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Abstract

This work is a study of in vivo neuronal injury of the central nervous system (eNS). It

investigates the neuropathological sequelae and mechanisms involved in both the

response to and recovery from CNS injury. Two animal models are used: traumatic brain

injury (TBI) and seizure, both perfonned in the rat. Using the cortical impact injury

model of TBI in the rat. the pathophysiological results of injury and the induction of

protracted apoptotic cell death in specifie brain regions of traumatically injured animais

are addressed. Following TBI, silver stain histological analysis deteeted the appearanee of

dystrophie neurons in the hippocampus, cortex, amygdala, thalamus, and hypothalamus.

Dystrophie cells were deteeted for at least 2 weeks following injury, and their location

eorrelated with regions of eell loss. These regions have been shown to be functionally

related to the post-injury behavioural detieits observed in this paradigm. These

dystrophie cells were demonstrated to be apoptotic by morphological examination using

eleetron microscopy, gel eleetrophoresis and in situ detection of DNA fragmentation, and

nuctear condensation detected using Hoeehst stain. Recovery from the behavioural

deficits caused by the injury is accompanied by bioehemical changes that suggest that

regeneration of the affected neuronal systems is occurring. To address this aspect of the

neuronal response to injury and to investigate a possible biochemical mechanism, netrin

induction following pilocarpine-induced seizure (a model of human temporal lobe

epilepsy) was investigated. First. netrin, an embryonieally-expressed axonal guidance

molecule was shown to be expressed in the adult rat brain, and the distribution of netrin

protein and mRNA was mapped. Then, by sampling tissue at successive time points
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following pilocarpine-induced seizure in rats, netrin and the axon-attracting netrin

receptor DCC were demonstrated to be induced in brain regions associated with neuronal

cell damage and loss, and subsequent axonal sprouting. Together these data demonstrate

a role for the activation of apoptotic mechanisms in the neuronal cellioss that occurs

following injury and suggest a role for the upregulation of netrin protein in the subsequent

regeneration and recovery of the central nervous system following injury.
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Résumé

Ce travail est une étude des dommages neuronaux in vivo du système nerveux central

(CNS). Il étudie les séquelles et les mécanismes neuropathologiques impliqués dans la

réponse à et la reprise des dommages de CNS. Deux modèles animales sont utilisés: les

dommages traumatiques de cerveau (TBI) et la saisie, toutes les deux sont exécutés dans

le rat. En utilisant le modèle cortical de dommages d'impact de TBI dans le rat, les

résultats pathophysiologiques des dommages et l'induction de la mort apoptotic prolongée

de cellules dans des régions spécifiques du cerveaux d'animaux ayant subit un traumatism

sont adressés. Après TBI, l'analyse histologique de taches argentées a détecté l'aspect des

neurones dystrophie dans le hippocampe. le cortex, l'amygdala, le thalamus, et

l'hypothalamus. Des cellules dystrophie ont été détectées pour au moins 2 semaines

suivant des dommages. et leur emplacement a corrélé avec des régions de perte cellulaire.

Ces régions ont été montrées pour être fonctionellement liées aux déficits

comportementaux observés post-dommages dans ce paradigme. Ces cellules dystrophie

ont été démontrées pour être apoptotic par l'examen morphologique en utilisant la

microscopie électronique, l'électrophorèse de gel et la détection in situ de la fragmentation

d'ADN, et la condensation nucléaire détectée utilisant la tache de Hoechst. La reprise des

déticites comportementaux provoquées par les dommages est accompagnée des

changements biochimiques qui suggèrent que la régénération des systèmes neuronaux

atteints se produit. Pour adresser cet aspect de la réponse neuronale aux dommages et

pour étudier un mécanisme biochimique possible, l'induction de netrin suivant la saisie

pilocarpine-induite (un modèle de l'épilepsie temporelle humaine de lobe) a été étudiée.
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D'abord. le netrin, une molécule exprimée embryologiquement qui a pourfonction de

quide des axones durant le developement du CNS a été montré pour être exprimé dans le

cerveau adulte du rat. La distribution de la protéine de netrin et du mARN a été tracée.

Ensuite, suivant la saisie induite par la pilocarpine, les cerveaux ont été examinés à

certains temps successifs. Netrin et le recepteur de netrin attractant pour axones, DCC ont

été démontrés pour être induits dans des régions de cerveau associées aux dommages et à

la pene neuronale de cellules, et la gennination ultérieure d'axonal. Ensemble ces données

démontrent un rôle pour le lancement des mécanismes apoptotic dans la perte neuronale

de cellules qui se produit suivant des dommages et suggèrent un rôle pour la hausse

d'induction de la protéine de netrin dans la régénération et la reprise ultérieures du

système nerveux central après des dommages.
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1) Introduction

1. 1) Rationale and Objectives

Cellular architecture, biochemical state and synaptic connectivity are the key features that

dictate how a neuron transmits its information, and consequently determine how the

single neuron becomes integrated into the larger neuronal systems of the brain. Neuro­

pathological conditions can disrupt these characteristics, and lead to functional deficits in

brain function. However, behavioural recovery from these deficits can also he observed.

The processes of neuronal injury and regeneration are of crucial interest, not only in tenns

of their clinical relevance, but also with respect to our understanding of basic brain

function. While in vitro systems have provided a large body of knowledge regarding

these phenomena, no such system can duplicate the complex global parameters of the

mammalian brain. The study of experimental brain injury provides an effective method to

assess the processes of neuronal degeneration and regrowth in the intact animal.

The study of neuronal degeneration is primarily motivated by a desire to

understand the dynamics of neurodegenerative diseases and conditions, in the hope of

developing a clinical treatment for the ensuing behavioural deficits. Two phenomena are

frequently targeted to achieve this goal: the prevention of neuronal cell loss due to the

injury and the enhancement of the ability of the mammalian CNS to regenerate. This

study first addresses the issue of neuronal cell death following traumatic brain injury

(TBn. Evidence from other injury paradigms such as ischemic brain injury (Charriaut­

Marlangue et al., 1996; Charriaut-Marlangue et al., 1995; Li et al., 1995) suggests that

protracted neuronal cell death can occur following injury, and extend ioto brain regions
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not immediately associated with the initial insult. My study of TBI addressed two main

questions. The first question was does neuronal cell death expand spatially and

temporally from the initial insult? To answer this, 1demonstrated that cortical impact

injury results in pathophysiological alterations in CNS neurons, and importantly, that

these changes can occur beyond the primary site of injury. This is of relevance on a

systems level, since the brain regions in which neuropathological changes were observed

include regions that play a raie in subsequent behavioural deficits. For example. several

experimental brain injury paradigms in the rat have been demonstrated to produce deficits

in spatial leaming and memory (Smith et al., 1991; Lyeth et al., 1990; Dixon et al., 1991),

Spatial learning and memory is a function associated with the hippocampus (Squire

1992). However the cause of hippocampal dysfunction in any of these injury paradigms

has not yet been determined. Evidence presented here shows that traumatic brain injury

can lead ta cell death and consequent alterations in neuritic and synaptic structure in the

major input pathway ta the hippocampus. This cell death could weB be expected to play a

raie in the hippocampal functional deficits observed.

In addition to the presence of cell death, the time course of the appearance of

regions of cell death extended far beyond the initial insult. This observation led ta the

second question. what is the mechanism of the delayed neuronal cell death observed

following TBl? Determining the mechanism of the spread of neuropathological effects is

critical. as it offers a potential point of clinical intervention in attempts to limit the

expanse of the effect of the insult. This question was addressed by characterization of the

nature of neuronal cell death follawing injury. The mechanism of this cell death was

2
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demonstrated as apoptosis, a physiological fonn of cell death (Kerr et al., 1972; Wyllie

1980). The induction of apoptosis is becaming weil understood, and this knowledge can

now provide insight into the biochemical mechanisms underlying the expansion of the

neuronal death observed following TBI.

The second phenomenon investigated in this study was the ability of the

mammalian CNS ta regenerate fallawing injury. To examine this l addressed the question

are biochenzical markers ofa.'(onaf growth processes present and are they invoked

following injury? The specitïc candidate for this function was the chemotropic factor

netrin. an embryonically expressed moleeule with the ability ta direct axonal outgrowth.

This study required two faets to be established: whether netrin is expressed in the adult in

functionally relevant brain regions. and whether netrin gene expression is regulated

following injury. Two studies examined these issues: first, an analysis of netrin

expression in the nonnal adult rat brain. and second, the determination of the induction

protïle of netrin following seizure. Netrin expression in the adult was investigated by use

of three main techniques: anti-netrin immunohistochemisty in the rat, in situ hybridization

of a rat netrin-I probe with nonnal rat tissue, and analysis of a transgenic mouse in which

the netrin-l promoter drives expression of p-galactosidase, netrin-I pgeol+ (Serafini et al.,

1996; Skarnes et al., 1995). This work established the expression profile of netrin in the

adult brain, demonstrating an association with basal ganglia, cerebellar and cortical brain

structures.

To study the dynamics ofnetrin expression following neuronal injury, l used

pilocarpine-induced seizure in rats, a weIl established animal model of human temporal

3
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lobe epilepsy (Riee et al., 1998; Hamani and Mello, 1997). The model produces initial

status epilepticus followed by recurrent seizures which occur for months to follow,

parallelling the behaviourai pathology of the human condition (for review see Turski et

al., 1989). Histological analysis of tissue from seized animaIs revealed damage in the

entorhinal cortex, a presumed focal point of the seizure. This study demonstrates the

regulation of netrin and its chemoattractant reeeptor DCC (deleted in colorectal

careinoma) in several brain regions, including the regions of tissue damage and altered

electrophyiological response, such as the entorhinal cortex, and regions ofaxonal

sprouting, such as the dentate gyrus of the hippocampus. By eharacterizing the expression

of the axonal growth factor netrin and ils reactivity in regions of injured tissue in the

adult. an excellent candidate for an effector of regenerative processes in the CNS has been

established.

1.2) Mammalian Brain lnjury

Neuropathological insult to the mammalian brain cao occur two ways: as a result

of physical or chemical damage, such as occurs following traumatic injury, stroke or

seizure~ or brain injury can result as a consequence of a disease state, such as in

Alzheimer's or Parkinson's disease. While the cause of the injury may vary, many of the

biochemical mechanisms that function on a cellular level may he held in common. This

study focuses on the effects of and response to two types of pathophysiological damage;

due to an impact, in the TBI mode!. and electrochemical insult, by induced hyper­

excitation during seizure. The result of either perturbation is a decrease in the structural

4
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integrity of the system and consequential 10ss of function of the affected pathways.

1.2.1) Traumatic Brain Injury

Traumatic brain injury (TBI) in humans has been shown to cause

pathophysio10gical changes in brain function (Rudelli et aL, 1982). The

neuropatho10gical consequences of brain injury are many, including cortical necrosis of

the contusion site (Sutton et aL, 1994. Sutton et al., 1993), cortical axonal degeneration

(Povlishock (992), degeneration of hippocampal hilar neurons (Lowenstein et aL, 1992).

[n addition, the occurrence of seizure (Nilsson et aL, (994) and ischemia (Bryan et aL,

(995) as a consequence of TB[ also contribute to pathophysiological changes. Ta

investigate the biochemical mechanisms involved in TBI, several animal model systems

have been developed (Hamm et al., 1992~ Dixon et aL, 1991). As in human TBI,

experimental brain injury in rats has been shawn to produce both short term deficits in

motor function, and deficits in long tenn spatial memory performance (Smith et aL, 1991;

Lyeth et al., 1990; Dixon et al.. 1991). The spatial memory deficits are distinguishable

From motor or sensory dysfunction and can persist for weeks following injury (Dixon et

al., 1991).

1.2.2) Seizure induced brain injury

Pilocarpine induced seizure activity in rats (Turski et aL, (983) is widely accepted

as a model for human temporal lobe epilepsy (Rice et aL, 1998; Hamani and rvleUo,

(997), and produces long terro behavioural, histological and biochemical changes.

5
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Pilocarpine is a muscarinic agonist, producing status epilepticus (SE) as weB as

subsequent spontaneous recurrent limbic seizures for several months following rreatment.

The post-injury electrographic and behavioural profile is one of the features of

pilocarpine-induced seizure that paraBels the human condition (for review see Turski et

al., 1989). The recurrent spontaneous seizures proceed through several defined stages,

and resemble the effects caused by repeated electrical stimulation of specifie brain

regions, a procedure known as kindling (Cavalheiro et al., 1991).

In terms of the neurohistological changes that occur following seizure, three main

phenomena have been observed: cell death, axonal sprouting and neurogenesis. 80th

short and long terro neuronal cell death occurs throughout the brain (Represa et al., 1994;

Fujikawa 1996). This cell death, depending on location and severity of the seizure, can be

either apoptatic or necrotic in nature. Low level damage appears to primarily affect

interneurons and produce apoptosis, whereas more dramatic seizure activity results in

more widespread necrosis (Mello and Covalan 1995; Bengzon et al., 1997; Represa et al.,

(994). In concert with this, axonal sprouting can subsequently be detected in sorne of

these regions. These include the projections of cholinergie forebrain neurons of the basal

forebrain (Holtzman and Lowenstein, (995), and both sprouting of the granule cell mossy

tibers themselves (Mello et al., (993) and inereased neurogenesis in the hippocampus

(Parent et al.. (997). It has been suggested that the denervation of the inner moleeular

layer following the hilar ceilloss eonstitutes the inital stimulus for hippocampal sprouting

(Tauck and Nadler, 1985), and this sprouting ean be both supra- and intragranular (Mello

et al., 1993).

6
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Bath glutaminergic and dopaminergic systems play a raIe in the long tenn

sequelae of pilocarpine induced seizures. Dopaminergic agonists and antagonists can

modulate the SE phase (George and Kulkarni, 1997) white the NMDA receptor

antagonists MK-80 1 has been shown to block the spontaneous reCUITent seizures and limit

the cell death in the CA 1 hippocampal field (Rice et al., 1998). Biochemical changes

include upregulation of neurotrophins as weil as furin and other prohormone convertases

enzymes (Schmidt-Kastner et al., 1996; Marcinkiewicz et al.. 1997). In addition to

changes in gene induction, dopamine utilization increases in the nucleus accumbens,

olfactory tubercle and cingulate cortex, and decreases in the hippocampus (Alam and

Starr, 1996).

1.2.3) Hippocampal dysfunction following injury

While the role of the hippocampus in sorne forms of human memory has been

long proposed (Squire and Zola-Morgan, 1991; Squire 1992; Scoville and Milner, 1957),

its study has been mostly by way of lesions, from which behavioral recovery is limited

(reviewed in Jarrard 1993; Moser et al.. 1993). In the cortical impact model of traumatic

brain injury used in this study, the ability to learn is compromised (Hamm et al., 1992;

Dixon et al.. 1991), and so by study of the damage and the restoration of function, insight

inta this critical aspect of brain functian cao he addressed. A consistent observation

following TBI is the production of hippocampal spatiallearning and memory deficits

(Hamm et aL, 1992; Dixon et al., 1991). The physiological causes of these deficits are

still unclear. At mild injury levels, hippocampal memory deficits have been shawn to

7
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occur in the absence of overt ~lippocampal tissue loss (Lyeth et al., 1990). Under these

conditions, neural dysfunction due to neurotransmitter imbalance has been hypothesized

as a contributing factor to the deficits seen (Yamamoto et al., 1988). However, at

moderate to severe levels of injury, sorne hippocampal neuronal cell death has been

observed (Lowenstein et al.. 1992. Goodman et al., 1994). This celI death would be

expected to directly contribute to behavioral deficits.

The hippocampal structure provides a weil characterized brain region in which to

study the neuropathological effects of TBL Not only has a behavioral assay for

dysfunction been documented, but also the intrinsic circuitry has been weil characterized.

The hippocampus is classed as supramodal association cortex, and receives and integrates

information from ail sensory modalities (Swanson, 1983). The basic information pathway

in the hippocampus can be summarized by the tri-synaptic circuit. Simplistically

described. this begins with the major input from the enthorhinal cortex~ through the

perforant path. ioto the dentate gyrus. The second part of the circuit is defined by the

axons of these granule cells, the mossy tibers, which extend and synapse on the CA3

pyramidal ceUs. The final synapse is ante the CA 1 pyramidal cells, where the axons of

the CA3 neurons (the Schaffer collaterals) tenninate (Shepherd, 1990a). The evidence

presented here focuses on the dentate-mossy fiber sYnaptic system. The response of this

system to perturbation has been investigated in other neuropathological paradigms. For

example. the mossy fibers have been reported to suffer retrograde degeneration following

the less of their target cells, the pYramidal CA3 neurons. This has been documented

following both kianic acid induced seizure lesions (Pollard et al., 1994) and

8
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dexamethasone treatment (Uno et al., 1990). In addition, axonal sprouting and reactive

synaptogenesis has been weil documented in the mossy fibers following lesion, injury and

seizure (described in detail below).

Spatiallearning and memory ability can be directly assayed in a Morris water

maze test (Morris et al., 1982; Smith et al., 1991). Briefly, this test requires the subject ta

find a tïxed, hidden, underwater platfonn while swimming, relying on spatially fixed

visual cues in its environment. Repeated training in the maze over a 5 day period

produces an increase in performance, as indicated by a decrease in the length of time

required to find the platform. This increase is believed to be due to the fact that the

subject has remembered the position of the platfonn relative to the spatial eues, and is

therefore able to get there faster (lVlorris et al., 1982). The cortical impact injury

paradigm used in this work has been demonstrated to produce deficits in this ability, in

comparison to sham injured animais (Hamm et al., 1992). This deficit ean be expressed

in terms of the percentage of the control performance. If the spatial learning and memory

test is given 10 days after injury, the deficit seen is high (-40% of sham performance). If

the test is initiated at later time point foIlowing injury, the deficit is less (approaching

80% of sham performance by 5 weeks post injury). The recovery of the injured brain

structures has been proposed to contribute to the reduction in deficit (Dixon et al., 1991).

1.3) Neuronal cell death

Cells die by one of two mechanisms, necrosis or apoptosis. Necrotic cell death is

a degenerative increase in cellular disorder, often caused by mechanical damage,
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complement-mediated celllysis, hypoxia or highly toxic agents (Alnernri and Litwack,

1993). Such insults result in loss of membrane homeostasis leading to swelling of aH

cytoplasmic compartments. Subsequent release of lysosomal enzymes and dissolution of

organelles due to membrane rupture results in a homogeneous nuclear morphology and a

predominance of intracellular debris (for review see Kerr, (993). In contrast to this,

apoptosis is a physiological cellular function that is triggered by extracellular signaIs

(Kerr et al.. 1972). Apoptosis is a morphologically defined tenn, characterized in part by

chromatin condensation, vacuole formation, and DNA cleavage by an endonuclease

(Wyllie et al., (984). Apoptotic cell death can serve a homeostatic function for the

organism and is ubiquitously employed during development, including maturation or the

nervous system. It is a physiological process of cell elimination, during which, in contrast

to necrosis, there is no induction of an intlammatory response (Duvall et al., 1985; Fadok

et al.. (992).

