurons

NGF- WilhoUl
NGF BDNF NT-3 BDNF - NT-3 ncurotrophi::.
(i4) (69) (52) (35) (3i)

ACh (pNpFl S.i =1.20
- 2.1 =<lA··- 2.S =<l.S··- 5.3 =1.0

0

- Ll =0.3
0

•

Caps (pNpF) 6.S ::2.0 132 =1A§ ILl ::2.4* 13. ï 3.S~ 3.4 ::::1.9~

Me:m t=5EL"1) ACh- and capsaicin...-vokcd currcnl densitics (pNpF) mc:l:;urcd with wholc-ccll volt:lgc-clamp
rccording on no<lose ncurons grown for 2·3 weeks with or withoUl various ncurotrophins. Signific:ml
diffcrcnces (P<O.OS. Dunc:m's multiple-rangc lest) for me:m ACh...-vokcd cum:nl dcnsilics comparcd 10

ncurons grown with °NGF. or comparcd 10 ncurons grown with ·NGF+BDNF-NT·3; or comparcd with
ncurons grown -wilhoUl ncurotrophins. Significanl differcnccs tp<O.OO 1. 1-ICSl) for capsaicin...-voked currcnl
dcnsilics comparcd 10 ncurons grown wilh ~NGF. (n in parcnthcscs)

DISCUSSION

Nodose neurons provide sensory innervation to the visce=a. including the hea.n. the

lungs. the trachea.. the gue. 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 mat BDNFand NT-3

intluence nodose neurons to retain sorne of the attributes of sensory neurons. while NGF

influences these neurons 10 acquire nc:w properties more typieal of sympametic neurons.
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Neonatal rat nodose neurons grow in culture \\ithout addition of exogenous

neurotrophins.

An interesting observation in this chapter is that only 40% of PI rat nodose neurons

depend on neurotrophins for survival initially after plating. Furthennore. this neurotrophin­

dependence nearly disap:;ears as the neurons grow tor an additional 4 days in culture.

These results contrast with those obtained with embryonic chick nodose neurons which

highly depend on BDNF and. to a lesser extencL on NT-3 for survival (Hofer and Barde.

1988; Lindsay et al.. 1985: Vogel and Davies. 1991; Davies. 1994: Fariiias et al.. 1994).

Furthennore. trkBTK- (-/-) and BDNF (-/-) neonatal mutant mice have very small nodl':<e

ganglia. suggesting that many of these neurons depend on BDNF for survival (Klein et

al.. 1993: Emfors et al.. 1994a: Jones et al.. 1994). One likeiy explanation for our results

is that PI rat nodose neurons have developed beyond the perioà of large-scale cell àeath

that occurs during the development of most peripheral ganglia (Barde. 1989). C"nsistent

with this interpretation is the fuct that the number of neurons in the nodose ganglion does

not change from newbom to adult rats (Cooper. 1984). Marked changes in neurolrophin

dependence during development have been shown in peripheral neurons (Oppenheim.

1991: Birren et al.. 1993: Buchman and Davies. 1993: Buj-Bello et al.. 1994: Gaese et

al.• 1994).

Recent evidence have indicated that sensory neurons, as weil as CNS neurons. may

"feed" thernselves with neurotrophins in an autocrine fashion (Ghosh et al.. 1994: Acheson

et al.. 1(195). Several srudies have shown that sensory neurons express neurolrophins

(Schecterson and Bothwell. 1992: Emfors et Ji.• 1992;~Acheson et al.. 1995). and Emfors

et al. (1992) reported the presence of BDNF mRNA in embryonic rat nodose ganglia.

Tb'i~. it is possible that sorne nodose neurons survived in these cultures by producing their

own neurotrophins. If so. such production of neurotrophins was not sufficient to induce

the neurons to extend dendrites. e.xpress ACh-evoked currents or remain capsaicin­

sensitive. Precedent evidence e.xist for a differential effect of neurotrophin concentration

on neuronal survival versus expression of genes involved in neuronal function. For

instance. low concentration ofNGF (e.g. 2 ng/ml) is suffi.::ient.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 TaI

et.-tubulin and tyrosine hydroxylase mRNA (Ma et al.• 1992). The fact that Pl 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

rn this chapter. we used capsaicin as a marker for the sensory neuron phenotype 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 weil

as a substantial proportion (40-50%) of somaùc C-type afferents trom the DRG: these

afferents transmit noxious stimuli. and their acùvity cao result in the sensaùon of pain

(Fitzgeral. 1983: Marsh et al.. 1987: Bevan and Geppetti. 1994). Chronic treatment of

animais with capsaicin causes a reduction in reacùon to noxious chemical sùmuli. as we!!

as noxious thermal and mechanical sùmuli (Fitzgerald, 1983). This subpopulaùon ofDRG

neurons has been shown to depend on NGF for survival during development. and trkA (-/­

) mutant mice also Jose much of their nocicepùon and thermoception (Smeyne et al..

1994). Likewise. Winter et al. (1988) showed that the response to capsaicin of cultured

adult rat DRG neurons. which no longer depend on NGF for survival (Schwartz et 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

surviva!. These results indicate that different neurotrophins cao regulate similar funcùons

on distinct populations of neurons depending on their context of development. This could

mean that differenL trks acùvate similar signalling pathways wrnch lead to the expression

of the same gene in different neurons. Such pathway couldôe 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 e.'l:press capsaicin sensiùvity. while BD1'l"F is a

survival factor of most embryonic nodose neurons. However. it is aise possible that
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different signalling cascades activated by each trk lead to the expression of the same gene

in distinct cellular contexts. In any case. it is interesting to consider that both receptors.

trkA and trkB. appear not to mediate the same signais in nodose neurons. whether or not

they are co-expressed in the same neurons (see be!ow).

Model

Figure S.l 0 describes our working mode! for the differentiation of nodose neurons in

culture in response to satellite cells and neurotrophins. based on our results presented in

Chapter 3. 4 and S. First. the initial polarity that freshly dissociated nodose neurons (Stage

1) acquire is determined by the contact with satellite ceIls (Stage 2): SO% of the neurons

re-acquire their unipolar morphology when plated with satellite cells. whereas in the

absence of satellite cell contact (Stage 4). they elongate many axons giving rise to a

muJtipolar 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 propenies. ln the presence of BDNF (Stage 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 Jose sensitivity to capsaicin: it appears that the ncurons have then

acquired a phenotype similar to sympathetic neurons.

In the presence ofNT-3. the neurons had similarproperties to those ofneurons grown

with BDNF. suggesting that trkC mediates mainly the same effects as trkS. However. as

NT-3 bas been shown to activate also trkS and crkA under sorne conditions (Cordon

Cardo et al.. 1991: Ip et al.. J993b: sec appendÎlc 1). it is possible that NT-3 mediates its

effects through trkS (and trkA:. but sec below).

This model needs further discussion. Below 1 discuss the potential co-expression of
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multiple trk receptors in nodose neurons and speculate on the possible specificities among

trk-mediated signaIs. In addition. 1discuss the potential participation of pï5LNGFR in these

effects. Finally. 1address the role of nAChRs on sensory neurons and discuss the possible

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

Patential co-expression of multiple. trks in riodose 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 trkA and trkB (or trkA and trkC or the 3 trks

together), which thereby differentially affected nodose neurons' development. As

mentioned above. for NT-3. it is possible that its effects \Vere mediated by trkB. or even

by trkA, in the case of the small induction of dendrite outgroWlh (Figure 5.6B: appendix

1).

Our quantification of the transcript levels for the various neurotrophin receptors

indicates that trkB rnRNA is expressed at levels 2-3 foid greater than trkA and trJ.."C.

Based on the findings of previous in situ hybridization srudies on trk receptor expression

in embryo'lic rodents (Martin-Zanca et al.. 1990: Emfors et al., 1992: Barbacid. 1994).

we were expecting a much greater difference between the amount of trkB mRNA and the

amount of trkA mRNA, as well as more trJ.."C than trkA. Our results then suggest that the

levels of trkE and trJ.."C have decreased in newborn nodose neurons compared to

embryonic nodose neurons: this interpretation is consistent with the fact that many PI

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 trkB and trkC at

high levels (Emfors et a/., 1992: Barbacid. 1994), it is possible !hat a similar proportion

of neurons express those trks by birth, a1though at lower levels.

trkA is believed to be e.xpressed by only a small fraction of nodose neurons in

embryonic rodents, based on in situ hybridization experiments (Martin-Zanca et al., 1990:

Ernfors et al., 1992: Barbacid. 1994): similar observations were made in adult rat nodose

neurons (Verge et al., 1992). However, this laner study demonstrated that a large fraction
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of the ganglia bound NGF with relatively high-affinity. and similar observations were

made on cultured nodose neurons (Mandelzys et a/.. 1990). High-affinity NGF binding

is be1ieved to be optimized by a high ratio of p75LNGFR:trkA expression (e.g. 10: 1;

Benedeni et al.• 1993; Lee et al.. 1994; Chao. 1994: see appendix 1), and we found 10-14

fold more p75LNGFR mRNA than trkA mRNA in nodose neurons. Taken together. these

findings couId be exp1ained by the fact that many nodose neurons express both trkA and

p75LNGFR. Our finding that trkA 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 trkA is higher in neonatal nodose neurons

compared to embryonic or adult nodose neurons. In fact. profound deve10pmental changes

in neurotrophin receptor expression have been observed in peripheral neurons (Emfors et

al., 1992; Mu et al.. 1993: Verdi and Anderson, 1994). A large increase in p75LNGFR bas

been shown in sympathetic neurons during late embryonic and postnatal development

(Verdi and Anderson. 1994). and this increase couic!. in fact, be due to NGF's action on

trkA (Ma et al.• 1992; Miller et al.. 1994; Verdi and Anderson, 1994). If 50. the

expression of trkA in nodose neurons may be essential for the high levels of p75L.'1GFR

!ranscripts in these neonatal neurons (which would argue that trkA 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 trkA. although we have not yet quantified this

proportion precisely. In a given culture, we observed more variability in the intensities of

the trkA mRNA signais between nodose neurons !han between SCG neurons (Figure 5.4)

which contained generally strong signais.

Taken together our results and those of others on neurotrophin receptor expression

suggest that a significant proportion of nodose neurons co-express multiple trks.

Interestingly. McMahon et al. (1994) showed that nearly all visceral afferents of adult

DRG neurons co-e:,<pressed trkA and trkB. This may indicate that visceral targets provide

both BDNF 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 et aL. 1992;
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Schecterson and Bothwell. 1992). We plan to repeat in situ hybridization experiments

using riboprobes of ail crks and piSL~GFR on thin adjacent sections of Pl nodose ganglia

to demonstrate more definitivdy co-expression of different trk receptor transcripts in

nodose neurons. In addition. when specific crk antibodies become available. we will

perform immunocytochemistry on these ganglia sections to verify that crk receptor proteins

are also expressed.

Further evidence for co-expression of crks in sorne nodose neurons cornes trom the

results obtained in Figure S.9E and Table S.l. where the neurons were grown with ail 3

neurotrophins. Indeed. under this condition. BONI' (or NT-3) seemed to have interfered

with the effects ofNGF on nodose neurons: l) only 16% of the neurons had ACh-evoked

currents above 10 pA/pF with al! 3 neurotrophins (Figure S.9E). while with NGF alone

(Figure S.9A). 33% had currents above 10 pA/pF: 2) the mean ACh-evoked currents on

neurons grown with ail 3 neurotrophins were only 60% of those on neurons grown with

NGF alone (Table S.l). If BONI' (andlor NT-3) and NGF were acting only on IWO

separate populations ofneurons. the induction of ACh-evoked currents by NGF should not

have been affected by BDNF (andlor NT-3). These results suggest that activation of crkA

and crkB (or trl.."C) cao trigger distinct signalling cascades within one neuron. which

produce conflicting signais 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 tbat. in this chapter.

we grew the neurons for the first 4 days with ail neurotroplins. The presence of BDNF

andlor NT-3 initially may have promoted survival ofneurons that did not respond to NGF.

or a1ternatively. as BDNF and NT-3 partially inhibited the effects ofNGF on ACh-evoked

currents (Figure S.9E: Table 5.1). their presence initially. may have reduced the effects

of NGF on dendritic outgrowth.

An alternative explanation cao be offered for why fewer neuronsexpressed high ACh­

evoked carrent densities in the presence of ail 3 neurotrophins: this has to do with the

possible involvement of pïSL~GFR in this process and is discussed bdow.
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Potential mechanisms for specificity among neurotrophin-mediated signais

How c:m 2 different neurotrophins mediate distinct signaIs in one neuron? Upon ligand

binding. sorne of the tyrosine residues that are phosphorylated in the intracellular domains

of trks have been shown to bind specific 5H2 domain-containing enzymes (or adaptor

proteins: see appendix 2). 5pecificity in the binding of these 5H2 domains appears to be

provided by the structural arrangement of amino acids surrounding b()th the tyrosine

residues on the receptors and the 5H2 domain of the enzymes or adaptor proteins that

bind to autophosphorylated trks. Differences in the structural arrangem~nt around the

tyrosine residues of autophosphorylated trkA and trkB could link each of these trks to

distinct signalling molecules mediating separate functions.

Another difference in the activation of trkA and trkB in nodose neurons mOlY have to

do with the relative amount and/or distribution ofeach receptor on the surface membrane.

The levels of expression of trkB transcriptS is higher than that of trkA 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 5.1). It is possible that the intensity of

autophosphorylation of a given trk mediates distinct signais: as trkB dominates, its

activation mOlY induce a different intracellular cascade of events than that of trkA. By

analogy, the activations of trkA or the EGF receptor (EGFR) have been shown to cause

very distinct effects on PC12 cells: :"GF leads to mitotic arrest and neuronal

differentiation. while EGF leads to cell proliferation (Greene and Tischler, 1982).

However. bath processes are believed to in\"olve activation ofthe ras-MAPK pathway (see

appendix 2). Recent evidence suggests that the intensity and the time course ofactivation

of this ras-MAPK pathway encodes part of the differential effects of NGF and EGF on

PCI2 cells (Marshall. 1995). For e.'WIlple. PCI2 expressing low levels of trkA cau be

induced to proliferate with NGF (Schlessinger and Bar-Sagi. 1995: Marshall, 1995), while

PCI2 cells over-expressing the EGFR cau be induced to undergo neuronal differentiation

with EGF (Traverse el al.. 1994). In this conte."tt, il is also possible that each of the

neurotrophins up-regulated expression of their own receptors (Holtzman el al.. 1992): in

this way, neurotrophins could potentiate their effect. To test this possibility. we plan to

e."<traet RNA from these culnires and measure mRNA levels for the various trks under
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.:ach condition. Another possibility is that crkA and crkB are located in distinct surface

domains or. once intemalized. targeted to distinct intracellular regions. thereby r.:cruiting

and/or activating different signalling molecules.

Much remains to be leam.:d about the specifie signais that n.:urotrophin receptors

mediat.:. In fact. we are just b.:ginning to understand sorne of th.: specificity betw.:.:n crk­

and oth.:r rec.:ptor tyrosine kinas.:-mediated signais (s.:e :lpp.:ndix 2). Our results provid.:

evidence that different trks do produc.: distinct signais: more d.:finitive evid.:nc.: should

arise from experiments that combine doubl.: lab.:lling in situ hybridization with

measurem.:nts of dendritic outgrowth. ACh- and capsaicin-evok.:d curr.:nts on id.:ntified

n.:urons.

The role of p7SL.'iCFR

An important player in NGF's action on nodos.: neurons may b.: pi5L:'-:GFR. Although

liule is known about the potential for p7SL:'-:GFR to m.:diate inrracellular signais. there is

good evidence that it cooperates with lrkA for high-affinity NGF binding (Davies el al..

1993: Barker and Shooter 1994; Lee el al., 1994: Chao. 1994) and for signal transduction

(Hantzopoulos etai.. 1994: Verdi etaI.. 1994: Chao. 1994). The potentiation by p7SL:'-:GFR

of high-affinity NGF binding and of trkA signalling was observed only when the ratio of

p7SLNOFR:trkA was elevated (from 5 to 20 fold: Benedetti et al.. 1993: Lee el al.. 1994:

Verdi et al., 1994: Chao, 1994). In MAH cells. a neuronal progenitor cell !ine. lrkA was

transfected alone or with p7SLNOFR at a ratio of 1:10-20 (trkA:piSL:'-:OFR; Verdi el al..

1994). In p7SLNOFR expressing cells. a 5 min NGF (50 nglml) treatrnent caused an 8 fold

larger trkA autophosphorylation compared to cells expressing trkA alone. We find a

p7SLNOFR:trkA ratio of 10-14 in nodose neurons (Figure 5.3). Therefore. it is possible that

p7SLNOFR potentiated NGF's action on nodose neurons in culture. Likewise. p7SL:'-:OFR may

have potentiated BDNF and/or NT-3 effects on nodose neurons as well (Wright et al..

1992; Hantzopoulos et al., 1994); however. the relationship between p75LNOFR and lrkA

appears thus far more prevalent in neurons than between p7SL:'-:GFR and trkB or trl.:C (Chao.

1994). For instance, mutant mice 1acking p7SLNGFR show neuropathies in sensory ncurons

co-e:,<pressing trkA. but not in neurons co-expressing lrkB or lrl.:C (Lee el 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 ec al.. 1993).

In addition. pï5~~GFR may promote specificity for activation of crkA by NGF. NT-3

has been shown to bind and activate crkA in cells expressing low levels of pï5~~GFR

(Cordon Cardo ec al.. 1991: Ip el al.. 1993b). but Benedeni el al. (1993) demonstrated a

dose dependent decrease in NT-3's ability to bind to crkA when pï5~~GFR expression was

increased in PCI2 cells. If high ievels of pï5~~GFR favour selectivity. this could explain

why NT-3 poorly mimicked NGF's action on nodose neurons. It is unknown. however

whether NT-3 can bind to crkB in the presence of high levels of pï5~:-':GFR. We observed

a similar effect on nodose neurons' capsaicin sensitiviry by NT-3 and BDNF. Ifpï5~~GFR

also prevents NT-3 from acùvating crkB. our results would suggest that it is crkC that

mediated the effect of NT-3 on nodose neurons.

It has been proposed that pï5~~GFR promotes rrk.:'" autophosphorylation by favouring

binding of NGF to crkA. through a phenomenon of local concentrati"n of NGF (Barker

and Shooter. 1994). Due to its rapid association and dissociation kinetics. combined with

the fact that pï5~~GFR is e."<pressed in excess compared to crkA in neurons co-expressing

these receptors. one role ofpï5~~GFR would be to concentrate NGF near crkA or to present

NGF to IrkA (Barker and Shooter. 1994). If so. adding. for example. BDNF and NGF

together on neurolls could lead to a screening effect by BDNF on the binding of NGF to

pï5~NGFR. In this way. the addition of ail 3 neurotrophins in Figure 5.9E could have

reduced the action of NGF on crkA and thereby reduce its induction effects on the ACh­

evoked currents. However. if such mechanism exists. it would imply that it is specific for

the action of NGF on crkA. as the effects of BD1'I"F as weil as NT-3 on capsaicin

sensitivity were not reduced by addition of ail 3 neurotrophins together.

To determine further the role ofpï5L.'1GFR in neurotrophin's action on nodose neurons.

we plan to repeat these e."<periments in the presence ofan antibody to pï5~NGFR that blocks

neurotrophin binding to pï5~~GFR (8arker and Shooter. 1994). In addition.. we plan to test

the effects of a mUlated NGF molecule that binds and activates IrkA. without being able

to bind pï5~NGFR (Barker and Shooter. 1994). to determine whetber pï5~NGFR is essential

for NGF's action on nodose neurons.
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nAChRs on sensory neurons

W~ lind a good correlation b~lW~~n th~ extcnt of d~ndritic oUlgrowth and th~ densitv- _.
of functional nAChRs (i.e. most n~urons with ACh-evoked curr~nt densities above 10

pA/pF have dendrites). In addition. nearly ail neurons thal had ACh-evoked current

densiti~ above 10 pA/pF were insensilive 10 capsaicin. indicaling indirectly lhal nodose

neurons Wilh dendril~ had no capsaicin receplors. Those neurons lhen resemble

sympalhelic n~urons which eXlend dendriles. 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: Mande1zys and Cooper. 1992). which were. for the most part. previously

undetected by current clamp recordings with sharp microdectrodes (Mandelzys et al.•

(990). Figure 5.9 shows that in the p~ence of BDNF and/or NT-3. severa1 neurons had

both capsaicin-~voked currents as weil as ACh-evoked current densiti~ below 10 pA/pF.

Chick DRG neurons have also been shown to express nAChR transcripts (Boyd et al..

