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NEURONAL RESPONSES TO BRAJN INJURY: EFFECTS OF NERVE
GROWTH FACTOR AND ACIDIC FIBROBLAST GROWTH FACTOR ON

MORPHOLOGICAL CHANGES AND GENE EXPRESSION

The major goal in the work of this thesis was to identify neurotrophic factors

(NTFs) capable of rescuing atrophied nucleus basalis magnocellulaTÎs (NBM) neurons.

Emphasis was placed on the atrophy caused by surgical neocortical infarction, and its

recovery, defmed by the size of choline acetyltransferase (ChAT)-immunopositive

neurons. The selection of pharmacological agents used in this study was based either on

their similarity to nerve growth factor, which provides an efficient protection to NBM

cholinergic neurons, or to basic fibroblast growth factor (bFGF), which has been shown

to prevent cell death of septal cholinergic neurons. Two neurotrophins, brain-derived

neurotrophic factor and neurotrophin-3, failed to rescue NBM cholinergic neurons, while

a similar dose of acidic fibroblast growth factor (aFGF) was able to rescue them.

Notably, lesioned NBM neurons treated with aFGF displayed somata size, as weil as

neuritic processes (dendrites and axons) and ChAT activity in the NBM similar to sham

operated animaIs. NBM cholinergic degeneration was consistent with the observed

memory deficits, which was also prevented by aFGF treatment. The possibility of a

direct effect of aFGF in NBM neurons remains obscure. However, our in vivo

demonstration of aFGF-induced increase of NGF and its rnRNA, in the neocortex of

adult animais, entirely supports an indirect mechanism mediating aFGF effects. As

endogenous NGF seemed to be responsible Zor these aFGF effects, we decided to further

investigate other properties of NGF in these neurons. One goal was to analyze the

effects of neocortical infarction and NGF treatment on low-affmity NGF receptor

(p75NGFR
) and growth-associated phosphoprotein-43 (GAP-43) rnRNAs in NBM neurons.

The increase of endogenous NGF in lesioned animals was consistent with the transient

increase in the expression of p75NGFR rnRNA, which was most pronounced after the

exogenous application of NGF. Although GAP-43 plays an important role in neuronal

regeneration and responded to cortical lesion with enhanced expression in NBM and

pyramidal neurons, its expression was unaffected by NGF treatment. On the seventh

post-lesion day, at the time when GAP-43 rnRNA expression was increased in NBM and

pyramidal neurons, which were displaying normal cell size, GAP-43 expression was

xiv



• dramaùcally reduced in thalaIr':: neurons which were undergoing an accentuated cell

death process. Atrophy of NBM cholinergie neurons, as a consequence of thyroid

hormone deprivation during and after brain development, has been described in neonatal

and young adults. Adult animaIs displaying such atrophy did not reveal alteration in the

rnRNA expression of p75NGFR and trkA, the high-affinity NGF receptor. These neurons

became further atrophie following cortical infarction but not when they were surgically

lesioned and treated with NGF. However, NGF did not increase the size of post

hypothyroid neurons with cortieal lesion to that of sham-operated or NGF-treated and

lesioned euthyroid animaIs. The neuronal size acquired three weeks after NGF treatrnent

and cortical devascularization is approxirnately the size we found when post-hypothyroid

and euthyroid animaIs were 60 days old (i.e., 15 days before lesion and NGF treatrnent).

This suggests that NGF is not capable of reversing neuronal phenotype in post

hypothyroid rats to that of normally differentiated a:rlmals. Results from this and other

studies indicate that a cascade of events (e.g., increase of inflammatory cytokines,

immediate-early genes, FGFs, etc.) are activated in response to brain injury, leading to

an increase of NGF and other putative neurotrophic factors. These newly produced

neurotrophic factors may induce sorne neuronal changes but they do not reach a sufficient

level to promote neuronal regeneration of NBM neurons.
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RÉPONSES NEURONALES À UNE :....ÉSION CÉRÉBRALE: LES EFFETS DU
FACTEUR DE CROISSANCE NEURONAL ET DU FACTEUR DE CROISSANCE
ACIDE DES FIBROBLASTES SUR LES CHANGEMENTS MORPHOLOGIQUES

ET L'EXPRESSION DE CERTAINS GÈNES

L'objectif premier de cette thèse était d'identifier les facteurs neurotrophiques

(FNTs) capables de sauvegarder les neurones atrophiés du noyau basal magnocellulaire

(NBM). Nous nous sommes concentré sur l'atrophie neuronale causée par un infarctus

néocortical induit chirurgicalement et sur la récupération qui s'en suit. Nous avons

quantifié l'atrophie à partir de la taille des neurones immunopositifs à la choline

acétyltransférase (ChAT). Nous avons choisi d'utiliser certains agents pharmacologiques

sur la base de leur ressemblance avec le facteur de croissance neuronal (FCN), qui

procure une protection efficace des neurones cholinergiques du NBM, et de leur

ressemblance avec le facteur de croissance basique des fibroblastes (FCFb), qui prévient

la mort des neurones cholinergiques du septum. Deux neurotrophines, le facteur

neurotrophique dérivé du cerveau et la neurotrophine-3 n'ont pas permis de sauvegarder

les neurones cholinergiques du NBM. Cependa.'1t, une dose équivalente du facteur de

croissance acide des fibroblastes (FCFa) a permis de sauvegarder ces neurones.

Notamment, chez des animaux lésés, mais traités avec du FCFa, le NBM était

comparable à celui d'individus contrôles quant à la taille des corps cellulaire et des

protubérances cellulaires (dendrites et axones) et qUliIlt à l'activité de la ChAT. La

dégénérescence des cellu.les cholinergiques du NBM concorde avec la présence de déficits

de mémoire. Or, le traitement au FCFa aide également à prévenir le développement de

tels déficits. La question demeure de savoir si le FCFa affecte directement ou non les

neurones du NBM. Nous avons démontré, in vivo, une augmentation de FCN de mème

que de son ARNm dans le néocortex d'individus adultes suite à l'administration de FCFa.

Cette observation concorde entièrement avec l'idée d'un mécanisme d'action indirecte du

FCFa sur les neurones du NBM. Comme le FCN endogène semblait être responsable

de ces effets, nous avons décidé d'étudier plus en profondeur les propriétés du FCN chez

ces neurones. Nous avons donc analysé les effets d'un infa':Ctus nécortical et d'un

traitement au FCN sur les niveaux de récepteurs à faible affinité du FCN (P75RFCN
) et les

niveaux d'ARNm de la phosphoprotéine-43 associée à la croissance (PAC-43) chez les
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neurones du NBM. L'augmentation de FCN endogène chez les animaux lésés concordait

avec une augmentation passagère de l'expression d'ARNm du p75RFCN• Cette

augmentation étaient maximale après une administration de FCN exogène. Bien que la

PAC-43 joue un rôle important au niveau de la régénération neuronale, et bien que son

niveau d'expression ait augmenté chez les neurones pyramidaux et du NBM suite à une

lésion corticale, sont expression demeura inchangée suite à un traitement au FCN. Sept

jours après la l!\sioa, alors que l'expression du PAC-43 avaient augmenté dans les

neurones pyramidaux et du NBM, elle était dramatiquement r~duite dans le thalamus où

l'on retrouvait un processus accéléré de mort cellulaire. On a déjà décrit une atrophie

des neurones cholinergiques du NBM suite à une privation d'hormone thyroïdienne au

cours du développement cérébral chez le jeune et l'adulte. Dans notre cas, chez des

animaux adultes qui montraient une telle atrophie neuronale, nous n'avons pas trouvé de

changement de niveau d'expression d'ARNm du p75RFCN , ni du récepteurs au FCN à

haute affmité, le trkA. Nous avons observé une atrophie encore plus prononcée de ces

neurones suite à un infarctus cortical, sauf lors d'un traitement au FCN. Cependant, un

traitement au FCN suite à une lésion corticale n'a pas eu pour conséquence d'augmenter

la taille des neurones des rats posthypothyroïdiens à un degré comparable à celle des
,., '1

neurones des euthyroïdiens. La taille des neurones atteinte après trois semaines de

traitement au FCN suite à une dévascularisation corticale était approximativement la

même que chez les animaux posthypothyroïdiens et euthyroiiiiens 15 jours avant la lésion

(âge: 60 jours). Cela suggère que le FCN n'est pas capable de restaurer le phénotype

normal chez les rats posthypothyroiiiiens. Nos résultats, ainsi que ceux d'autres études,

indiquent qu'une cascade d'événements (par ex.: augmentation de cytokines inflammatoi

res, gènes prompts-immédiats, FCFs, etc.) est déclenchée suite à une lésion cérébrale,

entraînant une augmentation des niveaux de FCN et d'autres facteurs neurotrophiques

potentiels. Ces facteurs trophiques nouvellementproduits induisent probablement certains

changements neuronaux, mais demeurent insuffisants pour promouvoir la régénération

des neurones du NBM.

xvüi
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The last decade ha:: seen many new concepts emerge in the neurosciences aided,

in part, by the development of reliable analytical techniques such that our understanding

of the consequences of brain lesions and the potential for repair within the central

nervous system (eNS) has greatly expanded. The main goal of this thesis was to

advance our understanding of the mechanisms governing maintenance of phenotypic

characteristics of nucleus basalis magnocellularis (NBM) cholinergic neurons. Molecular

biology, immunocytochemistry, neurochemistry and behavioral sciences were all

employed to perform the work of this thesis. The results will be described in the five

chapters that follow and which include five papers, in addition to information provided

by two other publications in the appendix section (published, in press or submitted). The

spectra of activities of three neurotrophins, nerve growth factor (NGF), brain-derived

neurotrophic factor (BDNF) and neurotrophin-3 (NT-3) as weil as acidic fibroblast

growth factor (aFGF) were investigated for their ability to prevent degeneration of NBM

cholinergic neurons. Other functions ascribed to NGF and aFGF, such as their capacity

to induce important genes in the basalo-cortical cholinergic system, were also

investigated. Another aspect of this thesis was to verify the consequences of thyroid

hormone deprivation on the development of cholinergic NBM neurons and to investigate

their possible recovery with NGF.

Data directly related to the objectives of the present work are reviewed in this

section. The distribution of forebrain cholinergic neurons, particularly neurons of the

NBM, their sites of innervation and the lesion model used in this work are reviewed in

section LI. Section 1.2 reviews reports pertaining to neurotrophins and their receptors.

The trophic action of aFGF and other aFGF-related compounds, as weil as their

expression in response to brain injury are all reviewed in section 1.3. The specificity of

neurotrophic factors in rescuing a given neuron is reviewed in section 1.4. Section 1.5

outlines sorne aspects of the regulation and role of growth-associated protein-43 (GAP

43) in the context of neuronal injury and neurotrophic therapy. Section I.6 seeks to

integrate information regarding the postulated interaction between thyroid hormones and

NGF on the development of basal forebrain cholinergic neurons. These widely different
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approaches have yielded convergent results that iIIustrate the interaction and limitations

of NGF as a specifie trophic factor for NBM cholinergie neurons. Section 1.7 presents

the overa11 framework including the statement of the problem and objectives.

1.1. Forebrain cholinergie neurons

The anatomy of cholinergie pathways projecting from the basal forebrain and of

cholinergie interneurons within sUiatum, islands of Ca11eja and neocortex has been

delineated only in the last two decades (Fig. I.1). Mapping ofthese cholinergie pathways

was initially defmed using a histochemical technique for detection of acetylcholinesterase

(AChE) (Shute and Lewis, 1961; 1963; Lewis and Shute, 1967; Butcher and Bilezikjian,

1975; Butcher, 1978; 1983). Immunocytochemical studies employing monoclonal

antibodies against a reliable cholinergie marker, choline acetyltransferase (ChAT), in

combination with retrograde tracing have subsequently defined these systems more

accurately (Sofroniew et al., 1982; Eckenstein and Sofroniew, 1983; Eckenstein and

Thoenen, 1983; Houser et al., 1983; Levey et al., 1983; Wainer et al., 1984; Woolf et

al., 1986). The designation Chl-Ch4 was proposed for rat and primate brains (Mesulam

et al., 1983a; 1983b) (see below).

The major source of cholinergie innervation to the hippocampus and cortex arises

from a continuum of cholinergie neurons situated in the basal forebrain. This region

includes neurons of the medial septal nucleus (MS or Chl) which project to the

hippocampus, the nuclei of the vertical limb of the diagonal band of Broca (VDB, or

Ch2) which project to the hippocampus, the nuclei of the horizontallimb of the diagonal

band of Broca (HDB, or Ch3) which project to the olfactory bulb as we11 as to medial

and (mostly) limbic cortex, and the nucleus basalis magnoce11ularis (NBM or Ch4; the

equivalent in primates was originally referred to as the nucleus basalis of Meynert or

substantia innominata before its cholinergie nature was known). This group projects

mostly to neocortex but also ta amygdala and limbic cortex (Mesulam et al., 1983a;

1983b; Rye et al., 1984; Bigl et al., 1982; Woolf and Butcher, 1982). Evidence

suggesting cortical targets for cholinergie neurons originating in the nucleus basalis
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(Kodama, 1929; Das, 1971; Divac, 1975; Kievet and Kuypers, 1975; Lehmann et al.,

1980; McKinney et al., 1983; Lewis and Shute, 1967; Krnjevic and Silver, 1965; Wenk

et al., 1980; Coyle et al., 1978; Gorin and Johnson, 1979; Vaughn et al., 1981) was

confirmed by studies which combined ChAT and AChE immunocytochemistry with

histochemical tracers (Bigl et al., 1982; Woolf et al., 1983; 1986). Bigl and colleagues

(1982) used fluorescent tracer histology in combination with AC:;E analysis to

demonstrate the cholinergie projections from basal forebrain. In this study, these

investigators described that the frontal cortex receives a larger number of fibers from the

nucleus basalis. They also found evidence, which has been confirmed more recently

(price and Stem, 1983; Saper, 1984; Carey and Rieck, 1987; Luiten et al., 1987), for

a rostrocaudal topography for the basalo-eortical projections: the anterior, the mid and

the posterior portions from the NBM project predominantly to the frontal, parietal and

occipital cortical lobes, respectively. In this thesis, the designation NBM will refer to the

rodent equivalent which includes the group of large cholinergic neurons situated in the

innermost portion of the globus po.llidus and encroaching on the capsula interna (Cuello

and Sofroniew, 1984; Sofroniew et al., 1987). We can regard these neurons as

equivalent. However, sorne discrepancies exist in the literature, most likely as a result

of lack of farniliarity with the comparative neuroanatomy of rodents and primates.

The contribution of intrinsic neurons to cortical cholinergic innervation is a matter

of controversy (Eckenstein and Thoenen, 1983; Houser et al., 1983; Levey et al., 1984).

These neurons are probably absent in primates, including man, but they might account

for as much as 30% of the cortical cholinergic innervation in rodents (Johnston et al.,

1981). The presence of these neurons in the cortex of rat was confmned by one recent

in situ hybridization study employing a radiolabelled probe complementary to ChAT

rnRNA (Lauterbom et al., 1993), but not by another study using digoxigenin-labelled

RNA probes and in situ hybridization histochemistry to examine ChAT rnRNA (Oh et

al., 1992).

Patterns of ChAT-immunoreactive fibers found in the rat cerebral cortex were

described in detail (Lysakovski et al., 1989). These investigators distinguished eight
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Figure 1.1 Drawings modified from (Woolf, 1991) ilIustrating the pathways of

cholinergie neurons from the NBM (A) and the remaining basaI forebrain neurons (B),

as weil as the location of the cholinergie intemeurons (C). For the purpose ofthis thesis,

illustrative projections from basal forebrain cholinergie neurons were subdivided into

these two groups shown in A and B. Abbreviations: Cing. CTX, cingulate cortex; Ent.

CTX, entorhinal cortex; Ft! CTX, frontal cortex; HDB, horizontal limb of the diagonal

band of Broca; ICI, islands of Calleja; Ins. CTX, insuIar cortex; Interpend. Nue!.,

interpendular nucleus; NBM, nucleus basalis magnocellularis; MH, medial habenula;

MS, medial septal nucleus; OIf. bulb, olfactory bulb; Par. CTX, parietal cortex; Pir.

CTX, piriform cortex; Rsp. CTX, retrosplenial cortex; SI, substantia innominata; VDB,

vertical Iimb of the diagonal band of Broca.
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neocortical or isocortical patterns and five allocortical patterns (composed of three or

four layers, including piriform and entorhinal areas) which correlated with functional

differences between the respective cortical regions as follows. Motor/frontal cortex:

ChAT-immunoreactive fibers showed a homogeneous pattern in motor area four, which

is agranular and contained large pyramidal cells in layer V. These cholinergic fibers

formed a dense tangentially oriented band in layer 1 and had moderate, homogeneous

distribution in the remaining layers. However, thi:; pattern of ChAT immunoreactivity

does net correlate with the laminae which are believed to be of primary importance for

information processing in output layers V and VI. Parietal cortex (primary sensory,

sensorimotor, secondary sensory and association cortices): the pattern of ChAT

immunopositive fibers reflected the diverse neuronal distribution in this area of cortex.

This cortical region also includes a mixed motor-sensory function (characterized by a

granular layer IV and broad layers V and VI with large pyramidal cells in layers V) .

According to the study of Lysakovski et al. (1989), the largest portion of the parietal

cortex exhibits a "primary sensory pattern" of ChAT innervation which appears to

concentrate in the thalamocortical input areas and is characterized by very dense fibers

at the border between layers IV and V, moderately dense fibers in layers 1 and V and

least dense fibers in layers II, III and VI. Temporal cortex: showed a primary sensory

pattern in which ChAT immunoreactive fiber density was greatest in layers 1 and V,

lowest in layer VI and moderate in layers II-III. Occipital (visuai) cortex: had dense

tangential fibers in layer 1 in primary and seeondary visual areas and somewhat less

dense ChAT-immunoreactive fibers between the border of layers IV and V, but only in

primary sensory cortex. The functional correlates to these anatomical fmdings will

require further associative analysis using physiological and pharrnacological approaches.

One of the experimental lesion models which has been most widely used to

investigate the effects of neurotrophic factors on basal cholinergic neurons is funbria

fornix transection. This axotomy model (Daitz and Powell, 1954) interrupts projections

from the medial septum and vertical limb of the diagonal band of Broca to the

hippocampus (Fig. LI, A). The result of funbria-fornix transection is total retrograde
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degeneration with profound atrophy and neuronal cell death. A second surgical lesion

mode!, which is used in this work to study cholinergic neurons of the basalo-cortical

pathway, is "the target plus cholinergic terminal network removal" mode!. Cortical

devascularization (or cortical ablation) results in partial anterograde degeneration and

moderate cell shrinkage in the NBM, while cell number remain unchanged (Figure 1.2,

B) (Sofroniew et al., 1983; 1987). This model also leads to a marked depletion of ChAT

activity in the microdissected NBM. The devascularizing lesion is performed by

removing a flap of bone (1.0 x 1.0 cm) with coordinates 3 mm anterior to Bregma

extending to 7 mm posterior to Bregma; the medial limit is approximately 2 mm from

the midline and extends laterally 10 mm. After cutting the underlying dura, all vessels

and the pia mater are gently rubbed away with sterile saline-soaked cotton swabs. The

areas affected include complete atrophy of parietal 1 and forelimb, and part of frontal 1,

hindlimb and parietal 2 regions (Zilles, 1985). The resulting decorticated region

approximately fits the size of the devascularized area (ie., 1.0 x 1.0 cm). Most of the

atrophic neurons are found in the midportion of the NBM (Garofalo et al., 1992; 1993;

Garofalo and Cuello, 1990; 1993;1994), within an area delineated by Bregma -1.20 mm

to -1.50 mm [coordinates according to Paxinos atlas (paxinos and Watson, 1986)]. As

a consequence of this infarction, which affects parietal cortex, degeneration oecurs

mainly in the midportion ofNBM, as previously described (price and Stern, 1983; Saper,

1984; Carey and Rieck, 1987; Luiten et al., 1987) (see above).

1.2. Neurotrophins and their receptors in rat forebrain

In the last years we have seen a phenomenal advance in the discovery and

functional characterization of neurotrophins. NGF remains the prototypic neurotrophic

factor and was the frrst demonstrated to be required for normal development

(Levi-Montalcini and Angeletti, 1963; Cohen, 1960; Johnson et al., 1983). NGF was

originally purified from monse submandibular gland (Angeletti and Bradshaw, 1971),

where it oecurs as a complex having a molecular weight of approximately 140kD and a

sedimentation coefficient of 7S (Varon et al., 1968). This 7S complex contains tlrree
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Figure 1.2. The septal-hippocarnpal (A) and basalo-cortical (B) lesion models of basal

cholinergie neurons. (A) Axotomy model: cholinergie axons projecting from medial

septum (MS) and ventral limb of the diagonal band of Broca (VDB) are partially or

totally sectioned (funbria-fornix transection) resulting in total anterograde degeneration

and cell death illustrated by dotted drawings. (B) Target plus terminal removal model:

the surgicallesion consists of partial cortical devascularization (see text for details) which

results in partial anterograde degeneration and moderate shrinkage of NBM cholinergie

neurons. Drawings modified from previous report (Cuello, 1993).
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subunits, Ci, (3 and î', with the stoichiometry Ci,j3î'2 [for review see (Thoenen and Barde,

1980; Greene and Shooter, 1980)]. The biological activity of NGF is mediated orny by

the (3 subunit which has often been referred to simply as "NGF". This active foml of

NGF, when first isolated and sequenced, was known as 2.5S (30kD) NGF (Bocchini and

Angeletti, 1969). NGF is synthesized as a 305 amino acid long prepo-NGF precursor

(Scott et al., 1983) which undergoes proteolytic cleavage at dibasic amino acid residues

to yield a 118 amino acid mature NGF protein (Greene et al., 1969; Greene and Shooter,

1980; ThoeneI1 and Barde, 1980). Structural analysis of (3- NGF reveals that the

monomer forms a fiat surface and that the dimer, which is the active form of the NGF

molecule (Varon and Shooter, 1970), forms by the association of two rouglùy parallel

identical 118 amino acid subunits (McDonald et al., 1991). The nucleotide sequence

coding for (3-NGF has recently been determined in mouse (Scott et al., 1983), human

(Ullrich et al., 1983), rat (Whittemore et al., 1988), and chicken (Ebendal et al., 1986).

