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Abstract 

To determine how neural connections are formed and rnaintained, and how these 

connections adapt and respond to alterations in the nervous system, I have examined two 

aspects of morphological plasticity. First, I have examined the expression of the growth- 

associated molecule, Ta1 a-tubulin, and its role in neuronal morphology in response to 

synaptic activity. Second, I have examined the role of one potential molecular extrinsic 

cue, the growth factor, brain-derived neurotrophic factor (BDNF), and its effects on 

synaptic input. 

First, 1 have investigated neuronal responses to elevated levels of tram-synaptic 

activity using sri in vivo rat mode1 of synaptically-induced hyperexcitability of 

hippocarnpal connections. In particular, intermittent stimulation for different time- 

periods induced the expression of Ta1 a-tubulin in specific populations of mature 

hippocarnpal neurons. Because adult hippocarnpal neurons are known to sprout in 

response to high levels of excitatory input and because Ta1 a-tubulin expression 

increases during sympathetic sprouting, the increase in Ta1  a-tubulin rnRNA in response 

to intermittent stimulation may reflect an ongoing activity-driven process of synaptic re- 

modeling in the hippocampus. 

One potential mechanism whereby activity may mediate some of its effects on 

morphological growth involves growth factors such as BDNF. To determine whether 

BDNF could directly regdate synaptogenesis, I focused my analysis on the spinal 

preganglionic neuron:sympathetic neuron synapse. To test the hypothesis that 

sympathetic neuron-denved BDNF regulates preganglionic afferent input, two types of 

mice were analyzed: i) mice that overexpressed BDNF from the dopamine-P-hydroxylase 

prornoter @BK:BDNF transgenic mice), and ii) mice that lacked BDNF expression 

(BDNF knockout mice). I found that i) preganglionic neurons express the full-length 

receptor TrkB, ii) in DBH:BDNF mice, preganglionic neurons and axons hypertrophy 

and hyperinnervate their target, the SCG, iii) there is no change in the number of 



preganglionic axons in the ceMcal sympathetic t h  (CST) in DE3H:BDNF mice, and iv) 

preganglionic innervation to the SCG is decreased in BDNF knockout mice. niese results 

demonstrate that alterations in neuron-derived BDNF results in changes in synaptic 

i~erva t ion  density fTom afferent input and suggest that a cascade of neurotrophin 

signdling may exist to establish and maintain the connectivity of neural pathways. 



Dans le but de detenniner comment sont formées et maintenues les connections entre 

les neurones, ainsi que comment ces connections s'adaptent et répondent aux altérations 

du le système nerveux, j'ai examiné deux aspects de la plasticité morphologique. En 

premier lieu, j'ai examiné l'expression du Ta1 a-tubuiine, une molécule qui est associée à 

la croissance, et le rôle de celle-ci dans la morphologie des neurones en réponse a une 

activite synaptique. En second Lieu, j 'ai examiné le rôle d'un facteur de croissance: le 

BDNF ou « brain-denved neurotrophic factor», qui est un potentiel signal extrinsèque 

dans l'apport synaptique. 

Tout d'abord, j'ai examiné les réponses des neurones à des niveaux élevés d'activité 

trans-synaptique. Ces analyses ont été effectuées dans un modèle, in vivo de rat, 

d'hyperexcitabilité induite synaptiquement, les comections entre les neurones dans 

l'hippocampe. Des stimulations intermittentes, de durées variables, ont induit l'expression 

du Ta1 a-tubuline dans des populations spécifiques de neurones matures de 

1' hippocampe. L'augmentation du taux de 1' ARN messager (ARNm) du T a  1 a-tubuline 

en réponse à des stimulations intermittentes est possiblement représentatif d'un procédé 

actif continu de remodelage synaptique dans l'hippocampe. Cette hypothèse est appuyée 

par le fait que les neurones adultes de l'hippocampe ont la capacité de générer de 

nouvelles neurites en réponse à de hauts niveaux d'excitation, ainsi que par le fait que 

l'expression du T a  1 a-tubuline augmente pendant la neuritogénise des neurones 

sympathiques. 

Le facteur de croissance BDNF pourrait être impliqué dans un mécanisme où l'activité 

neurale est impliquée dans la croissance cellulaire. Afin de determiner si le BDNF pouvait 

directement réguler la synaptogénèse, j'ai accordé une plus grande importance à l'analyse 

des synapses de neurones sympathiques, en particulier à celle de la synapse du neurone 

préganglionnaire. Pour tester l'hypothese que le BDNF, provenant de neurones 

sympathiques, régule les signaux afférents préganglionnaires, deux types de souris ont été 

analysées: les souris transgéniques DBH:BDNF qui, sous le contrôle du promoteur du 

domaine B-hydroxylase, surexpriment le BDNF et des souris (<<mutation nulle=+) de 



BDNF qui elles, n'expriment pas de BDNF- Suite aux analyses, j'ai trouvé i) qu'en 

premier lieu7 les neurones pr6ganglionnaires expriment le récepteur tyrosine kinase de type 

sauvage TrkB complet, ii) en second lieu, j'ai trouvé que dans les souris trangéniques 

DBH:BDNFy les neurones préganglionnaires et les axones sont hypertrophiés et 

hyperinnervent leur cible:le gangiîon cervical supérieur (SCG), iii) j'ai aussi remarqué que 

dans ces mêmes souris @BH:BDNF) transgéniques aucw changement dans le nombre 

d'axones préganglionnaires n'a été observé dans le tronc sympathique, iv) en demier lieu, 

j'ai observé que l'innervation préganglionnaire du gangiion cervical supeneur (SCG) est 

réduite dans les souris n'exprimant pas de BDNF @DNF knock-out mice). 

Je vais à partir de ces résultats que des changements dans la densité d'innewation 

synaptique provenant de signaux afférents résultent d'altérations dans les niveaux de 

BDNF provenant des neurones. Je suggère aussi qu'une cascade de signalisation 

neurotrophine dépendante pourrait exister dans Le but d'établir et de maintenir la 

connectivité des voies neurales. 



Statement of Originality and Contribution To Manuscripts 

This thesis comprises two studies which sought to determine the role of the growth- 

associated molecule, T a l  a-tubulin, and the neurotrophin, brain-derived neurotrophic 

factor (BDNF), in the regulation of neuronal morphology and synaptic function. 

1. Causing CG, Makus KD, Ma YL, Miller FD, Colmers W .  (1996) Selective 

Upregulation of Ta1 a-Tubulin and Neuropeptide Y mRNAs After Intermittent 

Excitatory Stimulation in Adult Rat Hippocampus Zn Vivo. J Comp Neurol367: 132- 

146. 

This paper was a collaborative project between Drs. MiIIer and Colmers. My 

contribution to this study included: i) a subset of the stimulation experirnents, which 

involved anesthetization, stimulation, transcardiac perfusion, and removal of brain tissue, 

ii) a subset of the in situ hybridization experiments which involved fixation and 

sectioning of the brains, and in situ hybridization analysis using antisense RNA probes, 

iii) al1 image analysis quantitation of autoradiograms for peak expression of NPY and 

T a l  a-tubulin, data which was used to generate Figure 4, iv) construction of photograph 

composites of Figures 2,3,5, and 6,  and v) intellectual contribution in the f o m  of 

discussions with Drs. Miller, Colmers and Makus. Dr. Kenneth Makus was a surnrner 

student CO-supervised by Drs. Miller and Colmers and perfomed a subset of stimulation 

and in situ hybridization experiments, and contributed intellectualIy. YanLing Ma was a 

technician in Dr. Miller's laboratory and perfornied a number of the in situ hybridization 

studies. 

The findings presented in this study demonstrate that NPY and Ta1 a-tubulin mRNA 

expression occurs in response to physiological levels of synaptic activity in the adult 

hippocampus. Unlike other models of increased neuronal activity which results in 



cellular and physiological changes in the hippocampus and other CNS regions, this study 

uses a previously characterized in vivo rat mode1 of increased synaptic activity at a 

defined synapse which does not resuk in either morphological or physiological alterations 

(Sloviter and Lowenstein, 1992). We have demonstrated that Ta1 a-tubulin expression 

is significantly increased in discrete regions of the hippocampus after 4 and 24 hour 

stimulation periods. Because increased Ta1 a-tubulin expression correlates with 

neuronal growth and sprouting during development and regeneration (Miller, 1987; 

Miller et al,, 1989; Mathew and Miller, 1990; Tetzlaff et al., 1991), the observed increase 

in Tal a-tubulin in the uninjured adult hippocampus suggests that growth and sprouting 

occur in response to increased synaptic activity. This is a previously unreported finding, 

and contributes to Our knowledge of how factors that are affected in the adult animal. 

II. Causing CG, Gloster A, Aloyz R, Bamji SX, Chang E, Fawcett J, Kuchel G, Miller 

FD (1997) Synaptic Innervation Density is Regulated by Neuron-Derived BDNF. 

Neuron 18 :257-267. 

My contribution to this study was extensive and 1 was involved in al1 aspects of the 

project. Together with Dr. Miller, 1 chose to investigate the hypothesis that sympathetic 

neuron-derived BDNF was a trophic factor for their preganglionic afferents. My 

contributions to this paper involved the following: i) maintenance of the DBH:BDNF 

transgenic mouse colony, ii) al1 genotyping of the DBH:BDNF and BDNF knockout 

animals used in the study, iii) cardiac perfusiodfixation of animals, iv) removal of 

various tissue including brain, spinal cord, pineal gland, sympathetic gangIia that were 

used for biochernistry, irnmunocytochemistry, electron microscopy, and morphornetric 

analysis, v) surgeries involving resection of the CST, vi) al1 irnmunocytochernistry, 

quantitative morphometric and statistical analysis that generated Figures 2 ,4  and 5, vii) 



construction of ail figures included in the paper, viii) writing the manuscript with Dr. 

Miller, and ix) intellectual discussions with the other CO-authors. 

Dr. Andrew Gloster taught me various surgicaI techniques required for the analysis of 

the animals. Dr. Raque1 Aloyz performed the biochemical analysis for BDNF protein, 

data which generated Figure 1 B-D. Shernaz Bamji assisted in the Northem blot analysis 

of tissue denved from DBH:BDNF transgenic animals. Eddie Chang was a summer 

student who was invoIved in the initial anaiysis of DBH:BDNF animals, and 

subsequently assisted in the anaiysis of the CNS of these mice (Fawcett et al., 1998). Jim 

Fawcett assisted with the electron microscopy. Dr. Kuchel taught me al1 that was 

required for immunocytochemical anal ysis of the pineal gland including removal, 

fixation, sectioning, and immunostaining. Aside from being the advisor of this project, 

Dr. Miller generated the Northern blot detecting BDNF shown in Figure 1A. The 

DBH:BDNF constnict was previously generated by Eileen Reklow, a technician in Dr. 

Miller's laboratory, and the DBH:BDNF rnice were generated by the Canadian 

NèuroSciences Network transgenic core facility. 

Analysis of transgenic rnice provide a unique mode1 system to investigate biological 

consequences in response to increases or decreases in the endogenous expression of 

normally expressed proteins. Using such a systern to analyze the effect of altered BDNF 

IeveIs in sympathetic neurons of the SCG, 1 discovered that sympathetic neuron-denved 

BDNF has specific effects on preganglionic neuron innervation without apparently 

affecting neuronal survival. In particular, there was a significant increase in the density 

of synapses within the SCG in response to an increase in syrnpathetic neuron-derived 

BDNF. Tt has been previously demonstrated that increases in sympathetic target-denved 

NGF via exogenous administration results in increased sympathetic neuron survival and 

increased preganglionic innervation. Because preganglionic neurons neither respond to 

NGF, nor do they express the TrkA receptor, it has been hypothesized that preganglionic 



neurons respond to a sympathetic neuron-derived growth factor. This paper is the first in 

vivo demonstration that endogenous BDNF is one such factor, and that it plays a specific 

roIe in regulating preganglionic synapse density independent of survival. 

Appendix A - Expression and Localization of BDNF in Sympathetic Neuron 

1 perfomed al1 experiments and generated al1 data included in this section. 

It has been previously demonstrated that sympathetic neurons and sympathetic ganglia 

express the mRNA for BDNF. The work presented in this chapter demonstrate that the 

protein for BDNF is localized to the ce11 body and processes of sympathetic neurons. 

The findings that BDNF is released from dendrites and axons from CNS neurons 

(Goodman et al., 1996), suggest that a similar mechanism may exist for sympathetic 

neuron-derîved BDNF to effect their efferents or target tissue. 

The work described in Chapters 2 ,3  and Appendix A should be considered to constitute 

"original scholarship and an advancement of knowledge" in the field of neuroscience. 



Rationale and Objectives 

Neuronal growth and morphological differentiation are influenced by interactions 

between extrinsic factors and genetic mechanisrns intrinsic to the neuron. Developing 

neurons express molecules that are involved in the cornmitment, migration, process 

outgrowth, and synaptogenesis. The general aim of this thesis was to determine how 

neural connections are formed and maintained, and how these connections adapt and 

respond to alterations in the nervous system. More specifically, 1 chose to investigate the 

factors that regulate aspects of neuronal growth and synaptic innervation. To this end, 1 

have exarnined two aspects of morphologicaI plasticity. First, 1 have exarnined the 

expression of the growth-associated molecule, T a 1  a-tubulin, and its role in neuronal 

morphology in response to synaptic activity. Second, I have examined the role of one 

potential molecular extrinsic cue, the growth factor, brain-derived neurotrophic factor - 

(BDNF), and its effects on synaptic input. 

In the first study, 1 investigated neuronal responses to elevated Ievels of trans-synaptic 

activity using an in vivo rat mode1 of synaptically-induced hyperexcitability of 

hippocampal connections. In particular, 1 focused on the expression of Ta1 a-tubulin, a 

gene whose expression is correlated with the growth of developing and mature neurons. 

Because adult hippocampal neurons are known to sprout in response to high levels of 

excitatory input and because Ta1 a-tubulin increases during sympathetic sprouting, 

increases in T a 1  a-tubulin mRNA rnay reflect an ongoing activity-driven process of 

synaptic re-rnodeling in the hippocarnpus. Further, changes in its expression may reflect 

an adaptive response to physiological activation. 

One potential mechanism whereby activity may mediate some of its effects on 

morphological growth involves growth factors such as the neurotrophins, a family of 



neurotrophic factors well-characterized for their ability to promote neuronal survival and 

growth. In particular, recent work indicates that at least one member of the neurotrophin 

family, brain-derived neurotrophic factor (BDNF), plays a key role in modulating both 

acute and long-term synaptic function. However, the molecular mechanisms underlying 

this modulation are il1 defined. In this regard, 1 hypothesized that BDNF could directIy 

regulate synaptogenesis. To ask this question, 1 focused on an experiment-amendable 

system, that of spinal preganglionic neurons onto their sympathetic neuron targets. To 

test the hypothesis that sympathetic neuron-derived BDNF regulates preganglionic 

afferent input, 1 focused my analysis on two mouse lines: i) transgenic mice that 

overexpressed BDNF frorn the dopamine-P-hydroxylase promoter @BH:BDNF mice), 

which specifically targets gene expression to noradrenergic and adrenergic cell 

populations, including sympathetic neurons, and ii) mutant mice that lacked BDNF gene 

expression (BDNF knockout mice). These studies allowed me to determine whether 

alterations in neuron-derived BDNF results in changes in synaptic innervation density 

from afferent input. 

Finally, 1 turned to cultured sympathetic neurons to begin to understand the 

mechanisms that regulate BDNF release in this simple system. It has been previously 

demonstrated that BDNF is synthesized and released from axons and dendrites of 

hippocarnpal neurons. I investigated the hypothesis that alterations in the levels of 

exogenous NGF andfor neuronal activity regulates the level of sympathetic neuron- 

derived BDNF. Further, 1 investigated the cellular localization of BDNF in vitro and in 

vivo. These studies support the idea that sympathetic neuron-derived BDNF acts as a 

synaptic factor for their afferent preganglionic neurons and suggests that it may act as an 

anterograde factor to mediate synaptic function at target neurons. 

The studies described in this thesis have furthered Our understanding of synaptic 

connections and their regulation by extrinsic and intrinsic influences. Specifically, this 



thesis has added to our current knowledge regarding the effects that alterations in neural 

activity and neuronal growth factors have on neuronal morphology and synaptic input. 

The ability of neurons to respond in an adaptive manner provides a molecular rnechanism 

in which synaptic connections can be modulated in response to alterations in a neural 

pathway, 
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CHAPTER 1 



Literature Review 

The goal of this chapter is to review the current understanding of the trans-synaptic 

mechanisms that reguiate neuronal connectivity in the nervous system. Two model 

systems of neuronal connections are the focus of this thesis: i) the tri-synaptic circuit of 

the hippocampus and, ii) the preganglionic:sympathetic neuron synapse. First, the 

anatomy of each system is described foilowed by a description of the processes that 

regulate synaptic formation in each system. The role of neuronal activity in synapse 

formation, and the expression of cytoskeletal proteins and neuropeptides are also 

reviewed. Second, the neurotrophic factor family of neurotrophins are introduced and 

their roie as mediators of neuronal growth and innervation and the molecular mechanisms 

that underlie their biological effects are reviewed. Finally, the neurotrophin receptors are 

introduced and the signal transduction pathways are reviewed with an emphasis on the 

pathways thought to confer neurotrophin-mediated neuronal growth and innervation. 

The Hippocampus and Sympathetic Nervous System: Models of Synaptic Comections: 

Overview 

The following sections describe two model systerns of synaptic connections: 1) the 

tri-synaptic innervation pathway within the hippocampus, and 11) the spinal cord 

preganglionic innervation to the sympathetic ganglia, superior cervical ganglia (SCG). The 

advantage of these systems is that both the cellular organization and synaptic partners are 

weI1-characterïzed thus providing models in which to investigate the mechanisms that 

govern the development and regdation of neural connections. 

1. The Hippocampal Formation 

A. Anatomy 



The hippocarnpal formation (commonly referred to as the hippocampus) consists of 

six intercomected cortical regions: the dentate gyrus, the hippocampus proper, the 

subiculurn, the presubicuium, the parasubiculum, and the entorhinal cortex (Figure 1). 

The hippocampus proper is divided into three subregions: cornu ammonis (CA) 3, CA2, 

and CA1 (Blackstad, 1956). The subiculum, presubiculurn, and parasubiculum are 

grouped and referred to as the subicular cornplex. 

The dentate gyms contains three layers: the molecular, granule and polymorphic layers 

(Figure 1). The molecular layer is a relatively cell-fiee layer which contains the dendrites 

of cells located within the granule and polyrnorphic layers. The grande ceil layer lies 

deep to the molecular layer and contains columns of densely packed granule cells. The 

polymorphic layer (ofien referred to as the hilus) is contained within the V-shaped region 

fomed by the granule and molecular layer and contains a variety of neuronal ceil types 

(Amaral, 1978). 

Within the granule cell layer, there are two major types of neurons: granule and basket 

cells. The granule cell, the principal ce11 type of the dentate gyrus, is charactenzed by its 

elliptical ceIl body and unipolar spiny dendrites directed toward the molecular layer 

(Claiborne et al., 1990). The axon of the granule cell, the mossy fiber, forms collaterals in 

the polymorphic layer to innervate mossy cells, then exits the dentate gyrus to enter and 

form synapses within the CA3 region (Claiborne, 1986). Deep within the granule ce11 

layer lie the large pyramidal-shaped basket cells whose axons branch and form basket-like 

plexuses around granule ce11 bodies (Seress and Pokorny, 198 1; Ribak and Seress, 1983). 

Pyramidal basket cells are multipolar possessing a single, aspiny apical dendrite and two 

or three basal dendrites which project to the molecular and polymorphic layers, 

respectively (Ribak and Seress, 1983). In addition to the granule and basket cells, there 

exists a heterogeneous ce11 population just beneath the granule layer (subgranular zone) 

that are characterized by distinct ce11 shapes and dendritic forms (Ribak and Seress, 

1983). These cells supply axons that contribute to the basket plexus in the granule ce11 

layer and thus are considered basket celis (Ribak and Seress, 1983). Both types of 



basket cells (pyramidal and subgranular) express the inhibitory neurotransrnitter, gamma- 

aminobutyrïc acid (GABA), and largely act as inhibitory interneurons in the adult (Seress 

and Ribak, 1983; Sloviter and Nilaver, 1987). 

Wblle the molecular ce11 layer is largely cornprised of granule, basket and polymorphic 

layer cells, there are two types of inhibitory interneurons found within the mo~ecular 

layer, stellate and axo-axonic cells. The axons of stellate cells contribute to the basket 

plexus in the granule cell layer, while the axons of axo-axonic cells terminate on granule 

ceII axons (Ribak and Seress, 1983; Somogyi et al., 1985; Soriano and Frotscher, 1989). 

Because both ce11 types express either GABA or markers for GABA such as glutarnic 

acid decarboxylase (GAD), they may act as another form of inhibitory control of granule 

ceU excitation (Somogyi et al., 1985; Soriano and Frotscher, 1989). 

Within the polymorphic layer, the main type of neuron is the mossy ce11 whose 

dendrites are covered with complex spines known as thorny excrescences. These spines 

are the sites in which the granule ce11 axon collaterals terminate (Ribak et al., 1985; 

Frotscher et al., 199 1). Minor ce11 types with fbsiform soma shapes are also present in 

the molecular layer, but lack the high density of dendritic spines (Ribak and Seress, 1988). 

The hippocampus proper, like the dentate gyrus, is organized in a laminar fashion and 

is comprised of five layers: pyramidal ce11 layer, stratum oriens, statum lucidium, stratum 

radiatum, and stratum lacunosum-moleculare (Arnaral and Witter, 1 995; Figure 1). These 

layers are organized in a deep to superficial fashion, respectively. The principal neuronal 

ce11 type of the hippocampal formation is the pyramidal ce11 located in the pyramidal ce11 

Iayer (Amad and Witter, 1995). Pyramidal cells possess a basal dendritic tree that 

projects into stratum oriens and an apical dendritic tree that projects into stratum 

lacunosurn-moleculare which is the terminal region of dentate granule rnossy fibers 

(Amaral and Witter, 1995). Similar to dentate basket cells, within the pyramidal ce11 layer 

there also exists a heterogenous population of basket cells which form basket plexuses 

around the pyramidal cells (Seress and Ribak, 1984). 



The subicular cornplex and entorhinal cortex are multi-laminae structures Iocated 

behind the hippocampal formation. The subiculum contains three layers, while the 

presubiculum and parasubiculum and entorhinal cortex are composed of six layers 

(Arnaral and Witter, 1995) (Figure 1). The major ce11 types in the subicular complex 

include large pyramidal neurons of the subiculum, small densely-packed pyramidal cells 

of the presubiculum, and large densely-packed pyramidal cells of the parasubiculum 

(Haug, 1976). The deep layers of the latter regions are continuous with the deep layers of 

the entorhinal cortex. The primary cells of the entorhinal cortex are large stellate and 

pyramidal cells located in layers II, IIIN respectively. The stellate and pyramidal cells, 

dong with other heterogeneous cell iypes (ie. multipolar, fusiform, horizontal, and bipolar 

cells), project to the hippocampal formation via the perforant pathway (Gemiroth et al., 

l989b). The smaller heterogeneous cell types are considered inhibitory interneurons on 

the basis of their restricted axonal distribution and expression of GABA (Gemiroth et al., 

1989a). 

B. Connections 

The intrinsic circuitry of the hippocarnpai formation has been well-characterized 

(reviewed in Amaral and Witter, 1995). The entorhinal cortex is the major input to the 

dentate gyrus and a prominent input to the CM and CA1 regions (Figure 2). The angular 

bundle, a major commissural bundle, camies the axons from the entorhinal cortex dong the 

perforant pathway to terminate in al1 subdivisions of the hippocampal formation. The 

entorhinal input to the hippocampal formation is glutaminergic and thus comprises the 

major excitatory synaptic input to this brain region. Stellate neurons located in layer II: of 

the entorhinal cortex project to the outer rnolecular layer of the dentate gyrus to synapse 

on grande ce11 dendrites (Steward and Scoville, 1976). The CA1 and CA3 regions each 

receive entorhinal innervation from different sources. The CA 1 molecular layer receives 

entorhinal input fiom layer III pyramidal cells, while the CA3 molecular iayer receives 

input from layer II stelIate cells (Steward and Scoville, 1976). 



Connections within the hïppocampal formation are unidirectional (Figure 2). Dentate 

granule ceIls, which do not project back to the entorhinal cortex, give rise to unmyelinated 

axons, the mossy fibers, which collateralize in the polymorphic layer before projecting to 

the CA3 field of the hippocampus (Claiborne et al., 1986). The CA3 pyramidal neurons 

possess highly collateraiized axons which travel to the CA1 region via the Schaffer 

collaterals. The CA3 axons terminate on CA1 pyramidal dendrites located in stratum 

radiatum and stratum oriens (Amard and Witter, 1995). CA3 neurons also form 

associational connections withui the CA3 and CA2 regions (Ishizuka et al., 1990). The 

CA3 neurons do not project to the subicular complex nor back to the entorhinal cortex. 

While the CA3 neurons comprise the major input to the CA1 region, the CA2 pyramidal 

ceiis send sparse and di f ise  innervation to this region (Ishizuka et al., 1990). The CA1 

pyramidal cells, which only occasionaiiy collateralize, leave the hippocampal formation 

via the dveus or the stratum oriens and texminate in the pyramidal ce11 layer of the 

subiculum (Arnaral et ai., 199 1). Intrahippocampal connections of the subiculurn 

terminate in layer 1 of the presubiculum and parasubiculun (Swanson et al., 1978). The 

subicuium, which is one of the major efferent hippocampd projections, innervates a 

number of cortical and subcortical regions, which include, but are not lirnited to, the 

medial prefkontal cortex, cingulate cortex, septal complex, and variouç hypothalamic 

nuclei (Witter et al., 1990). 

Apart fiom the tri-synaptic pathway (dentate granule cell to CA3 region to CA1 

region) other intrahippocampal connections exist and include local circuits formed through 

associational projections and contralateral connections via cornmissural projections 

(reviewed in Amaral and Witter, 1995). 

Finally, extrinsic afferents include projections fiom the septum and brainstern that 

synapse throughout the hippocampus. Septal fibers from the medial septal nucleus and 

nucleus of the diagonal band of Broca heavily innervate the polymorphic layer of the 

dentate gyms and stratum oriens of both the CA3 and CA1 (Gage et al., 1984; Milner and 

Amaral, 1984; Amaral and Kurz, 1985). Monoaminergic projections from the brainstem 



which include noradrenergic, serotonergic and dopaminergic innervation differentially 

innervate the hippocampus. The dentate gyrus polymorphic layer receives noradrenergic 

and serotonergic fibers fiom the locus coeruieus and raphe nuclei, respectively (Conrad et 

al., 1974; Swanson and Hartman, 1975; Haring and Davis, 1985; Halasy et al., 1992). 

CA3 receives noradrenergic input fiom the locus coeruleus which terminates in the 

stratum Lucidum, and CA1 receives sparse monoarninergic innervation (Swanson and 

Hartrnan, 1975; reviewed in Witter and Arnaral, 1995). 

C .  Excitatory and Inhibitory Pathways 

The most completely studied circuit within the hippocampal fo-mation is the 

excitatory trisynaptic circuit. Stimulation of the main afferent pathways within this 

network produces excitation of the postsynaptic cells which is mediated by the excitatory 

amino acid, glutamate, which acts via various glutamate receptors (Fomum, 1984). 

Different subtypes of glutamate receptors have been characterized each based on its 

ability to be selectively activated by different exogenous ligands: the quisqualate/AMPA 

(a-arnino-3-hydroxy-5-methyi-isoxazolepropioc acid) subtype, the kainic acid subtype, 

and the NMDA (N-methyl-D-aspartate) subtype (Bliss and Collingridge, 1993). 

Activation of these receptors differs in that AMPA and kainic acid receptors (non- 

NMDA receptors) are activated by presynaptic release of glutamate which changes the 

membrane permeability to sodium resulting in a postsynaptic depolarization (Davies and 

Collingridge, 1989). NMDA receptors, which are normally blocked by magnesium, 

require not only binding of glutamate but also membrane depolatization to remove the 

magnesiurn (Davies and Collingridge, 1989; Bliss and Collingridge, 1993). The result in an 

influx of sodium and calcium ions which can produce large depolarkations or increases in 

the rate of action potentials (Davies and Collingridge, 1989; Chetkovich et al., 199 1). 

Local feedfonvard and feedback inhibitory circuits exist to restrict the duration and 

strength of excitatory stimulation (Turner, 1990; Knowles and Schwartzkroin, 1981; 

Miles and Wong, 1984, 1987). This inhibition is prirnarily mediated by interneurons 



which express the inhibitory neurotransmitters, GABA or glycine, and are located in the 

vicinity of the principal hippocampal neurons which express GABA or glycine receptors 

(Miles and Wong, 1984, 1987; Sloviter and Naliver, 1987; Scharfinan et al., 1990). 

D. Development 

Within the hippocampus, principal neurons differ in their time course of development. 

Specifically, neuroblasts which give rise to pyramidal neurons are Located in the 

periventricular zone of the hippocarnpus and undergo their final mitosis before birth 

(Altman and Das, 1965; Altman and Bayer, 1990). Initially anchored at the ventricular 

surface and while maintaining a process attached to the ventricular surface, these cells 

migrate away fiom the ventricular layer to the hippocampal fissure via radial glia (Bayer, 

1980; Super et al., 1998). The at tachent  of pyramidal cells to both the ventricular layer 

and fissure before birth anchor the apical and basil dendrites which initially appear as 

simple processes (Pokorny and Yamamoto, 198 1). Dendrites become more complex aRer 

birth with the growth of both apical and basilar side branches (Pokorny and Yamamoto, 

198 1). Upon synapse formation from both mossy fiber and entorhinal axons, dendrites 

undergo rapid sculpturing as a consequence of the addition of small~r  side-branches and 

dendritic spines. 

Granule cells of the dentate gyms are generated principally after birth and thus, mature 

Iater in development (Schlessinger et al., 1975; Bayer et al., 1982). In addition, there is an 

outside-in gradient of neuronal differentiation within the dentate gyms (Cowan et al., 

1980). Granule cells closest to the hippocampal fissure (extemal blade) undergo their 

final rnitosis and begin to differentiate during the first few days of birth, while granule 

cells farthest fiom the hippocampal fissure (intemal blade), undergo their final mitosis and 

begin to differentiate later than those located in the external blade (Altman and Bayer, 

1990a,b,c). Granule cells possess a monopolar dendritic tree stretching from the dentate 

gyrus molecular ce11 layer to the hippocampal fissure. Pnor to the formation of synaptic 



contacts by entorhinal cortical aîferents, granule cells possess dendrites with only a few 

side branches, which are added later upon synaptogenesis (Zafirov et al., 1994). 

E. Synapse Formation 

The time at which synaptic connections are formed between specific ce11 populations 

within the hippocampus appears to be correlated with the time of neuronal 

differentiation. In particular, entorhinal cortical neurons generated during embryogenesis 

give rise to an early projection to the hippocampus proper CA3 region and the dentate 

gyrus (Snyder et al., 1991). Axons of the entorhinal neurons terminate on the most distal 

portions of the dendrites of pyramidal and granule cells (Blackstad, 1958; Witter et al., 

1988). Connections that form later in development such as commissural connections 

fiom the contralateral hippocampal formation terminate closer to the ce11 body, in straturn 

radiatum of the hippocampus proper and the inner molecular layer of the dentate g p s  

(Blackstad, 1956; Fricke and Cowan, 1978). In line with this observation, due to 

postnatal generation of dentate granule cells, the mossy fibers pathway is not formed 

until two weeks after birth and terminates in stratum lucidum which harbor the CA3 

pyramidal ce11 dendrites. Based on this evidence, it has been hypothesized that the 

1arnina.r specificity of afferent fibers is determined by the time of axon ingrowth, where 

early arriving afferents terminate on penpheral portions of a dendritic arbor, and are 

subsequently shifted away fiom the ce11 body as the dendrite grows, thus creating space 

for Iater-arriving aerents. This temporal hypothesis of laminar-specific connectivity has 

been recently challenged with the demonstration that hippocampal CO-culture slice 

expenments in which cornmisural fibers terrninate and form synaptic contacts in their 

normal target fields in the absence of entorhinal inputs (Frotscher and Heimrich, 1993; 

Heirnrich and Frotscher, 1993). Further, triplet cultures in which an entorhinal cortex 

explant was added to hippocampal CO-cultures revealed that entorhinal fibers still 

terminate in their appropriate targets (Frotscher and Heirnrich, 1993; Heimrich and 

Frotscher, 1993). This data demonstrates there exists a high layer of specificity for 



entorhinal and hippocampal fibers which terminate on distinct portions of the dendritic 

arbor of target cells. 

Two hippocampal neuron populations which are distributed in a laminar pattern are 

involved in the guidance and targetting of different hippocampal afferents. Cajal-Retzius 

(CR) cells are located in the CA3 pyramidal stratum lacunosum-moleculare and dentate 

molecula. layers where entorhinal afferents terminate, while GABAergiclcalbÏndin- 

positive interneurons are located in the CA3 pyramidal stratum radiatum and dentate 

inner molecular layers where associational axons terminate (Super et al., 1998). These 

"pioneer neurons", generated early in development (E 1 O-E 12), are present when afferents 

invade the hippocampus and thus serve as scaffolds to guide ingrowing entorhinal and 

commiss~~al/associational afEerents. Further, these neurons act as transient synaptic 

targets for their specific af5erents which subsequently form synapses on pyramidal 

dendrites in the appropriate layers. Moreover, loss of CR cells or expression of reelh, an 

extracellular protein synthesized by CR cells, results in impaired afferent ingrowth @el 

Rio et al., 1997; Borrell et al., 1999). Specificaily, in reelin mutant mice, entorhinal 

cortical axons are fasiculated, and reduced in axonal branching, collateral extension and 

nurnber of synapses to the hippocampus (Borrell et al., 1999). These results, together 

with the hippocampal CO-culture experiments described above (Frotscher and Heimrich, 

1993; Heimrich and Frotçcher, 1993) suggest that pioneer neurons are components of a 

developmental mechanism that targets different &erents to distinct dendritic regions of 

the same neuron ultimately resulting in the layer-specific connections observed in the 

adult hippocarnpus. 

The molecular mechanisms that define such layer specificity may include different 

recognition signals acting at sequential developmental stages providing cues necessary for 

different aspects of hippocampal axon development. Such cues may include diffisible 

and membrane-bound factors such as reelin @el Rio et al., 1997), neurotrophins 

(Martinez et ai., 1998), netrins O(emedy et al., 1995; Serafini et al., 1996; Fazeli et al., 

1997), and ephrins (Gao et al., 1996; Zhang et al., 1996), as well as membrane-bound 



extracellular mat* molecules. It would be interesthg to determine the distribution and 

temporal expression of these molecules and their receptors in the hippocampus, which 

may give insight into the targetting and eventual arborization of specific synaptic 

comections. In this regard, BDNF treatment of cultured cortical neurons or 

overexpression in transgenic rnice results in a reduction of Reelin expression in CR cells 

- (Ringstedt et al.. 1998). BDNF peak of expression postnatally thus is believed to act as a 

negative regdator of Reelin and a 'maturation factor' for cortical neurons (Ringstedt et al., 

1998). 

The specificity of synaptic connections initiated during development is rnaintained in 

the mature hippocampus. The axons of the granule cells, the mossy fibers, after first 

establishing en passant (in passing) synaptic contacts with hilar neurons and mossy cells 

of the dentate gynis, travel to the CA3 region to terminate in stratum lucidum. 

Distrîbuted dong the mossy fibers are large presynaptic varicosities which fonn a 

synaptic complex with CA3 dendritic spines termed 'thorny excresences' (Frotscher, 

199 1; Figure 3). In both the CA3 and CA1 regions, the commissural and ipsilateral (to 

CA1 region via the Schaffer collaterals) projections fiom the CA3 pyramidal celIs 

terminate on small numerous dendritic spines located in straturn radiatum and stratum 

oriens layers (Amaral and Witter, 1995). Stellate cells located in Iayer II of the entorhinal 

cortex send axons via the perforant path to terminate on granule cell dendritic spines in 

the outer molecular layer of the dentate gyms (Figure 3) and on a small proportion of 

GABA-positive neurons (Zipp et al,, 1989). Pyramidal and stellate cells located in 

entorhinal cortex layers III and II, respectively, synapse on dendntic spines in the 

stratum lacunosum-moleculare of both CA1 (which receive input from CA3 pyramidal 

cells) and CA3 (which receive input fiom stellate cells) regions (Arnaral and Witter, 1995) 

(Figure 3). Thus, the majority of synaptic connections within the hippocampus occur on 

dendrites, specifically at dendritic spines or boutons (Harris and Kater, 1994; Figure 3). 

Synapse formation within the hippocampus and dendritic spine formation during 

development appears to be intimately linked. Time lapse confocal rnicroscopy of early 



postnatal rat hippocampal slices demonstrate that pyramidal neurons at early stages 

exhibit fine filopodial protrusions on dendritic shafts that rapidly extend and retract 

(Daily and Smith, 1996). Over a two week time period, as dendritic arbors mature, 

dendritic filopodia are replaced by stable spine-like structures (Daily and Smith, 1996). 

The switch fiom transient dendritic filopodia to stable dendritic spines is correlated with 

increased nurnbers of presynaptic boutons (Ziv and Smith, 1996). Further, dendritic 

filopodia have been observed to initiate physical contact with axons resulting in filopodial 

stabilization and formation of fùnctional presynaptic boutons (Ziv and Smith, 1996). 

These observations suggest dendritic filopodium are precursors of dendritic spines. 

Moreover, it has been previously hypothesized based on ultrastructural analysis at 

different developmental ages, that dendritic spines are formed frorn filopodia and 

subsequently fiom synapses formed on the dendritic shafts, which eventually grow into 

stubby spines and h a l l y  into mature thin spines (Harris et al., 1992). Alternatively, 

spines rnay assume different morphologies at different developmental ages which may be 

affected by presynaptic innervation. Thus, the changes in the distributions of different 

spine morphologies (eg. stubby vs thin) may represent gradual remodelling of the spine 

population or it may reflect ongohg synapse formation and eIirnination. In fact, synaptic 

density doubles both during the second postnatal week and between postnatal day 15 to 

adulthood (Harris et al., 1992). This finding suggests that synapse formation is high 

postnatally and continues into adukhood. It is possible that synapse formation on 

dendritic boutons may occur by both processes, either fiom evolving fiom the dendritic 

shaft or fiom dendritic filopodia transformation. 

What are the factors that regulate synaptic connections in the hippocampus? One 

interpretation of the changes in dendritic spines is that extrinsic factors such as afferent 

innervation may influence synaptogenesis. Indeed, denervation studies demonstrate that 

presynaptic innervation affects the forrnation of dendrites and spines as well as their 

maintenance (Zafïrov et al., 1994; McKinney et al., 1999). In particular, analyses of 

postnatal dentate granule cells in hippocarnpal slices lacking extrinsic a£ferent input 



demonstrate a loss of dendritic spines followed by a retraction of dendritic arbors 

(Zafxrov et ai., 1994)- However, when entorhinal cortex explants were CO-cultured with 

the hippocampal slices, there was a recovery of dendritic arborization (Frotscher et al., 

1995). Further, transection of the SchaBer collaterals to CA1 pyramidal cells resdted in a 

decrease in the length and density of dendritic spines (McKinney et al., 1999). Thus, 

interactions between presynaptic input and the postsynaptic target contribute to the 

formation and maintenance of synaptic contacts. 

What are the underlying molecular mechanisms that may potentially regulate 

hippocampal synaptic interactions? One hypothesis is that activity-dependent 

mechanisms regulate the formation and stabilization of synapses in the CNS. In the 

developing hippocampus, glutaminergic excitatory synaptic transmission is first mediated 

primarily by GABAA and NMDA receptors, but later switches to NMDA and AMPA 

receptor-mediated transmission (Ben-Ari et al., 1997). Activation of NMDA and AMPA 

receptors via presynaptic glutamate release results in neuronal depolarization and an 

increase in intraceUular calcium via dendritic spines (Bliss and Collingridge, 1993; Ben-Ari 

et al., 1997). Neuronal activity via NMDA and AMPA receptor activation appears to be 

involved in the formation and stabilization of synapses. Specifically, the decrease in 

dendritic spine density observed afier presynaptic denervation (via Schaffer collateral 

transection) in postnatal hippocarnpal slices was mimicked by AMPA receptor 

antagonists and prevented by AMPA treatment (McKinney et al., 1 999). Conversely, 

blockade of NMDA receptors resulted in an induction of thin dendritic filopodia, similar 

to that observed early in development. Simifarly, when both NMDA and AMPA 

receptors were blocked in embryonic synaptically-coupled entorhinal cortical- 

hippocampal neurons in culture, there was a reduction in the number of dendritic spines 

(Kossel et al., 1997). Unlike the latter study (McKinney et al., 1999) inhibition of 

NMDA receptor activity did not resuIt in changes in dendritic filopodium in these co- 

cultures, a result which may have been due to a difference in afferents (Schaffer collaterals 

vs entorhinal axons) or a difference in developmental age (postnatal vs embryonic). 



Interestingly, entorhinai cortex afferents induced the formation of dendritic branching in 

postsynaptic hippocampal neurons which were not afEected by glutamate receptor 

antagonists suggesting this effect may be due to factors provided by presynaptic afferents 

(Kossel et al., 1997). The different results of glutamate receptor blockade suggest that 

NMDA and AMPA receptors rnay signal to mediate different aspects of ce11 

morphology. Activation of AMPA receptors causes ca2+ flw via activation of voltage- 

sensitive calcium channels present on dendrites (Westenbroek et al., 2990), while NMDA 

increases leveis via the NMDA channel complex (Regehr et al., 1990). Further, 

postsynaptic metabotropic (G-protein) AMPA receptors can activate the release of ca2+ 
from intracellular stores (Frenguelli et al., 1 9 93). S pecificall y, activation of metabotropic 

receptors stimulate the formation of inositol I,4,5-triphosphate (InsP3) which acts on 

h s P 3  receptors to release ca2+ from the endoplasmic reticulurn (Bemdge, 1998). Thus, 

the different modes of increased intracellular ca2+ may activate different ca2+ signalling 

cascades (reviewed in Gallin and Greenberg, 1995). For example, the source of activation 

of the calcium/calmodulin phosphatase, CaN, is via intracelldar calcium stores (Wang and 

Kelly, 1996). 

The previously described studies suggest that ca2+-dependent mechanisms may play 

a role in activity-dependent synaptogenesis. In particular, one ~a~+/calmodulin- 

dependent kinase (CaMK), CaMKII, appears to play a role in synaptogenesis in the 

developing CNS . CaMKII is highly expressed in the hippocampus and is especially high 

in the postsynaptic density of glutaminergic synapses (Kennedy, 1983, IWO). CabXI I  

is activated by ca2+and calmodulin and has been demonstrated to play a role in the 

physiological synaptic efficacy within the hippocampus (Kennedy, 1990). However, 

analysis in the developing visual cortex suggests that CaMKII is important in the 

establishment and maintenance of synaptic connections. Retinal ganglion cells within the 

developing optic tectum constantly undergo axonal and dendritic retractions and 

extensions (Zou and Cline, 1996; Wu and Cline, 1998). Expression of a constitutively 

active form of CahKII in the developing optic tectum affects both presynaptic axonal 



arborization and dendritic growth (Zou and Cline, 1996; Wu znd Cline, 1998). CaMKII 

slows the rate of dendritic branch additions and retractions in tectal neurons comparable 

to that of mature neurons, while inhibiting CaMKII activity increased dendritic branch 

length (Wu and Cline, 1998). Further, CaMKII increased the rate of axonal branch 

retractions (Zou and Cline' 1996). Moreover, blocking NMDA receptors concomitantly 

increased retinal ganglion ce11 axon and decreased dendntic arbor dynamics (Rajan et al., 

1999). These results suggest that CaMKII, potentially via NMDA receptor activity 

mediates maturation of a glutaminergic synapse by stabilizing synaptic connections 

during development. Whether CaMKII plays a similar role in the developing 

hippocampus remains to be detemined. The observations in the developing 

hippocampus in which activation of NMDA and AMPA receptors has effects on 

dendritic filopodia and formation of spines which bear presynaptic axonal arbors suggests 

that downstream molecules such as CaMKU may have a similar role in the hippocampus 

comparable to that in the developing visual cortex. 

Presynaptic development during synaptogenesis has been postulated to involve the 

ca2+- dependent kinase, protein kinase A (PU) .  Similar to the role of CaMKII in 

regulating synaptic physiology in the hippocampus, PKA pIays a role in the modulation 

of synaptic strength during increased physiological stimuli such as during long-term 

potentiation (LTP) (L,opez-Garcia et al., 1996). PKA activity and synapse formation has 

been analyzed in the invertebrate neuromuscular junction. ln response to presynaptic 

ca2+ influx, PKA levels increase and activate genes which contain CAMP-response 

elements (CRE) which may lead to the transcription and synthesis of new proteins 

required for the establishment and stabilization of newly formed synapses (Haydon and 

Zoran, 1994). In line with this idea, CAMP cornpetitive anaiogs or PKA inhibitors affect 

axonal growth cone guidance which may affect subsequent synapse formation (Ming et 

al., 1997; Song et al., 1997). However, evidence of the presynaptic effects of PKA and 

synapse formation has not been clearly demonstrated. 



Alternatively, ca2+ influx through presynaptic membrane ca2+ channel subtypes 

coincides with the maturation of synaptic contacts. In particular, secretion of the 

excitatory neurottransmitter, glutamate, depends on calcium in£lux (Verdeno et al., 1995). 

Further, intracellular ca2+ reguiates synaptic vesicle proteins such as synapsin, a protein 

involved in Localizing synaptic vesicles to the presynaptic active zone (Greengard et al., 

1993). Hippocampi of synapsin knockout anirnals exhibit a reduction in the number of 

vesicles at active zones, a decrease in synaptic transmission, a delay in synapse 

formation, and a decrease in synapse size (Chin et al., 1995; Li et al., 1995; Takei et al., 

1995). These obsewations suggest that neurotransmitter release and subsequent 

postsynaptic activation af5ects the maturation of synapses. Given that glutarninergic 

activation affects dendritic spine density, it would be interesting to analyze the 

rnorphological aspects of hippocampal dendrites. If postsynaptic activation via 

glutamate is indeed important for dendritic spine stabilization, then one may predict a 

decrease in spine density in synapsin mutant anirnals. 

Thus, based on the studies presented, one mode1 of activity-dependent synaptogenesis 

during development may be proposed: Glutamate is released in a ca2+-dependent manner 

from presynaptic terrninals (Bliss and Collingridge, 1993). Binding .of glutamate occurs 

primarily on postsynaptic NMDA receptors which results in ca2+ entry through NMDA 

receptor complex, and activation of CaMKII (Bliss and Collingridge, 1993 ; Ouyang et al., 

1997). CaMKII phosphorylates AMPA receptor subunits resulting in an increase in 

AMPA curent (McGlade-McCulloh, et al., 1993). AMPA activation results in an 

increase in ca2+ levels whic h rnay activate ca2+ signalling pathway S. CaMKII activation 

stabilizes synaptic formation via its effects on dendritic and axonal arbors (Zou and Cline, 

1996; Wu and Cline, 1998). Thus, synaptogenesis within the developing hippocarnpus 

involving glutamate release and NMDNAMPA receptor activity and subsequent ca2+- 

rnediated activation of CaMKII may act as a 'stop-signal' for growth so that subsequent 

maturation of synapses may proceed. 



F. Activity-Dependent Sprouting and Synapse Formation in the Mature Hippocarnpus 

In general terms, plasticity may be d e h e d  as any re-organization that occurs in the 

mature nervous system. At the biological and molecular level, different types of 

plasticity have been proposed. Neuronal plasticity refers to modifications of neurons and 

their processes, synaptic plasticity refers to changes in neuronal connections and, 

molecular plasticity refers to changes in the expression of genes and proteins (Calverley 

and Jones, 1990). These changes which are interdependent can affect the end-result of 

each type of plasticity. Thus, plastic changes are fundamental events which may occur 

spontaneously, provided the appropriate conditions are present, or occurs as a result of 

injury or trauma (Calverley and Jones, 1990). 

The mature hippocarnpus has the capacity for reorganization and sprouting of 

synaptic connections. The selective elimination of one excitatory afferent input results in - 
the sprouting of uninjured neighboring terrninals in mature animals (Lynch et al., 1973 ; 

Zirnrner, 1974; ScheE et al., 1980; Laurberg and Zimmer, 198 1 ). For example, lesions of 

the perforant path which denervates the dentate gyrus results in both collateral sprouting 

of cholinergie septohippocampal afferents and commissual-associational fibers at the 

outer edge of the dentate molecular layer (Scheff et al., 1980; Laurberg and Zimmer, 

198 1). These two systems contribute to the almost complete restoration of synapses in 

the molecular layer as determined by electron microscopy (Mathews et al., 1976; Lee et 

ai., 1977). 

Significant neuronal sprouting also occur in response to excessive neuronal activity 

which has led to the hypothesis that alterations in intrinsic neural excitability may result 

in growth and sprouting of axonal and dendritic processes in the mature hippocampus. 

Animal seinire models of epilepsy which produce excessive synchronous activity and 

long-lasting potentiation of synaptic transmission (Ben-Ari and Gho, 1988; Goddard et 

d., 1969), results in granule ce11 mossy fiber coilateral and terminal sprouting (Tauck and 

Nadler, 1985; Sutula et al., 1988; Cavazos et al., 199 1 ; Mello et al., 1993). Mossy fibers 

which are rich in zinc and dynorphin, are observed by Timrn staining for zinc. The 



activity-dependent mossy fiber sprouting resuits in synapse formation of the inner 

molecular layer of the dentate g y m  and the basilar dendrites of their target CA3 

pyramidal neurons (Tauck and Nadler, 1985; Sutula et al., 198 8; Cavazos et al., 1 99 1 ; 

Represa and Ben-Ari, 1992; Mello et al., 1993; Okazaki et al., 1995)- The reorganization 

of the mossy fiber projections in response to increased neuronal activity is one of the 

most striking examples of activity-dependent neuronal plasticity in the CNS. However, 

while axonal growth after seizures is clearly associated with increased neural activity, the 

electrical discharges in many of these models is accompanied by neuronal cell death and 

synaptic loss (Nadler et al., 1980; DeLanerolle et al., 1989; Cavazos and Sutula, 1990; 

Houser et al., 1990). How each of these events contribute to the morphological changes 

after seizure is not well defmed. In contrast, one recent study demonstrated that kainic 

acid-treated anirnals that manifested behavioral seizures yet did not exhibit hippocampal 

ce11 death, displayed mossy fiber growth in the h e r  molecular layer of the dentate gyrus 

as determined by Timm stain (Stringer et al., 1997). These results suggest that neuronal 

ce1 death is not necessary for mossy fiber sprouting to occur. 

Neuronal hyperexcitability produced by long-term potentiation (LTP), a mode1 of 

leaming and memory, has been used to study aspects of neuronal plasticity (Bliss and 

Collingridge 1993). LTP, a physiologically-produced increase in synaptic transmission, 

results as a consequence of b ief  trains of high-fiequency afferent stimulation to the 

monosynaptic excitatory pathways in the the hippocarnpus (Bliss and Lomo, 2 973). The 

long duration of LTP suggests structural changes may underlie this phenornenon. 

Accordingly, stimulation of the Schaf5er collateral pathway results in an increase in the 

number of synapses on dendritic shafts of CA1 neurons (Lee et al., 1980; Chang and 

Greenough, 1984), while stimulation of the perforant path results in an increase in the 

nurnber and size of dendritic spines in the dentate gyrus (Desmond and Levy, 1986). 

Thus, the level of afEerent activity may regulate dendritic spine nurnber and morphology, 

which in tum, may alter afferent innervation density and synapse formation, ultirnately 

leading to functional synaptic potentiation. 



Another model of neuronal excitability (Sloviter and Lowenstein, 1992; Causing et al., 

1996) is based on an earlier seizure model which mimics both the physiological and 

morphological consequences of human temporal lobe epilepsy (TLE) (Sloviter, 1983). 

This model was devised to circumvent interpretational problems inherent in other seizure 

models such as secondary effects due to prolonged motor seizures, widespread injury, or 

convulsant drug effects. In its original form, this model involves long-term (24 hour) focal 

intermittent stimulation of the afferent perforant pathway resuiting in permanent 

hyperexcitabilty of dentate granule cens. Similar to other animal seizure models, long- 

term intermittent stimulation results in cell loss and damage which contributes to the 

granule celi hyper-excitability (Sloviter, 1983, 199 1). There is a degeneration of dentate 

granule cells, dentate inhibitory neurons, and hippocampal pyramidal cells, and damage to 

the proximal dendritic region of the CA3 pyramidal celis (Sloviter, 1983, 199 1). Further, 

acute dendritic sweilings are also observed in CA3 basai dendritic and hilar regions, but 

disappear within 4 hours post-stimulation (Sloviter, 1983, 199 1). Control animals 

stimulated for shorter time penods in this epileptic model do not exhibit permanent 

granule ce11 excitability nor is there cellular loss or damage (Sloviter, 1983, 199 1 ; Sloviter 

and Lowenstein, 1992). Thus, the degree of neuronal excitation and cellular injury or 

death c m  be controlled by varying the duration of perforant path stimulation. Whether 

mossy fiber sprouting occurs in response to perforant path excitation that does not cause 

cellular pathology remains to be determined. This model of neuronal hyperexcitability 

allows for the examination of neuronal growth andor sprouting in response to non- 

injurious, physiologically relevant stimulation and M e r  allows for the analysis of the 

sequence of cellular and molecular events that may normally occur after elevated neuronal 

activity. Chapter 2 of this thesis descnbes studies investigating such events (Causing et 

al., 1996). 

G. Ta1 a-Tubulin: A Molecular Marker for Neuronal Growth 



Axons and dendrites are cornposed of cytoskeletal growth-associated proteins 

(GAPs), which include rnicrotubuies, and microtubule-associated proteins (MAPs). 

Microtubules, the essential units of growing axons and dendrites, are assembled kom 

dimers of two tubulin subunits, a- and f3-tubulin, products of multigene families 

(Daniels. 1972). Although there exists at least 10 - 20 genes for a- and B-tubulin, several 

members of these families are pseudogenes (Lee et al., 1983). Marnrnals express at Ieast 

six dif5erent OC-tubulin genes (Villasante et al., 1986) and five f3-tubulin genes (Wang et al., 

1986) in n o n - n e d  and neural tissue. While the precise functions of the different 

isotypes are not known, differences exist in their expression during development and 

following injury in the adult, two events invohing axon and dendritic growth. One 

specific a-tubulin, Ta1 a-tubulin, is highly expressed durhg events that involve process 

outgrowth, synaptogenesis, and synaptic reorganization (Miller et al., 1987). Thus, Ta1 

a-tubulin expression is high during development, becomes downregulated once neurons 

mature, and is re-induced in response to injury, sprouting or, as shown in this thesis, by 

neuronal activity (Miller et d.,1987, 1989; Mathew and Miller, 1990; Tetzlaffet al., 

1991; Mathew and Miller, 1993; 

Causing et al., 1996). 

The rnRNA for Ta1 a-tubulin is highly expressed in the developing nervous system 

during morphological growth and is unique in its temporal and spatial distribution ( Miller 

et al., 1987). The T a l  isotype is likely incorporated into the majority of neuronal 

microtubules during development since it makes up greater than 95% of the total a- 

tubulin mRNA in the embryonic nervous system (Miller et al., 1987). Analysis of the 

expression levels of the endogenous Ta1 gene demonstrates that it is highly expressed in 

developing neurons of the PNS and CNS (Miller et al., 1987; Gloster et al., 1994). During 

embryogenesis, expression is high in autonornic and sensory ganglia, the retina, spinal 

cord, rnyelencephalon, metencephalon, diencephalon, neocortex and olfactory lobes 

(Miller et al., 1987). The developmental tirnepoint of abundant expression coincides with 

the time at which these ce11 populations undergo axogenesis and dendritic formation 



(Miller et al., 1987). For example, retinai ganglion ceils undergo extensive axogenesis 

during embryogenesis and Ta1 a-tubulin expression is high at E16. Cortical neurons 

elongate axons during embryogenesis, but develop dendritic branches and spines after 

birth, and Ta1 a-tubulin expression is high in these neurons both in the embryo and the 

early postnatal period (Miller et al., 1987; Gloster et al,, 1994). 