(991). As mamma1ian sensory neurons do not receive synaptic inputs onto their cell

bodies (Lieberman. 19ï6), the put:ltive role of these nAChRs in sensory function is more

likely to be at the n~rv~ terminais. The p~ence of nAChRs on sensory endings has be~n

known for quite som~ tim~. 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 et al.. 1972: Rowell et

al.• 198ï: Swanson et al.. 198ï: Mulle et al.. 1991). In fac!. the terminal fi~ld of nodose

afferents in the CNS, the nucleus tractus solitarius (Sumal et al.. 1983). shows

immunoreactive signais for nAChRs (Swanson et al.. 1987). The functional role of

nAChRs on sensory neuron nerve terminais may be to regu1ate axonal outgrowth and

pathfinding or to modulate transminer release from th~ terminais in the CNS (Diaml)nd.

1959: Chessele!. 1984: Swanson et al.• 198ï: Nordberg et al.• 1989).

IfnAChRs are expressed in sensory neurons terminais. why do we d~tect ACh-evoked

currents on their somat:1? Presumably. the t:1rgeting of the receptors is not strict and/or

partially altered when the neurons are removed from their normal ~nvironment and

allowed to develop in culture. If t:1rgeting 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 terminais may contribute to relevant presynaptic function and/or neurite OUlgrowth.

If nAChRs expression in the terminais is indeed important for sensory function. this may

explain why BDNF and NT-3 promote low density of functional n.A,.ChRs 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 to 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 terminaIs 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

ch mge in receptor density observed on the somatodendritic domains of the neurons. as

their surface area should be larger than that of the neurons' nerve terminais.

Another possibility. not exclusive of the tirst 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 reguIate nAChR gene expression, but cause an indirect

increase due to its effects on dendritic outgrowth. The fact that NGF does not induce more

ACh-evoked currents on the somata of nodose neuroilS developing with their ganglionic

satellite cells (i.e. when they are unipular) is consistent with a link between the e.,<pression

of ACh-evoked currents on the neul'ons' somata and nodose neuron polarity. In facto the

removal of satellite cells, which disrupts nodose neurons unipolar morphology, causes per

se (in the absence of neurotrophins) a 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 e.'<pression of nAChR genes on

nodose neurons, this would imply that the ganglionic satellite cells repress this regulation.

Satellite cells may regulate the expression of a "siIe'lcer factor" that negatively controls
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nAChR g~n~ ~xpr~ssion. Alt~mativdy. sat~lIit~ c~lIs may pal1ially repr~ss trkA ~xpr~ssion

on nodos~ n~urons. so that upon th~ir r~moval in culture. IrkA expr~ssion increas~s and

allows NGF tO promot~ dendrites and nAChR expression on nodos~ n~urons.

It is also conc~ivable that NGF regulates sorne post-translational modifications on

nAChRs and thereby increas~s their gated currents or tums on pr~-existing non-functional

rec~ptors (as it has be~n propos~d for nAChRs on chick cili:ll'Y neurons via a cAMP­

dependent mechanism: Margiotta el al.. 198ïb). Howev~r. giv~n [h~ tim~ course of th~

NGF effect (e.g. days: Mandelzys et al.. 1990: Mand~lzys and Coop~r. 1992) such

mechanisms app~r I~s likely.

Finally. another potential inducer of nAChR exp=sion in these cultur~ is neuronal

activity: in th~ absence of sat~llit~ c~lls and p=~nce of NGF. tùnctional synapses forrn

belWeen these neurons after 2-3 we~ks. We did not inv~tigate whether synapses forrned

in the p=ence of other neurotrophins: if synapse fOl1nation were to b~ induced

preferemially by NGF. the incre:lS~ in neuronal activity could potentially up-regulate

nAChR expression.
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Chapter 6

Differentiai Regulation of Neuronal Nicotinic ACh Receptor

Subunit Genes in Cultured Neonatal Rat Sympathetic Neurons:

Specifie Induction of u7 by Membrane Depolarization

through a -:a2+/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 f"r 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 et al.• 1991): 3) the nAChR

genes cxpressed in SCG neurons have been identified (Mandelzys et 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 vh'o also

increasc (Mandelzvs et al.. 1994) at a time whcn the neurons extend dendrites (Rubin.

1985a: Smolen and Beaston-Wimmer. 1986: Voyvodic. 1987). howcver. it is unknown

what regulates nAChR gene expression in these ncurons. Conceivably. the mechanisms

that regulate nAChR gene expression in SCG neurons during development and

establishment of pelarity also control nAChR gene expression in nodose neurons

extending dendrites in culture. .
.c:,

Therefore. to leam more about the regulation of nAChR gene expression on neurons.

our first approach was to measure transcript levels of nAChR sûbunits in neonatal SCG
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developing in culture.

SCG neurons express 5 nAChR genes: 0.3' 0.5' 0.7' 13: and I3J . As discussed in Chapter

1. autonomie neurons contain two types of nAChRs. one that incorporates 0.3' I3J and

perhaps 13: and/or 0.5 (Vemallis t!t al.. 1993: Mandelzys t!l al.. 1995: McGehee and Role.

1995). and one that incorporates the 0.7 subunit and that binds a-BTX (the a-BTX­

nAChR:' Schoeptèr el al.. 1990: Couturier el al.. 1990b: S'>guela et al.. 1993). The

expression of nAChR transcripts has been investigated over the tirs: two weeks of

posmatal development in rat SCG neurons (Mandelzys el al.. 1994). a period when these

neurons extend dendrites as weil as receive synaptic inputs (Smolen and Raismen. 1980:

Schafer el al.. 1983: Ruoin. 1985b). Mandelzys el al. (1994) found that 0.3 and 0.7

transcripts increased several fold over this period of dcvelopment. while the two 13 subunit

transcripts and the 0.5 transcript showed little changed. In parallel to this differential

change in nAChR transcript levels. the ACh-evoked current densities increascd

significantly. Interestingly. this devei\lpmental increase in ACh-evoked currents as weil

as the incre--..se in dendrite outgrowth on SCG neurons w..:re both found to be independent

on presynaptic innervation (Voyvodic. 1987: Mandelzys el al.. 1994). Furthermore. in

denervated SCG neurons. the developmental pattern of nAChR subunit gene expression

occurred as in control neurons. with the exception of 0.7' for which much of the

developmental increase \Vas prevented. As the 0.7 gene codes for a protcin that

incorporates into an a.-BTX-nAChR. these resullS suggest that cach type of nAChRs on

SCG neurons is regulated differently.

The a.-BTX-nAChR is abundant on rat SCG neurons (Fumagalli et al.• 1976). but ilS

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 litlked to synapse formation or synaptic transmission (Vija)laraghavan

et al.. 1992: Séguéla et al.. 1993: Pugh and Berg. 1994: Castro and Albuquerque. 1995).

To leam more about the factors that control the differential changes in nAChR

transcript levels during sympathctic neuron development. we me::sured 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 nAChF.. 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 Ca:!'" influx and the activation of PKA in rat (Waike et al.. 1994) or PKC

in chick (Klarsfeld et al.. 1989). However linle is known about the role of activity on

neurotransminer receptor gene expression.

Finally. as a tirst approach in understanding what causes the increase in ACh-evoked

currents on cultured nodose neurons. we have deterrnined which nAChR transcripts are

expressed by Pl rat nodose neurons in vivo and compared levels to those of PI 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 tirst 2-3 days with Ara-C to eliminate the

few remaining non-neuronal ceIls. For expiant cultures. we cut the ganglia in half and

plated one half-ganglion per petri dish: no Ara-C was added.

Treatmenc of cultures. To depolarize the neurons. we mixed a stock solution of 350

mM KCI in a 1:9 ratio with growth medium. which already contains 5 mM KCl. Many

of the agents that were added to our cultures were tirst dissolved in dimethyl sulfoxide

(DMSO) or ethanol. which typicallyamounted 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 contrast microscopy. Nifedipine. verapamiI 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 Ilglml CL-amanitin (stock: 1 mg/ml in H:!O). 5 IlM nifedipine (stock: 10 mM in

DMSO).5 !lM verapamll (stock: 20 mM in ethanol). 10-50 IlM nicotine (hydrogen tartrate
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salt. stock: 250 mM in H::O). 10-100 J.lM carbachol (CI salt. stock: 1 Min H::O). 1-5 mM

choline (CI salt. stock: 1 M in H::Ol. 100 mM hexamethonium (CI salt. stock: 10 M in

H::O). 100-200 nM a-BTX (stock: 125 J.lM in H::O) and 2 J.lM atropine (sulfate salt. stock:

1 mM in H::O). aIl from Sigma: 0.5-10 J.lM KN-62 (stock: 20 mM in DMSO). 1-20 J.lM

chelerythrin (stock: 10 mM in DMSO). 1-10 J.lM H-S9 (stock: 10 mM in DMSO). 1-100

J.lM genistein (stock: 100 mM in DMSO). 100-300 nM PMA (stock: 300 J.lM in DMSO)

and 1-10 J.lM forskolin (stock: 10 mM in DMSO). ail from Biomo!.

RNA extraction

The RNA was extracted from freshly dissociated neurons and from neurons that had

grown from 1 to ï days in cultures (occasionally 14 and 21 day old cultures). according

to the method described in section 2.4.1•.

RNase protection assa)'s

RNase protection assays and riboprobe syntheses were performed as described in

section 2.4.3•. Antisense riboprobes for nAChR subunits and GAPDH were synthesized

as described in section 2.4.2. For each hybridization reaction. 0.5 J.lg of total cellular RNA

was combined with 2 or 3 radiolabelled probes of 200.000 cpm each. Dried gels were tirst

exposed to a phosphor imaging plate to quanti!)' the radioactive bands and subsequcntly

to X-ray film for 48-ï2 hrs. The specific activity of each riboprobe was calculated from

the number of aèenine bases in the protected region. To quanti!)' the levels of mRNA

arnong different transcripts. the relative intensities of the hybridization signais 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 ail nAChR subunits

were similar between whole ganglia and dissociated neurons (centrifuged through pereoll).

as the contribution of the non-neuronal cells in total ganglionic RNA from PI rat SCG

is less than 10 % (Mandelzys et al.. 1994). To estimate the number of nAChR transcripts

expressed per neuron. we synthesized.sense RNA for a3 and 13:: and measured their

00::60, By comparing hybridization signàls from known amounts ofsense a 3and 13:: RNA

(e.g. 0.1. 0.5. 1.2.5. 10 pgl and hybridization signais from 0.5 J.lg ofSCG RNA 1==6000
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ncurons: sce section 2A.!.l. we estimated (hat an SCG neuron (average size = 30 J.lm in

diamcter) culturcd for 7 days has on average 1000-1500 13: transcripts and 5000-7000 CL3

transcripts. In some experimems. we normalized nAChR subunit hybridization signais with

those for GAPDH to control for RNA loading. However. as both 13 subunit transcript

Ievels showcd little change in culture and wlth any treatmcm. they also served as internai

controls in many experimcnts. As shown previously for SCG neurons in vi\"O. transcripts

for CL:. CL" and 133 nAChR subunits \Vcre not detected in SCG neurons developing in

culture (data no( shown: sec Mandelzys et a/.. 1994l.

In situ hybridization

The same r>:!p]-Iabelled probes prepared for the RNase protection assays \Vere used to

perfonn the ill sillt hybridization on 2 week old cultures. as described in section 2AA•.

Immunocytochemistry

Neurons cultured for 2-3 weeks were fixed and immunostained for MA?2 (HM-2

antibodyl as described in section 2.2.1

Ct-BTX binding

Neurons were plated al 15 000-20 000 neurons/3 cm: ac1ar coverslip. At day 5. sister

cultures wcre tn:ated with 40 mM KCI. At day 7. Ct-BTX binding was pertormed as

described in section 2.2A.. In each experiment (n=314 dishes per condition were used.

RESULTS

Expression of nAChR transcripts in cultured SCG neurons

? 1 SCG neurons express 5 nAChR transcripts: the most abundant transcript is 13".

followed bY·Ct3 :md Ct;: 13:: is expressed at approximately one third of 13". while as is

expressed at the lowest levels (i.e. 1/5 of Ct3: see Figure 6.1 and Mandelzys et al.. 1994l.

Over the first two postnatal weeks. SCG neurons undergo a signific:mt change in the

expression of these transcripts: mRNA levels tor Ct3 increase ncarly 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 a3 (=100%).
Adapted from Mandelzys, 1992.



116

ai increase 3 fold. whereas those for c.r.s' 13: and 134 show lillle change (see Figure 6.1 and

Mandeizys et al.. 1994). The factors responsible for this differential expression of nAChR

[ranscripts are unknown. To learn more. we have investigated nAChR expression bl'

neonatal SCG neurons developing in dissociated cell cultures in the absence of satellite

ceIls (Figure 6.2A). Figure 6.2B shows that SCG neurons developing in culture express

4 nAChR transcripts at leveis similar to neurons developing in vh'o (cf. Figure 6.1):

mRNA levels for a3 increase 2-3 fold over 7 days in culture. and levels of as' 13: and 134
remain essentially constant. These results suggest that the mechanisms that regulate gene

expression of those 4 nAChR subunits in SCG neurons in vivo act similarly in cultured

SCG neurons. However. the expression of ai is different: unlike the increase in mRNA

leveis during development in I·h·o. the ai mRNA leveis in SCG neurons in culture

decrease 3 fold within 2 days. and remain Jow for at least 3 weeks.

To test whether dissociation and removal of satellite cells affected nAChR transcript

levels. we prepared expiant cultures and extracted RJ"lA from these cultures. We observed

a similar differential change in nAChR mRNA level:; with expiant cul"~res. suggesting

that the regulation of nAChR subunit expression is not influenced by SCG ganglionic

satellite cells. and that the decrease in ai mRNA levels in these neurons is not a

consequence of removing the non-neuronal cells.

To investigate whether the drop in ai mRNA level was a result of decreased stabiiity

of ai mRNA. we biocked mRNA synthesis by treating cultures at day 0 or at day 1 for

24 hrs with a-amanitin (50 fJ.M)' a transcription inhibitor. We found no signiticant

difference in the rate of decrease in ai mRJ"lA levels belWeen control- and a-amanitin­

treated cuitures 24 hrs later. suggesting that the decreased a7 mRNA levels reflect a

reduction in a 7 mRNA synthesis and not an accelerated 0.7 mRNA degradation (Figure

6.1 Cl. ln addition. we found that a3 mRNA levels in a-amanitin-treated cultures

decreased at a rate similar to that of 0.7 mRNA (data not shown). suggesting that both

transcripts have comparable stabilities.

Homogenous expression of nAChR transcripts

To 'determine whether aIl nconatal rat SCG neurons express nAChR transcripts. we
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FIGURE 6.2. Developmental expression of nAChR transaipts by neonatal SCG neurons in
culture.
(A) Phase contrast photomiaograpr. of SCG neurons that have developed in culture for 1 week.
The horizontal bar is 60 l1JII. (8) Relative mRNA Ievels for the five nAChR suburùts expressed in
freshly dissociated rat SCG neurons (day 0) and over the first 7 days in culture. The mRNA
Ievels for each subunit were measured .by RNAse protection assays. quantified with a phosphor
imagerand expressed relative to the Ievels of a.g subunit mRNA at day 0 (=100%). The measured

a.g transaipt Ievels correspond approximateiy to 2000-3000 copies per neuron (see experimental
procedures). Examples of the hybridization signaIs for the five nAChR subunits are shown in
Figure 62A and 6.2C at day O. 3 and 7. Each value represent an average of 4-6 cultures (:±SEM).
(q Decayof mRNA Ievels for f1'J subunit in control and a-amanitin-treated culture>. a-amanitin
(50 pM) was added for 24 ms either at day 0 or at day 1. Values represent means (:±SEM) of 4

cultures.
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FIGURE 6.3. Homogenous expression of nAChRs in SCG neurons.

/11 silll hybridization with e2P]-labelIed antisense Cl, and Bol subunit antisense

riboprobes in SCG neurons cultured lor 2 weeks. The same riboprobes as those

used for the RNase protection assays werc used for the ill silll hybridization. Leti

hand panels (A. C. E. Gl: Phase contrast photomicrogr.lphs oflixed SCG neurons.

Right panels (B. O. F. Hl: Oark field photomicrographs of the same fields as in

the leti hand panels. (B) shows the grain signais lor antisense Cl3 riboprobe. (0)

shows the grain signais for antisense Bol riboprobe. (F) High magnification of a

ncuron incubated with antisense Cl3: this photograph shows the grains arc restricted

to neuronal somata and absent l'rom dendrites (arrows). (H) shows a control pre­

treated with RNase TI and incubated with antisense radiolabelled Cl3 riboprobe.

Other controls. such as sense Cl3 and Bol radiolabelled riboprobes gave similar

results as in H. Most if not ail neurons had signais for Cl3 and Bol transcripts.
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performed in situ hybridization on the cultured neurons. We used antisense rJ2P]-labelled

riboprobes for 0.3 and 134 subunils. which are believed to incorporate in lhe synaptic

nAChRs (Vemallis el al.. 1993: Mandelzys el al.. 1995). Figure 6.3 shows an example of

such an experiment. The resulls indicale thal all neurons in lhe cultures express bOlh 0.3

and 134 lranscripls. Figure 6.3H shows a high power pholomicrograph which demonstrates

that lhe grains are reslricled 10 neuronal somara. These results indicate that with respccl

100.3 and 134 , lhe expression ofnAChRs is homogenous in raI SCG: conceivably. lhe other

subunil lranscriplS are also expressed by every neuron.

Membrane depolarization results in specifie up-regulation of 0.7 mR="iA

The specifie decrease in 0.7 rranscripl levels in cultured SCG neurons is imriguing: in

vivo the 0.7 mRNA levels increase posmarally. and denervation experimems have indicaled

that much of lhis increase is regulaled by pre-ganglionic innervalion (Mandelzys el al..

1994). One consequence of placing neonaral neurons in culrure is lhat initially they have

a reduced eleclrical aClivity. in part. because lhe neurons are denervaled. To test whether

membrane depolariz:llion plays a role in the expression of nAChR subunits. we added 40

mM KCI to sister culrures (high K'l. Exposing lhe neurons to high K- al lhe time of

plating had Iittle effect on mRNA levels for 0.5_ ~ or 134 (Figure 6.4A) 48-72 hrs later.

After 3 days. mRNA levels for 0.3 were only 1.3 (±O.ll fold greater in high K--treated

neurons compared to control neurons. However. high K- produced a significant change

in 0.7 mRNA levels: unlike in control neurons. 0.7 mRNA levels remained at their initial

value for several days in high K'--treated neurons (Figure 6.4A. 6.48). High K+ appears

to increase 0.7 mRNA synthesis because addition of50 llM o.-amanitin to bOlh control and

high K+ culrures resulted in similar decay rates for 0.7 mRNA levels (dara nOl shown): this

suggeslS that high K+ does not increase 0.7 mRNA levels by affecting Ct7 mRNA srability.

Furthermore. by delaying the addition of high K+ to day 5. we observed a 2-3 fold

increase in 0.7 transcriplS. which reached 70% of ilS 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 subunilS. including 0.3' indicating thal the effeclS of membrane
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FIGURE 6.4. Membrane depolarization and ea2+ influx induce 0'] gene expression.
(A) RNase protection assays for~ 0']. 132 Oeft). as and 1i4 (right) nAChR subwùt mRNAs. The
protected riboprobe base pair sizes are: 132= Sil. O'J: 46i. a3= 258. as= 4i9. and 1i4= 411. In both
gels. the first Jane (Day 0) is total cellular RNA from freslùy dissociated SCG. RNA from neurons
grown for 3 days in control medium (2nd lane; Ctr). with additional35 mM Naa (3rd Jane; Naa).
as a control for osmolarity change. or with additional 35 mM Ka (3rd Jane; Ka) to depolarize the
neurons. 0'] mRNA levels drop in culture. but are sustained in high r. as- 132 and 1i4 mRNA
levels change little in culture and are not affectecI by highr. as mRNA levels inaease in culture
and are 1.3 ± 0.1 greater in high r. (8) Means (:!:SEM) of mRNA levels for 0'] subwùt relative to
Day 0 (=100%); n=3 cultures. (C) RNase protection assays. as in (A). for RNA extraeted from
freslùy dissociated neurons (Day 0) or neurons that have been cultured for 7 days in control
medium (Ctr). with additional35 mM Ka for 24 hrs (added at day 6) or for 48 hrs (added at day
5). or for 48 hrs with both Ka and 5 pM nifedipine. an L-type Ca2+ channel blocker. High r
induces 0'] expression alter its drop in culture; nifedipine blocks this high r induction, but bas
no effect on other nAOIR transaipts (see also Table 6.1). (D) Means (:!:SEM) of mRNA levels for~
subwùt relative to Day 7 control (=100%); n=6 cultures. In some experiments. L-type ea2+ channel
blocker verapamil (S jIM) was added with high r (n=3). Each reaction, in this figure and in figure
6.3, 6.4 and 6.6, contained 0.5 Ilg of total cellular RNA and 200 000 cpm for each riboprobe.
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depolarizalion are specific for ai (Figure 6AC and Table 6.1).