While this study focuses on the identification of the morphologicaI determinates

of apoptotic cell death, the elucidation of the pathways involved in the signaling and

biomechanical processes involved in apoptotic cell death has made great progress over the

past several years. The biochemical phenomena under investigation that make up the

complex regulatory and effector systems controlling apoptosis can be divided into three

general classes. The first of these focuses on the mechanisms of induction from

chemotoxic or DNA damaging agents, and involves oncoprotein function and cell cycle

control molecules. The second line of study concentrates on the receptor/ligand

complexes and the intraceHular signalling cascade which trigger apoptosis as a response
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to extracellular signaIs such as growth factor withdrawal. The third objective is a

delineation of the effector molecules which are the actual machinery which produce the

morphological phenotype observed. AH of these phenomena are inseparably linked,

however their distinction facilitates their study. As a general framework, it can be

hypothesized that oncapratein regulatian serves ta prime the ceH for apoptasis, which can

then be either cantinued ar halted, as determined by survival signaIs. Once cammitted,

the effectar systems function ta camplete the process (Evan and Littlewood. 1998;

Harrington et al., 1994).

Effarts to elucidate the biachemicaI mechanisms involved in apoptosis began with

the oncoprotein and tumour suppressor pathways, and indeed represent the biochemical

foundation of the phenomena itself. One of the first oncogenes demonstrated to have pro­

apoptotic properties was c-myc. Deregulation of myc proteins is often associated with

cancer, and it appears that this is also the case with apoptosis (for review see Amati et al.,

1998). However there has generaHy been a co-requirement associated with mye and its

role in apoptasis, and in faet the specifie targets are still elusive. The search for the co­

required molecules led ta the tumour suppressor p53 and the apoptosis suppressar bcl-2

and later the Ras oncoproteins (for review see Evan and Littlewood, 1998). This line of

investigation ushered cell biolagy into a new age of understanding af the dynamics of the

ceIl cycle, how it is so tightly regulated, and how it can go wrong. In brief, a balance is

held between growth arrest and proliferation, and another between ceH survival and

apoptosis. The regulatory molecules controlling these chaices are tightly interlocked. For

example, Ras expression can determine both the arrest/proliferation state, as weil as
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survivaVapoptosis. However, whieh is affected is tied to the state of Mye and Bcl-2. Ras

and Mye expression together promote proliferation whereas Ras and Bcl-2 together

promate cell survival. Conversely Ras and Myc also regulate apoptosis, and Ras and Bcl­

2 regulate growth arrest. This interdependeney sets the stage for a dynamic regulatory

system which is bath self cheeking and sensitive ta the many other cell signaIs that

eontribute to the detennination of the final fate of the cell (for review see Evan and

Littlewood, 1998).

With the cell cycle responding to this dynamic regulatory system, the eeli is poised

ta receive information from its environment as to the correct course of action. The 50

calied death receptors have been demonstrated to he trigger points for the apoptotic

signalling cascade. These include receptors of the tumour necrosis factor (TNF) receptor

gene superfamily (Smith et al.. 1994~ Gross and Dower, 1995). The TNF superfamily is

detined by a cytosine rich extracellular domain, and the death receptor subfamily is

defined by an intracellular death domain (Nagata 1997; Tartaglia et al 1993). A major

environmental signal for neuronal cell survival are the neurotrophins, including neuronal

growth factor (NGF), and brain derived growth factor (BDNF), NT3. and NT4I5 (for

review see Barker, 1998). The TNF superfamily receptor critical in this regulatory

pathway is the p75 neurotrophin receptor (for reviews see Barker, 1998; Miller and

Kaplan, 1998). Once the extracellular signaIs are processed, the downstream intracellular

signalling cascade is activated through transcription factors (for review see Ashkenazi and

Dixit. 1998). This sets the stage for the induction of the actuai machinery to carry out the

process of apoptotic cell death.
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The key apoptotic effector molecules are a family of proteases known as caspases.

For example, the protein inhibitor of the endonuclease responsible for DNA cleavage is

itself inactivated by caspases, leaving the nuclease free to degrade the chromosome (Enari

et al., 1998; Liu et al., 1997). Caspases directly disassemble cellular structures, such as

the nuclear lamina (Takahashi et aL. 1996; Orth et al., 1996), and in this way play a direct

physica1 role in cellular breakdown. Caspases also act by deregulating other proteins,

usually by separating the catalytic and regulatory domains (Thornberry and Lazebnik,

1998). It is this tinal cascade that results in the destruction of the cell, and the production

of the morphological changes observed (for review see Thomberry and Lazebnik, 1998).

ln the case of the deve10pment of the neural system, this is usually the desired conclusion.

In the case of injury, the removal of a specitïc neuron may be either desired or

detrimental.

ln vitro studies have shown that neurons can be induced to undergo apoptosis by

treatment with the p-amyloid peptide as weil as with intracellular calcium altering

treatments such as glutamate (Boofoco et al., 1995; Deckwerth et al., 1993; Loo et aL,

1993). Biochemical conditions such as these are often components of neuropathological

conditions, and consequently the potential contribution of apoptasis in several paradigms

has been investigated. For example, both in models of ischemia and of epilepsy, DNA

fragmentation has been reported to accompany neuronal death (Charriaut-Marlangue et

al., 1996; Charriaut-Marlangue et al., 1995; Li et aL, 1995; MacManus et al., 1993;

Nitatori et al., 1995; Pallard et aL, 1994). This implied the presence of apoptosis in these

injury paradigms. However, fallowing ischemia it was noted that the fragments of DNA
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produced were of different sizes then those normally seen during apoptotic ceU death,

suggesting that an altemate DNA degrading enzyme was functioning following stroke

injury (MacManus et al.. 1995). The case for the presence of apoptotic mechanisms was

further supported by evidence that key players in the apoptotic cascade are indeed at work.

The activation of caspase-3. critical in apoptosis, is induced by experimental cerebral

ischemia (Namura et al., 1998). It is currently believed that the fonu of ceH death seen

during ischemic injury does not fit the stereotypical criteria of either apoptosis or necrosis

(Barinaga, 1998). The contribution of apoptosis to ischemia is perhaps best substantiated

by models of therapeutic treatments that target the process. For example. both MK-SO 1,

an NMDA receptor antagonist. or peptide inhibitors of the caspase family (z-VAD.FMK

and z-DEVD.FMK) can protect mouse brain from ischemic ceH damage (Ma et al., 1998).

Evidence such as this aIso suggests that in fact, in tenns of necrosis and apoptosis, the in

vivo situation is not quite as delineated as can be observed in cell culture.

1.4) Reactive synaptogenesis and neuronal regeneration

An obvious consequence of neuronal cell death is the 1055 of the synaptic

connections that were contributed by the neurons that have died. The connectivity

defined by the synapses is a significant factor in determining the output of the neural

system. Consequently, synaptic loss is a point at which neuropathological insult can

become translated into altered behaviour. Synapses can also he altered even if the neuron

does not die, but is injured or compromised in function. Events such as axon shearing,

retraction of synapses, and altered electrophysiological response have aIl been observed
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following traumatic injury (Povlishock et al., 1992; Povlishock et al., 1983).

The ability of axons to sprout new synapses following injury has been weil

dacumented. This has been shawn to occur following the death of the hippocampal hilar

neurons (Okazaki et al.. 1995), which is a reported consequence of tluid percussion injury

(Lowenstein et al., 1992). The mossy fibers. the axons of the dentate gyms granule cells

of the hippocampus, nonnally extend and connect to the pyramidal cell dendrites in the

CA3 hippocampal region and to intemeurons in the dentate hilus and the dentate granule

celIlayer. Under nonnal circumstances (with the exception of aged humans), mossy

tïbers are never seen to undergo recurrent growth, back into their own granule celIlayer

(for review see Sioviter 1994a). However, seizure has been shown to induce not only

recurrent growth back through the granule ceII layer, but also the penetration of fibers

through to the moleeular. dendritic layer that then synapse on the granule eells themselves

(Okazaki et al., (995). This reorganization is one of the best characterîzed examples of

axon collateral sprouting and synaptogenesis in the adult mammalian CNS (for review see

Sioviter, 1994a). Several seizure paradigms can elicit mossy fiber sprouting and

synaptogenesis, such as induction both phannacologically and electrically (Tauck and

Nadler, 1980; Sutula et al., 1988; Babb et al., 1991), in spontaneously epileptic mouse

strains 5uch as tottering (Stanfield, 1989) and stargazer (Qiao and NobeIes, 1993), and in

human temporal lobe epilepsy (TLE) (for review see Sloviter, 1994b). The mechanism of

the induction of events such as these have yet to he determined. In both human TLE and

in animal seizure modeIs, many changes to the local circuitry OCCUT, such as the selective

10ss of hilar interneurons with the survival of granule celllayer GABAergic interneurons
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(Robbins et al., 1991; Sloviter et al., 1991; deLanerolle et al., 1989; Babb et al., 1989), as

weil as the 10ss of the main CA3 targets themselves (Pollard et al., 1994). Networks of

feedforward and feedback inhibition are normally formed between the granule cells and

these intemeurons (Amaral, 1978). The loss of these post-synaptic targets of the granule

cells may contribute to the induction of mossy fiber sprouting. However, the specifie

contribution of cell death, denervation and activity to this process, as weil as the nature of

the molecules involved, is not well understood.

The study of the biochemistry of the activity-depenGent response of the synapse

has also often utilized hyperactivation through the induction of seizure activity. Seizure

has been demonstrated to induce many immediate early genes including transcription

factors (for review see Morgan and CUITan, 1991), as weIl as earty effector genes such as

omithine decarboxylase (Baudry et al., 1986) and tissue-plasminogen activator, tPA (Qian

et al., 1993). Trophic factors such as NGF, BDNF, and EGF (Gall and Isakson, 1989;

Isackson et al., 1991; Ernfors et al., 1991; Gall, 1993) have also been observed to he

induced subsequent ta the early events. These and other studies have paved the way for

an understanding of the biochemical mechanisms underlying the synaptic response to

injury, as weIl as of basic sYnaptic plasticity.

The dynamic behaviour of the synapse can be seen both in the nonnal animal

during development and plasticity, as weil as following injury. White much has been

learned about the induction of basic growth mechanisms in neurons post injury, less is

known about the mechanisms of post-injury axonal guidance and synapse formation.

Integration of infonnation gained from the study of guidance mechanisms in development
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with data concerning activity-dependent biochemical mechanisms of the synapse will

hopefully contribute to the investigation of their potential role following injury in the

adult CNS.

1.5) Axonal guidance factors

During the development of the nervous system, axons must be guided to their

appropriate target, and once there, fonn appropriate synaptic connections. Two classes of

molecules have been suggested to account for the guidance of the axon during this

process. The first class consists of pathway-derived eues: cell surface and extracellular

matrix molecules which are expressed by cells which lie along the axon 's trajectory. The

second class are diffusible chemotropic eues, which are molecules secreted by the actual

target cell towards which the axon is heading (for review see Tessier-Lavigne and

Goodman, 1996). Evidence for the existence of the pathway-derived cues has come

primarily from embryological experiments (Lance-Jones and Landmesser. 1980, 1981;

Harris. 1989). Many of the molecules have been isolated and described, and consist of

cell adhesion and extracellular matrix. molecules such as laminin, NCAM, and N-cadherin

(Riggott and Moody. 1987; Reichardt et aL, 1989; Jessell, 1988; Takeichi, 1988; Hynes

and Lander, 1992). Molecules of this class have been functionally demonstrated to direct

axonal outgrowth during vertebrate CNS development (Stoeckli et aL, 1995, 1997)

Chemotropism is the guidance of an axon by a gradient of molecular eues, and is

an idea that has been proposed since early investigations of the nervous system (Ramon y

Cajal. 1902). CUITent evidence suggests the existence of both target derived
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chemoattractants (Lumsden and Davies, 1983; 1986; Tessier-Lavinge et al., 1988) and

target derived chemorepellents (Pini 1993; Colimarino and Tessier-Lavigne, 1995a). One

of the tirst isolated and best characterized of these chemotropic molecules is netrin.

Experiments both in vitro and in vivo demonstrated that the embryonic spinal tloor plate

secretes a chemoattractant for the axons of developing spinal commissural neurons (for

review see Colimarino and Tessier-Lavigne, 1995b). The netrins were subsequently

purified and c10ned based on their ability to promote the outgrowth of spinal commissural

axons in vitro (Kennedy et al., 1994; Serafini et al., 1994).

Severallines of evidence have demonstrated that netrin plays a functional role in

axonal guidance. During the initial isolation, in vitro assays using recombinant vertebrate

protein demonstrated that netrin could reproduce the outgrowth and tuming effects of the

tloor plate on embryonic spinal commissural axons (Kennedy et al., (994). When the

prote in sequence of netrin was detennined, it was shown to be a homologue of the C.

e/egll1lS gene unc-6 (Seratïni et al.. (994) in which mutations produce misdirected axonal

trajectories in the worm (lshii et al.. 1992; Hedgecock et al., 1990). Additional evidence

cornes from a netrin loss of function mutation in the mouse, which disrupts the formation

of the ventral spinal commissure. the hippocampal commissure, and corpus callosum

(Serafini et al., 1996). These data strongly support the hypothesis that netrins function as

axon guidance eues during vertebrate neural development.

Netrin has been demonstrated to be able to act as bath a chemoattractant in the

case of spinal commissural axons (Kennedy et al., 1994), and as a chemorepellent for

trochlear motor neurons (Colimarino and Tessier-Lavigne, 1995a). The division between
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these two functions has been proposed to he regulated by the nature of the netrin receptor

present on the axonal growth cone. The isolation and characterization of the receptor

molecules for netrin has been facilitated by inference from genetic analysis in C. e/egans.

In the C. e/egans unc-6 (netrin) mutant phenotype, both dorsal-ventrally and ventral­

dorsally directed axon trajectories are disrupted (Hedgecock et al., (990). Another mutant

phenotype, une-S, showed only the disruption of ventral·dorsally directed trajectories,

whereas unc-40 mutants showed only the disruption of the dorsal-ventral trajectories

(Hedgecock et aL, 1990). This suggested that these two gene products could play a role in

directing axon growth in response to a source of unc-6. Unc-40 and unc-5 encode

transmembrane members of the IgG superfamily (Chan et al., 1996; Leung-Hagesteijn et

al., (992) and unc40 was found ta be homologous ta mammalian DCC (Keino-Masu,

1996; Chan et al., 1996, Kolodziej et al., 1996). The classification of DCC as a functional

netrin receptor was suggested by binding studies (Keino-Masu et aL, (996) and by the fact

that a loss of DCC function in the mouse produces a phenotype similar to the netrin loss

of function phenotype (Fazeli et al., 1997). The twa unc-5 rat homologues also interact

directly with netrin in binding studies, suggesting they are also netrin receptors (Leonardo

et al., 1997). An interesting feature of the unc-5 receptors is the presence of a death

domain in unc-5H, suggesting a possible link of netrinlunc-5 ta the cell survival signaling

cascade (Hofmann and Tschopp, (995).

While a role for netrin expression during development is becoming well

characterized, evidence thae netrin expression persists in the adult brain (Kennedy et aL,

1994; Kennedy et al.. 1996; Colicos et al, 1997; Livesey and Hunt, 1997) suggests a
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continuing role for netrin in regulation ofaxonal structure throughout the life of the

animal. The netrin receptor DCC has also been shawn ta be expressed in the adult

mammalian brain (Valenec et al., 1997; Livesey and Hunt, 1997). [n order to investigate

a role for netrin in the adult, and determine if it is present and functionai in regenerative

post-injury pracesses, the spatial and temporal expression of the molecules involved must

be determined. This study on the neuronal respanse to injury is completed by addressing

this issue, with the characterization of netrin in the normal adult rat, and following

seizure-induced injury.
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2) Characterization of dystrophie neuronal regions following traumatie

brain injury.

2.0) Foreword

The patholagical changes that occur in systems of neurons following injury can be

grossly classified as alterations in cellular biochemistry and/or alterations in cellular

structure. In arder to test the hypothesis that TBI affects neurons other than thase at the

primary site of injury, [ used a sensitive silver staining technique to identify and lcealize

dystrophie neurons and their processes. While physical damage at the cortical contusion

site is obvious, certain previousiy observed behavioural deficits in spatiallearning and

memory tasks suggested the involvement of structures distal to the injury. Here, avert

changes are not obvious: however, a detailed analysis of seriai brain sections taken from

animaIs over a time course following injury identified distinct regions of neuronal cell

death distal to the site of injury. This work was summarized in the paper 'Velayed,

selective neuronal death following experimental cortical impact injury in rats: Possible

roie in memory deficits." Colicos, M.A., Dixon, C.E., Dash, P.K. (1996) Brain Research

739: 111-119, and is presented below as published.

2.1) Summary

Clinical and experimental studies show that 1055 of neurons in the hippceampus

and/or the entorhinai cortex cao impede formation and storage of spatial memory. Using

a controlled cortical impact model of traumatic brain injury (TBI) in rats, we have

examined the temporal and spatial pattern of neuronal death using silver impregnation and
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cresyl violet staining. Dystrophie neurons can be detected in the dentate gyms, and the

CA 1 and CA3 subfields of the hippocampus for up ta 2 weeks following injury. These

dystrophie ceUs appeared shrunken and possessed features of apoptosis. Areas containing

the dystrophic cells suffer substantial cellioss as demonstrated by thinning of the

neuranallayers. Dystrophie cells are alsa found in the amygdala, entorhinal and piriform

cortices, thalamic and hypathalamic regions, and surrounding the contusion site. The lass

of these ceUs may contribute ta the memory deficits abserved follawing TBI.

2.2) Introduction

Traumatic brain injury (TBI) causes abnannal information processing, motor

dysfunctian, attention detïcits and impainnents of memory (Levin. (992). Memory

detïcits are sorne of the most persistent consequences of TBI in humans. The cellular and

biochemieal mechanisms underlying these mernory dysfunctions are poorly understoad.

In arder to investigate the mechanism(s) of memory deficits, rodent models have been

developed that mimic various features of the pathophysiology associated with human TBI

(Dixon and Hayes, 1996; Gennarelli. (994). Similar to human TBI, rodent models

produce persistent spatial memory (a forro of declarative memory) deficits (Dash et al.,

1995; Hamm et al., 1992; Smith et al., 1991; Long et al., 1996).

Two of the most widely employed brain trauma models in redents are fluid

percussion and controlled cortical impact (Dixon and Hayes, 1996; Gennarelli, 1994).