Ta1 a-tubulin expression decreases upon neuronal maturation, but is re-expressed 

upon circurnstances that require growth of mature neurons (Miller, 1 9 8 7; Miller et al., 

1989; Mathew and Miller, 1 990). Following axotomy of motor and sympathetic neurons, 

Ta1 a-tubulin expression rapidly increases, and is subsequently down-regulated upon 

target re-innervation (Miller et al., 1989; Tetzlaff et al., 199 1; Wu et al. 1993). This up- 

regdation following injury is thought to be due to a loss of repressive signals provided by 

the target (Mathew and Miller, 1993; Wu et al., 1993, 1997). In response to facial nerve 

axotomy, there is a signifïcant increase in Ta1 a-tubulin expression in facial motor 

neurons which declines to control levels foilowing fllnctional reinnervation of facial 

muscles (Miller et al., 1989; Tetzlaff et al., 199 1). Similady, Ta1 a-tubulin expression is 

up-regulated in rubrospinal neurons after axotorny, and remahs elevated for a long period 

of time (Tetzlaff et al., 199 1). This persistence in Ta1 a-tubulin expression in 

rubrospinal neurons may be explained by the fact that neurons within this CNS 

population do not re-innervate their target after axotomy, suggesting that a regenerative 

response is maintained. The inability of successfùl regeneration by rubrospinal neurons 

rnay be due to decreased expression of other cytoskeletal molecules such as actin and 

neurofi1ament (Tetzlaff et al., 1991), andor the presence of growth inhibitory molecules 

(Caroni and Schwab, 1988). Further, Ta1 expression increases during sympathetic axonal 

sprouting (Mathew and Miller, 1990). When a bilaterally innervated sympathetic target, 

such as the pineal gland, is partially denervated by unilateral transection of the SCG, there 

is an increase in Ta1 expression in the uninjured SCG and a concomitant sprouting 

response by the intact ganglion (Mathew and Miller, 1990). Moreover, administration of 

exogenous nerve growth factor WGF) to neonatal or adult animals results in sympathetic 



sprouting and an hcrease in Ta1 mRNA levels (Mathew and Miiler, 1990; Miller et al., 

1994). Conversely, retinal ganglion ceUs (RGCs) exhibit a reduction in Ta1 mRNA 

expression in response to axotomy, an effect which is not reversed by exogenous brain- 

derived neurotrophic factor (BDNF) administration (Fournier and McKerracher, 1997; 

Fournier et al., 1997). The finding that BDNF administration to axotomized RGCs 

results in intraretinal axonal branching without increased Talexpression suggests that, 

within this specific neuronal population, Ta1 expression may be more closely correlated 

with long distance axonal re-growth than wîth local branching. Aitogether, these 

observations indicate that neuronal inj ury and target denervation re-induce the express ion 

of T a  1 a-tubulin. Finally, Ta1 a-tubulin appears to be involved in neurotrophin- 

mediated growth responses in the developing and adult neurons. The neurotrophin- 

mediated expression of Tal a-tubulin and other cytoskeletal proteins will be reviewed 

more extensively in a later section- 

In the mature nervous system, relative to other brain regions, Ta1 a-tubulin 

expression remains high in particular structures such as the hippocampus which may be a 

reflection of the ongoing changes in synaptic connections that are known to occw in this 

region in response to experience and neuronal activity (Bamji and Miller, 1997). As 

previously descnbed, the hippocampus contains a highly-ordered pattern of connections 

and is commonly used as a model to study the regdation and plasticity of synaptic 

connections. 

H. Activity-Dependent Regulation of Cytoskeletal Growth-Associated MoIecules 

Alterations in mossy fiber axons and dendritic spines in response to elevated neuronal 

activity in the hippocampus suggests the occurrence of cytoskeletal reorganization. The 

expression of cytoskeletal growth-associated proteins (GAPs) have been analyzed in the 

kainic acid seizure model. Mossy fiber sprouting is observed 10 to 12 days post-seizure 

with the maximum degree of sprouting occurring 2 weeks later (Represa et al., 1993a). 

However, a transient increase in expression of genes encoding for some cytoskeletal 



proteins is observed earlier than the onset of mossy fiber sprouting. Three days post- 

seinire, the levels of tubulin mRNAs increase in the dentate granule cells and peak on day 

1 2 (Represa et al., 1 993 b, Pollard et al., 1 994). These changes in tubulin gene expression 

correlate with increased protein expression in the dendrites of granule cells and mossy 

fibers, an increase that is observed 4 days after kainic acid treatment (Pollard et al., 1994). 

Fuaher, in a similar tirne period, the mRNA and protein for the microtubule-associated 

proteins (MAPs), MAP-2 and Tau, increase in the dendrites or ce11 bodies and axons of 

granule cells, respectively (Pollard et al., 1994). The increase in tubulin is both spatiaily 

and temporally associated with the expression of MAP-2 in ce11 bodies and dendrites of 

granule cells, and of Tau in the mossy fibers. 

Seizures aiso induce the expression of the growth cone protein, growtti-associated 

protein- 43 (GAP-43) (Bendotti et al., 1993, 1994; McNamara and Routtenberg, 1994). 

After kainate acid treatment, GAP-43 expression increases in the granule ce11 layer and 

inner molecular layer of the dentate gynis (Cantdops and Routtenberg, 1996). Since the 

increase in GAP- 43 expression parallels mossy fiber sprouting in the inner molecular 

Iayer, and since granule ce11 axons are not darnaged, it is thought this protein plays a role 

in the formation of new synapses (Sperk et al., 1983; Cantallops and Rottenberg, 1996). 

The observed changes in cytoskeletal proteins in response to dtered neuronal activity 

most likely occur via activation of the glutamate receptors, NMDA and AMPA 

receptors. NMDA has been reported to affect the neurite outgrowth and induce 

branching in cultured hippocampal neurons (Brewer and Cotman, 1989; Wang and Dow, 

1997). Hippocampal neurons treated with glutamate or an NMDA receptor agonist 

results in a significant increase in the levels of Mm-2,  Ta1 a-tubulin and GAP-43 

rnRNAs (Wang and Dow, 1997). These mRNA increases correlate with morphoiogical 

changes in which axonai and dendritic growth is enhanced. The rnRNA levels peak 

between 8 and 12 hours after which they subsequently decrease to reach control 1eveIs. 

Another cytoskeletal protein, actin, is highly enriched in dendritic spines (Matus et 

al., 1982; Cohen et al., 1985; Kaech et al., 1997). Cultured hippocampal cells acutely 



exposed to high concentrations of NMDA results in a rapid and extensive loss of 

dendritic spines which is accornpanied by a selective loss of füamentous actin (F-actin) at 

synapses @hipain et al., 1998). This loss is mimicked by NMDA and AMPA receptor 

agonists, but not by agonists of L-type calcium channel or metabotropic ghtarnate 

receptors. Conversely, loss of spines is inhibited by either antagonists of the NMDA 

receptor or the calcium-dependent protein phosphatase, calcineurin. Calcineurin is co- 

localized with actin in both growth cones and dendritic spines (Halpain et al., 1997, 1998) 

and NMDA receptors are linked to the actin cytoskeleton (Wyszynski et al., 1997). 

Thus activation of NMDA receptors and subsequent effects on calcineurin and actin 

appear to regulate dendritic spine integrity. One may speculate that moderate 

physiological activity, as opposed to the latter study which induced intense activity, may 

not result in the complete loss of spines, but may affect not only spine shape but also 

motility, simiiar to that seen in deveioping hippocampal slices (Daily and Smith, 1996). 

Finally, the mechanism by which activity affects actin stability may involve calcium- 

regulated proteins. Calcineurin is known to de-phosphoryIate and inactivate CaMKIV, 

but not CaMKII, the latter which is important in the stabilization of synapses during 

developrnent (Kasahara et al., 1999). Whether CaMKIV is involveil in hippocampal 

synapse formation and stabilization is currently unknown. 

The changes in the expression of cytoskeletal proteins and GAP-43 suggest the 

presence of a mechanism that modulates the growth and remodeling of axons and 

dendrites in response to increased neural activity. Such changes may contribute to the 

sprouting and groweh of mossy fibers andor to the remodelling of postsynaptic 

specializations, such as dendritic spines. That such sprouting also occurs in the 

deafferented hippocampus with no concomitant ce11 death, suggests the existence of a 

general mechanism regulating rnorphological growth in the mature hippocampus. The 

molecular rnechanisms that regulate activity-dependent neuronal growth and sprouting 

may involve the neurotrophins. These proteins are themselves mediators of neuronal 

growth and their synthesis and trans-synaptic release by neurons are also regulated by 



activity (Gall and Isackson, 1989; Ernfors et al., 199 1 ; Isackson et al., 199 1 ; Dugich- 

Djordjevic et al., 1992; Rocamora et al., 1992; Conner et al., 1997; Fawcett et al., 1997; 

Aloyz et al., 1999). Thus, elevated neuronal activity which leads to increased synthesis 

and release of neurotrophins may stimulate axonal and dendritic growth via affects on the 

synthesis of cytoskeletal proteins. The resulting growth may lead to hct ional  changes 

at the synapse which culminate in altered synaptic fùnction of the neurona1 circuit and an 

adaptation to higher levels of neuronal activity (Figure 4). 

1 Activity-Dependent Regulation of Neuropeptide Expression 

The phenotypic combination of neurotransmitters and neuropeptides expressed by 

individual neurons represents one aspect of neuronal diversity. The number of 

neurotransrnitters and neuropeptides are enormous, and yet, neuronal populations only 

express a subset of these transmitters during development and adulthood. Within 

neurons, neuropeptides CO-localize with classical neurotransmitters, which include 

acetylcholine, catecholamines, serotonin, GABA, and glutamate (reviewed in Hokfelt, 

199 1). Aside fiom the small, clear vesicles which exclusively contain the classic 

neurotransmitters, the CO-localized neuropeptides and neurotransmitters are packaged in 

large secretory granules, and sirnilar to synaptic vesicles, are stored in nerve terminais and 

varicosities, secreted into synapses in response to appropriate stimuli to ultirnately affect 

target ce11 function (reviewed in Hokfelt, 199 1). In the adult, various types of stimuli 

have been demonstrated to alter the expression and release of neuropeptides and 

neurotransmitters in mature neurons. In particular, release of peptides requires bursting 

or high-fiequency activity (reviewed in Hokfelt, 1 99 1 ), which in turn, affects neuronal 

excitability. These observations have led to the hypothesis that activity-dependent 

peptide expression and its subsequent release may contribute to the plasticity or 

homeostasis of synaptic connections. 

Activity-dependent regulation of neuropeptides in the hippocampus has been 

demonstrated in animal seinire models which result in high-fiequency, bursting activity in 



neurons. For exarnple, kindling allows the study of seizure effects at various time-points. 

This experimental model of epilepsy involves repeated focal administration of initially 

sub-convulsive stimuli to forebrain structures which results in a generalized elevation in 

neuronal electrical activity (Goddard et al., 1969; Racine, 1978). Once established, the 

kindling process appears to involve permanent functional alterations, since seizures can 

be readily triggered after several months without stimulation. However, widespread 

neuropathology is not a common feature of this model as it is for seLf-sustaining limbic 

seinire models (McNamara, 1984). Analysis of particular neuropeptides using this 

model has demonstrated an up-regdation or down-regulation in their pattern and levels of 

expression. Such changes are believed to reflect their role in the regdation of synaptic 

effxciency in response to altered neuronal activity. While a number of neuropeptides exist 

in the hippocampus, this section will focus on a few specific neuropeptides and their 

expression. 

Neuropeptide Y (NPY) and somatostatin (SS) in the normal animal CO-localize with 

GABAergic intemeurons in the Mar region of the dentate gyms (DG) and basket cells in 

stratum oriens and straturn radiatum of the CA3 and CA1 regions (Burazin and Gundlach, 

1996; Schwarzer et al., 1996). NPY and SS have inhibitory actions on neuronal 

excitability. In particular, SS has anticonvulsant effects in the hippocarnpus (Vezzani et 

al ., 199 1 ; Mazarati and Teledgy, 1 9W), and exogenous NPY inhibits excitatory synaptic 

transmission at granule ce11 and mossy fiber synapses (McQuiston and Colmers, 1992; 

Klapstein and Colmers, 1993). Moreover, the endogenous expression of NPY and SS 

increases in response to increased neuronal activity. Specifically, significant increases in 

NPY and SS mRNA and protein are observed in the DG hiIar region and in the CA1 and 

CA3 stratum oriens layer at early stages of kindling (Bendotti, et al., 1993; Burazin and 

Gundlach, 1996; Vezzani, et al., 1996). Interestingly, both NPY and SS proteins are 

localized to hilar neuron fibers in the DG outer molecular layer, while NPY is induced de 

novo in DG mossy fiber terminals suggesting transport of these peptides to their target 

CA3 pyramidal neurons (Vezzani et al., 1996; Schwarzer et al., 1996). The increase in 



NPY and SS expression remains elevated for days, but returns to basal levels within one 

week post-seizure (Burazin and Gundlach, 1996; Vezzani et al., 1 996). The fïnding that 

one single afterdischarge is sufficient to enhance expression of NPY in mossy fibers, but 

not SS expression in hilar neurons, suggests that NPY upregulation is a consequence of 

direct granule cell excitation. Together, these findings suggest that the increase in NPY 

and SS expression is due to activity-dependent action of excitatory transmitter release 

since NPY and SS-positive DG Mar neurons receive excitatory glutamùiergic innervation 

fiom entorhinal cortex aerents  (Leranth et ai., 1990; Delier and Leranth, 1990). Thus, 

the known inhibitory actions of NPY and SS in conjunction with their activity-dependent 

endogenous upregulation suggests functional modifications in the activity of the 

respective target neurons, and ultimately in the activity of the hippocampal circuit. 

In contrast to NPY and SS, the opioid neuropeptides, dynorphin (DYN) and 

enkephaiin (ENK), CO-locaiize with glutamate in dentate granule ceils and their mossy 

fibers (Gall et al., 198 1; McGïnty et al., 1983; Moms and Johnston, 1995). Evidence 

suggests that this CO-expression plays a role in the efficiency of neurotransmission at 

granule-ce11 synapses. First, release of ENK requires high fiequency stimdation 

consistent with release characteristics of neuropeptides (Wagner et al., 199 1). Second, 

stimulation of the ENK 1 receptor with agonists reduces the number of high fiequency 

stimuli required for LTP induction at the mossy fiber pathway @emck and Martineg 

1994). Conversely, p. receptor antagonists attenuate the induction of LTP following high 

frequency stimulation (Derrick and Martinez, 1994). Third, application of D Y '  to 

hippocampal slices inhibits mossy fiber synaptic responses without affecting exogenous 

glutamate actions (Weisskopf et al., 1993). Blocking the presynaptic DYN K receptor 

also inhibits mossy fiber responses, suggesting that DYN decreases the release of 

glutamate (Weisskopf et al., 1993). These effects are not lirnited to the mossy fiber path, 

but are also observed in the perforant pathway axons which synapse ont0 granule cell 

dendrites. Thus, p receptor agonists have an excitatory effect on granule ce11 responses 

upon perforant path stimulation, while antagonists block the induction of LTP at this 



synapse (Moms and Johnston, 1995). In contrast, K receptor agonists suppress granule 

ce11 excitability. Findly, application of DYN or DYN antibodies block or enhance 

induction of LTP, respectively (Morris and Johnston, 1995). These observations suggest 

ENK and DYN have opposing actions at the perforant and mossy fiber pathways, with 

DYN mediating inhibition, and ENK mediating facilitation at -ihe synapse. 

Alterations in neuronal activity via LTP and seinire models affect opioid expression in 

the hippocampus. First, induction of LTP at the mossy fiber synapse results in a 

significant reduction in DYN mRNA in dentate g p s  grande cells 24 hours post- 

stimulation (Moms et al., 1988). Concomitantly, ENK mRNA levels significantly 

increase in these cells (Moms et al., 1988). Similar increases and decreases were observed 

after NMDA application in the granule ce11 layer of the dentate gyrus and after perforant 

path stimulation (Xie et al., 199 1 ; Johnston and Moms, 1994). Second, both kainic acid 

treatment and kindling results in a long lasting increase or decrease in ENK and DYN, 

respectively in mossy fibers (Gall, 1988; Rosen et al., 1992). These latter studies did not 

analyze expression at eariier t h e  points. In contrast, one study reported an increase in 

DYN mRNA expression two hours after rapid kindling which subsequently decreased by 

24 hours post-stimulation similar to the previous studies (Elmer et AI., 1996). This 

transient increase may act to depress mossy fiber activity and may represent a 

compensatory response to the afterdischarges during the kindling stimulations. Thus, the 

increase in ENK and reduction in DYN in response to neuronal activity leads to less 

synaptic depression and increased excitability at a glutarninergic synapse. 

The observations in activity-dependent expression of particular neuropeptides as well 

as the specific effects on synaptic transmission, demonstrate that hippocampal circuits 

rnay invoke adaptive mechanisms such as expression of inhibitory/excitatory 

neuropeptides to decrease or increase neuronal activity to an appropriate level. Increased 

activity via the glutarninergic perforant path leads to glutaminergic activity at CA3 

neurons from the mossy fibers and eventually to the CA1 pyramidal cells. Activity at 

the perforant path initiates changes in the peptides ENK and DYN that rnay increase 



synaptic transmission at the next synapse, the mossy fiber:CA3 synapse. 

Concomitantly, increased expression and release ofNPY, SS, and GABA fi-orn 

interneurons which receive recurrent synapses fiom granule and pyramidal cells may act 

to inhibit the potentiation effects of both glutamate and opioids. Thus, the changes in 

neuropeptide expression in response to elevated activity may reflect adaptive responses 

which may lead to accommodation of the system to higher levels of synaptic input. 

What mechanisms may regulate activity-dependent neuropeptide expression? One 

proposed mechanism is activity-dependent regulation by immediate early genes (IEGs) 

that encode transcription factors. Encreases in neuronal activity in the hippocampus lead 

to enhanced release of glutamate and increased intracellular levels of ca2+ via NMDA and 

AMPA receptors, and voltage-sensitive ca2+ channels. Increased intracellular ca2+ leads 

to the activation of ca2+-dependent signal transduction mechanisrns that activate 

constitutively expressed transcription factors (Sheng and Greenberg, 1990) that bind to 

specific 5' regulatory elements inducing the expression of IEGs such as c-fos, c-jun and 

~37268 (reviewed in Morgan and Cwan, 1 99 1 ) . The ca2+ -activated transcription factors 

include i) bZIP farnily members, CAMP- response element binding protein (CREB), 

ATF-1, CREM, c-Jun and C/EBPP which bind a ca2+ response element (CaRE) and ii) 

senun response factor (SRF) and ELK-1 which bind the serum response element (SRE) 

(reviewed in Ghosh and Greenberg, 1995). Following translation in the cytoplasm, the 

IEG proteins (IEGPs) translocate to the nucleus, where they act as transcription factors 

themselves by binding to the activator protein- 1 (AP-1) DNA regulatory sequence to 

effect transcription of various neuronal genes (Morgan and Curran, 1991). 

In line with activity-dependent expression of IEGs, NMDA receptor activation 

induces IEG expression in hippocarnpal neurons in a ca2+-dependent manner (Cole et al., 

1989; Lerea and McNarnara, 1993). Accordingly, the expression of IEGs is altered within 

minutes following the onset of seizures; c-fos, c-jun and zif7268 rnRNL4s are increased in 

the dentate granule cells and pyramidal cells of the entorhinai cortex 30 minutes to 1 hour 

post-seizure (Morgan et al, 1987; Popovici et al., 1990; Khrestchatisky et al., 1995; 



Burazin and Gundlach, 1996). This enhanced expression is transient, returning to baseline 

levels within a couple of hours. The later expression of neuropeptides such as NPY, SS, 

ENK, and DYN in response to increased neuronal activity has Led to  the hypothesis thzt 

IEG and IEGPs regulate their expression. In line with this idea, the preproenkephalin 

gene contains a regulatory elernent that is stnicturally related to the AP-1 bindiig site 

@ing et al., 1997). Further, c-Jun and c-Fos form part of a protein cornplex that binds an 

AP-1-like motif in the NPY promoter and results in increased transcription of the gene 

(Jalava and Mai, 1 994). 

AIternatively, the transcription factor, CREB is dso a possible mediator of activity- 

dependent neuropeptide expression. ca2+-mediated phosphorylation and activation of 

CREB by a CREB kinase such as the CaM kinases, leads to the subsequent binding of 

CREB to the CRE DNA sequence of neuronal genes and subsequent gene transcription 

(Sheng et al., 1991). Accordingly, L-type ca2+channel agonists affect the Levels of ENK 

&A expression (Agoston et al., 1991). Moreover, binding of CEZEB to CREs on the 

preproenkephalin gene promoter stimdates transcription of the gene. Conversely, 

binding to CREs on the preprodynorphin gene suppresses its transcription. 

Interestingly, one neurotrophin, BDNF, can mediate expression of CREB in an activity- 

dependent rnanner and this activation of CREB is sufficient to mediate BDNF-induced 

expression of c-fos (Finkbeiner et al., 1997). The role of neurotrophin-mediated 

expression of neuropeptides will be reviewed in a later section. 

Thus, the actions of IEGs and IEGPs may provide one mechanisrn by which 

aiterations in neuropeptide gene expression and its subsequent protein expression in the 

hippocampus is coupled to changes in neuronal activity. This coupling of activity to gene 

expression via IEGPs may be one part of a general program of neuronal adaptive 

responses (Figure 4). 



II. The Sympathetic Nervous System 

A. Anatomy 

The autonomic nervous system is the major efferent component of the peripherai 

nervous system (PNS) which regulates the function of al1 innervated tissues and organs 

throughout the body with the exception of skeletal muscle fibres (Janig and McLachlan, 

1992). This component of the PNS is comprised of integrative neuronal connections and 

reflex arcs which elicit appropriate visceral reflex responses in response to sensory signals 

fiom the various autonornic ganglia, spinal cord, brainstem, or hypothalamus (Janig and 

McLachlan, 1992). Efferent autonomic signais are sent to the body through three major 

subdivisions: the sympathetic, the parasympathetic, and the enteric nervous systems 

(Dodd and Role, 1991). The autonomic nervous system functions to control such 

processes as arterial pressure, gastrointestinal motility and secretion, sweating, body 

temperature. 

The sympathetic nervous system is comprised of two paravertebral sympathetic 

c h a i .  of ganglia that lie lateral to the spinal cord, two prevertebrai ganglia, and nerves 

extending fkom the ganglia to the different target organs @odd and Role, 1991). The 

sympathetic nerves originate between thoracic one and lumber two spinal cord segments 

and pass fiom the spinal cord to stimulate appropriate tissues and organs (Dodd and 

Role, 1991). Each sympathetic pathway arising fiom the spinal cord to innervate the 

appropriate tissue is composed of two neurons, a preganglionic and a postganglionic 

neuon (Figure 5). Sympathetic preganglionic neurons are found in four main nuclei 

within the intermediate spinal grey matter (Petras and Cummings, 1972). The majority of 

neurons are located within the intermediolateral ce11 colurnn (IML) (also referred to as the 

nucleus interrnediolateralis thoracolumbalis pars principalis; ILp), situated in the lateral 

horn of the spinal grey matter. Another group extends laterally fiom the IML into the 

lateral funiculus (the nucleus intermediolateralis thoracolurnbalis pars funicularis; ILf). 

The intercalated ce11 group (the nucleus intercalaus spinalis; IC) is found mediai to the 



IML, and a fourth group lies dorsolateral to the central cmal known as the central 

autonornic nucleus (the nucleus intercalatus pars paraependy malis; Icpe) (Petras and 

Cummings, 1972). 

Axons of the sympathetic preganglionic neurons exit the spinal cord at dieir segment 

of ongin via the ventral root, to then enter the spinal nerve and subsequently separate 

from somatic motor axons to project through the white rami comrnunicates into one of the 

ganglia of the sympathetic chah @odd and Role, 199 1 ; Figure 6). The preganglionic 

fibres follow one of three paths: i) fibres synapse with postganglionic neurons in the 

ganglion it enters, ü) via the cervical sympathetic tnink (CST), fibres synapse in other 

sympathetic chain ganglia rostral or caudal to the spinal level where their preganglionic 

cell bodies are located, or iii) fibres travel for variable distances through the chab to 

eventually pass through one of the sympathetic nerves that radiate outward fiom the 

chain to terminate in one of the prevertebral ganglia (Dodd and Role, 199 1). 

Paraverterbral postganglionic axons exit through the gray rami communicantes and travel 

either dong carotid artery branches to innervate targets in the head, or in the peripheral 

nerves as postganglionic fibres to imervate their autonomic targets located throughout the 

body (Dodd and Role, 199 1). 

Sympathetic preganglionic neurons are organized in a segment-specific distribution 

which is important for independent and discrete regulation of different parts of the 

sympathetic outflow (Rubin and Purves, 1980; Strack et al., 1988; Forehand et al., 1994; 

Pyner and Coote, 1994; Yip et al., 1 9984b). Preganglionic neurons which project to a 

particular ganglia &se from a number of segments, of which one segment predomhantly 

contributes (Strack et al., 1988). Further, the pattern of segment-specific connectivity 

that preganglionic neurons display suggest a capacity to recognize and distinguish target 

cells on the basis of matching rostro-caudal identities (Purves and Lichtman, 1985). 

Accordingly, preganglionic neurons in more rostral segments innervate ganglion cells that 

imervate more rostral end organs (Nja and Purves, 1977a; Lichtman et al., 1979; Yip, 

1986). This segmental matching is preserved durùig re-innervation of ganglion cells (Nja 



and Pumes, 1977b), and during innervation of ectopically positioned sympathetic ganglia 

(Purves et al., 198 1) or segmenta1 muscle (Wigston and Sanes, 1982, 1985). However, 

recent evidence suggests that the specincity in the direction of preganglionîc projections is 

not intrinsically determined by the segmental origins of their cell bodies during 

development (Yip et al., 1998a). Late-stage neural tube transplantations demonstrate that 

translocated sympathetic preganglionic neurons always project in the direction that is 

appropriate to neurons of their new location (Yip et al., 1998a). This Iack of intrinsic 

segmental specification of sympathetic preganglionic neurons does not necessarily 

conflict with fmdings of ganglion ceil-specific re-innervation. The topographie specificity 

of re-innervation in the adult sympathetic system has been interpreted as chemoaffinity 

between pre- and postsynaptic neuronal partners via such molecular interactions as that 

which may occur between growth factors or ce11 adhesion molecules and their receptors. 

It is not clear as to whether preganglionic neurons possess segment-specific identities 

upon initial innervation during development. 

B. The Superior Cervical Ganglia (SCG) 

Neurons and glia of the peripheral nervous system are derived fiom cells in the neural 

crest and ectodermal placodes (Le Douarin and Teillet, 1974; Le Douarin, 1984). The 

sympathetic supenor ceMcal ganglion (SCG) is composed of noradrenergic neurons and 

nonneuronal cells that are both derived fiom the neural crest. Sympathetic precursor cells 

migrate and differentiate in a generally rostral-to-caudal sequence (Rubin, 1985a). In the 

rat, neural crest ce11 migration in the trunk begins on embryonic day 9 (E9) (Erickson et 

al., 1989), and by El  1, the crest-derived cells which coalesce to form the SCG are first 

detected at upper thoracic levels, then later at cervical levels (Cochard et al., 1978; Rubin, 

1985a). The delayed appearance at cervical levels is due to the longitudinal movement of 

sympathetic precursors fiom their point of origin in thoracic paravertebral sites (Rubin, 

1985a). 



Beginning f?om a narrow column on El  2, the cervical sympathetic system rapidly 

grows due to localized mitotic activity which creates concentrations of cells that 

eventually occupy the SCG- Most of the ce11 division observed in the ganglion between 

El2  and E l4  occurs arnong neuronal rather than glial precursors (Hendry, 1977). 

Tntiated thymidine analysis used to study DNA synthesis has demonstrated that many 

principal neurons have their final cell division by E14. No neurons in the SCG have their 

final birthdate before E13, and most SCG neurons are postmitotic by birth. By contrat, 

non-neuronal cells incorporate thymidine prenataliy, and continue to divide postnatally 

(Hendry, 1977). Once born, sympathetic neurons retain their relative position between 

El3 and maturity (Purves, 1975; Bowers and Zigmond, 1979; Rubin, l98Sa), but 

elaborate their axons as eariy as El2 @ubin, 1985a) coincident with the t h e  the f i s t  ceUs 

leave the mitotic ce11 cycle (Claude et al., 1982). Moreover, there is an increae in the 

number of postganglionic axons in the interna1 carotid nerve at approxirnately E15, close 

to the time when most ganglion cells are generated (Ehbin, 1985a). Thus, ganglion cells 

extend their axons shortly after their final mitosis. Very few preganglionic fibres are 

present when the first ganglion ce11 axons appear, and do not appear to influence the 

initial stages of postganglionic outgrowth (Rubin, l985b). 

On E14, the SCG postganglionic axons projecting through the cervical tnink originate 

from cells that lie al1 dong this nerve, whereas later in development, these projections 

arise from cells that are concentrated in the ganglionic regions at either end of the trunk 

(Bowers and Zigrnond, 198 1). While the guidance of sympathetic axons to their end- 

organs is not well understood, it is known that axons extending frorn the SCG reach 

distant targets by El  SIE1 6 and are maintained as the fetus enlarges. Thus the initial 

projection may lay out a pathway for later incoming axons. 

Sympathetic dendrites first appear on E14, after the development of sympathetic 

axons (Rubin, l98Sb). The extension of sympathetic axons prior to dendritic formation 

suggest an early retrograde influence of peripheral tissues upon the morphological 

differentiation of sympathetic neurons. Preganglionic axons which synapse on 



sympathetic neurons may influence dendritic growth since these axons f i s t  enter the SCG 

at E14, the time when dendrites first appear (Rubin, 1985b). Early dendrites receive 

preganglioaic innervation, and as dendrites mature, they appear to be preferred over ce11 

bodies as sites for synaptic contacts (Rubin, 1985~). Finally, some postnatal 

sympathetic neurons possess the mature nurnber of prirnary dendrites suggesting that 

convergence of presynaptic axons to these sites begins before birth (Rubin, 1985a)- 

Postmitotic sympathetic neurons undergo a phase of naturally-occurring ce11 death in 

the first two postnatal weeks, a time of axonal arborization in peripheral targets, where 

there is an approximately 30-50% decrease in the number of sympathetic neurons in the 

SCG (Hendry, 1977; Wright et al., 1985; Bamji et al., 1998). This loss is prevented by 

exogenous administration of nerve growth factor (NGF), a consequence due to a survival 

effect on differentiated neurons and not due to an increase in neuronal division (Hendry, 

1977). Because NGF is present in lirniting quautitites in the targets of sympathetic 

neurons (Korshing and Thoenen, 1983, 1988), it is believed that cornpetition for NGF in 

the periphery results in the survivai of those neurons that successfully obtain NGF, and 

the death of those neurons that do not (Oppenheim, 199 1). Thus, the number of 

innervating sympathetic neurons is believed to be regdated by the number of NGF- 

producing target cells. The role of neurotrophins in the survival and deveIopment of 

sympathetic neurons will be reviewed in a later section. 

C. Spinal Autonomie Preganglionic Neurons 

Preganglionic neurons in the thoracic spinal cord, also known as autonomie motor 

neurons (AMNs), are generated in the ventricular zone of the spinal cord, and are born on 

E l  1-El2 (Nomes and Das, 1974; Barber et al., 1991). AMNs migrate radially fiom the 

ventral ventricular zone to the ventral intermediate zone in concert with somatic motor 

neurons (SMNs) to form a single primitive motor column at El3 (Phelps et al., 1991). 

By E 13, these neurons express detectable levels of choline acetyltransferase (ChAT) 

indicating they have differentiated to their cholinergie phenotype (Phelps et al., 199 1). 



ChAT expression occurs one to two days after temiinal mitosis, but one to two days 

before their axons have established functional connections with their respective targets 

(Rubin, 1985a,b; Phelps et al., 199 1). Subsequently, between E 14-1 5, these two ce11 

groups separate along the dorsoventral axis, with the AMNs transtocating first dorsally, 

then part of them medially in order to reach their mature distribution across the entire 

mediolateral extent of the intermediate grey (Phelps et al., 199 1,1993; Markam and 

Vaughn, 199 1 ; Markam et al., 199 1). In contrast to the dorsal media1 movements of the 

AMNs, somatic motor neurons remain in their ventral position (Phelps et al., lWl,l993). 

Preganglionic axons first enter the sympathetic chain on E12, extend into cervical levels 

of the chain by E 13, and by E14, f o m  a significant projection to the SCG (Rubin 1985b). 

At this stage, preganglionic axons do not appear to maintain a particdar form of 

organization as they pass fiom ventral roots into proximal spinal nerves (Rubin, 1985b). 

However, as the axons travel through the co~~municating rami, these fibres grow in a 

restricted manner, but this organization is lost as the sympathetic chab is reached (Rubin, 

1985b). Axons fiom different thoracic levels disperse and mix with one another across 

the width of the sympathetic chain, but do not branch within the nerve (R.ubin et al., 

1985). Instead, axons form collaterals once they invade their target SCG. However, it 

has also been reported in aduit rats that after having accounted for the presence of some 

postganglionic and sensory fibers in the CST, there appear to be more axons in the CST 

than there are preganglionic neurons in the thoracic spinal cord that project to the SCG 

@ando et al., 198 1). This fmding suggests that preganglionic axons bifûrcate before they 

reach the SCG (Rando et al., 1981) and that this bifurcation may not be apparent at 

embryonic stages. Finally, a reduction in the number of collaterals per preganglionic ce11 

after El4 may reflect the outcorne of cornpetition between these neurons for some aspect 

of their target cells (Aguayo et al., 1973; Purves and Lichtman, 1980). Synapse formation 

at the pregang1ionic:sympathetic junction wi11 be discussed in a subsequent section. 

The segmenta1 level of origin of a preganglionic neuron influences the direction of axon 

growth within the sympathetic c h a h  On E14, fibres fiom thoracic segments one or two 



run prirnarily in the rostral direction within the sympathetic chain, and a smd l  percent of 

axons extend caudally (Forehand et al., 1994). In contrast, axons fiom thoracic segments 

five or six run in the caudal direction with no fibres projecting rostrally (Forehand et ai., 

1994). Axons fiom thoracic levels three and four have an intermediate type of 

distribution with equal numbers of axons projecting rostraily and cauddly (Forehand et 

al., 1994). However, although preganglionic neurons in the thoracic spinal cord provide 

innervation to both rostral and caudal ganglia, individual preganglionic neurons project 

only in one direction (Forehand et al., 1994). Physiological and anatomical studies have 

determined that preganglionic neurons which innervate the SCG are concentmted in 

thoracic spinal IML regions between segments one and five, with the majorïty located 

between levels two and four (Rubin and Purves, 1980; Pyner and Coote, 1994). This 

level of organization exists early in developrnent and is maintained into adulthood. 

The cervical sympathetic tnink (CST) contains both myelinated and unmyelinated 

axons. The majonty of fibres are comprised of unmyelinated axons with approximately 

2-3% of the total number being myelinated axons (Bray and Aguayo, 1974; Brooks- 

Foumier and Coggeshell, 1981; Murata et al., 1982). Dorsal and ventral rhi~o~tomies have 

demonstrated the presence of a small nurnber of sensory axons in the CST whîch may 

represent the small proportion of myelinated axons (Brooks-Fournier and Coggeshell, 

198 1; Murata et al., 1982). 

Preganglionic neurons which innervate the SCG appear to undergo ceII death during 

development. In the first postnatal week after birth, there is an approximately 50% 

decrease in the number of preganglionic axons in the rodent CST (Aguayo et al., 1973, 

1976). Further, in the avian embryo, where quantitation of preganglionic neurons has 

been assessed, there is a 40% decrease in the column of Terni (CT), the counterpart of the 

mamrnalian IML (Oppenheim, 1982). The spontaneous loss of preganglionic neurons and 

axons is beIieved to represent a natural process in which an excess of preganglionic 

neurons adapt to the neuronaI population in the SCG. When sympathetic neurons are 

reduced in number during postnatal development, there is a concomitant reduction in the 



number of preganglionic axons (Aguayo et al., 1 976; Voyvodic, 1 9 89). Conversely, in 

newborn animals, when sympathetic neurons are increased in number by exogenous NGF 

treatrnent or given a larger target territory to innervate, there is an increase in the number 

of preganglionic axons in the CST suggesting an increase in sumival of preganglionic 

neurons (Voyvodic, 1989; Schafer et al, 1983). However, preganglionic neurons appear 

not to respond to increased levels of NGF in their targets. Specifically, iodinated NGF is 

not transferred or retrogradely transported to preganglionic neurons (Schwab and 

Thoenen, 1977). Further, preganglionic neurons do not express the receptor for NGF, 

T r M  (Michael et al., 1997b). Moreover, in the avian CT, sympathetic neurons respond 

to NGF with increased survivai, but CT neurons do not (Oppenheim et al., 1982). Thus, 

during development, preganglionic neuron survival appears to be determîned by a pre- 

established number of target cells. Altematively, sympathetic neurons may express a 

growth factor that specifically regulates preganglionic neuron survival and terminal 

innervation analogous to NGF effects on sympathetic neuron survival and differentiation. 

In line with this idea, NT-4 expressed in the adrenal medulla appears to regulate the 

survival of lurnbar preganglionic neurons (Schober et al,, 1998). Further, work shown in 

this thesis demonstrates that sympathetic neuron-derived BDNF regulates the density of 

preganglionic neurons that specifically innervate the sympathetic SCG (Causing et al., 

1997; Chapter 3 of this thesis). Analysis of BDNF mutant animals demonstrate that 

while there appears to be a partial loss of preganglionic axons, there is a greater-fold 

reduction in preganglionic innervation to the SCG suggesting that BDNF regulates 

synapse nurnber (Causing et al., 1997). The fmding that there is a loss of some but not d l  

preganglionic axons in BDNF mutant animals suggests that BDNF may be required for 

the survival of a subpopulation of preganglionic neurons. Finally, NT-4 expression in 

sympathetic neurons has not been investigated, but one may speculate that NT-4 

expression in these neurons may account for the survival of most preganglionic neurons 

that specifically innervate the SCG. Altogether, these observations suggest that 

alterations in the number of preganglionic neurons in response to changes in the size of 



their target neurons represent a trans-neuronal retrograde influence of target cells on the 

survival of their afferent cells. 

D. Innervation in the Peripheral Nervous System 

The development of neural connections and synapse formation has been well 

characterized in the peripheral nervous system (PNS). In particular, much of our 

understanding of synaptogenesis derives fiom analysis at the neuromuscular junction 

(NMO since it is anatomically simple, easily accessible, and amendable to experimental 

manipulation. While the motor end plate at the NMJ foms synapses on non-neuronal 

tissue and thus differs from that of interneuronal synapses in autonomic ganglia such as 

the SCG, general structural features shared between the two suggest that both systems are 

govemed by similar developmental pruiciples. Thus, the general mechanisms of 

synaptogenesis at the NMJ may be extended to synaptogenesis at the preganglionic 

neuron: SCG synapse. These systems will be descnbed individually and are divided into 

the following sections: 1) synaptogenesis at the NMJ, II) synaptogenesis in peripheral 

autonomic ganglia, and III) regdation of innervation in the PNS. 

i. Synaptogenesis at the Neuromuscdar Junction 

a. Structure 

The mature NMJ is characterized by specialized pre- and post-synaptic features 

(reviewed in Hall and Sanes, 1993; Burden, 1998). The presynaptic region contains 

clusters of small vesicles which contain the neurotransmitter, acetylcholine (ACh). The 

region where these clusters are located and eventually fuse with the presynaptic 

membrane to release ACh to the postsynaptic side, is called the active zone. 

Acetylcholine receptors (AChRs) are located in clusters on the postsynaptic muscle 

membrane. These receptor clusters are located at the crests of junctional folds and are 

aligned with the presynaptic active zones. The pre- and post-synaptic membranes are 

spatially separated by approxhately 50 nrn, which gives it a charactenstic thickening. 



This so-called synaptic clefi contains a basal lamina that extends into the postsynaptic 

junctional folds. The basal lamina contains proteins involved in the degradation of ACh 

and regulation of AChR clusters. Finally, the Schwann cells form caps around the nerve 

terminals; this structural specialization is thought to protect the NMJ fiom injury. 

b. Synapse Formation 

Shortly d e r  a motor neuron growth cone contacts a differentiating rnyofiber, the nerve 

terminals are formed and begin to accumulate synaptic vesicles. At the same time, pre- 

and post-synaptic membranes thicken, the synaptic clefi enlarges, and basal lamina 

material appears in the cleft. Subsequently, there is an increase in vesicles and an 

appearance of active zones which are sites of synaptic vesicle fùsion at the presynaptic 

membrane. These morphological changes appear with increases in spontaneous synaptic 

potential fiequency and evoked potential size. On the postsynaptic membrane, shoaly 

after the motor neuron growth cone contacts a muscle myotube, acetylcholine receptors 

(AChRs), which are found al1 dong the myotube prior to contact, form clusters and 

become restricted to the membrane apposed to the nerve terminal. Further, AChR 

subunit composition changes fiom c4y6 to 0 @ ~ 6  which affects synaptic transmission 

(Martinou and Merlie, 1 99 1 ; Schuetze and Role, 1 987). Subsequently, extra-synaptic 

AChRs disappear, and, as junctional folds appear in the postsynaptic membrane, the 

clusters of remaining AChRs become localized at their crests. Since enhanced ACh 

sensitivity is a hallmark of synapse differentiation during developrnent, the regulatio n of 

AChR nurnber, distribution and subunit composition by presynaptic innervation are 

important events during sy naptogenesis at the NMJ. 

The mechanisms that regulate AChR clustering are believed to be mediated by nerve- 

derived factors that act at the synaptic cleft. Two molecules involved in the clustering of 

AChRs are agrin and its receptor, MuSK, a muscle-specific kinase (Magill-Solc and 

McMahan, 1988; McMahan, 1990;Valenzuela et al., 1995; Glass et al., 1996). Agrin, a 

protein synthesized by motor neurons, is anterogradely transported via motor axons, 



secreted fiom the termuials and sbbly retained in the basal lamina of the N M J  (Magill- 

Solc and McMahan, 1 988; McMahan, 1 990). Muscle cells also synthesize agrin, but 

neural-derïved agrin is more potent at clustering AChRs than muscle-derived agrin (Failon 

and Gelfman, 1989; Godf?ey, 199 1). Moreover, analysis at the synaptic clef3 of chimeric 

nerve-muscle CO-cultures reveals that most of the agrin present at this site is neuraiiy- 

derived (Cohen and God£iey, 1992). 

Several lines of evidence indicate agrin is important in AChR clustering at synaptic 

sites and for postsynaptic differentiation. First, treatment of cultured myotubes with 

agrin results in receptor clustering (Nitkin et al., 1987). Second, inhibition of agrin 

activity with a blocking antibody blocks AChR clustering at nerve-muscle synapses in 

culture (Reist et al., 1992). Third, mice lacking the neural-specific isoform of agrh, z- 

agrin, do not forrn normal synapses (Gautarn et al., 1996). Specifically, postsynaptic 

AChR clusters are signifxcantly reduced in number, size and density in muscles of agrin- 

deficient mice. Further, intrarnuscular motor nerve branching and presynaptic 

differentiation are perturbed, fewer, but longer axons are formed, and there is a reduction 

in presynaptic vesicles. The fhding that AChR clusters are still present on agrin mutant 

myotubes suggests that nerve-associated organizing signals other than z-agrin can trigger 

postsynaptic differentiation. Accordingly, basic fibroblast growth factor has been 

demonstrated to be able to induce AChR clusters (Peng et al., 1991). Finally, 

perturbations in presynaptic differentiation may be due to the loss of agrin, or to 

impaired retrograde signalling fiom a defective postsynaptic apparatus. 

The mechanism by which a g ~  mediates its AChR-inducing activity is believed to 

involve the receptor tyrosine kinse, MuSK. MuSK is highly expressed in skeletal muscle 

where it is concentrated in the postsynaptic membrane and appears to be required for 

agrin-mediated signdling (Valenniela et al., 1 995; Glass et al., 1996). Agrin binds to a 

receptor complex that includes MuSK and induces tyrosine phosphorylation in myotube 

cultures (Glass et al., 1996). Further, a dominant-negative forrn of the MuSK receptor 

inhibited agrin-induced AChR clustering in cultured muscle cells. Similarly, muscle cells 



derived fÏom MuSK mutant animals which do not contain NMJs, did not cluster AChRs 

in response to exogenous agrin. Finally, sirnilar to agrin mutants, loss of MuSK 

expression resulted in perturbations in synapse formation in the muscle (DeChiara et al,, 

1996; Gautarn et al., 1996). Specifically, MuSK mutant muscle lack arborized nerve 

terminais and clustered AChRs. Further, nerve branches were abemntly long, extended 

throughout the muscle and did not terminate near the main intramuscular nerve, The 

similarities in synapse perturbations observed in agrin and MuSK mutant animais 

suggests there is a loss of an appropriate stop signal which leads to aberrant motor axon 

behavior. In MuSK mutant anirnals, this observation may involve retrograde signals via 

agrui/MuSK signalhg Thus, agrin released fkom nerve terrninals activates MuSK, which 

in turn, results in the release of a retrograde muscle-derived signal which indicates that a 

fùnctional contact has formed. Subsequently, axonal growth ceases and postsynaptic 

differentiation occurs. In line with this, neural-derived agrin promoted motor neuron 

terminal differentiation at the NMJ in vitro (Campagna et al., 1997). Alternatively, 

excessive nerve growth in MuSK mutant animals rnay be due to persistent production of 

a muscle-derived factor that is normally down-regulated upon functional innervation 

(Brown et al., 1981), or the absence of appropnate synaptic activity malice-Gordon and 

Lichtrnan, 1994). 

The peripheral membrane protein, cc-dystroglycan, also binds agrin, suggesting that 

dystroglycan may collaborate with MuSK to mediate agrin signalIing (Gee et al., 1994; 

Sugiyama et  al., 1994). However, whether a-dystroglycan acts as a receptor for agrin to 

induce AChR clusters is not clear. First, contrasting reports dernonstrate that blocking 

antibodies to a-dystroglycan are both effective and ineffective in interfering with AChR 

clustering (Gee et al., 1994; Sugiyama et al., 1994). Second, muscle-derived agrin that 

binds dystroglycan does not induce AChR clustering. Third, mutation of the 

dystroglycan binding site in agrin still results in AChR clustering (Gesemann et al., 1996). 

Finally, muscle cells expressing low levels of a-dystroglycan still form AChR clusters in 



response to agrin (Jacobson et al., 1998). These results suggest that agrin binding to 

dystroglycan does not play an essential role in initiating AChR clustering. 

However, a-dystroglycan may be important in supporthg AChR clusters subsequent 

to their initial formation via the extracellular matrix protein, 1am.ini.n. Similar to agrin 

effects, laminin, which is located in the basal lamina, induced clustering of AChRs in 

cultured muscle cells (Montanaro et al., 1998). In cells treated with a-dystroglycan 

antisense oligonucleotides, there was a significant reduction in laminin-induced AChR 

clusters. Further, in normal muscle cells, CO-treatrnent with laminin and agrin resulted in 

an enhanced increase in clustered AChRs. This increase was not seen in cells expressing 

low levels of a-dystroglycan. These effects of laminin via a-dystroglycan was not due to 

a-dystroglycan acting as a CO-receptor for MuSK since a&-induced MuSK 

phosphorylation levels were not decreased in ce11 lines with reduced expression of a- 

dystroglycan (Jacobson et al., 1998). However, there were significantly fewer AChR 

clusters suggesting that cc-dystroglycan is required for clustering (Jacobson et al., 1998). 

These observations suggest that a-dystroglycan forms part of a scaf5old of proteins that 

ùnmobilize AChR and other synaptic proteins. The laminin and agrin enhancement of 

AChR clusters via a-dystroglycan may act downstream of agrin-induced MuSK 

activation suggesting that a-dystroglycan may serve to reinforce and maintain AChR 

clusters once they have formed (Sugiyama et al., 1997; Jacobson et al., 1998). 

While the signalling pathways activated by agrin are not well defined, one protein, 

rapsyn, appears to play an important role in agrin-mediated signalling. First, rapsyn is 

localized to synaptic sites on the muscle and is critical for synapse formation. Second, 

agrin cross-links to AChRs and induces rapsyn clustering in cultured myotubes (Burden 

et al., 1983; Burden, 1985). Third, both rapsyn and AChRs cluster at developing 

synapses (Noakes et al., 1993). Rapsyn mutant animals which have normal expression of 

AChR genes, lack AChR clusters (Gautam et al., 1995). Further, ectopic expression of 

rapsyn in a fibroblast ce11 line that expresses AChRs, results in both rapsyn and AChR 

clustenng (Froehner et al., 1990; Gillepsie et al., 1996). Conversely, no AChR clusters 



form in cultured rapsyn mutant muscle cells when treated with recombinant nerve-derived 

agrin (Gautam et al., 1995). Fifth, ectopic expression of both rapsyn and MuSK in 

fibroblasts results in MuSK clustering and activation (Gillespie et al., 1996). However, in 

cultured rapsyn mutant muscle cells treated with agrin, MuSK phosphorylation levels 

were similar to controls (Apel et al., 1997). Thus, although rapsyn stimulates agrin- 

independent activation of MuSK in non-muscle cells, it is not required for agrin- 

dependent MuSK activation in the muscle. 

It has been recently demonstrated that MuSK remains concentrated at synaptic sites 

in rapsyn mutant animals suggesting that MuSK may f o m  a primary structural scaffold 

to which rapsyn attaches other synaptic components (Apel et al., 1997). S p e ~ ~ c a l i y ,  in 

non-muscle cells, rapsyn clusters MuSK to AChRs via the ectodomain of MuSK. This 

observation suggests that an intermediary transmembrane protein rnay be involved in 

linking MuSK and rapsyn. Moreover, expression of chimeric proteins that lack the 

MuSK extracellular domain in muscle cells demonstrate that MuSK kinase domain 

activation is required for AChR phosphorylation, but is not ~ ~ c i e n t  for AChR 

clustering, suggesting that the ectodomain recruits NMJ proteins to the MuSK receptor 

complex (Glass et al., 1997). Accordingly, cultured rapsyn mutant muscle cells treated 

with agrin resulted in a reduction of tyrosine phosphorylation of the AChR fi subunit, 

which in normal cells, becomes phosphorylated by several-fold in response to agrin 

suggesting rapsyn mediates AChR subunit phosphorylation (Apzl et al., 1997). This 

phosphorylation event appears to be important in the stabilization of AChRs since the 

presence of rapsyn slows the rate of AChR turnover (Wang et al., 1999)- Thus, rapsyn 

is required for i) AChR phosphoryiation, which is a signalling event downstream of 

MuSK kinase activation, ii) MuSK CO-clustenng with AChRs which is dependent on the 

extracellular region of the MuSK receptor, and iii) rnetabolic stabilization of AChRs. 

These studies indicate that intra- and extracellular regions of MuSK may interact with 

rapsyn in different ways. Moreover, in addition to its role in clustering, rapsyn may also 

fünction to stabilize AChRs. 



Another aspect of normal postsynaptic differentiation at the NMJ is that the few 

myonuclei directiy beneath the postsynaptic membrane (subsynaptic nuclei) become 

transcriptionally specialized and express high levels of AChR subunit genes in 

comparison to myonuclei not associated with a synapse (extrasynaptic nuclei) (Hall and 

Sanes, 1993; Burden, 1998). Restriction of gene expression to subsynaptic regions is 

believed to be regulated by nerve-derived factors. Neuregulin W G ) ,  a growth factor 

synthesized by motor neurons and the muscle, is associated with the postsynaptic 

membrane and synaptic basal lamina (Burden, 1998). NRG is also known as glial growth 

factor (GGF) and acetylcholine receptor-inducing activity (ARIA) and al1 are referred to 

as NRG- Several lines of evidence support the idea that NRG may be the signal that 

activates synapse-specific transcription. First, NRG activates AChR gene expression in 

cultured muscle celfs (JO et al., 1995). Second, NRG is concentrated at synaptic sites, and 

is present in the synaptic basal lamina (Goodearl et al., 1995; JO et al., 1995). Activation 

of AChR expression is believed to occur via the NRG receptors, ErbB3 and ErbB4, which 

are concentrated in the postsynaptic membrane at the NMJ (Zhu et al., 1995). NRG and 

ErbB4 mutant mice die at E10, a tirne pnor to NMJ synaptogenesis, making it difficult to 

determine whether NRG-mediated signalhg is required for AChR gene expression 

(Gassmann et al., 1 995; Lee et al., 1 995; Meyer and Birchmeier, 1995). However, mice 

heterozygous for the NRG gene possess half the nurnber of AChRs at the NMJ 

suggesting NRG is important in AChR gene transcription (Sandrock et al., 1997). 

Interestingly, analysis of 18 1 base pairs of 5' flanking DNA fi-om the AChR 6 subunit 

has revealed an element that is required for NRG-induced gene expression (Fromm and 

Burden, 1998). This NRG response-element (NRE) conforms to a consensus binding site 

for Ets transcription factors and is required for synapse-specific AChR expression 

(Fromm and Burden, 1998; Schaeffer et al., 1998; Koike et al., 1995). In particular, a 

reporter gene fused to the AChR deita region with a mutation in the NRE was not 

expressed in muscle synaptic nuclei in transgenic rnice (Fromm and Burden, 1998). 

However, upon denervation, transgene expression increased to the same level in 



extrasynaptic nuclei in both mutant and wildtype animals. These results demonstrate 

that the mutation in the NRE did not render transcription via the AChR delta region 

incompetent and that the NRE was not required for activity-dependent transcription. 

Finally, analysis of muscle cells treated with NRG resulted in NRE binding of the Ets 

transcription factors, GABPcr and GABPB, suggesting that these proteins rnay mediate 

AChR subunit gene expression in response to NRG. 

The finding that muscle-derived NRG and ErbBs are clustered together at the synapse 

suggests that NRG rnay act as an autocrine andor paracrine factor at the NMJ and that 

tram-synaptic signals rnay direct association of NRG and ErBs. Ectopic expression of 

neural agrïn in adult muscle at non-synaptic sites resulted in clustering of AChRs, NRG 

and NRG receptors at the ectopic agrin sites (Jones et al., 1997; Meier et al., 1997; Rimer 

et al., 1997). Further, MuSK and agrin mutant anirnals do not cluster ErbBs at the NMJ 

synapses (DeChiara et al., 1996; Gautarn et al., 1996). These studies indicated that agrin 

is sufficient to induce clustering of MtG and ErBs at the synapse indicating that agrin 

plays an important role in the organization of NRG signaling components. Since MuSK 

mlWA, like AChR rnRNA, is found in the NMJ synapse, its synthesis rnay be localized 
. - 

to the subsynaptic nuclei raising the possibility of regulation by NRG. These results 

demonstrate that agrin rnay mediate the organization of the ligand and receptor 

components of the NRG signalling pathway. Thus, the NRG and agrin signal 

transduction pathways rnay regulate each other ultimately leading to synaptic 

differentiation at the NMJ. 

c. Synapse Elimination 

Innervation in the marnrnalian muscle follows a sequential course of events (reviewed 

in Sanes and Lichtrnan, 1999). Before birth, motor neurons establish connections with a 

greater number of muscle cells than will be uitirnately maintained, resuking in 

supernumerary innervation of each myofiber. During postnatal development, there is a 

graduai retraction of motor axonal branches which ultimateiy results in each NMJ 



innervated by one motor axon. The Ioss of innervation is not believed to occur randomly 

since the ultimate outcome is the precise innervation of each muscle fiber by one axon that 

is able to electrically activate the muscle fiber above threshold. The adjustment of 

innervation results in a motor system that is adapted for the integration of active fibers 

and eventual movement. 

Studies suggest that pre- or postsynaptic activity is important in synapse elirnination. 

Increasing synaptic activity by chronic neuromuscuIar stimulation during development 

accelerated the loss of synapses (Thompson, 1983; Nelson et al., 1993). However, the 

loss of synapses was dependent on the temporal pattern of stimulation. Brief stimulus 

trains of 100 Hz bursts resulted in elimination, whereas the same number of stimuli 

delivered continuously at 1 Hz did not (Thompson, 1983). Conversely, Loss of activity 

at the N M J  via deafferation or pharmacological blockade slowed or prevented the 

elirnination of synapses (Thompson, 1985). Moreover, pnor to the withdrawal of a 

terminal bouton, there was a reduction in the density of postsynaptic AChRs and rapsyn 

(Rich and Lichtrnan, 1989; Balice-Gordon and Lichtman, 1993; Colman et al., 1997). 

Thus, loss of a CO-innervating axon begins with the Ioss of postsynaptic receptors and a 

Ioss of reception to neumtransmitter which may lead to a divergence in synaptic strength 

between the axons ultimately resulting in the physical removal of the weakened input 

(Colman et al., 1997). This coordinated disassembly of pre- and postsynaptic sites is 

repeated until all but one target site associated with one axon is removed. 

What is the mechanism by which one axon remains and al1 others are elirninated? One 

possibility is that the muscle senses differences in synaptic activity between co- 

innervating axons. Specifically, focal blockade of AChRs with a-bungarotoxin resulted in 

the elimination of the AChRs in the blocked region as well as retraction of the overlying 

axon terminais (Balice-Gordon and Lichtman, 1994). This Ioss was observed only when a 

substantial portion of the NMJ remained unblocked (Balice-Gordon and Lichtman, 1994). 

In contrast, blockade of the entire NMJ resulted in no synapse elirnination (Balice- 

Gordon and Lichtman, 1994). That active regions of the NMJ are required for elirnination 



to occur suggests that active regions destabilize inactive regions. This mechanism may 

occur during development in situations where axons CO-innemathg the sarne muscle fiber 

do not f ~ e  in synchrony. In line with this idea, at postnatal day 1 (Pl), synaptic 

strength, as measured by a change in quantai content (number of vesicles, arnount of 

transmitter) and quantal efficacy (release of vesicles), is similar in CO-innervating axons to 

the sarne muscle fiber (Colman et al., 1997). However, at older ages, as more fibers 

becorne singly innervated, the strengths of the CO-innervating inputs diverge concomitant 

with a reduction in AChRs at the weaker synapse, ieading to elimination of the weaker 

input (Colman et al., 1997)- Thus, when inputs are similar in strength, axon withdrawal is 

unlikely. However, once one input is stronger than the other, withdrawal of the weaker 

input is likely to occur. These results suggest that an axon induces the elimination of 

competing axons by changes in synaptic transmission. Accordingly, reduction in AChR 

density at synaptic sites potentiate further differences in the relative effkacy of 

cornpeting inputs and may provide a feedback loop which underlies the removal of al1 but 

one axon. 