Cloning of these genes allowed the deduction of the sequence of the mature NGF in

several other species (Ebendal, 1992).

The mouse (3-NGF gene consists of five exons and four introns comprising more

than 43kb which, by alternative RNA splicing, generates four different transcripts (Selby

et al., 1987). ûther members of the neurotrophin family identified by sequence

homology are BDNF (Barde et al., 1982; Leibrock et al., 1989), NT-3 (Maisonpierre et

al., 1990b; Hohn et al., 1990; Rosenthal et al., 1990), NT-4 (Hallbtitik et al., 1991; Ip

et al., 1992) and NT-5 (Berkemeier et ?l., 1991). Six cysteine residues, which form

three central disulfide bonds that maintain biological activity, are strictly conserved

among these five molecules. Sedimentation equilibrium showed that BDNF, NT-3, and

NGF exist as strongly associated dimers in phosphate-buffered saline (PBS), pH 7.1

(Narhi et al., 1993). Although these neurotrophins share considerable sequence

similarities, it is known that, at least for NGF, BDNF and NT-3, distribution and sites

of biological activity are different (Ernfors et al., 1990a; Ibâiiez et al., 1991).

NGF binds with low affmity (Kd approximately 10.9 M) and high affmity (Kd

approximately lO'u M) to separate sites (Sutter et al., 1979; Meakin and Shooter, 1991).
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The low affmity site is a 75-80 kD receptor glycoprotein (Johnson et al., 1986; Radeke

et al., 1987) referred as p75NGFR• p75NGFR bas an extracellular domain consisting of four

cysteine repeats which bind neurotrophin, one transmembrane domain, and a relatively

short cytoplasmic domain (Johnson et al., 1986; Radeke et al., 1987; Welcher et al.,

1991; Baldwin et al., 1992). The second binding site belongs to the family of tyrosine

kinase receptors: trkA is the high-affmity receptor for NGF, encoded by the p140uk gene

(Kaplan et al., 1991b; Klein et al., 1991a; Meakin and Shooter, 1991), while trkB and

trkC are the high-affmity receptors for BDNF and NT-3, respectively (Klein et al., 1989;

1991b; Lamballe et al., 1991). It is still debatable what role the p75NGFR receptor plays

since il binds ail neurotrophins with equivalent affmity (Rodriguez-Tébar et al., 1990;

Bothwell, 1991; Squinto et al., 1991). The suggested designation, p75, seems more

appropriate to its promiscuous binding; however, since this affmity for multiple ligands

was not c1ear when this work began, the designation p75NGFR will be used for the purpose

of this thesis. Previous studies have indicated that biological responses to NGF require

interaction with the high-affinity receptor (Herrup and Shooter, 1973; Sutter et al., 1979)

which may involve binding to pl40uk exclusively (Ibâiiez et al., 1992), although p140uk

also binds this factor with low affmity (Kaplan et al., 1991a; 1991b). Other studies have

suggested that high-affmity binding requires expression of both proteins, p75NGFR and

p140uk (Green and Greene, 1986; Hempstead et al., 1991). A conceptual framework has

emerged in which NGF responses may he mediated by an heterodimer (p75NGFR +

p140Uk
) or simply by a p140uk homodimer (Ragsdale and Woodgett, 1991). However,

it is of interest that other studies support the importance of p75NGFR in biological

responses to NGF including results obtained using homozygous animaIs lacking p75NGFR

(Lee et al., 1992), gene transfer experiments (Pleasure et al., 1990; Berg et al., 1991;

Matsushima and Bogenmann, 1990), antisense oligonucleotides against p75NGFR (Wright

et al., 1992) and mutant or chimeric forrns of p75NGFR (Hempstead et al., 1990; Yan et

al., 1991). Little information is available on the cooperative involvement of p75NGFR and

p140uk in activating intracellular signalling pathways ofNGF; nonetheless, multiple lines
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of evidence suggest that NGF activity depends upon the expression of both neurotrophin

receptor types.

In accordance with the conventional neurotrophic hypothesis which predicts

expression ofneurotrophins in target tissues (Purves, 1986; Oppenheim, 1991), data have

so far confmued that the expression of NGF is limited to cell populations that receive

innervation by NGF-responsive neurons (Korsching and Thoenen, 1983; Heumann et al.,

1984; Shelton and Reicherdt, 1986; Bandtlow et al., 1987; Davies et al., 1987; Wheeler

and Bothwell, 1992; Schecterson and Bothwell, 1992). In the forebrain, it was possible

to establish a fmu correlation between levels of both p75NGFR protein and rnRNA

(Taniuchi et al., 1986; Hefti et al., 1986; Kordower et al., 1988; Pioro and Cuello,

1990a; 1990b; Cavicchioli et al., 1989; Higgins et al., 1989; Vazquez and Ebendal,

1991) and p140trk rnRNA (Holtzman et al., 1992; Medio et al., 1992; Venero et al.,

1994) in the cell bodies of basal forebrain ':holinergic neurons and the levels of NGF

rnRNA in their targets, the hippocampus and cerebral cortex (Korsching et al., 1985;

Shelton and Reicherdt, 1986; Whittemore et al., 1986; Goedert et al., 1986). Forebrain

neurons expressing trkB or trkC are widely distributed while p140trk expression is higWy

restricted (Klein et al., 1989; 1990; Lamballe et al., 1991). The highest levels ofp140trk

rnRNA in the forebrain are consonant with previous binding studies which used iodinated

murine or recombinant human NGF to demonstrate high-affinity sites in basal forebrain

and caudate putamen (Richardson et al., 1986; Altar et al., 1991). I2SJ-labelled BDNF

and NT-3 are retrogradely transported by distinct populations of CNS neurons located

mainly in the hippocampus (DiStefano et al., 1992). BDNF binàing was detected in

medial septal and vertical diagonal band areas after injection of 12SJ-Iabelled BDNF into

the dorsolateral septum bl,lt not when it was injected intracerebroventricularly (Morse et

al., 1993). In binding assays using brain sections, 12SI-labelled NT-3 did not bind basal

forebrain neurons (Altar et al., 1993). Distribution of these neurotrophins and their

receptors in septohippocampal and basalo-cortical regions are shown in Table 1.1. These

data highlight the necessity of interpreting the IOle of these neurotrophins within the

context of the cellular environrnent where they, and their receptors, are preferentially
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expressed. There is 50% homology among the extracellular domains of the trk receptors

and approximately the same degree of homology among the neurotrophins; however,

restricted coupling has been observed in vitro. NGF binds to trkA only, although trkA

also binds NT-3 and NT-4/NT-5. With the exception ofNGF, all neurotrophins bind to

trkB receptors, while trkC binds NT-3 only. It is not yet clear whether all of these

interactions occur in vivo [for review see (Chao, 1992b; Chao, 1992a; Korsching,

1993)] .

One interesting feature of the trkB gene is that it gives rise to two noncatalytic

forms of trkB, termed p95"k, which lack the cytoplasmic domain (Middlemas et al.,

1991) but retain the extracellular domains of the full-length receptor.This truncated

receptor is abundantly expressed in ventricular ependymal cells and choroid plexus (Klein

et al., 1990) where it has been suggested to act as a scavenger receptor capable of

binding high levels of neurotrophins without participating in signalling. This notion is

in agreement with the accumulation of exogenous BDNF circumscribing the cerebral

ventricles (ipsilateral to the lesion) (Morse et al., 1993).

1.3. - Fibroblast growth factors

A vast number of studies relating to the biology of the seven members of the

family of fibroblast growth factors (FGF) has been produced since the flIst identification

(Armelin, 1973) of an unknown substance in pituitary extracts which induced

mitogenesis of fibroblasts. This FGF, which later proved to be basic FGF

(Gospodarowicz, 1975) and the six other structurally homologous peptides, also called

heparin-binding growth factors, are expressed in a wide variety of tissues. Acidic FGF

(aFGF, acidic isoelectric point) and basic FGF (bFGF, basic isoelectric point) are aise

called FGF-I and FGF-2, respectiveIy. This nomenclature, whereby the FGFs are

numbered consecutive!y from FGF-I to FGF-7, has alleviated the confusion created by

different names, but the FGF designation is still not appropriate because it implies that

the actions of these proteins are specific for fibroblasts. For convenience, however, the

designations aFGF and bFGF will be used in this thesis. Data generated over the past 20



•

•

•

Table LI. Semi-quantitative representation of approximate mRNA levels of neurotrophins
and their receptors in rat brain.

A. Basalo-cortical pathway

1 CHOLINERGIC PROJECTION ORIGIN 1 CHOLINERGIC TARGET REGION 1

RECEPTOR 1 NBM 1 NEOCORTEX NEUROTROPHIN

p75NGFR ++++ -
1 -/ + +/+ + NGF

trkA +++ -

1 - T .•. +/++ ... BDNF

•••••••••
. ...

trkB -/+ ? ·... .++

1 - ••••••••••••••••• + ••
NT-3

trkC ••••• • +/++
..

- ........... ........

B. Septo-hippocampal pathway

1 CHOLINERGIC PROJECTION ORIGIN 1 CHOUNERGIC TARGET REGION '1
RECEPTOR 1 MS/DB 1 HIPPOCAMPUS NEUROTROPHIN

p75NGFR ++++ -

1 -/+ +++ NGF

trkA +++ -
1 - ••.. ...••... ..-1--1 ++\. BDNF

trkB +# · ....•.•.•...... ....,; f··f) y ..•
•••••

1 - y..J :< ...•................... NT-3

trkC -* ......-1- ~1 +0.)1
Abbreviations: MS/DB, medial septum and diagonal band (vertical and horizontallimbs); NBM, nucleus
basalis magnocellularis; NT, neurotrophin. The approximate mRNA levels are indicated by high
(+ + + + ), moderate (+ + / + + + L low (+ / + +) and very low or undetected (-/ +). For reviews see
(Korsching et al., 1985; Goedert et al., 1986; Whittemore et al., 1986; Shelton and Reicherdt, 1986;
Phillips et al., 1990; Maisonpierre et al., 1g90a; Ernfors et al., 1990b; Vazquez and Ebendal, 1991;
Squinto et al., 1991; Ceccatelli et al., 1991; Holtzman et al., 1992; Morse et al., 1993; Merlio et al.,
1992; Schecterson and Bothwell, 1992; Merlio et al., 1993; Lapchak et al., 1993; Ceccatelli et al..
1991; Heckers et al., 1994; Gibbs and Pfaff, 1994; Venero et al., 1994). The co-Iocalization of
abundant levels of neurotrophins and their high affinity receptors (indicated by shading) suggests the
possibility of a local autocrine effect. # trkB protein reported in a binding study, injecting BDNF (12
pg/day) into the dorsolateral septum, for 14 days (Morse et al., 1993)•• Data from binding studies
with 1251-labelled NT-3 in brain sections (Altar et al., 1993).
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years have mainly focused on the ability of FGFs to affect cell proliferation,

differentiation and angiogenesis [for general review see (Gospodarowicz, 1991; Basilico

and Moscatelli, 1992)]. Table 1.2 summarizes these properties of FGFs. FGFs bind to

two classes of specifie cell surface FGF receptors (FGFR). One of these receptors

appears to be heparan sulphate proteoglycans (Jeanny et al., 1987; Kiefer et al., 1990).

Recent observations suggest that, apart from serving as a major stable reservoir for

FGFs, cell surface proteoglycans are an essential component of the FGF signalling

pathway. The second class of receptor corresponding to the high-affmity receptors has

been cloned and identified as a member of the tyrosine kinase receptor family. These

FGFRs possess extracellular immunoglobulin-like domains and intracellular split tyrosine

kinase domains. Four such receptors have been identified: FGFR-l (fig), FGFR-2 (bek).

FGFR-3, and FGFR-4 (Kombluth et al., 1988; Dionne et al., 1990; Ruta et al., 1989;

Lee et al., 1989; Pasquale, 1990; Keegan et al., 1991; Partanen et al., 1991). Four

membrane-bound isoforms and four secreted isoforms ofFGFRs have beendescribed [for

review:(Givol and Yayon, 1992)]. FGFR-l and FGFR-2 both bind aFGF and bFGF with

high affmity having a Kd in the range of 100-500 pM (Dionne et al., 1990). FGFR-3

preferentially binds aFGF and shows approximately 20-fold lower affmity for bFGF

(Omitz and Leder, 1992). FGFR-4 binds aFGF with a similar affmity to that of FGFR-l

(Kd 200-600 pM). It was reported (partanen et al., 1991) that FGFR-4 bound aFGF but

not bFGF; however, more recent studies have found that this receptor binds aFGF,

bFGF, FGF-4 and FGF-6, but not FGF-7 (Ron et al., 1993; Vainikka et al., 1993). The

strong affmity of ail members of the FGF family for the glycosaminoglycan heparin led

to the discovery of cell surface heparan sulphate proteoglycans (HSPG) (Shing et al.,

1984; Burgess and Maciag, 1989). In contrast to the binding ofNGF to its receptors, the

binding of FGFs to their high affmity receptors is dependent on the interaction between

the FGF and HSPG. Attempts to map the heparin binding domains of aFGF and bFGF

revealed at least two sites, one of which is common to both FGFs and corresponds to one

of the FGFR binding domains. Modification of this site (by deletion or methylation of

lysine residues) resulted in a reduction in its affmity for both heparin and FGFR as weil
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Table 1.2. Classification and general properties of fibroblast growth factors

FGF-l FGF-2 FGF-3 FGF-4 FGF-S FGF-6 FGF-7

Other aFGF bFGF int-2 bstIK-FGF KGF
oames Iks

Numberof 155 155. 196. 239.271 206 267 ? 194
amino acids 201.210

#

N-tenninal Does not Daes not Release not Secreted Secreted Secrcted Secrcted
hydrophobie exist exist efficient

leader
sequence

Suggested R-I (Fig) R-I R-I R-2
high affmity R-2 (Bek) R-2 R-2

receptors R-3 (Cek) R-4
R-4

Avid heparin y" y" No y" y" y" Yes
binding

Oncogenie Very limited Very limited High* High** High*** ? ?
potential

Expression Ubiquitous Ubiquitous During During During ? ?
(higher in (bigher in development development development

brain) hrain) (brain) (and in adult
brain)

Most of the data are for human FGFs (Gospodarowicz et al., 1986; Gospodarowicz, 1991; Otto et al.,
1989; Basilico and Moscatelli, 1992; Thomas, 1987; Kombluth et al., 1988; Dionne et al., 1990; Ruta
et al., 1989; Lee et al., 1989; Pasquale, 1990; Keegan et al., 1991; Partanen et al., 1991; Ron et al.,
1993; Vainikka et al., 1993; Omitz and Leder, 1992). The functional redundancy (seven distinct FGFs
with high cross-reactivity and 4 FGFRs known) to date raises the question of specificity of FGFs. The
diversity of FGFRs is explained by the gene structure of FGFR. The hurnan FGFR-l gene consists of
19 exons, which indicate the possibility for the expression ofmany variant foffilS of FGFR-l. Therefore,
the above FGFs and FGFRs may, in fact, represent an oversimplified list. Abbreviations: int-2, refers
to the second gene identified as a very frequent site of integration of the mouse mammary tumor virus;
hst; hurnan stornach tumorlK-FGF, Kaposi's FGF/ ks, Kaposi's sarcoma gene; KGF, keratinocyte growth
factor. Fibroblast growth factor receptor cDNAs received other narnes according to their sources: RI
(FGFR-l), is equivalent to the rnamma1ian fig and the chicken cekl transcripts; R2 (FGFR-2), is the
equivalent to the hurnan bek or K-Sam proteins; R3 (FGFR-3) is equivalent to the murine fig-2 and
chicken cek2; R4 (FGFR-4) bas no other narne. # = Prirnary human tran~lation product; * = virally

activated expression has been implicated in the formation of mouse mammary tumours; ** = discovered
in hurnan stornach cancers and Kaposi's sarcorna;. *** = originally identified as an oncogene product.
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as a decrease in biological potency [for a review see (Basilico and Moscatelli, 1992)].

Heparin affmity for FGFs ranges from 0.6 M for FGF-7 to 1.6 M for bFGF; aFGF

occupies an intermediary position. In the absence of heparin, rapid 1055 of FGF activity

occurs due to inactivation or degradation by proteases (Rosengart et al., 1988a; Salsela

et al., 1988; Gospodarowicz and Cheng, 1986; Sommer and Rifkin, 1989; Thomas et al.,

1991). These studies have shown !bat heparin binding to acidic and basic FGF prolongs

their biological half lives. Interestingly, it was reported that heparin dependence of aFGF

was differentially regulated in the PNS and CNS, with aFGF being much less heparin

dependent in subcortical tissue (Stock et al., 1992). Also from the same laboratory, it

was shown !bat the mitogenic effect of aFGF on fibroblasts was strongly potentiated by

heparin while!bat ofbFGF was only slightly potentiated (Eckenstein et al., 1991a). Since

aFGF and bFGF are not secreted by the endoplasmic reticulum-Golgi pathway, an

alternate mechanism, one which could be activated as a consequence of tissue damage,

has been postulated for their release (Burgess and Maciag, 1989). Subsequently, the

FGFs released near the damaged extracellular tissue would be bound to exposed heparan

sulfate-containing suhendothelial basement membrane and extracellu1ar matrix, effectively

concentrating and storing these proteins at sites of injury (Baird and Ling, 1987;

Rosengart et al., 1988b).

FGFs are found in high levels in the brain (Gospodarowicz et al., 1987; Burgess

and Maciag, 1989) where the aFGF and bFGF seem to be the most abundant rnitogenic

factors (Thomas, 1987). Although little is known about the precise role of these !WO

FGFs in the brain, evidence to date indicates that aFGF, bFGF and, probably, FGF-5

(Lindholm et al., 1994) have the potential to he important neurotrophic factors for future

therapeutic neurology. Thus, Ibis review focuses mainly on data pertaining to the

neurotrophic effects of FGF, namely neuronal differentiation, growtb, and survival. In

PC12 cells, aFGF and bFGF induced neurite outgrowtb in a manner sirni1ar to !bat

caused by NGF (Togari et al., 1983; 1985; Rydel and Greene, 1987; Schubert et al.,

1987; Wagner and D'Amore, 1986). Treatment with aFGF or bFGF promoted the

survival and differentiation of primary cell cultures from various regions of the rat brain
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(Morrison et al., 1986; Unsicker et al., 1992; Walicke, 1988; Walicke and Baird, 1991).

Thus suggesting that aFGF and bFGF may be of importance for the development and

maintenance of sorne populations of neurons including those from cerebral cortex

(Morrison et al., 1986), hippocampus (Walicke, 1988), and septal area (Grothe et al.,

1989). Identification of the sites where FGFs and their receptors are localized in the

brain, provides further insight into the role of FGF for each of these neuronal populations

(Table 1.3). Very different distribution patterns of aFGF, bFGF and their receptors in

the rat forebrain are revealed by measurements of the respective protein and rnRNA

levels, as weIl as by retrograde labelling of iodinated-aFGF and -bFGF of specific

neuronal populations in naive and lesioned animaIs. The predominant localization of

bFGF to astrocytes contrasts to the preferential neuronal localization of aFGF.

Furtherrnore, the populations of forebrain neurons with moderate levels of aFGF are

located in the NBM, caudate-putamen, globus pallidum; aFGF is only weakly expressed

in frontal cortex. Neurons expressing moderate levels of bFGF are found in the

hippocampus while low levels appear in the cingulate cortex. The moderate levels of

iodinated-bFGF binding to the thalamus suggested that bFGF bound to FGFR-3, which

is predominantly expressed in thalamus; however, this binding did not occur following

aFGF injection, which was unexpected because FGFR-3 was shown to have higher

affmity for aFGF!han for bFGF (see above). It is interesting that aFGF, bFGF, FGFR-l

and FGFR-2 are upregulated following neuronal injury. The expression of other FGFs

and receptors after injury has not been tested. This upregulation, observed predominantly

in reactive astrocytes, led investigators to explore the functional role of these putative

neurotrophic factors in the process of neuronal regeneration. These data, in conjunction

with the first experiments in vivo to show bFGF prevented loss of cholinergic neurons

after funbria-fomix transection (Anderson et al., 1988; Otto et al., 1989; G6mez-Pinilla

et al., 1992b), were further strong arguments for a specific role for bFGF as a

neurotrophic factor. However, the apparent failure to detect FGFS in neurons of the

medial septum and ventral limb of the diagonal band of Broca is in agreement with an

indirect effect,



• Table 1.3. Relative expression of aFGF, bFGF and FGF receptors in naïve and lesioned rat
forebrain.