Auid percussion produces brain injury by rapid injection of fluid into the closed cranial

cavity (Dixon et al., 1987; MacIntosh et al., (989). The advantages of the fluid
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percussion model primarily reside in its sirnplicity and its ability to produce significant

disturbances in the brain including axonal injury and intraparenchymal hemorrhages

(Povlishock et al., 1992). However, fluid percussion injury allows little control over

injury parameters and often causes brain stem injury and death (Dixon and Hayes, 1996).

The controlled cortical impact model for rodents is a recently introduced animal model of

TBI. This model utilizes a pneumatic piston to defonn a controllable volume of exposed

cortex over a range of impact velocities (Dixon et al., 1991). The severity of the injury

can be varied by altering the depth of excursion or the velocity of the impactor. Much of

the pathophysiology of human TBI, including contusion and axonal injury, appear to be

reproduced using this model (Dixon and Hayes, 1996; Meany et al., 1994). For example,

cortical impact produces contusion and necrotic cellioss at the site of impact (Goodman

et al., 1994; Sutton et al., 1993). Moreover, an overall decrease in CA 1 and CA3

pyramidal cells of the of the hippocampus by two weeks postinjury has been reported

(Goodman et al., 1994). However. neither the time course nor the morphological

characteristics of these celliosses have been examined in this model. Furthermore, cell

loss in other brain structures has not been investigated.

Both clinical and experimental studies have shown that the hippocampus and

possibly the entorhinal, perirhinal and parahippocampal cortices are necessary for

dec larative memory storage (Meunier et al., 1993; Squire and Zola-Morgan, 1991; Squire

1992; Suzuki et al., 1993). For example, hippocampallesions in rats cause poor

performances in the Morris water maze and radial maze tasks, which are thought to assess

spatial memory (Bames, 1979: Morris, 1982). Recently, studies in monkeys indicate that
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the perirhinal, parahippocampal and entorhinal cortices contribute substantially to

recognition memory (Meunier et al., 1993; Suzuki et al., 1993). Thus, cellioss in these

areas could have serious cognitive consequences. Hippocampal cells have been shawn to

be selectively vulnerable ta many insults ta the central nervous system which are

associated with memory dysfunction (Auer and Siesjo, 1988). For example, stroke in

humans and four-vessel occlusion models of ischemia in redents cause substantialloss of

CA 1 pyramidal cells (Petito et al., 1987; Pulsinelli et a1., 1982). CA3 pyramidal cells are

vulnerable ta temporallabe epilepsy in humans, and chemieally and electrically induced

seizures in rats (Babb and Brown, 1991; Nevander et al, 1985; Olney et al., 1983).

Furthermore, lateral tluid percussion causes the death of hippocampal hilar neurons in

rodents (Lowenstein et aL, 1992). Due to an essentially unidirectional information flow

into and out of the hippocampus (Amaral and Witter., 1989), it has been suggested that

loss of cells in any subfield would contribute to memary dysfunction.

In arder to further understand the cause of spatial memory deficits following TBI,

we have used a silver impregnation stain, in combination with cresyl violet staining, to

examine the temporal and spatial pattern of cell death fallowing contralled cortical impact

injury in rats. These staining techniques revealed dystrophie cells in the hippocampus,

entorhinal and piriform cortices t amygdala, thalamus and hypothalamus. Light

microscope examination of semi-thin sections suggests that this cell death may he

apoptotic in nature.
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2.3) Methods

2.3.1) Production of cortical impact brain injury

A controlled cortical impact device was used ta cause brain injury as previously

described (Dash et al., 1995~ Meany et al., 1994). AH protocols were in compliance with

NIH's Guide for the Care and Use ofLaboratory Animais and approved by the

Institutional Animal Care and Use Committee. Briefly, a total of 32 male Sprague­

Dawley rats (Harlan Sprague Dawley, Indianapolis) were anesthetized with 4% isoflurane

with a 2: 1 N20/02 mixture. Following endotracheal intubation, rats were mechanically

ventilated with a 20/0 isatlurane and 2: 1 N20/02 mixture. Animais were mounted in a

stereotaxie frame with their ventral surface facing down. Bilateral craniectomies (6.0 mm

in diameter) were perfonned midway between the bregma and the lambda with the medial

edges of the eranieetomies 1 mm lateral to midline. Cortically impacted rats received a

single, unilateral impact at 6 meters/sec, 2.5 mm defarmation. Sham rats undenvent

identical surgical procedures but were not injured. Core body temperature was monitored

continuously by a rectal thermistor probe and maintained at 37-38°C by use of an external

probe-controlled heating pad. After injury, the scalp was sutured closed and the animal

extubated to minimize the anesthetic effects on the acute neurological assessments.

2.3.2) Acute neurological assessments

A battery of tests that had been shown to he sensitive to varying magnitudes of

brain injury in the rat were employed to continn the injury magnitude (Dash et al., 1995;

Hamm et al., 1992; Long et al.. 1996). Assessments of simple nonpostural somatosensory
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functions were conducted by recording the duration of suppression of a response to

stimulation. The comeal reflex was evaluated by lightly touching the comea with a cotton

swab to elicit an eyeblink. The pinna reflex was measured by touching the ear canal with

a wooden applicator. Assessments of simple postural somatomotor functions included

measurements of the duration of suppression of flexion reflexes to stimulation. The

assessment of the paw and tail flexion retlexes consisted of the graduai application of

pressure on the contralateral hindpaw or tail until paw or tail withdrawal was noted. More

complex, postural somatosensory function was assessed by recording the duration of

suppression of the righting response. The righting response was defined as the animal's

ability to right itself three times consecutively after being placed on its back. Statistical

significance was determined using a Student's t-test and the mean duration of suppression

for each reflex.

2.3.3) Tissue preparation

At the appropriate time points after injury, rats were anesthetized with sodium

pentobarbital, and then transcardially perfused with 100 ml of 37°C saline with 1 unit/ml

heparin followed by 150 ml of 37°C fixative [4% paraformaldeyhde, 15% picric acid in

phosphate-buffered saline (PBS»). Brains from naive, sham injured and injured animais

were removed and equilibrated in the fixative containing 30% sucrose at 4°C for 2 days.

Fixed brains were then mounted in a.C.T. (Optimal cutting temperature, Miles Inc.)

cryostat embedding medium. Approximately 100 coronal sections, 4O-microns in

thickness, spanning the entire hippocampus were eut from each brain on a cryostat.
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Sections were placed in PBS in 24-well tissue culture plates, washed once with PBS, and

stored at 4 0 C until use.

2.3.4) Cresyl violet staining

Visualization of the tissue sections was done by first mounting them on

microscope slides, and then staining with a 2% cresyl violet solution (prepared in 0.1 %

acetic acid). Slices were rinsed in deionized water and destained in 1% acetic acid plus

10% ethanol. Slides were cover-slipped and photographed with a Nikon Axio-phot

microscope using brightfield illumination, on Kodak 64T slide film.

2.3.5) Silver staining

Freely floating sections were stained by the silver impregnation protocol of

Gallyas et al. with the modification described by Sloviter et al. (Gallyas et al., 1980;

Gallyas and Zoltay., 1992~ Solviter et al., 1993). This staining protocol reliably stains

only dystrophie neurons. Every eighth section was stained using this modified staining

protocol. Briefly, sections were washed twice for 15 minutes in distilled H20 in a 24-well

plate. Slices were then incubated twice with 0.5 ml each of pretreatment solution (1: 1

solution of9% NaOH and 1.2% NH4N03) for 10 minutes. Slices were incubated for 30

minutes in 0.5 ml of a silver impregnation solution (60 ml of a 9% w/v NaOH was

combined with 40 ml of a 16% w/v NH4N03, then 0.6 ml of a 50% AgNO) was added

drop-wise while mixing). Following the incubation, the slices were washed two times in

1 ml of buffer (For 100 ml of wash solution, 0.1 ml of 1.2% NH4N03, 0.5 gm anhydrous
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NaC03 and 30 ml 95% ethanal was combined with water ta 100 ml) for 10 minutes each

wash. The signal was developed in 0.5 ml of buffer for one minute (for 100 ml of buffer,

0.1 ml of 1.20/0 NH4N03, 0.05 gm citric acid, 1.5 ml 370/0 fonnalin, and 10 ml 95%

ethanol was combined with H20 ta 100 m!). Stained sections were then transferred ta

PBS and soaked ovemight at room temperature before mounting on glass slides.

Argyrophilic neurons were visualized and photographed as described above.

2.3.6) Semi-thin sections

Semi-thin sections were prepared by first dehydrating mounted 4O-micron slices

stepwise in an ethanol series ( 10 min each step in 50%, 60%, 70%, 80%, 90%, 950/0, 99%

and 100%). Slices were then embedded in Epon 8-12, baked at 60°C ovemight, then

removed from the microscope sI ides. Epon embedded tissue was then further sectioned

into 0.5 micron slices using a Beckman microtome. Cells were visualized by staining

with a 1% solution of toluidine blue in 1% borax. Cells were photographed at a

magnification of lOOX as described above.

2.4) Results

2.4.1) Neurologie responses

A battery of acute neurological responses were measured immediately after the

injury. The durations of suppression of both simple (corneal, pinna, paw flex.ion. tail

pinch) and complex somatosensory (righting) functions were significantly different

between sham and injured animaIs (Table 1). These injury related suppressions of
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reflexes are consistent with previous reports using this injury paradigm (Dash et al 1995,

Long et al 1996).

2.4.2) Time course of appearance of dystrophie dentate gyrus granule cells

Dystrophie cells are argyrophilic and therefore appear dark in comparison to

normal cells when subjected to the silver impregnation staining method (Gallyas et al.,

1980~ Sloviter et al.~ 1993). In naive (n=4) and sham injured (n=4, at 24 hours) animaIs, a

few random argyrophilic cells were observed throughout the entire brain (data not shown).

However~ these cells are probably vascular endothelial cells, which are normally

argyrophilic. Figures 1A and 1B illustrate the presence of a large number of argyrophilic

granule cells in the ipsilateral dentate gyrus~ 6 hours postinjury (n==4). These dystrophie

neurons appeared to be regionally localized in the dentate gyrus. The number of

argyrophilic cells in the ipsilateral dentate gyms appeared to he maximal by 24 hours

postinjury (Fig le and 1D, n==8). Moreover, at two weeks postinjury (Fig 1E and IF,

n=8), we also detected the presence of a small number of argyrophilic neurons in five out

of the eight animaIs examined. Dystrophie neurons were also detected, aithough less

abundant~ in the contralateral dentate gyrus of injured animaIs at the time points examined

(data not shown).

2.4.3) Morphologieal examination of dystrophie dentate gyrus granule ceIls

In order to examine the morphologies of the argyrophilic cells in more detail,

semi-thin sections (0.5 micron) from 24 hr postinjury animais were examined at lOOX
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magnifieation. Figure 2A shows the appearanee of the granule eeUs distal to the

dystrophie region. These ceUs have typical granule cell morphology including normal

nuclei (Sloviter et al., 1993a). Normal granule ceUs (N) stain lightly with toluidine blue

and have dispersed chromatin (Sloviter et al., 1993a). An occasional dystrophie celi (0)

can he seen dispersed amongst the normal ceUs. In contrast ta the normal cells, these

cells appear shrunken with both the nucleus and the cytoplasm being darkly stained.

Figure 28 shows the morphologies of the granule cells within the dystrophie area of the

dentate gyms as identitïed by the silver-impregnation staining. A large number of

dystrophie ceUs can be seen in this region. The nucleus of these ceUs appears to have

condensed chromatin. In addition, sorne ceUs were found ta contain prorninent spherical

apoptotic bodies (A) as weil as numerous vacuoles (V). These dystrophie ceUs are again

intermingled with normal granule cells in this region.

2.4.4) Dystrophie eells in other brain regions 24 hours postinjury

Figure 3A shows the presence of dystrophie pyramidal cells in the CA3 and CA4

(hilar) subfields of the ipsilateral hippocampus. Sorne of these nenrons possess

dystrophie neuntes which also appear darkly stained. Dystrophie cells were also observed

in the CA 1 region (data not shown). Figure 38 shows the presence of a large number of

argyrophilic ceUs which are observed surrounding the site of contusion. The contusion

site itself, which cantains a large number of necrotic cells (appearing non-argyrophilic in

this staining protocol) cao be seen as the lighter stained region. Argytophilic celis can

aiso he seen in the thalamus (Fig 3C) and the hypothalamus (Fig 3D). A large group of
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argyrophilic cells in the regions of the pirifonn and entorhinal cortices can he seen in

figure 3E and 3F respectively.

2.4.5) Regional distribution of dystrophie cells

Figure 4 shows an illustration of the regional distribution of dystrophie cells

eompiled from eight animaIs at 24 hour postinjury. Dystrophie neurons are consistently

seen in the CA l, CA3. dentate gyrus and hilar regions of the hippocampus CH) and were

also found in the amygdala (A), thalamus (T), hypothalamus (HT), and pirifonn (P) and

entorhinal (E) cortices. Dystrophie cells are ob~erved both in the ipsilateral and

eontralateral brain regions.

2.4.6) Postinjury hippocampal cell loss

Several regions in the hippocampus were eonsistently identified as having

dystrophie cells by the silver stain technique. To detennine the extent of subsequent cell

loss in these regions. cresyl violet staining of two-week postinjury brain sections was

perfonned. Cell loss was observed as thinning of the neuronal cell layers of the

hippoeampus. Figures 5A and 5B show the CA3 regions from a two-week postoperative

sham and injured animais. In injured animais, the CA3 region suffers from substantial

loss of pyramidal cells. Figures 5C and 5D are representative photomicrographs of the

CA 1 regions from two-week sham and injured animaIs illustrating the thinning of this cell

layer. Figures 5E and 5F show enlarged views of the dentate gyms frOID sham and injured

animais respectively. The regian of the dentate gyms shawn corresponds to the area
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containing the dystrophie neurons illustrated in Figures 1F-IJ. Thinning of the granule

ce Il layer cao he seen in the injured animal.

2.5) Discussion

In this repart~ we present evidence ta show that experimental TBI causes a delayed

cell death in selective brain structures, secondary to the site of impact. This cell death

appears to continue for at least two weeks resulting in a substantial cellioss fram the

affected regions. To our knowledge, this is the first description of such cellioss as a

resu lt of experimental cortical impact injury.

Using a modified silver staining technique, we show the presence of a large

number of argyrophilic cells in the dentate gyrus, CA 1 and CA3 subtïelds of the

hippocampus of injured animais (Fig 4). Argyrophilic neurons were detected for up to

two weeks postinjury. However, the argyrophilic neurons visualized at early time points

following injury may persist for a week or twa before being cleared and possibly

contribute to the signal observed at later time points. Previous studies have shown that

argyrophilic neurons are dystrophie and eventually die (Crain et al., 1988; Gruenthal et

al.~ 1986; Sloviter et al., 1993a; Sloviter et al., 1993b; Warner et al., 1991). Consistent

with this, we observed a nlarked cell loss in the dentate gyrus~ CA 1 and CA3 subfields of

the hippocampus which contained dystrophie neurons (Fig 5). This study also shows the

presence of dystrophie cells in the hilar region of the hippocampus, the amygdala, the

entorhinal and pirifonn cortices, the thalamie and hypothalamic regions, and the cortex

near the site of impact (Fig 4).
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Neuronal loss following TBI can he broadly divided into three categories: 1) ceH

death due to physical damage as a result of trauma, 2) necrotic ceU death by release of

excessive excitatory neurotransmitters such as glutamate, and 3) the delayed ceU death

we are reporting in this study. The first two types of cell death happen saon after trauma

and may not provide an adequate time window for clinical intervention. However, the

third type of cell death can be potentially prevented by therapeutic intervention.

Therefore, an understanding of the mechanism(s) underlying this delayed cellioss would

be of great importance. Light microscope examination of these ceUs suggests that they

possess the features of apoprosis (Fig 2B). For example, sorne of these cells contained

apoptotic bodies and vacuoles. Other dystrophie ceils appeared shrunken with condensed

cllromatin. These cells may represent different stages of apoptosis. [n the accompanying

article we present cellular and mo[ecular evidence to support this observation. Several

sl~idies have shawn that the apoptotic death of CNS neurons can resu[t from the [oss of

target derived trophic factors or by pro[onged exposure to low levels of excitatory

neurotransmitters (Ankarcrona et al., 1995; Deckwerth and Johnson, 1993). The cell

death we observed may be the result of similar mechanisms.

Two widely used rodent models of TBI, fluid percussion and cortical impact, each

reproducing various aspects of human TBI including cell loss and axonal injury, have

been developed (Dixon and Hayes, 1996; Gennarelli, 1994). For example, death of hilar

neurons has been observed following a laterai fluid percussion model of TBI (Hicks et al.,

1993; Lowenstein et al., 1992). Loss of CA 1 and CA3 cells has been reported following a

cortical impact injury with unilateral craniectomy (Goodman et al., 1994). Cortical
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impact injury with bilateral craniectomies has been reported to cause diffuse axonal injury

which is a hallmark of human TBI (Meany et aL, 1994). This is thought to be caused by

lateral movement of the brain in response to the impact. The wide distribution of

dystrophie cells we detect following cortical impact injury may be accounted for by the

use of the bilateral craniectomy we employed in this study. Moreover, the spatial

distribution of these cells with respect to the direction of the impact (Fig 4) suggests that

impact angle may contribute to the observed localized distribution. Future experiments

utilizing different impact angles may help verify this hypothesis.

Previously, we have reported that cortical impact injury with bilateral craniectomy

causes detïcits in spatial learning and memory using a Morris water maze task (Dash et

al.. 1995; Long et al., 1996). The performance in this task is thought to require both

hippocampal and entorhinal cortical function (Morris et al., (982). Marked cellioss was

detected in the dentate gyms, CA 1 and CA3 regions. It is possible that the cellioss in

these regions could alter neuronal signalling and may contribute to the observed spatial

memory deticits. It is difficult to ascertain from this study whether dentate granule cells,

CA3 or CA 1 cells are more important with respect to posttraumatie memory dysfunction.

It has been suggested that 1055 of cells in any subfields of the hippocampus would

contribute to spatial memory dysfunction (Amarai and Witter, 1989). Moreover, since the

hippocampus receives inputs from various parts of brain and is involved in integration of

information, loss of these cells also could contribute to other cognitive impainnents.

Furthermore, cellioss in the amygdala, piriform cortex, thalamus and hypothalamus

following cortieal impact injury suggests other behavioral deficits might occur following
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TBI. We are currently perfonning behavioral experiments to evaluate the functions of the

dystrophie regions presented in this report following cortical impact injury in rats.
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Figure 1) Temporal pattern of silver staining of hippocampal dentate gyrus granule cells.