One hypothesis postdates that axons innervating a common target compete for a 

limited supply of trophic factors to maintain fùnctional synapses. The idea that this 

competition undelies axonal loss at the NMJ has been suggested by the observations that 

trophic factors modie  the rate of synapse elimination. In particular, the neurotrophins, 

brain-denved neurotrophic factor (BDNF) and neurotrophin-3 (NT-3) injected into 

neonatal muscle delays, but does not prevent, the withdrawal of supemumerary tenninals 

(Kwon and Gurne y, 1 9 96). Interestingly , in vivo overexpression of glial-derived 

neurotrophic factor (GDNF) in muscle of transgenic mice revealed a significant increase in 

the nurnber of motor axons and their terrninals, but not motor neurons, imervating W J s  

during neonatal development (Nguyen et al., 1998). The hyperimervation by each motor 

axon was due to increased axonal terminal branching within the muscle, and not due to 

increased axon branches in the innervating axon. Ln addition to the increase in converging 

axons, the penod of multiple innervation persisted longer than normal, doubling fiom two 



weeks to one month. The subsequent loss of innervation in GDNF transgenic rnice is 

believed to be due to a reduction in the levels of GDNF in the adult. This latter fïnding 

suggests that the continued presence of GDNF is required to maintain innervation. 

Together, these studies demonstrate that overexpression of a target-derived growth factor 

at the NMJ m2y either prolong the maintenance of synaptic connections, and/or induce 

terminal branches which are capable of fonning synapses. 

The competition for trophic factors at the NMJ implies that either release of the factor 

occurs locally under one input, or that differentiai patterns of activity in the presynaptic 

terminals a u e n c e  the ability of the terrninals to obtain trophic factors. Analysis in the 

CNS demonstrates that release of BDNF fi-om neurons occurs in an activity-dependent 

and spatially-dependent manner (Thoenen, 1995; Goodman et al., 1996). While no 

studies have reported the release mechanisms of muscle-derived neurotrophins, one may 

speculate that release of neurotrophins to an active tenilinal rnay selectively strengthen 

that input at the expense of competing, less active inputs. Accordingly, exogenously 

applied neurotrophins can potentiate synaptic transmission at the NMJ (Beminger and 

Poo, 1996; Schuman, 1999). Further, one implication of the loss of competing axons is 

that the remaining axon has greater access to muscle-derived growth factors which 

stimulates terminal growth. Thus, the activity -dependent synapse elimination at the 

NMJ appears to involve competition for growth factors that potentiates synaptic 

transmission and ultirnately, stirnulates terminal growth. 

AIternatively, the loss of competing axons may be due to exposure to muscle-derived 

synaptotoxins. Specifically, calcium-activated proteases or serine proteases administered 

to the muscle destabilize nerve terrninals (Liu et aI., 1994; Tyc and Vrbova, 1995). Active 

axons are proposed to be protected fiom such proteases through selective exposure to a 

protease inhibitor (Liu et al., 1994; Tyc and Vrbova, 1995). In line with this idea, agrin 

has been demonstrated to act as a protease inhibitor (Biroc et al., 1993). One may 

speculate that agrin supplied by either the axon or muscle, may be released or taken up in 



an activity-dependent manner thereby stabilizing the synapse. However, whether agrin 

release or uptake is af5ected by activity is not known. 

. . 
u. Synaptogenesis in Perïpheral Autonomic Ganglia 

a. Synapse Formation 

The maturation of sympathetic SCG neurons and the outgrowth of spinal 

preganglionic axons to sympathetic neurons culmùiates in the formation of ganglionic 

synapses. The onset of innervation in the SCG begins as soon as the preganglionic fibers 

enter the ganglia at E 13. As early as E 1 3, rudimentary synaptic action potentials, most 

likely mediated by ACh, occur in response to electrical stimulation of the CST (Rubin, 

1985~). Ultrastructural analysis of the SCG demonstrates that synapses located on both 

ganglion cell soma and dendrites can be detected by E l 4  (Rubin, 1985~). The synaptic 

junctions at this stage are immature containing a few round clear vesicles located next to 

the presynaptic membrane density. By E15, mature synapses can be identified by larger 

numbers of synaptic vesicles apposed to the presynaptic membrane, a uniform synaptic 

cleft, and a postsynaptic membrane density. Most synapses on the ganglion arise en 

passant fiom preganglionic axon terminais. By birth, the number of synapses have 

increased and their distribution has changed; most synapses are now found on 

sympathetic ceil dendrites. 

What are the mechanisms by which synaptic differentiation occurs at a neuronal 

synapse? In contrast to what is understood at neuromuscular synapses, less is known 

about the molecdar mechanisms that control synapse formation between neurons. 

However, the mechanisms of synapse formation in the sympathetic SCG are starting to 

be elucidated. As eluded to in the previous section, the expression of transmitter 

sensitivity is fundamental to synaptogenesis. First, innervation of sympathetic neurons 

in the chick is accompanied by an increase in the size of ACh-mediated receptor currents 

(Role, 1988; Gardette et al., 1991). These ACh-evoked responses are due to alterations in 

the nurnber and biophysical properties of nicotinic AChRs (nAChRs) as well as changes 



in the receptor subunit mRNA expression (Mandelzys et al., 1994; De Koninck and 

Cooper, 1995). Eariier studies done in the chick suggested that the expression of 

ganglionic nAChRs is regulated by a soluble factor released by  preganglionic axons since 

media conditioned by preganglionic neurons was sufficient to increase ACh currents in 

sympathetic neurons (Role, 1988). Further, similar to the AChR c l u s t e ~ g  at the NMJ, 

nicotinic receptors cluster at high density on processes near cell bodies in cultured rat 

sympathetic neurons (Loring et al., 1988) and p e ~ a t a l  sympathetic neurons in mice 

exhibit AChR clustering associated with nerve tenninals as demonstrated by double 

imrnunocytochemistry staining with the presynaptic vesicle protein, SV2 ( Feng et al., 

1998). Finally, proteins similar to that found at the NMJ that are responsible for 

dif'ferent aspects of NMJ synapse formation have been recently characterized at the 

pregang1ionic:syrnpathetic ganglion synapse. 

The specific regdatory molecde, acetylcholine receptor-irnducing activity (ARIA), 

was one of the first discovered key signals controlling AChR distribution and expression 

at the NMJ (Usdin and Fischbach, 1986). ARIA, encoded by the neuregulin-1 (NRG-1) 

gene, belongs to the family of NRGs which are protein products of the NRG-1 gene 

generated by dtemative splicing (reviewed by Fischbàch and Rosen, 1997). As 

previously reviewed, NRGs are important in synapse formation at the NMJ and has been 

demonstrated to induce AChR subunit expression. W i t h ,  the sympathetic nervous 

system, isoforms of NRG have been recently discovered which contain a conserved 

cysteine-rich domain (CRD) in their N-terminus and evidence suggests that they play an 

important role in synaptogenesis within sympathetic ganglia (Yang et al., 1998). The 

rnRNA and protein for CD-NRG are present in developing preganglionic neurons, and 

its expression peaks prior to synapse formation with sympathetic ganglion neurons (Yang 

et al., 1998). Treatrnent of sympathetic neurons with recombanant CRD-NRG rnimics 

the effects of preganglionic input (Yang et al., 1998). These effects include 

phosphory lation of ErbB receptors, and increased ACh-evoked currents (Yang et al., 

1998). Further, sirnilar to the effects of pregang1ionic conditioned media and input on 



sympathetic neurons, recombinant CRD-NRG increases the expression Levels of specific 

nAChR mRNAs (Yang et al., 1 998). Finally, inhibition of CRD-NRG with antisense 

oligonucleotides reduces the increase in ACh transmitter sensitiviv in sympathetic 

neurons (Yang et al*, 1998). These results suggest that NRG functions as an early trans- 

neuronal signal that regulates neuronal nAChR expression at the developing 

pregang1ionic:sympathetic neuron synapse- 

As described previously, the clustering of AChRs at the NMJ is crucial for proper 

synaptic function. The NMJ synaptic proteins agrin, MuSK, and rapsyn are important 

mediators of receptor clustering. A few studies have analyzed the role of particdar NMJ 

proteins at neuronal synapses. One study analyzed the role of rapsyn at the 

pregang1ionic:SCG synapse. In particular, rapsyn mutant mice displayed neuronal AChR 

clusters of normal size, shape and number in the SCG (Feng et al., 1998) Because rapsyn 

mutant anirnals die at birth, it is possible that rapsyn plays a role in the maturation or 

maintenance of ganglionic synapses later in developrnent. However, one alternative 

explanation may be that other proteins exist that have simïlar functions to rapsyn at the 

NMJ. Thus, rapsyn appears to be inessential in the formation of AChR clustering at the 

pregang1ionic:sympathetic neuron synapse. 

Sùnilarly, despite the fact that agrin is widely expressed in the CNS and PNS (Failon 

and Gelfinan, 1989; Godfiey 1991; Cohen et al., 1997), analysis of agrin mutant animds 

demonstrates that this protein is dispensible for synapse formation in the CNS. In 

particular, in the hippocarnpus of agrin mutant animals, the number, size and distribution 

of synapses as well as clusters of central synapse proteins such as postsynaptic densiq- 

95 (PSD-95; reviewed below) did not differ fiom control animals (Serpinskaya et al., 

1999). Likewise, cultured hippocampal neurons derived fiom mutant animais did not 

differ in the timing or extent of axonal and dendritic growth nor in the development of pre- 

and postsynaptic specializations such as clusters of synaptic vesicle clusters and 

NMDAIAMPAIGABAA receptors (Serpinskaya et al., 1999). Finally, exogenous 

neurally-derived agrin was unable to induce ectopic NMDA or GABA receptor clusters 



in cultured hippocarnpal neurons from control anirnals as it does for AChRs at the N M J  

(Serpinskaya et al., 1999). The observations that neither rapsyn nor agrin are essential 

for receptor clustering at neuronal synapses suggest there may be fùndamental differences 

in synapse formation at interneuronal synapses compared to that at the NMJ. 

Alternatively, NMJ proteins may have related counterparts that serve similar functions in 

the CNS and thus the mechanism of receptor aggregation may be sirnilar to that of the 

NMJ, albeit via different specific molecules 

As aliuded to in the previous section, a number of studies have identified a number of 

potential molecules involved in receptor clustering in the CNS. Analogous to synaptic 

proteins at the NMJ involved in clustering AChRs, proteins have been identified at the 

glutaminergic and GABAergic postsynaptic density (PSD) which appear to play a role in 

the clustering of central glutamate and GABA receptors. First, gephyrin, a peripheral 

membrane protein, clusters the inhibitory glycine receptor and possibly GABAA 

receptors (Craig et al., 1996; Feng et al., 1998). Second, glutamate synapses contain 

several proteins that possess PDZ domains (narned after the homologous proteins: PSD- 

95, tumor suppressor protein Qlg and tight junction protein, 20-1) (reviewed in Wheal et 

al., 1998; Kennedy, 1998). Apart fiom containhg the PDZ domains (90 amino acid 

repeats in the amino-terminal region), these proteins also have a Src homology-3 (SH3) 

domain, and a putative guanylate kinase (GK) in the carboxyl region (reviewed in Wheal 

et al., 1998; Kennedy, 1998). These dornains, important in mediating protein-protein 

interactions, have been shown to cluster NMDA- and AMPA-type glutamate receptor 

subunits. Co-transfection of NMDA receptors and PSD-95 in COS cells resuhed in the 

formation of receptor ciusters (Kim et al., 1996). Further, PSD-95 is found in PSD 

fractions taken from the forebrain (Hunt et al., 1996). Finally, few candidate trans- 

synaptic signals that regulate receptor clusters at CNS synapses, such as agrin at the 

NMJ, have been characterized, however, cadherins and densin-1 80 may be possible 

molecules that fùffill this role (reviewed in Kennedy, 1998). 



b. Regulation of Innervation in the Penpheral Nervous System 

During the first postnatal week, autonomic ganglia are polyinnervated; target cells 

receive innervation fiom more than one preganglionic axon (Lichtman and Purves, 1980; 

Hume and Purves, 198 1). Over the next bvo to three weeks, there is a gradual decline in 

the nurnber of axons innervating each target neuron that is only partially due to the loss of 

preganglionic neurons (Johnson and Pwes ,  198 1). Sympathetic neurons of the rat SCG 

are originally innervated by 6-7 preganglionic axons in the fust postnatal week, but are 

ultimately innervated by 2-3 axons (Lichtman and Purves, 1 98 0). This reduction in axon 

innervation is concomitant with a reduction in the number of target cells each 

preganglionic axon innervates (Johnson and Purves, 198 1). However, while there is a 

decrease in the number of axons innervating any one target ce& there is a dramatic 

postnatal increase in the number of synapses within the ganglia (Punres and Lichtrnan, 

1980; Johnson and Purves, 1981; Smolen and Raisman, 1980). For example, in the SCG, 

after preganglionic neurons have reached their k a 1  number in the first few days after 

birth, there is a rapid increase in the number of synapses in the first postnatal week, 

which slowly reaches 80% of its mature number by the end of the third week (Smolen and 

Raisman, 1980). The increase in synapses during this time is accompanied by 

biochemical maturation of the SCG with an increase in both choline acetyltransferase 

(ChAT) and tyrosine hydroxylase (TH). Therefore, the loss incoming axons at a tirne of 

synapse proliferation suggests that the final pattern of neuronal innervation is a result of a 

dynamic process in which each preganglionic neuron focuses an increasing nurnber of 

synaptic contacts on progressively fewer target neurons. 

Similar to autonornic ganglia, in the fust postnatal week, the muscle receives 

innervation fiom more than one mon. Subsequently, there is a decline in the nurnber of 

polyinnervating axons so that each muscle fiber ultimately receives innervation fiom O ~ Y  

one motor axon (reviewed in Sanes and Lichtman, 1999). While there is a loss in the 

nurnber of imervating axons, the transition fiom poly- to mono-innervation is 

accompanied by an increase in terminal branching and nurnber of synaptic boutons within 



each muscle endplate. Since action potentials at the nerve terminal cause a single action 

potential in each muscle fiber, the increase in synaptic terminal innervation may regdate 

appropriate synaptic transmission. 

The reduction in axon innervation at the NMJ and to neurons within sympathetic 

ganglia during development suggests there initiaily exists a degree of non-selectivity in 

which innervation by more thm one axon guarantees there is an adequate initial 

innervation of every target neuron (Purves and Lichtman, 1980). The subsequent 

elirnination of axons to one at the NMJ and a few to sympathetic neurons may act as a 

mechanism to adjust the physiological fùnction of each ce11 to an appropriate level, so 

that each acting in concert, wili, for example generate action potentials in skeletal or 

visceral motor neurons to produce appropriate muscle movement 

What are the mechanisrns that regulate the degree of innervation in the PNS? As 

previously described, elimination at the NMJ of some, but not other, axons may be due to 

competition between CO-innervating axons for some element of the target neuron, such as 

neurotrophic support (Brown et al., 1976; Lichtman and Purves, 1980; Purves and 

Lichtman, 1980; Nguyen et al., 1998). It has been suggested that the cornpetitive 

interaction between synapses of different axons is related to the geometry of the target 

cells and is an important factor in detennining whether a ce11 receives innervation fi-orn 

more than one axon. Autonornic ganglion cells which lack dendrites receive several inputs 

at birth, but are imervated in maturity by synapses that arise fiom only one or two 

preganglionic axons (Purves and Hume, 198 1 ; Hume and Purves, 198 1). Neurons with 

dendritic processes maintain innervation by a number of different preganglionic axons that 

increases in proportion to the complexity of their dendritic arbors (Purves and Hume, 

198 1 ; Hume and Purves, 198 1). However, the ability of these multiple inputs to 

elaborate synapses on the ce11 soma decreases (Forehand, 1985). Because dendrites are 

innervated by only a subset of axons to a particular ganglion cell, dendrites may provide 

separate post-synaptic regions for individual axons, thus reducing the competition 

between CO-imervating preganglionic axons that innervate the same target cell. (Hume and 



Purves, 1983; Forehand and Purves, 1984). The importance of spatial competition is 

consistent with the finding in the NMJ in which synapses that are separated far apart 

dong a muscle fibre are not eliminated (Brown et al., 1976). However, since synapses 

proliferate at a time when competition and synapse elimination are occurring, synaptic 

space rnay not be the object of competition. Instead, dendrites may provide an 

aiternative site for obtaining a limited amount of trophic factor required for proliferation 

of synapses. In line with this idea, the mRNA and protein for BDNF have been localized 

to dendrites of central (Goodman et al., 1996; Tongiorgi et al., 1997) and peripheral 

(Chapter 4 of this thesis) neurons, 

In the mature animal, axons and dendrites are dynamic and are capable of growth and 

retraction in response to changes in neuronal connections. The development of new 

axonal branches was first demonstrated at the NMJ. In a partially denervated mammalian 

muscle, fine outgrowths emerge fiom two sites, the nodes of Ranvier and motor nerve 

teminals (Brown et al., 1982). Both types of sprouts grow toward and innervate 

denervated end plates. Similarly, partial denervation of sympathetic ganglia results in no 

loss of selective end-organ responses to stimulation of individual ventral roots, 

dernonstrating that sprouting of intact preganglionic axons to denervated ganglion cells has 

occuned (Murray and Thompson, 1957; Maehlen and Nja, 198 1,1984). Upon 

regeneration of the injured axons to their targets, the sprouts retract, and a generally 

normal pattern of innervation is re-established (Wigston, 1980; Gorio et al., 1983; 

Maehlen and Nja, 198 1, 1984). Further, axotomy or interruption of axonal transport in 

sympathetic ganglia, results in a retraction of ganglion dendrites and a loss of 

preganglionic synapses (Purves, 1975, 1976; Yawo, 1987). Upon regeneration of 

sympathetic axons to their peripheral targets, preganglionic innervation and dendritic 

length and complexity is restored (Purves, 1975, 1976; Yawo, 1987). Finally, 

experimentally increasing or decreasing the size of a terminal field results in an increase or 

decrease in sympathetic neuron dendritic branching and preganglionic innervation, 

respectively (Voyvodic, 1989). These observations suggest a mechanism whereby 



perturbations in the normal connectivity leads to changes in synaptic innervation to 

maintain the balance of connections and ultimately the functioning of the circuit. 

The sprouting and retraction of axons, and the changes in dendritic morphology in 

response to experimental manipulation demonstrates the plasticity of the mature nervous 

system. A few studies have demonstrated that neural connections continuaIIy change in 

the normal animal. Visualization of individual sympathetic neurons in young adult mice 

over tirne demonstrated that dendrites of these neurons arborize, retract and appear de 

novo (Purves et al., 1 986). Since synapses form on sympathetic neuron dendrites 

(Forehand, 1 985), these postsynaptic changes imply changes in presynaptic contacts. In 

tine with this idea, the pattem of preganglionic terminds on parasympathetic ganglion 

cells dso changes over time in the adult animal (Purves et al., 1987). At the NMJ, overali 

terminal growth occurs at many endplates due to growth of the animal, but the branching 

pattern of presynaptic arbors does not change (Lichtman et al., 1987; Wigston, 1989). 

The differences in temiinai branching rnay reflect fundamental differences between the 

NMJ and neuronal synapses. The Iack of sprouting at the NMJ reflects the stability of 

the endplate terminals in the intact adult animal. However, there is still growth of the 

NMJ terminal. Conversely, the pre- and postsynaptic changes in autonomie gangiia rnay 

reflect a phenornena in which experience-dependent changes are reflected as adjustments 

in the numbers and locations of connections between nerve cells. Thus, the changes in 

normal connections, in concert with changes in neuronal processes, reflect the ongoing 

maintenance of the appropriate numbers of ionervating neurons to that of target cells. 

Moreover, continual readjustments may occur in response to changes in the availability of 

target-derived factors, such as the neurotrophins, as a result of growth or activity of the 

animal or in response to changes in the extemal environment. 



The Neurotrophic Factor Family of Neurotrophins and Their Receptors: Overview 

The neurotrophins, constitute a famiIy of growth factors that mediate the survival, 

differentiation and neural connectivity of specific neuronal populations. These factors 

mediate their known biological effects through two types of receptors, the Trk family of 

tyrosine kinase receptors, and the P75 neurotrophin receptor (P75NTR). This section 

will review: 1) the neurotrophic factor family of neurotrophins, II) the neurotrophin 

receptors: P75 and Trk family receptors, III) the role of the neurotrophins in the survival 

and differentiation of sympathetic neurons, N) the localization of the neurotrophins in 

the hippocarnpus and penpheral nervous system, V ) P75NTR and Trk receptor 

expression and localization in the CNS and PNS, VI) the role of neurotrophins in the 

regdation of aspects of neuronal growth, innervation and differentiation and, WI) signal 

transduction pathways. 

1. The Neurotrophic Factor Family of Neurotrophins 

A. Discovery 

The discovery of the first neurotrophin, nerve growth factor (NGF), began with 

research in the role of target tissues in the development and survival of the neuronal 

populations. In particular, it was observed that rnouse tumor tissue implanted into chick 

embryos resulted in the invasion of the tumor tissue by sensory neme bundles (Bueker, 

1948). Further, at the level of the transplanted tumor, there was an eniargement of the 

ipsilateral dorsal root gangiia relative to the contralateral ganglia (Bueker, 1948). This 

observation was confirmed and extended by fita Levi-Montalcini and Viktor Hamburger 

(1 95 1, 1 953) who found that the sensory and sympathetic ganglia located near the 

implanted sarcoma were larger. This result was also observed when the turnor was placed 

on the chorioallantoric membrane rather than transplanted into the embryo. The rationale 

for using mouse turnors was that hyperplastic tissues could serve to enhance the 



peripherai target tissue, and that such tissue would be amendable to chemical analysis. 

Thus, it was postuiated that a soluble factor secreted by the tumor was responsible for 

the stimulation of neuronal growth. Characterization of the soluble factor demonstrated 

that a cmde nuclease preparation derived fiom snake venom also resuited in sympathetic 

or sensory nerve outgrowth (Cohen and Levi-Montalcini, 1956). Due to the abundance of 

the factor in the homologous mamm&an salivary gland, the submaxiilary gland of male 

mice, the factor was isolated, found to be a protein and eventually characterized (Cohen, 

1959). Due to its ability to promote nerve growth, the protein was subsequently called 

nerve growth factor (NGF). 

Subsequent to NGF, brain-derived neurotrophic factor (BDNF) was isolated and 

purified kom porcine brain (Barde et al., 1982). This initial purification required several 

million-fold enrichment and produced low yields of the active protein, which stimulated 

sensory nerve outgrowth (Barde et al., 1982; Lindsay et al., 1985). Arnino acid sequence 

homology cloning strategies using regions conserved between NGF and BDNF (Scott et 

al., 1983; Whittemore et al., 1988; Leibrock et al., 1989) led to the isolation and 

characterization of neurotrophin-3 (NT-3), neurotrophin 4/5 (NT-4/5), neurotrophin 6 

(NT-6), and neurotrophin 7 (NT-7) (Hohn et al., 1990; Jones et al., 1990; Maisonpierre 

et al., 1990; Rosenthal et al., 1990; Berkemeier et al., 199 1 ; Hallbook et al., 199 1 ; Ip et d l ,  

1992; Gotz et al., 1994; Nilsson et al., 1998). Together, these proteins constitute the 

neurotrophin family of neurotrophins. 

Sequence andysis cornparisons revealed the marnrnalian counterparts of these proteins 

share approximately 50 - 60% arnino acid similarity with each other (reviewed in Ebendal, 

1992). Analysis of the neurotrophin nucleotide and amino acid sequences have revealed 

highly conserved regions/motifs (reviewed in Ebendal, 1992). These unique 

characteristics shared by al1 neurotrophins are briefiy described and include the following : 

a. The entire coding sequence for the pre-pro-protein is encoded on one exon. Based 

on genomic and cDNA sequence analysis, the initiation methionine is preceded by 

3' untranslated regions which contain splice acceptor consensus motifs. Further, 



cornparisons between genomic and cDNA sequences within the coding region 

reveals CO-alignment of nucleotides- 

The precursors each contain a methionine initiation codon which is followed by a 

pre-sequence stretch of hydrophobie amino acids representing the putative signal 

sequence. This signal sequence motif is followed by a signal sequence cleavage 

site which conforms to the predicted motif for signai cleavage (Von Heijne, 1986). 

The pro-region contains the universal glycosylation motif (Arg-X-basic residue- 

Arg) located k e d i a t e l y  upstream corn a dibasic protease cleavage sequence 

CIeavage at this site is believed to yield the mature secreted form of the 

neurotrophin. 

Al1 cDNA clones contain a polyadenylation signal motif located downstream fiom 

the translation termination codon. 

Six cysteine residues are absolutely consewed between the neurotrophins. The 

formation of three disuifide bonds between the cysteine residues, as determined 

by analysis of the crystal structure for NGF, indicates they are involved in the 

correct folding of the protein. This demonstrates that the neurotrophins share 

similar tertiary structures. Further, hydrophilicity plots reveal sirnilar structure in 

the precursor regions upstream fiom the mature protein which suggests upstream 

regions may have specific roles in folding, processing andior transport of the 

protein. 

B. The Neurotrophic Factor Hypothesis 

Initial observations in the developing nervous system suggested that the frnai nurnber 

of innervating neurons is influenced by the target tissue. This idea was based on early 

ablation experiments which demonstrated that removai of limb-bud targets of spinal 

sensory and motor neurons in chick embryo resulted in the loss of innervating neurons 

(Shorey, 1909, Hamburger, 1934, Hamburger and Levi-Montalcini, 1949). Conversely, 

addition of an extra limb in arnphibian embryos, resulted in an increase in the nurnber of 



sensory neurons in the gangiia located near the implant (Detwiler, 1920). The loss of 

innervating neurons after target removal was due to ce11 death and fiot due to a failure of 

ce11 differentiation, with the degree of loss corresponding to the amount of target tissue 

removed (Hamburger and Levi-Montalcini, 1949). It is now known that a penod of 

naturally-occurring ce11 death is a normal event in the developing nervous system 

(reviewed in Oppenheim, 1991). The ablation studies led to the idea that factors derived 

fiom target tissue provide retrograde signals that promote and maintain newonai survival. 

This idea provided the framework for the neurotrophic hypothesis which postdates that 

during development, neurons innervating a target compete with one another for trophic 

factors present in the target and that this cornpetition eventuaily matches the size of 

innervating populations to target cells (Oppenheirn, 199 1). 

II. The Neurotrophin Receptors: The P75 and Trk Receptors 

Initial studies characterizing the neurotrophin receptors involved the use of 

radiolabeled NGF tracers to determine equilibrium and binding constants (Bane rjee et al., 

1973; Herrup and Shooter, 1973; Frazier et al, 1974). These studies found both high and 

low affïnity binding constants on different responsive cells. One definitive study using 

primary neurons found both a srnall number of high affinity receptors with association 

constants of - 10-Io - 10 '" M and a large number of sites with binding constants 

approximately two orders of magnitude smaller (Kd - 1 O-' - 1 O-' M) (Sutter et al., 1979). 

The difference between these two types of receptors was defined by their dissociation 

rate and resulted in the designation of the 'slow ' and 'fast' receptor types corresponding 

to the high and low affinity type, respectively. It is now known that there are two 

famiiies of neurotrophic factors, the Trk farnily of tyrosine kinase receptors and the P75 

neurotrophin receptor @'75NTR), each which display both low and high affinity binding 

to the neurotrophins which is dependent upon ceIIular context and receptor expression 

(please see Trk and P75NTR Effects). 



A- The P75 Neurotrophin Receptor 

The P75 neurotrophin receptor (P7SNTR), originally cloned fiom fibroblast cells 

transfected with either rat and human genornic DNA, is a protein of - 83 kDa (Johnson 

et al., 1986; Radeke et aI., 1987). Nucleotide and amino acid sequence analysis reveal an 

open reading fiame of 1275 bases which results in a precursor peptide with a rnolecular 

weight of -45 kDa. Cleavage at a signal peptide sequence removes 29 amino acid residues 

at the N-tenninus which results in a mature peptide containing - 396 -399 amino acid 

residues with a correspondhg weight of 42 D a .  The negatively charged extracelIuIar 

domain is comprised of four cysteine-rich repeating uni& of approximately forty amino 

acids and contains glycosylation sites for N-luiked and O-linked carbohydrates (Johnson 

et al., 1986; Radeke et al., 2987). The difference in size between the core protein and the 

mature receptor resides in these carbohydrate moities wbich results in a glycoprotein of 

-75 kDa. Based on its size after post-translational modifications, this receptor is referred 

to as the P75NTR. Post-translational modifications that occur within the intracellular 

domain include phosphorylation on both threonine and serine, and the addition of the acyl 

moiev, palmitic acid, to a cysteine residue located at position 279 in the juxtamembrane 

dornain (Grob et al., 1985; Taniuchi et al., 1986; Barker et al., 1994). Finally, a soluble 

truncated form of the extracellular domain of the P75NTR occurs through post- 

translational processing (DiStefano and Johnson, 1988; Barker et al., 1991). 

Although little sequence similarity exists between the neurotrophins and turnor 

necrosis factor (TNT)-related proteins, structural analysis of P75NTR has placed this 

receptor into a class of ce11 surface molecules that are similar to the TNF receptor. The 

defining feature of this family of receptors lies within the extracellular domain which 

contain two to four repeats of defined structure (Banner et al., 1993). These repeats 

share a sequence motif comprised of forty amino acids with conserved cysteines (Banner 

et al., 1993). The cysteine residues appear to be important in neurotrophin binding, as 

mutagenesis or deletion of these sites results in the loss of NGF binding (Welcher et ai-, 

1991; Yan and Chao, 1991; Baldwin et al., 1992). 



Binding studies dernonstrate that the neurotrophins share similar equilibriurn binding 

constants (Chao et al, 1986; Radeke et al., 1987; Rodriguez-Tebar et al., 1990, 1992), 

although each neurotrophin binds with slightly different binding characteristics. While 

steady-state binding experiments reveal that P75NTR binds BDNF and NGF similarly, at 

low concentrations, BDNF binds with positive cooperativity and has a slower rate of 

dissociation compared to NGF (Rodriguez-Tebar et al., 1990). This difference is also 

observed in binding kinetic studies using sensory neurons (Rodriguez-Tebar and Barde, 

1988). Thus, although the neurotrophins bhd  P75NTR with similar binding constants, 

this receptor also recognizes differences between the ligands as reflected in the diffèrent 

bhding characteristics. 

Earlier binding studies using primary ce11 cultures demonstrated that sensory neurons 

display both high and low a£finity receptors for NGF and BDNF, while sympathetic 

neurons display both high and low affinity receptors for NGF, but only the latter 

receptor for BDNF (Rodriquez-Tebar and Barde, 1988; Rodriguez-Tebar et al., 1990). 

One explanation for the discrepancy in peripheral neuron biological responses to the 

neuotrophins was that the formation of a high-affinity receptor site discriminated 

between the neurotrophins. Since it was believed that the high afEuiity receptor site 

mediated the observed biological responses to the neurotrophins, by analogy to growth 

factor receptors that mediate their actions by binding to and activating ce11 surface 

receptors with an intrinsic protein tyrosine kinase activity, it was predicted that the high 

affinity receptor sites would display such activity (Meakin and Shooter, 1991). The 

presence of a receptor distinct from the P75NTR that was similar to other tyrosine kinase 

receptors was suggested by the following observations. First, cross-linking of radio- 

labeled NGF to receptor proteins on sympathetic neurons and PC12 cells resulted in two 

different sizes of receptor complexes, 158 D a  and 100 kDa (Massague et al, 198 1 ; 

Hosang and Shooter, 1985). When the mass of NGF molecules was subtracted, the 

receptors had a size of -140 kDa and 80 kDa, respectively (Hosang and Shooter, 1985). 

Second, the 158 kDa species was not recognized by antibodies to P75NTR (Hosang and 



Shooter, 1 985). Third, the NGF high afEnity receptor complex contained 

phosphotyrosine residues (Meakin and Shooter, 1 99 1) while the cytoplasmic domain of 

the P75NTR did not predict an endogenous tyrosine kinase activity (Johnson et al., 1986; 

Radeke et al., 1987). Together these data supported the view that there existed another 

receptor for NGF. 

B. The Trk Family of Neurotrophin Receptors 

First discovered in colon cancer cells, the trk oncogene is a protein containing a 

tropomyosin domain linked to a receptor-like tyrosine kinase (Martin-Zanca et aI., 1986). 

The corresponding proto-oncogene product, p140trk (TrkA) and its related family 

members, p l45trkb (TrkB) and p l45trkc (TrkC), constitute the Trk family of 

neurotrophin receptors (Klein et al., 1989, 199 1 a,b, 1992; Larnbelle et al., 199 1 ; Squinto 

et al., 1991). Two of these receptors, TrkB and TrkC, dso exist as tnincated isoforms 

that lack the tyrosine kinase domain (Klein et al., 1990; Tsoulfas et al., 1993; ValenzueIa 

et al., 1993). The Trk receptors are structurally similar to the epidermal growth factor 

(EGF) and platelet-derived growth factor (PDGF) receptors (Ullrich and Schlessinger, 

1990). These proteins have an extracellular portion containing leucihe- and cysteine-rich 

repeats and immunoglobulin-related domains, and a cytoplasmic region containing a 

consensus tyrosine-kinase domain (Martin-Zanca et al., 1990; Ullrich and Schlessinger, 

1 990)- Tyrosine-containing receptors undergo ligand-dependent dimerization which 

results in auto- and tram-phosphorylation of their intracellular kinase domains (Ullrich 

and Schlessinger, 1990). Upon receptor binding and autophosphorylation, there is an 

induction of signal transduction cascades that are believed to mediate ligand-dependent 

biological effects. 

Evidence that NGF was a ligand for T r U  was first demonstrated by NGF induction 

of tyrosine phosphorylation and tyrosine kinase activity in PC12 cells (Kaplan et al., 

199 1). Subsequent studies demonstrated that the different neurotrophins selectively bind 

to and activate the different trk receptors. In particular, TrkA binds NGF, NT-3 and NT- 



4, but not BDNF (Cordon-Cardo et al., 199 1 ; Hempstead et al., 199 1 ; Kaplan et al., 199 1 ; 

Klein et al., 1991), TrkB binds BDNF, NT-3 and NT4/5, but not NGF (Squinto et 

al.,l99 1; Soppet et al., 1991; Klein et al., 1991, 1992; Ip et al., 1992, 1993), and TrkC 

preferentially binds NT-3 (Larnbelle et al., 199 1; Ip et al., 1993). The neurotrophins bind 

to their respective Trk receptors with low af%~ty, similar to that o b s e ~ e d  with the 

P75NTR. 

The P75NTR and Trk signal transduction pathways that mediate neuronal survival 

and growth will be reviewed in later section. 

III. The Role of The Neurotrophins in Sympathetic Neuron Survival and Differentiation 

A. Sympathetic Neuron Survival: The Role of NGF 

The neurotrophic hypothesis postdates that innervating neurons compete for limiting 

amounts of target-derived growth factors. Those neurons that successfully compete and 

acquire trophic support live and innervate their target Those neurons that do not 

successfully compete for trophic factor undergo ce11 death. Support that NGF fulfills the 

role of a neurotrophic factor for sympathetic neurons is derived from in vivo and in vitro 

experiments. First, depletion of endogenous NGF in developing rats and rnice injected 

with NGF antisenim resulted in a significant loss of most sympathetic neurons (Cohen, 

1960, Levi-Montalcini and Booker, 1960). Second, administration of exogenous NGF 

resulted in an increase in the number of sympathetic neurons and sensory neurons over 

that nomally observed during development. The increase in ce11 number is due to the 

survival of neurons that would have normally died and is not due to an effect on their 

proliferative capacity (Hendry and Campbell, 1976; Levi-Montalcini et al., 1975; 

Hamburger et al., 198 1 ; Caldero et al., 1998). Third, target regions that receive 

sympathetic innervation express endogenous NGF. NGF mRNA is expressed in 

sympathetic effector organs with the highest levels of expression detected in the iris, 

heart, skin, muscle and submandibular gland (Shelton and Reichardt, 1984; Maisonpierre 



et al., 1990). Enzyme-linked irnrnunoassays (EIA) reveal that very low levels of NGF 

protein (0.5 and 1 ng/g wet weight) is expressed in these target organs. Fourth, the 

availability of target-derived NGF to innervating sympathetic neurons regulates their 

survival. Consistent with this, neonatal peripheral axotomy results in a signScant loss of 

sympathetic neurons that is countered by NGF treatment (Hendry and Campbell, 1976; 

Levi-Montalcini et  al., 1975). Finally, the survivai effects of NGF on sympathetic 

neurons is believed to be mediated via a retrograde mechanism which involves receptor- 

mediated retrograde transport of endogenous NGF (Schwab, 1977; Johnson et al., 1987). 

In line with this, preventing axonal transport either via the destruction of sympathetic 

terminais or biockade of f a t  axonal transport results in increased levels of NGF protein, 

but not mRNA, in the targets and decreased levels in the sympathetic ganglia (Korsching 

and Thoenen, 198 5). 

While these results are compelling evidence for the role of NGF in the survival of 

peripheral neurons during development, they do not definitively prove dependence on 

endogenous NGF. The generation of transgenic mice which either lack or overexpress 

NGF have provided insights into the role of endogenous NGF in the survival of 

sympathetic neurons. Transgenic animals that overexpress NGF in penpheral targets 

have confirmed earlier studies of developmental peripheral neuron rescue by exogenous 

NGF treatment. Overexpression of NGF in the skin beginning at El4 results in an 

approximately 1.5- to 2-fold increase in the number of neurons within the SCG (Albers et 

al., 1994; Davis et al., 1996). Because overexpression of NGF occurs at a time when 

these neurons are dependent on NGF for their survival, the increase is believed to be due 

to the rescue of cells that would normally die during development. However, within the 

developing SCG, there is normally a 30 - 40% loss of neurons, less than that which 

appears to be rescued in NGF over-expressing animals (Wright et al., 1983). Specifically, 

in adult littermate mice the average sympathetic neuron number was approximately 13 

000. Based on the percentage loss previously reported, the maximal number of neurons in 

adults would be approximately 19 000. However, in NGF transgenic mice the average 



nurnber was 32 000. Since NGF does not affect the mitosis of sympathetic neuron 

precursors (Hendry 1977), the unexpected increase in neuronal survivd may be due to 

NGF affècts on the sunrivai of both differentiated neurons and a stem ce11 population. In 

Iine with this idea, NT-3 has been shown to increase survival of sympathetic neurons by 

enhancing sympathetic precursor survival (Birren et al., 1993; DiCicco-Bloom et al., 

1993). 

Recent analyses of mice either carrying a homozygous nul1 mutation in the NGF gene 

(NGF " rnice) or the NGF receptor, T r U  ( ~ r k ~ - / -  mice),have confmed the earlier an& 

NGF treatment results. Both NGF "-and ~ r k ~ - ' -  animais exhibit a loss of sympathetic 

neurons (Crowley et ai., 1994; Fagan et al., 1996). However, the developmental 

tirnepoint of sympathetic neuron loss differs between the two mutant animals. While 

there is an increase in the death of postmitotic sympathetic neurons during the time of 

naturally-occuring ce11 death in the NGF " animals (Crowley et al., 1994) there is a an 

increase in ce11 loss during embryogenesis in the ~ r k ~ ' -  animals (Fagan et al., 1996). 

Further, one surprising observation is that ~ rkK ' '  sympathetic neurons undergo ce11 

death before they innervate their targets (Fagan et al., 1996). Since target-derived NGF 

supports survival of sympathetic neurons through TrkA, the fmding that syrnpathetic 

neurons die before reaching their targets suggests that TrkA is activated before target 

innervation. NT-3 may be one candidate neurotrophin that mediates sympathetic neuron 

survival before target innervation since NT-3 can bind and activate TrkA in sympathetic 

neurons. Further, NT-3 in vivo is expressed by glial cells thus providing a source for 

neurotrophic support. The role of NT-3 in sympathetic neuron survival is reviewed in 

the next section. 

B. Sympathetic Neuron Survival: The Role of NT-3 

In vitro work first identihed a role for NT-3 in sympathetic neuron survival. Late 

embryonic and postnatal sympathetic neurons grown in dissociated cultures are 

dependent on NGF for survival, whereas increased survival of embryonic sympathetic 



neurons occurs in the presence of NT-3 (J3irren et al., 1993; DiCicco-Bloom et al., 1993). 

The mechanism by which this change in neurotrophin-responsiveness occurs was believed 

to be due to a switch in Trk receptor expression @inen et al., 1993; DiCicco-Bloom et 

al., 1993; Verdi and Anderson, 1994). This receptor switch overlaps in tirne in which 

TrkC, but not TrkA, is expressed in sympathetic ganglia at E14.5. SubsequentIy, at 

El 7.5, TrkA is expressed, but TrkC expression declines. Fuially, by E 19.5, only TrkA is 

expressed. 

Analysis of NT-3 mutant anirnals demonstrated a - 50% loss of neurons in the SCG. 

T k r e  are conflicting reports addressing whether this loss is due to a loss of neuroblasts or 

postrnitotic neurons. One report suggests the death of proliferating precursors leads to a 

failure to generate normal numbers of neurons during neurogenesis (EIShamy et al., 1996). 

In particular, there is a significant decrease in the number of proliferating sympathetic 

neurobIasts between E l  1 and E l  7 in NT-3 mutant mice, a decrease that coincides with an 

increase in apoptotic ce11 number and a decrease in the remaining postrnitotic sympathetic 

neuron population (Elshamy et al., 1996). This data is consistent with in viîro reports in 

which the increase in neuronal survival in early embryonic sympathetic cultures is due to 

NT-3 survival effects on both mitotic and non-mitotic precursors (Birren et al., 1993; 

DiCicco-BLoom et al., 1993). In contrast, another study reports NT-3 is not required to 

maintain dividing precursors because the appropriate number of neurons is generated in 

its absence (Wyatt et al., 1997). Further, NT-3 mutants lose their sympathetic neurons 

at the sarne time as NGF mutant animals (Francis and Landis, 1999), strongly suggesting 

that NT-3 is required for the survival of postrnitotic sympathetic neurons and is not 

essential for sympathetic neuroblasts. 

While observations in virro originaily suggested that NT-3 acts through the TrkC 

receptor in sympathetic neurons, TrkC-deficient animals do not display neuronal deficits 

in the SCG (Fagan et al., 1996). One possibility for the discrepancies in sympathetic 

neuron survival in NT-3 and TrkC mutants may be that NT-3 signals through the TrkA 

receptor during embryogenesis. In line with this idea, NT-3 can bind and activate TrkA in 



ce11 lines and sympathetic neurons, and NT-3 c m  promote sympathetic survival and 

neuritogenesis through the TrkA receptor (Belliveau et ai., 1997; Clary and Reichardt 

1994; Cordon-Cardo et al., 199 1 ; Davies et al., 1995). Further, TrkA and NT-3 mutant 

animais both exhibit a reduction in cell survivai beginning at E 1 5 -5 (Francis and Landis, 

199 1). 

The question arises as to what regulates the sunival of sympathetic neurons early in 

development before sympathetic neurons reach their targets. Two candidates include 

glial-derived growth factor (GDNF) and hepatocyte growth factor (HGF) which act 

through the receptors c-ret and c-met, respectively (Buj-Bello et al., 1995; Tmpp et al., 

1996; Maina et al., 1998). The role of these factors in regulating the survival of 

proliferating sympathetic neuroblasts has been reviewed by Francis and Landis (1999) 

and will not be covered in this thesis. 

Recent evidence indicates that the ultimate survival of sympathetic neurons at the time 

of naturally-occurring ce11 death is not only regulated by positive, TrkA-derived signals, 

but is also a function of negative apoptotic signals derived fkom the P75NTR. In 

particular, P75NTR signalling is thought to provide a rnechanism for ensuring neuronal 

apoptosis when a neuron is unsuccessful in obtaining adequate amounts of the 

appropriate neurotrophin or exposed to an inappropriate neurotrophin (reviewed in 

Majdan and Miller, 1999). Initial evidence that P75NTR was involved in the death of 

NGF-dependent sympathetic neurons was demonstrated by the expression of the 

intracellular domain of P75NTR in transgenic animais which exhibited apoptosis of 

specific peripheral ce11 populations, including sympathetic neurons (Majdan et ai., 1997). 

Subsequent experiments dernonstrated that when sympathetic neurons were maintained in 

potassium chloride (KCL) or limiting concentrations of NGF, BDNF-mediated activation 

of endogenous P75NTR resulted in neuronal apoptosis (Barnji et al., 1998). Analysis of 

BDNF and P75NTR mutants revealed that sympathetic neuron nurnber was increased in 

the absence of BDNF, and in P75NTR mutants, there was a delay in sympathetic neuron 

apoptosis during the penod of naturally-occurring ce11 death. Based on these 



observations a model has been proposed whereby functional antagonism between TrkA 

and P75NTR signdling provides one mechanism that determines sympathetic survivai 

and death during neuronal development (Bamji et al., 1998). This model proposes that if 

a sympathetic neuron reaches an appropriate target and obtains NGF, then TrkA is 

activated and any coincident activation of P75NTR is not able to override the TrkA 

survival signal. However, if a neuron arrives late or innervates the wrong target, TrkA is 

weakiy induced due to lack of target-derived NGF, whereas P75NTR may be activated by 

another neurotrophin, such as BDNF or NT-4. Thus, the final outcome wouid be rapid 

elimination of the neuron by a non-TrkA/P75NTR ligand. 

Together, these findings suggest that the survival of sympathetic neurons early in 

development may be supported by locaily produced factors such as GDNF and HGF. 

Once these neurons have reached their targets, NT-3 and NGF derived £kom these targets 

act to maintain sympathetic neurons via TrkA. Finally, competition for target-derived 

neurotrophins through a balance of TrkPL and P75NTR signalling determines the £inal 

number of sympathetic neurons. 

C. Neurotrophins and Sympathetic Neuron Biochemical Differentiation 

The biochemicai differentiation of sympathetic neurons appears to be regulated by 

both NGF and preganglionic innervation. First, NGF administration to developing 

animals resulted in an increase in the size of sympathetic neurons and the levels of 

noradrenaline by induction of the biosynthetic enzymes, tyrosine hydroxy lase (TH) and 

dopamine-B-hydroxylase (DBH) (Levi-Montalcini and B oo ker, 1 960; Thoenen et al., 

1971 ; Miller et al., 199 1). Second, cultured sympathetic neurons treated with high 

concentrations of NGF resdted in increased levels of TH, an observation that was 

independent of survival (Ma et al., 1992). Conversely, unilateral removal of the salivary 

gland and iris, two sympathetic organs that synthesize NGF, prevented the 

developmental increase in TH activity in the ipsilateral SCG (Dibner et al., 1977). Third, 

NGF appears to affect cholinergic as well adrenergic synthetic enzymes in developing 



sympathetic neurons, since high doses of NGF resulted in a significant increase in 

endogenous choline acetyltransferase (ChAT) (Hill and Hendry, 1 977; Schafer et al., 

1983). The increased ChAT expression rnay reflect an increase in preganglionic terminal 

innervation, or an increase in ChAT expression per terminal. However, NGF likely 

affects preganglionic innervation indirectly since preganglionic neurons neither respond to 

NGF nor do they express the receptor TrkA (Schafer et al., 1983; Michael et aI., 1997a). 

Fourth, afferent innervation also appears to affect transrnitter expression since 

concomitant to sympathetic neurons receiving fimctional preganglionic innervation, there 

was a rapid increase in TH and DBH activity which was prevented by preganglionic 

resection or blockade of activity (Black, 1973). Whether preganglionic neurons 

anterogradely transport another growth factor that is released in response to activity to 

their sympathetic targets is unknown. In line with this idea, however, is the recent 

finding that neurotrophins can be anterogradely transported in the CNS, released fkom 

presynaptic sites, and ultimately a e c t  target neuron differentiation (Fawcett et al., 1998; 

Aloyz 1999). Thus, the biochemical maturation of sympathetic neurons may be regdated 

by retrograde and anterograde tram-synaptic influences, namely, target-derived NGF and 

presynaptic input activity or anterograde-derived growth factors. 

D. Sympathetic Neuron Growth, Sprouting and Terminal Innervation 

The initial observation that sympathetic explants exposed to NGF resulted in 

excessive outgrowth of neurite processes indicated a role for NGF in neurite outgrowth 

(Levi-Montalcini and Hamburger, 195 1, 1953). Later studies in the peripheral nervous 

system demonstrated that transplantation of a donor iris, an organ that normally 

expresses the protein for M F ,  into the anterior chamber of the eye of a host animal 

resulted in a normal density of sympathetic fibers to the transplanted target (OIson and 

Malmfors, 1970). Further, an increase or reduction in the leveIs of NGF in young 

animals via treatrnent with NGF or NGF antibodies, resulted in respectively, an increase 

or decrease in both the levels of noradrenaline as well as the density of noradrenergic 



fibers in various peripheral targets (Bjerre et al., 1975qb). Moreover, injections of NGF 

or anti-NGF to aduit animals resulted in an increase or decrease, respectively, in the 

length of sympathetic dendrites (Ruit et al., 1990). Finally, increased systemic or target- 

derived NGF in neonatal or mature animals resulted in an increase in the mRNA levels of 

Ta1 a-tubulin, a gene whose expression is associated with sprouting in the SCG 

(Mathew and Miller, 1990; Miller et al., 1994). These observations indicate that neurons 

are normally exposed to limiting amounts of target-derived trophic factors and that an 

increase in the availability of these trophic factors stimulates neurite outgrowth. Limiting 

trophic factor availability may thus serve as a mechanisrn by which a target is able to 

regulate the arnount of innervation it receives. Consistent with this idea, the levels of 

NGF expressed in peripheral targets correlates with the density of  afferent innervation 

(Korshing and Thoenen, 1983). 

In vitro experiments demonstrated that NGF stimulates growth and regulates nerve 

terminal density independent fiom maintaining neuronal survival. Evidence fiom work 

with compartmented cultures of postnatal sympathetic neurons suggested that NGF 

regulates neurite growth at least partially via local mechanisms at the site of NGF 

exposure. Specifically, neurons plated in the middle chamber and kept alive with NGF 

extend their neurites into the lefi and right side chambers when they contain optimal 

levels of NGF. Once neurites grow into these charnbers, they expand their terminal 

arbors (Campenot, 1977, 1982a,b). Varying the local concentration of NGF affects the 

density of terminals. A reduction or elevation in the concentration of NGF in one side 

chamber resulted in a reduction or augmentation, respectively, in the density of neurites 

compared to that in the other side chamber (Campenot 1982 a,b). These results support 

the earlier in vivo experiments and are consistent with the view that the amount of trophic 

support in the target affects terminal outgrowth thus regulating the Ievel of its afferent 

innervation. 

Analysis of NGF transgenic animals also demonstrates that NGF is sufficient to 

regulate terminal branching of sympathetic neurons. In particular, transgenic animals that 



overexpress NGF in peripheral target tissue exhibit profound sympathetic 

hyperinnervation. First, NGF overexpression in islet cells of the pancreas led to 

sympathetic hyperinnervation of the isIets with no effect on the innervation of 

surrounding tissue (Edwards et al., 1 989). The hyperinnervation was believed to be due 

to an increase in terminal density and not to an increase in neuronal survival. The 

selective increase in sympathetic fibers might be explained by successhl cornpetition of 

sympathetic fibers over sensory af5erents that innervate the islet. Second, overexpression 

NGF in the skin led to an increase in sympathetic innervation to the whisker pad (Albers 

et al., 1994; Davis et al., 1996, 1997). Specifically, there was an increase in large TH- 

positive fibers bundles in the demis. However, these results are complicated by the fact 

that there was a concomitant increase in sympathetic neuron nurnber in these animais. 

Thus, it is unclear in these animals whether an increase in terminal innervation in response 

to increased levefs of endogenous NGF occurs independent of neuronal survival. 

Together, the in vitro and in vivo observations demonstrate that limiting arnounts of 

NGF present in peripheral targets not o d y  mediate sympathetic neuron survivd but also 

locally regdate their terminal arborization. 

Interestingly, it appears that P75NTR may be involved in regulating sympathetic 

innervation independent fiom its effects on neuronal survival. P75NTR mutant animals 

exhibit hyperimervation of the hippocampus fiom basal forebrain cholinergic neurons and 

aberrant sympathetic target innervation, with some targets receiving normal innervation 

and others completely lacking innervation (Lee et al., 1994;Yeo et al., 1997). Further, 

recent evidence demonstrates that P75NTR activation by BDNF inhibits the growth of 

sympathetic neurons both in vivo and in vitro (Kohn et al., 1999). In addition, analysis 

of transgenic mice that overexpress NGF crossed to P75NTR mutant animals, reveal an 

increase in sympathetic sprouting in the brainstem compared to wildtype animals (Walsh 

et al., 1999). Thus, P75NTR also appears to be important for normal target development 

independent fiom its role in neuronal survival. 



A few studies also indicate that NT-3 may also be important in detennining the Ievel 

of sympathetic target innervation. When syrnpathetic neuron survival was maintained 

with NGF, the addition of NT-3 led to a significant increase in neurite density and 

expression of the neuronal growth rnolecule, Ta1 a-tubulin mRNA, results similar to 

those observed when sympathetic neurons were treated with high concentrations of NGF 

aione (Belliveau et al., 1997). However, while high concentrations of NGF (3 0 ng/ml) 

significantly increased neuronal soma size and P75NTR mEWA and protein levels, NT-3 

was less effective at promotïng these effects. This NT-3-mediated growth effect occurs 

via the T r U  receptor; a mutant form of NT-3 that binds TrkC, but not TrkA, was unabie 

to promote neuritogenesis. In a second study, analysis of NT-3 mutants reveded deficits 

in sympathetic target innervation (ElShamy et al., 1998). Specifically, in NT-3 

homozygous anirnals, sympathetic fibers which arise fkom the external and intemal 

carotid nerves, failed to terminally innervate the pineal gland and extemal ear postnatally. 

Accordingly , NT-3 heterozygous mutants display a significant decrease in the density of 

innervation to the pineal gland. In contrat, other sympathetic targets including the 

submandibular gland and the iris display normal syrnpathetic innervation. Moreover, 

retrograde IabeIling of the base of the ear in NT-3 mutants demonstrate that sympathetic 

fibers lie within the vicinity of the external ear, and NT-3 administration induces 

sympathetic terminal growth. These results indicate that NT-3 is present in Iùniting 

concentrations and is required for sympathetic innervation and terminal branching in 

specific targets postnatally. NT-3 is expressed in peripheral sympathetic targets such as 

the skin and iris (Ernfors et al., 1990; Maisonpierre et al., 1990), however, whether NT-3 

is expressed in the pineal and external ear is not known. 

Interestingly, different signal transduction cascades may be also hvolved in 

sympathetic process outgrowth. Sympathetic dendritic outgrowth is affected by 

osteogenic protein- 1 (OP-1), one rnember of the bone morphogenetic protein ( B M P )  

farnily of the transforming growth factor-p (TGF-P) superfamily (Lein et al., 1995). OP- 

I treatment of sympathetic neurons cultured in optimal concentrations of NGF led to 



increased dendritic growth both in perinatal and embryonic neurons (Lein et al., 1995). 

OP- L effects on dendritic nurnber and growth was dependent on NGF concentration, 

suggesting that NGF is a CO-factor and that OP-1-mediated dendntic growth is dependent 

on the trophic state of the cell. The in vivo expression of OP-1 in the PNS is not known. 

However, the receptors for the BMPs have been localized to the developing and adult 

SCG suggesting that OP-1 or other family members may act on sympathetic neurons in 

vivo (Zhang et al., 1998). The existence of OP-1, or a similar "dendritogenic" factor in 

vivo is supported by preganglionic denervation studies. In particular, denervation results 

in a decrease in the rate and length of sympathetic neuron dendritic growth in postnatal 

and adult animals (Voyvodic, 1987). Thus, one may speculate that OP-l or related 

family members may be provided by af5erents similar to the anterograde transport and 

release of the neurotrophins. Altematively, OP-1 may be expressed in the SCG itself and 

be regulated by innervation. Nonetheless, the localization and expression pattern of the 

BMPs in the nervous system will be important in determining how these molecules act in 

concert with the neurotrophins to regulate neuronal rnorphology. 

N. Neurotrophin Expression and Localization 

Analysis of the sites of expression for neurotrophin mRNAs has revealed that the 

neurotrophins differ in their pattern of distribution and relative levels of expression. 

Further, in particular regions, the adult levels and pattern of expression differ fiom the 

Ievels or pattern of expression observed during development, 

A. Neurotrophin mRNA Expression and Localization in the Hippocampus 

While NGF, BDNF, NT-3 and NT-415 are expressed in the developing CNS, the 

levels of rnRNA expression Vary considerably during development. In the embryonic 

CNS, NT-3 is the most abundant neurotrophin, BDNF the least abundant, and NGF and 

NT-4 interrnediate to the former (Maisonpierre et al., 1990; Timmusk et al., 1993). In the 

postnatal CNS, NT-3 continues to be highly expressed, but decreases to adult levels by 



postnatal day (PD) 14 (Maisonpierre et ai., 1990). NGF and BDNF expression increase 

reaching their peak by PD2 1,  and subsequently decrease to adult levels of expression 

(Maisonpierre et al., 1990). NT-4 exhibits a phasic pattern of expression with a drop in 

levels at birth followed by an increase in postnatal expression (Timmusk et al., 1993). 

The quantitative differences in the levels of neurotrophin mRNA during development 

disappears in the adult CNS. 