The role of Ca!'" influx

Several studies have sho....ll lhal sustained membrane depolarizalion. produced by high

K-. induces lhe expression of many genes by increasing Ca!- intlux thrcugh 1A­

dihydropyridine (OHP)-sensitive L-type Ca!- channels (Murphy el al.. 1991: Bading el

al.• 1993: Rosen el al.• 1994: Bessho el al.. 1994). To lest whelher lhis is lhe case for ai

gene expression. we added L-type Ca!+ channel blockers verapamil (5 llM) or OHP­

anragonisl. nifedipine (5 llM) 10 cultures treared with high K- from day 5 10 day Î. Fig:.:re

6.4C and 4d show lhal bOlh nitedipine and verapamil specifically block lhe increase in ai

mRNA levels while having no effecl on olher nAChR transcripl levels (see also Table

6.1). These d:lla indicale lhal Ca!- influx lhrough L-type Ca!+ channels is necessary for

lhe induClion of ai gene expression by membrane depolarization.

The effects of protein kinase activity on nAChR subunit expression

Next. we investigated whelher lhe induclion of ai gene expression by Ca!'" influx is

medialed by the aClivity of a protein kinase. To test if PKA is involved. we eilher treated

control and high K'" cultures al day 5 with forskolin (10-50 llM) for 48 hrs 10 :lclivale

PKA. or trealed high K'" cultures with H-89 (l-l 0 llM) 10 inhibil PKA. Neilher trearrnentS

had any etTect on ai transcripl levels (Figure 6.5). To derermine if PKC is involved. we

eilher lrealed control and high K+ cultureS:ll day 5 with phorbol:12-myristale-13-acelate

(PMA: 100-300 nM) tor 48 hrs 10 activate PKC. or trealed high K- cultures Wilh

chclerythrin (1-20 llM) 10 inhibil PKC. Similarly. neither lhe activalion nor lhe inhibition

of PKC had any etTecl on ai transcripl levels (Figure 6.5). To lest tor tyrosine kinase

involvemenr.. we increased the concentralion of NGF 4 fold in bOlh control :lnd high K­

cultures (from 25 ng/mllo 100 ng/ml). in anempt to increase signalling lhrough lrkA (Ma

el al.• 1992). This trearrnent did nOl atTect any oflhe nAChR transcripllevels (Table 6.2).

In addition. we treated SCG neurons with tyrosine kinase inhibitors: neonal:ll SCG

neurons depend on lrk tyrosine kinase aClivity tor survival. and tre:lling cultures wilh
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FIGURE 6.5. PI<A. PKC and tyrosine kinase do not regulale nAChR subunit expression.
(A) RNase protection assays performed as in Figure 6.2 on RNA extracted from SCG neUIons cultured
for 7 days in control medium (ClI), or treated at day 5 with PKC activator PMA (100 nMl, PKA
activator forskolin (10 1IMl, or with 40 mM Ka with either 0.1% DMSO (ClI), tyrosine kinase inhibitor
genistein (10 j!.lI.1), PKA inhibitor H-89 (211Ml or PKC inhibitor chelerythrin (2 J1M). ln addition. PMA.
forskolin and NGF were added to some high l(+ cultures (not shawn). None of these agents affected
nAChR subunit expression (see aIso Tables 1 and 2).
(8) Mean (:!:SEM) mRNA levels for a.-, subunit relative to control (=100%); n=3 cultures. Higher doses
of thes. agents were aIso tested: genislein, l00p.M; H-89, 10pM; chelerythrin, 20J1M; PMA. 300 nM;

forskoUn 30 J1M; no signi6cant differences on the nAChR subunit mRNA levels were observed at these
doses (n=2).
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tyrosine kinase inhibitors eaused the neurons to die within 48 hrs. Howe'"er. in the

presence of high K+. SCG neurons can survive for 48 hrs without lrk activÎty due to the

increase in [Ca:+]; caused by the openings of L-type Ca:+ channcls (Koike el al.. 1989:

Franklin and Johnson. 1992; Franklin el al.• 1995). Therefore. we treated high K- cultures

with tyrosine kinase inhibitor genislCin (10-100 ).lM); this had no etTect on the mcrease

in CL, transeripts or on the Ievels of other nAChR transcripts (Figure 6.5). We aiso treated

high K+ cultures with K-252:l. a kinase inhibitor that inhibits lrk activity specitic:llly at

low concentrations (10-100 nM: Koizumi et al.• 1988; Berg et al.• 1992): 100 nM K-252a

had liule efTect on nAChR transcript levels (Table 6.2).

These results suggest that m:ither PKA.. PKC nor tyrosine kinases are involved in the

Ca:+ signalling cascade that affects CL, gene expression. FUrlhermore. Table 6.1 and 6.2

show that the activities of these 3 classes of prolCin kinases appear not to be involved in

the regulation of any nAChR transcript expresscd by SCG neurons developing in culture.

However. we éid observe that a 10 fold higher aose of K-252a as weIl as KT-5926

(1 ).lM) partially blocked the CL, induction by high K+ (Table 6.1): these agents inhibit a

number of prolCin kinases at such concentration. including the multifunctional

Ca:+tcalmodulin-dependent protein kinase Il (CaM kinase II or CaM kinase) (Hashimoto

el al.. 1991).

CaM kinase activity up-regulates CL7 gene expression

To test whether CaM kinase activity is involved in the induction ofCL, gene expression

by membrane depolarization. we rreated control and high K+ cultures with K..'1-62. a

specific CaM kinase inhibitor (Tokumistu et al.• 1990). ln control cultures. KN-62 ( 10).lM)

for 48 hrs had no effcct on nAChR transcript levcls (data not shown): however. when

added to high K+ culturcs. 1(,'1-62 completely blocked the incrcase in CL, mR,'1A levels

(Figure 6.6). The block hy K..'1-62 is dosc-dependent with an IC50 of 1.2 ).lM and full

in~ibition at 3-4 ).lM (Figure 6.6BI. which is consistent with the dosc-dependent etTccts

ofKN-62 on purified CaM kin:.se activity in l'itro (Tokumistu et al.. 1990: Enslen et al.•

1994).
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FIGURE 6.6. CaM kinase activity mediates the induction of rI.-J nAChR expression

by membrane depolarization.
(A) RNase protection assay performed as in Figure 6.2 on RNA extracted from
neurons cultured for 7 days. High :J<i" was added at day S, eit.her with S !lM
nifedipine, 0.1% DMSO (0), or with 0.5 to 10 JlM KN-62, a CaM kinase inhibitor. In
this experiment ~ riboprobe was added at 100 000 cpm/reaction. (B) KN-62
inhibits lügh :J<i" induction of rI.-J expression in a dose dependE!'.lt manner with an

ICSO of -1.2 JlM and full inhibition at 3-4 JlM. The means (:!SEM) were obtained

frein 3 cultures.
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Table 6.\. Effeets of membr:me depolarization. Caz" inl1ux and serine!lhreonine prolein kinase
aetivity on nAChR expression.

40 mM KCI

:'..Jifcdipinc K·1S:::l KT·5926 KN-62 Chelcrythrin H-S9 PMA Forskolin
(6) (5 ~M;6) (1 ~1-1:3) Il ~M:3) 14 ~IM;61 (1 J,lM:3) li J,lM:3l (100 nM:3) (10 ~M;3)

ct) 104: 5 105= 2 95= S 107:10 Iii: 7 111:10 117:10 107:: 7 108:10

cts 120:15 120: 4 SD :'<rOO 99:n 116:15 ItO::n 120=28 100=20

256:15
.

166:15§ < 103: 4 2'n::::11
.

257: s· l':~O 116:15ct7 98=:9 143=ITS

(\., 109::: i 94::5 100:10 123=16 106: 6 lOS: 7 106=14 94::12 III: S

B. 101= 3 109: 5 SD ~o 97=15 94::12 104= 6 98:: 7 110:15

Mc:ln (=SEM) mRNA Ic\'cis. mCl.~un:d wilh RN;L~ protcction :L'''3ys.. c-'(,pn:s."Cd rcl:ui\'c: (0 control ncuron.~;ll d:lY ;
C,=IOO%). Ali tre:llm"",""ts w,,-on: donc: from d:ly 5 to d3y Î. ·Signifiantly ditTcrcnt from control ncurons (p<O.OO 1. (..tCSt).

§Signific:mtly ditTc:n:nt from coorrol nc:urons and high K·.tre:llc:d ",-'"Urons 1p<0.OS. Dunc:m's multiplc-r.:lngc test). n is
shawn in p:m:nthcscs: ND = not dl"."tcnninc:d.

Table 6.1. Effects of NGF and tyrosine kinase aetivity on nAChR expression.

40 mM KCI-

High NGP Res- NGF" High NGF K-152a Gc:nisu:in
(100 ng/ml:21 (15 ng/ml: 61 (100 ng/ml:2l (100 nM:2l (10 ~M:3l

ct) 105:13 104:!: 5 107::12 107::13 103: 7

cts 101::14 120:15 SD SD 101::20

100: S 2S6:t15
• ::62±30• ~Oill· ::50:20•

a7

LI: 110: 6 109: 7 99:l:10 100:10 114:12

B. 95::13 101::3 100:10 98::15 105=9

M""n (::SEM) mRNA J..els. measun:d widl RN""" protection :I5.<:1ys. cxprcsscd relllliv<.Jo
control neuron._ al doy 7 (=100%1. ~curons were i;rown for 7 doys \Vith 100 ng/ml ofNGi=~
"'Neurons were lre:tlc:d with 40 mM KO 0' doy S Jbr 48 hr.< Wilh regular or high NGF

conccnrr.llion. or wilh tyrosine ki~ ~nbibitors. ·SisnitiClnlly diffC1'CllI from conlrOl nc:uron."
Ip<O.ool. l-lest). n is sho..... ir. l"'niiitlD.-,: SD = nol dctcrminc:d.- ','
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Lack of effects of "''''-62 on L-~'pe Ca1+ channeIs

Although the above results indicate chat CaM kinase activity is involved in the Ca1­

signalling cascade that regulates u, gene expression. a po[ential difliculty in their

interpretation could arise il: in addition ta its inhibition of CaM kinase activity. K:'-i-62

aiso blocked Ca1- intlux through the OHP-sensitive L-type Ca1- channels. Therefore. we

investigated this possibility by measuring Ca1- currents on SCG neurons with whole-ccII

voltage clamp techniques. To distinguish Ca1- currcnts tlowing through L-type Ca1­

channels l'rom those flowing through other Ca1- channe!s we focused on the tail currcms:

sever.ll srudies have shown that the Ca1+ tail current recorded :lt th.: end of a positive

volmge step l'rom a depolarized holding potential is due largely to OHP-sensitive L-typc::

Ca2+ channels (Plummer el al.• 1989: Regan el al.. 1991: Mathie el al.• 1992). ane' can

be prolonged by OHP analogues. such as Bay K 8644 or (+)202-791 (Hess eT al.. 1984:

Plummer eT al.• 1989). Figure 6.7A shows an example of Ca:+ currents '.:corded l'rom a

neuron in the presence of TTX (1 IlM). TEA (10 mM) and 4-AP (2 mM) to block

voltage-dependent Na-and K- currents. Tail currems were evoked by a !Wu step voltage

protocol: first we held the neurons at -30 mV to parrially inactivate non L-type Ca:­

channels. then we aoplied a 150 ms depolarizing voltage step to +30 mV. tollowed by a

repolarizing step to -40 mV. This resulted in a large Ca:'" mil current (Figure 6.7A. !eft)

which was prolonged 2-3 fold in the presence of 1 IlM (+)202-791 (Figure 6.7A. right):

this indicates that much of the tail current was due to the deactivation of L-type Ca:­

channels. In addition. as shown in Figure 6.7A. these mil currents were blocked by the

DHP-anmgonist. nifedipine (SIlM). but were unaffected by oo-Conotoxin GVIA (oo-CgTx:

5 IlM). a specifie blocker of N-type Ca2'" channels (Plummer el al.• 1989: Regan el al.•

1991 ).
~. ~. .

To test whether KN-62 affects L-type Ca- channels. we recordcd Ca- [ail currems

from neurons treated with 4 IlM KN-62. both acutcly. and tor 24 hrs prior to recording.

Figure 6.7A shows that K!'l-62 had no significant etTeet on L-type Ca:" channcls on these

neurons. Theretore. we concluded that the inhibition by KN-62 on u, genc expression

..~ter higrF""K'" is due most likcly to its inhibitory action on CaM kinase activity (Figure

6.6).
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FIGURE 6.7. Effects of KN-62 on ea2+ c:urrents recorded with whole-œll voltage clamp. Leak~subtracted
ea2+ c:urrents recorded in presence of 1 ).lM rrx. 10 mM TEA and 2 mM 4-AP. (A) The neuron was heId
at -30 mV to partiaUy inactivate non L-type ea2+ currents and a depolarizingstep to +30 mV was applied
for 150 ms. Repolarization to -40 mV at the end of the step evoked a ea2+ tai! current. This tai! current is

prolongee! by DHP-agonist (+)-202-791 (11JM; right trace). (8) Tai! c:urrents e1icited as in (A) froma neuron
in control medium or in presence of either5 ).lM nifedipine. 5).lM co-CgTx. or 4 ).lM KN-62. Nifedipine blocks

the tai! c:urrents. whereas co-CgTx and KN-62 do not. The histogram shows the mean taiI c:urrent densities
(:!:SEM) from6 neuronsineachcondition. obtained by measuringthe amp1itude of thetai! c:urrents 3 ms after

repolarization and dividing by who1e-œl1 capacitance. (0 The neurons were held at -60 mV to remove
inactivation of transient ea2+c:urrentS and a depolarizingstep to +20 mV was applied (or 125 ms. At least

50,.. of the c:urrent was blocked by co-CgTx (5 J1M); a simi1ar blockade was observed with I<N-62 (4 J1M)•
This effe:t of I<N-62 was observed with concentrations as low as 0.2 pM. As in (8). the taiI c:urrentsw~

unaffected byboth d"'l;l- N"lfedipine (5 J1M) had a smaU effect on the ea2+ c:urrents during the step. while

e\irlinating masl of~ tai! current. AU drugs were applied as in (B).Cunents were fi1tered at 3 KHz and
sampled al 5 KHz.
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It had been reported. how.:ver. that KN-6:! may reduc<: Ca:- inllux in other

pr.:parations (Li et al.. 1992). T0 invc'Stigate whether this eould oecur through olher

classes of Ca:- channels. we recorded from neurons at more negativ.: holding potemials

(-60 mV) 10 remove inactivation of non-L-type Ca:- currems. Figure 6. ïC shows that U)­

CgTx (5 1l~1) blocks a large portion of these Ca:- eurrcms. without any signiticam effect

on the tail eurrems. We observed similar resulls in neurons treated \Vith 4 IlM KN-6:!:

furtherrnore. even concentration as Jow as 0.2 IlM. \Vhich had lillie elTect on 0.7 expression

(Figure 6.6). also blocked these currents. Nifedipine (5 IlM). on the other hand. affected

only a small fraction of the current e1icited by the depolarizing $tep. and blocked mO$t of

the tail current (Figure 6.ïC): this is consi$tent with L-type Ca:- currenlS representing

only a small proportion of the total Ca:- currenlS on rat SCG neurons (Plummer et al.•

1989: Regan et al.• 1991). Ther.:fore. it appears that KN-6:! can inhibit non-L-typc Ca:­

channels.

Choline 31so induces 0.7 expression

Several studies have shown that activation of nAChRs increases [Ca:"'];. either by

depolarizing neurons and activating voltage-dependent Ca:'" c·hannels. or by Ca:- intlux

through nAChRs directl) (Mulle et al.• 199:!a: Vernino et al.• 1992: Vijayaraghavan et al.•

1992: Trouslard et al.. 1993: Rathouz and Berg. 1994). Therefore. we investigated whcther

application of nicotinic agonislS to cultured SCG neurons. either at day 0 or day 5. would

increase 0.7 transcript leve1s. We tound that neither the addition of nicotine (10-50 IlM)

nor carbachol (10-100 IlM) for 48 hrs had any etTect on the mRNA levels of the 5

nAChRs present in these neurons (data not shown). possibly becausc these long agonist

applications desensitize the receptors.

Choline. a byproduct of ACh degradation and a weak nicotinic agonist (sec Chapter

7) has becn shown to cause an increase in [Ca:"'"]; in SCG neurons. by causing Ca:­

release from internai stores (Koike et al.. 1989). To test whether an intracellular source

of Ca:'" can up-regulate 0.7- we treated neurons with 5 mM choline. Figure 6.8 shows tha~

choline caused a moderate but significant increase in 0.7 mRNA levels when added at day
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FIGURE 6.S. Choline induces Ck; expression.

RNase protection assay on RNA extracted from SCG neurons cultured for 7 days. At
day 5, additional35 mM Ka, 5 mM choline (C!:'ol), or 5 mM choline with ~.therKN-62
(4 1lM) or nifedipine (5 llM) were added to sister cultures. Choline caused a sma1l
increase in cr.-; mRNA levels without affecting the levels of as and l32; ~4 and as were
also unaffected (data not shown). The choline effect was not blocked by rùfedipine, but

was blocked by KN-62. Mean (:!SEM) mRNA levels for cr.-; subunit expressed relative to

control (=100%); n=4 cultures.
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5: the other 4 nAChR tr:mscripl levels \Vcre not affccled. The choline-induccd incrcase in

Cli tr:mscripts was not blocked by nifedipine. indicating that Ca::- inl1ux through L-type

Ca::'" channels was not involved. Ncither was this choline effecl blocked by

hexamethonium (100 !lM). atropine (2 !lM) or Cl-BTX (\00 nM) (data not shown).

suggcsling that nicotinic and muscarinic ACh receplOrs do nOl media!e t!lis effeel.

Nevcrrheless. the increasc in Cli mRNA lc\'els produced by cholinc \Vas prc\'cnrcd by

KN-6:! (4 !lM: Figure 6.8). indicating thallhe choline effect is mediated bya CaM kinase

pathway. We did not invesligate tùrrher ho\V choline produces its effecl on CaM kinase

aCliviry. bUl it is likely 10 occur by increasing Ca::- relea~e l'rom inrernal Slores (Koike el

al.• 1989).

Correlation between changes in Cli mR"iA Icvcls and changes in Cl-BTX-nAChRs

As the Cli gene codes for an Cl-BTX-nAChR (Schoepfer el al.• 1990. Couturier el ul.•

1990b: Seguela el al.• 1993). we investigated whether the induction of Cli gene expression

by membrane depolarization in cultured SCG neurons re:sults in an increase in the number

of Cl-BTX binding sites on the surtàce of thesc neurons. Figure 6.9 shows that neUl;)nS

exposed to high K" for 48 hrs had 3-5 fold more surtàce [1::SI)Cl_BTX binding than

control neurons. These results demonstrate a good correlation between increases in both

Cli mRNA levels and Cl-BTX-nAChRs on the surtàce of the these neurons.

Neonatal rat nodose neurons express nAChR subunit tr.lDscripts

As a tirst step in deterrnining if nAChR transcripts in cultured nodose neurons are

regtilated in a similar way to that of cultured SCG neurons. we have measured the

expression of nAChR transcripts in Pl nodosc ganglia. Figure 6.10 shows an RNn.<c

protection assay for Cl3' Cli' 13::. 134 perforrned on mRNA extractcd l'rom PI SCG and

nodose ganglia. Nodose neurons expressrelatively high levels of nAChR transcripts. By

comparison with SCG neurons. 13, transcripts are expresscd at similar levels. 134 al

approximately 50% lower levels. while Cl) and Cli transcripts arc exprcssed at cven lowcr

levels. In addition. we found that ClS and 133 mRNA arc also prcsent at very low Icvcls in

nodose ncurons. while Cl:: and Cl4 transcripts arc not detect:lble (data not shown: sec also
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FIGURE 6.9. Membrane depolarization increases surface ll-BTX binding on
SCC neurons.

Mean (±SEM) surface [l25I]-ll-BTX binding (fmol/clish) on neurons
cultured for 7 days in control condition or after 48 hrs with high~ from day
5. Surface binding increased 3-5 fold with high~.Orùy low levels of [l25xl­
ll-BTX binding was detected when cells were pre-treated with cold ll-BTX
(100 nM) for 90 min. n=3.
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FIGURE 6.10. Nodose neurons express nAChR subunit transcripts.
RNase protection assays for CJ.s- CJ.7' 132, and ~4 transcrïpts on Pl

SCG and nodose neurons. Nodose neurons express 132 mRNA at levels
comparable to SCG neuronsi a.s and ~4 are expressed at lower levels in
nodose neurons compared to SCG nel!Ions. Of the 4 transcripts, ~ is
expressed at the lowest levels in nodoS<! neurons. Each reaction contained
l Ilg 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. they express

signiticant levels of nAChR transcripts. These tindings are consistent with the notion that

a population of nodose neurons express I:AChRs on their terminais. These results will be

discussed tùrther in Chapter 8.