Representative photomicrographs showing 5X magnification overview of the ipsilateral

hippocampal region, as weIl as an enlargement (40X) of each dentate gyms inner blade

ce Il layer. Dystrophie neurons appear dark in the silver impregnation staining. A-B: 6

hours postinjury, C-O: 24 hours postinjury, E-F: 2 weeks postinjury.
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Figure 2) Morphology of dentate gyrus granule cells. O.5-micron thick sections were

prepared from the dentale gyms ipsilateral to the site of impact from 24-hour injured

animais. Sliees were srained with toluidine blue and the inner blade of the dentate gyms

was photographed at lOOX magnification as described in the Materials and Methods

section. A: Photomicrograph of a section showing the morphology of the granule cells

distal to the dystrophie region. Normal (N) and dystrophie (0) cells are shown. B:

Photomicrograph taken from the core of the dystrophie region. Apoptotic bodies (A) and

vacuoles (V) can be seen. Other dystrophie eells (0) appear shrunken with condensed

chromatin.
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Figure 3) Presence of dystrophie cells in selected brain regions. Representative pictures

showing the location of dystrophie neurons in 24 hr postinjury animaIs. A: CA3 region of

the ipsilateral hippocampus. Dystrophie pyramidal cells as weB as dystrophie neurites can

be seen. B: Cortex, below the contusion site. The necrotic cells at the site of impact, seen

at the top of this photograph. stain lightly with this protocol. C: Thalamic region,

possibly the ventral posterolateral thalamic nucleus. D: Hypothalamus. E: Piriform

cortex region. F: Entorhinal cortex region. Arrows indicate argyrophilic cells.
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Figure 4) Summary figures showing the spatial distribution of the dystrophie cells.

Illustration of five representative coronai sections indicating dystrophie neurons in

different brain regions. The data used to map the distribution of dystrophie cells were

obtained from a total of eight animaIs at 24 hour postinjury. Color coding represents the

number of animaIs which showed dystrophie eells in that region. Abbreviations: A ­

amygdala, E - entorhinal cortex~ H - Hippoeampus; HT - hypothalamus; P - piriform

cortex; T - Thalamus. Sections correspond to A: Bregma -2.56 mm, B: Bregma -3.30

mm, C: Bregma -3.60 mm, D: Bregma -4.80 mm, E: Bregma -6.30 mm.

39



•

•

A Breama -2.6..-

B Bregma -3.3

C Bregma -3.6

o Bregma -4.8

E Bregma -6.3

1 2 4 6 8-



•

•

Figure 5) CeUloss in ipsilateral hippocampal subfields two weeks postinjury.

Photomicrographs of representative cresyl violet stained sections from sham and injured

animaIs. CeUloss can be seen as thinning of the neuronallayers. A: CA3 subfield from a

sham-operated animal. B: CA3 region from a 2-week postinjury animal. C: CA 1 ceU

layer fram a sham. D: CA 1 suhfield of an injured animal. The arrow indicates the region

of pyramidal cell loss. E: Granule celllayer fram the inner blade of the dentate gyms

from a sham animal. F: Inner blade of the ipsilateral dentate gyms from a 2-week injured

animal. This region corresponds ta the region of the inner blade which contained

dystrophie granule ceUs.
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3) Apoptotic characteristics of hippocampal cell death following traumatic

brain injury.

3.0) Foreword

Having identitied neuropathological effeets distal to the site of injury following

TBI, the bioehemical nature of this degeneration was investigated. Cells die by two

mechanisms. necrosis and apoptosis. Necrosis is due to a degenerative increase in cellular

disorder, whereas apoptosis is a distinct cellular function, often gene expression

dependent, that is triggered by extracellular signais. Following cortical contusion, our

silver stain analysis identified dystrophie neurons in the hippocampus. The ceH death

observed in dentate gyrus granule ceUs was then further characterized using several

methods: light microscopie and electron microscopie analysis demonstrated the presence

of chromatin condensation and vacuole fonnation; in situ labelling demonstrated the

induction of DNA fragmentation; and DNA laddering was demonstrated using gel

electrophoresis. In addition to these hallmarks of apoptotic ceU death, necrotic

characteristics were also present. This work was summarized in the paper "Apoptotic

morphologies ofdentale gyrus granule cells following experimental cortical impact injury

in rats: Possible role in spatial memory deficits." Colicos, M.A., Dash, P.K. (1996) Brain

Research 739: 120-131, and is presented below as published.

3.1) Summary

Loss of hippocampal neurons as a result of traumatic brain injury (TBn is thought

to contribute to the observed spatial memory deficits. Using a rodent model of
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experimental brain injury, we have examined the nature of hippocampal cell death

following TB!. Light microscope examination of stained sections showed the presence of

a large number of hyperchromatic and dystrophie neurons in the dentate gyms of the

hippocampus. These cells appeared to he undergoing nudear condensation. Electron

microscope examination demonstrated the presence of ceH shrinkage, condensed

chromatin, nuclear segmentation, and cytoplasmic vacuolization. Detection of a DNA

ladder and in situ labeling (TUNEL) were also consistent with the process of apoptosis.

However, in sorne dystrophie neurons these morphologies were also accompanied by the

presence of swollen mitochondria and a lack of distinctive rough endoplasmic retieulum

which are typically associated with necrosis. These findings show that cortical impact

injury produces cell death in the hippocampus which has both apoptotic and necrotic

features.

3.2) Introduction

Traumatic brain injury (TBI) in humans produces both retrograde (memory of

events preceding the trauma) and anterograde (memory of posttraumatic events) amnesia

(BoIl, 1982; Squire and Alvarez, 1995). Retrograde amnesia is graded such that recent

memories are lost more easily than remote memories. Anterograde amnesia can

sometimes be ungraded and extensive depending on the severity of the injury.

Unfortunately. no effective therapies for human head injury are available. Animal models

for TBI have been developed in an attempt to unravel the cellular and biochemical

mechanisms underlying memory deficits in human head injury (Dixon and Hayes, 1996;
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Gennarelli, 1994~ McIntosh et al., 1989). Cortical impact injury, a widely employed

model of TBI, produces spatiallearning and memory deficits in rats, similar to those seen

in human traumatic brain injury (TBI) (Dash et al., 1996~ Dixon et al., 1991; Goodman et

al., 1994: Hamm et al., 1992: Long et al., 1996~ Meany et al., 1994: Sutton et al., 1993).

It is thought that hippocampal cell death may contribute to these deficits (Goodman et al.,

1994; Kotapka et al., 1991: Lowenstein et al., 1992). Neuronalloss following TBI can be

broadly divided into three categories: 1) cell death due to physical damage as a result of

trauma, 2) necrotic celI death by release of excessive excitatory neurotransmitter such as

glutamate, and 3) delayed cell death. Using a modified silver impregnation technique,

we have identified delayed cellioss in the dentate gyms. CA 1. CA3 and hilar regions of

the hippocampus in injured animaIs (Colicos et al., 1996a). Preliminary light microscope

examination suggested that these dystrophie cells may be dying by apoptosis.

Apoptosis is a form of active cell death process occurring during nervous system

maturation (Hamburger and Oppenheim, 1982). It is a physiological process of cell

elimination, during which, in contrast to necrosis, there is no induction of an

inflammatory response (Duvall et al., 1985~ Gerschenson and Ratello, 1992). The

morphological detenninants of apoptosis begin with cell shrinkage, condensation of the

chromatin, segmentation of the nucleus, and fragmentation of the chromosomal DNA

(Arends and Wyllie, 1991 ~ Duvall and Wyllie, 1986; Earshaw, 1986; Kerr et al., 1972;

Wyllie, 1980). The cell plasma membrane then becomes convoluted, cytoplasmic

vacuolization occurs, and the cellular fragments are packaged into membrane enclosed

vesicles. These vesicles. known as apoptotic bodies, express surface markers that cause
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them to he phagocytosed by neighboring cells (Fadok et al., 1992; Wyllie, 1980). During

apoptosis, intracellular organelles such as mitochondria and rough endoplasmic reticulum

(RER) remain intact (Ankarcrona et aL. 1995; Cossarizza et al., 1994; Newmeyer et al.,

1994; Watt et al.. 1994; Weis et aL, 1995). In comparison to necrosis, apoptosis appears

to be a slow process (Bonfoco et aL, 1995) and often depends on gene expression and

protein synthesis (Deckwerth and Johnson, 1993; Ratan et al., 1994). Recent in vitro

studies have shown that neurons can be induced to undergo apoptosis by treatrnent with

the Bamyloid peptide as weB as with intracellular calcium altering treatments such as

glutamate (Bonfoco et al.. 1995; Deckwerth and Johnson. 1993; Loo et al., 1993).

Although controversial, the role of apoptosis in neuropathalogical conditions is beginning

to emerge. For example, DNA fragmentation has been reported to accompany neuronal

death in models of ischemia and epilepsy (Charriaut-Marlangue et aL. 1996; Charriaut­

Marlangue et al.. 1995; Li et al., 1995; MacManus et al., 1993; Nitatori et aL, 1995;

Pollard et al.. (994). However, neither apoptotic cell death nor ilS raIe in memory

dysfunction has been examined foHowing TBI.

Apoptosis and necrosis appear to be a continuum of ceH death processes

(Ankarcrona et al., 1995; Choi, 1995). Many treatments that induce apoptosis at low

levels cao cause necrosis at higher concentrations (Bonafaco et al., 1995; Choi, 1995).

For example, exposure of cortical neurons to low concentrations of NMDA induces

apoptotic ceH death (Ankarcrona et aL, 1995; Chai, (995). In contrast, intense expose to

high concentrations of NMDA induces necrotic cell damage (Bonofoco et al., 1995; Chai,

1995). This data suggesls that the intensity and duration of insult may direct the ensuing
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pathways towards either necrotic or apoptotic neuronal death (Choi, 1995). In addition,

there are findings that suggest that intermediate levels of insults can produce both necrotic

and apoptotic features (Charriaut-Marlangue et al., 1995; Gwag et al., 1994).

In this report, we have investigated the morphology of dentate gyms granule cells

following conrrolled cortical impact injury in rats. These neurons possess the

morphological features of apoptosis. DNA laddering and in situ terminal deoxy

transferase-mediated dUTP nick end labeling (TUNEL-staining) were also consistent with

apoptosis. However, sorne of these dystrophie cells showed the presence of swollen

mitochondria and a lack of weil detïned rough endoplasmic reticulum, morphological

features usually associated with necrosis.

3.3) Methods

3.3.1) Production of cortical impact brain injury

Lateral controlled cortical impact injury in rats was produced essentially as

described previously (Dash et al., 1995; Meaney et al., 1994). AlI protocols were in

compliance with NIH's Guidefor the Care and Use ofLaboratory Anintals and approved

by the Institutional Animal Care and Use Committee. Cortically impacted rats received a

single impact at 6 meters/sec, 2.5 mm deformation. Sham rats underwent identical

surgical procedures but were not impacted. Core body temperature was monitored

continuously by a rectal thermistor probe and maintained at 37-38°C using a heating pad.

After injury, the scalp was sutured c10sed and the animal extubated.
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3.3.2) Tissue preparation

24-hr postinjury rats were anesthetized with sodium pentobarbital. After animais

failed to respond to tail and foot pinch, they were transcardially perfused with 100 ml of

37°C saline with 1 unit/ml heparin. This was followed by perfusion with 150 ml of 37°C

freshly prepared fixative [4% parafonnaldeyhde, 15% picric acid in phosphate-buffered

saline (PBS»). Brains from naive, sham injured and injured animaIs were removed and

equilibrated in the tixative containing 30% sucrose at 4°C for 2 days. Fixed brains were

then mounted in O.C.T. (Optimal cutting temperature, Miles [ne., Elkhart, IN) cryostat

embedding medium. 4O-micron thick coronal sections, spanning the entire hippocampus

were eut from each brain on a cryostat. Sections were placed in PBS in 24-well tissue

culture plates, washed once with PBS, and stored at 4oC until use.

3.3.3) Cresyl violet staining

Sections to be stained by cresyl violet were tirst mounted on microscope slides,

and then stained with a 2% cresyl vio:et solution (prepared in 0.1 % acetic acid). Slices

were rinsed in deionized water and destained in 1% acetic acid plus 10% ethanol. Some

slices were counter-stained using an antibody raised against the 200 kDa neurofilament

protein (Sigma, St. Louis, MO) and an ABC kit (Vector, Burlingame, CA) as

recommended by the vendor. Slides were cover-slipped and photographed with a Nikon

Axio-phot microscope using brightfield illumination, on Kodak 64T slide film.
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3.3.4) Silver staining

Freely tloating sections were stained by the silver impregnation protocol of

Gallyas et al. with the modification described by Sloviter et al. (Gallyas et aL. 1980;

Sloviter et al.. 1993). Slices were mounted on microscope slides, visualized, and

photographed as described above.

3.3.5) Hoechst staining

Slices were briefly rinsed in PBS and incubated in a 2 Jlg/ml solution of Hoechst

stain (# 33342 prepared in PBS) for 10 min at room temperature. Slices were then

washed twice for 5 min each in PBS, mounted on microscope slides and cover-slipped for

visualization. Fluorescence was detected using an Axio-phot microscope with a broad

range UV tï1ter.

3.3.6) Semi-thin sectioning

Semi-thin sections were prepared From Epon-embedded slices. Slices were tïrst

dehydrated stepwise in an ethanol series (10 min each in 50%, 60%, 70%, 80%, 90%,

95%,99% and 100% ethanol) and then embedded in Epon 8-12. Semi-thin sections (0.5

micron) were prepared using a Beckman microtome. CeUs were visualized by staining

with a 1% solution of toluidine blue in 1% borax. CeUs were photographed at a

magnification of 100X as described above.
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3.3.7) DNA extraction and gel electrophoresis

At the appropriate time points, brains from injured and control animaIs were

quickly removed and hippocampi were dissected in oxygenated ice-cold artificial

cerebrospinal tluid (CSF: 10 mM HEPES pH 7.2, 1.3 mM NaH2P04, 3 mM KCl, 124 mM

NaCl, 10 mM dextrose, 26 mM NaHC03• 2 mM CaCl2 and 2 mM MgCI2). Sample

preparation was carried out at 4°C. The tissues were separately homogenized (10 strokes)

in five volumes of a buffer containing 15 mM HEPES pH 7.2, 0.25 M sucrase, 60 mM

KCt 10 mM Nael, plus protease inhibitors (1 mM EGTA, 5 mM EDTA, and 1mM

PMSF) in a dounce homogenizer using a loose pestle. The cells were then pelletized at

2000 x g for 10 minutes. To lyse the cells, the pelletized material was suspended in 1.0

ml of 5 mM Tris pH 8.0, 10 mM EOTA, 0.5% Triton X-l 00. The resuspended cells were

left on ice for 15 min fol1owed by centrifugation at 13,000 x g for 20 min at 4°C. The

supematant solution was treated with 100 J.1 glml of RNase A for 1 hr at 37°C. This was

followed by the addition of freshly prepared proteinase K and SOS to final concentrations

of 200 J.1g1ml and 1% respectively. The resulting solution was incubated at 5üoe for 1 hr.

The cytoplasmic DNA was extracted with equal volumes of Tris saturated phenol,

followed by phenollchlorofonn and chloroform. The DNA was precipitated with 2.5

volumes of ethanol. The DNA samples were suspended in 10 pl of TE (10 mM Tris pH

8.0, 1 mM EDTA) buffer, incubated at 750e for 5 min and loaded on a 1.5% agarose gel.

At the completion of electrophoresis, the gels were stained with ethidium bromide and

photographed.
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3.3.8) TUNEL staining

Apoptosis is associated with fragmentation of chromatin into a characteristic 180­

200 base pair DNA ladder (Brown et al.. 1993; Wyllie. 1980). The DNA fragments can

he detected by reaction with terminal deoxy transferase which incorporates nucleotides

into the free 3'-ends of DNA molecules (Wood et al., 1993). Since cells undergoing

apoptosis have large numbers of DNA fragments, the transferase incorporates more

nucleotides into these cells. TUNEL detection of DNA fragmentation utilizes

digoxigenin-II-DUTP (Boehringer Mannheim) in a terminal transferase extension

reaction. Forty-micron thick slices. adjacent to those used for silver impregnation

staining, were placed in 200 ,ul of tailing solution (40,u1 5X buffer (supplied with

enzyme), lOtll dUTP DIG. 10,u1 10mM dATP. 10,ul TdT, 130,u1 H20), and incubated at

room temperature for 30 minutes. Slices were then washed twice in PBS for one hour

each at room temperature. The slices were then incubated with an anti-digoxigenin­

horseradish peroxidase ~onjugated secondary antibody (Boehringer Mannheim) as

recommended by the vendor. The binding was detected by use of a DAB kit (Vector).

The slices were counter-stained lightly with hematoxylin (Sigma). Sections were

mounted on glass slides, and photographed at low (5X and 4OX) magnifications. For

semi-thin sections, slices were embedded in epon as described above and further sliced to

0.5 microns, mounted and photographed at 1DaX.

3.3.9) Electron microscopy

Animais were perfused for electron microscope analysis by the same protocol as
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described under Tissue preparation, with the exception of the fixative (2.50/0

glutaraldehyde. 2% paraformaldehyde in PBS). Fixed brains were removed and cut into

approximately 1 mm coronal sections using a Jacobowitz brain slicer. Tissue sections

spatially equivalent to those identified as containing hyperchromatic dystrophie ceUs as

detected by cell staining were used. This tissue was then postfixed in 2% OsO~ overnight.

The sections were dehydrated in ethanol series. The sections were then mounted in Epon

8-12, cut into 60-90 om sections using a Beckman microtome, and mounted on grids. The

slices were stained for 30 min in 2% uranyl acetate. and examined with a JOEL 100CX

EM using an accelerating voltage of 80 kV and a magnification of IO,OOOX.

3.4) Results

3.41) Light microscope analysis of regions of cell death

To look for delayed cell death in the hippocampus. tissue from 24 hour (n==6)

postinjury animais. as well as from naive (n=4) and sham (n=4) injured animais, were first

examined using several staining techniques. Tissue sections 40 microns thick were

examined spanning the entire hippocampus. Figure 1A shows a cresyl violet stained

section obtained from a sham animal and figure 1B from a injured animal. At this 24 hr

time point, no overt loss of hippocampal neuronal ceUs can be detected. Moreover, no

differences were detected between naive and sham hippocampi (data not shawn). To

assist in the identification of dystrophie cells, silver impregnation staining was performed.

Dystrophic neurons stain dark using this silver impregnation technique. Figure 1C shows

a section of the ipsilateral hippocampus adjacent ta the section shown in figure 1B. As
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observed previously, dystrophie neurons can be seen in the dentate gyms, CAl, CA3 and

hilar subfields (Colicos et al., 1996a). A high magnification phatomicrograph of the inner

blade of the dentate gyrus (box in figure 1C) is shown in figure ID. Darkly stained

granule cells can be identified intermingled with normal cells. Figure 1E shows an

equivalent cresyl violet stained section, counterstained with an antibody ta the

neurotïlament 200 kDa protein. With this technique, small, dense, hyperchramatic cells

can be seen. To better visualize the nucleus, Hoechst 33342 stain was also employed.