The mRNAs for NGF, BDNF, NT-3 and NT-4 are al1 expressed in the developing 

hippocampus. In particular, NT-3 is highly expressed in dentate granule cells and cells of 

the medid CA1 region (Friedman et al., 1991a). BDNF is highly expressed in ceils 

located in the dentate granule cell layer and pyramidal cell layer of the CA3 region 

(Friedman et al., 1991b). A few cells in the hilar and CA1 region also express BDNF 

mRNA (Friedman et al., 199 1 b). The expression of NGF and NT-4 in the developing 

hippocampus are based on Northem blot and RNAse protection assays and no cellular 

localization studies have as yet been reported (Large et al., 1986; Whittemore et al., 1 986; 

Auburger et al., 1987; Timmusk et al., 1993). 

Within the mature hippocampus, there are sirnilarities and differences in neurotrophin 

expression. Similar to its postmtal expression, BDNF is localized to cells of the hilus, 

and pyramidal cels in the CA3 region (Enifors et al., 1990; Hofer et al., 1990; Wetmore et 

al., 1990). NT-3, on the other hand, displays a specific pattern of expression (Ernfors et 

al., 1990); within the rostral hippocampus, NT-3 is expressed in cells of the dorsal 

pyramidal layer, while within the caudal hippocampus, expression extends to cells in the 

media1 CAL, and dentate granule ce11 layer. Further back in the extreme caudal region, 

NT-3 expression is restricted to the dentate gyrus. At al1 hippocarnpal levels, NT-3 is 

not detected in cells of the CA3 or hilar regions. NT-3 is also expressed in cortical cells of 

the entorhinal cortex, a major source of af5erent innervation to the hippocampus. 

NGF is expressed by dentate granule and hilar cells, and cells within the pyramidal 

and straturn oriens ce11 layers (Ayer-Lelievre et al., 1988; Whittemore et al., 1988). The 

labeling in these ce11 populations is scattered and is low in comparison to NT-3 and 



BDNF. Thus, it appears that the neurotrophins are expressed in overlapping as well as 

distinct populations of hippocarnpd neurons perhaps reflecthg the differing 

neurotrophin requirements of specific afferent ce11 populations. 

B. Neurotrophin rnRNA Expression and Localization in the PNS 

The pattern of neurotrophin expression appears to be reversed in the PNS compared 

to the CNS. BDNF, which is broadly expressed in the CNS, has lirnited expression in rhe 

PNS. In contrast, NGF and NT-3, which are limited in expression in the CNS, are 

broady expressed in the PNS. N T 4  is intermediate to the others, being broadly 

expressed in both the PNS and CNS. 

Consistent with the role of providing retrograde neurotrophic support for innervating 

peripheral neurons, the neurotrophins are expressed in various peripheral organs which 

include, but are not lirnited to, the skui, muscle, and iris (Schecterson and Bothwell, 

1992). One particular target, the iris, is innervated by sympathetic (SCG), 

parasympathetic (ciliary ganglia) and sensory (ophthalmic branch of trigeminal) afferents. 

While NGF and NT-3 are both expressed in the developing iris, each neurotrophin is 

Iocalized to a different region. The dilator region of the iris, which receives a majority of 

its sympathetic innervation fiom the SCG, contains a high concentration of NGF which is 

localized to the cuboidal epithelial ce11 iayer of the dilator (Bandtlow et ai., 1987). In 

contrast, NT-3 expression is located media1 to that of ceIls that express NGF. Since 

sensory and sympathetic afferents both innervate the iris, the non-overlapping pattern of 

expression of these two neurotrophins suggest that each neurotrophin supplies retrograde 

support to the different imervating ce11 populations. 

Neurotrophin expression in penpheral organs, such as the iris, which are imervated by 

peripheral newon populations is consistent with the conventional neurotrophic roIe for 

the neurotrophins in which they act as retrograde survival factors for sympathetic and 

sensory neurons. However, neurotrophins are also expressed within sensory and 



sympathetic neuron populations, including the dorsal root ganglia (DRG), nodose ganglia, 

trigeminal ganglia, and SCG (Schecterson and BothweU, 1992). 

Various sensory neurons originate fiom different embryonic sources. Sensory 

neurons of the spinal ganglia, the DRGs, derive £kom the neurai crest. The trigerninal 

ganglia contain neurons that are both neural crest- and placode-derived, while neurons of 

the geniculate and nodose ganglia are placode-derived. In the ernbryonic mouse, BDNF 

&A is expressed in neurons of the trigeminal and geniculate ganglia. Neither NGF nor 

NT-3 are detected in these ganglia during embryogenesis. In the ernbryonic rat, no 

expression of the neurotrophins is observed in trigeminal neurons, while NT-3 is the only 

neurotrophin expressed in the geniculate ganglion (Ernfors et al., 1992). The discrepancy 

between these studies may be due to the lirnits of detection of the in situ technique in this 

study (Ernfors et al., 1992). Further, BDNF is expressed in ganglia of the IX and X 

cranial nerves, within the nodose ganglion, and within the superior and jugular ganglion 

(Ernfors et al., 1992). Within the DRG, BDNF and NT-3 mRNA are expressed at low 

levels in neurons with 40 - 50% of the neuronal population expressing BDNF, and 10 - 

15% expressing NT-3 (Ernfors et al., 1992; Schecterson and Bothwell, 1992; Eikabes et 

al., 1994). One day after birth, NT-3 expression is no longer detectable, while BDNF 

continues to be expressed (Schecterson and Bothwell, 1992). NGF is not expressed in 

cranial or DRG sensory neurons during development. 

In the adult, BDNF is the only neurotrophin expressed in sensory neurons of the 

spinal, trigeminal and nodose ganglia (Ernfors et al., 1990; Wetrnore and Olson, 1995). 

Within the DRG, expression is lirnited to small- to medium-sized neurons with very few 

large diameter neurons expressing BDNF mRNA. Those neurons expressing BDNF 

comprise 16% of the total DRG ce11 population. Within the trigerninal, expression is 

detected in 18% of the ce11 population mainly comprised of small- to medium-sized 

neurons. Finaily, within the nodose ganglion, 25% of the neurons express BDNF with 

expression unifonn among al1 cells types. (Wetmore and Olson, 1995). 



In developing sympathetic ganglia, BDNF and NT-3 mRNA are expressed in a 

subpopulation of neurons. In the embryonic mouse, 40 - 45% of the neurons in several 

sympathetic ganglia express BDNF mRNA, while 1 O - 15% express NT-3 rnRNA 

(Shecterson and Bothwell, 1992). Expression of both of these neurotrophins continues to 

be detected at P 1. NT-3 likely localizes to glial cells since NT-3 has been demonstrated 

to be expressed by a population of nonneuronal cells derïved fiom the SCG and not in 

sympathetic neurons themselves (Verdi et al., 1996). On the other hand, BDNF can be 

detected by northern blot assays in the adult SCG and in cuitured sympathetic neurons 

(Schecterson and Bothwell, 1992; Causing et al., 1997). 

Expression of the neurotrophins in peripheral regions at the time of naturally-occurring 

ce11 death for innervating peripheral neurons is consistent with the role of neurotrophins 

as target-derived survival factors. However, neurotrophin expression within peripheral 

neurons themselves suggests these neurons may provide trophic support to themselves 

via autocrine mechanisms, their neighboring cells via paracrine mechanisms, or to their 

neuronal afferents via transneuronal retrograde mechanisms (reviewed in Korsching, 

1993). In line with this idea, adult sensory neurons which do not require exogenous 

neurotrophins for their survival in culture and contain subpopulations of neurons that 

express BDNF and TrkB. When cultured sensory neurons were treated with antisense 

oligonucleotides for BDNF, there was a significant decrease in sunival, an effect 

prevented by CO-administration with exogenous BDNF (Acheson et al., 1995). Further, 

when cultured sensory neurons were maintained as single cells and treated with BDNF 

oligonucleotides, there was also a significant ce11 loss (Acheson et al., 1995). Thus, 

BDNF may act via autocrine andlor paracrine mechanisms to mediate the survival of a 

subpopulation of  adult sensory neurons. These alternative modes of neurotrophin action 

thus extend the concept of the target-neuron retrograde neuro trophic factor hypothesis 

and may underlie the observation that adult sensory neuron survival is immune to the 

effects of axotomy (Acheson et al., 1995). 



C .  Neurotrophin Protein Expression and Localization 

While the sites of neurotrophin mRNA have been well-documented, studies reporting 

the localization of the correspondhg proteins have been Iess prevalent. The close 

structural homology of the neurotrophins has made the production of specific antibodies 

to these factors diffkult. In fact, a few studies have demonstrated that antibodies 

generated against NGF recognize other neurotrophins on Western blot and enzyme 

immun0 assays (Murphy et al., 1993). Thus, to ensure the specificity of antibodies, 

specific control conditions are per£onned which include: i) Western blot and 

immunoprecipitation analysis using purifïed or recombinant neurotrophin proteins, ii) 

immunohistochemical analysis of PNS/CNS regions where exogenous neurotrophins have 

been administered in vivo, iii) immunohistochemical analysis of tissue derived fiom 

animals which lack the neurotrophin gene of interest, iv) neurotrophin preabsorbtion of 

the antibody before use, and v) replacement of the antibody with a non-specific IgG. 

Using one or a combination of these criteria, a few studies have reported the protein 

localization of neurotrophin which, in conjunction with mRNA studies, have given 

insights into their functions during development and in addthood. 

i. NGF Protein 

As previously described, the first protein assay developed to rneasure levels of NGF 

was an enzyme immuno assay (HA) using murine NGF antibodies (Korsching and 

Thoenen, 1 983; Heumann et al., 1984). Using this assay, it was found that NGF is 

expressed in both the peripheral and centrai nervous system. In particular, NGF protein 

is expressed in peripheral organs (eg. iris and skin) and their innewating ganglia (eg. SCG 

and DRG), as well as within certain regions of the brain (eg. hippocarnpus and basal 

forebrain cholinergic populations) (Korsching and Thoenen, 1983, 1988; Heumann et al., 

1984; Korsching et al., 1985; Davies et al., 1987). Expression of NGF protein in these 

particular peripheral and central regions is consistent with NGF mRNA expression. 

However, the SCG does not express the mRNA for NGF, but does express NGF protein, 



a finding explained by the retrograde transport of NGF fiom perïpheral targets (Heurnann 

et al,, 1984). One caveat to these earlier NGF EIA studies is that the antibodies used to 

recognize NGF were generated before the discovery of BDNF, NT-3 and NT-4/5. Thus, 

for those regions where a discrepancy in NGF mRNA and protein expression exists such 

as reported for the SCG, the NGF antibody may have cross-reacted to the as yet 

undiscovered neurotrophins. In fact, the mRNA and protein for BDNF are expressed in 

the SCG (Schecterson and Bothwell, 1992; Causing et al., 1997). However, a recent EIA 

study in the CNS using a specific monoclonal NGF antibody con£ïrms NGF expression in 

the CNS (Sonderstrom et al., 1990; Soderstrom and Ebendal, 1995). 

Irnmunolocalization studies Mthin the CNS have revealed NGF-like immunoreactivity 

within fiber tracts and neuronal populations (Ayer-LeLievre et al., 1983; Whittemore et 

aI., 1986; Conner et al., 1992; Conner and Varon, 1997). While the antibodies used were 

not tested for cross-reactivity with the other neurotrophùis, the distribution of cells 

immunoreactive for NGF was consistent with the NGF mRNA profile and dissimila to 

the BDNF and NT-3 rnRNA profiles (Conner et al., 1992; Conner and Varon, 1997). 

Specifically, within the developing hippocampus, NGF is transiently expressed in the 

outer portion of the dentate granule ce11 layer, and the pyramidal ce11 layers of the CA1 

and CA3 regions. By adultfiood, NGF-iike imrnunoreactivity is localized to the mossy 

fiber region which contain dentate granule cell axons. Within the basai forebrain 

cholinergie region, NGF-like immunoreactivity is found in ce11 bodies of hippocampal 

afferents, the nucleus basalis, medial septum, and Diagonal band of Broca; this expression 

is detected soon after birth and continues into adulthood. 

ii. NT-3 Protein 

Using specific NT-3 antibodies that do not cross-react to recombinant NGF or BDNF 

protein in Western blot analyses, NT-3 protein is expressed in both the PNS and CNS 

(Zhou and Rush, 1993; Soderstrom and Ebendd, 1995). In the sympathetic nervous 

system, while NT-3 mRNA is detected in the SCG during developrnent, its protein 



product is not detected in the adult SCG. No studies of NT-3 protein expression in the 

developing SCG have been reported. 

Recent EIA studies using NT-3 monoclonal antibodies demonstrate that NT-3 protein 

generally follows its pattern of mRNA expression (Sonderstrom et al., 1990; Soderstrom 

and Ebendal, 1995). NT-3 protein is highest in the hippocampus, where it increases from 

El7 to P5 (0.5 ng/g wet weight to 3 ng/g) and remains at that level to adulthood. The 

cellular localization of NT4 protein has not been reported. 

iii. BDNF Protein 

The development and characterization of highly specific BDNF polyclonal antibodies 

have confirmed previous ly reported mRNA localization studies (Dugich-Dj ordj evic et al ., 

1995; Conner et al., 1997; Yan et al., 1997). Within the hippocampus, BDNF is detected 

in both cell bodies and fibers/tenninals. Within the CA3 region, BDNF is present in 

pyramidal ceils, while immunoreactive fibers are disûibuted throughout regions CAl- 

CA3. In the dentate molecular layer, BDNF is present in the inner and middle layers, but 

absent in the outer layer. Finally, a field of fiber labeling in the hilus indicates that BDNF 

is present in the rnossy fiber axons of the granule cells. 

While there is overlap of BDNF mRNA and protein expression, there are regions 

within the hippocampus that express BDNF protein, but not its mRNA. It has been 

recently demonstrated that BDNF is localized and anterogradely transported in axons and 

has biological effects on target neurons (Conner et al., 1997; Fawcett et al., 1997, 1998; 

A h  et al., 1 997). The fact that BDNF is more widely expressed in the adult CNS, has 

led to the idea that this particular neurotrophin (and perhaps the other neurotrophins) 

may function as activity-dependent anterograde factors that affect postsynaptic target 

cells. The role of the neurotrophins in activity-mediated events will be reviewed in a later 

section. 

The time course of expression for the neurotrophins as well as their overlapping and 

distinct sites of expression in the developing PNS and CNS likely reflect the trophic 



requirements for the survival and differentiation of different neuronal populations. 

Further, persistence of neurotrophin expression beyond developrnent suggests that they 

may serve to regulate other aspects of neuron function such as maintenance of neural 

connectivi~ and neuronal morphology. 

V. Neurotrophin Receptor Expression and Localization 

While the P75NTR and Trk receptors are expressed by different neuronal populations 

within the CNS and PNS, the following section will concentrate on the two systems that 

are the focus of this thesis: i) the hippocampus and ii) the 

pregang1ionic:sympathetic:target organ circuit. 

A. P75NTR Expression 

In generai, P75NTR expression is higher in the developing CNS than in the adult. 

P75NTR mRNA is first expressed in the hippocampus at late embryonic stages, peaks 

postnataily, and then decreases by adulthood (Buck et al., 1988; Lu et al., 1989; Enifors 

et al., 1989; Maisonpierre et al., 1990; Shecterson and Bothwell, 1992). However, 

despite the detection of P7MTR mRNA in the hippocampus at birth through Northem 

blot analysis, no cells expressing this receptor have been detected by in situ hybridization 

(Friedman et ai., 1 991~).  The protein for P7MTR is localized to nerve terminais within 

the pyramidal ce11 layer of CA3 - CAI, and the granule ce11 layer of the dentate gynis 

(Yan and Johnson, 1989). Whether these nerve terminals denve fiom afferent connections 

or fiom the resident pyramidal or granule ceils is not known. However, basai forebrain 

cholinergie neurons express P75NTR (Koh et al., 1989;Yan and Johnson, 1989) and 

terminate in these hippocampal regions (Amaral and Witter, 1995). Therefore, the 

terminal fiber staining may be partially contributed by this afferent cell population. 

Within the PNS, P75NTR is expressed in neural crest-derived peripheral ganglia 

including the SCG (Shecterson and Bothwell, 1992; Wetrnore and Olson, 1995). P75NTR 

rnRNA is first expressed in the SCG at embryonic stages; this expression continues into 



adulthood (Shecterson and Bothwell, 1992; Wetmore and Olson, 1995). In particular, the 

level of P75NTR mRNA increases 5-to IO-fold from birth to adulthood, correlating with 

the growth of the animal (Buck et al., 1987). The expression levels of P75NTR in 

sympathetic neurons is likely regulated by the level of neurotrophins in target tissue since 

treatrnent of postnatal animals or sympathetic neuron cultures with increasing 

concentrations of NGF results in an increase in P75NTR rnRNA expression (Miller et al., 

1 99 1 ; Ma et al., 1 992). Immunocytochemical studies reveal that the majority of 

sympathetic neurons express P75NTR, with expression localized to both the ce11 body 

and processes (Schecterson and Bothwell, 1992; Wetmore and Olson, 1995; J. Kohn and 

F.D. Miller unpublished observations). 

B. Trk Expression 

Trk receptor mRNA is expressed in the developing and mature CNS. In particular, 

both TrkB and TrkC mRNA are expressed in the embryonic hippocampus (Ernfors et al., 

1992). Conversely, at the same developmental timepoint, TrkA expression is limited to 

afTerents of the hippocampus, the medial septum and diagonal band of Broca (Emfors et 

al., 1992). 

In the adult, T r ld  continues to be expressed in the basal forebrain, while TrkB and 

TrkC expression display distinct patterns of expression in the hippocampus. 

Specifically, TrkB is expressed in the dentate gyrus and throughout the pyramidal layers 

of the CA3 to CA1 regions. TrkC is expressed in the granule ce11 layer of the dentate 

gyrus, throughout the pyramidal ce11 layer, and within the hilus. 

Studies reporting protein expression for the Trk receptors is limited to TrkA and TrkB 

in the adult CNS. TrkA protein correlates with its rnRNA expression in neurons of the 

basal forebrain (Holtzman et al., 1995). Similarly TrkB also correlates with its mRNA 

expression within the hippocampal formation. TrkB is localized on ce11 bodies and apical 

dendrites in the stratum radiatum of CA1-CA3 hippocampal pyramidal neurons. In the 

dentate gyrus, TrkB is localized to granule ce11 bodies and their dendrites. Finally, TrkB 



is expressed in the medial and lateral regions of the entorhinal cortex, a region that 

supplies S e r e n t  innervation to the hippocampus. 

Both developing and mature sympathetic ganglia express Trk receptor &A. In the 

embryonic SCG, TrkC is expressed early at E 13, while TrkA is expressed at El 6- 18. 

(Edors  et al., 1992; Schecterson and Bothwell, 1992). A more detailed analysis of TrkA 

and TrkC expression over embryonic development reveals that these two receptors have 

reciprocal, but overlapping patterns of expression. In particular, TrkC is expressed at 

E14.5, but TrkA is not. Subsequent to E15.5, TrkA is readily detected, but TrkC 

expression declines. By E19.5, TrkA expression is high, but TrkC is not detectable 

(Birren et al., 1993). As described in the neurotrophin section of this thesis, the switch 

in Trk expression correlates with the neurotrophin-responsiveness of cultured 

sympathetic neurons (Birren et al., 1993). 

TrkB expression has been reported in the paravertebral tnink of the sympathetic 

nervous system in embryonic mice (Klein et al., 1990; Schecterson and Bothwell, 1992), 

but is not expressed in neurons of the SCG in embryonic rats (Ernfors et al., 1992). This 

difference in expression rnay possibly reflect a difference in truncated TrkB isoforms 

since the cDNA probe used was specifk to the extracellular domain wbich recognizes the 

full and tnincated forrns of Trkl3. 

In the adult SCG, all sympathetic neurons in vivo express TrkA rnRNA, while a 

subpopulation of cells express TrkC (Wetmore and Olson, 1995; Fagan et al., 1996). 

This subpopulation probably consists of ganglionic nonneuronal cells since sympathetic 

neurons down-regulate their expression of TrkC rnRNA (Birren et al., 1993). TrkB 

mEWA expression is very low and difise,  or not expressed at al1 (Wetrnore and Olson, 

1995; Fagan et al, 1996). The low TrkB expression likely represents expression of the 

non-tyrosine-containing isoform of the receptor in non-neuronal cells (Wetmore and 

Olson, 1995) since cukured sympathetic neurons neither respond to BDNF treatment 

with growth or tyrosine phosphorylation (Belliveau et al., 1997; Bamji et al., 1998). 



It has been recentiy reported that preganglionic neurons do not express the protein for 

TrkA, but do express TrkB (Causing et al., 1997; Michael et al., 1997b; Schober et al., 

1998). Accordingly, it has been demonsîrated that preganglionic neurons do not respond 

to NGF (Schafer et al., 1983; Schwab and Thoenen, 1977), but do respond to the TrkB 

ligands, BDNF and NT-4 (Causing et al., 1997; Schober et ai., 1998). 

VI. Biological Roles of the Neurotrophins in the CNS and PNS 

Because a major portion of this thesis describes the role of BDNF in the regulation of 

neuronal growth and synaptogenesis, the following sections describe the biological roles 

of the neurotrophins in the nervous system with an emphasis on BDNF. 

A. The Role of BDNF in Proliferation and Neuronal Differentiation 

A role for BDNF in neuronal proliferation and differentiation has been reported in a 

nurnber of systems. One study in the embryonic chick showed that BDNF stimulates the 

proliferation andor differentiation of motor neuron progenitors (Jungbluth et al., 1991). 

Using expression of IsIet-1 as a marker for young postmitotic motor neurons, BDNF 

treatment of ventral neural tube explants containhg TrkB-expressing cells resulted in a 

significant increase in the number of Islet-l -expressing celis. The fmding that TrkB 

expression in the ventral region CO-localized with bromodeoxyuridine (BrdU) - 

incorporating cells suggested that BDNF is a mitogen for rnotor neuron progenitor cells. 

Further, since intemeurons located in the dorsal neural tube express BDNF and, since 

these neurons ventrally project to motor neurons, it was postulated these intemeurons 

were the anterograde source of BDNF. Ablating the dorsal region resulted in a significant 

decrease in motor neuron number, while BDNF administration prevented this loss. 

BDNF does not act as a survival factor for motor neuron neuroblasts since there was no 

difference between control and ablated sides in apoptotic profiles. These findings suggest 

that BDNF produced by dorsal interneurons stimulates proliferation and/or 



differentiation of motor neurons after anterograde transport and release proximal to the 

TrkB-expressing motor neuron precursors. 

In vilro analysis of BDNF effects on an epidermal growth factor (EGF)-responsive 

CNS precursor ce11 derived fiom the ernbryonic and adult mouse striatum which have the 

ability to generate neurons and glia, demonstrated that this neurotrophin affects neuron 

nurnber and differentiation, but not proliferation (Ahrned et al., 1995). M e r  a single 

exposure to BDNF, there was a significant increase in the number of neurons and neurite 

outgrowth. The increase in neuron number was not due to proliferation of neural 

precursors since Brdu-Iabelling did not CO-Iocalize with neuron-specific enolase (?ISE)- 

labelled cells, a marker of postmitotic neurons. However, this increase in neuron nurnber 

decreased over time and was not due to BDNF depletion fiom the media suggesting 

BDNF did not enhance neuronal survival. Further, spheres treated with BDNF contained 

neurons that CO-expressed the neurotransmitter, GABA, and the neuropeptide, substance 

P. Thus, BDNF may to act as a differentiation factor by enhancing the 

transmitter/neuropeptide differentiation of comrnitted immature neurons, and by 

increasing neurite outgrowth. 

BDNF may also have a differentiative roIe in the invertebrate retinal pigment 

epitheliurn (RPE) (Liu et al., 1997). BDNF and TrkB are CO-expressed in Xenopzis laevis 

retind neuroepithelium and actively differentiating RPE. Blocking autocrine BDNF with 

a BDNF antibody resulted in a block of W E  differentiation. However, blocking BDNF 

activity also significantly affécted the survival of the RPE making it difficult to separate 

differentiation effects fiom survival effects. Further, expression of a dominant-negative 

form of TrkB in the developing Xenopus caused severe abnormaiities of W E  

development, which included a loss of RPE pigmentation, discontinuity of the EWE layer, 

and in severe cases, almost completed arrest of retinal development. In contrast, TrkB, 

BDNF and BDNF/NT-4 mutant mice exhibit no perturbations in ocular development 

(Klein et al., 1993; Jones et al., 1994; Conover et al., 1995). The discrepancy in these 

phenotypic differences may be due to differences between the paradigms (dominant- 



negative versus gene dismption experiments). The precise role for BDNF in the 

proliferation andor differentiation of developing neurons appears to be yet resolved. 

B. The Role of BDNF in Neuronal Survival 

Earlier in vitro analyses demonstrated that BDNF promoted survival of PNS neuron 

populations distinct from that of the other neurotroophins. For example, unlike NGF, 

BDNF does not support sympathetic neuron survival nor neurite outgrowth (Lindsay et 

al., 1 985). This lack of a positive swival  effect on sympathetic neurons is likely due the 

fact that these neurons do not express TrkB. However, BDNF increases the survival and 

neurite outgrowth of TrkB-expressing nodose ganglion neurons (Lindsay et al., 1985). 

BDNF is also a survival factor for some of the DRG sensory neurons (Lindsay et al., 

1985; Davies et al., 1986). Simiiar to NGF, BDNF rescues 50% of DRG chick sensory 

neurons. When NGF and BDNF are combined, there is an additive effect, resulting in 

95% neuronal survival. Since different subpopulations of DRG neurons express the 

TrkA and TrkB receptors, these results indicate that BDNF and NGF rescue different 

DRG neuronal populations. 

In the developing CNS, specific neuronal populations respond to exogenous BDNF N2 

vivo and in vitro. BDNF is able to increase the survival of sub-populations of forebrain 

neurons in vitro (Alderson et al., 1990; Knusel et al., 1991). BDNF and NT-4 can affect 

the survival and differentiation of dopaminergic neurons of the substantia nigra (Hyman et 

al., 199 1,1994; Knusel et al., 199 1). Further, BDNF affects the survival of cerebe1Ia.r and 

retinal ganglion cells (Johnson et al., 1985; Kubo et al., 1995). While NT-3 and BDNF are 

potent survival factors for motor neurons in vitro, oniy BDNF and NT-4 are able to 

rescue spinal or facial motor neurons, respectiveIy, from naturally-occurring or lesion- 

induced ce11 death in vivo (Oppenheim et al., 1992; Sendtner et al., 1992; Yan et al., 1992; 

Koliatsos et al 1993,1994). Finally, in mixed hippocampal cultures, BDNF and NT-4 

increase neuronal survival, albeit with each neurotrophin preferentially supporting 

survival of different hippocarnpal sub-populations (Ip et al., 1993; Lowenstein and 



Arsenauit, 1996). Together, these data demonstrate that while neurons are capable of 

responding to different neurotrophins by virtue of the fact that they express more than 

one receptor, there also exists a degree of selectivity in how a specific neuronal cell 

population will respond to any one neurotrophic factor. 

The effects of exogenous neurotrophin treatment in vivo and in vitro has provided 

suggestive evidence that BDNF may act as an endogenous stuvival factor. The lack of 

effective blocking antibodies for BDNF, aside fiom that of NGF, have lirnited the 

examination of its physiological roles during development. The generation of mice lacking 

either BDNF, NT-4 or TrkB genes have allowed the analysis of the role of endogenous 

BDNF on the survival and differentiation of BDNF-responsive neuron populations. As 

reviewed in the previous section, exogenous BDNF and N T 4  have sirnilar actions on a 

variety of TrkB-expressing neuronal populations. However, comparison of BDNF, NT- 

4, and TrkB mutant mice reveal that these ligands act on distinct neuronal populations 

during development. BDNF and NT-4 mutants display sensory neuron deficits with no 

significant loss of particular CNS neuronal populations known to respond with increased 

s w i v a l  to exogenous BDNF or N T 4  (Ernfors et al., 1994; Jones et al., 1994; Conover et 

al., 1995; Erickson et al., 1996). Specifically, BDNF " mice have significant losses in 

neurons of the DRG, vestibular, and nodose-petrosal ganglia (NPG). However, there are 

no significant losses in motor, hippocampal, cerebellar or retinai ganglion neurons. 

Further, NT& mice have significant neuronal losses in the NPG, geniculate ganglia, D- 

hair receptors, and a sub-population of autonomic preganglionic neurons, while substantia 

nigra dopaminergic and facial motor neurons are unaffected. Thus, BDNF and N T 4  are 

essential for the survival of specific peripheral sensory neurons, but are apparently not 

essential for the survival of BDNFMT-4-responsive CNS populations. 

Most sensory neurons of the vestibular ganglion as well as a subset of trigeminal 

sensory neurons appear to be exclusively dependent upon BDNF, since there is a 

comparable loss of these neurons in the BDNF and BDNFMT-4 double mutant mice, but 

not in NT-4 mutant mice (Erickson et al., 1996). However, there is an approximately 



90% decrease in the total number of neurons in the NPG in the BDNFNT-4 double 

mutant. This decrease is sirnilar to the sum of the reductions observed in mice lacking 

either BDNF or NT-4 alone and in the TrkB mutant. Specifically, there is an 

approxirnately 45% loss of NPG neurons in the single mutants. This fmding suggests 

that within the NPG, the two factors act mostly on distinct and non-overlapping 

populations. In contrast, BDNF or NT-4 can compensate for the loss of the other Trks 

ligand to support a subset of dopaminergic ganglion cells in the NPG demonstrating their 

redundant actions on neuronal survival (Erikson et al., 1996). Interestingly, a point 

mutation of the Shc binding site in the TrkB receptor, a site known to act as a docking site 

for specific intracellular signalling proteins, reveaied a complete loss of NT-4-dependent 

NPG neurons, but no loss of BDNF-dependent neurons in the sarne ganglia (Minichiello 

et al., 1998). These latter fmdings suggest that Merential activation of TrkB can occur 

and that survival of TrkB-expressing neurons is determined by the specifrc TrkE3 ligand a 

particular subset of neurons is exposed to in vivo. 

Finaily, since motor neurons in culture and d e r  axotomy in vivo survive in response 

to BDNF and NT-4 treatrnent, the lack of effect on motor neuron swival  in the single 

neurotrophin mutants was believed to be due to compensation by the other neurotrophin. 

This is apparently not the case as anirnals deficient in both BDNF and NT-4 as well as 

TrkB mutants have no significant loss of motor neurons (Silos-Santiago et al., 1997). 

These observations indicate that BDNF and NT-4 are not essential for swival  of 

developing motor neurons andlor that their loss is compensated by other growth factors. 

However, recent data indicates that these neurotrophins are essential for swival  of 

injured motor neurons. In particular, earIy postnatal axotomy results in a significant 

decrease in the number of surviving motor neurons in TrkB mutant animals compared to 

wildtype controls (Alcantara et al., 1997). Further, in adult BDNF heterozygous animds, 

there is a decrease in the survival of axotomized facial motor neurons (Fawcett et al., 

1998). 



Recently, it has been reported that N T 4  is required for the survival of a subset of 

spinal preganglionic neurons innervating the adrenal medulla (Schober et al., 19%)- In 

NT-4 mutant animals, there is a 20% decrease in the number of preganglionic neurons 

located between thoracic/lumbar levels 7 - 10. This loss represents the subpopulation of 

preganglionic neurons that innervate the adrenal rnedulla, a peripheral organ that expresses 

NT-4 (Schober et al., 1998). When fibroblast cells expressing NT-4 are grafied into the 

spinal cord, the loss of the preganglionic neuron population is prevented. T 'us ,  N T 4  

appears to act as an in vivo s u ~ v a l  factor for a CNS ce11 population. Interestingly, 

overexpression of BDNF in SCG sympathetic neurons does not increase the number of 

preganglionic axons that specifically innervate the SCG, but instead increases 

preganglionic terminal innervation (Causing et al., 1997; Chapter 3 of this thesis). BDNF 

mutant animals which do not have a loss of sympathetic neurons exhibit a 1.5-fold 

decrease in the number of preganglionic axons that specifically innervate the SCG, but a 

2.5-fold decrease in preganglionic synapses per neuron (Causing et al., 1997). This finding 

suggests that while there is a modest loss of preganglionic neurons in BDNF mutant 

animals, there is a greater decrease in synaptic terminals per neuron which is likely due to 

loss of synaptic terminals or the failure to terminally arborize and form synapses fkom 

existing axons. Whether the subset of preganglionic axons that are lost in the BDNF 

mutant animals specifically innervates a particular sympathetic neuron population is not 

known. 

Finally, despite the Iimited effects of CNS developmental survival in BDNF and NT-4 

mutant mice, postnatal TrkB mutants display a significant increase in apoptotic ce11 death 

in the dentate gyrus, cortex, striaturn, and thalamus (Alcantara et al., 1997). The increase 

in apoptosis was demonstrated by increased numbers of pyknotic nuclei, and TUNEL- 

labeling as well as an upregulation of the proto-oncogene protein product, c-Jun, which is 

known to increase in dying cells (Alacantara et al., 1997). The observation of increased 

ce11 death in postnatal animals may be explained by the fact that in the normal animal, 

peak expression of full-length TrkB and BDNF occurs postnatally. Further, in the 



normal hippocampus, TrkB activity is maximal at P7 in response to either BDNF and 

NT-4 (Alcantara et al., 1997). Since TrkB mutant rnice were analyzed after the period of 

naturally-occurring ce11 death in these CNS ce11 populations, neurotrophin signalling 

through TrkB receptors may play a significant role in maintainhg the swiva l  of CNS 

neurons during postnatal development as opposed to durkg embryogenesis. 

The analysis of rnice deficient in BDNF, NT-4, BDNFNT-4 and TrkB have 

c o n f i e d  previous fmdings that particuiar PNS and some C M  neuronal popuIations 

require these neurotrophins for their survival. However, in these same mutant anirnals, 

other neuronal populations previously s h o w  to be BDNF-responsive, apparently do not 

require this neurotrophin for survival. What is the role for BDNF as well as the other 

neurotrophins aside fkom survival? Recent studies have focused on neurotrophin 

regdation of neuronal growth and morphology, neuropeptide expression, innervation and 

synaptic fimction. Further, studies have investigated how neuronal activity and 

neurotrophin expression act to regulate neuronal growth. 

C .  Neurotrophin Regdation of Axonal and Dendritic Growth and Sprouting 

As previousIy reviewed, in the PNS, NGF regulates terminal innervation independent 

of neuronal survivai. First, exogenous administration of NGF affects both dendritic 

morphology and axond arborization. NGF increases the density of noradrenergic 

terminals of peripheral organs, and the dendritic complexity of sympathetic neurons 

(Bjerre et. al., 1975a; Ruit et al., 1990). Conversely, anti-NGF administration results in 

the disappearance of adrenergic nerve terminals and a retraction of sympathetic dendrites, 

effects most likely due to ceIl body atrophy (Bjerre et al., 1975b; Ruit et al., 1990). 

Second, application of NGF to compartmentalized sympathetic cultures supports 

localized temiinal growth and maintenance, whereas NGF deprivation leads to atrophy of 

axon arbors (Campenot, 1982 a, b). Third, administration of anti-NGF antibodies 

prevents the normal collateral sprouting of uninjured sensory axons into a denervated skin 

region, indicating a role for endogenous NGF in collateral sprouting (Diamond et al., 1987, 



1992). Accordingly, intradermal injections of NGF evokes collateral sprouting in normal 

hl ly innervated skin (Diamond et al., 1992). Fourth, infusion of NGF into the adult brain 

elicits sympathetic sprouting from the axons associated with the intemal carotid artery 

(Isaacson et al., 1992). Finally, while transgenic rnice which either lack expression of 

NGF or over-express NGF in peripheral targets exhibit a reduction or increase in terminal 

innervation, respectively, in target regions, it is difficult to separate these observations 

fkom the effects on neuronal survivd (Edwards et al., 1989; Crowley et al., 1994; Albers 

et al.; 1994). These studies indicate, apart fiom its h c t i o n  as a survival factor, NGF can 

regulate the growth of dendrites and axons in peripheral neurons and suggest the other 

neurotrophins may play a similm role in the nervous system. 

Accordingly, recent studies have demonstrated that the neurotrophins can 

differentially regulate the growth and morphology of axons and dendrites. Treatment of 

cortical slices with BDNF or NT-4 increased the length, branching and number of 

dendritic spines of cortical basal dendrites of layer 4 or layer 5/6 neurons, respectively 

(McAllister et al., 1995). WhiIe NT-4 affected the apical dendrites of layer 4,s and 6 

neurons, BDNF affected only layer 4 and 5 apical dendrites (McAllister et al., 1995). 

Neutralizing endogenous BDNF and NT-4 with a TrkB receptor body (TrkB IgG) 
--a - - .  

resulted in a marked reduction of basal dendritic complexity (McAllister et al., 1997). 

Further, within the cerebellurn, loss of BDNF results in Purkinje ce11 dendrites that are 

stunted and lack the characteristic arborized dendritic tree (Schwartz et al., 1997). These 

observations suggest that endogenous BDNF and NT-4 are required for nomal dendritic 

outgrowth of CNS neurons. 

In addition, the neurotrophins also &ect CNS axonal growth. Application of BDNF 

to the optic tectum in situ drarnatically increases the branching and complexity of retinal 

ganglion (RG) axon terminais, without affecting their larninar distribution (Cohen-Cory 

and Fraser, 1995; Inoue and Sanes, 1 997). Conversely, injection of a BDNF neutralizing 

antibody results in a reduction in the complexity of axon arbors without affecting branch 

withdrawal (Cohen-Cor- and Fraser, 1995). The selective effect of BDNF on terminal 



arborization without affecting branch retraction is similar to that observed in BDNF 

mutants in which ingrowth of axons in the vestibular epithelium were not affected, but 

temiinal innervation was not rnaintahed m o r s  et al., 1995). Together, these studies 

demonstrate that the neurotrophuis have selective effects on the growth of axons and 

dendrites of neuronal populations. The differential neurotrophic effects mediated through 

appropriate receptor mechanisms are probably determined by the axonaVdendritic 

distribution of receptors and the localization and neurotrophins to 

postsynaptic/presynaptic cells. The recent discovery that the neurotrophins can be 

localized to synaptic and dense core vesicles and are localized in axons demonstrate that 

aside fiom retrograde effects of the neurotrophins, they can also be transported 

anterogradely, and transferred to dendrites to have biological effects on their post- 

synaptic targets (von Bartheld, 1996; Conner et ai., 1997; Fawcett et al., 1997, 1998; 

Michael et al., 1997b; Yan et al., 1997; Altar et al., 1998). This provides an alternative 

mode of action through which the neurotrophins can have effects on their postsynaptic 

targets. The different modes of neurotrophin transport suggest that neurotrophin 

localization in the target may retrogradely affect afferent axonal terminal arborization 

while anterograde transport and release of neurotrophins may af5ect postsynaptic 

dendritic growth. Furtherrnore, these neurotrophin-rnediated effects on neuronal 

processes presumably culminate in alterations in synaptic connections and bct ional  

output. Thus, the neurotrophins may mediate the formation andor stabilization of 

synapses. 

D. Neurotrophins and Synapse Formation 

Although the effects of neurotrophins on the survival, differentiation and growth of 

various neuronal populations have been extensively studied, very few studies have 

demonstrated their role in synapse formation. A few studies suggest that neurotrophins 

may regulate synapse formation. Analyses at the developing NMJ demonstrate that 



application of NT-3 or BDNF results in significant changes in properties of spontaneous 

synaptic events. Specifically, long-term treatment of NT-3 or BDNF increased the 

amplitude, frequency and time course of spontaneous synaptic currents, physiological 

parameters indicative of mature synapses (Wang et al., 1995). These effects persisted 

after neurotrophin withdrawal, suggesting that structural changes had occurred in 

response to neurotrophin exposure. In line with this idea, BDNF and NT-3 significantly 

increased the number of synapsin 1 and synaptophysin-positive varicosities per spinal 

rnotor neuron localized dong their neurites (Wang et al., 1995). This effect was believed 

to be due to activation of neurotrophin Trk receptors since inhibiting tyrosine kinase 

activity blocked the increase in varicosities. These data suggest that BDNF and NT-3 

increase the number of terniinals and synaptic contacts at the NMJ which lead to changes 

in the synaptic physiology of the NMJ. 

Similar to that seen at the NMJ, in E l6  hippocampal cultures which possess very few 

functional synapses, NT-3 and BDNF signifcantly enhanced the number of functiond 

sy naptic contacts (Vicario-Abejon, 1 998). BDNF induced formation of both excitatory 

and inhibitory synapses, while NT-3 induced formation of only excitatory synapses. 

Despite excitatory and inhibitory neurons both expressing the Trk receptors for BDNF 

and NT-3, the number of excitatory neurons were not af5ected by either neurotrophin. In 

contrast, NT-3 and BDNF increased dendritic complexity of inhibitory GABAergic 

neurons, while BDNF selectively increased axon number and length of these neurons, 

which may account for the increase in inhibitory synapses formed in the presence of 

BDNF. The physiological effects were not accompanied by changes in the levels of 

synaptic vesicle proteins or postsynaptic glutamate receptors suggesting that an increase 

in release of neurotransmitters by neurotrophins were not mediated by these synaptic 

proteins (Vicario-Abejon et al., 1998). The structural changes in GABAergic axons and 

dendrites may be a contributing factor to the functional changes in which BDNF and NT- 

3 regulate the balance between excitatory and inhibitory synapses during circuit formation 

of the hippocampus. Thus, within the in vivo circuit, BDNF or NT-3 release fiom 



afferents differentially promote axon and dendritic growth of inhibitory neurons. 

Inhibitory neurons in tum form synapses on excitatory glutaminergic neurons, thus 

regulating the levels of its activity. Further, BDNF and NT-3 promote neurotransmitter 

release £rom presynaptic excitatory neurons resulting in increased excitatory transmission, 

However, while induction of hc t iona l  synapses by BDNF or NT-3 is thought to be a 

consequence of structural changes, this result could be solely due to effects on 

physiological rnechanisms such as frequency of transmitter release andor levels of 

transmitter release separate from changes in innervation. The quantitation of synapse 

nurnber would heIp to cIariQ this issue. 

That neurotrophins can affect the number and density of synaptic innervation has 

been previously demonstrated in the PNS (Schafer et al., 1983 ; Causing et al., 1997). In 

particular, NGF administration to neonatal animals resulted in increased preganglionic 

innervation to sympathetic neurons of the SCG (Schafer et al., 1983). This increase was 

not due to a direct effect of NGF on preganglionic neurons, but was believed to be due to 

a sympathetic neuron-denved growth factor that may have been directly or indirectly 

regulated by NGF. Accordingly, it has been dernonstrated that BDNF is one sympathetic 

neuron-derived factor capable of increasing preganglionic innervation; this work is fully 

described in Chapter 3 of this thesis (Causing et al., 1997). 

In the CNS, administration of BDNF in vivo to dopaminergic neurons in the r e h a  

resulted in increased soma size and dendritic arborization, increased nurnber of tyrosine 

hydroxylase (TH)-positive varicosities, and increased nurnber of presynaptic dopamine 

D2 receptors (Cellerino et al., 1998). BDNF administration is believed to result in 

sprouting since D2 receptor expression also increased and is believed to be regulated 

separately fiom TH expression. Further, type 1 dopaminergic neurons send very few 

processes to stratum 3 (s3) of the retina. However, upon BDNF administration, the 

density of TH-positive processes fiom these neurons was significantly increased in s3. 

Conversely, homozygous BDNF mutant mice exhibited atrophic type 1 dopaminergic 

cells and a reduction in their TH-positive varicosities. 



The importance of BDNF and NT-3 in synapse formation in the hippocampus has 

been demonstrated in TrkB and TrkC mutant mice (Martinez et al., 1998)- TrkB and 

TrkC are expressed in dentate granule cells, inhibitory interneurons, and pyramidal cells. 

In particular, TrkB is located in dendritic spines of dentate granule cetls. Loss of 

BDNFNT-4 and NT-3 signalling in these mutant animals resulted in a normal pattern of 

entorhinal affkrent ingrowth to the different hippocampal layers. However, these animals 

exhibited a significant reduction in af5erent axon collateral branching and axonal 

varicosities in al1 layers of the hippocampus that receive entorhinal and commissural 

fibers. These results are consistent with the ability of these neurotrophins to mediate 

neuronal process growth as demonstrated in the cortical neurons (McAllister et al., 1995). 

Further, the reduction in axonal varicosities resulted in signi£icant reductions in the 

density of synaptic contacts in al1 Iayers. This decrease in synaptic innervation was 

greater in TrkB mutant anirnals compared to NT-3 mutants. Further, in TrkB mutants 

the hippocampus possessed features indicative of immature synapse which included 

lncreased terminal area, decreased synaptic vesicles, and decreased width of both the 

synaptic cleft and postsynaptic density (Martinez et al., 1998). While there was 

neuronal ce11 death in TrkB mutant hippocampal subpopulations, such as the CA3 

pyramidal cells, the finding that single axon arbors displayed decreased branching and 

density of varicosities dong axons indicated that the reduction in synaptic innervation is 

also attributable to an effect on afferent axons. 

Together these studies demonstrate that while it is well established that neurotrophins 

can h c t i o n  to mediate axonal and dendritic growth, they also play a role in 

synaptogenesis by mediating synapse formation and maturation as well as determining 

synapse nurnber at neuron:target and neuron:neuron synapses. 

E. Neurotrophins and Growth-Associated Proteins 



The ability of the neurotrophins to stimulate growth and sprouting of neurons and 

their processes presumably affects the cytoskeletal elements associated with ce11 soma 

and process outgrowth. First, it is well known that sympathetic neurons increase in ce11 

size and neurïte densis- with increasing concentrations of NGF. Accordingly, systemic 

administration of NGF to neonatal animals resulted in a 10-fold increase in Ta1 a- 

tubulin mRNA expression in sympathetic neurons of the SCG (Mathew and Miller, 

1990). Further, injection of NGF to a sympathetic target in the adult animal resulted in 

sympathetic neuron hypertrophy and sprouting at the target and a Zfold increase in Ta1 

a-tubulin mRNA levels (Miller et al., 1994). That the increase in Ta1 a-tubulin 

expression was not as great as that observed in developing animals may reflect the 

difference in the requirements for axonal and dendritic cytoskeletal molecules between 

these ages. Second, treatrnent of adult sensory neurons with either NGF or NT-3 resulted 

in profuse neurïte outgrowth, but no effect on survival (Mohiuddin et al, 1995). There 

was a corresponding 2- to 3-fold increase in the levels of Ta1 a-tubulin and GAP-43 

mRNA relative to control. Third, administration of exogenous NGF to intact animals 

increased sensory sprouting as determined by mapping of innervation of dorsal cutaneous 

nerves (Mearow, 1998). The sprouting response was accompanied by upregulation of 

GAP-43 mRNA expression in neurons of the dorsal root ganglion. Fourth, BDNF, but 

not NGF, significantly increased the levels of tau protein in cultured cerebellar neurons 

coincident with increased neurite outgrowth and TrkB expression (Coffey et al., 1997). 

Finally, expression of the high molecular weight form of MAP increased in response to 

NGF in PC12 cells, and BDNF and NT-3 in cortical neurons (Aletta et al., 1988; 

Fukumitsu et al., 1997). Together, these studies demonstrate that neurotrophin regdation 

of growth-associated proteins is likely to play a role in their ability to regulate process 

outgrowth. 

F. Neurotrophins and Sprouting in the Hippocampus 



The studies thus far reviewed demonstrate a role for the neurotrophins in mediating 

innervation of PNS and CNS neuronal populations. One CNS structure in which the 

neurotrophins have been demonstrated to be essential for neuronal sprouting and growth 

is the hippocampus. NGF infusion into the hippocampus after lesioning of the 

cholinergic inputs to the hippocampus resulted in sprouting of cholinergic axons into the 

hippocampus (Hagg et al., 1990). Conversely, sprouting of cholinergic inputs after 

perforant path denervation is blocked after injections of NGF antisenun into the 

hippocampus (Van der Zee et al., 1992). Mossy fiber sprouting after seizure does not 

occur if NGF expression is blocked by NGF antiserum or peptide antagonists (Van der 

Zee et al., 1995; Rashid et al., 1995). Since TrkA is not expressed in the hippocampus, 

but is expressed by afferent cholinergic innervstion, it has been suggested that mossy fiber 

sprouting may interact with NGF via this path. However, other neurotrophins expressed 

in the hippocampus may act to directly mediate such growth responses. Accordingly, 

treatment of dentate granule cells in culture with BDNF or NT-4 enhanced axonal 

branching, but had no effect on dendritic morphology (Patel and McNarnara, 1 995). In 

addition, rnixed hippocampd cultures treated with BDNF exhibited increased axon and 

dendritic outgrowth that was blocked by the tyrosine kinase inhibitor, K252b 

(Lowenstein and Arsenadt, 1996). The finding that BDNF protein is localized to mossy 

fibers after kainate-induced seinires suggests that BDNF may promote axonal sprouting 

in the hippocampus via autocrine or paracrine actions (Wetmore et al., 1994; Conner et 

al., 1997; Fawcett et al., 2997; Smith et al., 1997). Thus, denervation of the hippocampus 

may lead to increased availability of neurotrophins for intact afferents leading to growth 

and sprouting of axons and dendrites. Sirnilarly, activity-dependent expression and 

release of neurotrophùis in the hippocampus may provide a mechanism for stimulating 

neuronal growth and new synapse formation. Activity-dependent expression, release and 

growth in the hippocampus will be reviewed in the next section. 



G. Activity-Dependent Regulation of Neuronal Growth and Neurotrophin Expression in 

the Hippocampus 

The molecular signals that regdate the morphological changes observed in the 

hippocampus in response to elevated afferent activity are not well-characterized. 

Evidence suggesl that neurond ac t ive  itself may directly regulate signal transduction 

pathways which lead to growth. In partïcular, it is well known that neuronal activity 

leads to marked increases in the concentration of cytosolic ca2+ which acts as a second 

rnessenger to mediate a wide range of cellular responses including growth (reviewed in 

Ghosh and Greenberg, 1995; Gallin and Greenberg, 1995). In response to neuronal 

activity, presynaptic neurons release the neurotransmitter, glutamate, which binds to 

NMDA and AMPA receptors resulting in increased intracellular ca2+ via L-type ca2+ 

channels, NMDA chamels, and intracellular stores. The increased concentration of 

intracellular ca2+ then activates a number of proteins involved in calcium-mediated 

signailhg (Ghosh and Greenberg, 1995). One protein, calmodulin, a small calcium-binding 

protein, binds to and activates a number of enzymes including CaM kinases, adenylate 

cyclases and phosphatases. Activation of adenlyate cyclase increases leveIs of CAMP 

which then activates protein kinase A (PKA) (Cooper et al., 1995). Both PKA and CaM 

kinases affect transcription of immediate early genes (IEGs) by activating the 

transcription factor, CREB. Further, intracellular calcium activates the Ras pathway 

which rnay culminate in activation of transcription factors to also affect changes in gene 

transcription (Rosen et al., 1994). Transcription and translation of IEGs then act as 

transcription factors themselves to affect transcription of a variety of genes which may 

include those involved in neuronal growth. Alternatively, CaM kinases can directly effect 

the phosphorylation levels of cytoskeletal proteins affecting stability and subsequent 

growth of neuronal processes. 

A number of studies have demonstrated a role for activity-dependent calcium signalling 

and neuronal growth. First, application of NMDA to cerebellar neurons resuked in 

increased intracellular calcium, and an increase in process oütgrowth (Carnbray-Deakin 



and Burgoyne, 1992). Conversely, chelating intracellulm calcium resulted in decreased 

process outgrowth (Cambray-Deakin and Burgoyne, 1992). Growth of cerebellar 

neurons, which endogenously express and release glutamate, is inhibited when treated 

with the specific NMDA receptor antagonist, D-2-amino-5-phosphonovalerate (APV) 

(Pearce et al., 1987). Similarly, blocking NMDA and AMPA receptor activity with 

APV and CNQX in mature tectal neurons significantly decreased the rate of dendritic 

growth and arbor complexity (Rajan and C h e ,  1998). Third, glutamate significantly 

increased hippocampal dendritic and axonal growth (Wang and Dow, 1997), an effect that 

rnay be mediated by calcium-dependent protein kinases (Cabell and Audesirk, 1993). 

Blocking PKA and CaMKII activity with specific pharmacological agents modulated 

different aspects of neurite growth. Specificaily, PKA inactivity inhibited axonal 

branching, while C a m 1  inactivity reduced axon length, number of dendrites, and axon 

and dendntic branching (Cabell and Audesirk, 1993). Alternatively, stimulation of 

glutamate receptors in adult hippocampal slices stimulated phosphorylation of the 

structural dendritic protein MAP2, an effect that destabilizes interactions with 

microtubule proteins (Quidan and Halpain, 1996). Pharmacological block of either MAP 

kinase or C a m 1  concomitant with glutamate stimulation partially attenuated MAP2 

phosphorylation suggesting these calcium-activated kinases are involved in the regdation 

of MAP2 phosphorylation which rnay contribute to activity-dependent remodeling of 

postsynaptic structures. Altogether, these studies suggest that calcium-dependent 

signalling pathways act to couple activity-induced transmembrane signals to changes in 

neuronal growth via new gene expression andlor changes in cytoskeletal protein structure. 

A second potential explanation of the morphological changes observed in the 

hippocampus in response to neuronal activity is that activity directly regulates the 

synthesis and secretion of growth factors that are potent regulators of neuronal growth. 

The idea that neurotrophin expression is regulated by activity in the mature CNS was 

first suggested by the finding that NGF mRNA levels increased after seizures (Gall and 

Isackson, 1989). Subsequent studies have demonstrated that NGF, BDNF and NT-3 



expression change following excessive neuronal activity induced by seizlues or after 

physiological levels of activity. After seizure, NGF rnRNA expression increases in the 

dentate granule ceIl layer, while BDNF rnRNA increases in the dentate gyrus and 

pyramidal ce11 layer (Gall and i s a c k ~ ~ n ,  1989; Emfors et aI., 199 1; Isackson et al., 199 1; 

Dugich-Djordjevic et al., 1992; Rocamora et al., 1992). Conversely, NT-3 expression is 

either not aBected or decreases in the dentate granule ce11 Iayer (Ernfors et al., 199 1 ; 

Rocamora et al., 1992). The tirne course of expression differs between NGF and BDW. 

Both neuro&ophins rapidly increase after seizures, but BDNF expression lasts longer 

than NGF, returning to baseline Ievels between 24 and 48 hours M o r s  et al., 199 1 ; 

Isackson et al., 199 1; Dugich-Djordjevic et al., 1992). One recent report demonstrates 

that BDNF mRNA rernains upregulated one to two weeks after kainic acid-induced 

seizures (Garcia et al., 1997). The sustained expression of BDNF may reflect a role in 

structural changes, such as mossy fiber sprouting, that occur after seizures. These 

changes in neurotrophin expression following elevated neuronal activity are associated 

with increased expression of the TrkB receptor suggesting BDNF-mediated events may 

be enhanced via increased availability of the neurotrophin and ability to respond to these 

increases (Merlio et al., 1993; Bengzon et ai., 1993). 

Physiological stimuli similarly affect the LeveIs of neurotrophin expression in the 

hippocampus. LTP induced in vitro via the SchafTer collateral pathway results in 

increased BDNF and NT-3 mRNA expression in the CA1 region (Patterson et al., 1992). 

Alternatively, LTP induced in vivo via the perforant pathway results in increased NGF 

and BDNF mRNA expression in the granule ce11 layer, decreased NT-3 expression, and no 

change in NT-4 expression (Castren et al., 1993). Further, anirnals raised in an e ~ c h e d  

environment versus animals deprived of visual and sensory stimulation, results in 

increased BDNF rnRNA expression in the hippocampus (Falkenberg et al., 1992). 

Finally, activation of L-type voltage-sensitive calcium charnels (VSCC) or the NMDA 

glutamate receptor subtype Ieads to an enhancement of BDNF rnRNA expression (Zafia 

et al., 1990,199 1 ; Ghosh et al., 1994). Thus, changes in the expression of neurotrophins 



in response to activity suggest they are involved in the morphological manifestations 

observed after seizure or physiological stimulation. 

The observations that activity affects neurotrophin expression which subsequently 

affects neuronal growth has led to the characterization of potential mechanisms by which 

neuronal activity regulates neurotrophin synthesis. In particular, membrane 

depolarization and subsequent calcium d u x  via VSCCs in cortical neurons induced 

transcriptional activation of the BDNF gene; this increased transcription occurs primarily 

via the BDNF promoter III (Tao et al., 1998; Shieh et al., 1998). Calcium influx via 

VSCC is required for transcription since extracellular calcium chelators or VSCC blockers 

attenuated the increase in BDNF mRNA (Ghosh et al., 1994). BDNF prornoter deletion 

and mutation analysis revealed the presence of two regdatory elements essential for 

transcription, one of which includes the CRE (Tao et al., 1998; Shieh et al., 1998). 

Nuclear extract and supershift assays of KCL-treated cortical neurons revealed that the 

transcription factor, CREB, is a component of the protein complex that binds to this CRE 

site. CREB activation by phosphorylation on serine-1 33 is required in response to 

activity, since a mutation at this site inhibits membrane depolarization-mediated induction 

of a BDNF promoter reporter gene. Further, activity-induced levels of endogenous 

BDNF mRNA levels was significantly reduced in cortical slices transfected with the 

mutated CREB. Interestingly, deletion analysis revealed another element, calcium 

response sequence (CRS), located in the BDNF promoter which is required for calcium- 

dependent expression of a reporter gene. While the transcription factors that bind at this 

site are currently unknown, it has been hypothesized that this site hc t ions  

cooperatively with factors bound at the CRE site to regulate calcium-dependent BDNF 

expression. 