DISCUSSIOl'i

In this chapter. we have investigated the expression of nAChRs in SCG neurons

developing in culture. Our results demonstrate that when SCG neurons develop in culture.

they express nAChR transcripts at levels comparable to in dm. with the exception of ai'

Furthermore. the results demonstrate that membrane depolarization differentially regulates

the expression of nAChR subunits by up-regulating specifically ai' A novel aspect of this

study is that it links neuronal activity with neurotransmitter receptor gene expression

through a CaM kinase pathway.

Rote of Ca!+ influx and CaM Kinase activity on 0.7 subunit expression

To demonstrate that CaM kinase activity is essential lor the induction of the ai gene

by membrane depolarization. we used 1. potent and selective CaM kinase inhibitor. Ki'I-62

(Tokumitsu et al.. 1990). Several studies have addressed the specificity of KN-62.

Tokumitsu et al. ( 1990) showed that KN-62 competes with calmodulin for its binding site

on CaM kinase. but does not interact with calmodulin directly. In vitro. f:' :-62 inhibits

CaM kinase autophosphorylation with an ICso ofapproximate1y \.0 !lM (Tokumitsu et al..

1990) and inhibits phosphorylation of a puritied substrate by CaM kinase with an ICso of

1-2 !lM (Enslen et al.. (994). In contrast. 100 fold higher conceo:rations have little elTect

00 calmodulin dependent kinases. such as myosin light chain kinase. phosphodiesterase.

PKA or PKC (Tokumitsu et al.• (990). We found that Ki\l-62 inhibits the increase in ai

expression induced by membrane depolarization in a dose~ependent manner with an ICso

of approximately \.2 !lM and full inhibition at 3-4 !lM. consistent with the specific action
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of KN-62 on CaM kinases (Tokumitsu ,'1 <l/.. 1990: Enskn c:1 al.. 1994), In addition. high

concentration (1 ~Ml of K-252a and KT-5926. which notablv inhibi: CaM kinase II

(Hashimoto el <lI.• 1991 l. also pre"ented part of the increase in Q7 mR:-':A.

The induction of a7 expression by membrane depolarization is duc 10 an intlux of

Ca~~ through L-type Ca~- channds. One concem was \\'.:~ ..ler the dtècts of KN-62 were

due. in part. to inhibition of Ca~- intlux. possibly by intertèring with L-type Ca~~

channels directly. a concem also addressed by others (Li el al.. 1992: Hack c:1 al.. 1993:

Wyllie and Nicoll. 1994). Most of the Ca~'" currents in rat SCG neurons arc carried

through N-type channels (Plummer el al.• 1989: Regan el al.• 1991). although one can

reliably measure Ca~'" currents through L-type channels in [hese neurons by reeordirg the

tail currents at the end of depolarizing voltagc steps (Plummer el <Il.. 1989: Regan el <Il.•

1991: Mathie el <Il.. 1992). Wc used this approach to demonstratc that 4 ~M KN-62 has

no etTeet on the L-type eurrents on SCG neurons. Our results arc consistent with those of

Hack el al. (1993) who showed that KN-62 (2.5-10 ~M) had no etTect on intracellular

~5Ca~'" leve1s in rat cerebellar granule cells grown in culture with high K- for one weck.

On the other hand. we did observe sorne inhibition ofnon L-type Ca~~ eurrents by KN-62.

presumably N-type currents (Plummer el al.. 1989: Regan el al.. 1991). Wc did nor

investigate this inhibition in detaiL but the faet that we observed inhibition by KN-62 at

doses lower than that needed to inhibit the aetivity of CaM kinase signiticantly (0.2 ~M:

Figure 6.4 and see Tokumitsu el al.. 1990: Enslen el al.. 19-,l4) suggests that K.."!-62

affects these non-L-type Ca~~ channels directly. This differential etTect of KN-62 on Ca~'"

channels may explain the divergent results obtained with KN-62 on Ca~~ intlux (Li el <Il.•

1992: Hack el al.• 1993: Wyllie and NicolL 1994).

Our finding that Ca~~ influx through L-type Ca~'" channels is essential tor high K­

induction of ai expression is consistent with the sustained modc of depolarization used

in our experiments. Indeed. high K'" (40 nlM) rais~'S the membrane potential to

approximately -30 to -20 mV in SCG neurons (Franklin el al.. 1995): at such sustained
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membrane potentiaIs. L-type Ca"+ channels are still activated. while other types are

largelv inactiv:ned (Tsicn et al.• 1988: Plummer et al.. 19R9l. ln facto the high K+-induced- . -
sustained elevation in [Ca"·]j in rat SCG ncurons (at 40 mM. the [Ca"+]j =150-200 nM:

Koike and Tanaka. 1991: Franklin et 01.. 1995) is generared only by the activation ofDHP

sensitive L-type Ca"+ channels. and not by w-CgTx-sensiti\'e N-type Ca"· channels (Vidal

et al.• 1989: Collins et al.. 1991: Franklin and Johnson. 1992: Franklin et al.• 1995).

When this paradigm of stimulation has been used to investigate activity-mediated

changes in gene expression. L-type Ca"· channel activity was shown to be essential

(Murphy et al. 1991: Bading et al.. 1993: Rosen et al.. 1994: Bessho et al. 1994).

However. in ,'ivo. membrane depolarization in neurons is not chronic. but rather pulsatile.

which is likely to recruit activity of other Ca"· channels: whether their activities affects

gcne expression is unknown. Interestingly. Murphy et al. (1991) demonstrated that

blocking the L-type Ca"+ on cultured cortical neurons did not compromise the synaptic

interactions and generation of action potcntials 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 preferentialIy targeted to the celI body and proximal dendritic

membranes (Ahlijanian et al.. 1990: Wesrenbroek et al,. 1990). These findings suggest

that L-type Ca"+ channels may be involved in coupling synaptic activity in distal dendrites

to regul:ite local processcs in the cdl body. including gene expression (Murphy el al.•

1991).

CaM kinase family

Our results show that CaM kinase activity regulates'o.; gene expression. Several types

of CaM kinases have been characterized and have been c1assified into two main groups

referred to as the dedicated CaM kinases and the multifunctional CaM kinases (Schulman.

1993). Dedicated CaM kinases. which include my:...in light chain kinase. phosphorylase

kinase and CaM kinase III. phosphorylate unique substrates. For instance. CaM kinase III

phosphorylates the eukaryotic eiongation tàctor II. The multifunctional CaM kinases.

which include CaM kinase 1. Il and IV acth'ate a broad spectrum of substrates. CaM
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kinase 1 regulates primarily neurotransminer rekase by phosphoryl..lting synaplic vesicle

proleins (revicwed by Hanson and Sehulman. 1992: Sehuhnan. 1993). The two CaM

kinases whose aeti"ities have been shown [0 affect gene expression are CaM kinase II and

IV (Bading t!t al.. 1993: Enslen t!t ul.. 199-1: Enslen and Soderling. 199-1). K:"-62 has been

shown 10 inhibit CaM kinase II (Tokumitsu .:1 ul.. 1990) as weil as IV and V (Enslen et

al.. 1994: Mochizuki el <Ji.. 1993). \Vhile link is known about the funetion and

distribution of CaM kinase V. CaM kinase IV has been shown to target 10 the nucleus

(Jensen et al.. 1991) suggesting that it has a direct role in regulating gene expression

(Enslen et al.. 1994). However. PK.A.. activity has beer. shown to inhibit CaM kinase IV

activity (Kameshita et al.. 1991). whereas neither activation nor inhibition of PK.A,. has any

elTect on a7 expression in SCG neurons. making it less likdy thm CaM kinase IV is

involved. On the other hand. the biochemical properties and cellular distribution of CaM

kinase II make it a more attractive candidate lor mediming the et1i:cts of activity on u7

expression (see appendix 3: Hanson et al.. 1994: Hanson and Schulman. 1992: Schulman.

1993).

CaM kinase II affects synaptic plasticity and gene expression

CaM kinase Il (also relèrred simply as CaM kinase: Schulman. 1993) is a key player

in the induction of LTP (Malinow et al.• 1989) and other lorms of synaptic plasticity

(Sil"a et al.. 1992a.b: Schulman. 1993: Lisman. 1994: Chapman et al. 1995). In brain

slices from mutant mice with a Ilull mutation in the a-subunit of CaM kinase (one of the

two major brain subunits) LTP cannot be induced. and these mice arc impaired in spatial

leaming (Silva et al.. 1992a.b). Thus far. the involvement of CaM kinase in regulation of- -
synaptic function has becn demonstrated to occur through post-translational processes such

as modulation of ion channel activity or transmittcr releasc (Hanson and SchuIman. 1992).

However. CaM kinase can phosphorylate transcription làctors (Wegncr et al.• 1992), target

to the nucleus (Srinivasan et al., 1994) and regulatc the expression of immcdiate carly

genes (Enslcn and Soderling. 1994: Bading t!t al.• 1993). Many of the immcdiatc carly

gcne products are believed to regulate the expression of "delayed response genes", which
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may code for protcin~ parricipating ln neuronal funetill11. Ùur tinJing that aet!\IlY

regulatc~ the exprc~sion of a ncurorran~millcr rcecpror ~uhunil through a C1\1 kina~c

r;.lIhway suggcsts ~1nothcr mCl.:l1anism by whi,-=h C:.l~1 klt1as~ l.:oujJ J!t~ct SYI1:.lÇ'ltIt.:

pla~liclly .

'Iech.inism of regulation of 1:1.7 expression

How CaM kinasc rcgui:ltcs (l- cxprc~sion in SCG nct:ron~ is unknown. Our data u~ing

a-amanitin suggeSI lhat the changes in a- mR?"A 1c\'c1s rc~ult trom altered mR?"A

synthesis rather than trom a change in mRNA slability: lhe approximare rare of deeay in

o.- mR?\1A was unaltered by a-amanirin. and wa~ eompar.lblc torhe deeay ùt other nAChR

rranseripts in neurons lreated wirh a-amanitin. However. wc cannot excludc rhe po~~ibiJity

rhar a-amanitin bloeked transcription of a gene( s) coding tor a protein( s 1 thar

preferentially destabilizes a- mRNA. Wc have not deterrnined the signalling C\'ents

downstream ot CaM kinase that arc responsiblc lor the induction of a- expression. From

the rclativcly ~Iow time course for a_ mRNA Icvels to plateau atier treatment with high

K- (greater than 24 hrs). it seems likcly that tran~cription of other genes. such as

immediate carly genes. precedes a7 expression (Sheng and Greenberg. 1990: Bading !lI

al.• 1993: Enslen and Soderling. 1994: Ghosh and Grecnberg. 1995). If so. the a7 gene

could be considered a dclayed response gene. Although many immediate carly gene

products have been shown to bind to DNA clements upstream ot dclayed response genes.

the direct link belween activiry. immediale carly gencs induction and delayed response

gene expression has nOl been demonstrared (Annstrong and Montminy. 1993: Morgan and

Curran. 1995). The ao; genes could represent a good modcl 10 investig:lle this link. The

promoter clements of the ao; gene have been identitied in chick but nO( in tat. The

promoter of chick ao; gene has been shcwn to confer neuro-specific expression: however.

no specific DNA binding sequence lhal could be rcsponsible for an activity-medialed

regulalion has been identified (Marter-Sadzinski el al.• 1992).

Il has been shown rccently lhat ao; and other neuronal nAChR subunits arc expressed

al low levels in embryonic chick skcietal muscle. Intercstingly. the developmental pattern

of ai mRNA expression follows that of the muscle al subunit. reaching peak expression
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prior to synaptog.:n.:sis and d.:cr.:asing ati<:r synaps.: fonnalion (Coniveau el al.. 19951.

Th.:s.: r.:sults sugg,:sllhal tr~nscriplion of 0.- do.:s nol occur strictly in neurons (ct ",raller­

Sadzinski el u/.• 1992). and that simibr m.:chanisms that down-regulare muscle nAChR

subunits during activily can also regubt.: a- in musck. If so. this could mean thal the a­

gen.: contains IWO distincl upstrcam s.:quences thal regulale Ir:lnscriplion in opposile

manner atier Ca2- intlux. depending on the cellular contCXI.

Il is notcwOl1hy Ihat thc incrcasc in a, mR:'-JA Icvcls altcr high K- appears 10 platcau

at Ievcls equivalenl to day O. whereas in ,·i1·o. a7 mRNA levcls continue 10 incrcasc (sce

Figure 6.1: Mandclzys el al.. 1994). These rcsults could m~':ln Ihal olher factors are

involv.:d in regulation of a; gene cxpression. or. alternativcly. Ihat CaM kinasc aClivity

is not oplimally aClivated by sustaincd high K- treatmcnt in these cultures. While .;evcr::1

studics have shown thal high K- activates CaM kinasc activity in ncurons (Fukunaga et

al.. 1989: OCOIT and Schulman. 1991: Bading et al.. 1993). the biochemical propel1ies of

CaM kinase predict Ihat pulsatile stimulations ofneurons should activare CaM kinase evcn

morc effectively (Hanson et 1.11._ 1994: appendi"'< 3). Moreover. a sustained high K­

treatment is likely to induce Ca2--activared phosphalases. such as Ca2-;calmodulin­

dependent phosphatase. calcineurin. Conceivably. the r:ltio berween Ca:-':calmodulin­

depcndcnt kinasc and phosphatase activities is grcater in neurons receiving panerncd

synaptic activiry compared to neurons that are chronically depolarized (Hanson el al..

1994: Lisman. 1994).

Effects of choline and other nicotinic agonists on u7 expression

Nicotinic agonislS. nicotine and carbachol. did Ilot mimic the etTeclS ofhigh K-. even

though activation of nAChRs by these ligands causes a large increase in [Ca:]; iMulle

et al.. 1992a: Vernino el al.. 1992: Vijayar:lghavan el al.. 1992: Trouslard el al.• 1993:

Rathouz and Berg. 1994). However. as nAChRs desensitize. a prolonged application of

nicotinic agonislS may not produce a sustained increasc in [Ca21;: we plan to test whether

pulsatile applications of these agonislS can induce U7 expression.
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Inl.:r.:stingly. \Y': oDs.:n.:d thru cholin.: produccd J ,;mall but signiticJnl iner':Js,: in a­

.:xpr.:ssion. Cholin.: has b.:en shown to cau,;.: an in.:r.:a,;.: in [Ca:-], in cultur.:d SCG

neuron,;. pr.:sumably DY rd.:asing Ca:- rrom int.:mal ,;lur;:,; (Koik.: el <,1.. 19S91.

Consisl':nl \\'ith this. w.: round that th.: cholin.: dT.:ct on a- .:xprcssion \Vas nOl blo.:k.:d

by nil\:dipinc. h.:xam':lhonium. a-ST:\: or Jtrorin.:. ,;uggc,;ting that this dl\:CI is not du.:

to Ca:- inilux nor to th.: a.:ti\·ation or nicotinic or muscarini.: rce.:plors. Ho\Vcyer. the

inere:!se in a- tran,;.:ript k\"<:ls was bloeked by K;":-62. indi.::!ting that C:!:'vl kin:!s.: :!':livity

\Vas slimulatcd by choline. Whelh.:r .:IlOlinc has :! rok in a, .:xprcssion ill \'il"O is unekar.

Duc to .:holin,:sll:rasc aelivity al synaps.:s b.:tw.:.:n pr.:-ganglionie and SCG ncurons.

.:holin.: could build up to .:onsiderabk kvds during high rr.:quency aetivily. bUI whclh.:r

il ean rea.:h high enough .:onc':nlrations ro iniluenœ a- .:xpr.:ssion in unc.:rtain.

Ncverthdcss. thcse rcsults indicalC lhat rh.: CaM kinase-induccd cxpr.:ssion of a, may

:!Iso be activated by pathways rh:!t do nOl require Ca:- intlux.

Lack of effects of PKC. PKA and tyrosine kinase inhibitors

Our results with inhibitors or activators of PKA and PKC suggesl that these enzymes

have Iittle role in regulating a,. In tàCI. wc found that non.: ofrhe nAChR transcriptlcvds

were altered by these kinaso:: inhibitors and activators. We cannot rule OUI. however. rhat

somo:: of tho::se ago::nts did not inhibit or activate properly the target enzymes. To reduce

such possibility. we tlllempled 10 block their aerivity in pres.:ne.: of high K-. as weil as

to stimulate their activity in control condition with ditTerent agents. In addition. we tested

higher concentrations of these agents. without obscrving any elTects. To stimulate PKC.

we used 100 mM PMA. which couId. upon prolongcd trcatment. down regulate PKC in

SCG neurons (Mallhies <:1 CIl.• 198i). Thus. wo:: also added PMA 10 high K· cultures. but

observed no effcct on the high K· induction of ai mRNA Icvels. We conciude from thesc

experiments rhat PKA and PKC are not likely to be involved in the regulation of nAChR

gene expression in neonatal rat SCG ncurons devcloping in culture. This contrasts with

the role of PKA and PKC on the aetivity-mediated exprcssion of nAChRs by muscle

extra-junctional nuclei (Klarsfeld <:1 CIl•• 1989: Walke <:1 al.• 1994).

To test tbr a role in tyrosine kinase activity. we used two inhibitors. genistein and K-
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252a. \VIIile genistein inhibits several tyrosine kinases 1Levitzki and Gazit. 1995). low

·:onCl:ntrations of K-252a (e.g. 10-100 n;"'ll were shown to inhibit Irk receptars

preferentially (not the EGF reccptor: Koizumi .:t al.. 1988: Berg el al.. 1992). although

higher doses can also inhibit serine.threonine protein kinases. including CaM kinase

(Hashimoto el al.. 1991). Adding these agents ta control cultures causes the neurons to

die. as they nccd NGF and IrkA activity ta survive at this stage of development (Johnson

and Deckwerth. 1993). Removal of :-.iGF. induces apoptasis in SCG neurons (;'vlartin el

al.. 1988). a proccss that can be prevented temporarily by increasing [Ca:-li with high K-.

even though this tre:llment does not activate IrkA (Koike el al.. 1989: Franklin el al..

1995). Consistent with these findings. the neurons survived weil atier treatment with

tyrosine kinase inhibitors in high K- cultures. However. the nAChR transcript levels were

unaltercd by these agents. suggesting that tyrosine kinases do not regulate nAChR gene

expression in cultured SCG neurons. at !cast not under high K· condition. Finally.

changing the concentration of NGF in the culture medium. from 25 to 100 ng.'mI. a

treatment that was shown to alTect gene expression in cultured SCG neurons IMa el al..

1992). caused no eITects 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 aï is regulated by mechanisms tha[ appear independent of

aITerent innervation as weil as target contact. Membrane depolarization had liule eITect

on the expression of those transcripts. and protein kinase activity appeared not to be

involved in their expression. In làct. the expression of these -+ nAChR transcripts by

cultured neurons parallels closely their expression by n{"'.Irons developing in vi\'o 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 \Vith the

observations ofZoli el al. (1995). which indicated that the majority ofnAChR transcripts

examined (i.e. a3' (toi' 13:. and 1301) became detectable \Vith ill siru hybridization at a period

corresponding to neurogencsis. Interestingly. Schoenherr and Anderson (1995) reportcd
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thm lig:md-gated ion ,~hanncl genes. including nACh. N\IOA and glycine receptors.

contain "i'Jeuron-restrictive silencer ekmcnt-like sequences". Thus. the rclease of

transcription inhibition by down-reguiJtion of a neuron-restrictive sikncer t~ctor during

neurogenesis. could be a mechanislll responsibk for rhe appearance of nAChRs ar this

period.

\Vhen SCG ncurons devclop in vliture. only rhe mRN.-\ for (J.3 inereased signiticantly.

indicating a ditTerential regulation of the nAChR subunits during neuronal maturation. The

promoter of rat 0.3 nAChR subunit was recemly charactcrized and shown to be aetivated

by the POU domain transcription factor SCIP,'Tst-1. which is bclieved to confer neuro­

sp~'Citic gene expression (Yang et al.. 1994). lt will be interesting to detennine whether

this tàctor is also up-regulated during SCG neuron de\·dopmenr. Incidentally. wc observed

a small transient decrease in 0.- mRNA levds after the tirst dav in culture. and this
o -

decrease appeared to be reduced by high K- lFigure 6.2A): however. the small size and

transient nature of the high K· eflèct made it diflicult to investigate tùrther. In contrast.

high K- had no eITect on (J.3 mRNA le\'ds when applied at day 5. If the (J.3 mR..t"lA levds

are detennined by an intrinsic mechanism rclated to neuronal maturation. this process may

have becn retarded by the dissociation of the neurons.