The appearance of both normal and the hyperchromatic nuclei can he seen in figure 1F.

[n order to examine the morphology of the hyperchromatic ceUs in more detail,

serni-thin sections (0.5 micron) of epon embedded tissue from injured animaIs were

examined at 100X magnification. Figure 2 illustrates the cellular morphology of the inner

blade dentate gyms granule celllayer as visualized by toluidine blue stain. The region

shown in figure 2A corresponds to the dystrophie region shawn in the box in Fig 1C.

Dystrophie cells located in this regian appear shrunken with both the nucleus and

cytoplasm being darkly stained. The nuclei of these cells contain multiple clumps of

chromatin. In contrast, the normal granule cells in this region stain lightly with toluidine

blue and have dispersed chromatin. Figure 28 shows a region of the dentate gyms

immediately adjacent to the boxed area of figure 1C. This region contained

predominately normal granule cells. A few ceIls, however, contain prominent spherical

apoptotic bodies. and numerous vacuoles. The morphology of the hyperchromatic cells

was further investigated by electron microscopy.
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3.42) Electron microscope study of chromatin condensation and vacuole formation

in dentate gyrus granule cells

Figure 3A is an electronmicrograph illustrating a morphologically normal granule

cell taken from a 24 hr postinjury animal. Nonnal granule cell nuclei possess diffuse,

flocculent chromatin, with sorne minor dumping (Sloviter et al., 1993). Figure 3B and

3e show elctronmicrographs of dystrophie granule cells from 24 hour postinjury tissue.

Figure 3B illustrates a granule cell undergoing the early stages of nuclear condensation,

with chromatin dumping occurring at the nuclear membrane. At this early stage of

nuclear condensation, axio-somatic synapses can still be seen in sorne ceUs (Figure 3B­

insert). The synapses were identified by the presence of postsynaptic densities.

Morphologically nonnal eeUs are found immediately adjacent to the dying neurons.

Figure 3e shows the nucleus of a granule eeU undergoing segmentation. At this stage,

fonnation of vacuoles (V) can be seen.

3.43) Mitochondrial and rough endoplasmic reticulum (RER) morphology

Apoptosis is an active process which often requires gene expression and protein

synthesis (Deckwerth and Johnson. 1993; Ratan et al., 1994; WyUie et al., 1984).

Consistant with this, ceUs undergoing the early stages of apoptosis have been reported ta

have morphologically normal mitochondria and rough endapolasmic reticulum and

maintain mitochondrial membrane potential (Ankarcrona et al., 1995; Newmeyer et al.,

1994). However, at late stages of degeneration, the function of these structures has been

reported to be impaired (Cossarizza et al., 1994; Gerschenson et al., 1992; McIntosh et al.,
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1989; Sloviter et aL, 1993; Weis et al., 1995). Using the electron microscope, we

examined the morphology of the mitochondria and RER in normal and in dystrophie

granule cells. Figure 4A shows the mitochondria (lVl) and RER in a normal granule cell

(also shawn in Fig 3A). The mitochondria appear normal with discernable cisternae

while the RER contain numeraus polyribosomes. A dystrophie granule cell whieh

appears ta be at an early stage of nudear segmentation is shown in figure 4B. The

condensed chromatin in this cell is localized to the nudear membrane. The presence of

morphologically normal mitochondria and RER can still be seen in this neuron. Figure

4C shows the morphology of a dystrophie granule cell with condensed chramatin, which,

rather than being lacalized at the nudear membrane appears ta he distributed. In this cell,

the mitochondria are swallen and the RER structure is not dearly visible.

3.44) ln situ 3nalysis of DNA fragmentation

In arder to investigate the biochemical correlates of apoptotic cell death, DNA

fragmentation analyses were performed (Batistatou and Greene, 1991; Brown et al., 1993;

Wyllie et al., 1981). Figure 4A shows a photograph of an ethidium bromide-stained

agarose gel. Hippocampal cytoplasmic DNA extracts were prepared and electrophoresed

as described in the Materials and Methods Section. The hippocampal extract from a

conrrol animal did not show any detectable laddering (lane 1). Lanes 2 and 3 show the

cytaplasmic DNA extracted from the contralateral and ipsilateral hippocampi

respectively, from a 24 hr postinjury animal. A characteristic ladder can be clearly seen in

the ipsilateral sample (lane 3). Although much less intense, a ladder is present in the
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contralateral sample. 8y 72 hrs postinjury, the ladder in the ipsilateral hippacampal

sample was much less intense than the 24 hr samples.

Figure 48 shows TUNEL staining of a slice from the region of the dentate gyms

containing the hyperchromatic cells. This stain mast intensely labels cells which contain

a large number of free 3'-OH DNA ends. Figure 4C shows a high magnification picture

of a semi-thin section taken from the tissue shown in figure 48. The presence of dark

brown DAB stain can be seen in the cytoplasm and collected around the nuclear

membrane.

3.5) Discussion

In this study, we have examined the morphological features of dentate gyms

granule cells following controlled cortieal impact brain injury. The dystrophie cells, as

identitied by silver impregnation, cresyl violet, and Hoechst staining, appear shrunken,

and have condensed nuclei and chromatin. EM microscope examination showed

apoptotic morphology including the association of condensed chromatin to the nuclear

membrane and segmentation of nuclei. DNA fragmentation was demonstrated by the

presence of a characteristic ladder and was corroborated by positive TUNEL staining.

Light microscope examination of cresyl violet, silver impregnated, and Hoechst

stained sections revealed the presence of a number of dystrophie neurons in the inner

blade of the dentate gyms of injured animaIs. When semi-thin sections of this region

were examined, the dystrophie cells were found to he hyperchromatic and shmnken.

Flanking the dystrophie region, a few distinctly apoptotic ceUs were observed. These
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cells contained visible apoptotic bodies and vacuoles.

The nudear events of apoptosis begin with the chromatin condensing into large

clumps (Duvall and Wyllie, 1986; Earnshaw, 1986; Kerr et al., 1972; Wyllie et al., 1981).

These clumps are localized to the nuclear envelope (Eamshaw, 1986). The nuclear pores

redistribute by sliding away from the surface of the condensed chromatin and accumulate

between them (Lazebnik et al., (993). Subsequently, the nudear segmentation occurs. In

order to determine if the hyperchromatic neurons we observed were dying by apoptotic

processes, we investigated sorne of the key morphological events. Granule cells

undergoing apoptosis following TBI had their condensed chromatin appended to the

nuclear periphery and show nudear segmentation (Fig 4B). In sorne ceIls, discontinuities

in the nudear membrane can be seen (data not shown) whieh could be due to

accumulation of nudear pores. Other characteristic features of apoptosis such as vacuole

formation. intact rough endoplasmic reticulum, and normal mitochondria were detected in

these apoptotic granule cells. However, the number of rnitochondria appeared to he less

than in normal cells. This could he due to our inability to unequivocally identify

mitochondria in these electron dense, shrunken cells.

DNA laddering and TUNEL staining were utilized to examine a biochemical

correlate of apoptosis (Batistaton and Greene, 1991; Wyllie et al., 1984). Using the

hippocampal cytoplasmic DNA extracts, we detected a characteristic DNA ladder in

samples obtained from injured animaIs. The intensity of this ladder was maximal at 24 hr

postinjury in the ipsilateral hippocampal sample. This observation is consistent with our

previous finding that dystrophie neurons are more abundant in the ipsilateral as compared
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to the contralateral hippocampus at this time point (Colicos et al.~ 1996a). It has been

recently reported that there is more than one endonuclease functioning during apoptosis~

one producing 50 and 300 kb fragments (Walker et al., 1994), and a second producing the

180-200 bp intemucleosomal fragments (Cain et al., 1994). Although no direct activity

measurements were made~ the presence of a 180 bp ladder suggests that both nuclease

activities are present (Brown et aL, 1993; Eamshaw, 1986). Consistent with this, the

labelling of DNA in the cytoplasm (Figure SC) using TUNEL staining suggests that the

nucleosome fragments generated are small enough to leak out of the nucleus. TUNEL

staining can also potentially iabel necrotic nuclei~ in that the non-specific degradation of

the chromatin would produce a similar increase in 3'-OH groups. However, degradation

of the DNA during necrosis is rapid and is not likely to contribute to the labelling

reactions at the delayed time points we examined (Bonfoco et al., 1995; Gerschenson and

Rotello, 1992). Moreover, in our hands, necrotic ceUs at the site of injury in the cortex

did not show strong positive TUNEL staining.

Apoptosis occurs in two physiological stages. Following a signal, which may he

either intrinsic or extrinsic to the cell~ the cell enters a committed phase (Earnshaw,

1986). This is followed by an execution phase which is autonomously carried out by the

cell. The known morphological features of apoptosis arise during this phase. Depending

on the cell type and the surrounding environment, the durations of the comrnitted and

execution phases may vary. This can he further complicated by the coexistence of cells,

sorne with necrotic, others with apoptotic features, making it difficult to determine the

prominent mechanism of cell death. The EM photomicrograph of the granule cell shown
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in Figure 4C appears te have condensed chromatin, an apoptotic morphology, and swollen

mitochondria, a morphology typical to necrosis. Several possible mechanisms could

explain this combination of morphologies. First, it has been reported that the same insult

can elicit either necrosis or apoptosis (Ankarcrona et al., 1995; Choi, 1995). This

phenomenon has been observed in several cell types including neurons. For example,

cultured neurons exposed to glutamate or NMDA can show the morpholegical features of

both apoptosis and necrosis (Ankarcrona et aL, 1995; Bonfoco et al., 1995). Therefore, it

is possible that a single insult, depending on the intensity and duration, may trigger

apoptosis and necrosis simultaneously. Second, it is possible that following TBI sorne

cells receive a signal (either intrinsic or extrinsic) to enter the committed phase of

apoptosis and begin the execution phase as observed by ceH shrinkage and condensed

chromatin. However, subsequent ta this, a secondary insult results in the necrotic

morphologies we observed. This is consistent with the reports that foHowing TBI calcium

continues to accumulate for up to 48 hrs after the injury (Fineman et aL, (993). Thus,

cells may initially begin an apoptotic process, but as calcium continues to accumulate,

become necrotie. Finally, it is possible that the duration of the execution phase was tao

long allowing secondary necrosis to eliminate the cell (Catchpoole and Stewart, 1993).

Future experiments may help to distinguish between these possibilities.

The injury paradigm utilized in this study has been shown ta produce deficits in

spatialleaming and memory (Dash et aL, 1995; Long et al., 1996). It is thought that

hippocampal ceH death may contribute to these deficits (Goodman et aL, 1994; Kotapka et

aL, 1991). Our previous results showed that the protracted, delayed ceIl death results in a
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significant cellioss from the hippocampus (Colicos et al., 1996a). The data presented in

this study indicate that the dystrophie neurons in the dentate gyrus die in part by the

process of apoptosis. The morphologies of the dystrophie cells identified in other brain

regions have not yet been examined. Identification of the mechanisms of this delayed

apoptotic cell death will allow us to develop strategies for therapeutic intervention to

protect against the cell death and potentially the spatial memory deficits seen following

brain injury.
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Figure 1) HistoIogicai examinatian of 24 hr postinjury ipsilateral dentate gyrus granule

cells. A: Representative photomicrograph of a cresyl violet stained hippocampal section

taken from a sham-operated animal. B: Representative cresyl violet stained section of the

hippocampus from a 24 hr injured animal. No avert differences in the neuronal celllayers

were seen between the sham and injured animaIs. C: Silver impregnation stained section

of an adjacent slice ta that shown in figure 1B. Dystrophie cells can be seen as darkly

stained using this technique. Box indicates dystrophie region shown in D-F. D: High

magniticatian photomicrograph of the inner blade of the dentate gyms from a silver

stained section. Dystrophie cells can be seen intermingled with normal granule cells. E:

High magnification photomicrograph of a cresyl violet stained section counterstained with

an antibody ta the 200 kDa neurotïlament protein. Using this protocol, hyperchromatic

cells are distinquishable from nonnal cells. F: Photomicrograph of a Haechst stained

slice showing the nuclear condensation occuring in the dystrophie cells.
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Figure 2) High magnification light microscope analysis of dentate gyrus neuronal cell

layer. Semi-thin slices (0.5 microns in thickness) were stained with toluidine blue and

photographed at 100X magnification. A: Photomicrograph of a section taken from within

the boxed region illustrated in tigure 1C. The figure shows the morphology of the granule

cells within this dystrophie region. Normal (N) and dystrophie (0) cells are shawn. 8:

Photomicrograph taken of a section of the inner blade f1anking the boxed area shawn in

figure 1C. The cells in this region are predominately nonnal. A few cells containing

apoptotic bodies (A) and vacuoles (V) can be seen.
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Figure 3) Electron microscopy of dystrophic dentate gyms granule cells. A:

Electronmicrograph of a normal granule ceH. B: Morphology of a granule ceH at the early

stage of apoptosis showing chromarin condensation. The chromatin is predominately

localized to the nuclear membrane. Insert shows an axio-somatic synapse, from the

dystrophie ceH (box). C: Apoptotic granule cell illustrating segmentation of the nucleus.

Cytoplasmic vacuoles are beginning to fonn (V), and the ceH has become degenerate. Bar

represents 1 micron, the same magnifieation was used for ail micrographs.
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Figure 4) Morphology of rough endoplasmic reticulum (RER) and mitochondria (M).

A: Photomicrograph of a nonnal granule cell containing dearly visible RER and

mitochondria. The mitochondria contain discernable cistemae. B: Picture of a granule

cell undergoing the early stages of nudear segmentation. The chromatin is condensed and

localized ta the nudear membrane which is invaginated. The RER is still visible and the

mitochandria appear morphologically normal. C: Representative photomicrograph

shawing bath apoptotic and necrotic features. The chromatin is condensed but dispersed.

The mitochondria appear swollen and no distinguishable RER is present. Bar in C

represents 1 micron. The same magnificatian was used for ail micrographs.
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Figure 5) DNA Fragmentation. A: Representative photograph of a ethidium bromide

stained gel. Hippocampal cytoplasmic DNA was extracted and electrophoresed as

described in the Materials and Methods section. Lane 1. Control. Lane 2. 24-hr

postinjury (contralateral). Lane 3. 24 hr postinjury (ipsilateral), Lane 4. 3-day postinjury

(ipsilateral). DNA fragmentation is identified by the presence of a characteristic ladder.

B: ln situ labelling (TUNEL staining) for DNA fragmentation. The photomicrograph was

taken from the hyperchromatic region (box in figure 1C) of the dentate gyms, 24 hours

postinjury. C: 0.5 micron epon section taken from the same slice shawn in B. The stain

appears to he primarily associated with the nuclear membrane, with sorne of the labeled

DNA being detected in the cytoplasm.
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4). Regulated expression of netrin in the adult mammalian brain foUowing

seizure.

4.0) Foreword

After demonstrating the presence and the apoptotic nature of delayed cell death

following traumatic head injury, a mechanism that may contribute to the recovery of the

injured neuronal system was then investigated. As a candidate mechanism for post-injury

neuronal remodelling, the embryanic chematraphic factor netrin was demonstrated to be

expressed in the adult mammalian brain. The regulation of netrin and one of its receptors

(deleted in colorectal carcinoma. DCC) was investigated following seizure induced injury,

and the expression of both shown ta be enhanced in several brain regions. The

subcellular localization of these two proteins was analysed and related to the injury

paradigm. The following tindings comprise the majority of data contained in a paper

currently being prepared for submission to the Journal of Neuroscience. This will

constitute the first report of constitutive expression of netrin in adult mammalian cortical

structures, the first report of the distribution of netrin protein in the adult mammalian

brain, and the first reported demonstration of the induction of netrin expression following

experimentally induced seizure.

4.1) Summary

The chemotropic factor netrin has been demonstrated to be expressed during neural

development, and has been shown to he capable of promoting and altering the trajectory

of extending axons. In this report we define the pattern of netrin expression and the
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distribution of netrin protein in the adult rat and mouse brain. This was done using

antibodies against netrin. in situ hybridization analysis, and by analysis of a transgenic

mouse in which the netrin-l promotor drives the expression of lacZ. In the nonnal

animal, netrin expression was observed in basal ganglia structures, amygdaloid,

hypothalamic, limbic. cortical and cerebellar regions, and appears to he associated with

areas of the brain containing dopaminergic neurons and dopaminergic innervation. It was

observcd that following pilocarpine induced seizure in rats, there was an initial decrease,

followed by a long tenn increase in both the expression level and abundance of netrin

positive cells. This increase occurs in regions associated with the seizure activity and the

resulting neuronal damage. We hypothesize a role for netrin in neurite sprouting and

regeneration that might occur in these regions following injury.

4.2) Introduction

During the development of the nervous system. axons navigate along defined

pathways to reach their specifie targets. This is accomplished by the growth cones

response to guidance eues in the environment (for review see Tessier-Lavigne and

Goodman, 1996). These eues include chemorepulsive and chemoattractant factors such as

netrin. Netrin-l has been demonstrated to function as a floor-plate expressed

chemoattractant for dorsal commissural neurons during spinal cord development

(Kennedy et al., 1994; Serafini et al., 1994), and can also repel dorsally projecting

trochlear motor neurons (Colamarino and Tessier-Lavigne, 1995a). Netrin has also been

implicated in the orientation of axons in the dorsal hindbrain and cerebellum (Shirasaki et
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al., 1985; Tamanda et al., 1995; Ackerman et al., 1997) and of retinal ganglia cell growth

cones (Deiner et al., 1997; Delatorre et al., 1997). While a role for nerrin expression

during development is becoming clear, evidence that netrin expression persists in the

adult brain (Kennedy et al., 1994; Kennedy et al., 1996; Colicos et al., 1997; Livesey and

Hunt, 1997) suggests a continuing raie for netrin in regulation ofaxonal structure

throughout the life of the animal.

Pilocarpine induced seizure activity in rats is a widely utilized model of human

temporal lobe epilepsy (Riee and Delorenzo, 1998; Hamani and Mello, 1997), and

produces long term behavioral, histological and biochemical changes. Pilocarpine is a

muscarinic agonist, producing status epilepticus (SE) as weil as subsequent spontaneous

reCUITent limbic seizures for months following treatment (for review see Turski et al.,

1989). Neurotransmitter systems also play a raie in the long term sequela of pilocarpine

induced seizures. NMDA receptor agonist MK·80 1 has been shawn ta black the

spontaneous reCUITent seizures, and limit the cell death in the CA 1 hippocampal field

(Riec: and Delorenzo, 1998), while dopaminergic agonists and antagonists can modulate

the SE phase (George and Kulkarni, 1997). Neurohistological changes include both short

and long term neuronal cell death (Fujikawa, (996), as weil as subsequent axonal

sprouting in cholinergie forebrain neurons and in the dentate gyms of the hippocampus

(Holtzman and Lowenstein. 1995). Biochemical changes include upregulation of

neurotrophins, as weil as furin and other prohormone convertases enzymes (Schmidt­

Ké'.stner et al., 1996; Marcinkiewicz et aL, 1997; Isackson et aL, 1993).