, ~ , ,
cingulate conex; Ctx (I,v), conicallayers 1 and V; Eni. Clx, entorhinal conex; F. Clx, frontal conex; grau. cells
of DG, granular cells of dentale gyms; Hipp., hippocampus; Hypoth., hypothalamus; L. hyp. area. lateral
hypothalamus area; P. ctx, parietal conex; Pail., pallidum; Pyr. cells ofhipp., pyramidal cells ofhippocampus;
S.hip.n.,seplohippocampal nucleus; S. mm. n., supramammj1Jary nucleus; S.N., substantianigra; Thal., thalamns.
The increase in proœin and mRNA was identified close 10 wounds and areas of œil death, in lesion models,
following transient forebrain ischemia *; after fimbria·fornix transection orentorhinallesion' and followinglcainate
induced seizures **. For reviews:(Eckenstein et al., 1991; Wanalca el al., 1990; Kiyota et al., 1991; Ferguson and
Johnson, Jr., 1991; G6mez-Pinilla et al., 1992a; Takami et al., 1992; Eckensœin et al., 1991b; Siock et al., 1992;
Woodward el al., 1992; Takami el al., 1993; Bugra el al., 1994; Itoh et al., 1994).

aFGF bFGF FGFR-l FGFR-2 FGFR-3 FGFR-4 125J- 1251_
aFGF bFGF

binding binding

NAIVE
RAT (Prot.) (Prot.) (mRNA) (mRNA) (mRNA) (mRNA)

Hipp. corpus - Medial - S.N.!

Strong callosum babenular L.hyp.!
nucleus S. mm.nI

NBW Ubiquitous 01[. bulb (abundant Thal .• Lateral Pyr.c.hipp

Moderate Hypoth.! in ClX (1.. V) in Hipp., hypothaJa· IthaJamic
Caud./Put asttocyœs C. cro oligodcn- Cortex; mie nucleil
PaJJ.lF.ClX &some Ent. co:.. drocyTes) area Subieu1um

Claust. neurons:
S.bip.n., -
C. ctx.,

CA2

Weak Thal. Ct< (l, V) - - - P.ct1J
C.co:.

AFTER
LESION

In=ased Sb"Oog and
in reactivc prolooged
aSb"OCyteS incrcasc in

:li astroeyteS
CAl,Caud of CAl
Put..T.etX. *C.c.l.,CA4

*
Prolein Increased Sbght and ? ? ? ?
and/or Increased in pyr ceUs tnnSiCIJt

Incr:ased
mRNA in gran.

ingran. ofhipp. increase in
ecUs of DG and asb"OCytes

ceUs of DG

** gran.cells (mainly in

** of DG CAl)

** *
Increascd
in hipp. #

Abbrcv"ltIons: CAl CA2. cA3, CA4, subllelds of hi us' Caud., caudale; Claust., claustrum· C.ctx,

•

•
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that aFGF and bFGF ate perhaps mediated by glial celIs as initialIy proposed (Batde,

1987). In support of tlûs notion, in vitro studies demonstrated potent stimulators of NGF

release from astrocytes ofnewbom rats and mice (Yoshida and Gage, 1991; Ono et al..

1991; Yoshida and Gage, 1992). A central question that applies to the family of

neurotrophins, patticulatly NGF, is that neuronal celI survival is dependent upon limiting

amounts of these neurotrophic factors in the targets of these neurons. For NGF, there is

a cleat correlation between the amounts of NGF receptor in basal cholinergie neurons

and the expression of target-derived NGF (Table I.1). In the case of aFGF and bFGF,

to date, several studies failed to fmd any correlation between the supply of these FGFs

and their binding to high-affmity receptors in surviving cholinergie neurons (Table 1.3).

More experiments will be necessary to elucidate whether the neurotrophic effects of

FGFs on neurons are indeed direct or indirect.

lA. - Neurotrophic factors used to promote repair of basal forebrain cholinergie neurons

The limited restorative capacity of fulIy differentiated CNS neurons has often

frustrated the analysis of basic mechanisms involved in this process. Until sorne yeats

ago, restorative neurology was viewed as an impossible task. However, the discovery of

neurotrophic factors and receptors, as welI as advances in understanding the celIular

regulatory processes underiying neuronal injury, celI death and neuronal repair, provide

sorne optimism that the potential exists for neurotrophic factors to therapeuticalIy

influence neurons of human adult brains. A major goal of studies on naturalIy occurring

or induced atrophy and celI death of CNS neurons has been to identify specifie and

efficient neurotrophic factors capable of rescuing these rieurons. In selecting models for

neuronal injury and repair, the sympathetic, sensory, a:ld basal forebrain cholinergie

neurons merit attention because of their sensitivity to NGF extracted in abundance from

mouse salivary glands. As heterogeneity of the neurotrophic factors was discovered, the

idea that they may perform different functions in different target organs according

receptor expression was advanced. With progress in genetic and moleculat biology

techniques, rapid access to latge amounts of recombinant neurotrophic factors allowed



• CHAPTER 1••.21

their use in several neuronal lesion models. The effects mediated by interaction of

exogenous neurotrophic factors with sensitive neurons and non-neuronal cel1s include

local trophic interactions, transfer of information through retrograde messenger mode and

anterograde trophic signalling, as wel1 as autocrine signal1ing [for a review see

(Korsciùng, 1993)]. While this work does not dispute the merit of other neuronal types

being studied for regenerative purposes, the focus of this work is to specificaliy address

the repair of basal forebrain cholinergic neurons, particularly of the NBM, whose axonal

terminais and cortical targets have been injured by devascularization. The NBM is the

rodent equivalent of the nucleus basalis of Meynert (nbMt) which has has been implicated

in disorders of cholinergic transmission such as dementia (Bartus et al., 1985).

Extensive cel1loss and neurofibrilIary tangle formation in the nbMt (Saper et al.,

1985; Whitehouse et al., 1982), loss of choline acetyltransferase activity in nbMt and

cortex (Bowen and Smith, 1976; Davies and Maloney, 1976; Perry et al., 1977; Rossor

et al., 1982; Henke and Lang, 1983; Sims et al., 1983) and marked reduction of

muscarinic (type 2) and nicotinic receptors in cortex and hippocampus (Rinne et al.,

1984; Mash et al., 1985; Flynn and Mash, 1986; Nordberg and Winblad, 1986; Perry

et al., 1986; Whitehouse et al., 1986; Araujo et al., 1988; Svensson et al., 1992) are

consistently implicated in Alzheimer's Disease (AD) neuropathology. Sorne animal

models of cholinergic hypofunction display AD-related symptoms such as memory,

attention, or cognitive deficits (Lippa et al., 1980; Sherman et al., 1981; Bartus, 1981;

1982; 1987). Pharmacological agents used to enhance cholinergic function reversed

behavioral deficits in these animal models [for review see (Smith, 1988)], but failed to

do so in AD patients. One possible reason for this apparent discrepancy is that the

cholinergic hypofunction in AD is usually superimposed on an advanced aging process,

where the abnormal neuronal cytoarchitecture does not respond to conventional

cholinergic agonists. Alternate therapeutic. strategies, using cholinergic agonists and/or

drugs that induce release of acetylcholine by acting on non-cholinergic receptors, could

be beneficial in the treatment of sorne AD patients (Quirion et al., 1990). Furthermore,

other non-cholinergic systems appear to be defective; AD may be a multisystem disorder



•

•

•

CHAPTER 1••.22

with the primary insult originating in the cerebral cortex (Cuello and Sofroniew, 1984;

Mesulam, 1986; Price, 1986) with a cholinergic involvement secondary to such cortical

pathology. Agents which are specific trophic factors for basal forebrain cholinergic

neurons are presently being seriously considered for treatment of AD patients. The first

report on intracranial infusion of NGF to an AD patient described a 25 % increase in

[llClnicotine binding in frontal and temporal cortical areas, as visualized by positron

emission tomography, and this was correlated with a transient performance increment in

delayed word recognition (Seiger et al.. 1993).

Three distinct neuronal types are responsive to NGF: sensory, sympathetic, and

selective populations of central cholinergic neurons (Thoenen et al., 1987). The limited

number of neurons supported by NGF has led to speculation that additional neurotrophic

factors play a. role and several experimental approaches have been used to test whether

other neurotrophins can rescue central neurons. The specificities of sorne neurotrophic

factors in rescuing these nemons are reviewed in Table 1.4 which highlights the

responsiveness of central cholinergic neurons in comparison with other neuronal cell

types. These data indicate that more than one neurotrophic factor may exert an effect

(e.g.• neuronal survival, neuronal differentiation or increased neurite growth) on a given

neuron and vice versa, severa! types of neurons may be protected by one neurotrophic

factor. This apparent lack of specificity was recently exarnined (Korsching, 1993). In her

review, Korsching proposed a modification in the concept of neurotrophic factor,

claiming thal a high degree of specificity can be achieved by detailed regulation of the

spatial and temporal expression for aIl modifications associated with neurotrophic factors,

their receptors, and intracellular signalling components. A group of at least four

neurotrophic factors and the putative trophic factor monosialoganglioside (GM1) were

reponed to protect basal forebrain cholinergic cells from induced degeneration. Among

central cholinergic neurons, those located between the substantia nigra and locus ceruleus

(pedunculopontine tegmental nucleus and the dorsolateral tegmental nucleus)(Woolf and

Butcher, 1986; Green and Greene, 1986; Rye et al., 1987) seem to not respond to NGF.
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Table 1.4. Specificities of NTFs in rescuing cholinergie and other neurons from degeneration

1

NTFs

Il
LESION

1

REGENERATIVE RESPONSE

1
MODEL

CENTRAL CHOLINERGIC OTHER NEURONAL TYPES
NEURON

NGF FF transection Prevents MSNDB neuronalloss or
ChAT aetivity (Helti el al., 1984:
Hefti, 1986; Williams et al., 1986;
Kromer, 1987: Montere and Hefti,
1988; Gage el al., 19881

FF transection Prevents MSNDB neuronalloss
(primates) {Tuszynski et aL. 1990; Koliatsos et

al.. 1990: Tuszynski et al., 1991:
Koliatsos et al., 19911

Corto devasc. Prevention of NBM neuronal
alTophy (Cuello el al., 1989)

Corto devasc. Prevemion of NBM neuronal atrophy
(primates) IUt>erini el al.. 1993)

Sp:::"'~1 .- Jrd Partial recovery of corticospinal tract
injury lFernandez et aL. 19931

Atrophv laged Partiall'ecovery of atTophy (basal
rats) forebrain and strianrm)(Fisher et al.,

19871

Sympathetic and Reversed oatural or induced cell
sensory nerve death (Thoenen and Barde, 1980;
lesion Levi-Mo ltalcini, 1982; Thoenen et

al .. 19871

Sciatic nerve Prevention of neuronalloss in lumbar
transeetion sensory ganglia (Rich et al., 1987)

Sciatic nerve Partially restores sensory neuron
transeetion volume(Verge et al., 1989}

BDNF Dopaminergic Improved sUrvlval (Hyman et al.,
neurons in vitro 1991)

MPTP lesion Proteeted dopaminergic nreurons
in vitro IHyman et al., 1991)

Striatallesion No protection of fetal dopaminergic
neurons in vftro (Knü:iel et al •• 1992)

Sciatic nerve ?revented death of motoneurons in
transection newborn rats (Yan et al •• 1992l

Facial neNe Prevented death of motoneurons in
transection newborn rats (Sendtner et aL, 1992;

KolialSos el al.. 1993)



p 9 y P
factor; Con. devasc•• cortical devascularization; DRG, dorsal root ganglions; GDNF. glial cellline-derived neurotrophic
factor; FF, fimbriaafornix transection; LIF, leukemia inhibitory factor; MPTP. 1·methyJ4-phenyl-l,2,3,6-tetrahydropyridine;
MSNDB. medial septum and vemrallimb of the diagonal band of Broca; NBM, nucleus basalis magnocellularis; NGF, nerve
growth factor; NT·3. neurotrophin-3; NT-4. neurotr'ophin-4; NT-S. neurotrophin·5; NTFs. neurotrophic factors.

Avian Rescued aviao motoneurons tram
motoneuron naturally occurring or induced cell
deafferentation death IOppenheim et al., 1992)

g: transection Partial recovery of MSNDB neuronal
1055 (Morse et al., 1993; Knüsel et
al .. 1992; Widmer el al., 1993)

Spinal cord Failed sprouting of sectioned
lesioo corticospinal tract ISchneli et aL.

19941

Axotomyat Prevented degeneration of
cervical and rubrospinal motoneurons !Tetzlaft et
thoracic levels al .. 1994; Telzlaff el al .. 19931

NT-3 Corticospinal Sprouting of corticospinal tract
transection (Schnell et al., 195.1)

bFGF FF transeetion Prevented MSNDB neuronalloss
(Anderson et aL, 1988: Otto et al .•
1989; Otto el al .. 19891

Cortical Prevention of thalamic degeneration
infarction IYamada el al .. 19911

MPTP lesioo Partial recovery of dapaminergic
neurons (Chadi et al., 1993)

CNTF Motoneuron Prevent degenaration of
axotomy motoneurons ISendtner et aL, 1990;

Oppenheim et al., 1991}

FF transection Prevented cell death and atrophy of Prevented cell death and atropht( of
M5NDB neurons (Ha99 el al .. 19921 unknown septal neurons (Hagg et al.,

19921

Nigrostriatal Prevented degeneration of
transection dopaminergic neurons (Hagg and

Varan. 1993)

GDNF Midbrain Enhanced survivai of dopaminergic
cultures . neurons (Lin et al., 1993)

NGF,BONF,NT· DRG models Exened sorne effect on survival and

3,NT-4, NT· ditferentiation of sensory
5,bFGF,CNTF neurons{Lindsay. 1988; Diamond et

and UF al., 1992; Ruit et al., 1992; Leibrock
et al., 1989; Caner and Krause,
1990; Rosenthal et al., 1990;
Hallbôôk et al •• 1991; Berkemeier et

al" 1991; Lin el al" 1990; Murphy
et al., 1991; Eckenstein et al., 1990)

Abbreviations: BDNF, brain-derived neurotro hic factor; bFGF. basic fibroblast rowth factor; cNTF.cillar neurotro hic

•
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NGF failed to induce changes in ChAT activity in these neurons in vitro (Knusel and

Hefti, 1988) and in developing rat brain (Gnahn et al., 1983; Mobley et al., 1985). NGF

binding sites in radioautographic studies (Richardson et al., 1986; Raivich and

Kreutzberg, 1987), p75NGFR and p140uk rnRNAs (Holtzman et al., 1992) and p75NGFR_Iike

irnmunoreactivity (pioro and Cuello, 1990b) are highly co-Iocalized with cholinergic

markers. There is considerable overlap in nuclei containing both p75NGFR_Iike and ChAT

irnmunoreactivity in the brain stem of colchicine-treated animais (pioro and Cuello,

1990a). However, this last correlation suggests that the neurotrophic factor for these

neurons could be any of the neurotrophins described so far. Furthermore, taking into

account the preferential distribution of endogenous NGF and its rnRNA in the

hippocampus and cortex in contrast to the relatively low levels in target areas of pontine

cholinergic neurons (i.e. ,thalamus, septum, hypothalamus and caudate-putamen)

(Korsching et al., 1985; Shelton and Reichardt, 1986; Whittemore and Seiger, 1987), it

is unlikely that NGF is a specific agent for cholinergic pontine projections.

1.5. - Expression, regulation and putative role of growth-associated phosphoprotein-43

(GAP-43) in neuronal outgrowth

Studies reported over the past eighteen years provide converging evidence for a

specific role of the polypeptide GAP-43 (also called B-50, FI, P57 or pp46) in neuronal

morphogenesis. This protein, originalIy called B-50, was identified as a synaptosomal

plasma membrane protein (Zwiers et al., 1978; 1979; 1980). The critical involvement

of GAP-43 seems to occur (i) during the period of neurite outgrowth, particularly in the

motile tips (growth cones) of elongating neurites during neuronal development and

regeneration (Skene and Willard, 1981a; 1981b; 1981c; Benowitz and Lewis, 1983;

Redshaw and Bisby, 1984; Benowitz and Routtenberg, 1987; Skene, 1989) and (ü)

during the establishment of neuronal polarity when one of the neuronal processes

elongates to become the axon (Dotti et al., 1988; Goslin et al., 1990b). Goslin et al.

(199Gb), using immunofiuorescence microscopy to investigate the localization of GAP-43,

reported that it is selectively distributed to the axonal domain in developing neurons and
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is absent from dendrites and their growth cones. This selective GAP-43 distribution,

occurring coincidentally with the acquisition ofaxonal characteristics, strongly implied

that this protein has a role in neuronal outgrowth. However, PC12 cells with markedly

decreased levels of GAP-43 were still able to initiate extension (Baetge and Hammang,

1991) implying that GAP-43 is involved in more advanced stages of neurite outgrowth,

perhaps in growth cone function and/or the operation of the presynaptic terminal. GAP

43 is synthesized as a soluble protein, transported through rapid axonal transport in a

vesicle-associated form and associated with neuronal membranes in less than 20 min

(Skene and Willard, 1981a; 1981b; Skene and Virag, 1989). More mature neurons

exhibited less restricted GAP-43 localization with more homogeneous distribution

throughout the entire axon (Goslin et al., 1990b). However, this observation in vitro is

not in line with experiments in vivo showing that, during maturation, GAP-43 disappears

from axons within fiber tracts but persists in some regions enriched in axon terminais and

synapses (Gispen et al., 1985; Oestreicher and Gispen, 1986).

The GAP-43 gene was cloned in rat (Basi et al., 1987; Nielander et al., 1987;

Rosenthal et al., 1987; Grabczyk et al., 1990; Nedivi et al., 1992) and in human

(Nielander et al., 1993). The gene consists of three exons and two large introns: exon

1 codes for the N-termînal 10 amino acid domain involved in GAP-43 binding to

membranes; exon 2 codes for a large central protein domain containing several functional

and structural units (sites for protein kinase C-mediated phosphorylation and calmodulin

binding) (Alexander et al., 1988; Labate and Skene, 1989; Liu et al., 1991), and exon

3 encodes a portion of the C-terminal protein domain that may interact with elements of

the submembranous cytoskeleton (Nedivi et al., 1992).

It is interesting to note that NGF induces phosphorylation of GAP-43 (Meiri and

Burdick, 1991), probably via protein kinase C (Hama et al., 1986; Meiri et al., 1991).

It remains to be defmed if this effect is critically important for neuronal outgrowth

during development or neuronal regeneration. Experiments in vitro suggest that NGF

signalling pathways may be interconnected with a GAP-43 phosphorylation cycle

(Coggins and Zwiers, 1991). With a view to defining the roles of NGF and GAP-43 and
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the link between these proteins, a hypothetical diagram integrating available infonnati0n

about their potential second messengers is depicted in Fig. 1.3. GAP-43 stimulates the

binding of GTP to the a subunit of the G-protein (Strittmatter et al., 1990; 1993) which

is found in high concentration in neuronal growth cone membranes (Simkowitz et al.,

1989). GAP·43 was tenned an unusual G-protein regulator berause it is an intracellular

protein (Van Hooff et al., 1989), whereas G-proteins generally are activated by

transmembrane receptor-extracellular ligand complexes (Gilman, 1987). GAP-43

stimulation of Ga. and Ga; is also remarkable because it is independent of the f3'Y

subunits, is insensitive to pertussis toxin, and does not require phospholipid insertion

(Strittmatter et al., 1991). The evidence that NGF and other neurotrophins also stimulate

G-proteins is based on the similarity between the intracellular domain of p75NGFR and

mastoparan, a peptide which stimulates Ga; and Gao GTPase activity (Feinstein and

Larhammer, 1990). Interestingly, during development, motion of nerve growth cones

ceases on contact with particular targets. Collapse of growth cones in culture is induced

by mastoporan and blocked by pertussis toxin, suggesting that growth cone collapse is

mediated by G-proteins (Igarashi et al., 1993). In PC12 cells, GAP-43 was mainly

associated with lysosomal structures, including multivesicular bodies, secondary

lysosomas and Golgi apparatus while GAP-43 was undetected in plasma membrane. After

48 h of NGF application, GAP-43 was predominantly located in the plasma membrane

surrounding sprouting microvilli, lamellipodia and filopodia (Van Hooff et al., 1989).

It is appealing to propose that GAP-43 phosphorylation induced by NGF is one step

leading to GAP-43 binding to the membrane (see lower part of Fig. 1.3). Certain

proopiocortin-derived peptides, particularly ACTHI-24, have consensus sequences similar

to the GAP-43 N-terminus, which includes the binding domain of calmodulin (CaM) and

the protein kinase C (serine4l
) phosphorylation site [for a review (Coggins and Zwiers,

1991)]. The fact that ACTHl
-
24 is able to inhibit phosphorylation of GAP-43 in vitro,

could he used as a tool to further explore whether the phosphorylation induced by NGF

is required to initiate neuronal morphogenesis. GAP-43 is also phosphorylated by casein

kinase-II (CK-II) at a distinct phosphorylation site, tentatively ascribed to either serinel4S
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or serine'92 (pisano et al., 1988). It has been demonstrated in vitro that GAP-43 is not

a substrate for other kinases such as cyclic AMP-dependent protein kinases and calcium

calmodulin-dependent kinases (l and II)(Aloyo et al., 1983; 1988), a1though these

enzymes and others (e.g., protein kinase A and C, mitogen-activated protein (MAP2)

kinase and protein kinase N) are upregu1ated by NGF [for reviews see (Levi and Alemà,

1991; Ha1egoua et al., 1991)]. These data suggest that NGF exerts its effects by multiple

routes and that the protein kinase C/GAP-43 pathway is one mechanism which, while not

exclusive to NGF, may still be under its influence. In support with this idea, high basal

1evels of GAP-43 mRNA correlated with the presence of high-affmity NGF binding sites

in rat sensory neurons (Verge et al., 1990). Direct evidence that GAP-43 plays an

important role in neuronal regeneration (Skene, 1989) was provided by experiments

correlating depletion of GAP-43 by antisense oligonucleotides (Jap Tjoen San et al.,

1992; Aigner and Caroni, 1993) or inhibition with antibodies (Shea et al., 1991), with

inhibition of neurite outgrowth. Attempts have been made to relate lesion-induced

changes in GAP-43 expression to functional neurochemical mechanisms mediating

neuroplasticity (Coggins and Zwiers, 1991; Bisby and Tetzlaff, 1992). GAP-43 was

shown to be more specifically associated with the growth of new membranes (Goslin et

al., 1988; 1990a). This is in agreement with the dramatic decrease in GAP-43

concentrations following synaptogenesis and the recapitulation of this event during nerve

regeneration (Benowitz et al., 1988; Van der Z;;;;; et al., 1989; Meiri and Gordon-Weeks,

1990). GAP-43 is also expressed in non-neuronal cells (plantinga et al., 1993), refuting

its prior designation as a neuron-specific phosphoprotein (Coggins and Zwiers, 1991).