The levels ofboth 13: and l\~ subunit transcripts appeared largely unchanged during the

tirst two postnatal weeks of Jevelopment as weil as in culture for the tirst ï days. 13:

mRNA is the most widespread nAChR transcript in the CNS and is expressed in ail

peripheral ganglia examined in the rat (Wada et al.. 1989: Zoli et al.. 1995). including the

nodose ganglion (Figure 6.10). The 13: transeript appears to be the least sensitive nAChR

subunit transcriptto developmental events (Hill et al.. 1993: Zoli et al.. 1995). exeept in

the ehiek optic tectum (Maner el al.. 1990). The I3J transcript is approximately 3 times

more abundant than that of 13: in SCG neurons and its expression seems to be largely

restrieted to neurons expressing 0.3 (Zoli et al.. 1995). lnterestingly. 0.3 and 13~ genes.

toeether with o.,. fonn a c1uster in the rat (Boulter et al.. 1990) and ehiek (Couturier et- .
al.. 1990a) genomes. indicating that the initiation of thcir expression during neurogenesis

may be coordinately regulated. Downstream of 13~ and upstream of 0.3 genc lies an inter-
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genic sequence of more than 2 kb. which includes the a 3 promoter sequence 1Boyd. 1993:

Yang el al.. 1994): such a promoter mOlY regulate further .he expression of (.L3 during

neuronal maturation. Finally. the a5 gene is oriemed in the opposite direction in this

c1usœr. suggesting a distinct regulation. Of the tive nAChR transcripts. a5 is expressed

Olt the lowest levds: it drops transiently by approximatciy 30% atier 3-4 days in culture.

This drop is similar to what is observed atier denervation ill \'im C'vlanddzys t?l al.. 1994 l:

however. un!ike tor a,. membrane depolarization did not atTect a. mR:"A 1evds.. .
Taken together. our results and those of others discussed here suggest that nAChRs

in rat SCG neurons are largcly comrolled by imrinsic regulatory mechanisms. possibly

related to neurogenesis. and neuronal maturation. One aspect of neuronal maturation that

takes place during the increase in a3' ill l"Ïm and in culture. is the extension of dendrites.

The early expression of nAChRs mOlY be crucialto allow rapid establishment of tùnctional

synapses when presynaptic terminais make initial contacts (Haydon and Drapeau. 19951.

[n addition. nAChRs mOlY be targeted to gro\Vth cones and have a role in neuritic guidance

during development (Lipton t?1 al.. 198ï: Pugh and Berg. 1994: Zheng el al.. 1994).

Afterward. during synaptogcnesis. another nAChR subunit. ai' which mOlY give rise tO a

homomcric a-BTX-nAChR (Schoepfer t?1 al.. 1990: Couturier el al.. 1990b: Sëguëla t?l al..

(993). is regulated by an activity-dependent mechanism that involves CaM kinase activity.

The significance oflhis induction is unknown. but it will occupy an importa11l part of the

next chapter.

Differences \Vith chick autonomie neurons

Our proposaI that the expression of nAChR transcripts. a3' a5' 13: and 13.1 is largely

govemed by intrinsic mechanisms in neonatal SCG neurons mOlY not hoId truc tor

embryonic chick autonomic neurons. [n culture. the transcript levels of nAChR subunits

drop dramatically in ciliary ncurons (Corriveau and Berg. 1994). and appear to be

redundantly regulated by contacts \Vith either their affcrents or targcts. Howcver. the

results obtained trom 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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1e\c1s. nAChR anlibody binèing. or ACh-.:\'ok.:d .:urr.:nIS (Ja.:ob and B.:rg. 19~ï: Rü:C.

19R5: Boyd 0:1 a/,. 19~5: McEachcrn 0:1 al.. 19~9: Engisch and Fischbach. 1990. 19<)2:

Gard.:!t.: 0:1 al.. 1991: Ar.:ndIa <'1 al.. 1993: :-'loss and RoI.:. 1993: Schwartz L.:\.:y 0:1 al,.

1995l. For ,:x.lrnple. r.:moval of pr.:-ganglionic im.:ra':lions on chick .:iliary n.:urons

re!ard.:d lh.: d.:vclopmcmal incr.:as.: in nAChR transcripl k\'ds (Schwartz L.:v.:y <'1 al..

1995). caused a larg.: reduction in intracdluIar amibody binding. but nol on th.: surfac.:

binding (Jacob and B.:rg. 19~ï: Arcnella <'1 al.. 1993) and .:aus.:d litllc .:fti:C!S on the

ACh-evoked currents (i\lcEachem 0:1 al.. 1989: En>!isch and Fischbach. 1992: Schwartz

L.:vey 0:1 al.. 1995). Imercstingly. dcn.:rvation ofpost-hatchcd chick ciliary ganglia causcd

a :: fold decrcase in o.-BTX binding in 2 days (Jacob and Berg. 1987). similar to the

decrease in o.~ in cultured SCG neurons. Thes.: rcsults suggest !hat extrinsic inl1uences

may rcgulate nAChRs at ditTercm Ievels of .:xpn:ssion in chick autonomi.: n.:urons. ln th.:

nex! chapter. we will in"csligaœ the rclationship be!ween changes in nAChR transcripts

and changes in ACh-evoked currents on SCG neurons.

Targeting of nAChR mRNA

The transport of sorne specific mRNAs 10 dendrites has been proposed 10 represent a

srrategy for regulating local supply of proleins in dendrit.:s in response to synaptic activity

(Steward and Banker. 1992). An interesting observation made l'rom our ill silll

hybridization experiments is that nAChR rranscripts rcmain in the somala and do nol

target [0 dendrites. However. we did not test whether we could detect transcripls that are

known to be present in dendrites such as MAP2 (Bruckenstein el <JI•• 1990: Kleiman el

<JI•• 1990): therefore. we cannot rule out the possibility that nAChR transcripts. localized

within dendrites. were bdow detection. Neverthdess. similar rcsults 10 ours have been

reported for glutamate receptors mRNA (GluR2 and GluR3) in cultured hippocampal

neurons. even though their respective proteins were found to be abundamly exprcssed in

dendrites and dendritic spines (Craig el al.• 1993). Synaptosomal preparations enriched in

hippocampal dendritic spines also lacked GluR 1 mRNA. but contained mRNAs for MAP2

and o.-CaM Kinase Il (Chicurel et al.. 1993).



•

•

•

135

Thus tàr. few mR~As have been shown to target to dendrites: MAP::!. CL-CaM kinase

II. the immediate carly gene transcript .-Ire. and the non-coding R:"A neural BC 1 arc

notable examplcs (Garner el a/.. 1988: Burgin el a/.. 1990: Bruckenstein el a/.. 1990:

Kleiman el a/.. 1990: Chicurcl el a/.• 1993: lyford el a/.. 1995). The tàcts that these

RNAs are found in dendritic spines of hippocampal neurons and that their producrs have

been implicated in mechanisms controlling neuronal polarity or synaptic plasticity make

it attractive to consider that targeting these transcripts to dendrires allows for local and

rapid expression of synaptically involved proteins. If such mec:hanism exist. it appears that

neurotransmitler receptors are not included among those proteins. ln fact there are no

examples yet ofa rough endoplasmic reticulum (RER)-associated mR~A (i.e. coding for

a transmembrane protein) that targets to dendrites. Dendritic spines are likely to be devoid

of RER (Peters el a/.. 1991 J. but Steward and Reeves (1988) have found polyribosomes

to be associated with membranous cistcrnae at the base of hippocampal neuron spines.

raising the possibiliry that transmembrane proteins are synthesized in dendritic shatis. ln

the case of ligand-gared ion channels. many of them are exprcssed in :L'(onal tenninals.

which are devoid of a translation machinery: encoding the targeting of ligand-gared ion

channels in their mRNA may thus not be an et1icient mechanism to discriminate targeting

of receptors to :L'Ions or dendrites. ln this context. it is intriguing to know if transport of

ion channels to axons and dendrites is differcntially regulated. or whether differemial

anchoring mechanisms detennine their tinal localization.



Chapter 7

Changes in ACh-Evoked Current Densities Correlate with Changes

in Transcript Levels fOi' a 3 nAChR Subunit But Not aï'

I~TRODCCTIO~

[n this chapter. we invcstigatc the etTects of thc changl~s in nAChR transcript Icvcls.

described in Chapter 6. on the cxprcssion of macroscopic ACh-cvoked CUITcnts on

cultured SCG neurons.

To learn more about the subunit composition of nAChRs on rat SCG ncurons.

\'Ianddzys et al. ( 1995) compared the dcctrophysiological and pharrnacological propenies

of ACh-evoked CUITents on SCG ncurons with that of known nAChRs expressed in

Xenopus oocytes (luetje and Patrick. 1991). The major tindings were that: Il at [he

macroscopic leve!. most functional nAChRs on SCG neurons behave as a uniforrn

population of receptors. at kast with respect to agonis! activation and toxin blockade: 2)

the nAChRs on SCG neurons have sensitivities to nicotinic agonists and [0 neuronal-BTX

that are interrnediate to those of Cl}I3~ and Cl}I3: receptors expressed in .Jr:enopus oocytes.

Based on these results and on the mRNA levels of nAChR subunits in these neurons. it

was proposed that nAChRs on SCG neurons uniforrnly incorporate Cl}. 13~ and perhaps 13:

subunits..-\5 the mRNA levels cf ClS are Icss than a tenth thosc of Cl} in post-natal SCG

neurons (Chapter 6: Mandelzys et al.. 1994). and becausc the incorporation of ClS in

functionaI nAChR expression is still unclear (Boulter et al.. [990: Couturier el al. 1990b:

but see Vernallis et al.• 1993 and McGehec and Role. 1995). our working mode! of the

functiona[ nAChRs in SCG neurons does not include an ClS subunit.

The fifth nAChR subunit expressed in SCG neurons is Cl7' which encodes an Cl-BTX­

nAChR (Schoepfer el al., 1990: Couturier el al.. 1990b: Ségue1a el al., 1993). Although

this receptor gates a current primari1y carried by Ca:- in Xenopus oocytes, it is unclear

whether this receptor gates a current on SCG neurons. Cl-BTX does not alTect synaptic

transmission berween cultured sympathetic neurons (Nurse and O'lague, 19;5) and
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numerous studies have shown a dissociation between a-BTX binding and nAChR

blockade (Nurse and O·Lague. 1975: Duggan el al.. 1976: Brown and Fuma::ralli. 1977:--...... ...

Patrick and Stallcup. 1977: Carbonerto el al.. 1978: Ravdin and Berg. 1979: Chiappinelli.

1985: Lipton el al.. 1987: Mulle and Changeux. 1990: Sucher el al.. 1990: Zhang and

Felrz. 1990). Hcwever. recemly a remarkably large a-BTX sensitive currem (-250 pApF)

that desensitizes within milliseconds has been reporred in chick ciliary neurons (Zhang el

al.. 1994). [n addition. Albuquerque ar.d colleagues have observed a rapidly desellsitizing

ACh-evoked currem sensitive to a-BTX that carries mainly Ca"- (but that is at least an

order of magnitude smaller than that reporred in the chick ciliary ganglion) in cultured

hippocampal neurons (Alkondon and Albuquerque. 1993: Castro and Albùquerque. 1995).

Both of these currems could be detected by using rapid agonist applications that activate

ACh-evoked currems in less than 20 ms. On SCG neurons. rapid nicotinic agonist

application had net been tested. leaving the possibility that a rapidly desensitizing ACh­

evoked currem sensitive to a.-BTX is expressed on these neurons.

Therefore. we set out to examine this possibility. parricularly since the 0.7 mRNA

leve1s change in cultured SCG neurons. We already found a good correlation between the

increase in 0.7 rranseripts and the increase in a.-BTX binding on these neurons (Chaprer

6). Furrhermore. as the a.i gene and the a.-BTX-nAChR are regulared by an activity­

dependent mechanism in SCG neurons. and perhaps by synaptic transmission in \"/1"0

(Mandelzys et al.. [994). it is intriguing to know whether this regulation atTecrs the

properries of ACh-evoked currenrs on the neurons.

We observed. in the previous chapter a differemial change in nAChR transcript levels

in cultured SCG neurons. Only the 0.3 transcript increases as the neurons deve1op. How

does this specific inerease affect the density of functional nAChRs on the neurons"?

Nicotinic AChRs are thought to be heteromeric pemamers forrned by the assembly of 2

a. and 3 B subunirs (Cooper et a/.. 1991: Anand et al.. 199\). Since the rnR..'lA levels of

the Bsubunits appear to have reached their plateau by Pl. while the ACh-evoked currem

densities continue to increase posmatally (Mandelzys el al.• 1994). this may imply that a.

subunirs in these neurons are tate-limiting for the assembly of functional nAChRs.
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In this chapter. we devdoped a protocol tor rapid agonisl application to inveslÎgate the

propenies of ACh-evoked CUITents on SCG neurons <k"doping in cullure.

EXPERIME:'iTAL PROCEDCRES

:'Iieuronal cultures

SCG ganglia were dissected from postnatal PI and P14 rat~. dissociated and cultured

as described in section 2.\.. and in the previous chapter with respect to trcatments with

high K-.

Electrophysiology

.\"c!uronal reçordings: ACh-evoked CUITents \\'ere measured with whole-cdl patch clamp

techniques as described in section 2.3.. For agonist application wc used a method for rapid

agonist application that provides complete change in solulÎon around the neurons within

approximatcly 2 ms (see Figure 2.1. section 2.3.2.). We found that our technique ofrapid

agonist application generally lriggered unclamped voltage-dependent ~a- CUITents on SCG

neurons (Figure i.ll. To eIiminate these CUITents. we included 500 nM TTX in the bath

perfusion. However. we found that this was sometimes not sufficient to eliminate these

unclamped Na- CUITcnts; the TTX had to be included also in the agonist solution. lndeed.

by switching barrels. the agonist-eontaining solution rapidly washed out the TTX and

removed the block of voltage-dependent ~a- CUITents. ln the presence of TTX in the bath

perfusion. as weil as in the control and agonist perfusion solutions we did not observe

unclamped Na- currcnts (see Figure i.3. iAB and ï.SA).

Sensitivity of nicotinic agonist-evoked CUITents to Cl-BTX was determined by

incubating neurons with 100-500 nM Cl-BTX for 2-3 hrs prior to recording.

Xenopus oocyte recordings: The experiments with Xenopus oocytes were donc in

collaboration with Ali Haghighi. a graduate srudent in the department of physiology. The

oocytes were prepared. injected and recorded as described by Bertrand et al. 1991. The

recordings were made 2-3 days atier nuclear injection of rat Cl; cDNA and co-injection



•

•

1 m~l ACh-
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500 m..;,
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FIGURE 7.1. Unclamped voltage-dependent Na+ currents evoked by
rapid agonist application.

Top: Rapid application of l mM ACh on a freshly dissociated SCG
neuron evokes a rapidly inactivating current followed by a slowly
desensitizing current. Below: same current as above show" on a faster time
scale to illustrate the initial rapiclly inactivating component. This rapiclly
inactivating component was eliminated by addition of 05 !LM TI)( in the
bath perfusion as weil as in the control and agonist perfusion solutions (see
Figure 7.3, 7.4B, 7SA).
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of rat ü)3J cDN.-\s (kindly pro\'ided by Dr. Philippe S':guda. \Ionrr':al ~euwlogieal

Institutc. McGill Cnivcrsity) into X<!110p1lS lloeytes. The agl1niSI-C\'okcd eurrcnrs \\'CrC

measured with a two dcctrodc wltagc clamp. built by \Ir. John Kno\Vlcs (Dcparuncnr of

Physiology. McGill Univcrsity). Ail drugs \Vcre dissol\'cd in ORo: solution (sec bclo\Vl

at concentrations indicated in the texl. One ,ùl alropine \Vas included in the perfusion

solution.

Svl/lliVl1s: Neuronal recordings \Vere donc in regular perfusion mcdium (section 2..3.~.)

to which 500 nM TTX was added. as rapid application of agonists frequently evoked

unclamped Na- currents. We used our regular intraccllular perfusion solution (section

2..3A.) or a solution containing 150 mM CsCI. 10 mM HEPES (pH 704 adjusted wi:h

KOH) (Zhang el al.. 199~). ln experiments with choline as an agonis!. 1 IlM atropine

(Sigma) was adde<i to the perfusion solutions.

ORo:! solution consisted of ~:!.5 mM NaCI. 2.5 mM KCI. 1 mM :-iaH,PO .. 1 mM- -
CaCI:. 15 mM HEPES (pH 704).

RESULTS

The Aeh~voked current densities incrcasc in culturcd sec ncurons and lack

rapidly descnsitizing kineties.

Over i days of development in culture. Pl rat SCG neurons ditTerentially regul:ne the

expression of their nAChR subunits: the mRNA levels of 0.3 incrcasc approximately :!.5

fold: those of ai decrease approximately 3 fold: and those of 13:. 13.1 and as show linle

change. High K- rrearmenr at day 5 causes a specific i:1crease in ai mRNA. while at day

o it susrains 0.7 and causes a 30% increase in 0.3 transcript levels (Figure 7.2). To

investigate whether these changes in nAChR transcript levels atTect the magnitude and/or

kinetics of the macroscopic ACh-evoked currenlS. we used whole-cell voltage clamp

techniques to measure ACh-evoked current densities on: 1) freshly dissociated neurons.

2) neurons cultured for 3 days with or without high K-. and 3) ncurons grown for 7 days

with or without a 48 hr high K- treatment. For these cxperiments. wc applied ACh with

fast perfusion (see section 2..3.2. and experimcnral procedures) to avoid undcrestimating
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FIGURE 7.2. Summary of the changes in a3 and a7 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 (fi1led symbols). a3 transcript

levels increase 2.5 fold from day 0 to day 7, ",hile a7 mRNA leve1s decrease 3
fold within 2 days afler plating. Membrane depolarization at the lime of plating
sustains a7 mRNA levels, while it causes a 30% bcrease in a3 mRNA leve1s by
Day 3. Membrane depolarization at day 5 causes a 2-3 fold increase in ~

mRNA levels, while it has litt1e effect on a3 mRNA leve1s. The other nAChR
subunits remain unchanged during that lime (see Chapter 6).
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any rapidly desensirizing components. For measurement of .-\Ch-evoked current densiries.

we used 100 !lM ACh: we also lested 1 mM ACh as it was shown to activate a rapidly

desensitizing current on chick ciliary neurons Ilhang ,'! .li.. 199~1.

Figure -;.3 shows rhe response of a freshly dissociated PI SCG neuron upon r..pid

application of 1 mM ACh with whole-ccll voltage clamp. and demonstrates rhar the

activation of rhe current was achieved within Iess rhan 5 ms (Figure -.3: bclow). The

rising phase c:m be descrihed by tirst order kinetics. whiie rhe desensitizing phase can be

described by a double exponential time course with time constants 2 and 3 orders of

magnitude slower than thar for the rising phase. No rapidly desensitizing component was

observed. We found rhat rhe peak current densities e\'oked by 100 !lM ACh were not

signiticantly ditTerent l'rom those evoked by 1 mM ACh. although rhe currents evoked by

mM ACh activared 4-5 fold l'aster (Table ï.1 ).

Figure ï.4A shows rhe mean ACh-evoked current densities measured over time ln

culture. eirher at day O. 3 and ï. Wc observed a 2.5 fold increase in rhe density of ACh­

evoked currents on SCG neurons rhat had developed l'rom day 0 to day ï in culrure. This

increase correlates weil with the increase in a} subunit. but not with the decrease in ai'

ln addition. rhe ACh-evoked current densities measured at day 3 were significantly larger

in high K-·treated neurons than in control neurons. as were the a· mRNA levels (Figure- ,-
ï.2). However. when the neurons were treated with high K- at day 5. we observed no

ditTerence in the average magnitude of the ACh-evoked current compared to eontrol

neurons (Figure 7.4A). despite the 2-3 fold increase in aï and the 3-5 fold inerease in a­

BTX·nAChRs (Chapter 6).

Figure ï.~B shows examples of ACh-evoked eurrents l'rom a control neuron in eulture

for 7 days. and from a neuron in culture for the same time but exposed to ~O mM KCI

lor ~8 hrs starting at day 5. Wc observed no significant difference in the raIe of

desensilizalion of lhe currents evoked from neurons under borh culture condilions.

These results indicale lhal changes in aï lranscripl levels have liltle effecl on lhe size

of lhe macroscopic ACh·evoked currents on SCG neurons. suggesling lhal ai subunilS

play liltle role in lhese currents. Howevcr. lhe results SUggesl lhat aj plays an important

role in the developmental increase in ACh-evoked currents in culture. A similar



•

•

ACh [1 mM]

..,
1

1

!
i
1

200""

FIGURE 7.3. Whole-eell currents evoked by rapid application of ACh.
Two consecutive whole-cell currents from a P7 SCG neuron, evoked by

rapidly applying 1mM 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. 1TX at 0.5 IJM 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 corrclate with changes in a3 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 ct3 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 ct3 mRNA levels. 100 IIM ACh was used to measure ACh-evoked current densities. (B)
Representative currents evoked by fast application of 1 mM ACh. Lower traces show the fust 15 ms
of the response on a faster time sca1e 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. Cunents were filtered at 3 KHz and sampled at 5 KHz.
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correlation between a3 mRNA Icvels and ACh-evoked current densities exists for these

ncurons during .,ostnatal dcvelopment in "ivo (Mandclzys el al,. 199.. ).