In this report we document the baseline level of netrin expression in the rodent,
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utilizing netrin immunohistochemistry on rat tissue and in situ hybridization of rat tissue

with a netrin-l anti-sense probe. [n addition, we have analyzed the distribution of netrin-l

in the adult mouse brain by using a transgenic mouse in which the netrin-l promoter

drives the expression of p-galactosidase (Serafini et al., 1996, Skames et al., 1995). Mice

heterozygous for this transgenic insertion carry one wild-type neu'in allele and one mutant

(netrin-I pgeot+) and have no dramatic CNS phenotype (Seratini et al., (996).

This baseline expression is compared to post pilocarpine induced seizure

expression levels in the rat at various time points following treatment. We observe

expression of netrin in nonnal adult animais in the hippocampus and cortex, as well as in

several basal ganglia structures and cerebellum, and observe an increase in bath protein

levels and rnRNA expression level in subsets of these regions following seizure. The

netrin receptor DCC (deleted in colon carcinoma) is also demonstrated to be upregulated

in these regions. Intracellular localization of netrin protein suggests an association with

vesicles and putitive synaptic structures. Results suggest a strong correlation with regions

of dopaminergic innervation, as weIl as with regions of neurogenesis and sprouting. A

raie for netrin during injury recovery in the adult is hypothesized.

4.3) Methods

4.3.1) ln situ hybridization

DOC in situ hybridization was performed using digoxigenin (DIG) labelled RNA probes

(Braissant and Wahli, 1998), which were then detected chromatically using alkaline

phosphatase immunochemistry. Netrin in situ hybridization was additionally amplified by
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the NEN Tyramide Signal Amplification (New England Nuclear) procedure, detected

using peroxidase (POO) immunohistochemistry and chromatically reacted with

diaminobenzidine (OAB).

1) Probe preparation - A rat netrin-I cONA fragment was supplied by Mark Tessier­

Lavigne. A region of this clone consisting of a 196 bp Not l - Pst l fragment,

corresponding to bases 222 - 427 in the chick netrin-I sequence (Kennedy et al., 1994)

was sub-cloned into pBluescript-KS vector (Stratagene). This plasmid (pMe II) was used

to make both sense (T3) and anti-sense (TI) digoxygenin netrin-I RNA probes. For

template preparation 10 J.1g of plasmid was digested with either Barn H1(T7) or Eco

RI (T3), run on a 1% agarose gel. the linearized plasmid eut out of the gel and purified

using the Quigen T 150 ONA puritïcation kit. For DCC in situ hybridization, the rat DCe

cDNA clone n78 (Keino-Masu et al., 1996) was eut with Xhol, similarly processed and

anti-sense probe was transcribed with TI RNA polymerase. For both netrin and DCC

probes, 1 llg of linearized plasmid was used per probe reaction, which synthesised

approximately 5 J.1g of RNA probe. Probe reaction volume was then increased to 100 J.11

and separated from nucleotides by two precipitations (100 III NH4-acetate 4 M and 500 III

EtOH 100%, -70°C 30 minutes. and centrifugation at 4 c C in a microfuge). Pellets were

resuspended in 40 1.11 of H20 and quantified by visual comparison to known concentrations

on a fonnaldehyde gel. Probes were stored at -20°C until use.

3) Tissue preparation for Netrin in situ hybridization - Rats (250-350g Sprague-Dawley

68



•

•

males) were anaesthetized with sodium pentobarbital. After animais failed ta respond to

tail and foot pinch, they were transcardially perfused with 100 ml of 37°C saline with 1

uniriml heparin. The brain was immediately dissected out and placed in ice cold PBS.

The brain was cut iota 3 major regians ta minimize freeze fracturing. Prior to the

dissection iso-pentane (2-methyl butane) was chilled to -145°C in liquid nitragen. Excess

PBS was blotted from the tissue and then blocks were loasely wrapped in foil and

submerged in the iso-pentane. Freezing was camplete within minutes, and the maximum

time from lime of death to freezing is approximately 5 minutes for no signal degradation

to occur. Once frozen. tissue was stored at -70°C until needed (maximum several weeks).

Tissue ta be eut was mounted on a cryostat chuck seated in a bed of dry ice. Chilled OCT

was slowly applied to the surface of the brain so as not to allow any thawing of the tissue

to occur. 5 micron sections were cut on a Micron freezing cryostat and maunted on

SuperFrast Plus Slides (Fisher). Siides were allowed to air dry until the tissue became

opaque (approximately 30 seconds). Langer drying times resulted in a decrease in signal

intensity. Slides were placed directly iota 4% parafarmaldehyde, 15% picric acid in

phosphate-buffered saline (PBS) and fixed for 1.5 ta 2 hours. Except where indicated

slides were pracessed vertically in a 5 slide staining jar, with approximately 50 mIs of

solution per step.

4) Tissue preparation for DCC in situ hybridization - Rats (250-350g Sprague-Dawley

males) were anaesthetized with sodium pentobarbital. After animais failed ta respond to

tail and foot pinch, they were transcardially perfused with 100 ml of 37°C saline with 1
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unit/ml heparin. This was followed by perfusion with 150 ml of 37°C freshly prepared

fixative [4% paraformaldeyhde. 15% picric acid in phosphate-buffered saline (PBS), pH

8.5]. Brains from naive. sham injured and injured animaIs were removed and equilibrated

in the fixative containing 30% sucrose at 4°C for 2 days. Fixed brains were then mounted

in O.C.T. (Optimal cutting temperature, Miles Inc., Elkhart, IN) cryostat embedding

medium. 4O-micron thick coronal sections, spanning the entire hippocampus were cut

from each brain on a cryostat. Sections were placed in PBS in 24-well tissue culture

plates, washed once with PBS, and stored at 4oC until use.

4) lVetrin-1 Hybridization - Fixed slides were rinsed twice with 2X SSC (20X - 3.0 M

Nael, 0.5 M Na Citrate, pH 7.0). and then equilibrated in IOmM triethanolamine for 5

minutes. Slides were then transferred to a horizontal rack and treated with 1 ml per slide

0.250/0 acetic anhydrid in 10mM triethanolamine for 10 minutes at room temperature. The

solution was then drained from the slides and replaced with pre-hybridization solution

(SO% fonnamide, SX SSC, SX Oenhardt's (50X - Ig BSA (bovine serum albumin), Ig

PVP (polyvinylpipirodine), Ig Ficoll in lOOmls H20), 1% SOS, 100 uglml yeast tRNA,

100 uglml Heprin). Slides were incubated at room temperature for 1 hour. Hybridization

was perfonned in buffer (SO% fonnamide, 5X SSC, 40 llglml single stranded salmon

sperm ONA) with approximately 200 ng of digoxygenin labelled probe in 100 III buffer.

Probe was denatured by heating to 90°C for 10 minutes in the hybridization solution.

Probe was applied by quickly pouring off the pre-hybridization solution, and then

applying the warm hybridization solution to the section. Tissue should remain clear
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during this step. Slides were then coverslipped with #1 22x40mm coverslips, excess

solution aspirated off, and the eoverslips sealed with nail polish. The hybridization was

perfonned over-night, the temperature regulated by placing the slides in glass petri dishes

and floating them in a 48°C waterbath.

5) Detection - Upon completion of the hybridization, slides were removed from the water

bath and immersed in 20X SSC. A razor was used to eut off the nail polish and the

coverslips removed. Slides were transferred to the staining jar containing 2X SSC. The

buffer was ehanged once and then the stringent wash was done at 48 0 C for one hour.

Upon completion of the wash slides were rinsed with room temperature 2X SSC once and

then placed inta black (20/0 BSA. 2% heat inactivated lamb serum. 0.050/0 TWEEN-20)

for 30 minutes. DrG probe was detected by first incubation in POD-coupled anti­

digoxigenin antibody (Boehringer Mannheim), followed by washing 3 x 10 minutes with

PBS with 0.05% TWEEN-20. Slides were then reacted with the NEN biotinyl tyramide

substrate diluted 1: 100 in the dilution buffer provided for 10 minutes. Slides were then

washed 3 x 10 minutes in PBS. A second blocking step was then perforrned in the NEN

provided blocking agent. and the slides then incubated in a 1:200 dilution of streptavidin

horse-radish peroxidase (SA-HRP) in blacking agent for 30 minutes. Slides were washed

in PBS 5 x 10 minutes and reacted with DAB (Vector labs). Reactions were taken to

completion (approximately 7 minutes). Slides were washed in PBS, rinsed in H20 and

mounted in Aquamount for photomicrography.
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5) DCC hybridization - DCC in situ hybridization was done with free-floating tissue

sections, processed in 24-well culture trays. Sections were rinsed once in 2X SSC, then

placed in pre-hybridization solution (SO% formamide, SX SSC, SX Denhardt's (SOX - Ig

BSA. Ig PVP, Ig Ficoll in 100mls H20), 1% SDS, 100 Ilglm1 yeast tRNA, 100 llg/ml

Heprin). Slides were incubated at room temperature for 1 hour. Hybridization was

performed in the same buffer by the addition of approximately 200 ng of denatured

digoxygenin labelled probe. Trays were sealed with parafilm and place in a shaking water

bath ovemight at SO°C. The following day the sections were transferred to 2X SSC, then

stringently washed in 0.2X SSC at sooe for 1 hour. Sections were rinsed twice in 2X

sse and placed into blocking solution (2% BSA, 0.20/0 Triton-X 100 in PBS) for 1 hour.

DIG labelled probe was detected with anti-DIG alkaline phosphatase linked antibody

(Boehringer Mannheim 1093 274, diluted 1:200 in blocking solution) for one hour at

room temperature. Sections were washed 3 x 30 minutes in PBS and colonnetrically

detected over night with BM purple substrate in the dark at 4°e. Sections were mounted

on glass slides, coverslipped with Aquamount for photomicrography.

4.3.2) Immunohistochemistry

Immunohistochemical analysis was performed on both rat and mause brain tissue,

utilizing an anti-beta-galactosidase palyclonal antibody (S'->3', le 196A) and the anti pan­

netrin polyclonal antibody 11760 (Kennedy et al., 1996b; Deiner et al., 1997). Tissue was

prepared as follows. AnimaIs were anaesthetized with sodium pentobarbital. After

animaIs failed ta respond ta tail and foot pinch, they were transcardially perfused with

72



•

•

37°C saline with 1 unit/ml heparin (approximately 100 mis for rats, 20 mIs for mice) .

This was followed by perfusion with 37 oC freshly prepared fixative [4%

paraformaldeyhde, 15% picric acid in phosphate-buffered saline (PBS)], using

approximately 150 mIs for rats, 50 mIs for mice. Brains from naive and injured animaIs

were removed and equilibrated in the fixative containing 30% sucrose at 4 oC for 2 days.

Fixed brains were then mounted in O.C.T. (Optimal cutting temperature, Miles Inc.,

Elkhart, IN) cryostat embedding medium. 4O-micron thick coronal sections, spanning the

entire brain were eut on a cryostat at -16°C. Sections were placed in PBS in 24-well

tissue culture plates. washed once with PBS. and stored at 4°C until use.

Immunohistochemistry was performed on free-floating sections in 24 well plates.

Sections to be stained were washed twice in PBS, and then transferred to black (PBS, 2%

BSA, 0.2%Triton X-I00) for 60 minutes. Sections were incubated in antibody (11760

diluted 1:50~ anti beta-galatosidase diluted 1: 1000 in block) ovemight at 4°C. Sections

were then washed 3 times for 10 minutes each in PBS at room temperature and incubated

with anti rabbit POO conjugated secondary antibody for 30 minutes at room temperature.

Sections were washed 3 times ID minutes in PBS and reacted with DAB (Vector Labs).

Sections were mounted on glass slides, coverslipped with Aquamount for

photomicrography.

4.3.3) Pilocarpine induction of seizure

Seizures were induced with pilocarpine as described by Starr and Starr (1993). Briefly,

male Sprague Dawley rats were injected I.P. with methyl scopolamine (lmglkg) ta

73



•

•

prevent the peripheral autonomic effects of pilocarpine. Fifteen minutes later, they

received an injection I.P. of 375 mg/kg pilocarpine hydrochloride. One hour later the

seizure was tenninated with an I.P. injection of 10 mg/kg diazepam. The animaIs were

hand fed glucose solution and rat chow slurry until they recovered and were able to feed

independently, typically 1-2 days.

4.4) ResuUs

4.4.1) Netrin expression in the normal adult rat brain

The polyclonal sera 11760 was raised against a peptide corresponding to sequence highly

conserved in vertebrate netrins (RFN MEL YKL SOR KSG OVe). This includes 100 %

amine acid identity in chick netrin-l and chick netrin-2 (Serafini et al., (994), zebrafish

netrin-l a and netrin-2 (de la Torre et al., 1997), mouse netrin-I (Seratini et al., 1996),

human netrin-I (Swimmer et al., (998). In immunoblot analysis of lysates of embryonic,

post-natal, and adult rat brain. affinity purified anti-netrin 11760 recognizes a band of -75

KDa corresponding to fulliength netrin protein (Kennedy et al., 1996). We used antibody

11760 to visualize the distribution of netrin protein in adult rat. Immunohistochemical

specificity of the antibody in this system for netrin protein was first confirmed by pre­

incubation of the antibody with 293 cell-expressed protein from a clone containing the

peptide sequence ariginally used to make the antibody. Figure la shows the effect of pre­

incubation (insert) on 11760 signal in the hippocampus. Netrin immunoreactivity was

detected outside the cell bodies, in the cytoplasm and on the cell surface, consistent with

netrin being a secreted component of the extracellular matrix. Ta identify netrin
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expressing ceUs, in siru hybridization was performed. Figure lc shows the netrin mRNA

distribution in a region corresponding to the protein expression in Figure la. Netrin

message was detected in the principal cells of the hippocampal gyms.. the dentate gyms

granule ceUs and the hilar interneurons. Figure 1b and 1d illustrate the cortical expression

of netrin. In Figure 1b, 11760 immunohistochemistry of neocortex demonstrates a strong

signal in layer 1 cells. Less intense immunoreactivity was also detected in the pyramidal

ceUs of layer 2 and 3. Figure Id illustrates in situ hybridization of a corresponding region

with anti-sense netrin-I probe, demonstrating that cells in both neo-corticallayers express

netrin-l. Control hybridization with a sense probe (Figure Id, insert) did not detect any

hybridization signal.

4.4.2) Netrin induction following seizure

Immediately following seizure we observed a dramatic decrease in the level of

netrin immunoreactivity in brain regions associated with seizure activity. This can he

seen in Figure 2 which shows a comparison between the overall protein level in a coronal

section transecting the hippocampus in the normal (Figure 2a) and 24 hours post seizure

(Figure 2b). This effect was mast dramatic in regions where visible tissue damage

oceurred following the seizure activity, such as the entorhinal cortex (Figure 2e). By 3

days post seizure this effect was no longer observed (not shown). At 7 days post seizure,

overall netrin immunoreactivity inereased (Figure 2d). Netrin immunoreaetivity in the

hippocampus was also induced following seizure, as illustrated in Figure 3. Netrin

immunoreactivity in the normal rat (Figure 3a), compared to eorresponding tissue from a
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rat 7 days post-seizure (Figure 3c), indicates primariIy an increase in the Ievei of

expression in the granule cells of the dentate gyms, and the polymorphie ceII layer (CA4).

The cells of the hilar region. which are strongly netrin immunopositive in the normal rat,

continue to show high levels of detectable protein. The induction in this region appeared

to he a change in the amount of protein expressed rather than the appearance of new

positive cells. In order to compare the level of netrin expression in normal and post

seizure brain. both brain samples were cryostat sectioned onto the same slide and in sitll

hybridization analysis carried out simultaneously on both tissues.

This observation was confinned by both in situ hybridization and northem blot

analysis. Figure 3b,d shows in situ hybridization of same-slide co-processed nonnal and

3 day post-seizure tissue with the netrin-l probe, suggesting an increase in netrin-l

message begins in these cells at the 3-days post-seizure time-point. Induction of netrin-l

was aise demonsrrated using northern blots of RNA from 7 day post injury sham and

seized animaIs (Figure 4). Densitometric analysis indicated an increase of approximately

2 foid over normal total hippocampal rnRNA levels occurs following seizure, consistent

with the in situ hybridization and immunohistochemicai analysis.

The increase observed in the entorhinal cortex protein levels 7 days post seizure

(Figure 2d) was accompanied by an increase in the detectable level of netrin-l rnRNA 7

days post seizure. Figure 5a shows netrin-l rnRNA levels in the entorhinal cortex of a

normal rat. Figure 5b shows the corresponding tissue in a 7 day post-seizure rat. Higher

magnificatien micrographs can be seen in Figure 5c,d. Insert in 5d shows a high

magnification micrograph of corresponding cortical neurons in the layer 113 region of 7 -
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day post-seizure enthorhinal cortex stained for netrin protein. High levels and a punctate

staining pattern can be seen.

4.4.3) Netrin-l expression in the netrin-l Pgeol+ monse brain

In arder to assist in cataloguing the spatial distribution of netrin expression in

normal mammalian brain. expression of netrin was assessed using a transgenic mouse in

which the netrin-l promotor drives the expression of IacZ, netrin-l PgOJl+ (provided by

Mare Tessier-Lavigne, described in Serafini et al., 1997). This provided an aecurate and

specifie method of eharacterizing the spatial gene expression profile in the normal mouse.

Figure 6 summarizes the location of the netrin-l producing eeUs. In the forebrain

(illustrated in Figure 6a) high levels of netrin expression can be seen in the pirifonn

cortex, tenia tecta, the nucleus aceumbens core and the olfactory tubercule. Moving

caudally, Figure 6b illustrates the parietal cortex, cingulate cortex, caudate and putarnen,

lateral septal nucleus (intermediate region), nucleus accurnbens shell, the cell bridges of

the ventral striaturn and the ventral palladium. Figure 6c, at approximately 1 mm rostral

to bregma, indicates expression in the parietal cortex, caudate putamen, bed nuclei of the

stria tenninalis, ventral palladium and the cell bridges of the ventral striatum. Figure 6d

includes the paraventricular hypothalamic nucleus, the subthalamic nuclei,

premammillary nuclei, basolateral amygdaloid nucleus and piriform cortex. Figure 6e

shows entorhinal cortex, the interfasicular nucleus, paranigral nucleus and substantia

nigra pars cornpaeta. Figure 6f shows the cerebellum at the level of the paraflocculus, the

region of highest netrin expression deteeted, although stellate and basket ceUs showed
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expression throughout the cerebeHum. Aiso observed to express netrin-l but not listed in

Figure 6 is the supramammilary nucleus and scattered cells in the medial septal nucleus.