The mechanism by which the calcium-dependent signal is propogated to the nucleus to 

affect CREB binding to the CRE and subsequent BDNF expression involves the C M V  

which is activated by calcium, located in the nucleus, and is known to phosphorylate 

CREB (Sheng et al., 199 1 ; Shieh et al., 1998). Constitutive activation of C m  in 



cortical neurons was sufficient to induce transcription of a reporter gene driven by the 

BDNF prornoter in the absence of neuronal activity, while overexpression of a dorninant- 

negative form of CaMKIV inhibited expression (Shieh et al., 1998). Together, these 

studies demonstrate that activity-dependent BDNF expression may be regulated via the 

calcium-dependent activation of a CREB kinase, CaMKIV, leading to the activation of the 

transcription factor, CREB. CREB bhds to the CRE element Located in the BDNF exon 

III promoter and in conjunction with the CRS element factors, direct BDNF transcription. 

Recent studies have demonstrated that neuronal activity not oniy increases the 

synthesis of neurotrophins, but also stimulates their release. In particular, neurotrophins 

are transported in an anterograde direction, Localized to the presynaptic membrane, and 

released in response to neuronal activity (Ghosh et al., 1994; Conner et al., 1997; von 

Bartheld et al., 1997, Fawcett et al., 1997, 1998; Altar et al., 1998). Subsequently, 

activity-dependent release of BDNF affects postsynaptic targets by activating its TrkB 

receptor which is localized both to dendrites and the postsynaptic density (Fryer et al., 

1996; Aloyz et al., 1999). That BDNF is released and activates its receptor has been 

recently demonstrated. In particular, twenty minutes after kainic acid seinires there is a 

significant decrease in the level of BDNF protein in the cortex. Concomitant with this 

decrease is a robust increase in Trk autophosphorylation 20 minutes afier kainic acid 

treatment. However, similar to mRNA levels, BDNF protein Ievels subsequently 

increase by 12 hours post-seizure. Further, analysis of subcellular fractions taken fiom 

kainic acid-treated animals revealed that activated TrkB is localized to the postsynaptic 

fraction. Finally, BDNF treatment of cortical synaptosomes led to increased TrkB 

activation. These results demonstrate that upon neuronal activity there is a rapid release 

of B DNF from pres ynaptic terminais, subsequent phosphorylation of Trkg receptors 

and activation of downstream protein effectors. Thus, activity-dependent synthesis and 

release of neurotrophins rnay serve as a trans-synaptic mechanism to mediate neuronal 

growth and sprouting and ultimately adjust the functional response of a neuronal circuit 

to adapt to new levels of neuronal activity. 



H. Neurotrophins and Activity-Dependent Growth in the CNS and PNS 

As previously reviewed, neurotrophin expression, synthesis and release increases in 

response to neuronal activity. Accordingly, the neurotrophins regulate growth and 

remodelling of neuronal process during activity-dependent synaptic events. First, 

infusion of BDNF and NT-4 into the visual cortex during the period of segregation of 

lateral geniculate axons into eye-specific layers (ocular dominance (OD) columns) 

prevented this segregation (Cabelli et al., 1995). Moreover, CNS neurons may require 

activity in order to respond to neurotrophins. In line with this idea, inhibition of neuronal 

activity with calcium channel antagonists prevented the drarnatic increase in cortical 

neuron dendritic arborization elicited by BDNF (McAllister et al., 1996). This fmding 

may be due to a down-regdation of TrkB neurotrophin receptors which are upregulated 

on neuronal membranes in response to neuronal activity (Meyer-Franke et al., 1998). 

Second, neonatal muscles treated with BDNF and NT-4 resulted in the retention of 

multiple synaptic contacts on myofibers (Kwon and Gumey, 1996). Further, NGF 

infusion into adult muscle resulted in the sprouting or strengthening of sensory aerents 

(Lewui et al., 1992). These results demonstrate that increased neurotrophin availability 

stab ilizes axon terminais that would normally withdraw, and/or causes axon terminal 

spouting. 

Finally, neurotrophin-induced activation of Trk receptors rnay synergize with 

neuronal activity to regulate neuronal survival and gro wth. S pecifically , KC1-induced 

neurite outgrowth was observed only when TrkA was activated at low leveis in PC 12 

cefls via overexpression of TrkA or by treatrnent with NGF at concentrations insufficient 

for neurite outgrowth (Solem et al., 1995). This activity-regulated neurite outgrowth was 

mediated through a calcium- and CAMK-dependent pathway. Increased activity resulted 

in increased intracellular calcium and neurite growth which was blocked by inhibitors of 

L-type calcium channels and CAMKII and IV. Further, sympathetic neurons treated 

with a combination of KCI and NGF results in increased neuronal survival (Vaillant et 



al., 1999). Interestingly, this synergistic effect on sunrival is observed at concentrations of 

NGF and KCl that alone do not support complete neuronal survival. Further, this 

additive effect is believed to be mediated by concurrent activation of AKT by NGF and 

KCl via PI3-kinase. The neurotrophin receptor signal transduction pathways involved in 

neuronal swiva l  and growth will be extensively reviewed in a subsequent section. 

Interestingly, KCl specifically increased MAP2 expression in neurites in sympathetic 

neurons grown in the presence of optimal NGF concentrations (A Vaillant and FD Miller, 

unpublished observations) . Thus, neuronal activity may alter the growth of neurons 

exposed to sub-optimal levels of neurotrophins. Together, these studies suggest that 

neurons compete for Iimiting amounts of neurotrophins in their post-synaptic targets and 

that the final number and pattern of connections may be modulated both by activity- 

dependent neurotro p hin s y nthesis and release, and by afferent activity . 

1. Neurotrophins and Synaptic Efficacy 

Altematively, neurotrophins can affect the physiology of synaptic connections. The 

first evidence of this was the demonstration that application of NT-3 and BDNF to 

cultured muscle cells resulted in a marked increase in the fiequency, but not the 

amplitude, of spontaneous synaptic currents suggesting that NT-3 and BDNF act by 

increasing neurotransmitter release (Lohof et al., 1993; Stoop and Poo, 1996). 

Subsequently, it was demonstrated that neurotrophins affect the activity and synaptic 

transmission in cultured CNS and PNS neurons (Kim et al., 1994; Levine et al., 1995; 

Lockhart et al., 1997; Li et al., 1998). Further, BDNF enhanced synaptic responses to 

high-fiequency stimulation and promoted long-term potentiation (LTP) in the developing 

and adult hippocampus (Figurov et al., 1996). These results are consistent with the 

finding that LTP is irnpaired in adult BDNF mutant mice, but is restored by exogenous 

infusion of BDNF (Korte et al., 1995; Patterson et al., 1996). Moreover, chronic 

exposure of neurotrophins promote the fimctional maturation of synapses as measured 

by distribution of spontaneous synaptic currents, potentiation of evoked synaptic 



currents, and expression of synaptic clefe vesicle proteins (Wang et al., 1995). It is not 

clear whether the neurotrophins primarily mediate their effects on synaptic transmission 

via postsynaptic andor presynaptic mechanisms (reviewed in Beminger and Poo, 1996; 

Schuman, 1999). 

J. Neurotrophin Regulation of Neuropeptide Expression 

The complex expression of neurotransrnitters and neuropeptides is regulated in a 

precise spatial and temporal rnanner during development (Reviewed in HolGelt, 199 1). 

Previous studies in the peripheral nervous system suggested that neurotrophic factors 

may influence the production of neuropeptides. In particular, leukernia inhibitory factor 

(LIF) and ciliary neurotrophic factor (CNTF), and conditioned media fiom the 

sympathetic target heart, dl effect neuropeptide expression in sympathetic neurons 

(Ernsberger et al., 1989; Nawa et al., 1990). Further, NGF affected the expression of 

substance P and calcitonin gene-related peptide (CGRP) in adult sensory neurons 

(Lindsay and Harrnar, 1989). This effect was not due to NGF affecthg survival of a 

neuropeptide-expressing subpopulation since late addition of NGF in NGF-deprived 

neurons still increased SP and CGRP expression (Lindsay and Harmar, 1989). These 

results suggested that growth factors such as NGF act as differentiation factors and may 

be required to maintain neuropeptide expression in the mature nervous system. 

The ability of the neurotrophins to regulate neuropeptide expression has been 

demonstrated in both the developing and mature CNS. In developing neurons, BDNF can 

potently affect neuropeptide expression. Treatment of embryonic cortical cultures 

significantly increased NPY and SS rnRNA and peptide expression (Nawa et al., 1993). 

NT-3 and NGF had negligible effects on the expression of these peptides. These effects 

were independent of BDNF survival-promoting activity since neuronal number did not 

significantly change. This increase in NPY expression CO-localized with GAD, an enzyme 

present in inhibitory GABAergic intemeurons. 



The biologicai relevance of these findings are supported by a number of in vivo 

studies. Specifically, intraventricular infusion of BDNF into the neonatal brain 

significantly increased NPY, SP and SS mRNA and peptide expression in the cortex, 

strïatum, hippocampus, and hypothalamus, (Nawa et al., 1994), brain regions known to 

express TrkB. However, immunocytochemicaI analysis demonstrated that different 

neuronal populations varied in the specificity of neuropeptide expression. Ln particuIar, 

within the neocortex, BDNF increased SP in layer II/III neurons, NPY in layer IV-VI, and 

SS in layer VI neurons. Within the hippocarnpus, BDNF increased NPY expression in 

the dentate hilar interneurons, and induced expression in the CA3 pyramidal layer. NPY, 

SS, and SP are nomally expressed in these neuronal populations with the exception of 

NPY in the CA3 region of the hippocampus. As previousty discussed, increased 

neuronal activity induces de novo NPY expression in mossy fiber tenninals which 

synapse on CA3 pyramidal dendrites (Vezzani et al., 1 996; Schwarzer et al., 1996). 

Similar to that observed in the neonatd brain (Nawa et al., 1994), in the mature CNS, 

neuropeptide expression is significantly affected in response to exogenously applied 

neurotrophins (Croll et al., 1994). Further, these effects are regionally specific which is 

attributed to expression for the specific Trk receptors. In particular, BDNF upregulated 

the rnRNA and protein for NPY in the cortex and hippocampus, SS in the cortex, and 

ENK in the hippocarnpus, but downregulated DYN in the hippocarnpus. NGF is more 

specific in its effects, increasing only the mRNAs for NPY in the hippocampus and SP in 

the cortex. In the cortex, BDNF increased expression of NPY in al1 layers, but SS 

expression was liniited to layers II, III and VI. Within the hippocampus, NPY expression 

was increased in intemeurons Iocated in the dentate hilus and CA3- CA1 straturn 

radiatum and stratum oriens while DYN was reduced in the hilus and mossy fibers. 

Together, these studies suggest that endogenous neurotrophins not only regdate the 

neuropeptide differentiation of developing CNS neurons, but continues to regulate or 

maintain expression in the adult. 



In l h e  with this idea, analysis of BDNF mutant mice suggest that endogenous BDNF 

directly regulates neuropeptide differentiation in CNS neurons. In particdar, in BDNF 

mutant rnice, the expression of NPY is reduced at 15-20 days of age in a11 layers of the 

cortex, particularly layer VI, and in the hippocampus (Jones et al., 1994). Since NPY is 

expressed in GABAergic intemeurons in these structures, and since GABAergic 

interneurons are normal in number and in their expression of GABA in mutants, BDNF 

likely affects peptide expression, but not survival of these neurons. Further, the 

expression of NPY was normal in the striatum of BDNF mutant animals, but remained 

reduced in expression in the hippocampus between days 15, 17 and 20, suggesting this 

perturbation in peptide expression is not due to a developmental delay. Together with 

the previous studies, these observations suggest that BDNF directly regulates the 

differentiation of these particular CNS neuronal populations. 

How do the neurotrophins regulate neuropeptide expression in the CNS? It has been 

hypothesized that neurotrophin effects on neuropeptide expression may require neuronal 

activity . BDNF and N T 4 5  induced NFY expression in spontaneously active cortical 

neurons (Wirth et al., 1998). BDNF has been previously shown to increase the levels of 

NPY mRNA in cortical neurons (Barnea et al., 1995). However, blocking activity with 

high concentrations of magnesium resuited in a significant decrease in the normal number 

of neurons that express NPY, an effect which BDNF was unable to reverse (Wirth et al., 

1998). Interestingly, NT-4/5 stùnulated NPY mRNA expression in a percentage of 

neurons equivalent to that obsenred before block of activity (Wirth et al., 1998). These 

results suggest that BDNF may require neuronal activity as a co-factor to mediate its 

effects on neuropeptide expression. Further, the finding that TrkB ligands have different 

effects suggests that this receptor is activated in response to one, but not the other, ligand 

depending on the presence of neuronal activity. In line with this idea, mutant animals 

expressing a point mutation in the intracelluia. region of the TrkB receptor, exhibit a 

complete loss of NT-4-dependent neurons in the nodose-petrosal ganglion, but not in 

BDNF-dependent neurons in this same ganglia (Minichiello et al., 1998). Altemativeiy, 



quiescent neurons exposed to BDNF may down-regulate the expression of its receptor, in 

contrat to NT-4 which does not, thereby inhibiting the action of BDNF (Frank et al., 

1996). 

Together, the fmdings that the neurotrophins affect neuropeptide expression possibly 

via activity-mediated mechanisms, suggest that endogenous neurotrophins may mediate 

the changes in peptide levels observed after increased neuronal activity in the 

hippocampus. For example, the upregulation of BDNF and neuropeptide expression in 

the hippocampus after neuronai activïty correlates spatialIy and temporally. BDNF 

upregulation is observed in the dentate granule cell layer, mossy fibers and CA3-CA1 

pyramidal layer within 30 minutes after seizure (Enifors et al., 199 1). Accordingly, 

upregulation of neuropeptide expression occurs after a few hours and lasts for days, and 

is localized to DG and CA3-CA1 interneurons and dentate granule cells bodies and rnossy 

fibers (Burazin and Gundlach, 1996; Vezzani et al., 1996). 

How do the neurotrophins mediate neuropeptide gene expression? Sirnilar to 

neurotrophin expression, one rnechanism may involve the transcription factor, CREB, 

which becomes activated upon phosphorylation on serine-1 33 (Sheng et al., 199 1). 

BDNF itself has been shown to stimulate CREB through two intraceUdar signalling 

pathways, a CaMKIV- and a Ras-dependent pathway. In particular, BDNF induced 

intracellular release of calcium activating CaMKIV and CREB (Finkbeiner et al., 1997). It 

has been proposed C a M W  activation rnay lead to the activation of other transcription 

factors such as c-Fos and c-Jun known to respond to calcium, which complex and bind to 

their respective DNA regulatory sequences and subsequently affect gene transcription 

(Finkbeiner et al., 1997). BDNF activation of the Ras/ERWRSK pathway leads to CREB 

phosphorylation and induction of calcium/CRE-dependent transcription. Since a number 

of neuronal genes contain the CRE binding sites within their promoter region, 

neurotrophin-induced CREB activation may be one mechanism by which the 

neurotrophins activate neuropeptide gene expression. 



K. Neurotrop hin Regdation of Neurotrophin Expression 

Recent data also indicates that neurotrophins might regulate their own synthesis- 

Specifically, NGF treatrnent upregulated the expression of BDNF in TrkA-expressing 

DRG neurons and this upregulation correlated with anterograde transport of BDNF by 

these neurons (Apfel et al., 1996; Michael et al., 1997b). Neurotrophins in peripheral 

targets may retrogradely regulate the levels of expression of peripheral neuron BDNF, 

which then may affèct such events as presynaptic innervation. In this way, activity- 

independent events such as during growth of a target and possible concomitant increase in 

neurotrophin availability may provide a mechanism through which adaptive changes in 

cellular morphology and synaptic innervation can occur. 

This section provides evidence that the neurotrophins rnay sequentiaily act to regulate 

proliferation, survival, differentiation, process outgrowth, synapse formation, and 

synapse maturation. Depending on the tirne-course and localization of their expression, 

each neurotrophin may work via autocrine, paracrine, retrograde or anterograde 

mechanisms to have specific effects at different stages of development. Further, in the 

mature nervous system, alterations in the levels of neurotrophins potentially via activity 

or other neurotrophins results in increased or decreased neurite growth consequently 

affecthg synapse formation and ultirnately alterations in the functioning neural circuit. 

VII. Signal Transduction Pathways 

A. Trk Signal Transduction 

The different biological effects the neurotrophins exert on various neuronal 

populations has led to the investigation of the intracellular mechanisms that are involved 

in the transduction of the neurotrophic signal that subsequently leads to the various 

cellular responses. Analysis of Trk receptor activation and the downstream signal 

transduction pathways were first characterized in PC 12 cells which, upon NGF 



treatment, differentiate into ceUs that share similar features of sympathetic neurons 

(reviewed in Kaplan and Miller, 1997). Analysis of Trk mutants in PC 12 cells suggested 

that the TrkA receptor mediated the biological effects of NGF. In particular, PC12 cells 

lacking functional TrkA do not differentiate in response to NGF (Loeb et al., 1994). 

However, expression of TrkA in these mutant cells restored the differentiative effects of 

NGF (Loeb et al-, 1994). Further, overexpression of T r M  in PC 12 cells increased the 

rate of neurite outgrowth in response to NGF (Hempstead et al., 1992). These and other 

studies have revealed the effector proteins that comprise the different signal transduction 

pathways that act via Trk activation to mediate neuronal differentiation (reviewed in 

Kaplan and Stevens, 1994; Kaplan and Miller, 1997). 

Trk receptor activation upon neuro trophin binding results in receptor dimerization and 

induction of its kinase activity resulting in Trk auto- and trans- phosphorylation on 

tyrosine residues (Kaplan et al., 1991; Klein et ai., 199 1 b). These phosphorylated 

tyrosine residues act as docking sites for intracellular docking proteins containing specific 

protein domains. The presence of the Src homology 2 (SH2) or the protein tyrosine 

binding (PTB) domains allow signalling molecules to interact with tyrosine 

phosphorylated TrkA (Koch et al., 1991; van der Geer and Pawson, 1995). A number of 

proteins directiy associate with NGF-activated TrkA. Specifically, phospholipasecy- 

1 (PLCy-1 ) interacts via its SH2 domains, and the Shc adaptor protein through its PTB 

domain (Obermeier et al., 1993; van der Geer and Pawson, 1995). Upon binding to TrkA, 

these proteins couple Trk to various intracellular signalling pathways (reviewed in Kaplan 

and Miller, 1997; Stephens and Kaplan, 1994). The signalling pathways through which 

the NGF signal is propagated inciude the Ras-MEK-MAPK, suc 1 -associated 

neurotrophic factor target (SNT), and PI-3 kinase-AKT pathways (reviewed in Stephens 

and Kaplan, 1994; Kaplan and Miller, 1997). 

Analyses of the importance of the Ras pathway in neuronal survival and 

differentiation has reveaied that Ras is necessary and sufficient to mediate NGF- induced 

survival and neurite outgrowth in PC12 cells and rat sympathetic neurons. In particular, 



neutralizing antibodies to Ras inhibit NGF-mediated sympathetic neuron survival (Nobes 

and Tokovsky, 1993, while constitutively activated Ras was able to rescue NGF- 

deprived sympathetic neurons (Nobes et al., 1996). These resuits have been confïrmed 

with constitutive expression of Ras and dominant-negative Ras which supports or 

suppresses approximately half of the NGF-mediated sympathetic swival,  respectively 

(Mazzoni et al., 1999). These fuidings suggest other signal transduction pathways exist 

in neurons that act together with the Ras pathway to regulate survival and growth. 

PI-3 kinase and its downstream substrate, the serinelthreonine kinase AKT, play an 

essential role in regulating sympathetic neuron survival. PI-3 kinase activity is both 

sufficient and necessary for the NGF-dependent survivai of rat sympathetic neurons 

(Crowder and Freeman, 1998). In the absence of NGF, constitutively active PI-3 kinase 

or AKT rescued most of the NGF-dependent sympathetic neurons. Further, expression 

of a dominant-negative form of PI-3 kinase, AKT or pharmacologicaliy inhibithg PI-3 

kinase resulted in a significant decrease in survival in the presence of NGF (Crowder and 

Freeman, 1998). These data indicate that the PI-3 kinase/AKT pathway plays a 

significant role in NGF-dependent sympathetic neuron survival. Thus, the evidence that 

bath Ras and PI3-kinase are involved in sympathetic neuronal survival (Nobes et al., 

1996; Nobes and Tokovsky, 1995; Crowder and Freeman, 1998) and that PI3-kinase is a 

possible effector of Ras (Rodriguez-Viciana et al., 1994, 1996) suggests that these protein 

share a common survival pathway. 

Interestingly, it has been demonstrated that NGF and neuronal activity together affect 

neuronal survival which acts via PI3-kinase (Vaillant et al., 1999). Sympathetic neurons 

treated with a combination of NGF and KCl, each at a concentration that poorly 

mediated survival, resulted in increased survival suggesting a synergism between 

neurotrophin exposure and neuronal depolarization. In the presence of both NGF and 

KCl, inhibition of PI-3 kinase resulted in a significant reduction of sympathetic neuron 

survival. However, inhibition of TrkA and Ras partially reduced survival. NGF and KCL 

increased AKT activity while expression of a dominant-negative fonn of AKT inhibited 



their synergistic effect on neuronal survïval. These resdts demonstrate that 

neurotrophins and neuronal activity synergize via activation of a common target, AKT, 

through PD-kinase. The in vivo relevance of these observations suggest that during times 

of neuronal competition for limiting amounts of target-derived neurotrophins required for 

survival, those neurons that also receive afferent innervation and activity may have a 

greater chance at sumival than those neurons exposed to low levels of either alone. 

Aside fiom its role in survival, PI-3 kinase may mediate aspects of neuronal 

differentiation. In particular inhibition of PI-3 kinase in PC 12 cells suppressed NGF- 

induced neurite outgrowth, but not ce11 soma morphology (Kimura et al., 1994). This 

suppression occurred only after PC12 cells were first stimulated with NGF. Thus one 

hypothesis for these findings is that PC12 ce11 exhibit early and late phases of 

dserentiation with PI-3 kinase affecting the late phase of differentiation W u r a  et al., 

1994). Whether PI-3 kinase activated via neuronal activity affects growth is not known. 

However, sympathetic neurons grown in NGF and subsequently treated with KC1 

resulted in an increase in the number of neurites expressing the dendrite-specinc protein, 

MAP2, suggesting that neurons which receive sufficient growth factors for their survival 

respond to neuronal depolarization with changes in aspects of neuronal growth (A 

Vaillant and FD Miiler, unpublished observations). In particular, the growth of dendrites 

in sympathetic neurons occurs later in development and is affected by denervation of 

afferent input (Voyvodic, 1987; Ruit et ai., 1990). Thus, in vivo, one source of neuronal 

depolarization occurs via afferent innervation activiw Since, NGF and KCl enhance 

sympathetic neuronal survival via PI-3 kinase, it is possible that under optimal swival  

conditions, such as when neurons receive adequate NGF fiom their targets, neuronal 

activity enhances aspects of growth such as dendritogenesis. Alternatively, osteogenic 

protein-1 (OP-1) has been s h o w  to increase sympathetic dendritic growth in the 

presence of NGF (Lein et al., 1995). Sympathetic ganglia express the receptor for OP-1 

(Zhang et al., 1998), but whether OP-1 is released by afferents or sympathetic neurons 

themselves in an activity-dependent marner is currently not known. 



Recruitment of PLCy-1 to activated TrkA is crucial in the activation of the MAP 

kinase pathway (Stephens et al., 1994). PLCy- 1 catalyzes the hydrolysis of PI 4,5 - 

bisphosphate to the second messengers, diacylglycerol @AG) and inositol triphosphate 

(IP-3). DG activates protein kinase C (PKC) while IP-3 regulates the levels of 

intracellular calcium. Analysis in PC 12 cells demonstrates that the PLCy- 1 pathway 

mediates the expression of peripherin, a cytoskeletal protein likely involved in netrite 

outgrowth (loeb et al., 1994). That NGF signal pathways are involved in gene 

expression was demonstrated by point mutation of the PLCy-1 binding site on Trk which 

resulted in a decrease in transcription of peripherin in response to NGF. Thus, 

neurotrophin signalling may lead to expression of new genes involved in neuronal growth. 

How do the neurotrophins affect gene expression? Investigation of the MAP kinase 

pathway demonstrates that Shc activates Ras and the subsequent sequential 

phosphorylation and activation of the kinases Rd, MEK, and MAPK. MAPK activates 

a complex of transcription factors such as ELK-I that f oms  a complex with a dimer of , 

transcription factors to ultimately regulate gene expression by binding to the SRE DNA 

sequence. Alternatively, MAPK activates ribosomal kinases (RSK) to activate the 

transcription factor CREB that binds the CRE site and induces gene transcription. In line 

with CREB activation by neurotrophins, cortical neurons stimulated with BDNF, NT-3 

or NT-4/5 and sympathetic neurons stimulated with NGF led to CREB phosphorylation 

in almost al1 neurons (Ghosh et al., 1994; Riccio et al., 1997). Further, these 

neurotrophins induced gene expression from the c-fos promoter which contains both the 

CRE and SRE (Ghosh et al., 1994). It appears that neurotrophins activate gene 

transcription via the CREB and the CRE binding site since BDNF-induced c-fos 

expression in cortical neurons still occurs in the absence of the SRE site (Fuikbeiner et al., 

1997). 

Analysis of BDNF-induced gene expression have elucidated some of the signalling 

molecules that may be involved in mediating the neurotrophin responses. Activation of 

CREB occurs via BDNF activation of PLCy-I and IP-3 release of intracellular calcium 



stores which subsequently activate the CREB kinase, CamKTV (Finkbeiner, 1997). 

Altematively, BDNF activates the Ras/MAPWRSK pathway that Leads to CREB 

activation and gene transcription. In particdar, BDNF activates al1 components of this 

pathway, and inhibition of any one of these proteins attenuates BDNF gene 

transcription. Finally, expression of either a constitutively activated form of Ras or 

overexpression of wildtype RSK2 enhanced BDNF-induced calcium/CRE-dependent 

transcription. These results demonstrate the existence of two pathways by which the 

neurotrophins may mediate CREB activation via two kinases, RSK and CaMKIV, to 

effect gene transcription. Thus, activation of genes involved in neuronal growth may be 

mediated by neurotrophin activation of CREB. In line with this idea, in drosophila, 

CREB regulates synaptic plasticity partIy by regulating the expression of ce11 adhesion 

molecules (CAMs), such as fasciclin, which are involved in synaptic structure and the 

formation of synaptic comections (Davis and Goodman, 1998). Similady, in mammals, 

activation of CREB via different signal transduction pathways may underlie the 

neurotrophin-regulated neuronal survival and growth (Ghosh et ai., 1994; McAllister et 

ai., 1996; Riccio et ai., 1997). However, CREB activation of neuronal genes involved in 

sunrival and/or growth of mammalian neurons is no t known. 

B. P75NTR-Independent Trk Effects 

Several lines of evidence demonstrate that activation of the Trk receptors are 

sufficient to mediate neurotrophin-dependent biological effects independent of the 

P75NTR. First, cultured sympathetic ganglia and neurons treated with a mutant form of 

NGF that binds only TrkA resulted in sumival and neurite outgrowth comparable to 

wildtype NGF (Ibanez et al., 1992). Second, elimination of NGF binding to P75NTR via 

polyclonal P75NTR antibodies did not affect NGF-stimulated neuronal survival and 

outgrowth (Weskarnp and Reichardt, 1991). Third, transfection of TrkA cDNA restored 

NGF responsiveness in a mutant PC12 cell line that expressed only P75NTR and was 

defective in its response to NGF (Loeb et al., 1991). F i a ,  cross-linking experiments 



using anti-Trk antibodies municked neuronal responses to NGF, which is believed to 

occur through TrkA homodimerization and not through heterodimerization of P75NTR 

and TrkA (Jing et al., 1992; Clary et al., 1994). Finally, a PC 12 ce11 line expressing 

chimenc receptors comprised of the TNF receptor extracellular domain, and the TrkA 

intracellular domain resulted in TNF-dependent differentiation and sunival (Rovelli et al., 

1993). These cell culture data suggest a dissociation between the P75NTR and Trk 

receptors in which Trk is able to elicit biological responses in the absence of P75NTR. 

C. Trk-Independent P75NTR Effects 

Sirnilar to Trk-mediated biological effects independent of P75NTR, P7RJTR mediates 

various cellular processes independent of Trk activity. In particular, P75NTR selectively 

transported 1251-NT-4, but not NGF, in sensory and injured motor neurons (Curtis et al., 

1995). Further, P75NTR blocking antibodies effectively blocked the retrograde transport 

of NT-4, NT-3 and BDNF, but not NGF. Significant reductions in the retrograde 

transport of NT-4 and BDNF, but not NGF, were observed in sensory neurons of 

P75NTR mutant mice. These observations suggest that P7SNTR acts differentially to 

mediate the retrograde transport of neurotrophins in peripheral neurons. Selective 

transport may be dependent upon the binding dissociation rates for the neurotrophins 

fiom P75NTR, in which NGF dissociates at a faster rate than NT-3, BDNF and NT-4. 

Schwann ce11 migration appears to depend on interactions with P75NTR and NGF. 

Specifically, developing and regenerating peripheral nerves contain Schwann cells that 

highly express NGF and P75NTR, but not TrkA (Anton et al., 1994). In a biological 

assay of Schwann ce11 migration using normal and denervated sciatic nerve, the rate of 

Schwann cells migration was more rapid on denervated nerve (Anton et al., 1994). This 

enhanced migration was significantly inhibited with administration of antibodies against 

NGF or P75NTR. Thus, it appears that Schwann ce11 migration is mediated via P75NTR 

in NGF-rich environrnents. The mechanism by which these interactions result in ce11 

motility may involve effects on CAMs. Indeed, expression of the ceIl adhesion molecule 



L 1 MLLE (NGF-inducible large extemai glycoprotein) in PC 12 cells is specifically 

increased by NGF (Itoh et al., 1995). The increase in LlMILE expression was not 

dependent on TrkA activation since either pharmacologically blocking TrkA, or NGF 

treatment of PC12 cells lacking TrkA did not inhibit this increase (Itoh et al., 1995). 

Further, treatment with various extracellular matrix molecules had no effect on Ll/NILE 

expression, but in combination with NGF, al l  increased L lMILE expression to a similar 

level (Itoh et al., 1995). While this study did not directly analyze the role of P75NTR, 

these observations h p l y  that the effect of L I N L E  expression may be mediated via this 

receptor. Thus, cellular migration required during development and regeneration may 

occur via upregulation of both P75NTR and NGF which in tum stimulates CAMs to aid 

in the promotion of neurite extension. 

Another role for P75NTR involves enhancement of neurotransmitter release. Cultured 

embryonic mesencephalic neurons that express BDNF and TrkB, but not TrkA, enhanced 

depolarization-induced and basal dopamine @A) release in response to either BDNF or 

NGF stimulation (Blochl and Sirrenberg, 1996). The BDNF, but not NGF, effect on DA 

release was due to TrkB activation since oniy BDNF induced TrkB phosphorylation and 

pharmacologically blocking TrkB tyrosine kinase activity specifically inhibited the ability 

of BDNF to release DA. Converse to BDNF, NGF induced DA release via P75NTR 

activity. NGF-mediated DA release was blocked by an antLP75NTR antibody 

(MC192), and C2-ceramide induced release of DA comparable to that observed with 

NGF. TrkA-independent P75NTR activation has been demonstrated to increase cerarnide 

production via the sphingomyelin pathway in PC12 cells and fibroblasts (Dobrowslq et 

al., 1994, 1995). It is not clear why BDNF had a slight effect on DA release when TrkB 

tyrosine kinase activity was blocked since BDNF can bind P75NTR. It is possible that 

the ratio of TrkB to P75NTR receptors may affect binding of BDNF and thus P75NTR 

may be selectiveiy activated by NGF in this cellular context. 

Finally, the role of P75NTR and the sphingomyelin pathway is reviewed below 

(please see P75NTR and Apoptosis). 



D. Trk and P75NTR Effects 

Binding studies have demonstrated that NGF binds to P75NTR or TrkA with low 

affinity. However, CO-expression of P75NTR and TrkA receptors in transformed ce11 

lines lead both to an increase in the afYmity of NGF to TrkA and NGF-mediated TrkA 

activation (Barker and Shooter, 1994; Mahadeo et ai., 1994). While NGF normally 

associates and dissociates slowly £rom the TrkA receptor, the rate at which NGF 

associated with TrkA was accelerated in the presence of P75NTR (Mahadeo et al., 1994). 

This increase in association is believed to mediate the appearance of the hi& affïnity 

binding component (Hempstead et ai., 1991; Mahadeo et al., 1994) and is observed when 

the ratio of P75NTR to TrkA is high (Jing et al., 1992). 

That both neurotrophin receptors are involved in the formation of high &ty binding 

sites suggest that the presence of both receptors may m o d e  neuronal sensitivity to the 

neurotrophins. Accordingly, studies suggest that one role of P75NTR is to enhance Trk 

fûnction. First, a sympathoadrenal progenitor ce11 line (MAH cells) that expresses 10 w 

levels of each receptor and does not respond to NGF, when manipulated to CO-express 

both TrkA and P75NTR, resulted in a significant increase in tyrosine phosphorylation on 

Trk in response to NGF (Verdi et al., 1994). This NGF-mediated tyrosine 

phosphorylation on Trk was observed when there were high Ievels of P75NTR 

expression relative to TrkA. Further, receptor CO-expression accelerated the timing of 

neuronal differentiation in response to NGF treatment. Binding ofNGF to P75NTR was 

required in these CO-expression studies since treatment with a mutant forrn of NGF that 

binds TrkA, but not P75NTR, did not result in the biochernical and biological effects 

observed with normal NGF. Second, cultured trigeminal and DRG sensory neurons 

derived fi-om P7SNTR homozygous mutant embryos required between 2- to 4-fold 

higher concentrations of NGF for half-maximal survival, respectively, than wild-type 

neurons (Davies et al., 1 993; Lee et al., 1994). These results indicate that sensory neuron 

populations are less sensitive to NGF in the absence of P75NTR. Accordingly, 



P75NTR mutants exhibit a significant reduction in the nurnber of sensory neurons (Lee et 

al., 1992). One explanation for the loss of sensory neurons in vivo may be due to the 

reduction in sensitivity to NGF during cornpetition for limiting amounts of NGF at the 

thne of naturally-occurring ce11 death. 

Interestingly, Trk-induced survival of sympathetic neurons has been s h o w  to be 

enhanced by intracellular proteins known to be activated by P75NTR. Specifically, the 

transcription factor, nuclear factor kappa B (NFkB), is constitutively active in 

sympathetic neurons withdrawn from NGF for 14 hours (Maggirwar et al., 1998). This 

basal activity of NFkB in the absence of NGF significantly increased upon re-addition of 

high concentrations of NGF (Maggirwar et al., 1998). NFkB activity is essential for 

suMval since inhibition of NFkB activity in the presence of NGF resulted in increased 

neuronal death. Further, overexpression of NFkB resulted in increased neuronal sunival 

after NGF withdrawal. It hm been previously shown that P75NTR activation in 

Schwann cells increased MM3 expression (Carter et al., 1996). Thus, potentiation of 

NFkB activity after NGF withdrawal and re-addition may occur through activation of 

P75NTR signal transduction pathways which may enhance Trk-induced swiva l  signais. 

Evidence for P75NTR signalling is reviewed in a subsequent section. 

While these data demonstrate that P75NTR and TrkA fûnctionally collaborate, other 

studies suggest P75NTR may functionally oppose TrkA. Sirnilar to previous reports, a 

reduction in both phosphorylation on TrkA and induction of c-fos gene expression were 

observed when PC12 cells were treated with the P75NTR antibody, MC192, or BDNF. 

These effects were believed to be due to a decrease in effective binding of NGF to TrkA 

(Barker and Shooter, 1994). However, BDNF treatment in PC 12 cells decreased TrkA 

tyrosine autophosphorylation and increased phosphoserine content on TrkA suggesting 

BDNF induced P75NTR activation through a P75NTR signal transduction pathway 

(McPhee and Barker, 1997). Moreover, previous work has dernonstrated that treatment 

in vivo and in vitro with the MC 192 antibody resulted in a reduction of sympathetic 

neuron nurnber, similar to that seen with anti-NGF antibodies and BDNF-induced 



activation of P75NTR (Johnson et al., 1989; Bamji et ai., 1998; Majdan and Miller, 

unpublished observations). Finally, while the results in P75NTR mutant sensory 

neurons support the hypothesis of hct ional  collaboration between TrkA and P75NTR, 

examination of other neuronal populations have revealed other defects that are not 

consistent with this idea. In particular, it has been reported that P75NTR mutant 

sympathetic neurons in culture are less sensitive to NGF treatrnent a finding that predicts 

increased cell death in vivo (Lee et ai., 1994). Contradictory to this prediction, there is a 

significant increase in the number of sympathetic neurons of the SCG in P75NTR mutant 

rnice (E3am.i et al., 1998). Moreover, sensory neurons treated with P75NTR function- 

biocking antibodies resulted in an increase in neuronal survival (Weskarnp and Reichardt, 

1991). Thus, whiie previous studies dernonstrate that P75NTR can enhance NGF- 

mediated TrkA function, other studies suggest that activation of P75NTR may . 

functionally oppose TrkA. 

In line with the idea of opposing roles for the two receptors, P75NTR sympathetic 

neurons in culture were more sensitive to higher concentrations of NT-3 compared to 

wild-type neurons (Lee et al., 1994). Similarly, in the presence of P75NTR function- 

blocking antibodies, NT-3 potentiated TrkA phosphorylation and gene expression in 

PC 12 cells (Clary and Reichardt, 1994). One interpretation of these results is that 

neurotrophin receptor binding is more selective in the presence of P75NTR. 

Alternatively, the absence of P75NTR activation may result in the loss of a negative 

signal which induces neuronal apoptosis in certain cellular contexts (reviewed in Kaplan 

and Miller, 1997). 

E. P7SNTR and Apoptosis 

The P75NTR is structurally related to members of the TNFl'Fas receptor family 

(reviewed in Wallach et al., 1997). This receptor family regulates both ce11 survival and 

apoptosis via a various interacting proteins and signalling pathways which include 



production of the Epid second messenger, ceramide, via sphingomyelin hydrolysis, 

activation of the c-jun terminal kinase (JNK) pathway, and activation of gene 

transcription via NFkB (reviewed in Wallach et al., 1997). A short segment of homology 

in the TNF/Fas receptors termed the "death domain" is thought to mediate these effects 

since mutations in this domain inhibit the activation of apoptosis by these receptors 

(Brakebusch et al., 1992). Analysis of the P75NTR has revealed regions homologous to 

the death domain, although its fllnction has not yet been determined (reviewed in Wallach 

et al., 1997). 

Several lines of evidence demonstrate that P75NTR is able to regulate neuronal 

survival. Expression of P7SNTR an immortalized neuronal ce11 line led to a faster rate of 

programmed ce11 death which occurred in a ligand-independent fashion (Rabizadeh et ai., 

1993). Similady, blocking P75NTR via antisense oligonucleotides resulted in enhanced 

sensory neuron survival in the absence of neurotrophins (Barrett and Bartlett, 1994). 

Further, addition of anti-NGF antibodies tu the developing chick retina resulted in 

decreased death of cells that express P75NTR but not TrkA suggesting that NGF induced 

developmentally regulated ce11 death through P75NTR (Frade et al., 1996). In line with 

this fmding, expression of the intracellular dornain of P75NTR in peripheral and central 

neurons of transgenic anirnals resulted in a signifïcant reduction in penpheral and central 

neurons (Majdan et al., 1997). Furthermore, analysis of P75NTR mutant animals 

revealed an increase in the sunival of basal forebrain cholinergic neurons (Van de Zee et 

al., 1996; Yeo et al., 1997). In particular, the number of TrkA-positive neurons were 

similar in control and mutant mice, but the number of TrkA-negative neurons were 

increased in the mutant mice suggesting that P75NTR mediated apoptosis of cholinergic 

neurons only in the absence of TrkA (Van der Zee et al., 1996). Finally, P75NTR- 

mediated responses appear to be dependent upon the activation of particular growth 

factor signal transduction pathways. Embryonic trigeminal sensory neurons survive in 

culture in response to ciliary neurotrophic factor (CNTF) or BDNF, but not NGF. M e n  

these neurons are cultured in CNTF, they die in response to NGF treatment. This effect 



was mediated via P75NTR since blocking P75NTR prevented NGF-induced neuronal 

death. However, neurons grown in BDNF and subsequentiy treated with NGF did not 

affect cell death (Davey and Davies, 1998). Together, these observations are consistent 

with the idea that P75NTR rnay signal to mediate neuronal apoptosis and may be 

essential for developmental naturally-occurring ce11 death. In Iine with this idea, the role 

of P75NTR and sympathetic neuron survival has been recentiy characterized (Barnji et 

al., 1998; Aloyz et al., 1998) and is extensively reviewed in a previous section of this 

thesis (please see Neurotrophin Replation of the Sympathetic Nervous System). 

Briefly, developmental sympathetic neuron death is believed to occur via the activation of 

P7SN'lX in the presence of suboptimal NGF/TrkA sunival signals (Bamji et al., 1998; 

reviewed in Kaplan and Miller, 1997). Specifically, in the absence of TrkA activation or 

in the presence of low concentrations of NGF, BDNF-mediated P75NTR activation was 

~ ~ c i e n t  to cause sympathetic neuron apoptosis (Bamji et al., 1998). This regdation of 

neuronal apoptosis as detennined by the balance of neurotrophin receptor signalling rnay 

provide a mechanism by which sympathetic neurons discriminate between exposure to 

adequate levels of NGF or inappropriate, non-survival-promotuig neurotrophins. 

F. P75NTR Signal Transduction 

Recent evidence dernonstrates that P75NTR activates a signal transduction cascade 

leading to cellular apoptosis independent of TrkA activation. Specifically, NGF binduig 

to P75NTR in PC12 cells increased cerarnide production in PC12 cells in the absence of 

TrkA signalling (DobrowsQ et al., 1995). Further, NGF-dependent activation of NF-id3 

and JNK occurred in cultured Schwann cells transfected with P7SNTR and 

oligodendrocytes that normally express P75NTR respectively (Carter et al., 1996; 

Casaccia-Bonnefil et al., 1996). Further, ceramide production increased in 

oligodendrocytes in response to NGF (Casaccia-Bonnefil et al., 1996). Since cultured 

oligodendrocytes, which do not express TrkA, respond to NGF with apoptosis and since 

cerarnide accumulation and JNK activation occur in response to apoptotic stimuli, it has 



been hypothesized that P75NTR may induce cellular apoptosis in the absence of Trk 

signalling and that Trk signalhg may act to suppress P75NTR signding. Ifi line with 

this idea, NGF-mediated ce11 death was reduced in oligodendrocyte cultures ectopically 

expressing TrkA (Yoon et al., 1998). This TrkA-mediated rescue fiorn ceIl death resulted 

in increased MAP kinase activity and a suppressed JNK activity. Interestingly, 

activation of NFkB was not affected by CO-expression of P75NTR and TrkA suggesting 

that P75NTR activates JNK and NFkB via different pathways (Yoon et al., 1998). 

These results, together with those observed with BDNF-induced sympathetic neuron 

apoptosis, suggest that TrkPL activation modulates the ability of P75NTR to transduce a 

death signal, potentially via a pathway involving JNK. 

Accordingly, sympathetic neuron apoptosis has recently been s h o w  t o  involve the 

MEKK-JNK pathway, the p53 tumour suppressor protein, and the proapoptotic 

protein, BAX. Both P75NTR activation or NGF withdrawal increases p53 levels and 

activates the immediate early protein, c-jun, a component of the JNK pathway (Estus et 

al., 1994; Ham et al., 1995; Aloyz et al., 1998; Bamji et al., 1998). Further, Bax, an 

essential protein for sympathetic neuron apoptosis and transcriptionally regulated by 

p53, is also increased (Deckwerth et al., 1996; Easton et al., 1997; Aloyz et aI.,1998). 

Blocking p53 with the adenoviral ElB55K protein which functionally blocks p53, was 

sufficient to inhibit sympathetic neuron death by NGF withdrawal and P75NTR 

activation (Aloyz et al., 1998). Moreover, increased expression of p53 was sufficient to 

cause sympathetic neuron apoptosis in the presence of NGF, indicating that p53 is both 

sufficient and necessary for sympathetic neuron apoptosis (Slack et al., 1996; Aloyz et 

al., 1998). The pathway that mediates NGF withdrawal and P75NTR-mediated 

apoptosis appears to involve sequentially MEKK-JNK-p53-Bax. Specifically, 

expression of activated MEKK was sufficient to cause sympathetic neuron death and 

resulted in increased levels of p53 and Bax. Expression of p53 resulted in elevated levels 

of Bax with no effect on JNK activation. Further, fùnctionally blocking p53 inhibited 

activated MEKK-mediated apoptosis. Finally, sympathetic neurons in p53 mutant 



animals do not undergo naturally-occurring ce11 death. Together, these data irnplicate the 

JNK-MEKK pathway and downstream targets, p53 and Bax, as components involved in 

P75NTR-mediated neuronal apoptosis. Further, it has been proposed that p53 may be a 

target that integrates the opposing swival  signals versus death signais derived from TrkA 

and P75NTR, respectively. In this way cornpetition between these signals ultimately 

detemine whether a neuron survives or dies (reviewed in Kaplan and Miller, 1997). 

In different cellular contexts and at different developmental stages, there are variations 

in the ratio of TrkA to P75NTR. Thus, the ratio of P75NTR to Trk receptors may be an 

important determinant of neurotrophin-induced neuronal survival and death. For 

example, low levels of P75NTR in embryonic sensory neurons resulted in an elevation of 

ceIl death, whiie postnatal neurons resulted in an increase in survival (Barrett and Bartiett, 

1994). Further, as noted above, introducing TrkA to oligodendrocytes that only express 

P75NTR, led to an over-riding of the NGF-induced ce11 death via P75NTR activation 

(Yoon et al., 1998). Finally, in postnatal sympathetic neurons exposed to suboptimal 

concentrations of NGF, BDNF-induced activation of P75NTR led to elevated apoptosis 

(Bamji et al., 1998). These studies demonstrate that observations regarding the Trk and 

P75NTR interactions in mediating ce11 survival and death may depend on the level of 

expression of each receptor, the degree to which each is activated, and the cellular and 

developmental context in which these bioiogicai effects are analyzed. 

VIII. Conclusion: Tram-synaptic Regdation of Neuronal Connectivity 

The network of cells that form a functioning circuit in the nervous system 

comrnunicate via trans-synaptic mechanisms. Such mechanisms allow for adjustments in 

neuronal comectivity in response to alterations in molecular signals provided at the level 

of the synapse. During development, the neurotrophins provide molecular signais via 

activation of their receptors to establish a balance of connections between afferent and 

efferent neuronal populations. In maturity, alterations in the balance of these synaptic 

connections may occur as a consequence of changes in neurotrophin levels and 



availability. Further, activity-dependent synthesis and release of neurotrophins may 

underlie the changes in neuronal growth and synaptogenesis observed upon altered 

neuronal activity, and may M e r  effect synaptic transmission. Thus, one may propose 

a regulatory link between trophic actions and neuronal activity whereby afferent 

innervation affects both trophic levels and dendritic growth of target neurons, and in turn, 

the levels of neurotrophins expressed in target neurons affect af5erent axonal growth, 

innervation, and synaptic fùnction. Because neurons are tram-synaptically linked, it may 

be postulated that alterations initiated at one synapse may lead to changes in the 

comectivity and dtimately, the functioning of a neural circuit (Figure 7). 
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IX. Figure Legends 

Figure 1. Schematic drawing of a horizontal section through the hippocampus. The 

regions and layers are indicated as follows: Ab, angular bundle; Pas, parasubiculum, PrS, 

presubiculum; Sub, subiculum; ML, GL and PO, molecular, grande cell, and polymorphic 

layers, respectively, of the dentate gynis; SO, stratum oriens; PY, pyramidal ce11 layer; 

SL, stratum lucidum; SR, stratum radiatum; SL-M, stratum lacunosum-moleculare. 

Modified fiom Amaral and Witter, 1995. 

Figure 2. Schematic drawing depicting the 'tri-synaptic' connections within the 

hippocampus. Fibers from the entorhinal cortex enter the hippocampus by the perforant 

pathway, and synapse on dendrites of granule cell neurons. The granule celi neurons, in 

turn, synapse on pyramidal ce11 neurons in the CA3 region. The CA3 pyramidal cells 

synapse on other pyramidal ce11 neurons in the CA1 region. 

Figure 3. Schematic drawing of the connections within the hippocampus. Axons 

tenninate and release neurotransmitter/neuropeptides at dendritic boutons. Modified 

fiom Moms and Johnston, 1995. 

Figure 4. Line drawing of the potential relationships between various factors that modiQ 

hippocampal circuitry . 

Figure 5. Schematic drawing of the anatomical organization of the sympathetic nervous 

system. Sympathetic preganglionic motor neurons project to sympathetic postganglionic 

neurons in sympathetic ganglia. Postganglionic neurons project to various peripheral 

targets. Modified fiom Dodd and Role, 199 1. 



Figure 6. Anatomical organization of the autonomic nervous system, and the projection 

pathway of sympathetic pregangiionic and postganglionic axons. Modified fiom Dodd 

and Role, 199 1. 

Figure 7. Schematic drawing of neural connections depicting the relationship between 

neuronal activity and neurotrophic factors which affect morphology and synaptic 

innervation within a CNS :PNS neural circuit. Modified fiom Pwes ,  1986. 
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ABSTRACT 

Addt central neurons d i b i t  s igdcant  structural and molecular changes in epilepsy. We 

have examlied changes in two markers of morphologicai and physiological plasticity, Ta1 a- 

tubulin (Tal) and Neuropeptide Y (NPY) mRNA1s7 in response to intermittent (20 Hz7 los, 1 

min-') stimulation of the rat perforant path in vivo. 

Stimulus trains elicited brief (0.5-3 s) afterdischarges in the ipsilateral dentate gyrus 

(DG). Four hours of stimulation caused no significant loss of inhibition in the DG 40-48 hours 

after stimulation ceased. However, it did lead to an increase in NPY mRNA in neurons of the 

ipsilateral, and to a lesser extent, contralateral, D G  and Ammon's Hom Many of these were 

presumably interneurom that normally express NPY. However, dentate grande celis (DGC's), 

which do not normally express this peptide, also expressed robust levels of NPY mRNA 

bilaterdy. NPY mRNA levels peaked at 4-24 hours and retumed to baseline by 48 hours 

poststimulation Although 24 hours of stimulation induced a similar increase in intemeurons, 

Dm's showed no detectable NPY mRNA. Afterdischarges were necessary to elevate NPY 

mRNA expression. 

Four hours of stimulation elevated Ta1 mRNA expression in both ipsilateral, and to a 

lesser extent, contralateral, DGC's; this elevation peaked at 24 hours poststimulation, and 

declined to basehe by 72 hours. Stimulation for 24 hours caused broader changes in Tu1 

&A expression, with increases in DGC's and in CA3 pyramidal ceus, bilaterdy. Acute 

denervation of the DG did not affect Ta1 mRNA level in the hippocampal formation. 

EIevated synaptic input resulting in afterdischarges, but not necessarily in excitabiLity 

changes, in the DG, led to alterations in the expression of molecular markers of plasticity. 

These changes may reflect adqtive responses to physiological activation. 



INTRODUCTION 

The growth and morphological differentiation of marnmalian neurons involve a 

complex interplay between extrinsic influences and genetic mechanisms intrinsic to the 

neuron. Developing neurons express genes that are involved, sequentidly, in 

cornmitment, migration, process outgrowth, and synaptogenesis. In the mature nervous 

systern, with a few notable exceptions such as the olfactory system (Graziadei et al., 

1980), neurons neither develop de novo nor migrate to new positions. However, new 

process outgrowth in the form of axonal regeneration or sprouting occurs in response to 

neural trauma or pathology (for reviews, see Brown, 1984; Seil, 1988; Steward, 1989) and 

rnay be ongoing at a iow Ievel even in the nomal animai (Purves et al., 1986, 1987; 

Lichtman et al., 1987; Harris and Purves, 1989). The molecular mechanisms underlying 

this structurai plasticity, and the extraneuronal cues that regulate it remain largely 

undefined. 

Of ail the known plastic changes in the central nervous system, the development of 

epileptic seizures is perhaps the most drarnatic. The plasticity includes morphological as 

well as physiological changes. ne role that such activity-induced alterations in neuronal 

behavior play in the development of epilepsy remains unclear, as do the molecular 

rnechanisms underlying epileptogenesis. We have hypothesized that elevated neuronal 

activity results in the alteration of neuronal morphology and physiology in a potentially 

adaptive fashion. However, prolongation of such elevated activity may ultimately lead to 



maladaptive changes, including those that may underlie the developrnent of some kinds of 

epilepsies. To address this, we have chosen to examine neuronal responses in an in vivo 

rat model of synaptically-induced hyperexcitability. In its original form, this model, 

which utilizes intermittent stimulation of the input to the dentate gyrus (Sloviter, 1983, 

1989), has been shown to mimic much of the distinctive pathology observed in patients 

suffering fiom cryptogenic temporal lobe epilepsy (Meldrum and Corsellis, 1984; de 

Lanerolle and Spencer, 1991). This model has the advantage that if stimuli are applied for 

periods considerably shorter than 24 hours, one can examine changes in neuronal ceU 

biology that precede the irreversible pathologicd changes (Sloviter and Lowenstein, 1992; 

Goodman and Sloviter, 1993). A M e r  advantage of this model is that 

electrophysiological measures of hyperexcitability correlate well with anatomical indices 

of pathology (Sloviter, 1983, 199 1). 

Homeostasis dictates that the physiological response to such elevated excitation 

should be the promotion of cellular rnechanisms for controlling excitability. One putative 

neurotransmitter or neuromodulator that has been implicated in the prolonged neuronal 

response to convuIsive stimuli is neuropeptide Y (NPY). NPY, which has been shown to 

potently inhibit excitatory synaptic transmission in the hippocarnpus via a presynaptic 

mechanism (Colrners et al., 1987, 1988, Klapstein and Colrners, 1993), is greatly elevated 

irnrnunocytochernically following kainate-induced seizures (Marksteiner et al., 1990) or 

electroconvulsive shock (Wahlestedt et al., 1990), and interneurons of the dentate hilus 

expressing NPY are lost in patients with temporal Iobe sclerosis (de Lanerolle et al., 1989, 



de Laneroile and Spencer, 1991) and in the rat model of this epiIepsy which we have 

modified here (Sloviter, 1 989). 

In addition to examining changes that may play an important role in physiological 

responses to elevated excitatory input, we have included a marker for potential 

morphological plasticity. Since it is diEcult to directiy anaiyze small changes in 

morphology which rnay correlate with relatively subtle physiological changes, we have 

instead chosen to study, in this mode1, the expression of Ta1  a-tubulin mRNA, a 

molecule whose expression is tightly correlated with the growth of both developing and 

mature CNS neurons. T a 1  =tubulin represents one member of the Wubulin multigene 

family that is regulated as a h c t i o n  of neuronal growth (Miller et al., 1987b, 1989; 

Mathew and Miller, 1990). Microhibules, which are assembled fkom a- and P-tubulins, 

are integrai components of growing neurites (Daniels, 19721, and, thus, essential building 

blocks during neuronal regeneration and sprouting. In mamrnals, at least six different a- 

tubulin genes (Villasante et al., 1986) are expressed at various stages of development, of 

which, two, tenned T a 1  and T26, are known to be expressed in the developing and 

mature rat brain (Lemischka et al., 2 98 1; Ginzburg et al., 198 1; Miller et al., 1987b). Ta1 

Wubulin mRNA is abundantly expressed during periods of process outgrowth in 

developing, regenerating, and sprouting peripheral neurons, whereas expression of T26 

mRNA is constitutive, and unchanged as a function of ceU growth (Miller et al., 1987b, 

1989, 199 1 ; Mathew and Miller, 1990). Recent analyses in transgenic rnice indicates that 

much of this regulation occurs at the transcriptional level (Gloster et al., 1994). Together, 



these data suggest that Ta1 a-tubulia mRNA provides a useful marker for defïning the 

cellular cues underlying the remodelling of intact, mature CNS neurons. 

In this paper, we determined whether intermittent stimulation of the perforant 

path, for tirne penods which do not lead to permanent anatomical or physiological 

pathology in the hippocampd formation, led to alterations in the expression of NPY and 

Ta1 Wubulin rnRNAs. Furthemore, w e  compared these results to those observed 

subsequent to longer-tenn stimulation, which results in demonstrable pathology. Our 

results indicate that: a) periods of intermittent stimulation, even those too brief to cause 

permanent changes in excitability (Sloviter, 198 1, 1 99 1, Goodman and Sloviter, 1 993), 

caused an upregulation of both NPY and Ta1 Wubulin mRNA levels, more prominently 

on the ipsilateral side than the contralateral side; and b) similar, but more widespread 

alterations were observed foIlowing periods of stimulation which led to permanent 

eIectrophysiological and anatornicai pathology. 

Together, these results suggest that elevated neuronal activity, which precedes but 

does not cause permanent pathological changes, resuits in the altered expression of 

mo,ecules that may ultimately lead to alterations in the morphology and physioIogy of 

hippocampal neurons. Furthemore, the changes in these molecules with brief or 

prolonged stimulation differ in extent, rather than kind, suggesting they both represent 

points on a continuum of responses, rather than responses of a different nature. Finally, 

these results irnplicate the genes we have exafnined in adaptive responses to elevated 

excitatory input into the hippocampus. 