Lack of inhibition by a-BTX

The expression of rat a, subunit in XenopLL~ oocytes gives rise to a channel whose

ordcr of ligand potency is: nicotine> cytisine > DMPP > ACh and whose current is

blocked by a-BTX (Séguéla el al.• 1993). In chick ciliary ncurons and in sorne rat

hippocampal neurons. which both express a, (Corriveau and Berg. 1993: Séguéla el al..

1993). an a-BTX sensitive nicotine- and ACh-evoked current has been reported (Alkondon

and Albuquerque. 1993: Zhang el al.. 1994: Castro and Albuquerque. 1995).

To deterrnine whether a component of the nicotinic-evoked response on SCG neurons

is sensitive to a-BTX. we applied lOto 100 JlM nicotine and 100 IlM to 1 mM ACh onto

control neurons. or neurons that were prc-incubated with 100-500 nM a-BTX for 2-3 hrs

(Figure Î.5A). As rat SCG neurons express 3 fold more a, mRNA at PI4 compared to

PI (Mandelzys el al.. 1994J. we used neurons l'rom P14 SCG neurons for these

experiments.

Figure Î.5B shows that no significant difference was observed in the agonist-evoked

current densities between control and a-BTX-treated neurons. Neither did we detect any

signiticant 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 llM nicotine were 2.5 fold larger than those

evoked by 20 IlM nicotine. and were comparable to those evoked by 100 IlM ACh. As

with ACh. the nicotine-evoked currents activated more rapidly with higher concentrations

(Table Î.I). Ail ACh- and nicotine-evoked currents desensitized with a double exponential

lime course. The l'aster time constants ranged trom 150-250 ms and the slower rime

constants ranged trom 6-10 sec: none of the agonist-evoked currents had rapidly

desensitizing kinelics (Table Î.I).
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FIGURE 7.5. Lack of effeet by a-BTX on ACh- and nicotinc-evoked currents. A. Whole-eell currents
from 6 different neurons: four currents are from neurons in control perfusion and evoked by rapid
application of: 20 IIM nicotine. 100 IIM nicotine. 100 IIM ACh. and 1mM ACh; two currents are from
neurons ineubated with 10-7M a-BTX fr.r2 hrs and evoked by rapid application of: 1 mM ACh: and 100
IIM nicotine. Each current has bcen supcrimposed with a single rising cxponential and a double decaying
cxponential function: AI * (cxp[-t1'tI]-I)*(A2*cxp[t1't2]+A3*cxp[t1't3]). whcre. AI=6OOpA. 't1::43ms.
't2>=18Sms. 't3=108ISms. and A21A3=O.5S. for 20!tIII nicotine: AI=1920pA. 't1=30ms. 't"..=18Sms.
't3=107ISms. and A21A3=O.17. for lOO!tIII nicotine: AI=16OOpA. 't1=34ms. 't2>=18Sms. 't3=108ISms. and
A21A3=O.31 for 100!tIII nicotine and 100 nM a-BTX; AI=IS70pA. 't1=27ms. 't"..=1725ms. 't3=1082Sms.
and A21A3=O.46 for lOO!tIII ACh: AI=1170pA. 't1=12ms. 't2>=162ms. 't3=10825ms. and A21A3=O.5 for 1
mM ACh: AI=119OpA. 't1=12ms. 't2>=I7Sms. 't3=107ISms. and A21A3=O.5 for 1mM ACh and 100 nM a­
BTX. The eurrents were filtered al 2 KHz and sampled at S KHz. TTX (0.5 jIM) was added to the agonist
and perfusion solutions. B. Mean ACh and nicotine-evoked eurrent densities with or without
preincubation of 100 nM a·BTX. In one group the currents were evoked with 1 mM ACh and in the other
with 100 IIM nicotine. Bars represent the S.E.M. No significant diffcrences were observed bctwecn control
and a·BTX· treated neurons.
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T~bte 7.1. Timc course of ~ctivation .and dcsmsitiution of AO-.u1d nicotin~kedcu.rrents with or without a-BTX,

Agonist Activ::l.Uon Dcscnsitiz:ltion

Control tO·~~a·BTX Control :O':Ma-BiX

't 't (Ar)'t. (A.)'t. (Ar)'t. (As)'ts

ACh loo!1M (n=5) 23 ::4.4 nd (0.181181 :: 12 (0.82) 8307:: 15-1 nci nd

AChlmM (n=9) 6.9 ~O.9 6.2::1.4- (0.33) 153 : 9 (0.67) 7B36:: 187 (03S) 168 =17 (0.65) 7.;.18 : SI

Nicotine 20 j.l&\If (n=-6) 38:H nd nd nd nd nd

Nicotine 100~ (n=6) 23::3.2 22::3.8 (0.11) 1;'2::24 (0.89) 6327::214 (0.10) 158: 29 (0.90) 6432:: 278

The v:llues (~) reprcscnt the m= (:: S.E.',!.) time COllSt:UltS (in mscc) from cqll:ltions uscc1 to dcscribc the :lCtiv:ltion :md
dcscnsitiz:ltion of the .gonist-cvokcd eum:nts with or without (X-BTX (sec Figure i.5). The dcscnsitiz:ltion kinctics ore
dcscribcd by • double cxponcnti:ll dccoy whcrc (A) rcprcscnts the relotive omplitude for the fost <0 :md slow (5)

components. rcspectively.

Choline as an agonist for ai receptors in Xenopus oocytes

The above results 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-nAChR is believed to be expressed primarily in

non-synaptic membranes or perhaps "peri-synaptically" in chick ci1iary neurons (Jacob and

Berg. 1983: Loring et al.• 1985: Sargent and Wilson. (995). 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 acetylcholinesterase. One of the byproduct of

ACh degradation is choline: during high frequency activity. choline may accumulate 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 e:'<pressed a cDNA for ai into Xenopus

oocytes. and measured their sensitivity to choline.

Figure 7.6A shows that 5 mM choline activates ai receptors expressed in Xenopus

oocytes and is at least as potent as 100 J,1M ACh (see also Table 7.1): these currents are

bLocked by 100 nM a-BTX. (t is noteworthy that much of the initial desensitizing

component of these currents is likely to arise from a Ca.!+-activated cr conductance

(Sëguéla et al.• 1993: Gerzanich et al.• 1994).

In contrast to ai receptors. choline was a poor agonist for a3B4 receptors expressed in
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FIGURE 7.6. Choline as an agonist on a7 reœptors in Xenopus oocytes and on nAChRs in SCG
neurons.

(A) Inward CUITents recorded from a Xenopus oocyte injected 2 days before with cDNA encoding
a7. The CUITents were evokecl with 100 jIM ACh or 5 mM choline and recorded with two electrode
voltage-cIamp at -6OmV holding potentiaL 50th the ACh- and choline-evoked CUIrents were
blocked by incubating the oocyte in 100 nM a-BTX for 2 hrs. (5) Inward CUITents recorded from a
Xenopus oocyte co-injected 2 days before with cDNAs encoding aJ and~ Currents were evoked as
in A. Currents were sampled at 100 Hz. (q Currents evoked by 5 mM choline on SCG neurons.
Whole-œll recordings from 3 different neurons; left control; middle: ailer 2hrs of preincubation with
100 nM cx-BTX; right with 100 jIM hexamethonium in the perfusion and agonist solutions. The
holding potential for all three neurons was -60mV. The CUIrents were filtered at 3 KHz and sampled
at 5 KHz. TIX (0.5 pM) was included in the agonist and perfusion solutions.
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Xenopus oocytes. where3s ACh evoked large inward currents: choline is approximately

20 fold Icss patenr on CL313. receptors rhan is 100 J.lM ACh (Figure ;.5B: Table ;.2).

Choline as an agonist on SCC neurons

As choline is a betler agonist on CL; receprors rhan on CL3i13. receptors in Xenopus

oocytes. we rested the action of choline on volrage-clamped SCG neurons to dererrnine

ifwe e:m detect an CL-BTX sensitive choline-evoked current on these neurons. Figure 7.6C

shows rhat 5 mM choline acrivares inward currents on l':It SCG neurons wirh a rime course

signifie:mtly slower rhan thar activared by ACh. The peak eholine-evoked current densities

were only approximarely 5-15% of rhosc acrivated by 100 J.lM ACh. which is similar ro

rhe l':Irios rhar we observe for CL313. receprors expressed in Xenopus oocytes (Table ;.2).

Pre-rrearment wirh 100 nM CL-BTX for 2-3 hrs had no etTeet on these choline-evoked

inward currents. whereas 100 J.lM hexamerhonium reduced rhe peak current by 80%

(Figure ;.6Ct These resulrs indieare rhar most if nor ail of rhe choline-evoked currents

on SCG neurons are gared by nAChRs rhar are inscnsirive ro CL-BTX.

Table ï.2 Ratios of cholineiACh sensilivity on o.i and 0.3:6. nAChRs in Xenopus oocytes

and on SCG neuron nAChRs.

• SCG neurons+
~

Xenopus oocytes SCG neurons'"

o.; 0.3/6• nAChR control a.-BTX

Ratio

Choline·:ACh- 1.3 :0.2 0.06 :0.015 0.10 :0.05 0.13 :0.02 0.14 :0.02

cvoked CUlTenlS (i) (6) ( 10) ( 15) (14)

• 5 mM choline and 100 !lM ACh were applied on the some Xenopus oocytes expressing either o.; or

0.316. nAChRs. +5 mM choline WllS applied on PI SCG ncurons with fast perfusion. and the mean
evoked CUITent density :f"S divided by the mean ACh (100 !lM)-evoked cUITent d=ity on PI SCG
ncurons (Figure ï.4Al:""For the experiment Wilh o.-BTX. 1 mM choline and 30 I1M ACh were co­
applied sequenrially by pressure ejection l'rom a double-ba1Te1 puffer on control neurons and on neurons
tre:lled with 500 nM a-Bne This tlble shows that choline is a beaer ligand for o.; receplOrs than tbr
0.3/6. receptors in Xenopus oocytes. while choline is a poor ligand for SCG ncuron nAChRs. In the
presence of o.-BTX. the r.ltio of cholineiACh sensitivity on the ncurons is not signitic:mtly different
compared tO control neurons (P>O.I. !-lest).
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Low concentr.ltion of ACh fe.g. 30 !lM) was shown not to activate a-BTX

sensitive currents on chiek ciliarv neurons (Zhang el al. 1994). and choline activates. -
a, receptors better than a3' 13~ receptors on Xe'nopus oocytes (Figure ï.6A and ï.6Bl.

Therefore. we tested whether the ratio of ACh (30 !lM)icholine (1 mM)-evoked

currents would be atTected by pre-incubation of a-BTX. \Ve found no signiticant

difference in this ratio between control neurons and neurons pre-incubated with a­

BTX (Table ï.2). These results suggest either that 1) SCG neurons do not express

currents that behave similar to a; receptors in Xenopus oocytes. or 2) this current is

tOO small to resolve \Vith our recordings. and is masked by the large ACh-evoked

currenrs that are insensitive to a-BTX.

DISCUSSION

In this chapter we have measured the relationship between the changes in nAChRs

observed at the mRNA leve! with changcs in macroscopic ACh-evoked currents on

cultured SCG neurons. Our major findings are that the increase in ACh-evoked

current densities correlate weli with the increase in a3 rranscript. while changes in a;

transcript cause litde. or no. effect on the macroscopic ACh-evoked currents. Finally.

the nicotinic agonist-evoked currents on SCG neurons have little or no sensitiviry to

a-BTX.

Relationsltip between Cl3 nAChR subunit transcript levels and ACh-evoked

currents.

The only nAChR transcript that increases significantly in cultured SCG neurons

is Cl3' and we find a similar increase in ACh-evoked current densitics. This tinding

suggesrs that the increase in Cl3 gene expression causes an increase in functional

nAChRs: if so then the Cl3 subunit may be rate-limiting for the assembly of nAChRs

on neonatal SCG neurons. A similar correlation exisrs in \'im (Mandelzys el al.•

1994). In addition. we observed that the mean ACh-evoked current densiry on neurons

cultured for 3 days with high K- was 1.4 told larger than that on control neurons

(Figure 7.4A). and we observed a 1.3 fold increasc in Ct3 transcript levels in neurons
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[re~ted with high K- ~[ d~y 1 (Figure Î.2). This ~ddition~1 correl~tion ~dds tùrther

support to the concept th~t expression of Ct3 in these neurons is ~ ~te-limiting evenr

for the expression of function~1 nAChRs.

As nAChRs ~re believed to comprise 2 a ~nd 3 13 subunits (An~nd el a/.• 1991:

Cooper el al.. 1991). the concept that a3 is ~te-limiting for nAChR ~pp~~nce

implies th~t the 13 subunits ~re expressed in excess in these neurons ~t this smge of

developmenr. Inh.. ~stingly. Hill el a/. (1993) found that the 13: protein is localized in

l~rge excess in the cytoplasm compared to the pl~sma memb~ne of CNS neurons. In

ciliary and choroid cells of chick ciliary ganglia. prevalent int~cellular staining with

MAb35 nAChR antibody has been observed (Jacob el a/.. 1986: Jacob. 199!). In facto

~ large proportion of the inr~cellular pool of nAChR subunits is degmded without

ever re~ching the surface memb~ne of cultured muscle cells (Merlie. 1984) or chick

ciliary neurons (Stollberg and Berg. 198Î). These inrem~1 pools could. in part. consist

of excess single nAChR subunits that have not ~ssembled into functional receptors.

due to the limited availability of an essenrial subunit. The existence of a ~te-limiting

subunit in ligand-gated multimeric ion channe1s wouId allow neurons to modify the

tùnctional expression of their ligand-gated receptors by conrrolling only one gene.

Lack of relationship between changes in a 7 transcript levels and ACh-evoked

currents and lack of a-BTX sensitivity of these currents.

While the ACh-evoked currents inc=e 2.5 fold over a week in culture. the levels

of a7 mRNA decrease 3 IbId. suggesting that the a7 subunit does not contribute

significantly to the macroscopic ACh-evoked currents in ~t SCG neurons. In addition.

increasing a 7 mRNA levels by 2-3 fold with memb~ne depolarization at day 5 had

no effect on the magnitude or kinetics the ACh-evoked currents on these ncurons.

Even though these neurons express an a-BTX-nAChR (Chapter 6: Fumagatli et al..

19ï6). we did not detect any effect by a-BTX on the ACh-evoked currents on these

neurons. Seve~1 srudies have reported a simiIar dissociation between a-BTX binding

and nAChR blockade (Nurse and O·Lague. 19ï5: Duggan et a/.• 19ï6: Brown and
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Fumagalli. 19ïï: Patrick and Stallcup. 19ïï: Carbonetto et al.. 19ï8: Ravdin :\nJ

Berg. 19ï9: Chiappinelli. 1985: Lipton et a/.. 198ï: Mulle and Changeux. 1990:

Sucher et a/.• 1990: Zhang and Fcltz. 1990). However. a reœnt stuJy has indicateJ

that a rapidly desensitizing a-BT:\: sensitive ACh-e'"oked current could be detected

on ehick ciliary neurons (Zhang et a/.. 1994): this would suggest that previous studies

had missed such a current because of the use of slow agonist applications. Howevcr.

by using a rapiJ agonist application system. wc did not detcct such a currcnt on

neonatal rat SCG neurons.

Thus. our results contrast those of chick ciliary neurons (Zhang et a/.• 1994). which

have been shown to contain the same 5 subunits as SCG neurons. including

significant levels of a; mR:'-lA (Corriveau and Berg. 1993). and to contain a-BT:\:­

nAChRs (Jacob and Berg. 1983: Loring et a/.. 1985): it is unclear \Vhere the

discrepancy lies. ln chick ciliary neurons. a; does net associate \Vith any of the

known nAChR subunits (Vemallis et a/.• 1993). but possibly associates with other

unidentitïed proteins. There is precedent evidence that a; can co-assemble \Vith other

subunits. In chick brain and retina. ai has been shown to co-assemble \Vith an as

subunit. a subunit not yet found in rats (Schoepfer et al.. 1990: Keyser et al.• 1993:

Gotti et al.. 1994). In chick sympathetic neurons. the ACh-evoked currents are

insensitive to a-BTX. buttreatment \Vith antisense a} oligonucleotides produced ACh­

evoked currents on these neurons that could be partially blocked by a-BTX.

suggesting that a7 had assembled \Vith other subunits to form nAChRs (Listerud et

al.. 1991). In addition. in Xenopus oocytes. the a; subunit can replace the muscle a

subunit and co-assemble with the other muscle nAChR subunits (13:'( and cr) to form

a functiona1 receptor (e.g. a;.'l3/y/cr: Helekar et al.. 1994).

Another possibility is that a-BTX-nAChRs on SCG neurons are tùnctionally

different on SCG neurons. It has been shown that prolyl isomerase activity is essential

for the formation of functional homomeric ligand-gated ion channels in Xenopus

oocytes (e.g. a; nAChRs or 5-HT} receptors: Helekar et al.• 1994).

Therefore. it is conceivable that byco-assembling \Vith different proteins. or by
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undcrgoing diffcrential post-translational modifications. a7 assembles into reccptors

with diffcrcnt functions.

However. the report by Zhang el al. (1994) of such a large a-BTX sensitive ACh­

cvokcd current. with such rapid desensitization kinetics is surprising. The peak current

for [he rapidly dcsensitizing component cvoked by 20 >lM nicotine was 5-10 nA (249

pNpF). an order of magnitude larger than for the slowly desensitizing component

(around 0.3-1 nA. or 26 pNpF). The slowly desensitizing component was accounted

for by heteromeric nAChRs on these neurons (Zh;:mg el al.. 1994). The time constant

of desensitization of this a-BTX sensitive component was 11 ms. On these neurons.

the a-BTX-nAChRs were shown [0 be localized on extra-synaptic or peri-synaptic

membranes (Jacob and Berg. 1983: Loring el al.. 1985: Sargent and Wilson. 1995).

Being away from the synapse suggests that it is not likely to receive synaptically

released ACh rapidly. ThUs. the functional significance of this rapidly desensitizing

current is unclear.

It should be noted that the a; receptor expressed in Xenopus oocytes does not

desensitize very rapidly (Séguela el al.• 1993: Figure ï.6A). The Ca~"'-activated cr
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 Ct-BTX sensitive current on chick ciliary neurons is gated by an Ct;

receptor. it means that this receptor has a remarkably tàster rate of desensitization

than in Xenopus oocytes.

Furtherrnore. it should be pointed out that when we omined to add TTX in the

perfusion solution. we observed in the ACh responses a large rapidly inactivating

component that was very simiIar to that reported by Zhang el al. (1994) (Figure ï.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 omined the TTX in the agonist solution. we still evoked

unclamped Na'" currents. since the rapid perfusion system washed off the TTX
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containing Solulion around lhe recorded ncuron. Zhang o!l al. ( 1994) lcstcd the TTX

scnsitiviry of this rapidly desensilizing current on 5 ncurons and showcd thal il was

nOl atTecled: however the aUlhors did nOl slatc lhal lhcy induded the:: TTX in the

agonisl Solulion. il is thcretorc possiblc lhal lhis currcnt \Vas cvokcd by unclampcd

Na- currents. On lhe olher hand. lhe tàcl thal C1.-BTX blockcd lhis currcnt would he

inconsislenl wilh il being an unclamped Na- current. Howcvcr. Zhang o!l al. (1994)

also re::ported lhe surprising tinding lhat C1.-BTX blocked 30-45 ";. of the slowly

desensilizing nicoline-evokcd current on thesc neurons. It has been shown lhal some

lOIS of o.-BDC can be conlaminaled with neuronal-BTX (sce Loring and Zigmond.

1988). which is a pOlent blocker of nicolinic synaptic lransmission on thesc neurons.

Conceivably. lhe 10101' C1.-BTX used in lhis sludy contained some:: ncuronal-BTX. and

by blocking part of lhe nicoline-evoked re::sponse. lhe lhrcshold tor aClivaling

unc\amped Na· cum:nlS was nol reachcd.

In cultured raI hippocampal neurons. a much smaller rapidly desensitizing C1.-BTX

sensitive cum:nt (e.g. 100-400 pA) has been observed Wilh fasl perfusion (Zorumski

el al.. 1992: Alkondon and Albuquerque. 1993). and has been shown 10 be carricd

largely by Ca~'" (Castro and Albuquerque. 1995). This current was tound on

approximalely 80% of the neurons and 10 have a desensilizalion lime conSlanl of

approximalely 2i ms (Alkondon and Albuquerque. 1993). Intereslingly. lhe neurons

lhat expressed lhis cum:nt had linle if any slowly desensitizing ACh-evoked current.

If lhe Ct-BTX sensiliviry of lhis current is due 10 0.7' lhis finding suggesls eilher lhat

only Ct7 is expressed on lhese neurons. or lhal 0.7 co-assembles wilh olher nAChR

subunits expressed in lhe raI hippocampus. such as C1.~. 0.4 and/or 13~ (Wada et al..