Figure 7a-f shows closeup photomicrographs of 6 major beta-galactosidase positive ceH

regions in striaturn and forebrain. Figure Sa-f shows closeup photomicrographs of 6

major striato-nigal regions expressing netrin-l, as well as expression in the cerebellum.

Table 1 summarizes the regions of netrin expression by structure.

4.4.4) Netrin receptor DCC induction following seizure in rats

To determine if there was also an alteration of netrin receptor levels in response to

seizure, DCC in situ hybridization and immunohistochemistry was performed on normal

and seized tissue. There is a dramatic localization of DCC protein in layer 3 of the

entorhinal cortex (Figure ge> and in cells of the thalamus (Figure 90 3 days following

seizure. This is a[so retlected in the DCC mRNA levels. Figure 9a and c show a

comparison between normal and 3 day post-seizure entorhinal cortex. A clear line of

DCC positive cells can he detected detected in the entorhina[ cortex 3 days post-seizure.

Figure 9b and d show a comparison between DCC mRNA leve[s in the thalamus in

nonnal and 3 day post seizure tissue. A dramatic increase in the cellular labelling can be

seen, and this increase in mRNA is complimented by the corresponding

immunohistochemical detection of DCC protein (Figure 9t).

Surrounding the region of the damaged entorhinal cortex, many cells were

observed ta express high levels of DDC or netrin, but it was uncommon ta find

expression of bath molecules in one neuron. This was taken advantage of to investigate
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possible sub-cellular interactions between netrin positive and DCC positive neurons.

4.4.5) Subcellular localization of netrin protein

Figure 10a shows a high resolution tlourescent confocal micrograph of a cortical neuron

from the region of the entorhinal cortex from a 7 day post injury animal, counterstained

with anti-netrin receptor DCC antibody. DCC expression is detected in an approaching

neurite (green) which has contacted and is travelling along the netrin positive neurite

(red). Co-Iocalization at bead-like structures is suggested at the points of yellow co­

labelling. Both proteins appear concentrated at varicosities, suggesting an association

with synapses. The high levels of netrin at the varieosities was an interesting observation

considering in sitll hybridization suggested that netrin-l mRNA might be present in the

processes of neurons (Figure lOb).

4.5) Discussion

4.5.1) Netrin expression in basal ganglia

Constitutive netrin expression in the basal ganglia ean be overlayed on three main regions,

the striatum, the striatopallidal system and the extended amygdala region. Regions of the

ventral striatum that express netrin include the nucleus accumbens (Figure 7a,b), the

caudate-putamen (Figure 7e,d), the cell bridges of the striatum that connect the tubercle

with the overlying caudatoputamen and nucleus aceumbens (Figure 7t), and the tenia teeta

(Figure 7e). Neurons of the caudate-putamen (Figure 7d) can he seen to have the

distinctive morphology and distribution of the large aspiny or sparsely spiny cholinergie
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basal forebrain neurons. These cholinergie neurons are distributed as approximately 20/0

of the total neurons in the dorsal and ventral striatum, and receive both thalamic and

dopaminergic afferents (Shepherd, 1990b). Netrin expression in the nucleus accumbens

occurs at the highest level in the core, but substantial expression can also be observed in

the shell (Figure 7b). Principal connections from the accumbens are to the septum and

substantia nigra, but efferents also extend to the bed nucleus of the stria terminalis, pre­

optic and lateral hypothalamic regions. Extending fram the ventral striaturn is the ventral

striatopallidal system, in which the ventral palladium (Figure 8b) can be seen ta contain a

large number of netrin expressing neurans. Netrin expression in the extended amygdala

occurs in the bed nuclei of the stria terminalis (Figure 8a). The basal ganglia structures

listed here primarily function in voluntary motor planning and control, and include motor

leaming pathways (for review see Hikosawa, (998).

4.5.2) Netrin expression in dopamine related structures

One of the most prominent netrin positive regions is the substantia nigra pars compacta

(SNC) (Figure 8e). The multipolar A9 cells of this region comprise the principal regian

of dopamine production in the rodent (Paxinas, 1995a). This cell group extends

posteriorly to the retrorubro field as the A8 dopaminergic neurons. Associated with the

SNC is the ventral tegmental area (VTA), whieh contains approximately 80%

dopaminergic AI 0 neurons which project to striatal areas (Paxinos 1995a). Seven major

areas receive dopaminergic innervation from the SNC and VTA, and each of these areas

express netrin at high levels. These areas are as follows: 1) Dense outputs from the
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ventral and intermediate sheets of the SNC and ventrolateral VTA innervate the caudate­

putamen (Paxinos 1995a). Netrin expression in this region is illustrated in Figure 7c. 2)

The nucleus accumbens (Figure 7a) and 3) olfactory tubercule (included in Figure 7e)

receive inputs from the dorsal and middorsal VTA. 4) The lateral septum is innervated

by ventral VTA neurons and medial SNC neurons, and is illustrated in Figure 8d.

(Paxinos 1995a) 5) Cingulate cortex, 6) perirhinal cortex, and 7) prefrontal cortex aIl

receive input From the dorsal SNC tier and are netrin positive (exemplified in Figure 1b)

(Paxinos 1995a). Inputs to the SNC include axons from the matrix compartment of the

striatum (indirect limbic) arriving at the ventral tier of dopaminergic neurons (Paxinos,

1995a), and the dorsal tier of the SNC receives its inputs primarily from frontal and

cingulate cortex (direct limbic), hypothalamic, and amygdaloid regions and the patch

compartment of the striatum (Paxinos, 1995a).

These tïndings demonstrate the presence of netrin in the S NC and its efferent

targets, and its overlap with the basal ganglia and dopaminergic systems, however the raIe

of netrin in these structures is unclear. These structures are a convergence point for

various cortical inputs. It has been suggested that after the fonnation of a temporary

association of these cortical signaIs, their behavioural significance is evaluated by the

limbic system, giving the basal ganglia their role in behavioural procedural memory

(Hikosawa, 1998). These structures are also responsive to seizure activity. Il has been

observed that dopamine utilization increase in the nucleus accubens, olfactory tubercle

and cingulate cortex, and decrease in the hippocampus post-seizure (Alam and Starr,

1996). As with the hippocampus, the basal ganglia are also a highly regenerative region
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of the CNS, with well documented examples of post-injury sprouting (Mitsumoto et al.,

1998, Ho and Blum., (998). Induction of such events could be triggered by neurotrophic

factors such as BDNF (Cellerino et al., 1998). While fluer delineation of the celI types

expressing netrin will alIow for a more specific investigation of the role of netrin in these

structures, the correspondence between regions of regeneration and the presence of netrin

is maintained.

4.5.3) Netrin expression in cortical structures

Evidence is presented demonstrating netrin-I expression in both allocortical and

isocortical structures. In the hippocampus the highest level of protein detected was in

cells with the distribution of basket cells and hilar intemeurons and, however both

pyramidal and granule ceUs were also netrin immunopositive, but at lower intensity. The

presence and induction of netrin post-seizure in this hippocampal cell population was of

interest, as post-seizure mossy fiber sprouting is a very weil characterîzed example of

axon sprouting in the adult brain. The granule neurons and CA3 neurons are both targets

of sprouting mossy flbers following seizure. Recent evidence suggests that netrin also

functions as a short-range target recognition molecule for synapse formation (Winberg et

al., (998). As such, the regulated expression of netrin by these targets demonstrated here

may play a role in promoting mossy fiber outgrowth and reactive sYnaptogenesis

following seizure.

In cortical structures such as cingulate and entorhinal cortex, netrin is seen in the

layer 2 pyramidal ceUlayer, as weil as throughout the deeper regions. High protein levels
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in isolated layer 1 cells which are morphologically similar to intemeurons was aiso

observed. A substantial level of tissue damage was observed in the entorhinal cortex

post-seizure. We demonstrated an increase in the level of netrin expression in the layer 2

pyramidal ceUs of this region, as weIl as a high level of induction in scattered cells in

layers 3-4. Although post-seizure axonal sprouting in the entorhinal cortex has not been

documented. it is a region of post-seizure celI death (Du et al., 1995). It is possible that,

in a manner similar to the hippocampus, the presence of increased netrin levels in the

pyramidal ceUs could also promote sprouting in this region. This could contribute to

altered electrophysiological responsiveness of circuits involving this region (Nagao et al.,

1996; Nagao et al., 1994), and consequently the recurrent seizure activity observed post

seizure.

4.5.4) Conclusions

The expression of the embryonic chemotropic molecule netrin continues in the normal

adult rodent, and is primarily associated with cortical, cerebellar and basal ganglia

structures. Localization of increased netrin expression post-seizure is consistent with

regions of post-seizure sprouting and altered electrophyisological responses. Acting as an

axon guidance molecule and/or a short-range target recognition molecule for synapse

formation, netrin could play a role in these events. Netrin is also present in many brain

structures demonstrated to exhibit activity-dependent plasticity. It has been suggested that

structural changes at the sYnapse, such as the growth of new sYnaptîc connections, may he

a component of activity dependent plasticity (for review see Bailey and Kandel, 1993).
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Visualization of netrin associated with structures having the morphological characteristics

of vesicles and synapses suggests that it may also be the case that constitutive expression

of netrin by neurons, like hippocampal interneurons, may play a role in non-pathological

synapse maintenance or plasticity.
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Figure 1) Netrin protein and mRNA expression in the normal adult rat hippocampus and

cortex, coronal sections. A) 11760 immunoreactivity in the hippocampal dentate gyms

and hilar regions. Insert illustrates the effect of pre-incubation of the antibody with netrin

protein peptide. B) 11760 immunohistochemistry, cingulate cortex. Layer 1 sparse,

darkly stained interneurons, and lighter staining in pyramidal cells of layer 2 and 3 cao he

seen. C) ln situ hybridization for netrin-l mRNA, hippocampus dentate gyrus and hilar

region. Corresponds tn protein detection in panel A. Hilar interneurons and the granule

cells both express netrin mRNA. D) ln situ hybridization for netrin-l mRNA, cortical

layers 1-3. Netrin-l rnRNA can be detected in both the layer 1cells and the pyramidal

cells, as was detected in the immunohistochemistry in pane! B. lnsert shows background

hybridization signal with sense probe. Scale bar 100 microns.
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Figure 2) Netrin protein induction following seizure activity, 11760

immunohistochemistry A) Normal adult rat, whole brain coronal section showing global

distribution of netrin protein. B) 24 hours following pilocarpine induce seizure. C)

Comparision of piriform cortex, nonnal and 1 day post-seizure, showing clearing of

signal in inner corticallayers. D) 7 days post-seizure, showing overall increase in protein

staining. Scale bar 100 microns.
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Figure 3) Netrin protein and rnRNA induction in the hippocampus. ln situ hybridizations

were co-mounted and repeated in triplicate for comparison. A, B) 11760

immunohistochemistry and netrin-l in situ hybridization. respectively. of the dentate

gyms and hilar hippocampal region in the normal adult rat. C) 11760

immunohistochemistry of 7 day post seizure tissue. General increase in protein staining

in the granule and pyramidal cells can be seen. D) netrin-l in situ hybridization of 3 day

oost seizure tissue. showine a corresoondine increase in sienal intensitv. Labels: CA4 -
'- ........ - - --

CA4Ipolymorphic ceillayer~ h - hi lus; g - granule celllayer. Scale bar 100 microns.
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Figure 4) Northem Blot analysis of normal and post-seizure hippocampal rnRNA. 5 I-lg

of total RNA was run on a 1% formaldyhyde vertical gel, transferred to nitrocellulose and

probed with the same probe used for the in situ hybridization. Identical hybridization and

detection procedures were also used. The probe detected a single band of approximately

6.0 kb, the reported size of rat netrin-l. Densitometric analysis was perfonned by

retlectance scanning of the blot, and subsequent analysis with NIH Image. M - marker

(band sizes in kb: 9.49, 7,4Q, 4.40, 2.37, f .35); C - Sham injured control hippocampus:

S - 7 day post-seizure hippocampus.
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Figure 5) Induction of netrin-l rnRNA in the entorhinal cortex following seizure activity.

A, C) ln situ hybridization of netrin-l probe with normal rat entorhinal cortex tissue. B,

D) ln situ hybridization of netrin-l probe with rat entorhinal cortex tissue, 7 days post­

seizure, co-processed with the normal tissue in A) and B). A dramatic increase in the

amount of signal can be observed. This increase is also reflected in the intensity of 11760

staining (iosert) in which very darkly stained neurons in layer 3/4 of the entorhinal cortex

cao he observed.
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Figure 6) Spatial localization of netrin- 1 expression. Six representative coronal sections

from immunohistochemical analysis of the netrin-l ~grol+ mouse brain, in which the netrin­

1 promotor drives the expression of lacZ illustrates the over-all distribution of netrin-l in

the brain. Major netrin expressing structures are indicated.
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Figure 7) Netrin expression in forebrain and striatal structures. Detected by

immunohistochemical analysis of netrin-l j3:gcol+ lacZ expression in the mouse. A) nucleus

aecumbens~B) accumbens shell~ C) caudate putamen D) higher magnification showing

morphology of the striatal labelling E) cell bridges of the striatunl, F) tenia teeta. Scale

bar A~B,C,E~F) 100 microns, 0) 50 microns.
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Figure 8) Striato-nigral netrin expressing structures. Deteeted by immunohistochemieal

analysis of netrin-l ~gCOl+ laeZ expression in the mouse. A) bed nucleus, stria terminalis,

B) ventral palladium, C) basolateral amygdaloid, 0) laterai septal, E) substantia nigra pars

eompacta, F) cerebellum, stellate and basket cells. Scale bar 100 microns.
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Table 1

Structure Area

Basal Ganglia caudate-putamen

subthalamic nucleus

accumbens core

accumbens shell

substantia nigra compacta

cell bridges

ventral palladium

StriatiallCortical olfactory tubercule

Cortical taenia tecta

piriform

parietal

entorhinal

cingulate

amygdaloid basolateral amygdaloid

bed nucleus stria tenninalis

limbic hilus

lateral septal intennediate

hypothalamic dorsal hypothalamic

supramammilary
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Figure 9) Netrin receptor DCC induction following seizure in rats, demonstrated with

low sensitivity DCC in situ hybridization and anti-DCC antibodies. A) DCC in situ

hybridization of nonnal rat tissue, entorhinal cortex. C) mRNA detected 3 days following

seizure. A faint increase can be seen along the boarder of layer 2 and 3 (arrow), E) DCC

protein induction 3 days post seizure. A dramatic staining can be seen in this region, not

present at this level in the normal adult (nat shawn). B) DCC in situ hybridizatian in the

nonnal thalamus. 0) thalamus 3 day" post seizure. This dramatic increase in the level of

DCC mRNA is retlected in the protein staining in F). Scale bar in A) 200 microns, in B)

50 microns.
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Figure 10) Subcellular localizatîon of netrin protein and netrin receptor DCC protein. A)

Confocal microscopy of double labelled tissue, DDC in green, netrin in red. Tissue from

a 7 day post-seizure rat, entorhinal cortex., layer 2-3. DDC positive cells produce DDC

positive processes, figure shows one which contacted a netrin positive cell. The processes

appear fasiculated, and demonstrated co-Iocalizatîon at varicosities. B) the presence of

netrin RNA at varicosities is suggested in sorne netrin in situ hybridization results, such as

L"lese hilar interneurons (arrow).
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5) Conclusions

Understanding the implications of neuronal injury and the process of regeneration

has been a long-standing goal of neurobiology. Elucidating the mechanisms that underlie

these aspects of brain function is of practical importance since the knowledge gained in

this pursuit has the potential to be applied to the clinical treatment of human pathological

conditions. This is also the foundation for the work presented here. This study first

addresses the issue of neuronal ceH death following traumatic brain injury. 1

demonstrated that the extent of neuronal cell death expands spatially and temporally from

the initial insult. This was followed by a demonstration that the delayed cell death

observed occurred by apoptosis. Finally, a possible mechanism that may contribute to

CNS regeneration in the adult was investigated by identifying the presence and regulation

of the chemotropic factor netrin following pilocarpine-induced seizure in the adult.

5.1) Delayed apoptotic cell death following TBI

5.1.1) TBI

Several animal injury models have been developed for study of traumatic brain

injury. Currently the two most widely used are fluid percussion and cortical impact

rodent models ofTBL These models each reproduce various aspects of human TBI, but

most importantly, they produce cellioss and axonal injury (Dixon and Hayes, 1996;

Gennarelli, 1994). For example, death of hilar neurons has been observed in the context

of a laterai fluid percussion model of TBI (Hicks et al., 1993; Lowenstein et al., 1992).

Loss of CAl and CA3 cells has been reported following a cortical impact injury with
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unilateral craniectomy (Goodman et aL, 1994). Several variations of the cortical impact

injury model exist, focussing on the nature of the impact device and the method of

exposing the cortex. Impact device modifications have generally been a function of

available technology, and developments have been aimed toward greater reproducibility

and monitoring capabilities. The surgical procedure has had two main approaches, single

craniectomy or two bilateral eraniectomies. The second cranial opening allows reciprocal

movement during impact whieh alters the nature of the pressure transients that are

transmitted during the impact. This is of relevance as cortical impact injury with bilateral

craniectomies has been reported to cause diffuse axanal injury which is a hallmark of

human TBI (Meany et al., 1994). The axan shearing is thought ta be eaused by lateral

movement of the brain in response to the impact (Povlishock et al., 1992~ Povlishock et

al.. 1983). The wide distribution of dystrophie cells that we detected following cortical

impact injury may be accounted for, at least in part. by the use of the bilateral craniectomy

employed in this study. In addition, we consistently observed a qualitative correlation

between the exact location of the impact in a specifie animal and the dystrophie cel1

staining pattern. For example, the patch of dystrophie cells in the dentate gyrus would

shift in position in accordance with impact angle, suggesting perhaps a eorticotopic

representation in the hippocampus. Future experiments systematically utilizing different

impact angles may help verify this hypothesis.