However, this phosphoprotein seems to be regulated in a very 5pecial way in neurons.

High concentrations of GAP-43 have been correlated with retention of the ability to

reshape their terminal arbors by neurons of the associative cortex (Benowitz et al.,

1988), olfactory bulbs (Verhaagen et al., 1989; 1990; 1993), and enteric nervous system

(Sharkey et al., 1990), among others. By contrast, neurons which failed to regenerate

after injury also failed to express GAP-43 (Skene and Willard, 1981b; Skene, 1989;

1992; Doster et al., 1991; Tetzlaff et al., 1991). The limited capacity of the CNS to
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Figure 1.3. A hypothetical diagram showing NGF signalling leading to neuronal growth,

differentiation, neuronal regeneration and cell proliferation. Cellular ras proteins function

as regulated GDP/GTP switches that control transmission of information from tyrosine

kinases activated by NGF (Ng and Shooter, 1993; Khosravi-Far and Der, 1994). This

pathway is partially shown in this diagram. Mitogen-activated protein kinase (MAPK) has

been implicated as a critical downstream component of ras signal transduction leading

to cell proliferation. Activation and phosphorylation of trkA also results in activation of

early response gcnes: Jos, Jun, NGFI-A (Krox24 or zif268), NGFI-B/nur77, Egr [for

reviews see (Levi and Alemà, 1991; Halegoua et al., 1991)]. The role of GAP-43 in

signal transduction was reviewed by Coggins and Zwiers (1991). For the interconnections

from activated NGF receptor upstream to the downstream G-proteinsfPIPIPKC cycle and

to other pathways not shown in this diagram (e.g. activation of Na+fK+ ATPase,

upregulation of Ca2+fcalmodulin protein kinase II, as weil as activation ofpKA and pKN

protein kinases) (Feinstein and Larhanuner, 1990; Levi and Alemà, 1991; Halegoua et

al., 1991). For details on the effect of NGF-induced phosphorylation of GAP-43 which

may lead to new membrane formation (Iower part of the diagram) see 01an Hooff et al.,

1989; Goslin et al., 1988; 1990a). Abbreviations: CaM, calmodulin; DAG,

diacylglycerol; dp-GAP-43, dephosphorylated GAP-43; p-GAP-43, phosphorylated GAP

43; PIP, phosphatidylinositol-4-phosphate; PIP2, phosphatidylinositol-4-5-biphosphate;

IP3, inositol-I-4-5-triphosphate; PKC, protein kinase C.
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regenerate has been attributed to the limited amounts of specific trophic factors and to

the presence of inhibitors of growtb cones (Luo et al., 1993; Schwab et al., 1993; Caroni

and Schwab, 1993; Bandtlow et al., 1993). More recently, evidence was presented that

an injured central neuron is able to over-express GAP-43 and regenerate in response to

a neurotrophin (BDNF) (Tetzlaff et al., 1993; 1994). This study was performed in

rubrospinal motoneurons, in which GAP-43 overexpression induced by the lesion

depended upon the distance from the axotomy site to the cell body: GAP-43 mRNA

increased when the axotomy was performed at cervical but not at thoracic level (Tetzlaff

et al., 1990). This is in line with the regeneration of rubrospinal neurons into cervical

but not thoracic transplants of peripheral nerve (Richardson et al., 1984). Simi1arly, the

expression of GAP-43 protein occurred in retinal ganglion cells when the injury was

within 3 mm of the eye but not for axotomies at a distance of 6 mm (Doster et al.,

1991). This distance-dependent regulation of the GAP-43 expression was not observed

in lesioned PNS neurons (Tsui et al., 1991; Schreyer and Skene, 1993), suggesting that

distinct environmental or intracellular signais are regulating the transcription of the GAP

43 gene. It was hypothesized that signal molecules act as repressors or stimulators of

GAP-43 expression (Bisby, 1984); however, there is no evidence of such physiological

molecules operating in the PNS or CNS.

1.6. - Thyroid hormones in CNS development

It is weil known that thyroid hormones play a crucial role in the growth and

differentiation of the brain. It is not clear what severity of thyroid deficiency is tolerated

during pregnancy before there is fetal brain damage. Monitoring for clinical features

suggestive of thyroid deficiency and measuring hormonallevels in pregnant women, in

conjunction with follow up mental status examinations of the offspring of at-risk

pregnancies and the use of replacement therapy, when necessary, have decreased the

number of cretinic (mentally retarded) children. However, the prevalence of thyroid

deficiency in pregnant women is still high (Kein et al., 1991). Thyroid hormone

deprivation is very often caused by iodine deficiency, which leads to endemic cretinism.
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The clinical picture of endemic cretinism depends upon the length and severity of the

pre- and, mainly, postnatal thyroid hormone deficiency. When the thyroid deficiency is

transmitted vertically from mother to fetus, usually around the time of the midtrirnester,

the result is neurological, intellectual and audiometric deficits. If this hormonal

deficiency is prolonged after birth, the clinical picture is more severe. In this case, the

children are typically dwarfed, sexually immature and exhibit marked clinical features

of myxedema, in addition 10 signs of neurological damage [for an updated review see

(Boyages and Halpern, 1993)]. Two frequently used animal models of thyroid hormone

deficiency are: (1) a chemically-induced model, in which blockage of thyroid hormone

synthesis is achieved with the administration of propylthiouracil (PTU), which also

inhibits the peripheral conversion of thyroxine (T4, less potent) to triiodothyronine (T3,

more potent) and (2) the surgical model where animais undergo partial or total

thyroidectomy with or without administration of a lower concentration of PTU.

Permanent brain damage occurs in hypothyroid rat pups and humans unless replacement

therapy with thyroid hormone is started immediately after birth (Rabié and Legrand,

1973; Legrand, 1967; Klein et al., 1972). A genetic model, mutant hypothyroid mice,

have also been employed (Beamer et al., 1981) but, for unknown reasons, these mice

have not exhibited the abnormalities (Sugisaki et al., 1991) previously described in rats

with chemically-induced hypothyroidism (Nicholson aTId Altman, 1972). Using these

models, extensive biochemical and morphological abnormalities have been characterized

in thyroid hormone-deficient rats [for reviews see (Dussault and Ruel, 1987; Legrand,

1979; 1983)].

Nuclear proteins have been identified as thyroid hormone receptor (TR) alpha and

beta, which are products of (c-erbA-related) separate genes (Weinberger et al., 1986;

Benbrook et al., 1988; Hodin et al., 1989; Green and Chambon, 1988; Murray et al.,

1988; Sap et al., 1986; Forrest et al., 1990). Bach gene gives cise to three isoforms of

which TR alpha-l, TR beta-l and TR beta-2 bind 13 and mediate the action ofthyroid

hormone (Sherer et al., 1993; Lechan et al., 1993; Hodin et al., 1990). These receptors

behave as ligand-activated tranScription factors through binding specific enhancer
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elements referred to as hormone response elements in target genes (Tsai et al., 1988;

Glass et al., 1987). The supposition that the developing brain, more than the mature

brain, is an important target of thyroid hormone action is based on the fact that the

maximal rate of thyroxine secretion by the rat thyroid gland occurs before the pre

weaning period (Vigouroux, 1976), coincident with the highest expression ofbiologically

active TR mRNAs in the brain (Forrest et al., 1991; Sherer et al., 1993; Wills et al.,

1991). TR expression correlates in tum with very high T3 binding in most of the brain

regions studied (Schwartz and Oppenheimer, 1978; Perez-Castillo et al., 1985). During

development, thyroid hormone has been shown to be required in neuronal and glial

processes inc1uding cell migration, myelination and synaptogenesis (Legrand, 1984). The

growth factor inducible gene NGFI-A is an immediate-early response gene activated by

signais that lead to growth and differentiation (Milbrandt, 1987; Christy et al., 1988;

Lemàire et al., 1988). Developing rat brain, but not adult animals, during thyroid

hormone deprivation showed a marked decrease in NGFI-A mRNA which increased

within 1 h of T3 treatment (pipaon et al., 1992). It is interesting that NGFI-A is also

induced by NGF (Milbrandt, 1987; Watson and Milbrandt, 1990). Such convergence of

activity is in agreement with the hypothesis that thyroid hormones interact with NGF to

promote the growth and diffeœntiation of developing basal forebrain cholinergic and

other neurons (Hayashi and Patel, 1987; Patel et al., 1988; Legrand and Clos, 1991;

Clos and Legrand, 1990). It is worth noting that thyroid hormone activity in the brain

of pre-weaning rats is coincident with the sharp development of forebrain cholinergie

neurons (Coyle and Yamamura, 1976; Gould et al., 1991; Singh and McGeer, 1977). In

support of the hypothesis that central cholinergic neurons respond to thyroid hormone,

TR was found to be localized in ChAT-positive CNS neurons in culture (Gara et al.,

1990) and, indeed, atrophic somata and abnormal proce.sses of basal cholinergie neurollS

are seen in animals with thyroid hormone deprivation from birth (Gould and Butcher,

1989). Central cholinergie neurons which appear to be most sensitive to neonatal

hypothyroidism are the same neurons which are responsive to NGF (Oh et al., 1991).

It is unclear whether the reduced TR alpha receptor mRNA observed in target areas of
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septohippocampal cholinergic neurons cf Alzheirner's disease patients (Sutherland et al.,

1992) represent a possible etiologic risk factor, are a consequence of tlte disease or are

just a coincidence. Permanent abnormalities caused by hypotltyroidism and tltyroid

hormone tlterapy are otlter possible risk factors in tlte development of Alzheirner's

disease tltat remain to be furtlter investigated (Butcher and Woolf, 1989; Woolf and

Butcher, 1990). Hypotltyroid-induced abnormalities in cerebellar neurons have been

widely studied but will not be discussed here [for review see (Rabié and Legrand, 1973;

Nicholson and Altman, 1972)].

Numerous phenotypic alterations have been described in myelin· sheatlts of

differentiated oligodendrocytes as a consequence of tltyroid hormone deprivation in early

life, including reduced amounts of myelin-associated glycoprotein, myelin basic protein,

cholesterol, cerebrosides, sulfatides, glycolipids, sulfolipids and gangliosides (Flynn et

al., 1977; Bhat et al., 1979; 1981; Balazs et al., 1969; Shanker et al., 1987; Walravens

and Chase, 1969; Rodriguez-Peiia et al., 1993). Decreased enzymatic activity (Bhat et

al., 1979), increased rnRNA instability (Rodriguez-Peiia et al., 1993) and changes in tlte

rate of transcription of myelin basic protein (Farseni et al., 1991) have been

demonstrated in oligodeI!drocytes from hypotltyroid animais. The patterns of expression

of myelin-associated glycoprotein and its rnRNA was studied in neonatal rats

(Rodriguez-Peiia et al., 1993). These investigators reported tltat more caudal brain

regions which myelinate last (i.e., cerebellum, hypotltalamus and mesencephalon) are

more affected by hypotltyroidism tItan rostral areas which myelinate earlier (i.e.,

hippocampus, striatum and cerebral cortex). The transient dependency of myelin genes

on tltyroid hormone during myelination of tlte developing brain has been attributed to tlte

transitory overexpression ofTR in oligodendrocytes of neonatal animais (Rodriguez-Peiia

et al., 1993; Mellstrôm et al., 1991; Yusta et al., 1988; Hubank et al., 1990).

1.7. Statement of tlte problem

A comprehensive experimental approach by which we understand and test tlte

function of neurotrophic factors in regeneration is based largely on work conducted in
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animais with surgical neuronallesions. Ever since NGF was discovered to be a potent

factor for rescuing basal forebrain cholinergic neurons, it bas seemed natural to

hypothesize that two other structurally similar neurotrophins, BDNF and NT-3, could

also be capable of protecting NBM cholinergic neurons. Obvious differences in the

expression of trkA, trkB and trkC receptors in basal forebrain cholinergic neurons (see

above) would suggest that BDNF and NT-3 are probably ineffective in promuting

regeneration of NBM cholinergic neurons; however, this notion is contradicted by a

recent fmding that BDNF is at least able to partially prevent degeneration of septal

neurons following funbria-fornix transection. A preliminary objective was to test doses

of BDNF and NT-3 which are equivalent to previously employed saturating doses of

NGF using ;he same paradigm. Intracerebroventricular administration of these

neurotrophins was initiated immediately before partial unilateral cortical

devascularization. Assessment of neurotrophic efficiency was based on analysis of the

post-Iesion size, as weil as the density of neuritic processes (dendrites and axons) of

NBM cholinergie neurons identified by ChAT irnmunocytochemistry (Chapter m.
The same procedure was carried out to investigate the therapeutic profile of

aFGF, a neurotrophic factor with strong potential to rescue NBM cholinergic neurons.

The intriguing features of this NTF are its ability to elicit very diverse effects in neuronal

and non-neuronal cells and the fact that another member of the same farnily, bFGF, has

been shown to prevent septal cholinergic cell death despite the CUITent lack of evidence

that these neurons express FGF receptors. Therefore, the neurotrophic properties of

aFGF were studied in vitro using the cortical infarction model by analysing changes in

the size of NBM cholinergic neurons and density of their neuritic processes (dendrites

and axons) within the NBM, ChAT activity and morphology of astrocytes (in vivo and

in vitro), and performance of treated-animals in water maze tasks (Chapter llI).

Another property of aFGF was described in vitro, whereby astrocytes derived

from newbom brain explants released NGF in response to aFGF or bFGF treatments.

This effect bad not yet been described in vivo using mature animais. Thus, my next
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objective was to address this question by producing cortical infarction in animais and

assessing NGF protein and mRNA levels in the remaining cerebral cortex (Chapter IV).

Much has been learned about the physiological anet pharmacological properties of

NGF in basal forebrain neurons. To the present, the response of the low-affinity and

high-affmity NGF receptors to NBM neurons injury and NGF treatment have not been

described. There is evidence that cortical injury may induce an increase in NGF

expression but not to levels sufficient to rescue NBM cholinergic neurons. One of the

objectives in the next chapter was to determine whether lesioned animais with injury

induced or exogenously exhibiting increased levels of NGF would display changes in the

expression of p75NGFR mRNA in NBM neurons (Chapter V). The participation of NGF

in eliciting neuronal growth, preventing degeneration and inducing sprouting of

peripheral and central neurons encouraged me to investigate changes in the mRNA

expression of a putative marker of regeneration, growth GAP-43, employing the same

in vivo conditions. Analysis of GAP-43 expression in NBM neurons was compared to the

expression in other neurons that are not sensitive to NGF (Chapter V). The distribution

of these three mRNAs was investigated using in situ hybridization procedures.

The role of NGF in the repair of NBM cholinergic neurons is becoming weil

characterized. However, atrophied NBM cholinergic neurons in mature animais deprived

of thyroid hormone during development were not yet evaluated with respect ta NGF

responsiveness. The capability of NGF to reestablish normal neuronal size or to prevent

further damage caused by cortical infarction, produced in these animais at maturity, was

assessed by morphometric analysis of ChAT-immunoreactive NBM neurons :i( two adult

ages. Furthermore, expression of p75NGFR and p1401rl< was determined in mature animais

by in situ hybridization in arder to investigate whether thyroid hormone deprivation

during development significantly affected mRNA levels of these receptors in NBM

neurons (Chapter VI). Of added interest in this study, parallel experiments in immature

thyroid deficient animais (Appendices A and B) revealed several alterations, including

in the expression of p75NGFR and its mRNA in pups.
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AB8TRACT

Quantitative analysis ofcholine acetyltransferase (ChAT) immunoreactive neurons

was used to evaluate the protective potential ofbrain-derived neurotrophic factor (BDNF)

or NT-3 against retrograde changes in nucleus basalis magnocellularis (NBM) cholinergic

neurons after unilateral partial devascularization of the rat neocortex. A daily dose of

12 p.g, proven to be effective for NGF and aFGF in the same experimental paradigm,

was administered intracerebroventricularly by minipump infusion for a one-week period.

Thirty days after lesioning, neuronal shrinkage and loss of neuritic processes were not

prevented by treatrnent. The results indicate that BDNF and NT-3 are not as effective as

NGF and aFGF in protection of NBM cholinergic neurons against lesion-induced

changes in adult rat brain.

INTRODUCTION

Brain derived neurotrophic factor (BDNF) (Barde et al., 1982; Leibrock

et al., 1989) and Neurotrophin-3 (NT-3) (Maisonpierre et al., 1990) are homologs of the

best characterized neurotrophin - nerve growth factor (NGF) (Levi-Montalcini, 1987).

Extensive studies on the role of this prototypic trophic molecule in the adult central

nervous system (CNS) have been carried out in recent years. Thus, the distribution of

this protein and the pattern of its mRNA expression match the topography of target fields

for brain cholinergic pathways. Furthermore, forebrain cholinergic neurons prominently

display both low- and high-affmity binding sites to NGF (Chao, 1992), observations

which are consistent with its postulated trophic and reparative effects on these neurons

(Hefti et al., 1989; Cuello, 1993). More recently new peptides c10sely related to NGF

have been described, namely BDNF, NT-3 and NT-4f5. Despite high structural

homology with NGF and sirnilar affinity to the low-affmity NGF receptor (p75NGFR
)

(Chao, 1992), BDNF and NT-3 seemingly operate via different high-affmity neurotrophin

receptors. Thus, BDNF acts predominantly on trkB (Chao, 1992) while NT-3 acts

preferentially on trkC (Chao, 1992). Distinct spatial patterns of expression of NGF,

BDNF and NT-3 rnRNAs have been reported. BDNF rnRNA has the most widespread
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,
distribution and is very conspicl.ooUS in man~) areas of the cortex as well as in septum,

amygdala, and the ependymal lining of the lateral ventricles (PhilIips et al., 1990;

Wetmore et al., 1990). The distribution of BDNF and its receptors (phillips et al., 1990;

Wetrnore et al., 1990; Merlio et al., 1992; Feinstein et al., 1993) suggests that this

peptide rnight exert widespread actions within the CNS, in contrast to the apparently

more restricted actions of the NGF and NT-3 rnolecules. The partial overlap of

expression patterns of trkB and trkC and their ligands imply a possible auto- or paracrine

function rather than the target-dependent action of NGF. The differential biological role

of these neurotrophins in the adult CNS remain to be established. After sorne brain

insults, BDNF and NGF appear to be similarly regulated (Lindvall et al., 1992).

However, these two neurotrophins respond differently to selective deafferentation of the

hippocampus (Lapchak et al., 1993). In vitro NGF and, less potently, BDNF promote

survival of septal cholinergic cells, up-regulate the expression of p75NGFR (Alderson et

al., 1990), and elevate choline acetyltransferase (ChAT) activity of developing septal

cholinergic neurons (Knüsel et al., 1991). Recent in vivo morphological smdies revealed

some protection from atrophy ofaxotomized septal cholinergic neurons with BDNF

treatment (Knüsel et al., 1992; Morse et al., 1993). In this smdy, we aimed to

characterize the effects of exogenously administered BDNF and NT-3 on the basalo

cortical patl1way of the forebrain cholinergic system. This system is higWy vulnerable

to lesions of the target tissue and nerve terminal network. Cortical devascularization

causes well-characterlzed retrograde changes in the (NBM), where the actions of these

two novel neurotrophins can be accurately assessed in relation to the prototypical actions

ofNGF.

MATERIALS AND METHODS

SurgicaI procedure and administration of neurotrophic factors:

Twenty-four adult male Wistar rats (Charles River Breeding Laboratories,

Quebec, 300-325 g) were used. To prevent infection, all the animals were pretreated with

Tribrissen (24% solution, 0.02 ml/l00 g body weight, s.c.) 0.5-1 h before surgery.