1989). The differenee in lhe types of nAChR subunits expressed by hippocampal

neurons eompared 10 SCG neurons mighl fuvour incorporation of Ct7 into heleromeric

nAChRs thal are consequently sensilive 10 C1.-BTX.

This possibiliry is consistent Wilh lhe results oblained by Puchacz et al. (1994) who

over-expressed lhe rat 0.7 gene in SH-SY5Y cell lines. These ceIls express nAChRs
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and a-BTX-nAChRs at low levels. and express small nicotine-evoked currents le.g.

100-250 pA) that activate and desensitize slowly and are insensitive to a-BTX. Aner

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 results suggest that a7 co-assembled with other native subunits

!O give rise to a rapidly desensitizing current. sensitive to a-BTX.

What is the role of a7 in SCC neurons?

The role for the a7 gene product in rat sympathetic neurons remains unclear. Il

seems Iikely that il codes for a subunillhat contributes to the a-BTX-nAChR (Chapœr

6: Shoepfer et al.. 1990: Couturier et al.• 1990b: Seguela et al.. 1993). However. a­

BTX does not block cholinergic transmission al synapses on rat SCG neurons (Nurse

and O'Lague 19i5: Brown and Fumagalli 19ÎÎ: Chiappinelli 1985): funhermore. the

a-BTX-nAChRs are not preferentially localized at synapses. bUl have an extrasynaplic

distribulion (Jacob and Berg 1983: Fumagalli and DeRenzis 1984: Loring et al. 1985:

Loring et al. 1988: Sargent and Wilson. 1995). Taken togelher. this suggests that the

a-BTX-nAChR may not be directly involved in one 10 one synaplic transmission

berween pre-gang1ioni:: and posl-ganglionic neurons. One possibility. however. is lhal

the a-BTX-nAChR plays a modulatory role by activaling Ca""-dependent processes.

The a7 receplors expressed in Xenopus oocytes are highly permeable to Ca"" (Seguela

et al.. (993). and the a-BTX-nAChR in chick ciliary neurons promoles Ca"+ influx.

which in tum may affecl process oUlgrowth (Vijayaraghavan et al.• 1992: Pugh and

Berg. 1994). As a result of acetylcholinesterase in the synaptic c1eft. it is possible

thal. after a burst of synaplic aClivity. choline accumulates transiently (possibly

reaching mM concentrations). diffuses outside the c1eft. and acts on the Ct-BTX­

nAChRs in the extrasynaptic membrane. However. we did not resolve a cholin.~ g:l!ed­

current that could be blocked by a-BTX on SCG neurons: nonelheless. we show lhat

cholinc gales Ct7 receptors in Xenopus OOCytes (Figure i.6).
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If the o.-BTX-nAChR on SCG neurons does gate a small Ca::- current. it is

possible that this current was not resolved in our recordings becausc the a-BTX­

insensitive ACh response on SCG neurons is so large. a-BTX takes time to block the

a-BTX-nAChRs. so we could not measure ACh-evoked currents with or without CI­

BTX on the same neurons. Thus. if the current tlowing through the o.-BTX-nAChR

was less than 5% that of the current tlowing through the other nAChR. and had slow

kinetics. it would be diflicult to detect. Further work needs to be done to determinc

whether this receptor gates a current on SCG neurons. and whether its activation

affeclS Ca::·-dependent processes. Measuring changes in Ca::- levels by Ca::· imaging

on voltage-c1amped neurons may allow resolution of such potcntial current.

It is anractive to consider that activation of o.-BTX-nAChRs by choline in the

vicinit)' of active synapses would result in a local increase in intracellular Ca::·

concentration post-synaptically. which couId selectively modulate the efficacy ofthese

activated synapses. Similarly. if o.-BTX-nAChRs are located on the presynaptic

cholinergic terminaIs. choline could act on these presynaptic receptors to elevate Ca::·

concentrations in the terminaIs and affect transmilter release.

Incidentally. the 0.7 transcript levels were up-rcgulated by choline treatment on

these neurons (Chapter 6). However. o.-BTX did not block the choline effect

indicating that choline does not up-regulate 0.7 by causing Ca::· intlux through the 0.­

BTX-nAChR. Instead. it is likely that choline promotes Ca::'" release from internai

stores through an unknown mechanism (Koike el al.• 1989).

The regulation of 0.7 mRNA by membrane depolarization in SCG neurons. its

regulation during synaptogenesis in muscle (Corriveau el al.• 1995). ilS dcvelopmental

increase during critical stages of synaptogenesis in the vertebrate brain (Coururier el

al.. 1990b). and the high permeabiliry to Ca::· of the 0.7 receptor (Séguéla el al..

1993) suggest that this receptor plays a role in cellular evenlS related to synapse

formation. Determining ilS precise function may help elucidatc the role of nicotinic

synaptic transmission in the CNS where this subunit is highly expressed.
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Chapter 8

General Discussion and Conclusion

ln my thesis. 1 investigated factors that control the extension of dendrites and the

expression of nAChRs on peripheral neurons. My main findings are: 1) satellite ceIls

inhibit sensory neurons of the rat nodose ganglion from extending dendrites and induce

them to acquire a unipolar morphology: 2) PI nodose neurons are capable of extending

dendrites in culture in the absence of ganglionic satellite cells and in t.l]e 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 rranscriprs and functional nAChRs are expressed as in vivo:

6) the a.7 nAChR subunit expression is dependent on membrane depolarization and is

regulated through a CaM kinase pathway: i) changes in ACh-evoked CUITent densities on

SCG neurons correlate with changes in mRNA levels for a.3: 8) changes in a.7 transcript

levels correlate with changes in a.-BTX-nAChRs on the surface of the neurons but do not

affect macroscopic ACh-evoked currenrs.

1 have already discussed these resulrs in details in previous chapters. therefore. in this

discussion. 1 would like to conclude with a hypothesis for one of the mechanisms that up­

regulates neurorransmitter receptor expression on neurons.

ln Chapter 4. 1 showed that the increase in ACh-evoked current densities on nodose

neurons correlated with the extent ofdendrite outgrowth. Furthermore. we find a temporal

correlation in the expression of these two posrsynaptic elemenrs (Chapter 3: Mandelzys

et al.. 1990: Mandelzys and Cooper. 1992). In the presence of different neurotrophins.

nodose neurons express nAChRs at a density that a1so correlates with the extent of

dendrite ourgrowth (Chapter 5). For example. in the presence of BDNF. nodose neurons

express low density of ACh-evoked currenrs and do not extend much dendrites. whereas
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NGF induces many neurons [0 extend dendrites and to express large ACh-evoked currems

(Chapter 5). These observations provide circumstamial evidence that dendrite outgroWlh

and up-regulation of nAChR expression are. in sorne way. linked together.

The issue is whether 1) dendrite extension and nAChR expression are !Wo separate

processes and that the extrinsic factors. such as NGF. influence each process separately:

or 2) the two processes are not independent. but in sorne way. the expression of the

postsynaptic receptors is a consequence of the extension of dendrites.

Based on the results from my thesis. 1 favour the latter. that is. that the extrinsic

influence. NGF, does not influence nAChR expression directly, but rather causes the

neurons to extend dendrites. and as a result. this triggers sorne intrinsic mechanism that

leads to an up-regulation of nAChRs and maybe other proteins needed for synapse

formation.

Before discussing this hypothesis. 1 discuss the findings that nodose neurons express

significam levels of nAChR transcripts in vivo in order tO emphasize that the initial

expression of nAChRs 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-a:l:onal

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 differem nAChR transcripts: a 3, as, a7' 132, 133 and 13.; (Chapter 6; see also

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 terminais (Diamond,

1955, 1959; Gray. 1959; Paintal. 1964; Esplin et al., 1972: Chesselet, 1984; Rowell et al.•

1987; Swanson et al.• 1987: Nardberg et al.• 1989; Mulle et al., 1991). Therefare, the fact

that littIe or na ACh-evoked currents were detected an the cell bodies might be due ta the

lack of nAChR targeting ta somata membranes in these neurons in vivo. The nAChR

transeripts in nodase neurons are e."q)ressed at Iawer levels compared to SCG neurons.
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except for 132, The presence of low levels of nAChR transcripts in the neurons may be

sufficient to supply nAChRs for the a"<onal terminais.

Second. it is also possible that nAChR transcript levels have linle correspondence to

the number of functional receptors on the cell surface. For example. the evidence of a

large intracellular pool of receptors (see Jacob et al.. 1986: Stollberg and Berg, 1987: Hill

et al.. 1993) and of silent receptors on the plasma membrane (see Margiona et al.. 1987b)

provide good reasons to believe that differences in mRNA levels may not reflect in

similar differences in functional receptors. However. we found a good correlation between

the increase in ACh-evoked currents and the increase in (1.3 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 control

functional expression of these multimeric receptors by regulating expression of a rate­

limiting subunit.

A third possibility is that nAChRs are not preferentially targeted to the terminais and

are destined to cell body membranes. but their number is Iimited by the low arnount of

(1.3 subunits compared to the total amount of 13 subunits. Indeed, the levels of (1.3

transcripts in nodose neurons were much lower !han in SCG neurons (Chapter 6).

Therefore. (1.3 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 smaIl ACh-evoked currents are

those that express nAChR genes. Heterogeneity may also exist in the types of nAChR

transcripts that are present in different nodose neurons: for instance, ail neurons could

express 132, but only a few express (1.3' Therefore, the nodose neurons that express both

subunits (andlor 134) could be the ones that have smaII ACh-evoked currents. whereas

those that Jack ACh-evoked currents would be missing one essential nAChR subunit, such

as <:13'

If the e."<pression ofnAChR transcripts in sensory neurons (see also Boyd et al.. 1991;

ZoIi el 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 peripher.ll neurons during neurogenesis (Zoli et al.. 1995:

see Schoenherr and Anderson. 1995). Afterward. the lack of developmental increase in the

tr.lnscription of some of these genes lParticularly o.,) during nr>uronal maturation of

sensory neurons could have rendered this initial Iow level expression irrelevant to

nicotinic function.

What increases function:11 nAChR expression on somatodendritic domains of nodose

neurons?

ln Chapter 5. 1 proposed 5 possible mechanisms that could increase the functional

density of nAChRs on nodose neurons. Below. [ discuss each of these possibilities. and

incorpor.lte in this discussion some of my tindings on the regulation of nAChR gene

expression in SCG neurons (Chapter 6 and ï).

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) Activiry increases nAChR gene expression: As nodose neurons fortn functional

synapses in these cultures. electrical activity up-regulates receptor expression.

3) NGF increases nAChR gene e.r:pression: NGF directly regulates nAChR gene

expression through a trkA-mediated pathway.

4) Change in receptor targeting: the removal of satellite cells alters the morphology

of the neurons. which in turn changes the rargeting of nAChRs to somatodendritic

domains. instead of the nerve tertninals. without affecting nAChR gene expression.

S) Inrrinsic regulation of nAChR genes associared with dendrite outgrowth: The

elaboration ofdendrites by nodose neurons produces some intrinsic signais in the neurons

to express more nAChRs tO supply the increasing postsynaptic membrane.

[) Receptor modulation

A number of studies have shown that changes in the magnitude of macroscopic ACh­

evoked currents can arise from receptor modulation (Berg et al.. 1989). Margiotta et al.
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(198ïb) demonstrated that a cAMP-dependent mechanism can increase ACh sensitivity

by 2-3 fold within minutes to hours in cultured chick ci1iary neurons. Role and colleagues

showed that soluble factor released by pre-gang1ionic neurons gives rise to a 10 foid

increase in ACh sensitivity wi!hin 1-4 days in cultured chick sympathetic neurons (Role.

1988: Gardene et al.. 1991). These changes in ACh sensitivity could be accounted for by

changes in single channel properties. as weil as an increase in functional receptor

incorporation at the surface membrane. Furthermore. Haivorsen et al.. (1991) showed that

an eye extract regu1ates ACh sensitivity. whereas it does not affect nAChR transcript

levels (Corriveau and Berg. 1994).

Simi1ar extrinsic influences are likely to modulate nAChR function in nodose neurons.

However. the increase in ACh-evoked CUITent densities observed on nodose neurons

developing in culture is slow. The neurons must deve10p for several days before this

increase in macroscopic ACh-evoked currents becomes significant. This time course seems

inconsistent with an event 1ike phosphorylation of the receptors. We cannot exc1ude.

however. !hat protein kinase activity changes slow1y in these neurons as they deve10p in

culture. Measuring ACh-evoked currents at the single channel 1eve1 may help determine

whether receptor function is changed in these neurons as they deve10p 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 Ct3' Cts, B2

and B4 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 depo1arization on Ct3' Cts,

B2 and B4 expression. we found that ai mRNA levels and a-BTX binding increased with

membrane depolarization. The 1eve1s of ai in nodose neurons are much 10wer compared

to SCG neurons; it will be interesting to determine whether synaptic activity in nodose

cultures increases ai rnRNA levels and Ct-BTX binding. However. based on the Jack of

significant difference in macroscopic ACh-evoked currents on SCG neurons. with or

without high K+ (Chapter 7). l do not expect that this potentiai increase in Cti will affect
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the macroscopic ACh-evoked currents on nodose neurons.

3) NGF and nAChR gene expression

We find an 8 fold increase in the mean ACh~voked currents on nodose neurons

grown with NGF compared to neurons grown in absence of neurotrophin (Chapter 5: see

also Mandelzys and Cooper. 1992). Does this mean that NGF regulates nAChR gene

expression directly in nodose neurons? ln 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 trk receptors.

These results suggest that NGF does not regulate nAChR gene expression in SCG

neurons. at least not in the short terrn (48 hrs). In the long terrn. 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 weil. If so. how might NGF

increase nAChRs on nodose neurons? 1 speculate that the effects of NGF on nAChR

expression are indirect: NGF promotes nodose neurons to acquire a dendritic-a.,,<onal

polarity: this change in polarity affects gene e."<pression 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 terminais. consistent with the fuct that they have liule 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-axanal polarity. the nAChRs are targeted to the

samatodendritic domains rather than ta the terminais. Indeed, targeting mechanisms are

intimately related ta neuronal polarity (Kelly and Grote.. 1993). In the presence of satellite

cells. the cytoskeletaI properties of a pseudo-unipolar neuron may promate the delivery

of transport vesicles containing nAChRs tO the bifurcating axon. When satellite cells are

remaved, nodase neurons extend severa! axons. and begin ta express more nAChRs an
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the surface of their cell body. even without adding NGF (Mandelzys and Cooper. 1992).

Conceivably. the cytoskeletal properties of t~ese multi-axonal neurons have been altered.

so that delivery of tranSport vesicies containing nAChRs is no longer preferentially

targeted to axonal terminais.

If sensory neurons express nAChRs at their terminais. and if a change in rargeting is

involved in re-directing nAChRs to somatodendritic liomains of these newly polarized

nodose neurons. one question remains: Can the amount of receptors made to supply the

terminais of sensory neurons be sufficient to supply the somatodendritic domains of these

newly polarized neurons? Considering the difference in smface 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 PI SCG neurons develop in culture. the expression pattern ofnAChR rranscripts

parallels the one that occurs in vivo over the same period, with the exception of o.;. 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 rnacroscopic ACh-evoked currents increase over this period in culture (Chapter 7). In

addition. our attempts at inhibiting protein kinase aclivity 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 he related early on to neurogenesis. since the first appearance of

nAChR transcripts. in most peripheral neurons lond in many brain regions occurs at a lime

that corresponds to neurogenesis (Zoli et al.. 1995; see also Schoenherr and Anderson:

1995). Afterward. during neuronal maturation and specialization. the expression of some

nAChRs may he 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 e:'ttension provides intrinsic signais to produce more receptors. In neonatai

SCG neurons. the developmentai inr.rease. in vivo and in culture.. in the density of
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functional nAChRs (and a, transcripts) corresponds to a period of extensive dendrite

outgrowth (Voyvodic. 19Sï: Brusckenstein and Higgins 1985b: Mandelzys et al.• 1994).

[n nodose neurons. it is possible that the incre:lse in ACh-evoked current densities on

neurons that extend dendrites is. in fact. due to an intrinsic demand by these neurons to

fill their dendritic membranes with nAChRs.

Conclusion

Figure 8.1 illustrates how [ view the developmental changes that occur in nodose

neurons with respect to the relaùonship between neuronal polariry and nAChR expression.

(A) ln vivo. and possibly in culture with S:ltellite cells. a large proponion of nodose

neurons express nAChR transcripts at relatively low levels. sufficient to supply nAChRs

to their terminaIs. These receptors may have a modulatory role in cholinergie transmission

or a.xonal guidance. (B) Upon conversion from a pseudo-unipolar morphology to a

multipolar morphology. nAChRs are no longer targeted preferentially to the terminaIs but

are insened in the soma membrane. At this stage. nodose neurons possess the potential

to develop.a dendriùc-axonal polariry and to increase expression of nAChRs. (C) When

provided with NGF, these neurons undergo funher maturation and develop this dendritic­

axonal polarity. This maturation phase could promote funher targeting of nAChRs to the

somatodendriùc domains (compared to B). but. in addition. the expression of nAChR

genes is increased during this maturation phase. A good candidate gene to he primarily

induced is a3 which is expressed at low levels in (A). and which increases specifically

when SCG neurons undergo similar maturation. The intrinsic mechanism !hat would link

dendritic outgrowth and the control of ligand-gated ion channel gene expression is

unknown. Retrograde signais from growing dendrites may carry information that

influences gene expression of receptors. In addition. sorne genes that are essential for

dendritic extension and that are up-regulated during dendritic outgrowth may he linked

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

In conclusion. 1 propose !hat. among the factors that control neurotransminer receptor

expression during neuronal development. one of them is derived from the extension of
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FIGURE 8.1. Model of relationship between neuronal polarity of nodose neurons and

nAChR expression.

(A) Sensory neuron, developing in tlWo or in culture in the presence of satellite cells,

express low levels of nAChRs and targct them to their tenninals. (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 reœptors 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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dendriles. This hypolhesis and Ihe working model of nodose neuron differentiation should

stimu!ale future experiments 10 leam more about mechanisms that control neuronal

polariry and synaplogenesis.

The remarkably elaborated neuronal archilectures in Ihe brain add much complexilY

for neurons 10 regulale their mulliple funclions. The synthetic machinery of the neuron has

10 supply ail of its specialized domains with the appropriate elemenls in order 10 succeed

in communicaling with other neurons. Furrhennore. the neuron must be able 10 adjust 10

changes in the needs of any of these domains. in order 10 modify its communications with

other neurons. and. presumably. 10 provide Ihe brain with the abiliry to learn.
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Appendix 1

Diversit)' of the Neurotrophins and Their Receptors

NGF. the first member of the neurotrophin family. was discoyered oyer 4 decadcs aga

(Levi-Montalcini. 1987). and only 30 years later was the second neurotrophin. brain­

derived neurotrophic factor (BDNF). discoyered (Barde el al.. 1982). The BDNF gene was

then cloned (Leibrock el al.. 1989) and screcning for homologs !cd to the identification

ofgenes encoding three additional neurotrophins termed NT-3. NT-4/5 and NT-6 (Ernfors

el al.. 1990: Hohn el al.. 1990: Joncs and Rcichardt. 1990: Maisonpicr-e el al.. 1990:

Roscnthal el al.• 1990: Bcrkemeicr el al.. 1991: Hallbôôk el al.. 1991: Ip el al.• 1992:

Gôtz el al.. 1994).

The first neurotrophin receptor to be identified was originally termed the NGF reecptor

(Chao el al.. 1986: Radeke el al.• 1987). However. its binding affinity to NGF was 2

orders of magnitude lower than the high affinity [1 I~s]-NGF binding observed on nerve

cells. and it did not appcar to contain an intraceliular si1='Ilalling dOlnain. In 1991. the Irk

proto-oncogene. originally dCl,~ribed in 1986 as an oncoprotein in human colon carcinoma.

was shown to serve as the signailing receptor for NGF (Kaplan el al.• 199Ia.b: Klein el

al.• 1991 a). Soon after IrkB was recognized as the primary rcceptor for BDNF (Klein el

al.• 1991 b: Soppet el al.• 1991: Squinto el al.• 199\) and NT-4/5 (Berkemeier el al.• 1991:

Klein el al.. 1992: 1p el al.• 1992). while IrkC was recognized as the primary rcceptor for

NT·3 (Lamballe el al.. 1991) (Figure A.l.I). However. NT-3 has been shown to inr,eraet

a1so with IrkA and IrkB in transfectcd cell Iines (Cordon-Cardo el al.• 1991. Klein el al.•

1991b; Soppet el al.• 1991: Squinto el al.. 199\). The rcccntly identificd NT-6. a

neurotrophin found in fish. has becn shown promote survival of NGF-responsive chick

ne';rons and therefore may bind to IrkA. aIbeit with a lowcr affinity (Gôtz el al.. 1994)

(see Figure A. \. \.).