Work at the University of Texas Department of Neurosurgery had previously

reported that cortical impact injury with bilateral craniectomy causes deficits in spatial

learning and memory using a Morris water maze task (Dash et aL, 1995; Long et al.,
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1996). It had also been previously proposed that hippocampal cell death may contribute to

these deficits (Goodman et al., 1994; Kotapka et aL, 1991), due to the functional role of

the hippocampus in the memory process (Squire. 1986). Performance in the water maze

task is thought to require both hippocampal and entorhinal cortical function (Morris et aL,

1982). In this TBI study, marked celIloss was detected in the dentate gyms, CA 1 and

CA3 regions. It is therefore possible that the cellioss in these regions could alter

neuronal signalling and may contribute to the observed spatial rnemory deficits. It is

difficult to ascertain from this study which of these three hippocampal regions are more

important with respect ta post-traumatîc memory dysfunction. It has been suggested that

loss of cells in any subfield of the hippocampus would contribute to spatial memory

dysfunction (Amaral and Witter., 1989). Moreover. since the hippocampus receives

inputs from various parts of the brain and is involved in integration of infonnation, loss of

these cells could also contribute to other cognitive impairments. Furthermore, the

identification in this study of cellioss in the amygdala, pirifonn cortex, thalamus and

hypothalamus following cortical impact injury suggests other behavioural detïcits might

occur following TB!. These deticits wouId not be detectable by the Morris water maze

test. and consequently would require alternative behavioural assays to quantify their

extent.

5.1.2) Cell death

This work reported the first description of apoptotic cellioss as a result of

experimental cortical impact injury. Several techniques were used to accomplish this.
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Modified silver staining demonstrated a large number of argyrophilie eells in the dentate

gyrus. CA 1 and CA3 subfields of the hippocarnpus of injured animaIs. The nature of the

detection mechanisOl utilized by this procedure has not been conclusively demonstrated,

however. (WO theories for its mechanism have been proposed: first, that the membrane of

a dystrophie cell is "leaky" and the silver, while in solution, selectively penetrates the cell

and upon precipitation forms a black stain in the dying neuron. An alternate hypothesis,

presented by Gallyas himself (Gallyas, (980) suggests that there is an alteration in the

microtubule conformation that changes the silver binding efficaey. This second

hypothesis is further substantiated by the fact that the production of argyrophilic neurons

can oecur post-mortem, suggesting that cellular metabolism is unnecessary for the

speciticity of the stain. This hypothesis is also interesting in tenns of the strong labelling

seen in the nucleus of the apoptotic cells in this study. Nuclear condensation and

compartmentalization of the eell would potentially require microtubule-related machinery

to execute this process. A detectable confonnational change during this process wouid be

consistent with the increased argyrophilic staining observed. A second issue regarding the

significance of the argyrophilic stain was whether or not the neurons eventually die, and if

so how long does this process take. Sîlver stain positive cells were detected for up to two

weeks postinjury. However, the argyrophilic neurons visualized at early time points

following injury may persist before being cleared and possibly contribute to the signal

observed at later time points. The fact that a significant proportion of argyrophilic

neurons are dystrophie and eventually die has been established (Crain et al., 1988;

Gruenthal et al., 1986; Sloviter et al., 1993a; Sloviter et al., 1993b; Warner et al., 1991).
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In agreement with this, we qualitatively observed marked cellioss in the dentate gyms,

CA 1 and CA3 subfields of the hippocampus, regions which contained dystrophie neurons.

In addition to these regions, this study aIsa shows the presence of dystraphic cells in the

hilar region of the hippocampus, the amygdala, the entorhinal and pirifonn cartices. the

thalamic and hypathaIamic regions, and the cortex near the site of impact. The spectrum

of brain regions affected can be attributed ta the many neuropatholagical paradigms

associated with TBL Seizure activity, ischemia and mechanical trauma are ail

campanents of TBI. and their interaction during the injury will result in the prafile

observed.

Three fonns of neuronalloss following TBI are observed. Cell death due ta

physical damage as a result of trauma occurs immediately upan impact. While perhaps

trivialized due ta its simplistic mechanism, it is the response to this event that results in

the signais that lead to the processes under investigation. For example, the mechanical

cell loss that immediately occurs can include neurons involved in regulatory and

inhibitory pathways, and the result could he the hyper-excitation af certain brain regions.

This can lead ta the secand form of cell death observed, necrasis, which is most likely due

ta depletion of the cell's ATP stores as a result of the release of excessive excitatory

neurotransmitters such as glutamate. Severai hippocampal regions such as CA3 and CA 1

are hyper-susceptible to this effect. Another form of necrotic cell death occurs shortly

following injury due to ischemic loss of blood flaw as a result ofbroken vessels and

similar tissue damage. The third form af cell death is the delayed cell death reported in

detail in this study. Its relatianship to the immediate cellioss could be through
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mechanisms such as growth factor withdrawal due to lost connectivity in the system.

Several studies have shown that the apoptotic death of CNS neurons can result from the

loss of target-derived trophic factors or by prolonged exposure to low levels of excitatory

neurotransmitters (Ankarcrona et al., 1995~ Deckwerth and Johnson, 1993). While the

first two types of ceU death occur saon after trauma and may not provide an adequate time

window for clinical intervention, delayed ceU death offers more opportunity in this regard.

It has been emphasized in this work that apoptosis is a morphologicaUy defined terme It

was the morphological examination of the post injury tissue that led to the further

characterization of the mechanism of ceU death in the second chapter. For example, sorne

of these cells contained apoptotic bodies and vacuoles, where as sorne appeared shrunken

with condensed chromatin. These ceUs may represent different stages of apoptosis, and

were subsequently investigated in further detail.

5.1.3) Apoptosis

ln this study, we examined morpholagical and biachemical properties of dentate

gyrus granule cells fallawing controlled cortical impact brain injury. The dystrophie ceUs,

as identified by silver impregnation, cresyl violet, and Hoechst staining, appear shrunken

and have condensed nuclei and chromatin. These ceIls were predominantly localized to

the inner blade of the dentate gyrus. When semi-thin sections af this region were

examined~ the dystrophie cells were found ta he hyperchromatic and shrunken. At the

interface between the normal and the dystrophie granule ceUs, both a quantitative and a

qualitative gradient of apoptotic morphology was observed. In this transition region, by
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definition, the number of argyrophilic neurons is decreasing, but in addition to this the

morphological characteristics also became less distinct. This was interpreted from the

observation of the presence of many argyrophilic neurons with a high degree of

membrane integrity. However, these cells also contained clearly visible apoptotic bodies

and vacuoles. This was an initial indication that the neurons within the heavily dystrophie

region exhibited characteristics of necrotic cells as weil. This observation necessitated the

detailed examination of these cells, to accurately determine the nature of the cell death.

Electron microscopie analysis revealed that the cells did indeed show

morphological determinants of apoptosis, including the presence of condensed chromatin

associated with the nuclear membrane, and segmentation of the nucleus. The nuclear

events of apoptasis begin with the chromatin condensing into large clumps (Duvall and

Wyllie. 1986~ Eamshaw, 1986; Kerr et al.. 1972; Wyllie et aL, 1981). These clumps are

localized ta the nuclear envelope (Eamshaw, (986). The nuclear pores then redistribute

by sliding away from the attachment points of the condensed chromatin and accumulating

between them (Lazebnik et aL, 1993). Subsequently, nuclear segmentation occurs.

Granule cells undergoing apoptosis following TBI had their condensed chromatin

appended to the nuclear periphery and showed nuclear segmentation. As previously

mentioned, neurons at the core of the dystrophie region appeared to possess sorne necrotic

characteristics as weil. Under EM examination, discontinuities in the nuclear membrane

cao he seen in these cells. This could be due to necrotic membrane breakdown; however,

an alternate hypothesis wouId be the accumulation of nuclear pores. ather characteristic

features of apoptosis such as vacuole formation, intact rough endoplasmic reticulum, and
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normal mitochondria were detected in these apoptotic granule cells. This conclusively

demonstrated the presence of the critical morphological features that define apoptosis.

However, the nurnber of mitochondria also appeared to be less than in normal cells. In

addition, several mitochondria appeared swollen, again suggesting sorne loss of

membrane integrity. A possible resolution to these parallel observations is that the

apoptotic machinery has been activated, but sorne necrotic features can he ohserved since

the cells are under duress From a multitude of deleterious stresses.

The detection of DNA laddering by gel electrophoresis and in situ TUNEL

staining were used to examine a biochemical correlate of apoptosis (Batistaton and

Greene, 1991; Wyllie et al., 1984). During the process of nuclear breakdown, the

cleavage of the DNA into - [80 bp fragments has been a hallmark of apoptosis (Cain et

al., 1994). Using hippocampal cytoplasmic DNA extracts, the characteristic DNA ladder

was ohserved in samples obtained l'rom injured animaIs. The intensity of this ladder was

maximal at 24 hours postinjury in the ipsilateral hippocampal sample, consistent with the

finding that dystrophie neurons are more abundant in the ipsilateral as compared to the

contralateral hippocampus at this time point. There are several endonucleases functioning

during apoptosis, one producing 50 and 300 kb fragments (Walker et al., 1994), and a

second producing the 180-200 bp intemucleosomal fragments (Cain et al., 1994).

Although no direct activity measurements were made, the presence of a 180 bp ladder

suggests that at least one nuclease is present (Brown et al., 1993; Earnshaw, 1986). In this

study. close examination of the TUNEL positive cells suggests that the nucleosome

fragments generated are small enough to Ieak out of the nucleus. TUNEL staining can
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also potentially label necrotic nuclei, in that the non-specifie degradation of the chromatin

would produce a similar increase in 3'-OH groups. However, degradation of the DNA

during necrosis is rapid and is not likely to contribute ta the labelling reactions at the

delayed time points we exarnined (Bonfoco et al., 1995; Gerschenson and Rotello, 1992).

Further evidence for this cornes from the fact that the necrotic cells at the site of injury in

the cortex did not show strong positive TUNEL staining.

The combination of morphological and biochemical markers for apoptosis

demonstrate that activation of apoptotic mechanisms did accur. The contribution of

necrosis, however. to the cell death is still uncertain. Apoptosis occurs in two

physiological stages. First. a signal, which may be either intrinsic or extrinsic ta the cell,

causes the cell ta enter a comrnitted phase (Earnshaw, 1986). This is then followed by an

execution phase, which is autonomously carried out by the cell. The known

morphological features of apaptosis were observed following TBI would arise during this

phase. Depending on the cell type and the surrounding environment, the duration of the

committment and execution phases may vary. The potential for necrotic injury to

overcome an apoptotic cell would always be present during this time. This cao he further

complicated by the coexistence of cells, sorne with necrotic and others with apoptotic

features, making it difticult ta detennine the mechanism most significantly contributing to

cell death. As previausly noted, the potential for the coexistence of both morphologies in

the same cell also exists. There are several explanations for this. First, it has been

reported that the same insult can elicit either necrosis or apoptosis (Ankarcrona et al.,

1995; Chai, 1995). This phenomenon has been observed in several cell types including
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neurons. For example, cultured neurons exposed to glutamate or NMDA can show the

morphological features of both apoptosis and necrosis (Ankarcrona et al., 1995; Bonfoco

et al., 1995). Therefore, it is possible that a single insult, depending on the intensity and

duration, may trigger apoptosis and necrosis simultaneously. Second, it is possible that

following TBI sorne cells receive a signal to enter the committed phase of apoptosis and

begin the execution phase as observed by cell shrinkage and condensed chromatin.

However, subsequent to this, a secondary insult may result in the necrotic morphologies

we observed. This is consistent with the reports that following TBI calcium continues ta

accumulate for up to 48 hrs after the injury (Fineman et al., (993). Thus, cells rnay

initially begin an apoptotic process, but as calcium continues to accurnulate, become

necrotic. Finally, it is possible that the duration of the execution phase was too long,

allowing secondary necrosis to eliminate the cell (Catchpoole and Stewart, 1993).

5.2) Netrin expression and induction in the adult mammalian brain

5.2.1) Potential mechanisms of regeneration in the CNS

Following brain injury, there are often immediate observable behavioural deficits.

Fortunately, there often is also sorne degree of recovery from these deficits. A potential

mechanism for this recovery is the re-initiation of the neuronal growth processes that

function during normal development of the nervous system. This has prompted many

investigations into the post-injury state of growth factors, transcription factors and other

developmental effectors. Ta investigate a new candidate contributing to the functional

mechanisms of post-injury neuronal remodelling, this study examined the expression of a
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recently identified chemotrophic factor, netrin. Constitutive expression of netrin in the

adult mammalian brain was demonstrated in cortex, hippocampus, cerebellum, basal

ganglia. amygdaliod and hypothalamic regions. The presence of this developmentally

critical molecule suggested that it could he playing a continuing role during the life of the

individual. Induction of netrin following seizure in brain regions shown to undergo post­

seizure sprouting was also demonstrated. As there is evidence that netrin cao also

function as a short-range target recognition molecule (Winberg et al., 1998), this suggests

netrin may play a role in in post-seizure neuronal reorganization.

5.2.2) Netrin expression in the normal adult brain

During nervous system development, axons navigate successfully to their targets

by respanding ta guidance cues in the enviranment (Tessier-Lavigne and Goodman.

1996). A raIe far netrin in long distance axonal guidance has been established in the case

of the develapment of spinal card dorsal commissural neurons (Kennedy et al., 1994,

Serafini et al 1994) and trochlear motor neurons (Calamarino and Tessier-Lavigne,

1995a). Netrin has also been implicated in the guidance of axons in the dorsal hindbrain

and cerebellum (Shirasaki et al., 1995; Tamada et al., 1995; Ackennan et aL, 1997) and

of retinal ganglion cell growth cones (Diener et al., 1997, Delatorre et al., 1997).

Continued expression of netrin in the adult has been reported (Kennedy et al.. 1994) and

regions of high expression have been identified in an in situ analysis of netrin-l

expression in the adult rat brain (Livesey and Hunt, 1997). Here, as a faundation for

investigating the role of netrin in the adult, a complete analysis of the netrin-l mRNA and

106



•

•

the distrubution of netrin protein was carried out. Immunohistochemical analysis

demonstrated the presence of netrin protein in many brain regions, with a high degree of

specificity for distinct cell types. The global distribution of netrin immunoreactivity

identified specifie brain structures having enhanced netrin expression. To identify the

specifie cellular sources of the protein, two techniques were employed: in situ

hybridization and analysis of a transgenic netrin-l pgeoJ+ mouse. ln situ hybridization

analysis provided direct identitïcation of netrin mRNA positive cells, and was also

instrumental in identifying the regions in which netrin was transcriptionally induced post­

seizure. The complimentary approach of utilizing a transgenic mouse that expressed beta­

galactosidase under the control of the netrin-l promoter provided a simple way to perform

a whole-brain analysis of the spatial expression profile. Using these techniques, nonnal

netrin expression was established in components of the basal ganglia, cortex.

hippocampus. cerebellar, amygdaloid and hypothalamic regions.

5.2.3) Netrin induction following pilocarpine induced seizure

One week following pilocarpine induced seizure, netrin expression was induced in

the hippoeampus and entorhinal cortex. Many previous studies have established the

presence of robust mossy fiber sprouting in the hippocampus following seizure activity

(for review see Holtzman and Lowenstein, 1995). Netrin induction was observed in both

hippocampal granule cells and pyramidal cells, the targets of sprouting mossy fibers. In

studies of neural development., two potential raIes for netrin have been described, acting

as a long range target derived axon guidance eue (Kennedy et al., 1994) and as a short-
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range target recognition cue (Winberg et al., 1998). As such, it is possible that netrin

plays a role in directing or promoting mossy fiber axon outgrowth in the hippocampus

post-seizure.

This study also replicated the documented damage suffered by the entorhinal

cortex following seizure (Du et al.. 1995). While sprouting in this region has not been

previously reported, alteration in the electrophysiological response of the circuits

involving this region has been documented (Nagao et al., 1996; Nagao et al.. 1994). The

enhanced expression of netrin and one of its chemoattractant receptors DOC, in the

neurons of this region suggests that if netrin contributes to directing neuronal remodeling,

in a manner similar to that seen in the hippocampal dentate gyrus, the regulated

ex.pression of netrin in this region may be of functional significance as weil.

Prior to the induction of netrin expression observel1 at 3 days and 1 week post­

seizure. an initial overall decrease in the level of netrin immunoreactivity is detected one

day post-seizure. This change in immunoreactivity could reflect either a direct change in

netrin levels, or could result from a post-injury increase in proteolytic processing of pre­

existing netrin. This is currently being investigated (Kennedy, personal communication).

Experimentally induced seizure activity in rats has often been used to isolate and study

neuronal activity-dependent genes (Qian et al., 1993) and a large body of information

describing the gene induction events regulating these processes has been collected. While

the gene expression cascade regulating the induction of netrin is unknown, candidate

signalling molecules known to be regulated by seizure are being investigated (Kennedy

personal communication).
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5.2.4) Physiological function of netrin in the adult

The expression of the embryonic chemotropic molecule netrin continues in the normal

adult mammat and is localized post-seizure to regions of post-seizure sprouting and

altered electrophysiological response. Acting as an axon guidance molecule and/or a

short-range target recognition molecule for synapse formation, netrin could play a raIe in

these events. In addition to its possible raIe in post-injury neuronal remodelling, netrin is

aise present in many brain structures demonstrated to exhibit activity-dependent

plasticity. Growth of new synaptic connections and structural synaptic changes may he a

component of activity dependent plasticity (for review see Bailey and Kandel, (993).

This study demonstrates co-Iocalization of netrin immunoreactivity with neuronal

structures having the morphological characteristics of synapses. [n recent studies, the

association of netrin with the synapse has been further substantiated by cell fractionation,

which has localized netrin ta synaptic E.RJgolgi and synaptic plasmalemnla fractions, and

DCC to synapse associated vesic1es, synaptosomal organelles and synaptic plasmalemma

(Kennedy and Fawcett, personal communication). It is an intriguing possiblity that netrin

may aise play a raIe in non-pathological synapse maintenance or plasticity.
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• 5.3) The neuronal response to injury

The following diagram summarizes the aspects of the neuronal response to injury

addressed in this thesis, and proposes a model describing how they may interact.

1) injury

,..c: :;J ~

5) synaptogenesis
netrin.

6) maintenance of connectivity

•

Immediately following injury there is both direct neuronalloss (l) and necrosis (2). A

consequence of this neuronal cell death is that cells that received either anterograde or

retrograde trophic support from these dead cells will now he deprived of trophic support

(3) [loss of anterograde trophic support illustrated]. This loss of trophic support may lead

to a delayed induction of apoptosis in the deprived neurons (4). This persistent apoptosis

will result in further denervation and may contribute to a continued long tenn cascade of

apoptotic cell death. In response to cell death, denervation, and/or changes in activity,
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regenerative sprouting activity is triggered in sorne neurons. This regenerative aetivity

may be promoted by an increase in tropic eues such as netrins and netrin receptors

and prornote synaptogenesis (5) in affected brain regions. As a consequence of the

activation of this regenerative program, connectivity may be maintained (6) or modified in

ways that both benefit and/or are deleterious for brain function in the affected individual.
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