Vnder Equithesin anesthesia (4.0 ml/kg, i.p.), 18 anhnals were subjected to unilateral



•

•

•

CHAPTER II...68

devascularizing cortical lesions, essentially as previously described (Figueiredo et al.,

1993). Briefly, after removal of a 1 cm2 flap of bone, extending longitudinally from 3

mm anterior to Bregma to 1 mm anterior to Lambda, and perpendicularly 1 cm

downwards starting 1 mm from the midline, dura mater was cut out and ail the exposed

pia arachnoid vasculature was disrupted and removed with the use of a fine surgical

needle. The lesion caused a graduai atrophy followed by a complete loss of the

underlying cortex (Fig. ILlb, d, t) that encompassed portions of the frontail, forelimb,

hindlimb and parietal 1 and 2 cortical regions, leaving intact cingulate (anteriorly, Fig.

n.la-b, c-d) and retrosplenial (posteriorly, Fig. ILle-t), frontl.12, insular, perirhinal and

entorhinal areas. Animais in which histological verification of the extent of the lesion

revealed damage of the subcallosal structures were eliminated from the study. Six

animais which had undergone sham operations consisting of bone removal on1y served

as controls. Rats were implanted, immediately prior to devascularization, with

permanent stain1ess steel cannulae (23 gauge) into the right lateral ventricle [coordinates

from Bregma (paxinos and Watson, 1986): AP, -0.8; L, 1.4; V, 3.5]. The cannulae were

connected to subcutaneous Methylene blue (0.01 %, BDH Chemicals)-filled osmotic

minipumps (Alzet 2001) via coiled polyethylene tubing (Intramedic, PE-60). This tubing

was filled with either vehicle [artificial cerebrospinal fluid (aCSF) supplemented with

0.1 % bovine serum albumin (BSA, Boehringer-Mannheim)] or with BDNF or NT-3

solutions (Regeneron Pharmaceuticals, USA). Recombinant human BDNF and NT-3.

prepared from conditioned media of Chinese hamster ovary cells (Altar et al., 1992),

were formulated in phosphate-buffered saline (PBS), pH 7.3, at a concentration of 1

mg/ml. The bioactivity of both proteins was confirmed in bioassay in cultures of dorsal

root and nodose ganglia explants or dissociated neurons. Prior to loading, frozen samples

were thawed at 37°C and diluted 1:1 in 2x aCSF plus BSA to a fmal neurotrophin

concentration of 0.5mg/ml. After the seven day continuous infusion (l2!Lg124!LI/day), ail

rats were anaesthetized and the minipumps and connecting tubing were removed. Total

infusion volume was determined to be 178±10 !LI per rat in the BDNF-treated group, and
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160±12 pl per rat in the NT-3-treated group, corresponding to an average total dose of

12.7±0.7 pg and 11.4±0.9 pg respectively.

Immunocytochemistcy

Thirty days after the lesion (i.e. 23 days after the end of lleurotrfJphin or vehicle

administration) animaIs were anaesthetized with Equithesin (4.5 ml/kg), and perfused

through the ascending aorta as previously described (Figueir,"do et al., 1993). The brains

were removed, postfixed in 4% paraforrnaIdehyde in O.lM phosphate buffer (PB), pH

7.4, for 2h, and kept in 10% sucrose-O.iM PB at 4°C overnight followed by infIltration

in 30% sucrose-PB the next day. Subsequently, 50pm coronal sections were cut on a

freezing sledge microtome (Baldwin, Ine., Cambridge, V.K.) and colleeted in PBS, pH

7.4. The free-fioating sections were washed in PBS plus 0.1 % Triton X-100 (pBS-T),

treated with hydrogen peroxide (0.3 %) for 20 min to reduce unspeeifie staining, washed

repeatedIy in PBS-T, and incubated at 4°C overnight in anti-Ch.AT monoclonal antibody

(Boehringer Mannheim, 1:25 diIutioninPBS-T). The irnrnunocytochemical reaction was

developed by the PAP technique with the use of3 ,3'-diarninobenzidine tetrabydrochloride

(DAB, Sigma) as a chromogen. AIl steps following incubation with prirnary antibody

were carried out at room temperature using PBS-T for washes and reagent dilutions. In

brief, after washings (2x 15 min), sections were incubated for 1 h in a rabbit anti-rat IgG

(1:50, prepared in our laboratory). Afterwards, sections were washed (2x 15 min) and

incubated for 90 min in the rat peroxidase-antiperoxidase complex (mouse antiperoxidase

1:30, Medicorp, Canada, HRP type VI, Sigma, 5 pg/mI). After rinsing (3x 15 min),

sections were inr.ubated in 0.06% solution ofDAB for 10 min, and then for an additional

10 min in the same solution containing 0.01 % hydrogen peroxide. The reaction was

stopped by removal of the solution and rinsing. Following three rinses (3x 15 min),

sections were mounted on chrom-alum subbed slides, dried, dehydrated in ascending

concentrations of ethanol, cleared in xylene and cover-slipped with EntaI1an (BDH Inc.,

Quebec, Canada).
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Light microscopie measurements

A total of three - six CItAT-immunostained brain sections from the intermediate

portion (coordinates from Bregma -1.20 to -1.50, see Fig. ILl) of the NBM were

analyzed per animal. Two NBM fields - dorsal and medioventral - in one plane of focus

were investigated. The cells were visualized with an Olympus BH-2 microscope and the

image (magn. 200x) was transferred via an MTICCD 72 camera to an image analysis

system - Microcomputer Imaging Deviee (MCIO, Brock University, St. Catharines,

Ontario, Canada) for quantitative analysis of the area of the CItAT-immunopositive

NBM neurons. The mean cross-sectional area of the œil bodies was calculated using a

program with a fully automated sampling tool. Differences in the mean cross-sectional

area of CItAT-immunoreacti':e cell bodies between experimental groups were estimated

by ANaVA followed by Newman-Keuls' test. The level of statistical significanœ was

set at P<0.05.

RESULTS

Thirty days afier unilateral cortical devascularization, there was a significant

shrinkage of CItAT-immunopositive neuronal cell bodies and a decrease in the density

of neurites in the NBM ipsilateral to the lesion. The cholinergie neurites corresponded

largely to dendrite prof1les and occasionally to axonal prof1les. As illustrated by the light

microscopie micrographs (Fig. D.2), the changes in neuronal morphology caused by

injury were observed both in the dorsal (the upper fields of Fig. D.2a-b) and ventral (the

bottom fields of Fig. D.2a-b) parts of the intertnediate regions of the :N13M (mid-basalis).

Quantitative analysis of the material revealed that reduction of the cross-sectional area

of the CItAT-immunoreactive cholinergie neurons occurred with the same intensity both

in its dorsal and medioventral parts (Fig. 11.3), confirming our previons results with this

model (Cuello, 1993; Figneiredo et al., 1993). The lateroventral part of the mid-basalis

was much less affected while the anterior and posterior NBM regions were not affected

by the cortical injury applied in these experiments. One-week's treatment of lesioned rats



•
Figure 11.1. Schematic representation of rat brain corona! sections (a, c, e) at different

levels from Bregma and matching brain slices (h, d, f) showing localization and extent

of the cortica11esion one month after cortical devascularization.
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FIG. n.2. Microscopie appearance ofChAT-immunoreactive neurons in the intermediate

nucleus basalis magnocellularis: sham operated (panel a), lesioned vehicle-treated (panel

b), lesioned BDNF-treated (panel c), lesioned NT-3-treated (panel d) rats. Areas framed

in a - d shown at higher magnification in a', b', c", and d" , respectively. High-power

photomicrographs show cell shrinkage and the loss ofneuritic processes. Scale bar in low

magnification photomicrographs = 125 JLm, in high magnification photomicrographs =

20 JLm.
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FIG. II.3. Quantitative evaluation of the effect of the corticallesion and neurotrophin

treatment on the cel! size of ChAT-irnrnunoreactive neurons in the interrnediate NBM

ipsilateral to the injury. Bars represent means ± S.E.M. of the cross-sectional area of

randomly selected ChAT-irnrnunoieactive neurons. Number of animaIs in sharn operated

group = 6, in other operated groups = 4. *P<O.OS compared to sharn operated group

(ANOVA, fol!owed by post-hoc Newman-KeuIs' test) .
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with BDNF or NT-3 at a daily dose of 12Jlg did not reduce atrophy of ChAT

immunopositive neurons (Fig. II.3). Neuronal cell bodies remained shrunken, and no

restoration of neurite networks was observed (Fig. II.2, panels c and d, respectively).

DISCUSSION

In the search for effective and selective factors in the experimental therapelltics

of degenerative neuronal pmcesses in the CNS, we investigated the biological activity of

BDNF and NT-3 in a model of retrograde degeneration of cholinergic neurons of the

NBM after partial cortical devascularization. Obliteration of superficial pial vessels

supplying the selected area of the cerebral cortex causes a graduai infarction resulting in

cortical necrosis which affects the terminal network ofNBM cholinergic neurons (Cuello,

1993). Our previous studies demonstrated that the intracerebroventrkular infusion of

NGF (Cuello, 1993) or aFGF (Figueiredo et al., 1993) to the lesioned animals provides

protection of NBM cholinergie cell bodies and their neuritic network when observed one

month after lesioning and three weeks after cessation of treatment. Here we demonstrate

that BDNF and NT-3, when administered in the same experimental paradigm at doses

previously found te be effective for NGF or aFGF, failed to prevent forebrain NBM

cholinergie neurons from undergoing cell body shrinkage and retraction of neuritic

networks in the NBM.

Lack of effect of either of the neurotrophins used in this study should be

considered in terms of responsiveness of NBM cholinergie neurons to these factors, but

also in terms of dose requirements and parenchymal penetration. Lack of data on the

post-lesion regulation of trkB and trkC mRNA expression in NBM cholinergie neurons

restricts the possibility to confidently address the issue of expected cellular

responsiveness. Although both trkB and trkC mRNA expression are deteetable in the

NBM region, their levels appear to be much lower than that of trkA (Merlio et al.,

1992). Evidence for the presence of functional BDNF receptors on NBM cholinergic

cells comes from studies demonstrating trkB immunopositivity (Feinstein et al., 1993)

and BDNF transport to the NBM after intracortical or amygdalar administration of that
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factor (Kroin et al., 1993). However, it has only been shown recendy that

intraventricular BDNF (Morse et al., 1993) administration results in very limited

diffusion from the ventricles into the adjacent neural tissue, thus, seriously limiting its

availability to the NBM neurons.

The absence of a demonstrable effect of BDNF on cholinergie NBM

neurons reponed in the present study is comparable to the apparent lack vi BDNF

mediated effects on lesion size or cholinergie cell sparing in the striatum follov<ïng

excitotoxic injury (Frim et al., 1993). Continuous intrastriatal BDNF administration in

doses equivalent to those applied by us aIso failed to modify striatal ChAT activity and

high-affmity choline uptake (HAChU) (AItar et al., 1992). Cell culture studies on

embryonic basal forebrain neurons revealed their responsiveness to porcine and rhBDNF

(AIderson et al., 1990; Knüsel et al., 1991; 1992), but showed that rhBDNF is 90 rimes

less potent than NGF in affecting cell survival and elevation of ChAT activity (Knüsel

et al., 1992); NT-3 was ineffective in that assay (Knüsel et al., 1991). Up to the present,

there are no available in vivo studies in the cholinergie system reponing NT-3

effectiveness in neural repair. AIthough data obtained in cell culture studies cao be

roughly extrapolated to in vivo systems, they imply much lower potency of BDNF and

NT-3 than of NGF on cholinergie cells. In the present study we used a dose (12 /Lg/day)

of BDNF and NT-3 equal to the maximum dose of NGF and aFGF applied in previous

studies (Garofalo et al., 1992, 1994; Cuello, 1993; Figueiredo et al., 1993). This dose

was 120 rimes higher than the NGF ED50 established for the maintenance of control

NBM ChAT activity in devascularized rats and supramaximal to the NGF dose causing

full protection of NBM cholinergie neurons from retrograde shrinkage (Garofalo et al.,

1992, 1994; Cuello, 1993). Furthermore, our choice of infusion concentration (0.5

mg/ml) aIlowed us to overcome technical restrictions of limited release of BDNF and

NT-3 from minipumps (AItar et al., 1992), reponed when lower concentrations were

tested. In effect, this level of exogenously applied neurotrophin was 2.7 rimes higher than

the BDNF dose previously shown to proteet axotomized septal neurons from degeneration

after a three-week administration period (Knüsel et al., 1992; Widmer et al., 1993). The
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latter treatment resulted in the protection of a restricted number of cholinergic neurons

which contrasts to the more complete response to NGF. Because the response of ChAT

immunopositive cells was weaker than p75NGFR immunoreactive ceUs, the authors

speculated that BDNF up-regulates p75NGFR mRNA but not ChAT mRNA in septal

cholinergic neurollS. While long-lasting treatment (Knüsel et al., 1992; Widmer et al.,

1993) may be pc;smlated to cause the p75NGFR upregulation, in the present study no

BDNF or NT-3 effect on p75NGFR-immunoreactive neurons was observed after three

weeks from cessation of treatment (not shown). The reported BDNF-induced rescue of

part of the septal cholinergic neurons from axotomy-caused cellioss is not paralleled by

its effects on biochemical parameters of functional recovery (Lapchak et al., 1993; Hefti

et al., 1993). BDNF treatment did not affect the diminished ChAT activity and HAChU

levels in synaptosomal preparations from the septal area ipsilaterai to the lesion (Hefti

et al., 1993), neither did it attenuate post-lesion decrease of ACh synaptosomal content

(Hefti et al., 1993), and ACh release from hippocampal slices (Lapchak et al., 1993).

Although these fmdings suggest a lower potency of BDNF in comparison to NGF, further

studies applying other administration routes and doses of novel neurotrophins may

disc10se their effectivenes& for protection (If NBM cholinergic neurons after injury.

CONCLUSION

This study bas shown that the continuous intraventricular administration of BDNF

or NT-3 is apparently non-efficacious in the protection or recovery of cholinergic neurons

of the NBM undergoing retrograde degeneration after partial cortical devascu1arization.

The differential in vivo responses of basal cholinergie neurons foUowing intraventricular

delivery of various neurotrophins may be part1y due to their significantly different ability

to penetrate brain parenchyma and by individual responsiveness of particu1ar neuronal

cell populations. Our negative data, together with recently described fmdings indicating

that BDNF offers less protection to injured cholinergie neurons than NGF, point 10 the

latter as the neurotrophin of choice when attempting to counteract degenerative changes

in basal forebrain cholinergic neurons.
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One attempt was made to provide recovery of NBM neurons fol1owing

intraventricuIar administration of BDNF and NT-3 separately. As shown in the previous

chapter, this approach failed and is in agreement with a recent repon showing that

intraparenchymal treatrnent with BDNF did not rescue NBM neurons fol1owing ibotenk

acid infusion (Dekker et al., 1994). These results were based on assessement of low

affmity NGF receptor (p75NGFR)-immunoreactive neurons, a basal forebrain cholinergie

marker, that was reponed to be more sensitive than choline acetyltransferase (ChAT) to

the in vivo effects of BDNF (Knüsel et al., 1992; Widmer et al., 1993; Morse et al.,

1993). The fallure to protect NBM cholinergie neurons [data from our study (Sb:up et al.,

1994) and from others (Dekker et al., 1994)] is not in line with the protection of neurons

from MSNB (Knüsel et al., 1992; Widmer et al., 1993; Morse et al., 1993). There is

no evidence for a differential expression of high-affmity receptor for BDNF (trkB)

between NBM, and, medial septum and vertical limb of diagonal band of Broca

(MSNB). One remote possibility for these conflicting results, could be that BDNF may

prevent cel1 death of MS/VB cholinergie neurons without being able to maintain neuronal

cell size in the NBM. Although further studies, using higher doses of BDNF, would be

necessary to clarify these differences between MSNB and NBM, it was decided to

concentrate our efforts in a thorough understanding on the effects of acidic fibroblast

growth factor (aFGF). This FGF shares about 55% amino acid sequence identities

(Gimenez-Gallego et al., 1985; Esch et al., 1985) with basic FGF which bas been shown

to rescue MS/VB neurons (Anderson et al., 1988; Otto et al., 1989). Furthermore, both

FGFs have been shown to produce similar effects in vitro and in non-neuronal cel1s (see

section 1.3. in Chapter 1). Thus, data shown in the next chapter indicate that aFGF

effects in NBM are similar to those of bFGF in MS/VB neurons. A coverage of the

aFGF effects indicating protection of NBM neurons, as wel1 as an improvement in the

performance of a memory task, suggest that this neurotrophic agent offers great potential

in the therapy of clinical problems of patients displaying an equivalent degenerative

process.
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ABSTRACT

The ability of acidic fibroblast growth factor (aFGF) to elicit a trophic response

in the nervous system of the rat was tested in vitro and in vivo. Treatment of cultured

septal cells with aFGF resulted in an elongation of glial processes as assessed by

immunostaining for glial fibrillary acidic protein. Increased choline acetyltransferase

(ChAT) was also observed. The responses to aFGF in vivo were studied in rats trained

in a spatial memory task using the Morris water maze. Randomly selected animais were

subjected to unilateral cortical devascularization. This lesion results in partial unilateral

infarction of the neocortex and in retrograde degeneration of the nucleus· basalis

magnocellularis (NBM). AnimaIs were tested post-Iesion for memory retention and were

then sacrificed for morphological studies. Intracerebroventricular lldrninistration ofaFGF

(0.6 p.g/h for seven days starting at surgery) prevented the lesion-induced impairment in

this test and reduced the NBM cholinergic degeneration, as assessed by morphometric

ChAT-like immunoreactivity and radioenzymatic assay for ChAT activity. The

preservation of the phenotype of injured cholinergic neurons of the NBM by aFGF was

indicated by the maintenance of the cross-sectional area of cell bodies and mean length

of neuritic processes one month after surgery. The effect of aFGF in non-cholinergic

cells remains to be investigaled.

It is suggested that aFGF may alleviate the lesion-induced deficit in the memory

retention task by preventing disruption of functional connections between NBM and intact

cortical areas. aFGF may act together with other trophic factors such as NGF to

modulate the development and/or plasticity of cholinergic central nervous system (CNS)

neurons. These observations are consistent with the idea that aFGF may ameliorate

NBM-dependent memory impairments that occur in degenerative diseases.

INTRODUCTION

The FGF (or heparin-binding) family refers to an expanding list of structura1ly

homologous peptides which oceur in a wide variety of peripheral and CNS tissues
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(Basilico and Moscatelli, 1992). Several lines of evidence suggest that FGFs are

involved in cell proliferation, differentiation, maintenance in angiogenesis, vascular

repair, and chemotaxis in many regions of the CNS (Baird and Klagsbrun, 1991; Baird

and Ling, 1987; Bjornsson et al., 1991; Burgess and Maciag, 1989; Gospodarowicz et

al., 1986; Lobb, 1988; Rifkin and Moscatelli, 1989; Walicke, 1988). High levels of

FGFs have been found in the brain (Burgess and Maciag, 1989; Gospodarowicz et al.,

1987). The topographical distribution of FGF targets in rat brain has recently been

elucidated through the study of receptor-mediated retrograde transport of aFGF and basic

FGF (bFGF) (Ferguson et al., 1991), the best-studied and most abundant member of the

FGF family of trophins (Thomas, 1987). Neither aFGF nor bFGF accumulate in basal

forebrain cholinergic neurons (Ferguson et al., 1991). However, high levels of

endogenous aFGF have been found in specific subcortical neuronal populations, including

magnocel1ular neurons in the septal area and nucleus basalis (Stock et al., 1992). These

fmdings suggest that endogenous aFGF may play a role in neuronal regeneration after

injury or during development. Evidence for a IOle of FGFs in the repair of cholinergic

neurons cornes from studies showing that bFGF may rescue septal cholinergie neurons

fol1owing fimbria-fornix lesions (Anderson et al., 1988; G6mez-Pinil1a et al., 1992; Otto

et al., 1989). That FGFs might have a direct (Knusel et al., 1990) and/or an indirect

neurotrophic effect mediated via glia cells is supported by experiments showing that

aFGF and bFGF increase NGF concentration in astrocyte cel1 cultures (Ono et al., 1991;

Yoshida and Gage, 1991; 1992) and indeveloping hippocampus (Spranger et al., 1990).

Furthermore, it has been shown that levels of aFGF, aFGF mRNA, and bFGF increase

fol1owing CNS injury and that infusion of aFGF or bFGF after CNS insult prevents

degeneration of spinal cord neurons (Sweetnam et al., 1991).

In patients with A1zheimer's disease taken to autopsy, histopathological changes

in the brain are associated with reduced cerebral cortical ChAT activity and acetylcholine

levels (Bowen and Smith, 1976; Davies and Maloney, 1976). These chemical alterations

appear to reflect degenerative changes occurring in the cortical cholinergie projection

neurons of the NBM (Whitehouse et al., 1982). The functional deficits characteristic of
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Alzheimer's disease have been linked, at least in part, to this cholinergic loss. These

observations have promoted a great deal of interest in the neurobiology of NBM which

is the principal source of extrinsic cholinergic input to the neocortex (Fibiger, 1982;

Luiten et al., 1987; Saper, 1984; Sofroniew et al., 1987; Woolf, 1991). Shrinkage of

NBM cholinergic neurons was described one to several months after cortical

devascularization (Sofroniew et al., 1983, 1987). However, it is unclear whether these

atrophic neurons may still become hypertrophic after NGF. NGF bas been shown to

promote hippocampal reinnervation of lesioned cholinergie septal neurons (Hagg et al.,

1990; Hefti, 1986; Kromer, 1987; Williams et al., 1986) to rescue injured cholinergic

neurons of the NBM using an animal model of infarction (Cuello et al., 1989), or injury

caused by injection of neurotoxin in the NBM (Haroutunian et al., 1989). In addition

to NGF, bFGF affects the survival and transmitter metabolism of cultured embryonic rat

septal neurons (Grothe et al., 1989; Knusel et al., 1990).

In the present experiments, we have assessed the therapeutic potential of aFGF

in an animal model of retrograde degeneration of cholinergic neurons of the NBM

following a partial devascularizing lesion of the cerebral cortex. We have investigated

the effects of aFGF in the cell shrinkage of NBM cholinergic neurons which follows

cortical devascularization and we have exarnined whether aFGF treatment of lesioned rats

could modify their performance in a memory paradigm using the Morris water maze.