The molecular diversity of lrk receptors is greatly extcnded by alternative splicing: to

date. we know 2 variants of IrkA (Barker el al.. 1993). 8 variants of IrkB (Klein el al.•



•
.....

......

?
'----?

•

FIGURE A.I.I. Diversity of neurotrophins and neurotrophïn receptors

Tk+= with tyrosine kinase domain

Tk -= splice variant without a tyrosine kinase domain

Dashed arrows indicate that binding is either at Iow affinity
or has been observed in non-neuronal context.
p751J'1GFR binds with similar affinities all neurotrophins.
Its role in signallin poorly understood
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1989; 1990a; Middlemas t.'1 al.• 1991). and 8 variants of IrkC (Lamballe t.'1 al.. 1991. 1993:

Tsoulfas t.'1 al.• 1993: Valenzuela t.'1 al.. 1993). The 2 IrkA variants (i96 and 790 amino

acids) differ by only 6 amino acids in the extracellular domain; while no differences in

their biological properties have been reponed. the shoner isoform has been det::cted

mainly in nonneuronal cdls (Barker t.'1 al.. 1993). The 8 isoforms of t,'kB can be classified

in two groups designat.:d trkBTK- (n=6) and trkBTK- (n=2). based on the presence or

absence of the intracdlular tyrosine kinase (TK) catalytic domain. The same classification

can be used for' trkC isoforms; 4 trkCTK-s and 4 trkCTK-s. While both truncated isoforms

(trkBTK· and trkCTK.) appear not to transduce signaIs upon neurotrophin binding.

alternative splicing in the TK catalytic domains of trkBTIo
.- and trkCTK- may confer

differential functional propenies in these receptors (Valenzuda t.'t al.• 1993: Tsoulfas et

al.. 1993: Garner and Large. 1994). Intercstingly. both classes of truncated isoforms have

been detected in glial cells but not in neurons (Beck et al.. 1993: Frisén et al.. 1993:

Jelsma et al.. 1993: Valenzuela et al.• 1993 J. The role of thcse truncated isoforms is

unknown. although the induction of trkBTK. expn:ssion in glial cells after injury in the

CNS has led to the proposaI that they might be involved in ligand rccruitment or

presentation (Beek et al.• 1993: Frisén et al.. 1993). A briefdcscription ofwhat is known

about the signalling cascades that tyrosine kinase trk rcceptors activate is present~-d in the

following appendix.

p75L.\'GFR

The 10w-affinity NGF receptor turned out [0 be a 10w-affinity pan neurotrophin

receptor. and is now referred to as p75 or p75LNGFR (Chao et al.• 1986: Radeke et al..

1987: Rodriguez-Tébar et al.. 1990. 1992). It has been gcnerally assumcd that p75LNGFR

is not capable of signalling (Chao. 1994): howcver. reeent experimcnts have raised the

possibility that p75LNGFR is. in fact. capable of mediating intraccllular signais (Ohrnichi

et al.. 1991: Tartaglia and Goeddel. 1992: Battleman et al.• 1993: Volonte et al.. 1993a.b).

Protein kinase activities have been found to be associated with p75LNGFR (Ohmichi el al.•

1991: Volonte el al.. 1993a). including MAPK activity (Volonte el al.• 1993b). p75LNGFR



•

•

•

A-3

exhibits structural resemblance with the TNF rcceptor family. which are capable of

cytoplasmic signalling. and may include a signal for apoptosis (Tartaglia el al.. 1993:

Rabizadeh el al.. 1993: Chao. 1994: Barret! and Bartlett. (994). An ability of p7SLNGFR

to promote apoptosis cannot be widespread however. as many cells that express p7SLNGFR

do not undergo programmed ccli death.

However. a number of experiments have shown that p7SLNGFR is not cssential for NGF

mediated signalling through IrkA (Glass el al.. 1991; Ibânez el al., 1992: Jing el al.• 1992:

Ip el al.• 1993b). Nevertheless. several lincs of evidence suggcst that p7S LN';FR plays a role

in neurotrophin's action on nerve cells. In summary. p7SLNGFR is believed to influence

bath 1) high-affinity binding of neurotrophins. particularly NGF, and 2) neurotrophin

mediated signaIIing. although not through a p7SLNGFR_lrkA dimerization (Milbrandt. 1986:

Berg el al., 1991; Hempstead el al.. 1991: Rodriguez-Tébar el al.. 1992; Scheibe and

Wagner. 1992: Davics el al.• 1993; Battleman el al.. 1993: Benedetti el al.. 1993; Barker

and Shooter, 1994; Chao. 1994: Ibânez. 1994; Verdi el al.. 1994). Moreover. the fact that

p7SLNGFR is exprcssed primarily in projection neurons, rather than in local circuit neurons.

suggests that p7SLNGFR could promote retrograde NGF transport. The underlying

mechanisms for thcse putative functions have not been rcsolved. The numerous functions

that have been proposed for p7SLNGFR suggest that it associatcs with different auxiliary

molecules that are differcntially exprcssed during development and in distinct cell types

(Chao. 1994).
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Appendix 2

Signal Transduction by Neurotrophin Receptors and

Ca2+ Influx Leading to Gene Expression

Extensive progress has been made over the past few years in e1ucidating the signal

transduction by receptor tyrosine kinases (RTKs). Activation of these rc:ceptors by the

bir.ding of their ligands is known to affect the expression of many genes via partially

identified cascades ofphosphory1ation 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. L1F. NGF receptors): some specificity. however.

between the various signais is beginning to unravel (Marshall. 1995). The complexity of

these mechanisms is incrcased by the fact that Ca2+ influx during neuronal activity also

affects the expression of many of the same genes that 'ire regulated by RTK activity

(Sheng and Greenberg. 1990). Moreover. Ca2+ influx has been shown to up-regulate

neurotrophin and neurotrophin receptor expression (Lindvall el a/.• 1992. 1994: Bergzon

el a/.• 1993: Merlio el a/.• 1993: Lindhom el a/.• 1994).

ln nerve cells. genes that are regulated by RTK activity and Ca2+ influx have been

classified in two groups: the immediate carly genes (lêGs) whose transcription occurs

rapidly (e.g. min) and transient1y. and the delayed response genes (or late response genes)

whose expression is modified more slowly (e.g. hours. days) (Ghosh and Grecnberg.

1995). The products of these delayed response genes could include proteins that arc

involved in a variety ofneuro-specific functions (Annstrong and Montminy. 1993). Many

of the known lEGs (e.g. c-fos. c-jun) code for transcription factors that bind. often as

heterodimers. to DNA sequences (e.g. A?-I site) that arc found in promoter clements of

delayed response genes. Therefore. it has been proposed that IEG products control the

expression ofdelayed response genes: in this way. inducti!'n ofiEG expression constitutes

an upstream event in the signalling pathway lcading to expression of dclayed response

gene. However. a direct link bclWecn IEG 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 (Annstrong and Montminy. 1993: Morgan and Curran. 1995). Most

of our understanding on these signalling pathw~ys cornes trom experiments with cultures

of ccII lines and. in sorne instances. have been eonfinned in primary neurons.

Figure A.2. 1 makes a naive attempt at summarizing sorne of the intracellular signalling

events triggered by transynaptic activity and NGF receptor activity. This sketch makes.

by no mcans. a fair representation of everything that is known (or not known) about signal

transduction via Ca2+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 Ca2+/calmodulin-dependent protein kinase pathway which is

relevant to the results presented in Chapter 6. This diagram also ilIustrates sorne of the

potential cross talks between NGF- and Ca2+-induced sig':1alling events. Despite the

apparent redundancy and convergence in these pathways. specificity among these signais

may reside in the time courses. cellular locations. intensities or fi'equencies 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.

Howcver. a major aspect that this figure fails to illustrate is how genes are tumed off.

Indeed. negative regulation may actually play a much greater role in regulating neuronal

function than currently appreciated (Mandel and MeKinnon. 1993). A growing nUlllDcr of

neuro-speci fic genes have been shown to contain promoter elements that restrict their

expression in their appropriate neuronal eontext (Maue et al.• 1990; Kraner et 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 undifferenùated neuronal progenitors.

\Vhile its expression disappears in neurons (Schoenherr and Anderson., 1995). Beyond

these mechanisms that determine neuro-specific genes (e.g. from liver-specifie genes). may
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exist others that restrict expression to a panicular subset of neurons. Although this should

hold for any tissue. the complcx mosaic of phenotypically distinct cells in the br.:lin

requires a more dabor.:lted assonment of positive and negati'e regulators. There seems

to be an unusually diverse a=y of tr.:lnscriptional activators that arc activated by extemal

stimuli; silencing clements should be in place in the nel"\'ou' .tem in order to obtain

sorne specifieity in gene regulation (Mandd and McKinnon. 1993).

Figure A.2.1 was based on the following referenccs:

Sheng and Greenberg. 1990; Koch el al.• 1991: Gimy el al.• 1991; Hanson and Schulman.

1992; Wegner el al.. 1992; Egan and Weinberg. 1993; McCormick. 1993; Schulman.

1993: Enslen and Soderling. 1994: Kaplan and Stephens. 1994; Rosen el al.. 1994;

Srinivasan el al.. 1994; Tanaka and Nishizuka. 1994; Cohen el al.. 1995: Ghosh and

Greenberg. 1995; Hill and Treisman. 1995; Humer. 1995; Marshall. 1995; Pawson. 1995.



Figure descrlptlon: The binding of NGF dimcrs to "kA induces dimcrizalion and aUlOphosphorylalion of"kA crcaling 5 phosphotyrosine siles on Ihe rcccplors. Thcse rcsiducs thcn

llCcome "docking silcs" for SlIl dom~in-containingproteins; s,c homology (SB) regions 2 and 3, referrcd as 10 SlIl and SII3 domains, arc non·catalylic domains conscrved among

many eytoplasmic signalling proteins. SlIl domains bind spccifically 10 tyrosine phosphoproleins. Tluce SlIl domain-conlaining signalling molcculcs arc known 10 associale with

outophosphorylotcd "kA, and in tum bccome phosphorylatcd: SIIC, phospholipase C-yl (PI.C-yl) and phosphalidylinositol·3 or PI-3 klnasc. An adaptor protein (e.g. Grbl), binds

to phosphorylated SIIC via ils SlIl domain. This adoplor protein also posscss SII3 domains, which bind to spccific prolinc-rich molifs, such as Ihose of Ihe guanine nuclcolide

exchonge foclor (GEF) named SOS. Conscquenlly, Grbl recruils SOS ncar Ihe plasma mcmbrone where Ras aclivation is prcsumed 10 take place. SOS presenls a guanine nucleolide

10 the inaclive Ras-GDP (also called 1'2 l'as), whieh converts il to an aclive Ros-GTP. The active Ras lums on a cascade of phosphorylations from kinase to kinase ending by the

aclivalion of MAPK (milogen.aclivated·prolein- or microtubule-associated·protein·2- kinase). Ilriefly, a MAPK kinase (MEK) is aclivatcd by a MEK kinase (c.g. Raf or IIIEKK)

that has becn aclivoled by Ras. MAPK (also termed ERK) is u multifunctional kinase with many substrotes, including ,sk, transcription foc lors (TFs) and MAP1. MAPK can

tmnslocate inlo Ihe nucleus 10 phosphorylale 1'1'5 or phosphorylate proteins such os ,sk which Ihemselves lronslocate inlo the nucleus 10 phosphorylate l'l's. This signalling cascade

is tumed off by Ihe rapid hydrolysalion of Ras-GTP bock 10 its inaclive foml by an inlrinsie GTPase aclivily. In addition, GTPase aelivaling proleins (GAPs) will catalyse this

inaclivalion. GAPs ~Iso pos.sess SI/l domoins, Iherefore Ihey may also bc aclivated by RTK aelivily, and Ihus counlemcl accumulation of Ras-GTP induced by a GEl'. Perhaps Ihen,

effeclive signal trdnsmission Ihrough Ihe Ras roule occurs only when GAPs arc inhibiled. This signalling cascade is likely 10 bc intereepled by severol signais, eilher positive or

negalive, or there may be shorter roules, such os the direct associalion belween trkA and MAPK. Such associalion could occur when "kA is intemalized; relrogmdely Imnsporled

"kA eould remain autophosphorylated, 'l'hile NGF ••sides inside Ihe lransport vesicles. Intemalized "kA con therefure possibly Imvel near Ihe nucleus and aclivale signalling proteins

such as MAPK. PI-3 kinase also associales with autophosphorylated "kA via ils SI/l domain. Ils funclion is pourly underslood, although il may have a role in protein sorting and

Immcking, which could include Ihe targeling of intemaJized "kA. PLC-yl also associates with ',kA; il catalyscs Ihc hydrolysis of PI 4,5·bisphosphalc 10 the potcnt sccond messcngcrs

inositollriphosphale (IPJ ) and diacylglyccrol (DAGl, DAG aclivalcs PKC, while IPJ Iriggers relcase of Ca2+ from inlcmal storcs. Il is possible Ihal PKC phosphorylales a GEl'

direetly, whieh would aclivale the ras-MAPK cascade. Finally, "kA aclivalion Icads to Iyrosine phosphorylation of Ihe protein SNT which is found primarily in Ihe nuclcus. Ils role

is unknow~, bulto date it is Ihe only identified target of RTK aClivity tha' is specifie for ',kA, Ihcrefore its aclivity ma)' underlie some of the specificity in ncurotrophin aclion.

When Ca2+ flows inside Ihe ccII, il aelivates, among severaltargels, prolein kinases, such as CaM kinases, PKCs and adenylale cyclase (AC). AD produees second mcsscnger

cAMP thal aclivates PKA, which ean phosphorylate Ihe CR.: binding prolein CREil, a TI' for genes that contain Cal' rcsponse elcmcnls (CaRE and CRE or Ca/CRE; found notably

in lEGs). PKC, via an unknown pathway can aelivale a TF, named serum response f.1clor (SRF), which binds to Ihe scnnll rcsponsc elemcnl (SRE) of lEGs, such as <,-filS. CaM

kinase IV is a monomerie enzyme that can penetrate into the nuclell' and phosphorylale CREil. CaM kinase JI is mnllimerie and can remain aclive for a prolonged period, becOll,e

of inter-subnnils phosphorylalion. CaM kinase JI can phosphorylale CREU and other TFs. Ca2+ may aClivate gene expression via aclivalion of Ras-MAI'K cascade. The signallhal

aclivates Ras by Ca2+ is unknown; il may involve a prolein kinase, snch as CaM kinase or PKC, whieh eonld phosphorylale GEl' Ihereby aClivnting the Ras-MAPK cascade, or

phosphorylate GAP, which may decrease hydre'ysali~n ofaclive Ras-GTP inlo inaelive Ras-GOP. Anolher appeaJing possibilily, pnrely speculalive, is Ihat phosphorylation ofCa2t

channels, snch as voltage dependent Cal' ehannels (particula.ly L-type Cal' channels) and Jigand-gated ch]nnels (NIIIDAR and nAChlt) occurs when Ca2+ flows Ihrough Ihe channel.

TItis could provide a subslrate for the SlIl domains of GRUl and Ihus trigger Ihe GEF-Ras cascade. Conceivably, snch a meclmnism may nccessitale Ihe spalial arrangemenl of Ihe

Cal' channels wilh the Ras aclivalors, in order to confer specificilY in Ihe induction by Ca2+ influx.

l'ew examples of delayed resp0II.,e genes bcing regnlaled by exlemal signaIs have been described in neurons, and wc know ve.y Jiule about ho\\' Ihese signais opemle 10 induce

Iheir expression, The identification CJ.7 nAChR gene as a candidale delayed response gene and the identification ofa CaM kinase palhway leading 10 CJ.7 up-regulalion provide a goud

model for invesligaling Ihe relal'onship bctween activily, kinase aClivily, IEG expression and delayed response gene expression in nenrons (Chapler 6).
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The Multifunctional Ca2+/Calmodulin-Ocpcndcnt l'rotdn Kin:lsc 1\

CaM kinase Il is part of a large group of enzynKs lhat :Ire aetivaled by lhl' l'a"

reœptor, ealmodulin. Whi\<: CaM kin:lse 1. III. and the myosin-light dl:lin kinas.: ha\.:

narro\\" and rdati\"dy specialized suhstrat.: prolein sp.:<:ilicities, l'a i\1 kinasl' II

phosphorylates a \\"ide scope of substrales thal :Ire importalll in ahnost ':\'ery mai"r

<:<:lIular aeti\"ity (1l:1I1son :lI1d Sehulm:lI1. 1992). In nel"\'e cdls. il has hl'en sho,,"n 1"

re~!lIlale neurotransmitter sVlllhesis ami rdease, ion ehannds. e\"toskdelal lill1clion and
~. .

gene expression (Ilanson and SdlUhnan. 1992). l'\\"0 Cal'vl Kinase Il suhunits. I( and 1.\,

arc highly expressed in the nel"\'ous sysIl'm: Il'1' ex:unp\<:. they l'omprise as much as 2""

oftolal hippocampal proldns (Kennedy, 1992). Bolh subunits arc abundanl in dendriles,

and the mRNA coding l,x the a suhunit is t:lrgeted to dendriles (Burgin ,'/ tI/., l'Nil).

Furthermore. CaM kinase (1 may comprise as mueh as 21l-31l"" of the postsynaptic

densilies (Kennedy. 1<)92).

The mosl intercsting leatures of CaM kinase (1 arc ils regulatory properlies thal

may con1er to the enzyme the ability 10 tmnsl'lte synaptic aClivity into hiocll':il1ical

signais, CaM kinase Il is a multimeric holoenzyme llll'lned by lI-1 () subunils arranged in

a "rosette". with the ca!:llytic :1I1d regulmory domain on lhe outside and the associaI ion

donmin in the center (Schuhn:lI1. 1<)<)3: Sl'\: Figure A.3.1). Activation of the kinasc occurs

by Impping of Ca~+-bllund cahnodulin onto the aUloinhihilory sile of a slihunil, which

then autophosphoryhlles ilsdf(Meyer <'/11/.• 1992). This convcrts lhe suhunit inlo a Ca~+­

indepcndenl enzyme Ihm still remains aClive beyond Ihe dur.llion of the :lctivming Ca~+

signal. AU10phosphorylation also occurs belween ndghbouring subunits within Ihc

holoenzyme: Iherelore Iwo cahnodulin moleculcs arc needed. one ,0 acliv:lle a subunil :lI1d

the other to present an ;lutO!ilbibiinry domain of ils neigbbouring subunil 11'1'

alllophosphorylation. This mcans thm phosphorylation of only one or IWO subunits may

be sufficient to produee activation of ail other subunits. This process is highly coopermive
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and Illay l"~nd~1" a~liYalion of th~ ~nzYIll~ lkp~nd~nl on th~ Ir~lju~n~y of Ca::+ oscillations

(Ilanson and S~hullllan. 1'i'i2: S~hullllan. 1'i'i3: llanson <'1 al.. l'i'l-l l.

Lik~\Vis~. CaM kinas~ 1\ app~al"s 10 h~ a lllajl\1" play~r in g~n~ration or LTI'. Ils

rok \Vas Iirst d~monstrat~d by ~Ippli~ation or sp~cili~ CaM kinas~ 1\ inhibitors. \\"hich

compktcly hlock~d LTI' induction. hut not its maint~n:lI1œ (Malino\\" ('1 al.. l'lX'i). A!so.

Ocorr and Schulman (l'l'l 1) Shll\\'~d that LTI' incr~as~s thc kvd or C:I::+-indep~ndent

CaM kinase: Il a~liyity in hippoc:llnp:ll slic~'S. More ~~~ntly. mutant mice lacking the

C:IM kin:lse 1\ u :.•Ibunit \Vere generated (Si:"a Cl al.. 19'12a): these mice devdoped

apparently nonnally with no ohyious amllomical change in their hrain. The synaptie

currents measurcd hy whole-ccli re~ording in hippoc:llnpal ncurons or mutant mice also

appeared nonna\. Howeyer. in most experiments hippoc:llnpa\ slices Irom these miee

displayed no LTI'. providing strong support fi"r CaM kinase 1\ playing a ~ritical role in

LTI'.

ln addition Silva el al. (1992b) sho\\"ed. in a rollo\\"ing study. that these mutant

mice had impaired spatial le:lming. Although these mice appeared to have nonnal vision

and the ability to navigatc. they could not use spatial visible cues to 10c:lle a hidden

pl:llli.mn in a "Morris water task". These results also add support to the hypothesis th:1l

phenomena such :IS LTI' and LTD undcrlie some ronns or leaming and memory.

CaMkinasell

FIGURE A.3.1 Multimeric CaM kinase il. Autophosphorylation of CaM kinase il involves

intrn- and inter-subunit phosphorylations. This provide to the multimeric enzyme with the

ability to remain active long periods after ea2+ stimulation. Furthermore, differenœs in

stimulation frequency may produœ distinct levels of autophosphorylation of the multimeric

enzyme, which may confer Ca2+ spike frequency decoding properties to CaM kinase il.
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