MATERIAL AND METHODS 

Anirnals and Surgical Procedures. 

a) Stimulation experiments. Techniques emplo yed for animal surgery, recording and 

stimulation are similar to those published by Sloviter (1 983, 199 l), and were specificaily 

approved by the Health Sciences Laboratory Animal Welfare Cornmittee of the 

University of Alberta. Briefly, d e  Sprague-Dawley rats (200-300g) were lightly 

anaesthetized with halothane, and anaesthetized with urethane (1.25 gkg), administered 

subcutaneously in several injections distributed over the back of the animal (S loviter, 

199 1). Once surgical anaesthesia was achieved, the animais were ptaced in a stereotaxic 

apparatus (incisor bar at - 3.0 mm), and core body temperature was maintained at 37 * 
0 . 2 " ~  with a warm water coi1 placed undemeath the animal. The skuli was exposed, and 

two holes drilled on the left side; one centered 3.5 mm posterior to bregma, 2 mm lateral 

to the midline, 2 mm in diameter; and one transverse slot, approximately 8 mm posterior 

to bregrna extending laterally fkom 4mm lateral to the rnidline to the lateral margin of the 

skull, about 1.5 mm width (Sloviter 1983). The dura was parted with the tip of a 26 gauge 

needle and bleeding controiled, before a recording microelectrode was lowered into the 

first hole, and a bipolar stimulating electrode lowered into the second. Final placements 

of both electrodes were detemiined by rnaximizing the characteristic potential recorded in 

the dentate gyms in response to ipsilateral perforant path stimulation (Sloviter, 1983). 

Only one side, generally the left, was tested andor stimulated per animal. 



Paired stimuli (100 Ps, 30V, 40 ms ISI, "test stimulit1) were delivered to the 

perforant path at 2 Hz fkom a stimulus isolation unit (AMPI). Responses were amplified 

(WPL M70 1) and displayed on a Nicolet 4094 digital oscilloscope. Once stable responses 

to the test stimuli had been recorded for baseline cornparison (often referred to in the text 

as "control" responses), trains of stimuli (20 Hz, 10 s) were delivered once per minute 

("intermittent stimuli") for different times, simultaneous with the 2 Hz stimuli. 

Electrophysiological responses were always compared with those recorded under 

identical conditions in the sarne animal prior to any experimental manipulations. After 

cessation of the stimulus trains, the electrodes were withdrawn, holes were sealed with 

bone wax, the scalp sutured, and the animais dowed to recover in a wanned cage. Ail 

animals showed normal recovery after about 24 hours, as evidenced by normal eating, 

drinking and grooming. 

b) Controls. Several controls were performed for these experiments. The unstimulated 

side served as a control for each animal. Because changes were observed on the 

contralateral side with this paradigrn in some anirnals (Sloviter, 1983, 1991), we used 

brains fkom naive animals fixed identically with the experimental animals, and we also 

used several other kinds of controls. i) Unstirnulated controls were animals in which the 

procedures were identical with the experimental ones to the point of placing electrodes 

into the tissue and optimizing the recording, but then the stimulation was t m e d  off, and 

the electrodes Left in place for the duration of what would have been the stimulus period. 



ii) StimuZated controls were perforrned in severai different ways. In one type of control, 

the electrodes were positioned, and the 2 Hz paired test stimulus alone was continued for 

the duration of the experiments ("stimulation control"). In a second type of control, the 

electrodes were positioned as above, then the stimulating electrode was withdrawn until 

no response was evoked in the dentate gyrus by stimulation (Sloviter 1983). Intermittent 

stimuli were then applied to the repositioned stimulating electrode. This "control" 

paradigm, however, resulted in afterdischarges in the dentate g y m  in response to the test 

stimulus when the stimulating electrode was repositioned in the angular bundle at the end 

of the period of intermittent stimulation, leading us to reject this paradigm as invalid. In a 

third control (Zow voltage controi) the positions of the electrodes were optimized as for 

an experiment, then the stimulus intensity was reduced so as to evoke only EPSP's and no 

granule ce11 discharge in the dentate gyw. iii) Deaferentution conh.oZs. Knife-cut lesions 

of the angular bundle were performed to test whether disruption of afferent input caused 

changes in neuronal gene expression, using coordinates fiom Gibbs et al. (1987). Male 

Sprague-Dawley rats (200-300 grams) were anaesthetized as above with urethane. After 

surgicd anaesthesia was attained, rats were placed in a stereotaxic apparatus, with the 

incisor bar placed 2 mm below the interaural line. The skull was exposed, and a transverse 

slot (2 mm x 4 mm; starting 2 mm lateral and 3 mm posterior to bregma) was drilled into 

the left side of the skull, exposïng the dura overiying the cortex. A splinter of razor blade 

with a sharp face of at least 13 mm, mounted on a stereotaxic micromanipulator, was 

lowered to a depth of 6 mm, starting 3.5 mm lateral to the midline, and moved laterally 



untiI the blade ran into the laterd rnargin of the skull. This procedure transected most of 

the angular bundle projection to the dentate gyrus. The M e  was then raised, bleeding 

controlled, and the skull closed and scalp sutured as for the stundation experiments. 

Animds were allowed to recover for 1-3 days, then were kiiied by transcardiac perfusion, 

as described below. 

l i z  situ hybridization analysis 

At least two animals were analyzed by in situ hybridization at each tirnepoint, in 

addition to the various controls, for a total of 50 animals. Brain tissue was h e d  and 

sectioned for the three sets of experiments much as described earlier (Miller et al, 1989). 

Briefly, either naive animals, or anirnals taken at different times after the end of an 

experimental or controi stimulus or after a M e  cut, were deeply anaesthetized 

(pentobarbital, 65 rn& i-p.) then perfused through the aorta with 120 mM phosphate 

buffered saline (pH 7.3) for 3 minutes, followed by 4% parafomaldehyde in phosphate 

buffer. Brains were Sien removed and postfixed in the sarne £kative for 6 hours. The 

tissue was rinsed in several washes of cold, graded sucrose solutions, surrounded with 

Tissue-Tek@ O.C.T. compound, frozen, and sectioned on a cryostat at 10 Pm. Sections 

were mounted on gelatin-coated slides. Our studies focused primarily on the dorsal 

hippocampus, as this area is most sensitive to structural damage in this mode1 (Sloviter, 

1983). 

In situ hybridization was performed with these antisense RNA probes as previously 



described (Miller et al., 1989). Hybndized slides were air-dried and apposed to Kodak 

XRP f h  for 12-72 hours to obtain X-ray images. The slides were subsequently dipped 

in Kodak NTB-2 emulçion, and exposed for 2 - 7 days pnor to developrnent. 

Hybridization with a sense probe was performed to ensure specificity of hybridization. 

To ensure that results were comparable and reproducible, we sectioned control and 

experimental tissues ont0 the same slides (Miller et al., 1989). 

Hybridization probes for Ta1 and T26 a-tubulin mRNAs were prepared as 

previously described (Miller et al., 1987b; Miller et al., 1989). Antisense RNA probes 

specific to neuropeptide Y were generated fiom a subclone provided by Dr. Janet Ailen 

(Allen et al., 1987), as previously described (Miller et al., 199 1). We have previously 

used these probes extensively for Northern blot analysis andor in situ hybridization, and 

no cross-hybridization with either ribosomal RNA or other transcripts has been detected 

(Miller et al., 1987a; Miller et al., 1989; Mathew and Miller, 1990; Miller et al., 199 1; Ma 

et al., 1992). 

Quantitation 

Multiple in situ hybridizations were perfonned on the tissue from each animal. In 

all cases, cornparisons were made to brains fkorn naive animals, experimental "control" 

brains, or experimental brains fiom other timepoints which were sectioned ont0 the same 

slide. Comparisons were always made within a given in situ hybridization run, to control 

for any variability in efficiency of hybridization or alterations in background. Analysis of 



the tissue sections was fust made by exstmining the X-ray films, and scoring the sections 

relative to controls without prior knowledge of the treatment. A summary of the results 

fkom different in si& hybridization runs and different animals were then compared, and 

were confirmed by examination of the emulsion-dipped slides prepared fiom these 

sections. Peak changes in expression for each period of stimulation were identified for 

each gene, and the optical density of experimental versus control sections andlor sections 

at the zero timepoint were detennined by scanning the X-ray films with the NCID 

system (Imaging Inc., St. Catherines, Ont.), as described in Dumont et al. (1993). A 

minimum of two sections each fiom a minimum of two animals were analyzed for each 

timepoint. 

For NPY &A, since Uicreases were observed bilaterally in both the dentate 

gyrus and in neurons of CA1 and CA3, two types of quantitative comparisons were 

made. First, the OD of the DGC and pyramidal ceIl layers of experimental brains were 

directly compared to those derived fiom control sections in the same in situ hybridization 

run. Second, the OD of the DGC layers was expressed as a ratio over the contralateral 

CA1 region of the same section. In this latter case, statistical comparisons were made 

between the ratios obtained at each experimental timepoint relative to control brains fkom 

the sarne in situ hybndization run using a Student's t-test, as described for Ta1 rnRNA. 

For Ta1 Wubulin, increases were detected only in the grande cell layer after 4 

hours of stimulation, and comparisons were therefore made internally. Specifically, for 

control and experimental sections, data were expressed as a ratio of the optical density 



(OD) of the dentate gyms to the OD of the contralateral CA1 pyramidal ceU layer. For 

statisticai analysis, the ratios obtained at each experimental tirnepoint were then 

cornpared to the ratios obtained fiom control brains, using a Student's t test. 

Portions of these results have been presented in abstract form (Colmers et al., 

1992). 



In order to examine whether elevated levels of excitation induced the expression of 

NPY and Ta1 =tubulin rnRNAs, we stimulated the angular bundle intermittently for 

penods of between 2 and 24 h, while the electrophysiological responses were recorded in 

the dentate granule ce11 body layer. The animals were then allowed to survive for different 

tunes after the end of the stimulation. 

Electrophysiological results. Stimulation of the angular bundle resulted in 

population responses much as described by other ùivestigators (Fig. 1; Andersen et al, 

1967; Sloviter, 1983). Paired stimuli (2 Hz, 40 ms interstimulus interval) generally 

elicited a sharply negative grande c d  population discharge (population spike) 

superirnposed upon a slower positivity (population EPSP) to the fust stimulus, while the 

second stimulus elicited a much smaller granule ce11 discharge, if any (Fig. 1A, upper left 

trace). Immediately following a 10 s, 20 Hz stimulus train, the test stimulus elicited a 

first population spike response much greater in amplitude than in control, followed by 

trains of several spontaneous population spikes (afterdischarges; Figure 1 A, lower left 

trace), which also were greater Sian the population spike evoked pnor to the train. The 

spontaneous discharges ceased between 0.5 and 3 seconds after the train's end, 

whereupon the test response was greatly diminished, but gradually recovered to near 

control values before the start of the next stimulus. This sequence of events was 



essentially identical with that descnbed by Sloviter (1983). 

Afier four hours of stimulation, the test response in this anunal immediately pnor 

to the train was reduced in amplitude relative to that observed prior to the start of 

stimulus train presentation (Fig. 1 A, upper right trace). Nevertheless, afterdischarges and 

spontanteously-occurring population spikes were seen for 0.5 - 3s immediately after a 

train (Fig. IA, lower rïght trace), although they were often of lesser amplitude than after 

the first few stimulus trains. However, in difYerent animals that received stimulus trains 

for 24 hours, a different response was observed (Fig. ZB). Before any stimulus trains 

were applied, the animal in Fig. 1B showed paired-pulse inhibition (Fig. lB, upper trace) 

similar to the response in Fig. 1A, but after 24 hours of stimulation, the test stimuli 

themselves evoked multiple discharges (Fig. lB, lower trace). The brief granule ceU EPSP 

seen pnor to the onset of stimulation was replaced by a slower, positive potential of 

greater amplitude, during which multiple population spike discharges occurred (Fig. lB, 

lower trace). As well, epileptiform afterdischarges (not illustrated) were often observed 

following test stimuli, as has been reported previously (Sloviter, 1983, 199 1). 
9 

We also tested whether the 4 hour stimulus had long-Iasting consequences for the 

excitability of the dentate gyrus. Recordings were made fkom 3 animals, using the same 

stimulus and recording sites in the ipsilateral hippocampus, 40 to 48 hours after the end 

of a 4 h o u  stimulation period. In the animal of Figure lC, responses to paired test 

stimuli applied 44 hours after the end of 4 hours of intermittent stimulation (lower trace), 

did not show evidence of impaired inhibition when compared with test responses taken 



prïor to the onset of the stimulus trains (upper trace). Instead, the paired-pulse 

responses were comparable to contro 1s taken before the stimulation began, and O fien 

appeared to have more pronounced paired-pulse inhibition than before stimulation began 

(Fig. 1C). 

NPY mRNA expression. Ipsilateral intermittent stimulation of the anguIar 

bundle elicited marked elevations in the expression of NPY mRNA, in both ipsilateral and 

contralateral hippocampal formations (Figs. 2,3,4,5,7). In situ hybridization revealed 

that, in anirnals stimdated for 4 hours, and allowed to recover for O to 72 hours, NPY 

mRNA levels were increased both in cells that normally express this neuropeptide, and in 

dentate granule cells, which normally do not. 

Immediately following a 4 hour stimulus penod, NPY mEWA levels were not 

detectably increased (Fig. 4) relative to controls. StatisticaiIy-significant increases were 

detected at 4-8 hours poststimdation, when NPY rnRNA levels were increased in the 

DGC's and hilar interneurons bilateraiiy (Figs 2, 3A&B, 4). This increase was observed 

both relative to control anïmals, and relative to the CA1 pyramidal neurons of the same 

sections (Fig. 4). A statistically significant increase @ < 0.05) was also observed at these 

tirnepoints in cells of the ipsilateral and contralateral areas CA1 and CA3 relative to 

control sections for the same in situ hybridization run. The average increase in the CA1 

and CA3 regions was statistically similar (1 -5- vs. 1 -3-fold, respectively). The neurons in 

these regions which expressed increased levels of NPY mRNA following stimulation were 



presumably the norrnally NPY-positive interneurons, based on their locations outside the 

pyramidal ce11 layer m u e r  et al., 1986; Haas et al, 1987; Moms, 1989; Sloviter, 1989; 

Deller and Leranth, 1990; Sloviter and Lowenstein, 1992). This upregulation of NPY 

mRNA persisted longer ipsilaterally than contralaterally; by 24 hours after the stimulus 

trains ended, the ipsilateral increases were still robust in the dentate granule cells and Mar 

interneurons, whereas contralateral levels were sirniIar to controls in ai l  animais (Figs. 2, 

4). At 24 hours posts6mulation, the increase in NPY rnRNA in the DGC's was somewhat 

variable; in two animais, the increase was extremely high (Fig. 2, bottorn panel). At 6 - 24 

hours, elevated NPY rnRNA leveIs were also detected in the ipsilateral cortex, apparently 

in intemeurons that normally express NPY (Fig. 3C,D). 

In animds stimuiated for 24 hours, a somewhat différent pattern of NPY mRNA 

expression was observed (Figs. SD, 7). Immediately foiIowing 24 hours of stimulation, 

NPY rnRNA levels were increased in interneurons throughout the hilus, and in the CA3 

and CA1 regions both ipsilaterally and contralaterally. 24 hours post-stimulation, NPY 

mRNA levels remained elevated in al l  populations of NPY-positive intemeurons on the 

ipsilateral side. In the contralateral hippocampal formation at this later tirnepoint, NPY 

mRNA levels were still increased to some degree in interneurons of CA1 but had 

decreased in hilar intemeurons (Fig. 5). By 3 days poststimulation, NPY rnRNA levels in 

the hippocampus were similar to controls. At no time following the 24 hours of 

stimulation was NPY rnRNA expressed at detectable levels in the dentate granule cells. 

The increases in NPY mEWA foIlowing 4 and 24 hours of stimulation are summarized in 



Figure 7. 

Ta1 a-tubulin mRNA expression. Following 4 hours of unilateral intermittent 

stimulation to the angular bundle, the tullecourse of induction of Ta1 Wubulin mRNA 

was considerably later than that observed for NPY mRNA (Figs. 2,4,6). Little change in 

Ta1 mRNA levels was noted until24 hours post-stimulation, when levels were increased 

signifïcantly in the ipsilateral dentate gynis, with a somewhat smaller, but significant, 

increase in the contralateral dentate gyms (Figs. 2,4,6). T a  1 mRNA levels then declined, 

so that, 72 hous  after the end of a 4-hou stimulus penod, they were again similar to 

controls. At no timepoint following 4 hours of stimulation was Ta1 mRNA increased to 

statisticdy-signifrcant levels in the pyramidal ce11 layer. 

More widespread increases in hippocarnpal T a  1 rnRNA levels were O bserved 

following 24 hours of stimulation (Figs. 5, 6, 8). Immediately post-stimulation, T a 1  

mRNA levels were increased bilaterally in dentate granule cells and in CA3 pyramidal 

cells. At 24 hours post-stimulation, Ta1  mRNA remained elevated in the ipsilateral 

hippocampal formation (Figs. 5, 6), where the increase in dentate granule cells was similar 

to that observed 24 hours following 4 hours of stimulation (1.8 * 0.1 vs. 2.2 + 0.1, 

respectively). In contrast, Ta1 rnRNA levels in the contralateral hippocampus had 

already declined by this time. At this timepoint, the increase in Ta1 mRNA in the granule 

cells was not homogeneous in either the ipsilateral or contralateral hippocampal 

formation, with hybridization in the dentate gyms appearing "patchy" (Fig. 6E,F). This 



may be due to the much higher, potentiaily ïnjurious, levels of stimulation received b y 

these neurons over 24, as opposed to 4, hours using this paradigm. At 72 hours post- 

stimulation, Ta1 mRNA had returned to baseline levels throughout the hippocampal 

formation. 

In addition to the increased Ta1 =tubulin rnRNA levels detected within the 

hippocampal formation, intermittent stimulation also led to elevated levels of Ta1 a- 

tubulin mRNA within the neocortex. More specifically, 24 hours following either 4 or 24 

hours of stimulation, Ta1 rnRNA levels were broadly increased in the ipsilateral cortex 

extending as far ventrally as the piriform cortex Vigs. 2, 5). The increases in Ta1 mRNA 

following 4 and 24 hours of stimulation are summarized in Figure 8. 

Controls. In order to ensure that the increases in both NPY and Ta1 rnRNAs 

observed in the above experiments were specifically due to the intermittent stimulation of 

the angdar bundle, a number of different controls were peI-Eomed. Firstly, the angular 

bundle was transected (knife-cut deafferentation; Gibbs et aI, 1987), and levels of NPY 

and Ta1 &As were determined 8 and 24 hours postlesion by in situ hybridization. 

No increase in mRNA levels was detected either for Ta1  (Fig. 4) or NPY (data not 

shown), indicating that the observed increases were not due to injury of the angular 

bundle by the stimulating electrode. Secondly, two different kinds of stimulation controls 

were perforrned, one in which the 30 V, 2 Hz paired test pulses alone were continued for 

a 4-hour period equivalent to that taken by the intermittent stimulation in experïmental 



animals (stimulation control), and another in which intermittent stimuli were applied as 

usual for 4 hours, but at a lower voltage (8 - 10V) which did not evoke granule cell spikes 

in dentate granule cells (low voltage control). In these animals, neither NPY nor Ta1 a- 

tubulin mRNA levels in the hippocampus were affected, but increased levels of NPY 

mRNA were observed in the pirifonn cortex (data not shown). 



DISCUSSION 

The present results support the conciusion that periods of elevated synaptic 

excitation, which do not result in the permanent pathophysiological changes observed 

after longer stimulus periods, can induce the expression of rnRNAs encoding both Ta1  a- 

tubulin and NPY in discrete populations of mature hippocampal neurons. The results 

suggest that neuronal ceil biology c m  be altered in a potentially adaptive manner in 

response to physiological events. They M e r  suggest that at least some of these 

changes may result in an overail accommodation of the system to a higher level of 

excitatory input. 

Intemittent stimulation of the angular bundle Ied to reproducible alterations in the 

levels of expression for both NPY and Ta l  û-tubulin mRNAs in specific populations of - 

neurons. In general, stimulation led to increases in neurons that already expressed 

detectable levels of the respective gene product. In other words, the prolonged excitation 

appeared to induce the upregulation of an already ongoing process of gene expression in 

individual neurons. The one notable exception was the induction of NPY mRNA 

expression in the dentate granule cells, in which neither NPY immunoreactivity nor 

detectable levels of mRNA expression have been reported in normal animals (Kohler et 

al., 1986, Haas et al, 1987, Morris, 1989, Sloviter, 1989, Deller and Leranth, 1991, 

Sloviter and Lowenstein, 1992). 



Neuropeptide Y 

A) Interneurons 

Intermittent stimulation for periods of 4 hours or longer resulted in robust 

elevation of NPY mRNA in the dentate Mus, hippocampal area CA1 and, to some extent, 

area CA3 (Fig. 7), in ceils which most probably correspond to the MY-immunoreactive 

interneurons in these regions (Kohler et al., 1986, Kohler et ai., 1987, Morris 1989, 

Sloviter, 1989, Deller and Leranth, 1990, Sloviter and Lowenstein, 1992). The elevation 

in NPY mRNA peaked at  4-24 hours after the end of a 4 h o u  stimulus and started to 

decline by 24 hours after the stimulus. The stimulus duration generally correlated with 

the number and distribution of neurons showing ùicreases in NPY mRNA expression, i.e. 

the longer the stimulus, the more widespread the changes were. In addition, NPY mRNA 

was induced to a greater degree on the ipsilateral versus the contralateral side, presumably 

reflecting the parts of the hippocampal formation that received the greatest excitation 

fiom the stimulus. 

Intermittent stimulation also led to ùicreased expression of NPY mRNA in 

interneurons of the ipsilateral piriform cortex. However, we observed this response even 

in low-voltage controls, where NPY mRNA levels were not significantly altered within 

the hippocarnpus itself The changes in NPY mRNA in interneurons of the pirifom 

cortex may therefore arise through the antidromic activation of piriform afferents by the 

stimulus trains. The observed changes would be consistent with the idea that antidromic 

activation of pinfom afferents resulted in the activation of their collateral axons which, in 



tum, make excitatory synaptic connections onto NPY-containhg intemeurons in the 

cortex (Hendry, 1993). 

The reuptake and recycling of peptide neurotransmitters by neurons in a manner 

simikir to that of conventional transmitters has not yet been demonstrated. Therefore, the 

only known way a neuron can replenish released stores of NPY is by de novo synthesis. 

It would appear likely that the elevation in NPY mRNA subsequent to intermittent 

stimulation is a physiological response of neurons that must manufacture replacement 

stores of peptide, consistent with the observation that the neurons af5ected by the 

stimulus are apparently those which already express detectable levels of NPY mRNA. 

B) Dentate granule cells. 

The observation that 4 hours of intermittent stimulation resulted in the expression 

of NPY mRNA in dentate granule cells is somewhat more surpnsing than the observed 

changes in putative NPY-positive intemeurons. The responses to stimulation varied; in 

two animals, there was a remarkable increase in NPY mRNA expression in DGC's, while 

in other animals, the increase was much more modest (Fig. 2). Others have described the 

presence of immunoreactive NPY in dentate granule cells and their mossy fiber axons after 

kainate-induced seizures (Marksteiner et al., 1990) or after electroconvulsive shock 

(Wahlestedt et al., 1990). It has also been demonstrated that immunoreactive hTY is 

expressed by dentate granule cells after intermittent perforant path stimulation of as little 

as 15 minutes using the same paradigm as here (Goodman and Sloviter, 1993). It 



therefore appears that granule cells are capable of expressing and transporthg down their 

axons this peptide in response to relatively brief periods of elevated levels of excitation. 

This could therefore plausibly represent a physiological response of dentate granule cells 

to extreme, but not necessarily injurïous, levels of excitation. 

A surprising finding then was the absence of NPY mRNA in dentate granule cells 

following 24 h of stimulation. This is unlikely to be a spurious fmding, as Sloviter (1989) 

does not report NPY immunoreactivity in dentate granule cells fiom anirnals that received 

24 hows of stimulation, but only for animais that had been stirnulated for six hours or less 

(Sloviter and Lowenstein, 1992, Goodman and Sloviter, 1993). It is possible that we 

were simply unable to detect low levels of NPY mRNA under these conditions. 

Nevertheless, this observation suggests that elevated levels of excitation prolonged 

beyond a certain penod rnay at least greatly suppress this de novo expression of NPY. If 

a similar rnechanism exists in humans, the above observation may explain why NPY has 

not been observed in the dentate granule ceus fiom patients with cryptogenic temporal 

lobe epilepsy (de Lanerolle and Spencer, 1991), for which the present stimdation 

paradigm is a mode1 (Sloviter, 1983, 1989). In addition, this suggests that the differences 

in NPY rnRNA expression observed in DGC's of different animais could be due to either a 

lesser, or perhaps a greater, activation of these neurons. 

Dentate granule cells are very different fiom the other principal cells in the 

hippocampal circuitry, in that they normally express relativeiy hi& levels of the opioid 

peptide, dynorphin, and contain high levels of zinc in their terminais. It has already been 



reported that granule cells respond to seizures with a reduced synthesis of dynorphin and 

an elevated synthesis of enkephalin (Moms et al., 1988). This de novo synthesis of NPY 

by dentate granule celIs rnay reflect plasticity inherent to these cells, possibly as a 

consequence of their role as the gateway into the hippocampus. 

NPY has been shown to potently and selectively inhibit excitatory synaptic 

transmission at several synapses in the hippocampus, including synapses formed by the 

granule cell axons, the mossy fibers (McQuiston and Colmers, 1992, Klapstein and 

Colmers, 1993). Recent evidence suggests that NPY immunoreactive tenninals are 

apposed to putative giutarnatergic termïnals making synapses with dendritic spines of 

pyramidal cells in area CA3 (Milner and Veznedaroglu, 1992)- Although it is not certain 

what the role of NPY is in the hippocampus, it is likely that, upon adequate stimulation 

of the interneurons, NPY will be released onto presynaptic mossy fiber t e d n d s  in CA3, 

where it has been shown to inhibit glutamate release at the presynaptic terminal 

(McQuiston and Colmers, 1992; Klapstein and Colmers, 1993). Given the observation 

that NPY mRNA expression, peptide synthesis, processing and transport can be induced 

by elevated excitation using several different paradigms, it is tempting to speculate that 

this is an adaptive response of the granule ceIls to compensate for this elevated excitation. 

NPY might be then released fiom the mossy fibers in a stimulus-dependent manner to act 

as an inhibitory transmitter at its own temiinals. Thus, stimulation may induce a novel 

compensatory mechanism, whereby mature granule cells produce de novo a transmitter 

for which they aiready have receptors on their presynaptic terminais, effectively tuming 



heteroreceptor-mediated inhibition into autoreceptor-mediated inhibition. 

Ta1 a-tubulin 

Intermittent stimulation for periods as brief as 4 hours also resulted in the 

elevation of Ta1 Wubulin mRNA expression in the principal neurons of hippocampus 

(Fig. 8). Levels of expression were correlated with the duration of the stimulus. After 4 

hours of stimulation, Ta1 mRNA levels were induced in the ipsilateral, and to a lesser 

extent, contralateral, dentate gyrus. More widespread increases in Ta1 a-tubulin rnRNA 

expression were detected after a 24 hour stimulation, when increased Ta1 mRNA levels 

were also detected within pyramidal cells of both the ipsilateral and contralateral 

hippocampus. In addition to changes in the hippocampal formation, we observed 

significant elevations in Ta1 mRNA expression in cells of the neocortex of the ipsilateral 

side. These relatively widespread changes were not due solely to an injury response, 

since, in stirnulated control anirnals, an increase was observed only at the site of insertion 

of the stimulation electrode. Instead, since the stirnulating electrode was fairly large, it is 

likely that local stimulation of neurons in the overlying neocortex resulted f?om the 

stimulus trains applied, leading to activation of cortical neurons and subsequent induction 

of Ta1 mRNA. Similar observations have been made for c-fos mRNA following in vivo 

high fkequency synaptic stimulation (Cole et al., 1989), which rnay in fact require 

postsynaptic activity for its expression (Douglas et al., 1988). 

It is likely that the observed increases in Ta1 rnRNA reflect, to some degree, the 



sprouting or remodelling of hippocampal neurons. Adult hippocampal neurons are 

capable of sprouting in response to high levels of excitatory input; kindling (Represa et 

al., 1989) or exogenous application of excitatory arnino acids to hippocampus both induce 

sprouting (Tauck and Nadler, 1985; Cronin and Dudek, 1988). Furthemore, Ta1 a- 

tubulin mRNA is increased during the sprouting of peripheral sympathetic neurons 

(Mathew and Miller, 1990). We therefore propose that the increases observed following 

4 hours of pattemed stimulation of the perforant pathway, which lead to no permanent 

hyperexcitability , re flect an ongoing, ac tivity -driven, process of s ynaptic remodehg in 

hippocampus. 

A similar response to elevated activity may occur in humans. Morphological 

evidence of sprouting has been obtained in the hippocampus of patients with cryptogenic 

temporal lobe epilepsy (CTLE; Sutula et al., 1989; de Laneroue and Spencer, 1991). 

Although we have not examined expression of bal Wxbulul mRNA (Cowan et al., 1983), 

the human equivalent of Ta l ,  in CTLE, previous studies demonstrated upregulation of 

this mRNA in spared neurons of the Aizheimer's diseased hippocampus (Geddes et al., 

1990). 

The mechanisms whereby stimulation induces Ta1 mRNA upregulation in the 

hippocampus m a i n  undefineci. The tirnecourse of induction of Ta1 mRNA is delayed 

relative to NPY rnRNA, suggesting that the increase may be indirectly rnediated. 

Potential candidates for intermediates in such an indirect mechanism include 

neurotrophins. Seizures cause drarnatically increased expression of nerve growth factor 



(NGF) and brain-derived neurotrophic factor (Gall and Isackson, 1989; Isackson et al., 

1991), and NGF leads to sprouting in other central systems (Garofalo et al., 1992). 

Furthermore, Ta1 mRNA appears to be panneurotrophin-responsive, in the appropriate 

neuronal populations. For example, Ta1 mRNA is induced by NGF in penpheral 

neurons both in vivo (Mathew and Miller, 1990; Miller et al., 1991) and in culture (Ma et 

al., 1992), by NT3 in cultured sympathetic neurons (Krivko and Miller, 1994), and b y 

BDNF in mature rubrospinal neurons (Kobayashi et al., 1994). It is therefore tempting to 

speculate that the delay in Ta1  mRNA upregulation in response to intermittent 

stimulation is due to a requirement for the initiai synthesis and release of trophic factors 

Iike NGF and/or other members of the neurotrophin family. 

In sum, the present results suggest that mature hippocampal neurons have a 

marked ability to respond adaptively to stressfùl stimuli. The changes in NPY mRNA 

suggest not only that the peptide is released in response to prolonged elevations in 

excitatory input, but also that the grande cells have the ability to de novo express an 

inhibitory neuromodulator that could help iimit the throughput of excitatory information 

into the remainder of the hippocampus. Furthermore, the changes in T a 1  Wubulin 

mRNA expression suggest that there is an acceleration of an ongoing synaptic remodelling 

process in hippocampus, that may be a reflection of an ongoing response to physiological 

stimuli. 
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FIGURE LEGENDS 

Fig. 1, EIectrophysiological responses evoked in dentate gyrus by stimuiation of the 

angular bundle of rats. A, B and C illustrate data from separate animais A. (Upper traces) 

Response in a rat to paired (30 V, 40 ms ISI) stimuli before (left trace) and after (right 

trace) 4 hours of intermittent sGmulation in the same animal. Upward deflections 

represent population EPSP; superimposed upon it is the sharp negativity of the 

population spike. Note that, in control, the second population spike is reduced in 

amplitude relative to the first (paired-pulse inhibition). After 4 hours, the population 

spike is greatly reduced in amplitude in both responses. (Lower traces) Afterdischarges 

recorded immediately after a 10 s, 20 fi train of stimuli, superimposed upon the paired 

test stimuli, in control (left trace) and after 4 hours intermittent stimulation (right trace). 

Afterdischarges were smaller and fewer after 4 hours stimulation. B. Responses to paired 

test stimuli in a separate animal prior to the onset of stimulus trains (upper trace) and 

&er 24 hours intermittent stimulation (lower trace), Inhibition is lost after 24 hours 

intermittent stimulation, as shown by the prolonged duration of the population EPSP 

(lower trace). C. Response to paired test stimuli in another animai prior to the onset of 

stimulation (upper trace) and 44 hours after the end of a 4 hour period of intermittent 

stimulation (lower trace). Paired-pulse inhibition, shown by the relative inhibition of the 

second population spike, appears enhanced afier the intermittent stimulation, relative to 

that seen before the stimulus trains were applied. 



Fig. 2. Expression of neuropeptide Y and Ta1  a-tubulin mWAs in the hippocampus 

following 4 hours of intermittent stimulation. Representative autoradiographs are shown 

of coronal sections through the hippocampus of control (Cont.) or stimulated animals 

hybridized to probes specific for NPY or Ta1  rnRNAs. Animals were perfused, as 

indicated, at 4, 8, 24, or 48 hours following the stimulation period. In ail cases, the 

stimulated side is on the left side of the section. Note that representative photographs are 

derived fiom dif5erent in situ hybridization runs, and have been chosen to represent the 

level of Ta1 Wubulin or NPY mRNAs in the hippocampus and ipsilateral cortex relative 

to the unstimulated side and to the remainder of the section. For NPY mRNA, two 

panels are shown of sections 24 hours post-stimulation. In one case, (the lower of the 

two 24 h panels) the increase in NPY mRNA in the DGC's is much greater than in the 

other representative section (upper 24 h panel). Hippocarnpal regions are referred to as 

indicated on the Ieft side of the Ta1 control section. Abbreviations:. cal - area CAL; ca3 - 

area CA3; dg (arrowhead) - dentate gynis; cortex - cortex. Calibration bar = 2 mm. 

Fig. 3. Expression of NPY mRNA in hippocampal neurons 8 hours following 4 hours 

unilateral intermittent stimulation of the angular bundle. Coronal sections of rat brain at 

the level of the hippocampus were hybridized with antisense probes specific for NPY 

rnRNA, coated with emulsion for autoradiography, develo ped and p hotographed under 

darkfield illumination. Al1 images are oriented with the dorsal side up. A. The ipsilateral 



hippocampal formation fiom an animal stimdated for 4 hours and allowed to recover for 

8 hours. B. The contralated hippocampal formation fiom the same section as in A. C. 

The ipsilateral piriform cortex fiom an animal stimulated for 4 hours and allowed to 

recover for 6 hours. D. The piriform cortex fkom a control section on the same slide as 

panel (C), photographed and printed under identical conditions. The arrows in C and D 

denote the region within the piriform cortex that exhibits increased levels of hybridization 

in the stimulated (C) relative to the control @) brains. Regions are as IabelIed in A and C- 

Abbreviations: cal - hippocampai area CA1; ca3 - hippocampal area CA3; dg - dentate 

gyrus; ctx - pirifoxm cortex (this and Figure 6 only). Calibration bar = 140 Pm. 

Fig. 4. Tirnecourse of expression of (A) NPY and (B) Ta1 =tubulin mRNAs in the 

dentate gyrus at various timepoints following 4 hours of intermittent stimulation of the 

angular bundle. Autoradiograms were scanned to obtain optical density (OD) readings for 

the dentate gyrus, and areas CA1 and CA3 ipsilateral and contralateral to the stimulus. 

Data are expressed as the ratio of the OD of the dentate gyrus over the OD of the CA1 

region contralaterai to the stimulus. (A) NPY mRNA leveis in the ipsilateral dentate gyms 

increased relative to CA1 up to 24 hours poststimulation, then declined to reach control 

levels by 48 hours. In control sections, (derived fiom knife-cut, control stimulated or 

naive brains), the OD ratio of the dentate gyrus over the contralateral CA1 was 1.1. Note 

that the relative increase in the dentate gyms is smaller at 6 hours poststimulation than at 

24 hours. This is due to the fact that, at 4 to 8 hours poststimulation, NPY mRNA IeveIs 

were also increased in the contralateral CA1 region relative to control sections fiom the in 



situ hybridization run, while at 24 hours poststimulation, they were not (see Resu1ts)- @) 

Ta1 Wubulin mRNA levels in the ipsilateral and contralateral dentate gyrus increased to 

a maximum at 24 hours poststimulation, then declined to control values by 72 hours. In 

control sections, the OD ratio of the dentate gyrus over the contralateral area CA1 was 

1.2. as denoted by the point labelled CON. Moreover, there was no statistically- 

significant increase in the dentate gyms 24 hours following a knife-cut of the angular 

bundle, as indicated by the two points on the graph Iabelled KC P S I  (ipsilateral) and KC 

CONTRA (contralateral). In all cases, the error bars represent the standard error of the 

mean. In some cases, the error bars are small enough that they are contained within the 

symbols used to represent the points. +Significant to p <O.OS, **siwcant to p < 0.005. 

Fig. 5. Expression of neuropeptide Y and Ta1 Wubulin mRNAs in the hippocampus 

following 24 hours of intermittent stimulation. Representative autoradiographs are shown 

of coronal sections through the hippocampus of control (Cont.), or stimulated animals, 

perfused at O or 24 hours following the stimulus period and hybndized, as indicated, to 

probes specific for NPY or Ta1  rnRNAs. In ail cases, the stimulated side is on the left 

side of the section. Note that these representative autograiographs were denved fiom 

different in situ hybridization nins, and have been chosen to represent the level of Ta1  a- 

tubulin or NPY mRNAs in the hippocampus and ipsilateral cortex relative to the 

unstimulated side and to the rernainder of the section. Abbreviations are as in Figure 2. 

Calibration bar = 2 mm. 



Fig. 6.  Expression of Ta1 Wubulin mRNA in brain taken 24 hours following 4 or 24 

hours of unilateral stimulation. E d s i o n  autoradiography was perfomed as described. 

Al1 images are oriented with the dorsal side up, and in al1 cases, the dentate gyrus is 

indicated with an arrow. A. The ipsilateral hippocampal formation fiom an animai 

stimulated for 4 hours and ailowed to recover for 24 hours. B. The contralateral 

hippocampal formation fÏom the same section as in A. C. The hippocampal formation of 

a control section derived fiom the same in situ hybridization nui as the section in A and 

B, photographed and printed under identical conditions. Note that, relative to this control 

section, Ta1 mRNA is increased in both the ipsilateral (A) and contralateral (B) dentate 

gyrus of the stimulated brain. D. The hippocampal formation of a control section derived 

fiom the same slide as the stimulated section s h o w  in E and F, photographed and printed 

under identical conditions. E. The ipsilateral hippocampal formation fiom an animal 

stimulated for 24 hours and allowed to recover for a fiuther 24 hours. F. The contralateral 

hippocampal formation fÏom the same section as in E. Note that Ta1 mRNA levels are 

increased in the ipsilateral, and to a lesser extent, the contralaterai, dentate gyms relative 

to that of the control section (D) derived fiom the sarne slide. Note also that the signal 

over the granule cells appears "patchy". This is representative and reproducible between 

sections and anirnals following 24 hours of stimulation. Abbreviations are as in Figure 

3A. Calibration bar = 140 Pm. 



Fig. 7. Schematic diagram îiiustrating peak expression of NPY mRNA in neurons of 

ipsilateral (left side) and contralateral (right side) hippocampal formation and cortex of the 

mature rat following 4 hours (upper diagrams) or 24 hours (lower diagrams) unilateral 

intermittent stimulation. CA1 - area CAI, CA3 - area CA3 of Ammon's horn; DG - 

dentate gynis, CTX, piriform cortex. Fiiled figures represent approximate level of ceii 

population exhibiting detectable elevatîons in NPY mRNA expression. Small circles 

represent MY-positive intemeurons of oriens-alveus (Ammon's Hom), dentate hilus and 

piriform cortex. Large circles represent dentate grande cells. Triangles represent 

pyramidal cells. 

Fig. 8. Schematic diagram illustrating peak expression of Ta1 Wubulin &A in 

neurons of ip silateral (le fi side) and contralateral (right side) hipp ocampal formation and 

cortex of the mature rat following 4 hours (upper diagrams) or 24 hours (lower diagrams) 

unilateral intermittent stimulation. CA1 - area CAl, CA3 - area CA3 of Ammon's horn; 

DG - dentate gyrus, CTX - pirïform cortex. Symbols for cell populations are as in Figure 

7. 



Neuronal growth and morphological differentiation are influenced by interactions 

between extrinsic factors and genetic mechanisms intrinsic to the neuron. Developing 

neurons express molecules that are involved in the cornmitment, migration, process 

outgrowth, and synaptogenesis. The aim of the preceding study was to begin to 

understand how neural connections adapt and respond to alterations in the nervous 

system. In particular, I investigated neuronal responses to elevated Ievels of trans- 

synaptic activity using an in vivo rat mode1 of synaptically-induced hyperexcitability of 

hippocampal cumections. In particda., 1 investigated the expression of Tal  a-tubulin, a 

gene whose expression is correlated with the growth of developing and mature neurons. 

Because adult hippocampal neurons are known to sprout in response to high levels of 

excitatory input and because Ta1 a-tubulin increases during sympathetic sprouting, 

increases in Ta1 a-tubulin mRNA may reflect an ongoing activity-driven process of 

synaptic re-modeling in the hippocampus. Further, changes in its expression may reflect 

an adaptive response to physiologicd activation. 

One potential mechanism whereby activity may mediate some of its effects on 

morphological growth involves growth factors such as the neurotrophins, a family of 

neurotrophic factors well-characterized for their ability to promote neuronal survivai and 

growth. In particular, recent work indicates that at least one member of the neurotrophin 

family, brain-derived neurotrophic factor (BDNF), plays a key role in modulating both 

acute and long-term synaptic function. However, the molecular mechanisms underiying 

this moduIation are il1 defined. In this regard, we hypothesized that BDNF could directly 

regulate synaptogenesis. To ask this question, we focused on an experiment-amendable 

system, that of spinal preganglionic neurons ont0 their sympathetic neuron targets. The 

foIIowing chapter details the results of the study in which 1 tested the hypothesis that 

sympathetic neuron-derived BDNF regulates preganglionic afferent input. These studies 

have allowed us to determine whether alterations in neuron-derived BDNF results in 

changes in synaptic innervation density fiom afferent input. 
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ABSTRACT 

In this report, we have examined the role of neuron-derived BDNF at an accessible 

synapse, that of pregangiionic neurons ont0 their sympathetic neuron targets. 

Developing and mature sympathetic neurons synthesize BDNF, and preganglionic 

neurons express the full-length BDNF/TrkB receptor. When sympathetic neuron-derived 

BDNF is increased 2- to 4-fold in transgenic mice, preganglionic ceU bodies and axons 

hypertrophy and the synaptic innervation to sympathetic neurons is increased. 

Conversely, when BDNF synthesis is eliminated in BDNF -1- mice, pregangiionic 

synaptic innervation to sympathetic neurons is decreased. Together these results 

indicate, for the first tirne, that variations in neuronal neurotrophin synthesis directly 

regulate neuronal circuitry by selectively modulating synqtic innervation density. 



The neurotrophic factor hypothesis states that neuronal growth and survival are 

regulated by target-derived neurotrophic factors so that competition for limiting amounts 

of trophic factors match the number of innervating neurons to target cells (Oppenheim, 

1991). However, the advent of targetted gene disruption has revealed that, although this 

hypothesis is largely true for the PNS, the situation in the central nervous system (CNS) 

is much more complex (reviewed in Snider, 1994). A particularly str ik ing example of this 

Merence involves nerve gro wth factor (NGF), the proto typic target-derived 

neurotrophin (reviewed in Thoenen and Barde, 1980; Levi-Montalcini, 1987). In NGF -/- 

mice, there is profound loss of sympathetic and most sensory neurons of the dorsal root 

ganglion, but no loss of the best-characterized NGF-responsive CNS population, the 

basal forebrain cholinergic neurons (Crowley et al., 1994). 

Recent studies have therefore focused on other roles for the neurotrophins in the 

CNS, including regulation of neuronal morphology and synaptic function. In particular, 

recent work indicates that at l e s t  one member of the neurotrophin farnily, BDNF, plays 

a key role in modulating both acute and Iongterm synaptic function (reviewed in Lo, 1995; 

Thoenen, 1995). However, the precise molecular mechanisms underlying this modulation 

are still ill-defined. In this regard, we have hypothesized that alterations in neuronal 

BDNF synthesis, potentially as deterrnined by neuronal activity (Nawa et al., l995; 

Zafia et al., 1990; Patterson et al., 1992), could regulate synaptic innervation density 

from afFerent inputs, thereby modulating longterm synaptic function. Precedent for this 

hypothesis derives from the peripheral nervous system, where alterations in target organ- 



derived NGF lead to terminal sprouting for both sympathetic and sensory neurons 

(Edwards et al-, 1989; Miller et al., 1994). 

We have chosen to test this hypothesis at a well-characterized, accessible 

synapse; that of spinal preganglionic neurons ont0 their sympathetic neuron targets. 

Previous work has provided insights into the potentiai cellular rnechanisms regulating 

innervation density at this synapse (reviewed in Purves et al., 1988). When sympathetic 

neurons are axotomized, their preganglionic input is lost; this loss can be prevented by 

exogenous NGF and mimicked by application of anti-NGF antibodies (Nja and Purves, 

1977; 1978). Moreover, sympathetic neurons that project to s m d  penpheral targets 

receive sparse preganglionic input relative to those that innervate large target territories 

(Voyvodic, 1989); a similar increased preganglionic innervation can be achieved by 

application of exogenous NGF to intact animals (Schafer et al., 1983). Since preganglionic 

neurons do not themselves respond to NGF (Schwab and Thoenen, 1977; Oppenheim et 

al., l982), these hdings suggest that target organ-derived NGF regulates synthesis of at 

least one sympathetic neuron-derived growth factor that in tuni regulates preganglionic 

innervation density. Such a cascade of trophic factors could well play a key role in 

moduiating neuronal circuitry in response to alterations in peripheral input (Purves and 

Lichtrnan, 1980). 

What are the sympathetic neuron-derived factors that modulate preganglionic 

innervation? One candidate for this role is the neurotrophin brain-derived neurotrophic 

factor (BDNF) (Barde and Thoenen, 1982; Leibrock et al., 1989), which is expressed b y 



sympathetic neurons d u ~ g  ernbryogenesis (Schecterson and Bothwell, 1992)- BDNF 

does not lead to Trk receptor activation in sympathetic neurons, likely because these 

neurons oniy express TrkA and TrkC (Beiliveau et al., 1997), and sympathetic neuron 

number is not reduced in number in BDNF -/- mice (Ernfors et d., 1994). In this paper, 

we provide evidence that BDNF is a sympathetic neuron-derived growth factor, and that 

variations in sympathetic neuron-derived BDNF selectively reguiate synaptic density at 

this well-characterized neuronal synapse. 

BDNF Protein is Synthesized by Developing and Mature Sympathetic Neurons 

BDNF mRNA has previously been detected by in situ hybrïdization in mouse 

sympathetic ganglia fiom embryonic day 14.5 (E14.5) to postnatal day I (Pl) 

(Schecterson and Bothwell, 1992). To confïrm these findings, we isolated RNA fÎom 

postnatal day 1 superior cervical ganglia (SCG). Northern blot analysis of poly A+ RNA 

fkom the SCG revealed two mRNA transcnpts for BDNF, similar in size to those fkom 

mouse L-ceils (Fig. LA). RNase-protection analyses confirmed that these transcripts 

were indeed BDNF mRNA, and that a similar size band was protected in RNA isolated 

from cultured neonatal sympathetic neurons (data not shown), indicating that at least 

some of the BDNF mRNA in the SCG was synthesized by neurons. 

To determine whether BDNF was also made in the aduIt SCG, and to confum that 



the biologically-active protein was synthesized, we performed Western blot anaiysis 

using an anti-BDNF antibody. To demonstrate the specificity of this antibody, we 

performed three different controls. First, we conhrmed that, of the recombinant 

neurotrophins, this antibody recognized only BDNF (Fig. lB, panel i), and that this 

antibody was able to recognize as little as 0.5 ng of recombinant BDNF (data not shown). 

Second, we demonstrated that a BDNF-immunoreactive band of a size sirnilar to both 

recombinant (data not shown) and transfected BDNF was present in the brains of BDNF 

+/+ but not BDNF 4- mice (Fig. lB, panel ii). Third, we demonstrated that 

preabsorption of the antibody with the original BDNF peptide immunogen blocked the 

ability of the antibody to detect brain-derived BDNF on a Western blot (Fig. lB, panel 

ü) . 

HaWlg confirmed the specificity of this BDNF antibody, we next detennLned 

whether BDNF protein was synthesized by sympathetic neurons of the SCG, as it was 

in the mouse brain. Western blot analysis of protein derived fiom the adult SCG revealed 

the presence of a BDNF-immunoreactive band similar in size to that seen in the brain, and 

to recombinant BDNF (Fig. 1 D, panel i). 

BDNF is Overexpressed 2 to 4-Fold in Sympathetic Neurons of DBH:BDNF Mice 

These results indicated that BDNF protein of the same size as recombinant 

BDNF is synthesized by developing and mature sympathetic neurons. To test the 

hypothesis that sympathetic BDNF functions as a target neuron-derived factor for 



preganglionic neurons, we used the 1.6 kb promoter sequence fiom the 5' region of the 

human dopamine-R-hydroxylase (DBH) gene to target overexpression of BDNF to 

sympathetic neurons in transgenic rnice. This promoter h a .  previously been 

demonstrated to specificdly target expression to noradrenergic and adrenergic ceU 

populations, including sympathetic neurons, with no ectopic expression (Hoyle et al., 

1994). We therefore created a minigene comprised of the 1 -6 kb DBH promoter fused to 

the BDNF open reading frame, with an SV40 intron and polyadenylation signal. A DNA 

fiagrnent containing this minigene free of vector sequences was isolated and used to 

generate transgenic founder animds. 

A total of four transgenic DBH:BDNF Lines were examined. Three of these four 

founder lines showed increased expression of BDNF mRNA in the SCG, as detected by 

Northem blot analysis (data not shown). BDNF mRNA levels were not increased in 

regions such as the cortex or liver that do not contain noradrenergic or adrenergic ceil 

populations (data not shown). On the basis of these results, two lines of animals, D498 

and D48 1, both of which expressed increased BDNF mRNA in the SCG, were chosen for 

more extensive andysis. 

To quantitate the level of overexpression of BDNF protein in sympathetic 

neurons kom these two lines of rnice, we f is t  perfonned Western blot analysis. This 

andysis demonstrated that BDNF proteîn was increased approximately 4-fold and 2-fold, 

respectivcly, in the adult SCG of lines D498 and D481 reIative to control rnice of the 

same genetic background (Fig. ID). To c o d m  that this overexpression took place in 



sympathetic neurons, we performed immunocytochemistry for BDNF, using a BDNF 

antibody that is effective for immunocytochemistry, as previously demonstrated 

(Patterson et al., 1996). ïh is  analysis revealed that levels of BDNF protein were 

increased in rnany, but not dl, sympathetic neurons in both lines of transgenic mice 

relative to wildtype controls (data not shown); this promoter has previously been 

reported to target transgene expression in anywhere fiom 5 to 95% of sympathetic 

neurons (Mercer et al., 1991). 

To ensure th& any observed effects on preganglionic innervation were not due to 

systemic BDNF, we measured BDNF levels in the circulation. Western blot analysis 

demonstrated that circulating BDNF was undetectable in either control of iine D498 

animais (Fig. C,  panel i). This lack of detectable BDNF in the blood wasn't due to it's 

degradation, since, when recombinant BDNF was added to the blood of BDNF -/- animals 

prior to analysis, it was recovered intact (Fig. lC, panel ii). 

A second potential source of increased BDNF for preganglionic neurons in 

DBH:BDNF mice was the CNS. Western blot analysis of various regions of the adult 

CNS revealed that BDNF levels were only increased in the hindbrain (data not shown), as 

predicted if the transgene was expressed appropriately in noradrenergic neurons (Hoyle et 

al., 1994). However, to directly demonstrate that preganglionic neurons were not exposed 

to increased BDNF at the tirne of preganglionic innervation of the SCG, we exarnined 

BDNF in the neonatal spinal cord. Western blot analysis confirmed that levels of BDNF 

were sirnilar in the spinal cord of line D498 versus control litterrnates at postnatal day 4 



(Fig. 1 C, panel iii). Thus, the only sources of increased BDNF for preganglionic neurons 

in DBH:BDNF mice were their sympathetic neuron targets. 

Preganglionic Neurons Express Fuii-Length TrkB and Hypertrophy in Response to 

Increased Sympathetic Neuron-Derived BDNF 

If sympathetic neuron-derived BDNF functions as a target-denved growth factor 

for preganglionic neurons, then one would predict that preganglionic neurons wodd 

express the TrkB/BDNF receptor, and that, by analogy to peripheral neurons, they 

would hypertrophy in response to increased sympathetic BDNF. To test the fxst 

prediction, we perEormed immunocytochemistry with an antibody specific to the full- 

length f o m  of the TrkB receptor (Allendoerfer et al., 1994) on spinal cord sections from 

thoracic levels 1 to 4, the region tbs.t contains preganglionic neurons that innervate the 

SCG. This analysis demonstrated that preganglionic neurons located in the 

interomediolateral (IML,) region are immunoreactive for the full-length TrkB receptor (Fig. 

2F). As a positive control, we observed specific cell body staining in motoneurons 

located in the ventral horn (data not shown). As a negative control, we performed 

immunocytochemistry using preimmune serum, and found no specific staining in the IML 

or ventral horn (data not shown). 

To test the second prediction, that preganglionic neurons would hypertrophy in 

response to sympathetic neuron-derived BDNF, we rneasured the size of choline- 



acety ltrans ferase (ChAT) -positive cell bodies in the IML be tween thoracic levels 1 -4; 

ChAT is a specific marker for pregangiionic neurons. image andysis on immunostained 

sections revealed that transgenic ChAT-positive IML neurons had an increased cross- 

sectionai area relative to wildtype neurons (Fig. 3A) (wildtype: 69.86 & 1.89 ~ r n ~ ,  D498: 

78.87 * 1-87 prn2, rnean * SE, p c 0.001; n = 3). When these celi sizes were organized 

into bins and expressed as a percent of the total ChAT-positive IML ce11 population, 

there was a shifi of the entire population toward greater sizes (Fig. 3B). Thus, 

preganglionic, TrkB-positive neurons respond to increased sympathetic BDNF with 

somatic hypertrophy. 

Increased Sympathetic BDNF Leads to PregangIionic Hyperinnervation of the 

SCG 

If sympathetic BDNF is a growth factor for preganglionic neurons, then we wodd 

predict that increased BDNF would lead to increased preganglionic innervation. To test 

this prediction, we fxst visualized presynaptic contacts in the SCG by performing 

immunocytochemistry with an antibody to synapsin, a presynaptic marker protein. In 

wildtype ganglia, there was diffuse punctate staining (Fig. 2A). In contrast, similar 

analysis of D498 and D48 1 transgenic animals revealed an ïncrease in both the density 

and pattern of synapsin irnmunostaining; synapsin-positive tenninds in the transgenic 

anirnals appeared as dense clusters on and around sympathetic neurons within the 

ganglion (Fig. 2B). To ensure that these synaptic contacts originated fiom the 



preganglionic neurons, we resected the ceMcal sympathetic trunk (CST), which canies 

the incoming axons fiom the preganglionic neurons. Except for sparse punctate staining 

due to intrinsic synaptic connections within the ganglion, there was an alrnost complete 

disappearance of the dense, punctate synaptic staining when the CST was resected, 

confkming that the majority of synaptic contacts in the transgenic SCG originated fiom 

the preganglionic inputs (Fig. 2C). To confirm that this increase in synapsin staining 

reflected an increased number of synapses within the SCG, we quantitated synapse 

density by electron microscopy (Fig. 4G,H). Sections from the SCG of adult control and 

line D498 mice were randomly sampled with a 41 pm2 grid, and the number of synapses 

within this defined area determined. This analysis demonstrated a 1 -7-fold increase in 

synapse density in the SCG of iine D498 relative to control anirnals (wildtype: 0.85 * 
0.05, line D498: 1.47 * . l8,  p = 0.014; n = 3 animals each, at least 40 grids per animal). 

Plotting the number of synapses per grid as a distribution histograrn revealed that the 

increased mea .  synapse density reflected a shift to larger synapse numbers in the entire 

population (Fig. 5E). 

To determine whether the increased synapse density in DBH:BDNF anirnals 

corresponded to an increase in the number of synapses per neuron, we measured neuronal 

density on cresyl violet-stained sections. hnage analysis demonstrated that the neuronal 

density was significantly higher in control than in line D498 mice (neurons per 0.033 

mm2, wildtype: 

D498). When 

28.8 * .91, D498: 21 -3 * -54, p < 0.0001; n=5 for wildtype, n=4 for 

the synapse density was corrected for these differences in neuronal 



density, the relative synapse numberheuron in the DBH:BDNF mice was increased 

approximately 2.5-fold (Fig. 3E), codkmhg that increased sympathetic neuron-derived 

BDNF caused an increase in preganglionic synaptic innervation density. 

Increased Sympathetic BDNF Leads to an Increase in the Size, but not the 

Number of Preganglionic Axons Innewating the SCG 

In t!he perïpheral nervous system, an increase in the amount of target organ- 

derived neurotrophin Ieads to an increase in the density of innervation, as well as in the 

nurnber of neurons innervating that target, largely as a consequence of increased neuronal 

survival (Albers et al., 1994). To determine whether the increased preganglionic 

innervation of the SCG in the DBH:BDNF mice was accompanied by a sunilar increase in 

the nurnber of innervating preganglionic neurons, we examined cross-sections of the 

preganglionic nerve, the CST, fiom adult wildtype and transgenic 0498 and D481 

anùnals. Surprisingly, electron microscopy (Fig. 4A,B,D,E) and axon profile counts 

showed no difEerence in the number of axons within the transgenic venus wildtype CST 

(wildtype: 1259 * 57, D498: 1044 S55, D481: 1011 h 95, p > 0.05; n = 3). However, 

measurement of axon sizes reveaied a shift toward larger sizes of both unmyelinated and 

myelinated axons in the transgenic versus wildtype CST (Fig. 4A,B,D,E; Fig. 5A-D). 