MATERIALS AND METROnS

Animais

Male Wistar rats (300-325g) and pregnant Sprague-Dawley rats (embryonic day

16-17) were purchased from Charles River (Quebec) and housed individually with a 12

h Iightldark schedule at a temperature of 20-22°C. They were given free access to food

and water.
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ln vivo experiments

Three groups ofanimals were used: (i) sham-operated animais treated with vehicle

only; (ii) devascularized rats treated with vehicle; and (iii) devascularized rats treated

with aFGF (generously provided by Dr. K. A. Thomas, Merck-Sharp-Dohme) for seven

days. Male rats were anaesthetized with Equithesiu (2.5 ml/kg, i.p.) and placed in a

stereotaxic frame. A stainless steel cannula (23 gauge) was permanently implanted into

the right lateral ventricle [coordinates from Bregma: (Paxinos and Watson, 1986) AP, 

0.8; L, 1.4; V, 3.5]. Osmotic minipumps (Alzet 201ll, IJ.tI/h, seven days) were loaded

\Vith dye (0.01 % Methylene blue, BDH Chemicals) and prttested before being connected

to the cannulae through coiled polyethylene tubing (Intramedic, PE-60). aFGF (12 J.tg124

J.tl per day) or vehicle [phosphate-buffered saline/artificial cerebrospinal fluid (PBS/CSF)

1: 1 and 0.1 %bovine serum albumin] was loaded into the tubing with a small amount of

minerai oil added to tte minipump end to prevent mixin& with the dye released from the

minipump.

Cortical devascularization

The animal model used in this work involves the graduai process of infarction

resulting from the obliteration of superficial pial vessels supplying the selected cortical

area. The cortical necrosis engulfs the terminal network of NBM cholinergic neuritic

processes which project to the neocortex (Fibiger, 1982; Luiten et al., 1987; Saper,

1984; Sofroniew et al., 1987; Woolf, 1991). The outcome of this lesion is a graduai

retrograde degeneration and eventual shrinkage of NBM cholinergic neuron cell bodies

and neuritic processes (Sofroniew et al., 1983, 1987), as opposed to the transection of

the fimbria-fornix which results in an apparent cellioss (Hefti, 1986; Kromer, 1987).

Animais were trained in a Morris maze task and were then subjected to left-side

devascularizing corticallesions, as previously described (Sofroniew et al., 1983, 1987;

Stephens et al., 1985). Ali animais were allowed to survive one month after surgery.

In brief, the devascularizing lesion was performed by removing a flap of bone and

underlying dura and gently rubbing away all vessels and most of the pia mater with

sterile, saline-soaked cotton swabs. Control animais received a sham operation consisting
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of craniotomy only. Minipumps were implanted during this surgery. Seven days after

the lesion or sham operation, the animais were anaesthetized and the pumps and tubings

were removed. The animais survived for a period of one month. Memory retention in

ail animais was then evaluated for four days and two days following the behavioral tests,

animais were sacrificed. Howp.ver, only animais showing well-defmed lesions of the

cortex (including parietal 1, forelimb, and part of frontal 1, hindlimb liIld parietal 2

regions (Zilles, 1985) without invasion of underlying subcallosal brain regions) were

considered for further analysis. For immunocytochernical studies, 18 animais were

sacrificed under Equithesin anaesthesia (2.5 ml/kg) by transcardiac perfusion with

ftxative as previously described (pioro and Cuello, 1990).

Choline acetyltransferase activity determination

ChAT enzymatic activity was determined in tissue from rnicrodissected areas

according to Fonnum's procedure (Fonnum, 1975), and proteins were measured

according to the procedure described by Bradford (Bradford, 1976). Six to eight animaIs

from each group were used for biochernical studies. They were decapitated and the

remaining cortex (cingulate 1 and 2, frontal 2 and part of frontail and hindlimb regions)

and NBM were microdissected from fresh tissue slices as previously described (Stephens

et al., 1985).

Performance in the water maze

The behavioral effects of these devascularizing lesions were investigated using a

previously reporte<! procedure (Elliott et al., 1989) originally described by Morris

(Morris, 1984). The test chamber consisted of a pool (diameter 140 cm; height 42 cm)

containing water made blue by the addition of powdered non-toxic paint and containing

a submerged blue platform. Rats were placed into the pool at different start points; the

platform was kept in the same place throughout all trials. Starting randornly from four

locations (north, east, south or west), close to the wall of the pool, all animais were able

to learn to locate the hidden platform within 20 sec after four days of training (four
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trials/day with intervals of 15 min) before surgery or treatment with drugs. Animais then

underwent surgery one day after the final four-day training sessions and were retested

starting 25 days later. The swinuuing path for each rat during each trial (total of four

trials per day) was registered on a map of the pool by an observer who was blind to the

experimental condition. In addition, the time required to reach platform was measured.

ln vitro experiments

In preparation for in vivo studies, we studied septal ceU cultures treated with

different concentrations of aFGF. The septal area was dissected from the brains of 16 

17 day-old embryonic rats as described (Dunnet et al., 1993). Dissociated septal ceHs

(a mixed neuronal-glial ceU population) were prepared (CueHo et al., 1989) and

resuspended in culture medium to a concentration of 0.7 X 106 (Bowen and Smith, 1976)

viable ceUs/wel1. CeUs were grown in 24 multiweU plates, at 37 oC in 5% COz, on glass

coverslips coated with 100 JLg/ml poly-L-Iysine. aFGF was diluted to a stock solution

of 1 JLg/ml in culture medium, aliquoted and stored at -20°C. Septal cultures received

no treatment for the frrst 24 h, aFGF (25 or 50 ng/ml) was then added to three cultures

and three untreated cultures served as controls. As a positive control, additional septal

cultures were treat"d with 25 ng/ml NGF (prince laboratories). Treated cultures were

fuUy fed four times with NGF or aFGF-enriched medium on days one, three, six, and

eight. The ceUs were grown for a total of nine days and then prepared for

inuuunocytochemistry or determination of ChAT activity. A total of six controls and six

independent cultures incubated with each concentration were studied in two independent

experiments.

~OCYTOCHEN.USTRY

Free-floating sections

After a 20 min washout with 10% glucose in phosphate buffer solution (PBS), the

brains were removed and the appropriate area was blocked and stored in 30% sucrose

phosphate buffer at 4°C for two to four days. Coronal sections (50 JLm thick) were
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obtained by using a freezing sledge microtome. The sections were washed (15 min) in

PBS plus 0.1 %Triton X-100 (pBS-T). Sections were pretreated with hydrogen peroxide

(0.3 %) to reduce background staining and were further processed free-floating. After

three washes in PBS-T (l0 min per wash), sections were incubated with the antibodies

anti-glial fibrillary acidic protein (GFAP) (antiserum dilution 11200, DAKO) and rat

ChAT monoclonal antibody (Boehringer) for 18 h at 4°C in PBS-T solution. AIl

subsequent steps were carried out at room temperature using PBS-T for washes, dilution

of antibodies and 3,3'-diaminobenzidine tetrahydrocWoride (DAB) reaction. After
,

washing (2x1O min), sections were incubated for 2 h either in rabbit anti-rat serum (1150;

prepared in our laboratory) for anti-ChAT or in an undiluted solution of the McC8

bispecific antibody (Kenigsberg et al., 1990) (Medicorp, Canada) which recognizes rabbit

IgG (anti-GFAP) and horseradish pr-roxidase (HRP) simultaneously. Sections were then

rinsed three times in PBS-T and were further incubated for 2 h either in monoclonal rat

peroxidase-antiperoxidase (Cuello et al., 1984) (1130; Medicorp, Canada) for anti-ChAT

or in a solution of HRP type VI (Sigma, 5 JLg/rnl in PBS-T) for GFAP immunostaining.

After washing (4x1O min), sections were incubated in a 0.06% solution of DAB for 15

min and a subsequent 10 min in the same solution containing 0.01 % hydrogen peroxide.

After a final washing, sections were mounted on subbed slides, dehydrated, c1eared and

coverslipped.

CeU culture

The septal cells were washed (3x10 min) in O.OlM PBS, flXed with 2%

parafonnaldehyde and 15% saturated picric acid mixture in 0.1 M phosphate buffer (pH

7.2) for 30 min, and left to dry for 20 min at room temperature. To reduce background,

the cells were treated with 0.3% hydrogen peroxide in PBS for 10 min, then washed in

PBS (3x5 min). AIl antibody incubation steps, intervening washes, and DAB reaction

were perfonned at room temperature using PBS + lû% horse serum as the solvent. The

. polyclonal antibody anti-GFAP was incubated with the cells for 2 h. After washing the

wells (2x10 min), these cells were incubated for 1 h with the second antibody, a
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monoclonal bi-specific (Kenigsberg et al., 1990) (MCCS cellline, Medicorp, Canada).

After the septal cells were rinsed, they were incubated for 1 h in a solution consisting

ooly of HRP. All subsequent steps were performed as described for free-floating

immunostaing.

Morphometric analysis

Randomly selected animaIs were used for immunocytochemistry image analysis

investigations of ChAT-immunoreactive neurons of the NBM. A total of six

brains/group were analyzed. To assess the mean cross-sectional area and totallength of

neuritic processes in the brain, sections stained for ChAT from control, lesioned non

treated, and aFGF-treated animals were analyzed with a computerized image analyzer

(Quanlimet 920; Cambridge Instruments). For these studies, the area containing the

middle portion of NBM (approximately Bregma -1.30 to -1. SO mm according to Paxinos

and Watson (paxinos and Watson, 1986)) was analyzed. Morphometric data is expressed

as mean cross-sectional area of cell-bodies or mean length of neuritic processes ±
standard error of the mean (S.E.M.). The image analysis used to detect and quantify

immunoreactive neuritic pr(lcesses (axons and dendrites) employed a skeletonization

routine which measures total area covered by neuritic processes as described by Mize et

al (19S8). These measurements were obtained from ChAT-immunoreactive neurons of

the ventral and dorsal mid-portions of the NBM one month after surgery. These

parameters were chosen in order to determine whether treatment with aFGF would

prevent the shrinkage of these cholinergic cells in the NBM ipsilateral to the cortical

lesion. Most of the devascularizing lesions result in a well-defmed atrophy of the

parietal 1, forelimb, part of frontal, hindlimb and parietal 2 regions.

Statistical analysis

Differences in average lime to locate the platform in the Morris water maze, the

mean cross-sectional area of cell bodies, and the mean length of neuritic processes of

ChAT-immunoreactive neurons or ChAT activity among groups were compared with
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was set at P<0.05.
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The lever of statistical significance

•

Performance in water maze task

Defore surgery, ail animais were able to learn to locate the hidden platform (Fig.

IIUA) after four days of training (Fig. m.lB). Cortical devascularization produced

severe impairment in task performance 25 days post-lesion. A typical swimming pattern

of lesioned vehicle-treated animais, shown in Fig. m.lC, illustrates the significant

impairment in performance of the task in comparison with sharn-operated rats. ln

contrast to the vehic1e-treater. animais, lesioned rats treated with aFGF were not impaired

(Table III. 1). There was a great deal of variation in the time spent by the lesiom:d rats

treated with vehic1e only to locate the platform. However, the time spent was

significantly longer (P< 0.05) only in the frrst trial (Table III. 1) when compared with the

performance of lesioned animais treated with aFGF 12 J1.gfrat/ per day. The protection

afforded by aFGF treatment was observed on the frrst day but not on the following three

days (Table III.l). Lesioned vehicle-treated animais were still able to relearn the same

task (Table III. 1).

hnmunocytochernistry

Neuronal changes observed in decorticated vehic1e-treated animaIs consisted

mainly of cholinergic cell shrinkage, and loss of neuritic processes (Fig. III.2B,E). The

NBM, contralateral to the lesioned cortex in vehicle-treated animaIs, showed longer

multipolar neurons than the ipsilateral side one month after surgery. As illustrated by

the light-rnicroscopic rnicrographs shown in Fig. III.2C and F, aFGF infused for seven

days in lesioned animais that survived a further 23 days, reduced the shrinkage of ChAT

immunoreactive neurons and rnaintained the level of staining for ChAT immunoreactivity

compared with vehicle-treated rats (Fig. III.2B, E). As deterrnined by the cross-sectional
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Figure m.l

Morris water maze: (A) a pool (diameter 140 cm; height 42 cm) containing water made

blue by the addition of powdered non-toxic paint and containing a submerged blue

platform (shown by asterisks in A, B and C). Rats were placed into the pool at different

start points; the platform was kept in the same place throughout all trials, so that the

spatial location of "reference points" (such as illustrated by the door shown in the

cartoon) are not altered. Starting randomly from four locations (north, east, south or

west), close to the wall of the pool, all animals were able to learn to locate the hidden

platform within 20 sec after four days of training (four trials/day with intervals of 15

min) before surgery or treatrnent with drugs. Typical swimming patterns of: (B) ail

groups of animals prior to any surgical manipulation and drug treatments [starting five

days before ("-5 ") surgery1; and (C) al! groups 24 days after surgical manipulation and

17 days following respective drug treatments. The platform was kept in the same place

(Iocated close to the center of the pool, as shown by the asterisks) throughout ail trials.

Numerals I-IV refer to the trials from day -5 to day -2 (- = before surgery) or from day

25 to day 28 (after surgery). Note disorderly swimming pattern in animals lesioned and

treated with vehicle at day -5 and at the frrst trial of day 26. However, animais treated

with vehicle were able to relearn and perform this task as weil as control animais.
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area of cell bodies and length of the neuritic processes (Table m.2), neurons of the NBM

ipsilateral to the lesioned cortex in aFGF-treated rats showed a substantial reduction of

the degenerative changes compared with lesioned vehicle-treated rats. The detected

cholinergie neuritic processes were consistently less abundant in areas with prevalent

shrunken cel! bodies, found mostly in the mid-portion of the NBM of vehicle-treated rats.

Choline acetyltransferase activity

The decrease in ChAT activity was statistically significant in the NBM ipsilateral

to the lesion in vehicle-treated animais. In contrast, such a reduction in ChAT activity

was not observed in aFGF-treated or sham-operated rats by 30 days (Fig. m.3). There

Table m.l. Effects of acidic fibroblast growth factor in water maze behavior

Average time (sec) to locate platform

Water maze Control (sham) Lesion + vehicle Lesion + aFGF

On first day

Trial 1 38.4 + 10.2 118.9 + 38.1* 27.1 ± 9.6

Trial II 12.5 + 5.4 48.0 ± 22.1 20.2 ± 7.6

Trial ru 10.9 ± 4.3 29.6 ± 12.7 12.0 ± 7.0

Trial IV 22.8 ± 15. 41.6 ± 18.3 18.2 ± 12.0

Over ail four trials

Day 1 18.0 ± 4.8 62.0 ± 17.3* 15.4 ± 3.8

Day 2 8.1 ± 0.9 28.3 ± 12.8 14.0 ± 2.0

Day 3 6.1 ± 0.8 23.8 ± 6.3 11.4 ± 2.7

Day 4 11.6 ± 6.2 14.3 ± 1.8 10.5 ± 3.8

AnimaIs underwent surgery one day after the final training sessions and were retested commencing 24 days
laler. Bach value is the mean ± S.E.M. of eigbt animaIs per group. The difference is statistically
significant (* P<0.05, ANOVA and Newman-Keuls' test) from sbam-operated or lesioned aFGF-treated
groups.
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Table m.2. Morphometric analysis of in vivo acidic fibroblast growth factor effects in reducing
retrograde degeneration of choline acetyltransferase-immunoreactive ne'nons of nucleus basalis
magnocellularis

ChAT-immunopositive neurons Control (,barn) Lesion + vehicle Lesion + aFGF

Mean cross-sectional area (l'm')

Ventral NBM 234.5 ± 11.7 163.9 ± 21.3- 227.4 ± 11.8

Dorsal NBM 227.5 ± 13.2 157.8 ± 20.1- 214.3 ± 17.3

Mean length of neuritic processes (arbitrary unils)

Ventral NBM 42.0 ± 3.3 2S.0± 6.1- 40.0 ± 3.8

Dorsal NBM 48.5 ± 5.9 21.2 ± 5.9- 44.0 ± 7.4

AnimaIs survived one month after cortical devascularization. Each value is the mean ± S.E.M.
of six animais per group. The difference is statistically significant (* P< 0.05, ANOVA and
Newman-Keuls' test) from sham-operated or lesioned aFGF-treated groups.
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Table m.3. Effects of partial unilateral cortical devascularization and acidic fibroblast
growth factor on cholule acetyltransferase activity

Brain region ChAT activity (ronol of acetylcholine/mg rrotein per h)

Control (sharn) Lesion + vehicle Lesion + aFGF

NBM

Contralateral to the decortication 109.8 ± 12.2 110.9 ± 10.8 93.0 ± 10.0

Ipsilateral to the decortication 99.2.± 6.6 58.1 ± 6.3' 87.2 ± 10.2

Cortex

Contralateral to the decortication 27.6 ± 1.6 27.8 ± 2.6 27.0 ± 1.6

Ipsilateral to the decortication 29.4 ± 1.5 29.0 ± 0.9 27.3 ± 1.3

AnimaIs survived one month after cortical devascularization. Microdissected cortical tissues are
the remaining adjacent cortex, which includes cingulate, frontal 2 and part of frontal 1 and
hindlimb cortices. Mean values ± S.E.M. of six to eight-animals per group are shown. The
difference is statistically significant (* P<0.05, ANOVA and Newman-Keuls' test) from sham
operated or lesioned aFGF-treated groups.

Table m,4. Effects of acidic fibroblast growth factor and nerve growth factor on choline
acetyltransferase activity in septal cultures

Septal culture treatment ChAT activity (CPM)

Control 5000 ± 470

aFGF (25 ng/ml per weil) 10250 ± 580*

aFGF (50 ng/ml per weil) 10850 ± 400*

NGF (25 ng/ml per weil) 12500 ± 950*

Dissociated fetal rat septal ceUs were grown for one week in the presence of aFGF, NGF
or in their absence. Data were pooled from three experirnents and are expressed as mean
± S.E.M. The absolute value of ChAT activity in control cultures was 4.8 omol of
acetylcholine/h per weU. The difference is statisticaUy significant (* P< 0.05, ANOVA
and Newman-Keuls' test) from control groups.
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Figure 1lI.2

ln vivo effects of aFGF on protection of NBM cholinergie neurons. Immunostaining

of NBM neurons using anti-ChAT monoclonal antibody. ChAT-immunoreactive neurons

in the mid-portion of the NBM, ipsilateral to the corticallesion are shown in: (i) sharn

operated rat (A,D); (ii) lesioned animais (B,E); (iii) aFGF-treated lesioned rats (C,F).

Observe in high magnification (E) that the cell shrinkage is predominantly due to

cytoplasmic atrophy which correlate with a seant neurite length. Significant protection

of the NBM cholinergic ceUs occurred in animais that received aFGF, as C?Jl be observed

by the preservation of cell bodies and their processes (Fig. III.2C,F), in contrast to the

atrophy and decreased fiber length in ChAT-immunopositive neurons oflesioned vehicle

treated rats (B,E).
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Figure m.3
Effects of aFGF in vitro on immunoreactivity for GFAP. Detection of GFAP

immunoreactive cel1s in septal cel1 culture. Note the more prominent GFAP

immunoreactivity and the increased mean neurite length in aFGF-treated cel1s (50 ng/ml)

shown in B, in contrast to untreated cells shown in A. Scale bar in a = 50 ILm, and also

applies to B.
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was no significant difference in ChAT activity in the remaining adjacent cortex among

any of the experimental groups or comparing the remaining cortex, ipsilateral to the

lesion, with the correspondent contralateral cortical area (Table I1I.3).

ln vitro studies

Cultures treated with 0.05 /Lg/mI aFGF showed enlarged astrocytic processes and

increased GFAP immunoreactivity (Fig. I1I.3B). ChAT activity increased more !han

100% after a nine-day exposure to aFGF (25 or 50 ng/mI). SunHar increases in ChAT

activity were observed with 25 ng/mI NGF (Table IlIA). Cultures treated with 25 ng/mI

NGF in combination with 50 ng/mI aFGF did not show increased ChAT activity over!hat

detected when either trophic factor was administrated alone (data not shown).

DISCUSSION

In contrast to the established effects of bFGF in preventing death of basal

forebrain cholinergic cells (Anderson et al., 1988; G6mez-Pinilla et al., 1992; Otto et

al., 1989), the properties of aFGF are not as well cbaracterized. This is due, in part,

to the heparin dependence of aFGF which liInits the use of this growth factor. In this

study, we have presented biochemical, morphological, and functional evidence which

indicates !hat short-term continuous infusion of aFGF, without heparin, starting

immediately after injury can save injured forebrain cholinergic cells from shrinkage.

The mechanism underlying this effect is not known. However, we hypothesize

:1lat the preservation of functional connections between the NBM and the remaining

cortical areas is a possible explanation for the effects of aFGF improving the retention

of learnt spatiallocalization tasks in decorticated rats. However, it is also possible !hat

other non-cholinergic cells in the NBM or cortex may be affected by aFGF treatment and

may also be responsible for reducing the deficits in water maze efficacy induced by the

lesion. Although direct evidence to support such a hypothesis is lacking, our

immunolocalization and morphometry data show !hat aFGF preserved the size of the cell

body and the processes of cholinergic neurons in the NBM te the same extent as NGF
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or the ganglioside GM1 have shown in previous studies (Cuello et al., 1986, 1989;

Elliott et al., 1989).

In accordance with the preservation of ChAT inununoreactivity, aFGF prevented

the decrease in ChAT activity in the NBM ipsilateral to the cortical lesion. However,

aFGF did not increase baseline ChAT activity above control levels in the remaining

ipsilateral cortex, in contrast to what has been observed following administration of an

equimolar dose of NGF (Cuello et al., 1989) or GM1 (5 mg/kg per day) (Elliott et al.,

1989). This suggests that the mechanisms of action of aFGF may differ from those of

NGF and GM1 01' that a higher dose of aFGF might he required to attain the sarne

upregulation in ChAT activity.

It is possible that glial cells play a role in the efficacious preservation of

cholinergic cells by aFGF. Although the increase in ChAT activity in bFGF-treated

septal cell culture may not require glial cells (Knusel et al., 1990), glial cells respond to

aFGF and bFGF with increased release ofNGF in vitro (Ono et al., 1991; Yoshida and

Gage, 1991; 1992), and in vivo (Spranger et al., 1990) which may result in further

stimulation of septal cells by NGF. NGF is known to provide direct support to

cholinergic neurons (Cuello et al., 1989; Hagg et al., 1990; Haroutunian et al., 1989;

Hefti, 1986; Kromer, 1987; Williams et al., 1986) and to participate in injury-induced

synaptic plasticity (Garofalo et al., 1992) in the cerebral cortex. The apparent absence

of aFGF receptors in forebrain cholinergic cells (Ferguson et al., 1991) is consistent with

an indirect action of aFGF in these cells via NGF. However, bFGF receptors rnay be

found in forebrain cholinergic cells as suggested by a direct cholinergie response to

bFGF in in vitro study (Knusel et al., 1990). In the present study, we found no

significant difference in GFAP inununoreactivity between aFGF-treated and vehicle

treated rats after the lesion (data not shown). However, aFGF-treated septal cultures

revealed hypertrophic astrocytes and an increase in ChAT activity similar to the changes

observed in NGF-treated cultures. The absence of in vivo aFGF effect on GFAP

inununoreactivity could he due to a lack of sensitivity of GFAP inununostaining.



•

•

CHAPTER m... 106

Therefore, further studies using western and northern blot anaIysis may be helpful in

detecting changes in GFAP protein and its mRNA.

Demonstration of trophic effects in vitro with aFGF suggests !hat a variety of

trophic factors may act together to modulate the development and/or plasticity of the

CNS. The effect of aFGF foIlowing axotomy of septal cholinergic neurons has not yet

been described and its specific function in the CNS is not weIl understood. While our

data would indicate !hat exogenously applied aFGF promotes preservation of cholinergic

neurons, it is as yet unclear what role large amounts of endogenous aFGF in the NBM

(Stock et al., 1992) may play as part of a general reaction to cortical injury.

In the present study, a lower dose of aFGF (6.0 p.g/day) was ineffective in

preventing shrinkage of cholinergie cells in the NBM of lesioned rats. The lac;': of effect

at this dosage could be due to loss of FGF activity secondary to rapid inactivation

(Damon et al., 1993; Gospodarowicz and Cheng, 1986; Müller et al., 1989; Thomas et

al., 1991) and degradation by proteases (Rosengart et al., 1988a; Salsela et al., 1988;

Sommer and Rifkin, 1989). Heparin has been shown to bind to acidic and basic FGF

prolonging their biological half-lives. If heparin were to be similarly effective in

protecting aFGF in our in vivo model, perhaps 6 p.g/day or less of aFGF in combination

with heparin would be sufficient to obtain the same r~sults found with 12 p.g/rJay of

aFGF alone. This is in agreement with a recent study showing !hat aFGF bioactivity was

much more dependent on heparin in sciatic nerve than in subcortical telencephalon (Stock

et al., 1992). Il is interesting to note that the absence of heparin (Thomas et al., 1991)

reduces the duration of the total biological activity of aFGF to less !han 2 h. This

suggests that most of the aFGF administered to the rats in our study was probably rapidly

los!. However, aFGF was delivered by constant infusion (0.5 p.g/h, seven days), thus

minimizing the loss in relation to bolus dose administration. The benefieial effect of

aFGF we observed in the absence of heparin suggests !hat retention of leamt spatial

loealization could be due to an indirect effeet mediated via endogenous release of NGF.

This is supported by the preservation of ChAT activity and the normal cytoarehitecture

of NBM cholinergie eells simiIar to that produeed by exogenously applied NGF (Cuello
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et al., 1989; Haroutunian et al., 1989; Mandel et al., 1989). The recent fmding of

intense immunoreactivity for aFGF in NBM neurons (Stock et al., 1992) could be

interpreted as evidence for the interaction of endogenous aFGF with cells producing

target-derived NGF from neocortex. However, it is not yet clear if the aFGF produced

in NBM is localized in cholinergie Deurons. It is also unclear how aFGF interacts with

target cells as it lacks a signal sequence for secretion. If the effects of aFGF observed

in the present study are the -consequence of direct action of aFGF on NBM cholinergic

neurons, we should consider the possibility of ::;1 autocrine effect in NBM neurons

sirnilar to that described for bFGF in cultured endothelial cells (Sakaguchi et al., 1988;

Sato and Rifkin, 1988).

CONCLUSION

It appears that the efficacy of 0.5 ILg/h aFGF for seven days might be due in part

to portioning of the protein onto the exposed heparan sulfate-containing subendothelial

basement membrane and extracellular matrix, effectively concentrating aFGF at sites of

injury (Bjornsson et al., 1991; Rosengart et al., 1988a; 1988b). Basic FGF has been

reported to prevent death of septal cholinergie ceHs foHowing fImbria-fornix lesion

(Anderson et al., 1988; Gômez-PiniHa et al., 1992; Otto et al., 1989) and this effect

occurred at much lower doses than the doses of aFGF used in the present study. These

reports suggest that bFGF may be considerably more potent than aFGF in the CNS.

Basic FGF appears to be less dependent on heparin than does aFGF in sucb morlels [for

review see Burgess and Maciag, (1989); Eckenstein et al., (1991)]. In contrast, it bas

been reported that aFGF was more efficacious than bFGF in releasing NGF from tissue

cultures (Yoshida and Gage, 1991). Based on previously reported work and the present

observations, we speculate that a number of tropbic substances interact following insult

to the CNS and that aFGF, or a closely related trophic factor, may he involved in

mediating the response to injury, and that the exogenous application of sorne of these

agents can facilitate or achieve repair of specifIe sets of CNS neurons.
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The knowledge gained in the previous chapter points to another valuable feature

of aFGF, as a neurotrophic factor capable of rescuing NBM cholinergic neurons. We

have described morphological and behavioral changes elicited by intracerebroventricular

administration of aFGF. However, studies on the distribution of the four high-affmity

FGF receptors in the rat brain (see Table 1.3 in Chapter 1), ruled out a direct action of

aFGF in NBM neurons. These data and the detailed exarnples of a large number of FGF

effects present in non-neuronal cells, particularly in astroglia (Ono et al., 1991; Walicke

and Baird, 1991; Schubert, 1992; Araujo and Cotman, 1992; Basilico and Moscatelli,

1992; Figueiredo et al., 1993), suggest that aFGF and bFGF indirectly protected NBM

neurons. Trophic factors released from astrocytes in response to application of aFGF

could be involved in this mechanism (Barde, 1989). A description of both aFGF and

bFGF effects in astrocytes in vitro and in developing hippocarnpus (Spranger et al., 1990;

Ono et al., 1991; Yoshida and Gage, 1991; Yoshida and Gage, 1992) revealed that NGF

is one of the neurotrophic factors released by astrocytes. Therefore, it was necessary to

investigate whether this interesting feaoJre of aFGF could be demonstrated in target

regions of the cholinergic NBM neurons of adult animais. Since reactive astrocytes

(Herrera and Cuello, 1992) and increased NGF levels (Gasser et al., 1986; Weskarnp et

al., 1986) occur following brain injury, our next chapter focuses on the in vivo regulation

of NGF levels induced by cortical devascularization and treatment with aFGF. A large

body of evidence indicates that a cascade of signalling and ce!l-recognition molecules are

activated in response to brain injury. Inflarnmatory cytokines (Woodroofe et al., 1991)

and other molecules, such as c-fos protooncogene (Dragunow and Robertson, 1988), play

an important role as starting events in this cascade. However, Chapter IV is airned

primarily at changes in NGF levels which seems to be a later event.
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ABSTRACT

Recently we reported that human recombinant acidic fibroblast growth factor (aFGF) is

capable of preventing degeneration of nucleus basalis magnocellularis neurons in vivo and

inducing growth of astrocytes in vitro. In the present study, the effects of aFGF on the

concentration of nerve growth factor (NGF) and its messenger RNA were investigated in rat

cerebral cortex following unilateral cortical infarction. Lesioned animaIs exhibited a significant

increase (P < 0.05) of NGF in the remaining cortex ipsilateral to the lesion. After combining

cortical lesion with intracerebroventricular application of aFGF (12 pg/day for 7 days) , we

observed an 8-fold increase in the NGF concentration and a marked increase in the level of

steady state NGF mRNA relative to controls ipsilaterally, and a less pronounced aFGF effect

in the contralateral cerebral cortex. These results support the hypothesis that the neurotrophic

effects previously shown for aFGF and basic FGF (bFGF) in neurotrophin-sensitive neurons is

rnediated by inducing increased production of NGF within the injured central nervous system

(CNS) of adult animals.

INTRODUCTION

The fact that NGF shares similar therapeutical properties with aFGF and bFGF in

rescuing basal cholinergie neurons has led severa! investigators to suggest a physiological

interaction between these neurotrophic factors (Spranger et al., 1990; Yoshida and Gage, 1991).

Protection of these cholinergic neurons by exogenous NGF is in agreement with the abundance

of NGF mRNA in the hippocampus and cerebral cortex which is matehed by expression of 10w

and high-affmity NGF receptors in afferent basal forebrain cholinergic neurons [for reviews see

(Hefti et al., 1989; Barde, 1989; Cuello, 1993; Altar et al., 1991a; Raivich and Kreutzberg,

1987; Richardson et al., 1986; Merlio et al., 1992; Feinstein et al., 1993; Altar et al., 1991b)].

In contrast, among the best known FGFs, an inverse distribution of aFGF and FGF receptors

(FGFRs) has been described: moderate levels of aFGF were found in basal forebrain cholinergic

neurons (Stock et al., 1992) while the high-affmity FGFR-l (fgl), and to a lesser extent FGFR-2
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(bek), are expressed at a higher level in the hippocampus and the cerebral cortex (Wanaka et al.,

1990; Asai et al., 1993; DiolUle et al., 1990). It is worth noting that aFGF is expressed almost

exclusively in specifie neuronal populations (Eckenstein et al., 1991; Stock et al., 1992;

Nobuyuki et al., 1994; Elde et al., 1991; Janet et al., 1987; Tourbach et al., 1991; Wilcox and

UlUlerstaIl, 1992) while bFGF is associated with both neurons and astrocytes (Grothe et al.,

1991; Woodward et al., 1992; Kato et al., 1992) and predominates in astrocytes following brain

injury (FinkIestein et al., 1988; Kiyota et al., 1991; Takami et al., 1992; Eckenstein et al.,

1991; Frautschy et al., 1991; G6mez-Pinilla et al., 1992). FGFR-l is predominantly found in

neurons (Wanaka et al., 1990; Asai et al., 1993; Takami et al., 1993) while FGFR-2 is more

abundantly expressed in oligodendrocytes and astrocytes (Asai et al., 1993; Takami et al., 1993).

However, Takami and colleagues (1993) reported a strong and prolonged increase of FGFR-l

in contrast to a weak and transient increase of FGFR-2 in astrocytes following transient forebrain

ischemia. AIso recently van der Wal and collegues (1994) described a strong, seizure-associated

induction of FGFR-l protein expression in the hippocampal and cortical astrocytes, followed

only by its appearance in neuron-like cells spread throughout the hippocampus and cerebral

cortex (Van der Wal et al., 1994). The increase in NGF brain levels occurring after lesions

(Gasser et al., 1986; Korsching et al., 1986; Weskamp et al., 1986a; Weskamp et al., 1986b)

is considered to be partly due to its accumulation in the target structures to the injured

projections that normally transport retrogradely NGF. AdditionaIly, an important source of the

increased NGF levels can be glial cells as proved by the studies showing increased NGF

immunoreactivity in astrocytes of medial septum and hippocampus after brain injury (Bakhit et

al., 1991; Oderfeld-Nowak et al., 1992). Basic FGF was shown to increase the synthesis of NGF

and its rnRNA in developing hippocampus (Spranger et al., 1990). However, regulation of NGF

levels by aFGF in target sites of the basalo-cortical cholinergic systems bas not yet been reported

in studies conducted in adult animais wiih brain injury. The present study was designed to

investigate whether the levels of the NGF·protein and its rnRNA are altered in the adult CNS

in vivo following intracerebroventricular administration of aFGF in rats immediately before

partial unilateral cortical infarction.
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MATERIALS AND METHOD8

Animais

In this study three groups of male Wistar raiS (300-325 g) were used: 1) control, naive

nits; 2) devascularized rats treated with vehicle for seven days, and 3) devascularized rats treated

with aFGF for seven days. Groups consisted initially of 6 animaIs each. After verification of the

lesion extent and a volume of the solutions pumped to the cerebral ventricle, brains of 6 naive,

5 lesioned vehicle-treated, and 4 lesioned aFGF-treated rats were chosen for assays.

8urgery

Rats were anaesthetized with Equithesin (2.5 ml/kg, i.p.) and placed in a stereotaxie

frame. A stainless steel cannula (23 gauge) was permanently implanted into the right lateral

ventricle [coordinates from Bregma (paxinos and Watson, 1986): AP, -0.8; L, 1.4; V, 3.5].

Osmotic minipumps (Alzet 2001, 1 iLI/h, seven days) were loaded with dye (0.01 % Methylene

blue, BDR Chemicals) and pretested before being connected to the cannulae by coiled

polyethylene tubing (lntramedic, PE-60). Rumanrecombinant acidic FGF (Merck, Rahway, New

Jersey, USA), 100iLg in a total volume of 200iLi of vehicle or the same volume of vehicle only

[artificial cerebro-~pinal fluid, containing 0.1 %bovine serum albumin and heparin (200 iLg/ml)]

was loaded into the tubing with a small amount of mineral oil added to the minipump end to

prevent mixing with the dye released from the minipump. Animals were subjected to left-side

devascularizing lesions as described previously (Sofroniew et al., 1983; Stephens et al., 1985).

In brief, the devascularizing lesion was performed by removing a flap of bone and underlying

dura and gently rubbing away all vessels and the pia mater with sterile saline-soaked cotton

swabs. Control animaIs did not receive any operation. The cortical regions analysed were

sampled as iIIustrated schematically in Fig. IV.1 and included entire cerebral cortex around the

lesion placement affecting parietal and part of frontal cortices. Strictly matched samples from

the contralateral cortices were taken as weIl, which did not include equivalent lesioned cortex.

Reverse transcription and PCR

Total RNA was extracted using acid guanidinium-thiocyanate-phenol-2-mercaptoethanol
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Figure IV.l.

Schematic coronaI brain section (lesioned hemisphere) at the k,el of the most extensive damage

to the infarction area. The areas demarcated with dots represent the sampI'" of the cortical tissue

dissected out and pooled with the analogous regions taken at the level of the frontal and occipital

lobes (not showu) for determination of NGF protein levels and its mRNA expression. Strictly

matehed areas from the contralateral hemispheres were subsequently microdissected for NGF

protein and mRNA assays, performed in a separate set of experiments.
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(RNAzolB) , according to the manufacturer's instructions (CINNAIBIOTECH Laboratories). The

RNA was re-suspended in RNAse-free water and the concentration calculated from optical

density. The determination of NGF mRNA by reverse transcriptase-polymerase chain reaction

(RT-PCR) was performed according to the procedure recently reported by Scully and Onen

(Scully and Onen, 1993). In brief, 1 p.g of total RNA was denatured at 90 oC for 5 min and

reversed-transcribed at 37 oC for 1 h. Five p.1 of this reaction mixture was used for amplification

by PCR. Sense and anti-sense NGF-specific primers are 5'-CCAAGGACGCAGCTTTCTAT-3'

and 5'-CTCCGGTGAGTCCTGTTGAA-3', respectively. Equivalent amounts of cDNA were

amplified in parallel with 812 ribosomal protein specifie primers to control for random variations

in amplification efficiency. Twenty cycles for NGFmRNA and 18 cycles for 812 mRNA were

performed. Negative controls were reverse-transcribed either without RNA or without reverse

transcriptase, while positive controls were reversed-transcribed from murine fibroblast mRNA

or amplified from plasrnids containing cDNA of the NGF gene. Samples were electrophoresed

through a 1.2% agarose gel and blotted in 0.4 N NaOH onto nylon membranes (Boehringer

Mannheim). Two cDNA probes specifie for the NGF or S12 bands produced by RT-PCR were

labelled using digoxigenin (DIG system), and the signal detected according to the manufacturer's

instructions (Boehringer, Mannheim). KodaK X-Omat AR films were exposed and quantified

using a Bio-Rad Model 620 densitometer. The NGF mRNA levels were expressed as absorbance

and normalized to the corresponding 812 signal. The assays of NGF mRNA concentrations in

the samples of the ipsi- and contralateral cortices were performed in separate sets of

experiments.

Enzyme-linked immunoassay (ELISA) for NGF

NGF-like protein determinations were performed using a sensitive two-site

immunosorbent assay (Weskamp and Onen, 1987). NGF concentration~were measured in the

remainder of the cerebral cortical tissue circumscribing the der;orticated area and the

corresponding cortices contralateral to the lesion (Fig. IV.1). Cortices were dissected, weighed

and stored at -80 oC. The tissue was homogenized in 750 p.1 phosphate-buffered saline

containing 0.1 mM phenylmethylsu1phonyl fluoride, 0.1 mM benzethonium ch1oride, 0.5%

bovine serum albumin (BSA), and 0.1 % of aprotinin pH 7.4 and centrifuged for 3 min at room
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temperature. One hundred IL! aliquots were placed in 96-well polystyrene plate immunocoated

with polyclonal goat anti-NGF antibody or with a non-immune goat serum. Determinations were

performed in duplicate and corrected for the background. The absolute values were expressed

as equivalents of mouse 2.S 8 NGF and changes in NGF concentration were expressed as %

control.

Statistical analysis

Differences between two groups of values for NGF or its mRNA were analyzed using

unpaired, two-tailed 8tudent't test with Bonferroni's adjustrnents.

RESULTS

The decorticated area, seven days after surgery, corresponded approximately to the size

of the partial cortical devascularization (1 x 1 cm2
). Digoxigenin labeled-cDNA blots

representing NGF mRNA in cortical tissue ofthree animal groups and those ofribosomal protein

specific primers of 812 controls are shown in Figure IV.2. Densitometric measurements of the

blots shown in figure 2 revealed values ranging from 141 ta 362% of control. These values

denoted a statistically significant increase in the level of steady state NGF mRNA in ipsilateral

cortical tissues from aFGF-treated rats bearing unilateral cortical infarction (n=4), in relation

to lesioned vehic1e-treated or non-operated control (naive) rats respectively (n=S) (Figure

IV.3B). The increase in the level of NGF mRNA in the contralateral cortex was less pronounced

and averaged 160 % of control levels (Fig. IV.3B). The mean NGF mRNA levels in both

cerebral hemispheres of vehicle-treated and lesioned animals without trophic factor were not

statistically different from respective controls. Microdissected ipsilateral cortices of S vehicle

treated and lesioned animais exhibited a moderate increase (P < O.OS) in concentrations of NGF

protein in comparison to controls (n=6) (Fig. IV.3A). There was no effect of the lesion on the

NGF protein concentration in the contralateral cortex. Infusion of aFGF for seven days resulted

in an approximately eight-fold increase of NGF protein concentration in the ipsilateral remaining

cortex in relation to controls. NGF protein levels were approximately 4 limes higher than in

vehicle-treated lesioned animals (Fig. IV.3A). Acidic FGF also elicited a statistically significant
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Figure IV.2.

Effect of lesion and aFGF treatment on expression of NGF rnRNA in the cerebral cortex on the

ipsilateral side of the lesion, seven days after surgery. Rats were treated with aFGF continuously

infused to the lateraI ventricle ipsilaterally to the lesion placement (12/Lg/day) and were

sacrificed on the last day of aFGF administration. Total cortical RNA (l /Lg) was assayed by

reverse transcriptase-polymerase chain reaction (RT-PCR) as described in the text. The RT-PCR

products were subjected to agarose gel electrophoresis, blotted onto nylon membranes, and

hybridized to DIG-Iabelled specifie probes for NGF (402 bp) and S12 (368 bp). Lane 1 =

lesioned, vehicle-treated animaIs; Jane 2 = naïve animaIs; lane 3 = lesioned, aFGF-treated

animaIs; lane 4 = negative (no RNA in the RT-reaction); lane 5 = positive control (unlabeled

NGF eDNA-probe).
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Figure IV.3.

Effect of lesion and aFGF treatrnent on expression of NGF in the cerebral cortex seven days

after surgery. Rats were continuosly infused with aFGF (12/Lg/day) to the lateral ventricle

ipsilateral to the lesion placement and were killed on the last day of aFGF administration.

Column 1, naive animals; colmnn 2, vehicle-treated and lesioned animaIs; colmnn 3. aFGF

treated and lesioned animaIs.

A: NGF protein concentration in cerebral cortices ipsi- and contralateral to the lesion. NGf

protein is expressed as pg/lOO mg wet cortical tissues ± S.E.M. In aFGF-treated animais NGF

protein levels in cerebral cortices show a significant increase ipsi- and contralaterai to the lesion.

*P<0.05 compared to naive animaIs; **P<O.Ol compared to naive or lesioned animaIs.

B: NGF rnRNA concentration in cerebral cortices ipsi- and contralaterai to the lesion.