This shift in size distribution was also reflected in an increase in the diameter of CST 

axons in transgenic compared to wildtype mice (unmyelinated axons, wildtype: 0.75 * .O1 
Pm, D498: 0.85 * 0.02 Pm, D48 1: 0.96 * 0.02 Pm, p < 0.0001; myelinated axons, 



wildtype: 1.41 * 0.04 Pm, D498: 1.70 * 0.04 Pm, D48l: 1.76 0.05 Pm, p < 0.001; n = 

3). Thus, hyperinnervation of the SCG in DBH:BDNF mice was due to an increase in the 

number of synaptic terminais per axon, and not to an increase in the number of 

preganglionic axons, and presumably neurons, innervating the SCG. 

Sympathetic Neurons Size is Increased in DBH:BDNF Mice 

A somewhat surprising phenotype observed in the DBH:BDNF transgenic mice 

was a hypertrophy of sympathetic neurons of the SCG (Fig. 3C), which accounted for 

the decreased neuronal density in line D498. Image analysis quantitation reveaied a 

significant increase in the cross-sectional area of SCG neurons in transgenic D498 and 

D481 mice relative to wildtype controls (wildtype: 371.84 * 5.70 pm2, D498: 507.65 * 
10.46 pm2, D481: 486.94 * 9.25 P d ,  p < 0.001; n = 3). One potential explanation for 

this phenornenon is that the TrkB receptor was aberrantly induced in response to the 

increase in sympathetic BDNF, thereb y leading to autocrine/paracrine effects within the 

ganglia However, immunostainuig revealed no TrkB-like imrnunoreactivity in either 

transgenic or control SCG (data not shown). Moreover, SCG cell counts revealed no 

significant increase in the relative number of sympathetic neurons in transgenic versus 

wildtype ganglia (p > 0.05). Finally, tyrosine hydroxylase irnmunostaining of the pineal 

gland (Fig. 2D,E) and the iris (data not shown), both of which receive sympathetic 

efferents exclusively £kom the SCG, reveaied no apparent clifference in the density and 

pattern of sympathetic innervation; TH-positive axons appeared as a sirnilar network of 



lattice-like nerve fibers and terminals in transgenic and control pineal glands (Fig. 2D,E). 

Since the transgenic sympathetic neurons were sunilar to control neurons with 

regards to al1 of these parameters, with the exception of cell body size, we hypothesized 

that the increased preganglionic input in DBH:BDNF mice was responsible for the 

hypertrophy. To test this hypothesis, we resected the CST, thereby removing the 

preganglionic input, and analyzed sympathetic neuron sizes two weeks later. These 

experiments reveded that, when the preganglionic innervation was removed, the clifference 

in size of transgenic and wildtype sympathetic neurons was eliminated (Fig. 3D), an 

effect due both to a decrease in size of the transgenic neurons, and an increase in size in 

the wildtype neurons (wildtype: 472.87 + 0.18 pm2, D498: 475.28 * 32.12 pm2, D48 1: 

455.87 k 13.45 kn2, p > 0.05; n = 3). 

Preganglionic Innervation to the SCG is Decreased in BDNF -1- Mice 

These data indicate that sympathetic neuron-derived BDNF regdates the density 

of preganglionic innervation at the pregang1ionic:sympathetic synapse. If this is m e ,  

then one would predict that, in the BDNF -/- mice, where sympathetic neuron number is 

not decreased (Emfors et al., 1994), preganglionic synaptic innervation to the SCG would 

be decreased. To test this prediction, we analyzed the SCG of 2 to 3 week-old EENF -1- 

rnice by electron microscopy. These studies demonstrated that SCG synapse density per 

41 ~ r n ~  grid was decreased approximately 1.5-fold in BDNF -/- mice relative to their 

wildtype littermates (wildtype = 1.3 * -17; BDNF 4- = 0.88 * -06, p < 0.05; n = 3 



animais each, at least 40 grids per animal). Plotting the number of synapses per grid as a 

distribution histogram revealed that this decrease reflected a shifi to smaiier synapse 

numbers for the entire population (Fig. 5F). 

To deterrnine whether the decrease in synapse density in the BDNF -1- mice 

corresponded to a decrease in the relative number of synapses per neuron, we measured 

neuronal density. Image analysis of 2 to 3 week-old anirnds revealed that neuronal 

density was significantly higher in BDNF -/- mice than in their BDNF +/+ littermates 

(neurons per 0.033 pm2, BDNF 4-: 47.7 * -79, BDNF +/+: 32.5 * -76, p < 0.0001; n = 

3). When the synapse density was corrected for these merences, the relative synapse 

numbedneuron in the BDNF -/- mice was approximately 2.2-fold lower than in BDNF 

+/+ littermates (Fig. 3E). 

To determine whether the decreased synapse density observed in the BDNF -/- 

mice was due to a decreased number of synapses per axon, or to a decreased number of 

preganglionic axons, we analyzed the CST by electron rnicroscopy. These studies 

demonstrated that both the number and size of axons in the CST were decreased in 2 to 3 

week-oId BDNF -/- mice (Fig. 4C,F). In 2 to 3 week-old control littermates, the mean 

number of axons in the CST was 1666 * 121, as compared to 1034 * 95 in 2 to 3 week- 

old BDNF -/- mice, a 1.6-fold decrease that was significantly different (p < 0.02). 

Moreover, CST axon size was decreased fiorn -93 * -01 !h2 to -70 * pm2 in the absence 

of BDNF, a result that was highly significant (p < 0.000 1 ; n = 3). Thus, the Iack of 

BDNF led to a decrease in both synaptic innervation density and preganglionic axon 



number, with the former being greater than the latter. 



DISCUSSION 

Previous studies have led to the hypothesis that sympathetic neurons produce 

growth factor@) that are responsible for dynarnically regulating the density of their 

preganglionic innervation (Purves and Lichtman, 1980 j. In experiments presented here, 

we demonstrate that sympathetic neuron-derived BDNF is one growth factor that is 

Iikely to fulfill this role. In particular, our studies support this conclusion with the 

following findings. First, they demonstrate that both developing and mature sympathetic 

neurons express BDNF protein, and that the preganglionic neurons that innervate them 

express the Ml-length TrkBBDNF receptor. Second, they demonstrate that when levels 

of sympathetic neuron-derived BDNF increase, there is a coincident increase in the 

density of preganglionic synapses in the SCG, but no increase in the number of 

innervating axons and, presumably, neurons. Third, these studies demonstrate that when 

BDNF expression is lost in the BDNF -/- mice, there is a decrease in preganglionic axons 

innervating the SCG, and an even larger decrease in the density of synaptic innervation 

per neuron. Together, these studies support the conclusion that sympathetic neuron- 

derived BDNF selectively regulates the level of preganglionic synaptic input. 

Although there is some precedent for these findings with regards to neuron:target 

organ interactions, there are also some major differences. The similarities are largely 

twofold. First, for neuron:target organ interactions, the level of target innervation is 

modulated by variations in target-derived growth factors; at the pregang1ionic:sympathetic 

synapse, variations in sympathetic BDNF similarly modulated the level of preganglionic 



innervation. Second, increased terrninally-derived NGF (Miller et al., 1994) or increased 

target temtory (Voyvodic, 1 989) retrogradely signal to mediate hypertro phy of 

peripheral neuron ceU bodies; a similar retrograde preganglionic hypertrophy was 

observed here with increased sympathetic BDNF. However, there is one major ciifference 

between the role of BDNF at this neuronal synapse, and NGF in the periphery. 

Cornpetition for limiting amounts of NGF at the time of targer innervation retrogradely 

detemine the amount of sympathetic neuron ceii death; increased exogenous NGF leads 

to the developmental rescue of these neurons, and a corresponding increase in the number 

of neurons innervating the same amount of target temtory (reviewed in Levi-Montaicini, 

1987). In contrast, even though the DBH promoter is induced at E10.5 (Kapur et al., 

1 Wl), well before the postnatal period of axonal pnuiing in the CST (Aguayo et al., 

1973), there is no increase in the number of axons in the CST of either line of transgenic 

mice. Instead, there is hypertrophy of preganglionic axons and a selective increase in the 

number of synapses per mon. Thus, sympathetic BDNF regulates the density of 

preganglionic innervation but not, apparently, the number of innervating neurons. 

This conclusion is supported by the data fiom the BDNF -1- rnice. Whereas the 

lack of target-derived NGF Ieads to the loss of sympathetic and most sensory neurons in 

the NGF 4- mice (Crowley et al., 1994), our CST axon counts indicate that many 

preganglionic neurons survive the loss of sympathetic-derived BDNF. Instead, there is a 

decrease in preganglionic innervation to the SCG, which is due both to a decrease in 

preganglionic axon number and to a decrease in the relative number of preganglionic 



synapses per axon. Since the sympathetic neuron number is not decreased in the BDNF - 

/- mice, this decreased innervation likely reflects a direct effect on preganglionic neurons. 

Such a deficit is reminiscent of the central nervous system of the NGF -/- mice, where the 

basai forebrain cholinergic neurons survive the loss of NGF, but the cholinergic 

innervation density in the hippocampus is decreased. Together, these data indicate that 

one of the major functions of neuron-derived neurotrophins rnay well be to dynamically 

regulate the Ievel of synaptic innervation. 

Data presented here aiso provide support for the idea that the level of 

preganglionic innervation regulates sympathetic neuron morphology. The somatic 

hypertrophy observed in the DBH:BDNF mice was not accompanied by either increased 

nurnbes of sympathetic neurons anaor increased sympathetic target organ innervation. 

Moreover, removai of the preganglionic input to the SCG eliminated the size difference 

observed between control and transgenic sympathetic neurons. On the basis of these 

observations, we propose that hyperinnervation of sympathetic neurons leads to the 

observed increase in sympathetic soma size; such an increase may weii be necessary to 

accommodate the increased nunber of preganglionic synapses, and is likely accompanied 

by increased dendritic complexity (Voyvodic, 1989). What is the mechanism whereby 

the level of preganglionic innervation could determine sympathetic neuron morphology? 

Two likely possibilities involve an activity-dependent mechanism ancilor a preganglionic 

anterograde trophic factor. Precedent for the latter derives fiom studies involving the 

neuromuscular junction, where evidence indicates that an anterograde myotrophic factor, 



possibly a neuregulin (Florini et al., 1996; F d s  et al., 1993), regulates muscle morphology 

and bct ion .  In fact, osteogenic protein-l selectively causes sympathetic neuron 

dendritic growth and is a candidate for such an anterograde factor (Lein et al., 1995); 

whether preganglionic neurons synthesize this growth factor has not yet been determined. 

Together, these fïndings indicate that BDNF is a sympathetic neuron-derived 

growth factor that dynamicdy regulates pregangiionic innervation density. One 

prediction of this finduig, based on earlier work at this synapse (reviewed in Purves et al., 

1988) is that variations in the amount of penpheral NGF might regdate sympathetic 

neuron synthesis of BDNF, as has been shown for sensory neurons (Apfel et al., 1996). 

If such an upregulation occurs in sympathetic neurons, then this would provide the bais  

for a trophic factor cascade that could modi@ neuronal circuitry over more than one 

synapse (Purves and Lichtman, 1980). For exarnple, increases in sympathetic target 

temtory and NGF during normal growth would cause increased neuronal production of 

B DNF and a consequent increase in preganglionic innervation. Moreover, this cascade 

would provide a mechanism for dynamic alterations in preganglionic innervation as a 

function of the arnount of NGF available to any given neuron. In fact, dynamic 

remodelling of sympathetic neuron dendrites, and presurnably synaptic input, has been 

observed in adult animals (Purves et al., 1986). 

We propose that principles elucidated at this well-characterized synapse 

generalize to many neuronal synapses in the CNS. It is now well-documented that 



BDNF can regulate both acute synaptic effects and neuronai morphology within the CNS 

(reviewed in Thoenen, 1995; Lo, 1995). Moreover, neuronal synthesis of BDNF is 

regulated as a h c t i o n  of neural activity (Zafia et aI., 1990; Patterson et al., 1992; Nawa 

et ai., 1995). We propose, on the basis of data presented here, that activity-dependent 

variations in neuronal BDNF synthesis could lead to longterm alterations in synaptic 

input. Such a mode1 would provide a mechanism whereby levels and patterns of neuronal 

activity sufficient to increase neuronal BDNF synthesis, such as LTP (Patterson et al., 

1992), codd Iead to permanent alterations in synaptic input density on a per neuron 

level. Moreover, a trophic factor cascade such as that observed for the target 

orgaxsympathetic neuron:preganglionic neuron circuit could well serve to propagate such 

changes over several centrai synapses. 

EXPERIMENTAL PROCEDURES 

. * 

Construction of the DBH:BDNF Transgenic Mice 

The 1.6 kb DBH promoter (Hoyle et al., 1994) was isolated by digesting a 9.0 kb 

Eco RT fiagrnent of the hurnan DBH gene (Mercer et al., 1991; gift of E. Mercer and R. 

Palmiter) with Sph 1 and Sty 1. The 1.6 kb DBH hgment was subsequently isolated, 

purified, and subcloned into the Hinc II and Sph 1 sites in pGEM4Z (Promega). The 

BDNF open reading fiame (Leibrock et ai., 1989) was isoIated by RT-PCR fiom rat brain 

rnRNA, sequenced, and cloned into the Barn HI and Hind III sites of pBluescript 



(Stratagene). A 1.0 kb Barn HI hgrnent which contained an SV40 intron and 

polyadenylation signal was subcloned into the Barn HI site downstream of the BDNF 

open reading fkme. The 1.6 kb DBH promoter was then isolated from pGEM4Z 

(Promega) by Hpa II digestion, and subcloned into the Cla 1 site upstrearn of the BDNF 

open reading hune. The resultant 3.4 kb minigene was sequenced, and isolated fkee of 

vector sequences by digestion of the plasmid with BssHII. Transgenic mice were 

generated fiom the DBH:BDNF transgene by the Canadian Neurosciences Network 

transgenic core facility (McGiII University). 

Genotyping of Transgenic Animats 

DBH:BDNF mice were genotyped using Southem blot analysis and/or PCR on 

tail DNA extracts. For Southem blot analysis, genomic DNA was digested with Sa1 1, 

separated on 1 % agarose gels, transferred to nitrocellulose, and pro bed with a 32P-IabeIled 

riboprobe directed agauist sequences in the 1.6 kb human DBH promoter, using standard 

techniques. Mice heterozygous for a targetted mutation in the BDNF gene (Ernfors et al., 

1994) were obtained fiom Jackson Labs (Bar Harbor). Progeny fiom BDNF 

heterozygote crosses were screened for the mutant allele(s) using PCR. 

Animals and SurgicaI Procedures 

For biochernical analysis, animals were sacrificed with sodium pentobarbital, and 

tissues were imrnediately removed and processed for Northem blots, RNase-protection 



assays, and Western blots. For immunocytochemical and morphometric analyses, 

animals were anaesthesized with sodium pentobarbital (35 mgkg) for 30 minutes. For 

immunocytochemistry, the SCG were removed and immersion fked in 4% 

pafaforrnaldehyde/lS% picric acid in phosphate buffer (PB, pH 7.4) for 30 min at 4O C, 

and subsequently cleared of picric acid with phosphate-buf5ered saline (PBS, pH 7.4). 

For morphometric analysis, the SCG were removed and immersion-fïxed in 4% 

parformaldehyde in PB for 1 hour to ovemight at 4O C. For immunocytochemical 

andysis of the spinal cord, animais were transcardially perfused with 4% 

paraformaldehyde in PB. Subsequent to transcardial perfusion, the spinal cord fiom 

thoracic levels 1 to 4 was removed and postnxed in 4% paraformaldehyde in PB for 30 

min. For immunocytochemical analysis, the pineal gland was carefully removed and 

immersion-fixed in 4% paraformaldehyde in phosphate buf5er ovemight at 4O ovemight. 

A11 tissues were subsequently cryoprotected in graded sucrose solutions and sectioned on 

the cryostat pnor to immunocytochernical or morphometric analyses. For resection 

experiments, animals were anaesthetized with sodium pentobarbital (3 5 mgkg), and the 

ceMcal sympathetic trunk (CST), which carries the preganglionic axons to the SCG, was 

unilaterally transected approxirnately 2-2 mm fkom the base of the SCG. To prevent 

regeneration, a piece of the nerve was removed. For electron microscopy (EM), anirnals 

were anaesthetized as described above. The SCG were rernoved with approximately 3 

mm of the CST attached, immersion-fixed in 1.6% glutaraldehyde in 0.1M PB (pH 7.3), 

and processed for EM as descnbed below. 



RNA Isolation and Analysis 

Total and poly A+ RNA were isolated fiom cultured L ceils and sympathetic 

ganglia, and 32P-labelled BDNF antisense RNA probes were used to probe Northem 

blots as previously described (Acheson et al., 199 1). RNase-protection assays were 

performed using the same BDNF nboprobe, as previously described (Chibbar et al., 

1993). 

Western Blot Analysis 

Ganglia, brains, and spinal cord tissue were lysed in Tris-buffered saline (TBS) 

lysis buffer containing 137 mM NaCl, 20 rnM Tris (pH 8.0), 1% (v/v) NP-40, 10% v/v 

glycerol, 1 mM pheny lmethylsulfony lfluoride (PMSF), 1 0 ug/ml aprotinin, 0 -2 @ml 

leupeptin, and 0.1% SDS. Samples were rocked for 20 rnin at 4* C,  and centrïfüged for 15 

min at 15,000 rpm. The supernatant was normalized for protein. concentration using a 

BSA protein assay reagent (Pierce, Rockford, Ill.). Supematants were boiled in sample 

bufZer (2% SDS, 100 m .  dithiothreitol, 10% glycerol, 0.05% bromophenol blue) for 5 

min, followed by SDS-PAGE. For analysis of blood samples, 1 ml of blood was added to 

the same protease inhibitors plus heparin, centrifuged for 5 rnin, and the senun removed. 

0.5% trifluoroacetic acid (TFA) in H20 was added to 0.5 ml of serum, and, d e r  

centrifugation, 0.5 ml of the supernatant was pw-ified by Sep-Pak C l  8, concentrated by 

speed vacuum, and analyzed by SDS-PAGE. As a control for the specificity of the 



BDNF antibody, recombinant BDNF andlor lysates fiom PC12 cells infected with a 

vaccinia virus expressing the human BDNF open reading &me were used (the latter the 

kind gifi of Drs. Sangeeta Pareek and Richard Murphy, MN). Afier eIectrophoresis, 

proteins were transferred to 0.2 Pm nitrocellulose for 1 hour at 0.5 Amps. Membranes 

were washed 3 x 10 min in dH20 followed by 2 x 10 min in PBS. Following the washes, 

membranes were blocked in 5% non-fat dry milk in PBST (PBS -t 0.1% Tween) for 2 

hours at room temperature, then incubated with an antibody directed against a peptide 

specific to BDNF (Santa Cruz; 15000) overnight at 4 O  C. For preabsorption studies, 5 

CLg of the BDNF peptide immunogen (Santa Cruz) was added to 0.2 Pg BDNF antibody, 

and incubated at 4' C ovemight. Membranes were subsequently washed 3 x 10 min in 

PBST, incubated with a goat anti-rabbit horseradish peroxidase-conjugated secondary 

antibody (1 : 1 0,000; Boehringer Mannheim) for 1 hour at room temperature, then was hed 

3 x 10 min in PBST. Following manufacturer's protocols, proteins were detected using 

enhanced chemilumuiescence (Arnersham) and XAR film O(odak). Blots were 

quantitated using NIH Image Software. 

Immunocytochemistry 

The following primary antibodies were used for irnmunocytochemistry: anti- 

peptide antibodies specific to sequences in BDNF (Patterson et al., 1996) and the full- 

length form of TrkB (TrkBin; Allendoerfer et al., 1994) (both the kind gifi of Dr. David 

Kaplan), s ynapsin (kind gift of Dr. Paul Greengard), and cornrnercially-available 



antibodies against ChAT (Chernicon), and tyrosine hydroxyIase (Pel£ieeze). For ail 

antibodies, following cryoprotection, tissue was fiozen, and 10 - 16 Pm thick sections 

were cut on a cryostat and mounted on chrom-alum subbed slides- For the BDNF, 

TrkBin, and synapsin antibodies, sections were postfixed with 4% paraformaidehyde in 

PB for 2 min at room temperature and washed 2 x 15 mui in 1M hepes-buffered saline 

@3S, pH 7.4) + 0.2% Triton X-100. Following nonspecific blocking with 10% serum 

for 45 min at room temperature, sections were incubated with the primary antibodies in 

HBS + 0.2% Triton X-100 + 10% serum overnight at 4' C at dilutions of 1 :200 for anti- 

BDNF and TrkBin, and 1 :500 for synapsin. Slides were then washed 3 x 15 min in HBS 

+ 0.2% Triton X- 100. Binding of primary antibodies was visualized with a rhodamine- 

conjugated secondary antibody (donkey anti-rabbit IgG at a 1:200 dilution; Jackson). 

Slides were then washed, mounted with a 10% glycerol:90% PBS solution, and 

coverslipped. For ChAT imrnunocytochemistry, the primary antibody was utilized as 

above (1 : 1 800 dilution), but was then visualized using a biotin-conjugated secondary 

antibody (donkey anti-goat IgG at a 1 :200 dilution; Jackson). Slides were then washed as 

before, incubated with the ABC complex (Vector Laboratories) for 1 h o u  at roorn 

temperature and with DAB for approximately 5-10 mins, or until the desired staining was 

reached. Tyrosine hydroxylase imrnunocytochernistry was similar to that descnbed 

above, with the exception that PBS (pH 7.4) was used as a buffer, and the pnmary 

antibody was visualized using a 1 : 100 dilution of a biotin-conjugated secondary antibody 

(Amersham) and a 1:600 dilution of a streptavidin rhodamine-conjugate (Molecdar 



Probes). For BDNF and TrkBin, preimmune sera nom animais in which these antibodies 

were generated were used as negative controls (the kind gift of Dr. David Kaplan). 

Electron Microscopy 

Samples of SCG with 3 mm of attached CST were immersion-fixed in 1.6% 

glutaraldehyde in 0.1M PB, pH 7.3. Samples were postfked in 1% Os04 in 0.1M Na 

cacodylate, and dehydrated in a senes of ascending ethanol gradients (70%, 85%, 95%, 

and 100%). Samples were cleared in acetone, infiltrated and embedded in S p m  resin. 

Thin sections were collected on formvar-coated 50 mesh copper grids, and stained with 

lead citrate and urany l acetate. Sections were examined and photographed on a Hitachi H- 

7100 TEM. 

Morphometric Analysis 

For sympathetic neuron counts, SCG were fiozen, 7 Pm thick sections were cut 

on a cryostat, and every sixth section was collected and thaw-mounted onto chrom-alun 

subbed slides. Slides were subsequently stained with cresyl violet to visualize nuclei. 

Neurons were counted using the Coggeshall method (Coggeshall et al., 1984; 1990), which 

bases cell measurements on the presence of nucleoli. For neuronal sizes, the SCG and 

spinal cord were fiozen, sectioned and mounted. SCG sections were stained with 

hematoxylin and eosin and spinal cord sections were stained irnmunocytochemicdly for 



ChAT. For the SCG, only those neurons with a nucleolus were measured, while, for 

preganglionic neurons, only those ChAT-positive cells that were sectioned through the 

nucleus were meaniced. In al1 cases, morphometric analyses were performed using a 

computer-based image analysis system (Biocom, France) that prevents double 

measurement of neurons. 

Cross-sections of the CST were used for analysis of the number and size of 

preganglionic axons. Myelinated axons were identifïed by their darkly stained sheaths, 

while unmyelinated axons were identified by their light appearance relative to the 

surrounding Schwann ceIl cytopIasm and by the presence of neurofilaments, 

microtubules, and mitochondria. Unmyelinated axon diameter was calculated fiom the 

circumference of the intemal Iaminae sunouuding each axon, and myelinated axon diameter 

was calculated fiom the circumference of the inner surface of the myelin sheath. 

Morphometric analyses were performed using the Biocom systern (France). Statisticd 

results were expressed as mean values =t the standard error of the mean, and were tested 

for significance by the Student's t-test for paired differences. 

Cross-sections of the SCG were used for analysis of synapse number. Only 

active zones were included in the quantitation. Criteria for an active zone included the 

presence of both post- and pre-synaptic membrane thickenings and clustering of synaptic 

vesicles. Sections of SCG from any given animal were randornly sampled with a Gxed 

area of 41 kt?.  At least 40 such samples from at least 10 sections were determined for 

each animal. Collection of additional samples did not alter the average synapse number 



per defked 41 pm2 mea. To normalize these synapse counts for neuronal density, we 

determined the number of neurons (as defined by the presence of a nucleolus) for a 

dehned 0.033 mm2 area using image analysis of cresyl-violet stained sections. For each 

condition, ganglia fkom at least 3 independent animals were sampled in this fashion. We 

used these numbers to define a "relative density factor", and used these factors to 

norrnalize our synapse counts for neuronai density. In all  cases, statistical resuits were 

expressed as mean values the standard error of the mean, and were tested for 

significance by the Student's t-test for paired differences. 
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FIGURE LEGENDS 

Figure 1. Detection of BDNF mRNA and protein in the postnatal superior cervical 

ganglion. (A) BDNF mRNA is expressed in the postnatal day 1 superior cervical 

ganglion, as detected by Northem blot analysis. Poly A+ RNA fiom L-cells (LC) and the 

rat superior cervical ganglion (SCG), as well as poly A- RNA fiom the rat brain (A-) were 

sepmted on formaldehyde denaturing gels, transferred to nitrocellulose, and probed with 

a 32P-labelled riboprobe specific for BDNF mRNA. As previously described (Acheson 

et al., 1 99 1 ), L-cells expressed two BDNF transcripts, which were sirnilar in size to tho se 

detected in the postnatd SCG. Sizes of the two transcnpts are indicated on the right. (B) 

Specificity of the anti-BDNF antibody. (Panel i) To test the specificity of the anti- 

BDNF antibody, 50 ng each of human recombinant NGF, BDNF, NT-3, and NT-4 were 

Western blotted. The antibody strongly recognized the recombinant BDNF. (Panel ü) 

To determine whether this antibody would recognize BDNF isolated fiom the mouse 

brain, 50 Pg of protein was extracted fkom the brains of BDNF -/- (KO) and BDNF +/+ 

littermates (CON) at postnatal days 15-20. Western blot analysis revealed that the 

antibody recognized a BDNF-Ilrimunoreactive band in the control, but not knockout 

brain. This band was the same size as recombinant BDNF (data not shown) and BDNF 

in lysates (10 Clg) fiom vaccinia virus-BDNF infected PC12 cells (PC12). To M h e r  

ensure the specificity of the BDNF antibody, the antibody was preincubated (CON 

preab and KO preab) with an excess of BDNF peptide immunogen. This peptide 



corresponds to amino acids 128-147 of the carboxy terminus of the human BDNF 

sequence. Note that preincubation eiiminated the BDNF-specific band in the BDNF +/+ 

bmh. (C) Circulating BDNF is not detectable in the DBH:BDNF mice. (Panel i) 

To control for systemic BDNF in the circulation, sera fkom control (CON) and transgenic 

D498 0 4 9 8 )  animals were analyzed by Western blot analysis. BDNF was not 

detectable in either case. (Panel ii) To test the reliability of the BDNF emaction fkom 

blood, 50 ng of human recombinant BDNF was added to the blood of a BDNF -/- moue, 

the serum was then extracted, and Westem bloc analysis performed (BDNF + Blood). 

Human recombinant BDNF was used as a control (l3DNF). No degradation of exogenous 

BDNF was observed. (Panel iii) BDNF levels are similar in the spinal cord of 

neonatal control and DBH:BDNF mice. To determine whether preganglionic neurons 

were exposed to increased BDNF in the spinal cord of transgenic mice during the period 

of sympathetic innervation, the spinal cords of individual D498 and control postnatal day 

4 littermates were analyzed by Westem blots. The levels of BDNF were sirnilar in 3 

control (CON SC) and 3 D498 (D498 SC) spinal cords at this age. 20 ng of recombinant 

hurnan BDNF was used as a control in this experiment (D) BDNF protein is expressed 

in the SCG of adult control and DBH:BDNF' mice, as detected by Western blot 

analysis. Cell or tissue lysates were separated on polyacrylamide gels, transferred to 

nitrocellulose, and probed with an antibody specific to BDNF. (Panel i) A BDNF- 

immunoreactive band shilar in size to BDNF produced by vaccinia-virus infected PC 12 

ceils (PC12) is detected in equal amounts of protein fiom the control adult mouse SCG 



(CON SCG), and in the SCG of Lue D498 DBH:BDNF transgenic mice @498 SCG). 

(Panel ii) A cornparison of the amount of BDNF in equal amounts of protein isolated 

fkom the SCG of DBH:BDNF mice of lines D498 @498 SCG) and D48 1 @48 1 SCG) 

indicate that Erie D498 expresses BDNF at approximately two-fold higher levels. 

Figure 2. (A-C) Increased sympathetic expression of BDNF leads to an increased 

density of preganglionic synapses in the SCG, as detected imrnunocytochemicaIly 

using an antibody again a presynaptic terminal marker protein, synapsin. Synapsin was 

imrnunocytochemically-localized in sections of SCG fiom adult control (A) and transgenic 

animals of line D498 @). Note that both the density and pattern of synapsin 

imrnunostaining differs, with large clusters of synapsin-immunoreactive temiinals in the 

transgenic ganglia (arrow). To demonstrate that the increased synapsin-positive terminais 

in the transgenic mice derived firom preganglionic axons, the CST was transected and, two 

weeks later, the SCG was immunostained for synapsin (C). This led to the disappearance 

of the vast majority of synapsih-positive terrnïnals, althou& i few, presumably intrinsic 

synapses rernained (arrow). In all three panels, sympathetic neuron cell bodies are 

indicated by arrowheads. @,E) Sympathetic innervation of the pineal gland is 

similar in control and transgenic mice. To visualize sympathetic innervation, 

sections of control @) and line D48 1 (E) pineal glands were immunostained with an 

antibody specific to tyrosine hydroxylase. Note that the density and pattern of tyrosine 

hydroxylase immunoreactivity was similar in both cases (arrows). (F) Preganglionic 



neurons express full-length TrkB. Spinal cord sections at thoracic levels 1 to 4 were 

immunostained with an antibody specific to the full-length form of TrkB, demonstrating 

that preganglionic neurons in the intermediolateral column (arrow) displayed TrkB 

irnmunoreactivity. Dotted lines demarcate the gray and white rnatter of the spinal cord. 

Size bar = 200 pm2. 

Figure 3. (A,B) Preganglionic neurons hypertrophy in response to increased 

sympathetic neuron-derived BDNF. To determine the size of preganglionic neurons in 

control versus transgenic mice, spinal cord sections from thoracic levels 1 to 4 were 

stained for ChAT, and the size of ChAT-positive neurons in the intermediolateral column 

was determined by image analysis- (A) represents the average preganglionic ce11 size, 

while (B) represents the size distribution of ChAT-positive neurons in the M L  of 

control versus transgenic animais of line D498. Note that the small increase in average 

neuronal size is due to a shift to greater size of the entire preganglionic population. (C,D) 

Sympathetic neuron ce11 body size is increased in DBH:BDNF mice. (C) The 

average sympathetic neuron size is significantly larger in transgenic animals of both lines 

D48 1 and D498 than it is in control mice of the same genetic background. However, two 

weeks followlng removal of the CST, and the corresponding loss of preganglionic 

innervation, cell body sizes are sirnilar in control and transgenic mice of both lines @). 

(E) The relative density of synapses per sympathetic neuron 

response to increased neuron-derived BDNF in DBHSDNF mice 

is increased in 

and decreased in 



response to an absence of BDNF synthesis in BDNF -/- rnice. To quantitate the 

relative synapse number per neuron within the SCG, synapses were counted in electron 

microscopie sections of a d e k e d  area (41 PM'), the synapse density calculated, and then 

corrected for neuronal density to derive the relative synapse numbedneuron (see the text). 

This analysis demonstrated that relative synaptic innervation ger neuron was 

significantly increased in line D498 transgenic mice (D498) relative to adult wildtype mice 

of the same genetic background (WT), and significantly decreased in two to three week- 

old BDNF -/- mice (-/-) relative to their control (+/+) littermates. 

Figure 4. (A,B,D,E) Increased sympathetic neuron-derived BDNF leads to an 

increase in the size, but not the number of preganglionic neurons in the adult 

CST. Electron microscopy of cross-sections of the CST, which carries pregangliodc 

axons to the SCG, demonstrates a hypertrophy in the size of both unmyelinated and 

myelinated axons in adult control (A,B) versus DBH:BDNF mice of line D481 @,E). 

Squares in panels A and D indicate enlarged areas B and E, respectively. Size bars = 13 -4 

Pm (A,D) and 3.35 Pm (B,E). (C,F) A lack of BDNF synthesis in 2 to 3 week-old 

BDNF -/- mice leads to decreased preganglionic innervation to the SCG. Electron 

microscopy of cross-sections of the 2 to 3 week-old CST in control (C) versus BDNF -/- 

(F) littermates revealed a decrease in both the number and size of CST axons innervating 

the SCG. Size bar = 13.4 Pm. (G,H) Synapse determination in the SCG of control 

(G) and D498 (If) animals. To quantitate the number of active zone synapses found 



within the SCG, only those synapses displaying pre- and post-synaptic membrane 

thickenings, and synaptic vesicles were counted (arrows). Gap/electrical junctions were 

not included (arrowhead inG). Size bar= 1.3 Pm. 

Figure 5. Size distribution of unmyelinated and myelinated axons in the CST of 

adult control versus DBH:BDNF transgenic mice. The size distribution of 

unmyelinated axons in cross-sections of the CST from lines 0498 (A) and D481 (B) 

revealed a significant shift to larger axons relative to controls. A similar shift to larger 

sizes was observed for myelinated axons fiom these same two lines (C,D). In this 

experiment, electron rnicroscopic data similar to that shown in Fig. 4 was analyzed 

morphometrically. (E,F) Distribution of synapse number in the SCG of adult 

control versus DBH:BDNF transgenic mice and 2 to 3 week-old BDNF +!+ versus 

BDNF -/- mice. (E) A histogram of the synapse number per 41 um2 grid in the SCG of 

adult line D498 (D498) versus control 0 animais revealed a shift of the entire curve to 

Iarger synapse numbers in the DBH:BDNF mice. (F) Conversely, a histogram of the 

synapse number per 41 kn2 grid in the SCG of two to  three week-old BDNF 4- mice 

relative to their BDNF +/+ littemates revealed a shift of the entire curve to smaller 

synapse numbers in the absence of BDNF. 
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The aim of the preceding study was to determine the factors that regulate afferent 

innervation at neuronal synapses. The model system used to investigate this question 

was the preganglionic neuron synapse to sympathetic neurons of the superior ceMcal 

ganglion (SCG). Previous studies have hypothesized that sympathetic neurons produce 

growth factors that are responsibIe for determining the level of afferent preganglionic 

innervation (Schafer et al., 1983; Purves, 1986). In this regard, we have demonstrated 

that sympathetic neuron-derived brain-derïved neurotrophic factor (BDNF) is one 

factor that regulates innervation at this CNS:PNS neuronal synapse. 

One prediction of these results is that variations in the levels of peripherd target- 

denved NGF may regulate the synthesis of BDNF in sympathetic neurons as has been 

reported for sensory neurons (Apfel et al., 1996; Michael et al., 199%). Moreover, 

variations in neuronal activity may regulate BDNF synthesis in sympathetic neurons as 

previously demonstrated in central neurons (Ghosh et al., 1994; Thoenen, 1995; 

Goodman et al., 1 996). Such neurotrophin regulation predicts a model in which 

variations in the levels of neurotrophins may provide a mechanism by which the 

connectivity of a neural pathway is maintained over a number of synapses 

To begin to understand the mechanisms that regulate BDNF expression, 1 have turned 

to the analysis of cultured sympathetic neurons. Using this simple system, 1 have 

hvestigated the hypothesis that alterations in the levels of exogenous NGF andlor 

neuronal activity regulates the levels of BDNF protein expression in sympathetic 

neurons. Further, 1 have attempted to determine the cellular localization of BDNF in 

vitro and in vivo. This study, together with the preceding studies, contributes to the 

understanding of synaptic connections and their regulation by extrinsic and intrinsic 

influences. 



CHAPTER 4 



Appendix A 

Expression and Localization of 

BDNF in Sympathetic Neurons 



Introduction 

One of the main foci of this thesis has been to determine the factors that regulate 

afferent innervation at neuronal synapses. One of the mode1 systems used to 

investigate this question is the preganglionic neuron synapse to sympathetic neurons of 

the superïor cervical ganglion (SCG). The advantages of using this system are two-fold. 

First, this synapse is localized outside the CNS, easily accessible, and well-defined. 

Second, sympathetic neurons are well-characterized, and innervate accessible perip heral 

target organs. Previous studies have hypothesized that sympathetic neurons produce 

growth factors that are responsible for determinhg the level of aEerent preganglionic 

innervation (Schafer et ai., 1983; Purves, 1986). In this regard, sympathetic neuron- 

derived brain-derived neurotrophic factor (BDNF) is one factor that regulates 

innervation at this CNS:PNS neuronal synapse (Causing et al., 1997; Chapter 3 of this 

thesis). Specifïcally, developing and mature sympathetic neurons express both the 

mRNA and protein for BDNF (Schecterson and Bothwell, 199 2 ; Wetmore et al., 1994; 

Causing et al., 1997), while preganglionic neurons express the full-length BDNF 

receptor, TrkB (Causing et al., 1997; Schober et al., 1998). Further, increased 

sympathetic neuron-derived BDNF leads to a coincident increase in the density of 

preganglionic synapses per sympathetic neuron, and a hypertrophy of preganglionic ce11 

bodies and axons (Causing et al., 1997). Conversely, loss of BDNF expression in 

sympathetic neurons results in reduced numbers of preganglionic axons innervating the 

SCG, as well as a larger-fold decrease in the density of preganglionic synapses per 

sympathetic neuron. Together, these results support the hypothesis that sympathetic 

neuron-derived BDNF selectively regulates the level of its afferent preganglionic input. 

One prediction of these results is that variations in the levels of peripheral target- 

derived NGF may regulate the synthesis of BDNF in sympathetic neurons as has been 

reported for sensory neurons (Apfel et al., 1996; Michael et al., 1997b). Moreover, 

variations in neuronal activity may regulate BDNF synthesis in sympathetic neurons as 



previously demonstrated in central neurons (Ghosh et al., 1 994; Thoenen, 1 995; 

Goodrnan et al., 19%). Such neurotrophin regdation predicts a mode1 in which 

variations in the levels of neurotrophins may provide a mechanism by which the 

connectivity of a neural pathway is maintained over a number of synapses 

To begin to understand the mechanisrns that regulate BDNF expression, 1 have 

turned to the analysis of cultured sympathetic neurons. Using this simple system, 1 

have investigated the hypothesis that alterations in the leveis of exogenous NGF a d o r  

neuronal activity regulates the levels of BDNF protein expression in sympathetic 

neurons. Further, 1 have attempted to determine the cellular localization of BDNF in 

viîro and in vivo. These studies demonstrate that sympathetic neurons synthesize 

BDNF, and that BDNF is localized throughout the sympathetic neuron: in axons, 

dendrites and ce11 bodies. These results support the idea that sympathetic neuron- 

derived BDNF acts as a synaptic factor for their afferent pregangiionic neurons and 

M e r  suggests that BDNF may act as an anterograde factor to mediate synaptic 

fiuiction at target neurons. 



Materials and Methods 

Primary Neuron Cultures 

Mass cultures of pure sympathetic neurons fiom the supenor cervical ganglion 

(SCG) of postnatal day 1 rats were prepared as previously descrïbed (Ma et al., 1992), 

with the exception that neurons were plated in Ultraculture media (BioWhittaker, Inc.) 

containing 2mM glutamine, 100 U/ml penicillin, 100 pg /ml streptomycin and 5% rat 

senun (Barnji et al., 1998). Neurons were plated at high density (- 500,000 

neurons/well) on rat tail collagen-coated 6-well tissue culture dishes for biochemistry 

(Falcon plastics, Cockeysville, MD). For immunocytochernistry, neurons were plated 

at low density (-20 000 neurondwell) in 8-well tissue culture chamber slides (Nalge 

Nunc International, NapeMlle, IL) coated with rat tail collagen, poly-D-lysine and 

laminin. For BDNF Western blot analysis, neurons were uiitially cultured for 2 days in 

10 &ml NGF. For BDNF ELISA experiments, neurons were initially cultured for 3 

days in 1 O n g / d  or 50 n g h l  NGF. Subsequent to this 2 day selection, neurons were 

washed 3 times in neurotrophin-fiee media before addition of new NGF- or KCL- 

containing media. For immunocytochemical analysis, neurons were initially cultured in 

50 n g / d  NGF, with the media changed every 2 days, and subsequently analyzed at 

days 7, 11, and 14. 

Reagents 

NGF was purified fiom mouse salivary glands (Cedariane Labs, Ltd., Homby, 

Ontario, Canada). BDNF antibody was obtained fiom Santa Cruz (for BDNF 

westerns), Promega (for BDNF ELISA) or f?om AMGEN (for immunocytochemistry). 

The Santa Cniz BDNF peptide antibody was raised against a peptide sequence located 

in the carboxy terminus of the hurnan BDNF sequence, and has been previously 

characterized (Causing et al., 1 997). The Promega polyclonal and monoclonal antibodies 

(BDNF pAb and mAb) were provided with the BDNF ELISA kit (Promega, Madison, 



WI). The AMGEN BDNF antibody (RAE3) was raised against mature hurnan 

recombinant BDNF and has been previously characterized (Yan et al., 199r). The 

MAP2 (a+b) antibody was obtained korn Sigma Biosciences. The IgG 192 mouse 

monoclonal antibody was used to detect P7SNTR (gift fiom P. Baker), as previously 

described (Miller et al., 1994). A goat anti-rabbit horseradish peroxidase-conjugated 

secondary antibody was obtained fiom Boehringer Manneheim. CY2-conjugated goat 

ad-mouse, CY3-conjugated goat ad-rabbit, and FITC-conjugated goat antf-mouse 

antibodies were obtained fiom Jackson Laboratories. 

Western Blot Andysis 

For western blot analysis, sympathetic neurons were iysed in Tris-buffered saline 

(TBS: 20mM Tris, pH 8, 35mM NaCl, 0.2% tween) lysis buffer (Knusel et al., 1994) 

containhg 13 7 mM NaCl, 20 mM Tris pH 8.0, 1 % (voVvol) NP-40, 10% (voVvol) 

glycerol, IrnM PMSF, 10 pg/d aprotinin, 0.2 pg/rnl leupeptin, 0.1% SDS (volkol) and 

2 SmM sodium vanadate. 1 ml of cold TB S was added to one well of a 6-well dish and 

cells were collected, resuspended in 50 pl lysis buf5er, and rocked for 20 min at 4 OC. 

Each sample was vortexed for 10 s, and cleared by centrifugation for 5 min at 4 OC. The 

lysates were norrnalized for protein concentration using a BCA Protein Assay Reagent 

(Pierce Chemical Co., Rocuord, Ill). Supernatants were boiled in sample b&er (2% 

SDS, lOOrnM dithiothreitol, 10% glycerol, 0.05% bromophenol blue) for 5 min, 

followed by SDS-PAGE. After electrophoresis, proteins were transferred to 0.2 

pm nitrocellulose for 1 hour at 0.5 Amps. Membranes were washed 3 x 10 min in 

ddH20 followed by 2 x 10 min in PBS. Following washes, membranes were blocked in 

5% nonfat dry milk in PBST (PBS +0.1% Tween) for 2 hours at room temperature, 

then incubated with an antibody directed against a peptide specific to BDNF (Santa 

Cruz). Membranes were subsequently washed 3 x 10 min in PBST, incubated with a 

goat anti-rabbit horseradish peroxidase-conjugated secondary antibody (1 : 10 000; 

Boehringer Mannheim) for 1 hour at room temperature, then washed 3 x 10 min in 



PBST. FoIIowing manufacturer's instructions, proteins were detected using enhanced 

cherniluminescence (ECL; Amersham) and XAR i5lm (Kodak). 

BDNF ELISA 

For BDNF ELISAs, sympathetic neurons were lysed in Tris-buffered saline (TBS: 

20mM Tris, pH 8, 35mM NaCI, 0.2% tween) lysis buffer (Knusel et d., 1994) 

containing 137 mM NaCl, 20 rnM Tris pH 8.0, 1 % (voVvol) NP-40, 10% (voVvol) 

glycerol, 1 rnM PMSF, I O pg /ml aprotinin, 0.2 pg /ml leupeptin, 0.1 % SDS (voVvol) 

and 1SmM sodium vanadate. 1 ml of cold TBS was added to one weU of a 6-well dish 

and cells were collected, resuspended in 50 pl lysis buffer, and rocked for 20 min at 4 

OC. Each sample was vortexed for 1 0 s, and cleared by centrifugation for 5 min at 4 OC. 

The lysates were normalized for protein concentration using a BCA Protein Assay 

Reagent (Pierce Chemical Co., RockFord, IH). 

BDNF protein was quantified using a two-site immunoassay kit (BDNF ELISA kit, 

Prornega, Madison, WI). Blocking solution, wash buffer and tetramethylbenzidine 

peroxidase-developing substrate were included with the immunoassay kit. Microtiter 

plates (Falcon Plastics, Cockeysville, MD) were coated with an anti-BDNF mAb 

(Promega, Madison, WI) in sodium carbonate buffer and incubated for 14-1 8 hours at 4 

OC. After washing with TBS, and incubating with 1% blocking solution in buffer, 

BDNF standards (1 5- 1000 pg) and samples were incubated shstking at room 

temperature for 2 hours. Afier washing several times, an anti-human BDNF pAb 

(Promega, Madison,WI) was added at 1500 dilution and incubated at 4 OC overnight. 

The next day, after washing several tirnes, an anti-chicken IgY HRP secondary antibody 

(Promega, Madison, WI) was incubated at 1 :2000 dilution for 1 hour shaking at room 

temperature. The assay was developed using a TMB solution and peroxidase substrate 

(Promega, Madison, WI). The reaction was stopped with 1M phosphoric acid. The 

ELISA was measured at 450 nm. BDNF protein was calcdated using a standard curve 

determined on the sarne plate. 



Immunocytochemistry 

For immunocytochemical analysis of cultured ceiis, sympathetic neurons were 

washed with PBS (pH 7 4 ,  fixed with 2% paraformaldehyde in 0.1 M phosphate buffer 

(PB) for 20 minutes, then washed several times with 0.1M PB. The samples were 

blocked with 10% senun in O-1M PB +O-2% Triton X-100 (TX-100) for 1 hour at room 

temperature. Cells were washed three times with block solution for 10 minutes each 

wash, then incubated with an anti-BDW antibody (AMGEN) (1 500 to 1 : 1 000 

dilution) overnight at 4 OC in a humidified chamber. The next day, cells were washed 3 

times with blocking solution for 10 min each, then incubated with a goat anti-rabbit CY3 

(Jackson Laboratoxies) secondary antibody (1 : 1000 dilution) for 1 hour at room temp. 

Cells were washed 3 times with 0.1M PB, 10 min each, then either mounted and cover- 

slipped, or carried through for double label experiments. In double label experiments, 

cells were incubated with an ad-MAP 2a+b antibody (Sigma) (1 :400 dilution) for 1 

hour at room temp. Cells were washed 3 times in O. 1M PB, 10 min each, then 

incubated with a goat anti-mouse CY2 secondary antibody (Jackson) (1 500 dilution). 

The cells were washed as previously described, then mounted and cover-slipped. Slides 

were stored at 4 OC. 

For immunocytochemical analysis of the SCG and pineal, tissue fiorn mice and rats 

were removed and immersion-fixed in 2% paraformaldehyde in O. 1M PB for 30 min to 1 

hour. Tissue sections (12- 14 Fm thick) were cut on a cryostat and mounted on coated 

glass siides (Fischer Scientific). The slides were washed in 0.1 M PB and blocked with 

10% serum in O. 1 M PB +0.2% TX-100 for 1 hour at room temp. Slides were then 

incubated with an anti-BDNF antibody (Amgen) for 1- 2 days at 4 OC in a humidified 

chamber. Afier incubation, slides were washed in blocking solution then incubated with 

a goat anti-rabbit CY3 secondary antibody (Jackson) (1 : 1000 dilution) for 1 hou  at 

room temp. The slides were washed with 0.1M PB, then mounted and cover-slipped, 

or carried through for double label experiments. In double label experiments, slides were 

incubated with a monoclonal P75NTR antibody (5 pg/ml dilution) for 1 hour at room 



temp. Slides were washed 3 times with 0.1 M PB, 10 min each, then incubated with a 

goat anti-mouse FITC secondary antibody (Jackson) (1 500 dilution). Slides were 

washed as previously described, then mounted and cover-slipped. Slides were stored at 

4 OC* 



Results 

BDNF Expression in Sympathetic Neurons 

We have previously demonstrated that the mRNA for BDNF is expressed in 

cdtured rat PI sympathetic neurons and that the BDNF protein is expressed in the 

sympathetic ganglia, superior cervical ganglia (SCG) of adult mice (Causing et al., 1997). 

To determine whether BDNF protein is specificdly synthesized in sympathetic 

neurons, western blot analysis was done using an antibody previously characterized by 

our laboratory (Causing et al., 1997). Using cultured neonatal rat sympathetic neurons, 

BDNF protein was found to be expressed (Figure 1). Thus, sympathetic neurons 

synthesize both the mRNA and protein for BDNF. 

Previous reports have demonstrated that BDNF is localized to the cell bodies and 

processes of adult sensory neurons (Wetrnore and Olson, 1995; Zhou and Rush, 1996; 

Michael et al., 1997b). To determine where BDNF is localized in sympathetic neurons, 

immunocytochemical analysis was performed using an antibody previously 

demonstrated to specincally recognize BDNF and to be effective in 

immunocytochemical analysis (Corner et al., 1997; Yan et al., 1997). BDNF 

immunoreactivity was exarnined in cultured neonatal rat sympathetic neurons and adult 

mouse sympathetic ganglia. In cultured sympathetic neurons, BDNF was present in 

ce11 bodies and processes (Figures 2% 3a). To determine whether BDNF was codmed 

to either axons or dendrites, double-label experïrnents were performed using a dendrite- 

specific MAP2 antibody which recognizes the high rnolecular weight forms of MAP2, 

MAP2a and MAP2b, found in dendrites (Tucker et al. 1988). WhiIe MAP2 co- 

localized with BDNF in ce11 bodies and some processes (Figure 2a, 3a), which were 

presurnably dendrites, BDNF also localized to processes which were not 

immunoreactive for MAP2 (Figure 3 a). S imilar to cultured sympathetic neurons, 

BDNF was also detected in processes in the adult mouse SCG (Figure 3b). Finally, 

P75NTR, which is localized on sympathetic ce11 bodies and terminais (J Kohn and FD 



Miller, unpublished observations), CO-localized with BDNF immunoreactive fibers in 

the postnatal rat pineai (Figure 2b). 

Effects of NGF on Sympathetic Neuron BDNF Protein Levels 

To determine whether exposure to increased concentrations of NGF altered the levels 

of BDNF in sympathetic neurons, neurons were initially cultured in 10 ng/ml NGF for 3 

days then switched to 100 n g M  NGF for an additional 2 days. BDNF protein levels 

were measured using a BDNF ELISA. Increasing the concentration of NGF did not 

result in a significant difference in BDNF protein levels in sympathetic neurons when 

measured 2 days post-treatment (Figure 4: 10 ng/ml NGF condition: 0.91+/- 0.07 pg 

BDNF/pg protein, n=3; 100 n g h l  NGF condition: 0.80 +/- 0.07 pg BDNF/ pg protein, 

n=3, p>O.l) 

Effects of Neuronal Depolarization on the Level of Sympathetic Neuron BDNF Protein 

To determine whether increased neuronal activity altered sympathetic neuron BDNF 

levels, neurons were cultured in 50 ng/ml NGF for 3 days, then switched to either 10 

n g / d  NGF or 10 ng/ml NGF + 50 mM KCl for an additional 2 days. BDNF protein 

was measured using a BDNF ELISA. KCI treatment did not resuit in a signifïcant 

difference in the amount of BDNF protein in sympathetic neurons (Figure 5: 10 ng/ml 

NGF condition: 0.60 +/-.O2 pg BDNW pg protein, n-3; 10 n g / d  NGF + 50 rnM KCI 

condition: 0.50 pg +/-.O1 BDNF/ pg protein, n=3, p>0.2) 



Discussion 

The results of these studies demonstrate that endogenous BDNF is localized to the 

ce11 body, axons and dendrites of sympathetic neurons. Further, increased exogenous 

NGF concentrations or increased neuronal activity does not alter intracellular 

sympathetic neuron BDNF levels anaiyzed 2 days post-treatment. Thus, under the 

conditions used in this study, it is unclear whether sympathetic neuron-derived BDNF 

is regulated in a similar manner as penpheral sensory and central neurons. 

Sympathetic neurons have been previously shown to express both the &A and 

protein for BDNF (Bothwell and Schecterson, 1991; Causing et ai., 1997). Fuaher, 

sympathetic neuron-derived BDNF regulates the levels of its afferent innervation 

(Causing et al., 1997). To extend these previous findings, the current experiments were 

undertaken to begin to understand the molecular mechanisms by which BDNF affects 

preganglionic innervation and neuronal morphoiogy. Imxnunocytochemical analysis for 

BDNF in sympathetic neurons and the SCG demonstrate that BDNF is iocalized to the 

soma, axons and dendrites of sympathetic neurons. These results are consistent with 

reports of neurotrophin expression in the axons and dendrites of hippocampai neurons, 

and the axons of peripheral sensory neurons (Goodman et al., 1996; Corner et al., 2997; 

Fawcett et al., 1997; Michael et al., 1997b; Tongiorgi et al., 1997). This latter finding is 

important with regards to the neurotrophic hypothesis which postdates that 

neurotro phins act as retro grade survival factors for innemating afferent neuron 

populations (Oppenheim, 1991). Those neurons that successfully compete for and 

acquire neurotrophuis during development survive and ultimately terminally innervate 

their targets. The nature of this cornpetition and the subsequent terminal arborization 

may be detennined by the site of neurotrophin localization. Since it has been 

demonstrated that preganglionic axons synapse on autonomie ganglion ce11 bodies and 

dendrites (Forehand and Purves, 1984; Forehand, 1985) and that BDNF regulates the 

density of preganglionic terrninals (Causing et al., 1 997), the finding that BDNF is 



localized to sympathetic dendrites may provide one way for innervating neurons to 

obtain this neurotrophin. 

The mechanisms by which BDNF becomes Iocalized to dendritic processes have 

been speculated. One mechanism includes local translation of the BDNF protein in 

dendrites (Tongiorgi et al., 1997). The mRNA for BDNF as well as protein synthesis 

machinery, including ribosomes, tRNA¶ translation factors, endoplasmic reticulum and 

Golgi apparatus, have been localized in hippocampal dendrites (Tongiorgi et al., 1997). 

Moreover, dendritic protein synthesis has been demonstrated in central neurons (Torre 

and Steward, 1992). Alternatively, mature BDNF protein may be directed to the 

dendntic compartments and released in a constitutive manner similar to NGF in 

hippocampal neurons (Mowla et al., 1999). 

The anterograde transport and release of BDNF fkom centrai axons has been 

suggested to be important in activity-dependent synaptic transmission such as the 

induction of long tenn potentiation (AItar and Distefano, 1998). Further, axonal release 

of neurotrophins appears to have long-term effects on postsynaptic target neuronal 

populations thus providing a mechanism whereby connections can be maintained or 

altered during development, or in response to chronic activity or injury (Lo, 1995; 

Michael et al., 1997b; Fawcett et al., 1998; Aloyz et al., 1999). The observation that 

BDNF is present in sympathetic neuron axons suggests that transport and release of 

BDNF fkom peripheral axons may act on penpheral targets in a simiIar manner as 

central neurons. Alternatively, axonal release of BDNF rnay act in a paracrine manner at 

peripheral tenninals to establish appropriate innervation, such as has been reported for 

the sympathetic peripheral target, the pineal gland (Kohn et al., 1999). One difference 

between centrally-derived BDNF and peripherally-derived neurotrophins such as NGF 

is that BDNF is locdized to secretory vesicles in central neurons and released in a 

regulated mamer (Goodman et al., 1996; Fawcett et al., 1997; Michael et al., 1997b), 

while NGF in peripheral cells is constitutively released (eg. Barth et ai., 1984). Whether 

sympathetic neuron-derived BDNF is released in a regulated or constitutive manner is 



not known. However, BDNF has been detected in the conditioned media of cultured 

sympathetic neurons treated with NGF alone suggestive of constitutive release (R. 

Aloyz, C. Causing, F.D. Miller, unpublished observations). 

Previous studies have demonstrated that neurotrophins c m  affect the expression of 

other neurotrophins in peripheral neurons (Apfel et ai., 1996; Michael et al., 1997b). 

These studies demonstrated that chronic or acute exposure of adult sensory DRG 

neurons to high conceo.trations of exogenous NGF resulted in increased BDNF mRNA 

and protein in these neurons. The current study using cultured sympathetic neurons 

failed to £ïnd the same results. when BDNF proteins levels were expressed as BDNF 

per pg protein. Exposure to high concentrations of NGF, which results in significant 

sympathetic neuron growth. Thus, the increase in growth may have masked any 

significant increase in BDNF protein which may have potentially occurred on a per 

neuron level. Another explanation for the discrepancy in these results may simply be 

due to the tirne-points at which the levels of BDNF were measured, and the mode of 

NGF treatment. Acute exposure of high concentrations of NGF resulted in a rapid 

increase in BDNF mRNA in cultured DRG neurons. This increase was maximal by 12 

hours post-treatment and retumed to baseline levels by 48 hours (Apfel et al., 2996). 

Further, chronic exposure of DRG neurons in the whole animal to continuous intrahecal 

infusion of NGF resulted in increased numbers of DRG neurons expressing BDNF 

mRNA and protein (Michael et al., 1997b). In the current study, sympathetic neurons 

were not chronicdy exposed to NGF, while BDNF protein levels were measured 2 

days post-treatment. Therefore, significant alterations in the expression of sympathetic 

neuron BDNF may have been more apparent at eadier time-points. 

Alternatively, it has been recently demonstrated that acute exposure to high 

concentrations of neurotrophins can cause increased release of neuron-derived 

neurotrophins (Canossa et al., 1997; Kruttgen et al., 1998). Thus, it may be speculated 

that exposure to high concentrations of NGF caused the release of BDNF fiom 

sympathetic neurons, as well as an increase in BDNF mRNA, and subsequent 



translation and processing of new protein, which by 2 days had returned to baseiine 

levels. Thus, neurotrophin regdation and release by neurotrophins may be one 

mechanism by which neurotrophins are provided to responsive neurons. However, 

whether neurotrophins cause neuronal activity and release of neurotrophins remains to 

be detennined. 

Neuronal activity increases the expression of BDNF mRNA in the hippocampus, as 

well as BDNF protein in hippocampal neurons (Ernfors et al., 199 1; Isackson et al., 

199 1; Dugich-Djordjevic et al., 1992; Connor et ai., 1997; Fawcett et al., 1997). 

Increased sympathetic neuron activity did not result in an increase in BDNF protein 

levels. Again, tirne-point of analysis rnay be an important factor, since BDNF mRNA 

expression increases over hours while protein synthesis rapidly increases upon 

stimulation (Ernfors et al., 1991; Isackson et al., 1991; Dugich-Djordjevic et ai., 1992; 

Fawcett et ai., 1997; Aloyz et al., 1999). Further, activity is believed to cause release of 

neurotrophins fiom neurons (Fawcett et al., 1997, 1998; Aloyz et al., 1999). Taking 

this possibility into consideration, BDNF may have been released from sympathetic 

neurons in response to KCI and any increase in BDNF may not have been apparent if 

BDNF increased on a per neuron level since levels were expressed as BDNF per pg 

protein. Thus, sympathetic neurons may have released BDNF in response to KCI and 

may have subsequently increased their BDNF mRNA and protein expression. Indeed, 

the increase in BDNF mRNA in response to increased neuronal activity has been 

speculated to be a reactive event in response to depletion of protein stores (Apfel et al., 

1996). Thus, the observations that BDNF protein levels did not change in response to 

neuronal activity might be explained by this adaptive mechanism. Consistent with this 

idea, it has been recently demonstrated that in cultured cerebellar granule cells treated 

with NMDA, the mRNA and protein for BDNF staa to increase only after 3 hours 

which is sustained up to 8 hours, while there is an increase in BDNF protein in the 

media within 2 minutes that lasts up to 3 hours (Marini et al., 1998). To determine if 



this also occurs in sympathetic neurons, measurements of BDNF protein in the media 

as well as in the ce11 bodies at acute time-points need to be measured. 

Alternatively, sympathetic neuron BDNF expression and release may not at all be 

afTected by activity and thus may not serve as a mechanism for providing BDNF to 

k i r  preganglionic aerents.  Instead, constitutive expression and release of BDNF may 

be the mechanism by which this neurotrophin is given to their afferents. One may 

speculate that preganglionic neuron temiinals which synapse on both sympathetic ce11 

somas and dendrites dso  terminate in regions where BDNF is localized. By virtue of 

their tonic activity, preganglionic neurons continualiy activate their targets, possibly 

acquiring BDNF in the process. BDNF in tum may affect cholinergic transmission 

similar to that observed in CO-cultures of myocytes and muscle. Whether BDNF is 

released upon cholinergic stimulation is not known, however, target-derived NT-4 has 

been demonstrated to be released in response to motor neuron (Wang and Poo, 1997; 

Wang et al., 1998). Thus, the availability of BDNF via release from dendrites and ceU 

soma potentially in an activity-dependent manner, provides this neurotrophin to 

preganglionic tenninals which ultirnately determines the appropriate levels of terminal 

arborization, density of synapses, and sorna/axon size. 
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Figure Legends 

Figure 1. Detection of BDNF Protein in NGF-dependent Sympathetic Neurons 

Western blot analysis of BDNF in cultured sympathetic neurons from the superior 

cervical ganglia (SCG) of Pl  rat pups. Neurons were grown in 10 n g / d  NGF for 2 

days, lysed, separated on polyacrylarnide gels, transferred to nitrocellulose, and probed 

with an antibody specific to BDNF. A BDNF-immunoreactive band similar in size to 

human recombinant BDNF (HR BDNF: loaded at a concentration of 20, 10 and 5 ng/rnl) 

is detected in 50 and 100 yg/pl protein fiom cultured sympathetic neuron lysates (SCG 

Lysates). 

Figure 2. Immunocytochemicai Analysis of BDNF and MAPUp75 

(A) Cultured rat sympathetic neurons growth in 50 ng/ml NGF for 11-14 days express 

both BDNF and MAP2 (a+b) in the ceLi body and dendrite. B D W  and MAP2 

(a+b) CO-localize in the ce11 body and part of the dendrite (BDNFMAP2). 

(B) BDNF and p75 are immunocytochemicdy localized to processes in sections of 

Pl0 rat pineai glands. BDNF and p75 CO-localize to some processes in the pineal. 

(BDNF & p75). 

Figure 3. Irnmunocytochernical Analysis of BDNF in Sympathetic Neuron Processes 

(A) Cultured rat sympathetic neurons grown in 50 n g / d  NGF for 1 1-14 days express 

both BDNF and MAPZ (a+b) in the ceIl body. BDNF is present in MAP2-negative 

processes (arrows), which are most likely axons. 

(B) BDNF is immunocytochemically localized to process in sections of SCG fiom adult 

rats. 

Figure 4. Detection of BDNF Protein in Cultured NGF-Dependent Sympathetic 

a - 
Neurons Treated with 100 ng/ml NGF 



Neurons were grown in 10 n g h l  NGF for 3 days, washed, and switched to either 10 

n g h i  NGF or 100 ng/rnl NGF for an additional 2 days. Neurons were lysed and BDNF 

protein was measured in the ce11 lysates using a BDNF ELISA and expressed as pg 

BDNF/pg protein. 

Figure 5. Detection of BDNF Protein in Cultured NGF-Dependent Sympathetic 

Neurons Treated with 50 mM KCl 

Neurons were grown in 50 n g h l  NGF for 3 days, washed, and switched to either IO 

n g h l  NGF or 10 ng/ml+ 50 mM KC1 for an additional 2 days. Neurons were lysed and 

BDNF protein was measured in the ceU lysates using a BDNF ELISA and expressed as 

pg BDNF/pg protein. 
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CHAPTER 5 



General Discussion 



1. Summary 

The aim of this thesis was to investigate the factors that regulate aspects of neuronal 

growth and synaptic innervation. The studies described in this thesis demonstrate i) that 

neuronal activity regdates gene expression of mofecules involved in neuronal growth and 

differentiation, ü) that the neurotrophins, a family of neurotrophic factors well characterized 

by their ability to promote neuronal survival and growth, and whose expression is regulated 

by activity, may be one potential link whereby neuronal activity affects neuronal growth, and 

iii) that the neurotrophin, brain-derived neurotrophic factor (BDNF), regulates the density of 

afferent synaptic inputs. 

To test the idea that elevated levels of synaptic activity in the adult nervous system lead 

to alterations in neuronal growth, I focused my analysis on the hippocampus, a CNS 

structure whose neuronal circuitry h a .  been weU-characterized. Further, 1 took advantage of a 

previously characterized stimulation paradigm which allowed for the delivery of non- 

pathological, physiological activity via the perforant pathway (Sloviter and Lowenstein, 

1992). Using this mode1 of synaptic activity, we found that within discrete regions of the 

adult hippocampus there was increased gene expression of the growth-associated cytoskeletal 

molecule, Ta1 a-tubulin, and the peptide, neuropeptide Y (NPY). The increase in Ta1 a- 

tubulin mRNA expression in the dentate granule and CA3 pyramidal regions may reflect the 

growth and sprouting of neurons in these regions since the levels of Ta1 a-tubulin gene 

expression are known to correlate with these parameters of growth (Miller et al., 1987; 1989; 

Mathew and Miller, 1990, 1993; Tetzlaff et ai., 1991). We have postulated that one 

potential mechanism by which synaptic activity elevates expression of the Ta1 a-tubulin 

gene is via the neurotrophins which are potent regulators of neuronal growth and sprouting 

and whose synthesis and release are regulated by neuronal activity. Thus, based on our 

observations in the hippocampus, f hypothesized that within the mature nervous system, 

neuronal growth and sprouting at interneuronal synapses may be trans-synaptically regulated 

b y the neurotrophins in an activity-dependent manner. 



To test the idea that endogenous target-derived neurotrophins specificdy regulate 

neuronal growth and sprouting and potentially regulate the formation of synapses, 1 focused 

my analysis at a well-characterized neuronal synapse, the preganglionic neuron:sympathetic 

neuron synapse. 1 M e r  took advantage of two mouse models: i) transgenic mice which 

overexpressed BDNF in sympathetic neurons via a 1.6 kilobase 5' region of the dopamine 

beta hydroxylase promoter @BH:BDNF mice) and ii) mice which camied a targeted mutation 

in the BDNF gene (BDNF knockout mice). Analysis of these animals revealed that increased 

sympathetic mon-derived BDNF resulted in an increase in preganglionic terminal 

innervation whereas the loss of BDNF resulted in a significant decrease in preganglionic 

terminal innervation. When expressed as the number of relative synapses per neuron, there 

was a signifkant fold increase or decrease in the transgenic and knockout animals, 

respectively. Together, these studies support the conclusion that BDNF regulates the level 

of its preganglionic inputs. 

Previous studies investigating neuron:target interactions demonstrate that nerve growth 

factor (NGF) is largely responsible for determining the appropnate numbers of sympathetic 

neurons and the degree of their innervation at peripheral targets. Alterations in the levels of 

target-derived NGF affect these variables such that increased or decreased levels of NGF Iead 

to a gain or loss of sympathetic neurons and innervation density, respectively (Cohen, 1960; 

Levi-Montalcini and Booker, 1960; Levi-Montalcini et al., 1975; Bjerre et al., 1975% b; 

Hendry and Campbell, 1976; Edwards et al., 1989; Albers et al., 1994; Crowley et al., 1994; 

Davis et al., 1996). Similarly, BDNF is largely responsible for detemiinùig preganglionic 

synapse density at their target sympathetic neurons. However, contrary to NGF, BDNF 

appears not to be absolutely necessary for preganglionic neuron survivai, since preganglionic 

neurons still survive the loss of sympathetic neuron-derived BDNF. Further, unlike 

peripherally-derived NGF which regulates sympathetic innervation at non-neuronal 

junctions, sympathetic neuron-denved BDNF regulates innervation at a neuronal synapse. 

Finally, sirnilar to alterations in NGF levels which affect ce11 soma size, and axon caliber, 

alterations in the levels of BDNF also affect these neuronal parameters. These studies 



demonstrate that while BDNF has sllnilar morphoregdatory effects as that of NGF, it has a 

distinct role in determining synaptic terminal innervation apart from any significant role in 

neuronal survival 

II. BDNF and Synapse Density 

As reviewed in Chapter 1 of this thesis, during development, sympathetic neurons of the 

SCG are innervated by many preganglionic axons (Purves and Lichtman, 1980). However, as 

development proceeds, there is a gradua1 eliniination in the number of axons which innervate 

any one sympathetic neuron (Lichtman and Purves, 1980). For example, in mice and rats, 

there is on average 6-7 axons innervating a neuron in the first postnatal week, but by 3 weeks, 

these neurons are innervated by half as many axons (Lichtman and Purves, 1980). The loss 

of diverging axons, and the focusing of innervation by fewer axons per neuron is accompanied 

by an increase in the number of synapses within the SCG during the first three postnatal 

weeks (Smolen and Raisman, 1980). Thus, the loss of innervating axons is compensated by 

an increase in terminal arborization. It is not known when the expression of sympathetic 

neuron-derived BDNF protein peaks during development. However, considering its profile 

of expression d h g  development in other neuronal populations, it is tempting to speculate 

that the 2.5-fold increase in preganglionic terminal density that nomally occurs between 

postnatal weeks two and three (SmoIen and Raisman, 1980) may be a consequence of 

increased sympathetic neuron-derived BDNF. Moreover, analysis of 2 - to 3-week old 

BDNF knockout animals revealed a 2.2-fold decrease in the relative number of synapses per 

neuron. Thus, while synaptic contacts were present in BDNF knockout animals, the increase 

in synapses due to terminal growth W o r  arborization was not observed at this 

developmental tirne period. Alternatively, if BDNF were required for the maintenance of 

synapses, then one would expect a complete absence of innervation in the BDNF knockout 

SCG, a prediction that was not observed. However, whether the remaining synapses were 

derived fkom preganglionic axons or were intrinsic in nature, was not determined. 



A number of explanations may account for the reduction in synapse density in the BDNF 

knockout SCG. The lack of BDNF may have compromised the ability of preganglionic axons 

to terminally arborize within the SCG, ultimately preventing formation of the appropnate 

number of synapses. This finding is rerniniscent of NT-3 knockout animals in which 

sympathetic axons reach one of their targets, the pineal, but fail to invade and tenninally 

aborize this target (ElShamy et al., 1996). Alternatively, preganglionic axons may have 

appropriateIy arborized in BDNF knockout mice, but the lack of BDNF did not enable the 

formation of synapses along their axons, leaving intrinsic synaptic contacts the only 

synapses present. 

Analysis of the SCG fiom DBH:BDNF mice revealed while there was no significant 

increase in the number of preganglionic axons in the CST, there was a marked increase in the 

number of preganglionic synapses. These observations suggest that in response to increased 

levels of sympathetic neuron-derived BDNF, there was an increase in the number of synaptic 

terrninals per preganglionic axon. This increase in texminal density may have been a 

consequence of the ability of BDNF to induce terminal branching fiom existing axon terrninals 

that were capable of forming synapses. Induction of temiinals fiom existing axons is 

supported by in vivo and in vitro studies which demonstrate that exogenous administration of 

neurotrophins, and specifically, BDNF, is sufficient to increase axonal branching and terminai 

arborization of penpheral and central neurons (Campenot, 1982a,b; Schafer et al., 1983; 

Diamond et al., 1987; 1992; Cohen-Cory and Fraser, 1995; houe and Sanes, 2997). In 

particular, administration of BDNF blocking antibodies results in a retraction of terminal 

arbors in tectal neurons (Cohen-Cory and Fraser, 1995). In addition, the observations in the 

SCG fiom BDNF knockout mice in which preganglionic axons do not appear to undergo their 

normal proliferation of synapses during the first three postnatal weeks, supports the idea 

that BDNF is required for their terminal growth. 

Altematively, the increase in synapse number in response to increased endogenous 

sympathetic neuron-derived BDNF may have been due to prolonged maintenance of 

synapses formed during development. This effect may have occurred in addition to an 



increase in tenninal growth. One rnay predict that in response to increased sympathetic 

neuron-derived BDNF, the normal developmental loss of axons înnervating a sympathetic 

neuron was prevented. Thus, the retention of axons together with BDNF's growth- 

promoting effects on axonal arbors rnay have resulted not only in the normal increase in 

synapses, but an increase in synaptic contacts from the additional innervating axons. This 

idea is based on the assumption that in the DBH:BDNF mice the preganglionic axons 

innervated more than their normal complement of ganglion neurons and that they grew 

terminal arbors or increased their synaptic contacts dong already existing axons. Support for 

such an idea has been demonstrated in studies investigating the effects of glial-denved 

neurotrophic factor (GDNF) overexpression in the muscle of transgenic mice (Nguyen et al., 

1998). Using both physiological and morphological parameters, this study showed an 

increase in both the number of axons per muscle fiber and the number of temiinals per motor 

axon at the NUI. The consequence of GDNF overexpression in the adult animal could not be 

analyzed since the promoter used, MyoD, is not expressed during adulthood (Nguyen et al., 

1998). However, in the DBH:BDNF animals, both overexpression of BDNF in sympathetic 

neurons and the consequent preganglionic hyperinnervation are maintained in the adult, 

allowing for analysis during development and adulthood. 

To test the idea that in response to elevated levels of target-derived BDNF, sympathetic 

neurons rnay be innervated by more than a normal number of preganglionic axons, the number 

of axons rnay be estimated using both physiological and rnorphological parameters sirnilar to 

the study described above. First, assuming that the hyperimervation is fimctional, the 

average number of axons contacting a neuron rnay be measured by physiologically stimulating 

spinal cord ventral roots TLT4 and recording synaptic responses in the ganglion cells, as has 

been previously demonstrated (Lichtrnan and Purves, 1980; Johnson and Purves, 198 1). 

Second, the number of synapses in the SCG rnay be measured over development and 

compared to the nurnber during adulthood. An increase in the number of axons innervating a 

neuron would indicate that axons were retained during development and rnay have terrninally 

i ~ e ~ a t e d  their target neurons resuiting in an increase in contacts per neuron. Alternatively, 



if the developmental loss of axons innervahg each ganglion cell s t U  occurred in the 

DBH:BDNF animals, then the increase in the number of synapses would have been due 

solely to an increase in terminal arbors fiom the normal complement of innervating axons. 

However, studies at the NMJ in which exogenous administration of BDNF to the muscle 

transiently retaîned polyneuronal motor innervation suggests that motor neurons are 

intrinsically determined to establish the appropriate number of innervating axons to their 

targets (Kwon and Guney, 1996). The results of studies which use exogenous 

administration of BDNF are difficult to interpret because BDNF is a positively charged 

protein at physiological pH and therefore, does not diffuse far in vivo. T'us, local BDNF 

concentrations that are physiologically relevant may not be equally distributed to the 

different motor axons. 

The observation that preganglionic synapse density changes as a consequence of varying 

fevels of sympathetic BDNF suggests that BDNF is involved in not o d y  estabfishing the 

appropriate nuniber of synapses, but rnay also be involved in the formation of synaptic 

contacts. In conjunction with the studies presented in this thesis, evidence for such a role is 

supported by fmdings in TrkB mutant mice there is a reduction in both the density of 

synaptic varicosities, and the expression of presynaptic proteins (Martinez et al., 1998). 

Specifically, TrkB mutant animals exhibit a loss of presynaptic terminais that irnpinge on 

hippocampal neurons and a reduction in the levels of various synaptic vesicle proteins 

(Martinez et al., 1998). Moreover, BDNF enhances the number of synaptic varicosities and 

the Ievels of synaptic vesicle proteins per motor neuron in culture (Wang et al., 1995). One 

caveat of these frndings is that the neurons analyzed in these studies are known to be 

dependent on BDNF for their survival, and thus the specific effects on growth such as axon 

arborization or effects on synapse formation cannot be distinguished fiom those effects 

dependent on neuronal survival. For example, it is not known whether the effects on terminal 

innervation in TrkB mutant hippocarnpi is a consequence of the loss of afferent neurons and 

their axon terminais. These presynaptic axons, in turn, normally may be responsible for 



providing BDNF to and responding to BDNF £kom post-synaptic neuronal targets, leading to 

fùrther axonal and dendritic growth effects. 

To circurnvent the problem of separating survïval fiom that of specific effects on growth 

and synapse formation, recent evidence in sensory neurons derived fiom BAX knock-out 

animals demonstrate that these neurons do not undergo naturally-occurring ce11 death, nor do 

they require neurotrophins for their survival. When developing BAX sensory neurons were 

exposed to different neurotrophins, there was a differential effect on the morphology of their 

axons. In particular, NGF increased axonal elongation, while NT-3 and BDNF increased 

axonal terminal branching (L,entz et al., 1999). These results suggest instructive roIes for the 

neurotrophins in determining neuronal form and potentially, function. One may speculate 

that the increase in sensory neuron terminal branching in response to BDNF may lead to an 

increase in the number of functional synapses formed on their postsynaptic targets. 

While it is not certain whether morphological responses by BAX mutant neurons are 

fùndarnentally different fiom those of normal neurons, this approach may provide a system 

in which to analyze specific neurotrophin effects on aspects of neuronal g~owth during 

development separate from any effects on neuronal survival. Thus, while there was a loss of 

preganglionic axons in the BDNF knockout anirnals, the majority of the axons survived but 

the density of their innervation to the SCG was signficantly decreased. To fully separate 

whether BDNF is necessary for terminal growth beyond any potential effects on 

preganglionic neuron sunival, one might analyze preganglionic innervation in sympathetic 

ganglia derived fiom crosses between BDNF and BAX knockout animals. If BDNF is 

required for the terminal arborization and the establishment of synapses, one would predict a 

loss of preganglionic terminais, but no loss of preganglionic axons, Such effects have been 

demonstrated in crosses between BAX and TrkA knockout animals in which the loss of 

neurons was circurnvented, but terminal innervation was stilI compromised (Snider, 1994). 

It has not yet been directly demonstrated that BDNF induces either terminal growth or 

coIIateral sprouting fkom preganglionic fibers as been demonstrated in other CNS neurons, nor 

has it been shown that neurotrophins affect synaptic varicosities present on preganglionic 



axons. However, it has been demonstrated that both BDNF and NT-3 enhance the number of 

axonal synaptic varicosities per neuron in cultured motor neurons (Wang et al., 1995). 

Further, in vivo overexpression of muscle-denved GDNF did not induce collateral sprouting 

of motor axons, but instead resdted in terminal branching and hrperinne~ation of motor 

axons (Nguyen et al., 1998). To view synaptic tenninals dong single axons in viva is 

diacuit, but may be achieved by anterograde labeling of single preganglionic neurons 

combined with CO-localization with synaptic proteins. Such techniques were used in the 

analysis of TrkB mutant hippocampal neurons in vivo in which there was a reduction in the 

number of synapses dong single axons (Maainez et al., 1998). It is known that sympathetic 

neurons receive preganglionic input en passent (in a passing fashion) in which synaptic 

boutons present along the axon form synapses on the ce11 soma and along dendrites 

(Forehand, 1985). To detennine whether BDNF affects preganglionic axon varicosities, use 

of an in vitro assay such as Campenot charnbers or spinal cord:SCG explant cultures would 

enable analysis of such an effect. One could test terminal density in either system by varying 

the levels of BDNF in the Campenot chamber side compartments or the SCG explant by 

administering BDNF, BDNF firnction-blocking antibodies, or using ganglia derived fiom 

BDNE: transgenic or knockout mice. Together, these experirnents may provide M e r  

insights into the specific role of BDNF at this synapse. 

BDNF and Synapse Formation 

Much of our knowledge conceming synaptogenic events has been derived fiom analysis at 

the NMJ. The molecular mechanisms involved in synapse formation at the NMJ come fiom 

studies analyzing the molecules involved in acetylcholine receptor (AChR) clustering and 

gene expression of synaptic molecules (reviewed in Chapter 1 of this thesis). Agrin, a protein 

synthesized in motorneurons, is anterogradely transported and released fiom the developing 

growth cone and results in the aggregation of AChRs (McMahan, 1990). Neuregulin (NRG) 

a which is also synthesized by rnotor neurons regulates muscle AChR synthesis (Corfas et al., 



1993; Faiis et al., 1993). Less is known about the regdatory steps that control presynaptic 

synapse formation. However, andysis of synapsin mutant animais have revealed 

perturbations in the number of both presynaptic vesicles and synapses in the hippocampus, 

suggesting that vesicle clustering and neurotransmitter release play important roles in proper 

synapse formation. One hypothesis postdates that anterograde factors such as agrin and 

NRG send signals to the postsynaptic muscle fiber to induce synaptogenesis. In response to 

agrin or NRG signal transduction mechanisms, the postsynaptic muscle, in turn, provides a 

retrograde factor to affect presynaptic development. In line with the idea of a retrograde 

signal, it has been shown that the neurotrophins stimulate initial stages of presynaptic 

development and that this development is dependent on Trk receptor activation (Wang et al., 

1995). Such observations have led to the hypothesis that retrograde-derived neurotrophuis 

are important synaptogenic determinants (Lohof et al., 1993). Specincally, a number of 

studies have demonstrated that the neurotrophins are involved in the physiological and 

anatomical formation of synapse. Expression of either BDNF or NT-4 in muscle cells results 

in increased synaptic transmission (Wang et al., 1995; Wang and Poo, 1997; Wang et al., 

1998). Further, BDNF increased the number of synaptic varicosities per motor neuron 

(Wang et al., 1995). Finally, hippocampal neurons treated with BDNF specifically increased 

the rate of formation of excitatory, but not inhibitory, synapses (Vicario-Abejon et al., 1998). 

Whether the neurotrophins are involved in the actual construction of a synapse is unclear. 

In particular, BDNF rnay regulate synapse nurnber by affecting terminal growth and 

potentially, by directing formation of synapses. How BDNF performs the latter function is 

not clear. However, one potential mechanism is the regdation of molecules involved in 

synaptogenesis. In particular, BDNF has been demonstrated to upregulate both the mRNA 

and protein of specific NRG isoforms, but not agrin, in cultured embryonic motor neurons 

(Loeb and Fischbach, 1997). NRG expression is normally high before birth, a time at whkh 

motor neurons reach their targets. Similarly, BDNF expression is hi& in the muscle at this 

time, and continues to be expressed after birth (Schecterson and Bothwell, 1992; Henderson 

et al., 1993). Conversely, NRG does not appear to affect the expression of BDNF dunng 



this time of development- Thus, in the in vivo situation, muscle-denved BDNF stimulates 

the expression of presynaptic factors such as NRG, which in tum, affect the differentiation 

of the NMJ. Differentiation and terminal growth of the motor end-plate subsequently leads 

to increased muscle activity and expression of neurotrophins whose synthesis is dependent 

on activity. The neurotrophins rnay then act to maintain expression of NRG which regulates 

AChR gene expression (JO et al., 1995; Fromm and Burden, 1998). Therefore, it may be 

postulated that BDNF and synaptic factors participate in reciprocal, regdatory loops that 

promotes synaptogenesis at the NMJ. One rnay speculate a similar type of mechanism via 

agnn/MUSK signal transduction, in which agrin signaihg rnay directly or indirectly regulate 

expression of BDW. 

The establishment of synaptic contacts at a neuron:neuron synapse such as the 

pregang1ionic:sympathetic neuron synapse rnay require both BDNF as well as other factors 

known to be involved in synapse stabilization. For exarnple, the cell-adhesion molecule, 

neural cell adhesion molecule (N-CAM), rnay homophilically associate upon preganglionic 

axon contact with sympathetic neurons. Analysis of the invertebrate homologue of N- 

CAM, Fasciclin II (Fas II), has demonstrated that Fas II is required for synapse stabilization, 

but is not required for initial synapse formation to occur (Schuster et al., 1996a). 

Specifically, in Fas II mutants, in which there is a decrease in Fas II expression, synapses 

form in a normal fashion, but are retracted and ultimately eliminated during development. 

Further, Fas II appears to be suffrcient for synaptic stabilization since its overexpression in 

target cells results in afferent hyperinnervation (Davis et al., 1997). Whether BDNF or the 

other neurotrophins affect the expression of ce11 adhesion molecules such as N-CAM/Fas II is 

not known. It is most likely that the neurotrophins act in parallel with other factors which 

include ce11 adhesion molecules, to establish and adjust the appropriate number of synapses. 

The observation that preganglionic innervation is increased in the adult DBH:BDNF 

transgenic SCG in which there is stable expression of increased BDNF in sympathetic 

neurons suggests that increased BDNF rnay not only affect the formation of terminal 

synapses, but rnay also act to maintain these contacts once they have been established. 



However, the idea that BDNF actively maintains synapses is not reflected by analyses of 

BDNF knockout mice since a few synapses were still present in the SCG of these animals. 

However, if continued BDNF expression is required to maintain preganglionic synapses, 

then, neutralizing BDNF after final synapse formation should result in retraction of these 

synapses. One may speculate that in the DBH:BDNF mice, the growth effects (terminal 

arborization) of BDNF resulting in the formation of increased synaptic contacts may also be 

affected by the expression of ce11 adhesion molecules. In support of such an idea, it has been 

demonstrated in the optic tectum that BDNF determines the density of retinal ganglion axon 

arbors, while the ce11 adhesion molecule, neural cadherin (N-cadherin), determines the position 

of these axonal arbors through stabilization of tenninals (Inoue and Sanes, 1997). As 

previously discussed, cell adhesion molecules may collaborate with aeurotrophins to shape 

the final pattern of terminal arbors. Thus, factors that are localized to one or both sides of a 

synapse such as NRG, N-CAMIFas II, N-cadherin and the neurotrophins, combined with 

neuronal activity, may act to coordinate the different steps involved in synapse formation. 

W. The Relationship Between Neuronal Growth Responses and Activity 

Neuronal growth and sprouting responses in the nervous systern have been best 

characterized in the CNS structure, the hippocampus, and at the peripheral NMJ. In the 

hippocmpus, seizure-induced models of neuronal activity result in mossy fiber sprouting. 

Since sprouting is a form of growth, and since neurotrophin expression is correlated with 

activity and growth, it has been hypothesized that activity-induced expression of 

neurotrophins is responsible for the structural changes observed in the hippocampus. Since 

seizures are believed to be a pathological state of normal neuronal activity, a goal has been to 

determine whether neuronal activity analogous to that which occurs in the normal, active 

animal, also induces growth responses and what role the neurotrophins play in such events- 

In an attempt to investigate these questions, one study demonstrated that LTP, a mode1 of 

learning and memory, was deficient in BDNF knockout animals, but was re-induced upon 



administration of BDNF (Patterson et al., 1996). One explanation for this re-induction of 

LTP may have been a consequence of the eEects BDNF has on synaptic transmission 

(reviewed in Schuman, 1999). Alternatively or concomitant to the physiological changes, 

BDNF may have induced growth and sprouting of axons and dendrites which ultimately led 

to the establishment of functional synaptic contacts. 

Work in this thesis demonstrates that elevated synaptic activity in the hippocarnpus 

increased gene expression of NPY and Ta1 a-tubulin, molecules involved in regdakg 

synaptic transmission and neuronal growth, respectively. It is tempting to speculate that 

synthesis and release of BDNF from hippocarnpal axons in response to the elevation in 

neuronal activity contributed to the expression of these molecules. Thus, expression of NPY 

may have contributed to inhibitory feedback mechanisms which ultimately prevented 

aberrant, uncontrolled neuronal activity, and Ta1 a-tubulin expression may have contributed 

to neuronal growth and sprouting known to occur in response to both activity and 

neurotrophins. 

Within the PNS, at the NUT it has been demonstrated that blocking activity increases 

motor neuron temiinal sprouting while increasing activity prevents sprouting and actually 

increases input elirnination (Holhnd and Brown, 1980; Thompson, 1983). These findings 

have led to the hypothesis that increasing or decreasing activity concomitantly down- 

regulates or up-regulates a target-derived sprouting factor, respectively. This idea is 

supported by studies of such muscle-derived growth factors, such as insulin-like growth 

factor - 1 (IGF-1) which increases in expression in the muscle after axotomy or tetrototoxin 

(TTX) blockade which rnimics axotomy (Caroni and Schneider, 1994). However, the 

neurotrophin, NT-4, has also been s h o w  to increase in the muscle in response to activity, 

and is capable of inducing sprouting fiom motor axons (Funaicoshi et al., 1995). Thus, it may 

be possible that expression of certain factors that induce axonal sprouting are up-regulated or 

dom-regulated in response to activity. 

What explains such a dserence in growth factor expression in response to changes in 

activity? One explanation is that the fimction of different growth factors depend upon the 



context in which activity is altered. A decrease in or complete loss of activity at the muscle 

due to partial or complete denervation rnay result in the activation of mechanisms aimed at 

preventing neuronal degeneration and restoring functiond innervation, IGF-1, extracted fiom 

paralyzed muscle, has been shown to increase axon sprouting in muscle, and in cultured 

neurons (Caroni et al., 1994). On the other hand, in activity paradigms not involving injury, 

such as during movement and exercise, increased neuronal activity rnay upregulate synthesis 

and release of factors such as the neurotrophins (Funakoshi et al., 1995) which iead to growth 

responses such as arborizattion from existing axon terminais and ultimately, functional 

synapses 

Differences in context rnay well occur in the CNS, such as withh the hippocampus. One 

may argue that seizure-induced axonal sprouting (referred to as reactive sprouting), rnay be 

the consequence of ce11 death and denervation, events known to occur in response to seizures. 

Sprouting in this case rnay occur via increased availabrlity of sprouting factors, including the 

neurotrophins, since they are known to increase in response to seizures. Moreover, 

physiological activity such as that which occurs during behavior leamhg rnay result in altered 

expression and availability of neurotrophins and subsequent changes in neuronal growth and 

synapse formation. 

Other synapse molecules such as ce11 adhesion molecules rnay work in conjunction with 

alterations in both synaptic activity and neurotrophin expression. Specifically, increased 

neuronal activity and CAMP lead to a dom-regulation of Fas II in the presynaptic 

membrane, a result sufficient for synaptic sprouting to occur at the NMJ in Drosophila 

(Davis et al., 1996; Schuster et al., 1996a, b). Further, elevated CAMP activity increased both 

synaptic structure and synaptic transmission via increased quantal content. One downstream 

eiernent believed to connect CAMP and Fas II is the transcription factor, CREB, which is 

known to be activated by protein kinase A (PKA) via CAMP (Sheng et al., 1991 ; Gallin and 

Greenberg, 1995). Similarly, in the hippocarnpus, BDNF synthesis increases in response to 

activity via CREB activation (Shieh et al., 1998; Tao et al., 1998). Moreover, CREB activity 

is increased in response to both activity and BDNF (Finkbeiner et al., 1997). Therefore, it is 



possible that retrograde regulation of terminai sprouting and synaptic efficacy may involve 

activity-dependent synthesis and release of BDNF which may alter the expression of N- 

CAM/Fas II via alterations in synaptic function and CREB activity. 

The morphological increase in synapse number in the DBH:BDNF rnice has raised the 

question as to whether morphological changes in innervation results in adjustrnents in 

functional innervation. For example, hypo- or hyperinnervated muscles in Fas II mutants 

displayed normal depolarization due to a concomitant increase or decrease in synaptic 

efficacy (Stewart et al., 1996; Davis and Goodman, 1998). Changes in synaptic efficacy in 

response to hypoinnervation may occur through such mechanisms as increased transmitter 

release per synapse, increased sensitization or number of postsynaptic receptors. Thus, 

mechanisms may exist to modie synaptic fiinction according to the level of innervation. For 

example, a feedback mechanism wouid determine whether an adjustment in activation is 

needed in response to altered innervation so that the ultimate neural efficacy of the system is 

not perturbed. 

Similarly, the studies in this thesis dernonstrate an increase in both NPY and Ta1 a- 

tubulin in response to increased activity suggesting an adjustment mechanism to ensure that 

the system can handle the increase in synaptic transmission. Further, overexpression of 

BDNF in sympathetic neurons resulted in both hyperinnervation and increased target ce11 

size. One may speculate that the hyperinnervation in response to BDNF contributed to the 

increased target ce11 size (discussed below) which served to accommodate the increase in 

synapse number. Further, similar to that observed in Fas II mutants, the increase in synapse 

number may lead to alterations in synaptic transmission to ensure that the larger sympathetic 

neurons could be appropriately activated to ensure normal sympathetic activity. This latter 

result was not investigated in this thesis and c m  only be speculated. However, it has been 

previously shown that varying NGF levels in the SCG altered both the strength and nurnber 

of preganglionic inputs (Nja and Purves, 1 978). 

My studies support the idea that neuronal activity and neurotrophins are important 

regulators of neuronal connectivity. Neurotrophins act to establish the appropriate numbers 



of innervating neurons to a particular target by regulating neuronal survivd, and &ter 

innervation in response to changes in target ce11 number presumably in response to the levels 

of available target-derived neurotrophins which are determined by the Ievels of neuronal 

activity. Thus, homeostatic regulatory mechanisms exist (such as those described here for the 

neurotrophins) which provide a feedback mechanisrn to ensure that the appropriate number 

of functional synapses are in place to maintain synaptic effkacy for appropriate fiinctional 

neural responses to occur. Moreover, such mechanisms may help to balance the different 

types of synaptic inputs a neuron receives, as individual synapses alter both their strength 

and morphology in response to changes in synaptic activity. 

V. Afferent Innervation and the Regulation of Neuronal Morphology 

Denciritic growth of autonomie neurons, which include neurons within the SCG, occurs 

primariiy during postnatal developrnent, with ongoing growth o c c ~ g  in adulthood (Purves, 

1986; Snider, 1988; Voyvodic, 1987). In vivo imaging of mature rnammalian sympathetic 

neurons revealed that dendrites continually branch, elongate and retract (Purves, 1986). 

Likewise, afferent axons presumably arborize or retract at the same t h e  since they form 

synapses primarily on dendrites (Purves, 1986). However, contrary to the alterations in 

specific aspects of dendritic morphology, the number of primary dendrites established early 

in development remains constant (Snider, 198 8; Voyvodic, 1987; Ruit et al., 1990). 

Moreover, sirnilar to their regulatory effects on sympathetic neuron soma size, the Ieveis of 

available target-derived neurotrophic factors are believed to mediate the variations in the 

geometry of axonal and dendritic arbors. For exarnple, a reduction in the size of a 

sympathetic target leads to dendritic and axonal arborizations that are smaller than normal, 

while an increase in the size of a target leads to an increase in axond and dendritic complexity 

(Voyvodic 1 989). Further, exogenous administration of NGF to either young or adult rats 

results in an increase in both dendritic branching and elongation (Snider, 1988; Ruit et al., 

1990). 



The amount of preganglionic innervation an autonomic neuron receives is related to two 

aspects of dendritic geometry. First, the number of axons innervating a neuron is correlated 

to the number of primary dendrites it possesses (Purves and Hume, 198 1 ; Purves and 

Lichtrnan, 1985). Second, although the number of axons converging ont0 a ce11 is small, the 

number of synaptic boutons is large and varies with the size of the dendritic arbor (Forehand, 

1985). Thus, the number of dendrites not only determines the number of axons that innervate 

a particula. neuron, but also the complexity of dendrites determines the number of synaptic 

contacts per axon. 

Despite the apparent homogeneity of autonomic neurons, the terminals arising fiom an 

axon are restricted to a few target cells. In particular, axons innervating a multiply innervated 

target neuron are confïned to o d y  one dendrite (Forehand and Purves, 1984). Based on such 

observations, it has been postulated that dendrites allow for the spatial separation of terminal 

sets arising fiom different axons (Forehand and Purves, 1984). While the mechanisms that 

determine temiinal distribution are not well defined, the pattern of innervation may be related 

to competition for target-derived neurotrophic factors such as the neurotrophins . Analogous 

to competition for neurotrophius required for neuronal survival, separation of axon terminals 

on different dendrites may reduce the likelihood of synapse loss in response to lirniting 

amounts of these factors (Forehand and Purves, 1984). In line with this idea, terminals fiom 

different preganglionic axons intemiingle on the soma of autonomic neurons which possess 

cornplex dendrites (Forehand, 1985). In a similar fashion, motor neuron nerve terminals cm  

CO-exist on the same muscle fiber if they are a certain distance apart (Kufaer et al., 1977). 

However, muscle cells which do not possess complex cellular processes analogous to 

dendrites, receive innervation fiom a single motor axon subsequent to developmental input 

elimination. One may speculate that the ability to accommodate more than one axon and their 

accompanying terminals is, in part, determined by the availability of neurotrophins supplied 

via the ce11 body and/or potentially via their dendrites. Studies described in Chapter 4 of this 

thesis suggest that BDNF is localized in sympathetic dendrites and rnay serve as one site of 

BDNF release. Together, these observations support the idea that dendrites act to support 



the sumival of synapses by separahg axon temhals fiom each other thereby eliminating 

competition for neurotrophic support. 

The evidence described above supports the idea that penpheral targets regulate autonomie 

neuron dendrite morphology which, in turn, determines the degree of its converging afferent 

inputs. The idea that preganglionic innervation does not have significant effects on dendritic 

growth was based on denervation studies. Specifically, denervating the SCG did not result in 

alterations in dendritic size, branching or ability to grow (Voyvodic, 1987). However, upon 

closer examination of these results, subsequent to denervation, the rate of dendritic growth 

was slower, and did not appear to ever reach the normal rate of growth. Thus, in conjunction 

with target regulation, affèrent innervation itselfmay have a role in deteminhg neuronal 

differentiation and morphology . 
Interestingly, analyses of the SCG taken fiom DBH:BDNF mice revealed a hypertrophy 

of sympathetic neurons as well as an increase in the neuropil intercalating between the 

neurons (CG Causing and FD Miller, unpublished observations). An increase in the neuropil 

a which contains dendrites and axons, suggests there may be an increase in these neuronal 

processes in the DBH:BDNF SCG. Conversely, analyses of the SCG taken fiom BDNF 

knockout mice revealed a reduction in the size of sympathetic neurons as well as an increase 

in the neuronal packing density which suggests a reduction in the neuropil (Bamji et al., 

1998). Further, EM analyses of BDNF knockout SCGs reveal degenerating axons/dendrites 

and the presence of vacuous spaces (CG Causing and FD Miller, unpublished observations). 

Since neuronal morphology is afEected by the levels of available neurotrophins, a few 

possibilities may explain the sympathetic neuron hypertrophy in the DBH:BDNF animals. 

First, alterations in sympathetic target innervation may have occurred such that there was an 

increase in NGF sequestration by sympathetic terminais. Second, the full-tength forrn of 

TrkB may have somehow been induced in sympathetic neurons, which do not express this 

TrkB isoform, providing a possible BDNF autocrine loop. Since neither possibility appeared 

to be the case, it was postulated that the preganglionic hyperi~ervation may have 

contributed to the increase in neuronal morphology. This appeared to be the case, since the 



difference in sympathetic neuronal cell size between control and transgenic animals 

disappeared upon preganglionic resection. Moreover, since sympathetic neurons increase in 

size during postnatal development and have a concomitant increase in dendritic length and 

arborization (Voyvodic, 1987), the increase in neuropil in the DBH:BDNF mice may have 

been a consequence of an increase in sympathetic dendritic growth. It has been previously 

demonstrated that preganglionic hyperinnervation or deprivation to ganglion neurons 

enhances or decreases the dendritic branching pattern, respectively, and that this may be due 

to af5erent activity or release of growth factors (Goodman and Model, 1988). 

Recently, one rnember of the bone morphogenetic protein @Ml?) family of transforming 

growth factor P (TGF- P) cytokine superfamily, BMP-7/osteogenic protein-1 (OP-l), has 

been shown to afEect the dendritic growth and soma size of sympathetic neurons (Lein et al., 

1995). In particular, together with NGF as a cofactor, OP- 1 was able to induce the formation 

of dendrites de novo in embryonic sympathetic neurons, and increase both the length of 

dendrites and the size of postnatal sympathetic neurons (Lein et al., 1995). It has been 

previously reported that the number of primary dendrites is not affected by NGF levels 

(Snider, 1988; Voyvodic, 1987; Ruit et al., 1990), suggesting that sympathetic neurons 

intrinsically determine the nurnber of dendrites they possess. However, given the 

observation that OP-1 can induce the formation of dendrites in culture, OP- 1 or a related 

factor supplied by the pre- or postsynaptic membrane may potentially detennine the nurnber 

of syrnpathetic dendrites. Further, the receptor subunits for the BMP family have been 

localized to the nervous system, including sympathetic ganglia (Zhang et al., 1998). 

Treatment of sympathetic neurons with BMP-3 induced expression of TrkC, and resulted in 

excessive neurite outgrowth fiom SCG explants (Zhang et al., 1998). Whether this neurite 

outgrowth represented dendritic or axonal growth was not determined. Based on these 

studies, one possible scenario may be that preganglionic neurons anterogradely supply their 

target syrnpathetic neurons with OP-1 or a related factor which would act as a CO-factor to 

NGF supplied by sympathetic peripheral targets. 



Alternatively, recent studies have demonstrated that the neurotrophins are anterogradely 

trarîsported and released in the penpheral and central nervous system (Zhou and Rush, 1996; 

Conner et al., 1997; Fawcett et al., 1997; Michael et al., 1997b; Yan et al., 1997; Aloyz et al., 

1999) raising the possibility that preganglionic neurons may provide a neurotrophin to their 

target sympathetic neurons which may, in turn, affect their morphology. While the growth 

factors expressed by preganglionic neurons are not known, the analogous situation exists for 

motor neurons which synthesize and transport myotrophic factors, such as the NRGs, to the 

muscle ultimately affecting the differentiation of muscle cells (Florini et al., 1996). 

While growth factors such as the neurotrophins and the BMPs appear to mediate 

progressive events such as dendritic branching, elongation and spine formation, recent 

evidence suggests other factors may regulate regressive processes such as retraction of 

dendrites. For example, cultured sympathetic neurons treated with the cytokines, leukemia 

inhibitory factor (HF) or ciliary neurotrophic factor (CNTF), result in the retraction of 

dendrites ultimately leading to a signifïcant decrease in arbor size (Guo et al., 1999). The 

LIFKNTF-induced retraction was specinc to dendrites with no effects on neuronal survival, 

rate of axon growth, or expression of axon-specific proteins. Since retraction of sympathetic 

dendrites also occurs in response to axotomy, it was thought that retraction was a 

consequence of a loss in the availability of target-derived NGF (Yawo, 1987). In tight of the 

recent cytokine data, this axotomy-induced dendritic retraction but may have been due to 

both loss of NGF availability and cytokine production in response to injury. Whether NGF 

specifically reverses this injury-induced effect on dendrites has not been directly 

demonstrated. Thus, the negative effects of LIF and CNTF on dendritic growth suggest there 

may exist an alternative signaling pathway via the JakISTAT receptor which acts in parallel, 

but with opposing effects, with neurotrophin-mediated signaling mechanisms (Guo et al., 

1998). One implication of dendritic growth and retraction is a consequent addition or loss of 

synapses, respectively. Such a balance of negative and positive signals may underlie the 

dynamic changes in dendritic growth and axonai sprouting observed in the CNS and PNS in 

vivo (Purves et al., 1986; Cohen Cory and Fraser, 1995). 



Altematively, the preganglionic hyperinnervation in the DBH:BDNF SCG rnay result in 

elevated levels of the neurotransmitter, acetylchohe (ACh), supplied to a neuron, as well as 

a concomitant change in the levels of its degradative enzyme, acetylcholinesterase 

(AChesterase) which is localized to the postsynaptic membrane. It has been previousiy 

demonstrated that ACh and AChesterase affect sympathetic neurite outgrowth and that 

neurotransmitters themselves rnay have growth-promoting effects (Small et al., 1995; Lauder, 

1993). However, as previously discussed, an increase in morphological innervation has been 

demonstrated to adjust the levels of neurotransmitter released per synaptic bouton in order to 

maintain optimal neural transmission (Stewart et al., 1996; Davis and Goodman, 1998). 

Consequently, in the case of the DBH:BDNF mice, changes in function and rnorphology rnay 

have become uncoupled whereby afSerent hyperinnervation occurred in response to hcreased 

target-derïved BDNF, but synaptic transmission rnay have remained normal potentidy via a 

reduction in the amount of transmitter released. However, whether this mechanism actually 

occurred would require physiological analysis of these animals. 

VI. Dendritic Boutons and Information Processing in the CNS 

Unlike the PNS, neurons within the CNS receive a variety of af5erent inputs fiom different 

neuronal populations, with dendritic spines providing the major site for excitatory and 

inhibitory synaptic innervation (Harris and Kater, 1994). Thus, in contrast to the NMJ 

which receives innervation fiom one axon, and autonornic gangiia which receive the majority 

of their innervation fiom one type of ce11 population, dendrites in the CNS receive input from 

more than one axon and fkom axons of different neuronal populations. However, rnost spines 

receive only one excitatory axon (Harris and Kater, 1994), and therefore, by analogy to 

dendrites in the PNS, dendritic spines rnay function to preserve the different types of inputs 

converging ont0 a CNS dendrite. Such multiple innervation by different inputs suggests that 

a high degree of regdation rnay occur at the level of dendritic spines leading to the integration 



of both physiological and molecdar information coming from dl inputs to ultimately affect 

synaptic transmission andor growth. 

What mechanisrns regulate the formation of dendritic spines in the CNS? Similar to that 

proposed in the PNS, af%erents may induce both dendritic formation and differentiation via 

their activity andor release of neurotrophins. For exarnple, exogenous neurotrophins 

cooperate with neural activity to reguiate dendrite outgrowth in cortical neurons (McAllister 

et al., 1996). However, the in vivo cell populations which supply cortical neurons with their 

appropriate neurotrophin is unknown. On the other hand, CO-culture of cerebellar Purkinje 

cells with their presynaptic afferent grande cells led to an induction of Purkinje ce11 dendrites, 

(Morrison and Mason, 1998; Shimada et al., 1998). Moreover, exogenous BDNF does not 

affect dendritic differentiation of isolated Purkinje cells, but specificdy uicreases dendrïtic 

spine density (Morrison and Mason, 1998; Shimada et al., 1998). Thus, dendritic 

differentiation may require both afferent activity and anterograde release of a growth factor 

like BDNF Ieading to the idea that activation of both neurotransmitter and growth factor 

receptors and their signal transduction pathways may synergize to regulate both dendritic 

growth and potentially, synapse formation (Morrison and Mason, 2998; Vaillant et al., 1999; 

Meyer-Franke et al., 1995). Further, the observations that glutamate receptor andior 

CAMKII activity leads to a decrease in the rate of dendritic growth and presumably 

stabilization of synapses (Wu and C h e ,  1998) raises the possibility that neuronal activity 

and their downstream signal transduction pathways may act together with growth factors to 

determine neuronal growth. 

A consequence of increased spine density providing more sites for synapses is a 

concomitant increase in the number of incoming ~ e r e n t s .  One may predict a reciprocal 

feedback loop in which activity-dependent release of neurotrophins from afferents at 

dendritic spines results in Trk activation and an increase in dendritic spine density and 

neuronal ce11 body size. In turn, activity-dependent release of neurotrophins via dendritic 

boutons supplies afferents with a retrograde signal that either results in their terminal growth 

or arborization. In line with this idea, BDNF is localized to hippocampal dendrites and 



dendntic boutons, as well as to hippocampal axons (Goodman et al., 1996; Fawcett et al., 

1997; Tongiorgi et al., 1997). Finally, activity itseif regulates growth of dendrites and axons 

through, for example, calcium-dependent transduction mechanisms, which rnay act in parallel 

to that of activity-dependent neurotrophin mechanisms. 

Such mechanisms rnay be present in response to patterned stimulation delivered to the 

hippocampus. In the study presented in this thesis, increased T a l  a-tubulin mRNA 

expression in the granule ce11 layer of the dentate gynis and CA3 neurons in response to 

intermittent stimulation suggests that these neurons had the potential to sprout and/or 

terminally arborize. If this were the case, then one rnay speculate that an increase in axon 

terrninals rnay have stimuiated dendritic spine growth andor formation via anteropde 

factors assuming these axon terminal formed actual synaptic contacts. Interestingly, 

neurotrophin release fkom aEerents rnay have stimulated the expression of the Ta1 a-tubulin 

gene, as expression of this gene has been demonstrated to be neurotrophin responsive, and 

rnay have neurotrophin-responsive elements contained within its promoter. In support for 

such an idea, crosses of transgenic mice expressing a reporter gene from the Ta1 a-tubulin 

promoter with DBH:BDNF mice revealed an increase in the intensity of reporter gene 

expression in specific neuronal populations (l3arnji et al., 1995). 

The ultimate role of dendrites and dendritic spines is to integrate information fÎom afferent 

synaptic inputs (Harris and Kater, 1994). Changes in the number of synapse rnay lead to 

changes in synaptic transmission as a consequence of altered dendritic bouton density. 

Moreover, afferent innervation is itself an important contributor to neuronal morphology, 

especially with regard to dendritic growth and target ce11 size. Thus, neuronal morphology 

rnay be influenced by extrinsic regulatory mechanisms via afferent input and efferent 

connections as well as the neural activity and growth factors provided by each. The purpose 

of these mechanisms is to maintain or adjust synaptic connections and synaptic efficacy to an 

appropriate ievel such that synaptic transmission is effectively transferred through a neural 

circuit. 



a VII. Where and How are Neurotrophins Provided to Responsive Neurons? 

As alluded to above, one important issue in neurotrophin actions is how the neurotrophins 

are supplied to neurons and by what mechanisms this occurs. As discussed, it has been 

suggested that activity-dependent mechanisms play a role in release of neurotrophins. 

Indeed, release of BDNF in response to activity has been demonstrated (Ghosh et al., 1994; 

Aloyz et al., 1999). Moreover, within the CNS, TrkB has been localized to dendritic boutons 

(Fryer et al., 1996). Thus, one mechanism of neurotrophin action likely involves anterograde 

transport and their activity-dependent release fiom dense-core vesicles to postsynaptic 

dendrites (Fawcett et al., 1997; Michael et al., 1997b) which may lead to changes in 

postsynaptic neuronal morphology and function. 

Aiternatively, constitutive release of neurotrophins has also been reported (Thoenen, 

1995; Goodman et al., 1996; Mowla et al., 1999). Further, neurotrophin expression has been 

localized to dendrites raiskg the possibility that neurotrophins rnay be retrogradely released 

to presynaptic afferent inputs via the ceIl body or dendrites and that this may occur through 

a constitutive mechanism, as has been reported for peripheral target cells (Barth et al., 1996). 

Neurotrophin localization to dendrites may occur via dendrite-specific protein motors or 

through local translation of mRNA in dendrites thernselves. In Iine with these ideas, a 

dendrite-specific protek motor has been recently characterized (Saito et al., 1 9 97; Marszale k 

et al., 1999) and BDNF mRNA has been localized to hippocampal neuron dendrites and 

dendritic boutons (Tongiorgi et al., 1997). Moreover, BDNF protein expression in 

hippocampal boutons increases in response to elevated neuronal activity (Tongiorgi et al., 

1997). Thus, within the hippocarnpus, neuronal activity andor activity-dependent release of 

neurotrophins may account for the effects on dendritic growth potentially by affecting 

cytoskeletal proteins via intracellular interacting proteins such as rac and rho GTPases 

(ThreadgilI et al., 1997). Finally, both anterograde and retrograde release of neurotrophins 

raises the possibility of autocrine &or paracrine mechanisms which may have various 

effects on neighboring axons and dendrites, respectively. 



What determines whether a neurotrophin, such as BDNF, undergoes constitutive or 

regulated release in sympathetic neurons?. Since regulated release of neuropeptides has thus 

far been shown to occur via dense core vesicles at axon terminals (HolGelt, 1931), it may be 

possible that BDNF is transported down axons and released iil an activity-dependent manner 

at target tissue. Further, retrograde release of sympathetic neuron-derived BDNF rnay occur 

via a constitutive pathway, since BDNF can be detected in the media of cultured sympathetic 

neurons (CG Causing, R Aloyz, and FD Miller, unpublished observations). Alternatively, 

activity-dependent release from dendrites rnay occur and rnay require preganglionic activity. 

Thus, it rnay be speculated that different release mechanisms for the neurotrophins exist in 

sympathetic neurons, but evidence thus far is lacking. 

VIII. Conclusion 

The general question of this thesis is how appropriate neural connections are established 

and maintained. 1 have demonstrated that both activity and the neurotrophins, and 

potentially the combination of the two, participate in the growth of neuronal processes and 

synapse formation. Moreover, such effects likely occur via zctivation of the appropriate 

receptors. For exarnple, activation by excitatory stimuli is assumed to result in release of 

glutamate which then stimulates neuronal activity in the postsynaptic ce11 and activates 

potential activity-dependent signal transduction pathways mediated by the generai second 

messenger, calcium (reviewed in Chapter 1 of this thesis). Neurotrophin signals are 

generated via Trk receptor activation (reviewed in Chapter 1 of this thesis). In both cases, 

activity and neurotrophins rnay lead to the induction of genes and their ultirnate protein 

products important in neuronal growth and activity. This coupling of activity and growth 

factors rnay determine the final number of terminals afferents. Together with the combination 

of downstrearn signaling events by neurotrophin and neurotransmitter receptor activation, the 

reciprocal e ffects the neurotrophins and neuronal activity have on each other determine the 

levels of appropriate synaptic input and consequently, adjustments to the form and function 



of neurons within a neurd circuit. Thus, the fundamental purpose of neural activity and 

neurotrophin interactions is to provide a mechanism whereby during development, a fixed 

nurnber of neurons can distribute the appropriate numbers of innervating terminais on their 

targets to establish a fiinctional circuit. In the adult, thÏs mechanism M e r  provides neurons 

within a circuit the ability to morphologically and physiologically cornpensate for 

perturbations in the system such as during growth, physical activity, injury or in response to 

changes in the extemal environment of the animal. 
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