Densitometric evaluation of the NGF mRNA signaIs were normalized to the corresponding S12

signal and expressed as absorbance ± S.E.M. *P<0.05 compared to naive or lesioned animaIs;

**p < 0.01 compared to naive or Iesioned animals.
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increase in the cortical NGF protein concentration contralateral to the devascularizing lesion.

DISCUSSION

The finding that bFGF can prevent cell death of basal forebrain cholinergic neurons after

fimbria-fornix transection has provoked great interest in the therapeutic potential of this agent

(Anderson et al., 1988). More recent studies from our own group proved !hat aFGF treatrnent

(12 /lg/day for seven days) in a paradigrn sirnilar to the one in the present study leads to a

protection of basalo-cortical cholinergic neurons and, furtherrnore, to the preservation of spatial

memory in rats bearing cortical ischemic lesions (Figueiredo et al., 1993). It is unclear how

these effects are achieved as there is no evidence for the presence of FGFRs in basal forebrain

cholinergic neurons. In the reported study (Figueiredo et al., 1993), astrocyte responsiveness

to aFGF was also identified in mixed-septal cell cultures which exhibited intense glial fibrillary

acidic protein-irnrnunoreactive processes after aFGF treatrnent (Figueiredo et al., 1993). It is

debatable whether aFGF and bFGF interact directly with basal cholinergic neurons.

Comprehensive binding and in situ hybridization studies have failed to detect FGF binding sites

and corresponding FGF receptor mRNAs (Ferguson and Johnson, Jr. 1991; Wanaka et al., 1990)

in the medial septum and nucleus basalis magnocellularis. These results would suggest that the

neurotrophic effects of FGFs in these \.Ieurons are indirect. It has been docurnented that aFGF

or bFGF can directly stirnulate newborn brain astrocytes to produce NGF in vitro (Spranger et

al., 1990; Ono et al., 1991; Yoshida and Gage, 1991; Yoshida and Gage, 1992). The present

study provides the flfst direct in vivo evidence for an aFGF mediated increase in NGF and its

mRNA in adult animais. The evidence of increased NGF-irnrnunoreactivity in basal forebrain

astrocytes after hippocarnpal lesion (Bakhit et al., 1991), septal lesion (Oderfeld-Nowak et al.,

1992), as weil as the drarnatic reactive gliosis in the cerebral cortex (Herrera and CuellO, 1992),

and the increase of bFGF in astrocytes as a consequence of brain injury (Eckenstein et al., 1991;

Frautschy et al., 1991; G6mez-Pinilla et al., 1992; Finklestein et al., 1988; Kiyota et al., 1991;

Takarni et al., 1992), all indicate !hat reactive astrocytes rnay be activated by their own FGFs

in a cascade of postinjury phenomena leading to possible autocrine or paracrine effects which
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might promote NGF synthesis. Furthermore, the overexpression of FGFR-l and FGFR-2 in

astrocytes in response to brain lesion (Takami et al., 1993) may increase the sensitivity of

astrocytes to aFGF. This concept is supported by our results showing an eight-fold increase of

NGF concentration relative to controls after aFGF treatrnent as weil as a four-fold increment

relative to lesioned animals treated with vehicle. The fact that FGFR-l and FGFR-2 are

abtrndantly expressed in the cerebral cortex suggest that aFGF could be released from afferent

basolocortical cholinergic neurons (Stock et al., 1992), probably by a mechanism other than that

requiring the N-terminal hydrophobic leader sequence. Altematively, following the concept of

Eckenstein and coworkers (Eckenstein et al., 1991) that FGFs may act as injury-related

molecules, aFGF that is quiescent and unreleasable in a physiological situation could trigger a

trophic cascade after being released from damaged cellular stores. This could also lead to

increased synthesis of cortical NGF from neurons or from astrocytes. Interestingly, our results

showed an increase of the cortical NGF caused by the lesion only, thus supporting the possibility

that some of the NGF detected ipsilaterally 7 days after surgery may be due to its accumulation

resulting from impairment of its retrograde transport to the nucleus basalis magnocellularis

neurons. However an evident stimulation of NGFrnRNA expression and NGF levels by aFGF

points to the NGF enhanced synthesis in the cortical tissue. Direct evidence for aFGF and bFGF

stimulation of NGF synthesis at the transcriptional level has been provided by complete

inhibition of the aFGF-induced secretion of NGF by cultured astrocytes and fibroblasts, after

blockade of transcription with cycloheximide and actinomycin (Yoshida and Gage, 1991). The

differential sites of expression of aFGF, bFGF and their receptors may be helpful in disclosing

the physiological role of FGFs. The fact that FGFR-l and FGFR-2 bind aFGF and bFGF

(Dionne et al., 1990), that FGFR-3 binds aFGF preferentially (for review: (Basilico and

Moscatelli, 1992», and that FGFR-4 is not expressed in the cerebral cortex (Itoh et al., 1994),

suggests that aFGF may he as or more efficient than bFGF in inducing synthesis of NGF in the

rat cerebral cortex.

CONCLUSIONS

These in vivo experiments demonstrate that aFGF is capable of increasing the

concentration of NGF and the level of steady state NGF rnRNA in rat cerebral cortex after
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cortical injury, supporting the concept that the protective effects of aFGF against neuronal

degeneration in injured CNS of adult rats are -:aused by increased production of NGF.
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Results shown in the preceding coopter was the fust demonstration in brain of

adult animais that exogenous applicatioIi of aFGF ind!.lces substantial increase in cortical

NGF, providing a key te the mechanism of how aFGF prevents degeneration of NBM

cholinergic neurons. While still limited by technical difficulties, we were unable to

cOOracterize the cell type(s) responsible for such increase in NGF protein following lesion

and aFGF treatment. The cells expressing this neurotrophin is likely to be astroglial

which express receptors to FGF receptors (see Table 3 in Coopter 1) and that respond to

aFGF and bFGF in vitro, with increased release of NGF (Spranger et al., 1990; Ona et

al., 1991; Yoshida and Gage, 1991; Yoshida and Gage, 1992). It bas been described that

NGF protein in unlesioned brain is mainly expressed in neurons (Conner et al., 1992;

Conner and Varon, 1992). However, on closer examination of the immunoreactivities for

glial fibrillary acidic protein and NGF protein, following brain injury, they were mainly

co-Iocalized and enhanced in astrocytes (Bakhit et al., 1991). Therefore, our current

understanding of these events led us to reiterate the proposition from previous

investigators (Spranger et al., 1990; Barde, 1989), that NGF is released from astrocytes

following stimulation by aFGF and bFGF. This seems to be the only mechanism

available to explain the protection of basal forebrain neurons by FGFs. This conclusion

reinforces the role of NGF as a specific neurotrophic factor for these neurons and

stimulates further studies .m NGF effects in these cholinergic neurons. Therefore, search

for changes in the expression of proteins involved in signalling NGF effects has attracted

our attention to analyze changes in the rnRNAs of (Wo proteins. The regulation of

p75NGFR, known to he upregulated by NGF (Higgins et al., 1989), and one putative

marker of regeneration and sprouting, such as growth-associated protein-43 (GAP-43)

which is upregulated by NGF in PC12 cells (Mooradian, 1990), were analyzed in

response to cortical infarction and NGF treatment. Next coopter presents the frrst analysis

of these NBM rnRNAs at different post-Iesion days. This study also addresses changes

in GAP-43 rnRNA in neurons that are not responsive to NGF, one approach that allows

better evaluation of the NGF effects.
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NUCLEUS BASALIS, THALAMUS AND ADJACENT CORTEX FOLLOWING

NEOCORTICAL INFARCTION AND NGF TREATMENT
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ABSTRACT

A loss of target-derived neurotrophic factors is hypothesized to be one of the

major determinants ofcentral nervous system (CNS) neuronal degeneration vulnerability.

In order to obtain further insight into early neuronal responses to injur)', lesion-in juced

alterations in the expression of low-affmity nerve growth factor (NGF) receptors and

growth-ass0Ciated phosphoprotein-43 (GAP-43) genes in nucleus basalis magnocellularis

(NBM), thalamic and neor.onical neurons were srudied. For this purpose, unilateral

conical devascularization operations were conducted on adult rats. They received, i.c.v.

via minipump, either vehicle or NGF (12 ILg/day) and were sacrificed at l, 3, 7 and 15

days post-Iesion. In situ hybridization srudies, using 35S-labelled oligonucleotide probes

for p75~GFR and GAP-43 mRNAs revealed that these genes were differential!y regulateti

following the lesion. In the NBM, p75NGFR mRNA initially increased on day 3 and

decreased on days 7 and 15 post-Iesion. GAP-43 mRNA leveis were significantly

increased in the NBM on post-Iesion days 3 and ']. Moreover, in contrast to p75~GFR,

GAP-43 mRNA levels were moderately increased in pyramidal neuro:JS located in the

remaining adjacent cortex at all time points days of ail decorticated animais. ln the

lateral and ventroposterior nuc1ei of the thalamus, GAP-43 mRNA was slightly increased

on day 3 and was dramatically decreased, significantly below unlesioned controIs, on

post-Iesion days 7 and 15. NGF application prolonged the transient increase of p75NGFR

mRNA noted in lesioned animals treated with vehicle. However, only NGF-treated

animals had higher p75NGFR mRNA levels in postlesiûn days 1 and 7, indicating that

at these timepoints lesion alone .loes not cause significant change in this expression. In

addition, NGF-induced increase in p75NGFR mRNA in the NBM contralateral to the lesion

suggested an effect independent of the lesion. NGF treatrnent did not affect the

expression of GAP-43 in any of the areas srudied. Three cell types, NBM, pyramidal

and thalarnic neurons, were probably affected in different ways by the devascularization

with respect to lesion extent. Consequently, the rernaining number of synaptic contacts

in each of these brain areas is very likely different which rnay lead to a differential

regulation of GAP-43 mRNA. Furthermore, our results are in iine with the concept that

GAP-43 is regulated by target-derived factors other than NGF and that the increase in
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animais may occur as a consequence of increased

INTRODUCTION

•

NGF, the prototype for a family of neurotrophins (Thoenen, 1991; Ebendal,

1992), prevents cell death of lesioned cholinergie septal neurons (Hefti, 1986; Williatns

et al., 1986; Kromer, 1987; Hagg et al., 1990) and rescues NBM cholinergie neurons

injured by cortical devascularization (Cuello et al., 1989) or neurotoxins (Haroutunian

et al., 1989). Critical reports providing evidence for atrophie response to NGF by

cholinergie basal forebrain neurons (Honegger and Lenoir, 1982; Gnahn et al., 1983;

Mobley et al., 1985) were supported by a subsequent study describing high afftnity NGF

binding to rat brain sections (Richardson et al., 1986). The NBM is responsible for the

majority of the extrinsic cholinergie input to the neocortex (Fibiger, 1982; Saper, 1984;

Luiten et al., 1987; Sofroniew et al., 1987; Woolf, 1991) which is the most abundant

source of NGF in the basalo-cortical pathway (Korsching et al., 1985; Goedert et al.,

1986; Large et al., 1986; Sheiton and Reichardt, 1986; Whittemore et al., 1986). The

mechanism by which NGF initiates signaling involves binding to and activation of a

tyrosine kinase receptor (p140~ (Martin-Zanca et al., 1986;. Hempstead et al., 1991;

Kaplan et al., 1991a; 1991b; Klein et al., 1991a) which is a transducing receptor similar

to those of other growth factors (U1lrich and Schlessinger, 1990; Cordon-Cardo et al.,

1991; Glass et al., 1991; Klein et al., 1991b; Lamballe et al., 1991; Squinto et al., 1991;

Soppet et al., 1991; Schlessinger and UlIrich, 1992). NGF also binds to (transmembrane

glycoprotein) a low-affinity receptor (p75NGFR) (Johnson et al., 1986; Radeke et al., 1987)

which plays an important role in developing senso~.r neurons (Lee et al., 1992).

However, it continues to remain unclear as to whether there are any p75NGFR-dependent

effects of NGF in the brain.

Important features of NGF action include increases of mRNA Ieveis in CNS

r.eurons for p140ttk (Hoitzman et al., 1992; Venero et al., 1994; Gibbs and Pfaff, 1994),
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p75NGFR (Cavicchioli et al., 1989; Gage et al., 1989; Higgins et al., 1989; Holtzman et

al., 1992) and choline acetyltransferase (ChAT) (Higgins et al., 1989; Venero et al.,

1994), as well as increases of p75NGFR mRNA levels in ne'uons of the peripheral nervous

system (PNS) (Lindsay et al., 1990; Miller et al., 1991; Verge et al., 1992). These data

further support the possibility that the NBM-derived cholinergie neurons projecting to

neocortex (Fibiger, 1982; Saper, 1984; Luiten et al., 1987; Sofroniew et al., 1987;

Woolf, 1991), which undergo retrograde degeneration aCter neocortical devascularization

(Stephens et al., 1985; Sofroniew et al., 1983, 1987), may alter the levels of p75NGFR

mRNAs in the NBM. AIthough increased neurotrophic activity in the cortex adjacent to

injury site has been shown (Nieto-Sampedro et al., 1983), aCter an extensive

frontoparietal ischemic decortication, a significant loss of target-derived NGF may be

expected to alter gene expression in NBM neurons. In agreement with this hypothesis,

previous studies have shown that without interventive treatment with exogenous NGF,

axotomized septo-hippocampal (Hefti, 1986; Williams et al., 1986) and injured

cholinergie NBM neurons (Cuello et al., 1989; Garofalo et al., 1992) degenerate.

We are interested in studying the mechanism that underlies retrograde

degeneration of cholinergie NBM neurons. Therefore, we examined the expression of

p"i5NGFR gene in the NBM following a lesion which deletes targets of NBM cholinergie

neurons and compromise several of their cortical termirlllis. AIso included in this study,

an assessment of GAP-43 mRNA, a putative marker of neuronal plasticity (Benowitz and

Routtenberg, 1987; Skene, 1989; Benowitz and Perrone-Bizzozero, 1991; Coggins and

Zwiers, 1991; Gispen et al., 1991; Neve et al., 1991; Bisby and Tetzlaff, 1992).

Evidence which suggests that GAP-43 plays an important role during growth of

developing neurons (Skene and Willard, 1981; Jacobson et al., 1986; Meiri et al., 1986;

Goslin et al., 1988; McGuire et al., 1988; De la Monte et al., 1989; Figueiredo et al.,

1993a) as well as during regeneration ofaxotomized peripheral neurons (Tetzlaff et al.,

1989; 1991; Van der Zee et al., 1989) is aeeumulating. Moreover, a correlation has

been shown between the restorative capacity of the CNS (Richardson et al., 1984) and

the ability to express GAP-43 in damaged CNS neurons (Tetziaff et al., 1991; Theriault

et al., 1992).
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The ischemic lesion of the neocortex used for the present study allowed an in vivo

analysis of rnRNA levels in two cortico-petal systems, one from the NBM and the other

from the thalamus, as weil as in an cortico-fugal neuronal population. An increase of

GAP-43 protein and its mRNA bas been shown to occur in other CNS regions as a result

of peripheral or central injury (Dunn-Meynell et al., 1992; Levin and Dunn-Meynell,

1993), and in association with synaptic plasticity involved in long-term potentiation

(Nelson and Routte'lberg, 1985). Unilateral vibrissectomy induced the message for

GAP-43 earlier and more intensely in the ipsilateral trigeminal nu-::I",us than in the

contralateral rat cortex (lamina IV) but did not alter the expression in the ventrobasal

thalamus (Levin and Dunn-Meynell, 1993). Thus, induction of GAP-43 mRNA is

associated with intrinsic properties found in sorne neurons as a result of neuronal insult.

The main objective of this investigation was to determine whether the vulnerability of

NBM neurons to degeneration following cortical devascularization may or may not he

linked to changes in the expression of p75NGFR and GAP-43 genes.

MATERIAL AND METROnS

Animal and tissue preparation

Three groups of animals were used: 1) Sham-operated animaIs treated with

vehicle ooly; 2) cortically devascularized rats treated with vehicle, and 3) cortically

devascularized rats treated with NGF for 1, 3 and 7 days. AnimaIs survived 1, 3, 7 and

15 days after the lesion. Animals surviving 15 day~ !eceived NGF for ooly 7 days. Adult

male Wistar rats (300-325g) were anesthestized wit:tJ. Equithesin (2.5 ml/kg, i.p.) and

placed in a stereotaxic frame. A stainless steel cannula (23 gauge) was permanently

implanted into the right lateral ventricle [coordinates from Bregma (Paxinos and Watson,

1986): AP, -0.8; L, 1.4; V, 3.5]. Osmotic minipumps (Alzet 2001, l/Ll/br, seven days)

were loaded with dye (0.01 % Methylene blue, BDH Chemicals) and pretested hefore

being connected to the cannulae through coiled polyethylene tubing (lntramedic, PE-60).

NGF 12 /Lg/24 /LlIday or vehicle (artificial cerebro··spinal fluid and 0.1 % bovine serum

albumin) was loaded into the tubing with a small amcunt of mineraI oil added to the
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minipump end to prevent mixing with the dye released from the minipump. Animals

were subjected to left-side cortical devascularizing lesions as, described previously

lStephens et al., 1985; Sofroniew et al., 1987). In brief, the devascularizing lesion was

performed by removing a flap of bone and underlying dura and gently rubbing away all

vessels and the pia mater with sterile saline-soaked coti,:n swabs. Control animals

received a. sham operation consisting of a craniotomy orny. The decorticated areas

included parietal 1, forelimb, and part of frontail, hindlimb and parietal regions (ZiIles,

1985). The resulting decorticated region approximately fit the coordimtes of the

devascularized area (1.0 x 1.0 cm). A typical corticallesion at the level of mid-portion

of NBM is shown in Fig. V.1. Four rats were sacrificed under Equithesin anesthesia at

each time-point, 1, 3, 7 and 15 days after the operation. For these studies, the mid

portion of the NBM [approximately Bregma -1.20 mm to -1.50 mm according to Paxinos

atlas (paxinos and Watson, 1986)] was analyzed. The region was chosen based on

previous studies which indicated that neurons in this region of the NBM project

predominantly to the devascularize.d parietal cortex. This was further confmned by the

present study using 1.5 % FluoroGold (FG) injected, between parietal cortical layers V

and III (2 /LI in each of four sites, see Hg. 2A).

In situ hybridiz::tion

In situ hybridization was performed as previously described (Schalling et al.,

1988) with some modifications (Verge et al., 1992). In brief, brains were removed from

unperfused animals, decapitated under deep Equithesin anesthesia, and were frozen in dry

ice. In situ hybridization was performed on tissue sections of lesioned animais mounted

adjacent to sections of control animaIs, taken at the same NBM
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Figure V.l. Schematic illustration of the extent (if a typical lesion in a
brain section located ai; the level of the mid NBM. The cortical
devascularization produced a well defmed frontoparietal necrosis
without direct involvement of subcortical structures. Enhanced
expression of GAP-43 mRNA was detected in cortical layer V (shaded)
of the remaining cortices adjacent to the lesion, lateral to the cingulate
and located mainly in the hind- and forelimb cortical regions (site "A'').
The measurements of silver grains (pixel) in cells were done in sections
taken at the level shown in the diagram up to more posterior regions
(anterïor-posterior -1.40 to -2.80 from bregma, Paxinos atlas (Paxinos
and Watson, 1986». Thus, sampling neurons located in the mid-portion
of the NBM. .
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level. Corona! sections (10 JLm thick) were cut using a cryostat, were thaw-mounted onto

SUperfrost Plus slides (Fisher), and were stored at -70°C. Tissue sections were processed

for in situ hybridization of p7SNGFR and GAP-43 mRNAs using 35S-labeIled

oligonucleotide probes. A SO-mer DNA oligonucleotide,

5'-GCATCGGTAGTAGCAGAGCCATCTCCCTCCTTCTTCTCCACACCATCAGC

AA-3', was used. It is complementary to the rat GAP-43 mRNA which corresponds to

the counterpart of base pairs 220-270 of the rat GAP-43 coding region (Basi et al., 1987;

Nielander et al., 1987). This part is downstream of the coding region for the conserved

calmodulin domain. For p75NGFR mRNA, a 50-mer antisense DNA oiigonucleotide

5'-ACAAGGCCCACGACCACAGCAGCCAAGATGGAGAATAGACAGGAATGAG

-3', was prepared complementary to the cDNA encoding the highly conserved

transmembrane segment ofp7SNGFR (Ernfors et al., 1989). Sections were taken from the

freezer and dried for 10 min at room temperature, foIlowed by fIxation for 20 min in

cold (10-12°C) 4% parafonnaldehyde in 0.1 M phosphate buffer (pH 7.4). ACter washing

(4x5min) in phosphate-buffered saline (PBS), sections were dehydrated through 60%,

80%,95%, and 99% ethanol, deproteinized with chlorofonn for 2 min and subsequently

rinsed with 99% and 95 % ethanol for 1 min each. Subsequently, the sections were dried

for 20 min at room temperature and incubated for 18 h at 42°C in a hybridization buffer

(100 JLlIslide) containing 50% deionized fonnamide, 4x SSC, 10% dextran sulfate, 0.02

M phosphate buffer, 50 gmI100 ml salmon spenn DNA, 200 mM dithiothreitol and 106

cpm of [a-35S]dATP-labeIled probe/1oo JLlIslide (terminal transferase labeIling according

to Ausubel et al., (1987). FoIlowing the hybridizationprocess, the sections were washed

with 4x SSC for 20 min at room temperature, foIlowed by washout in 2x SSC at SO°C

(1 x 20 min), lx SSC at 50°C (4x 20 min), lx SSC at 55°C (lx 20 min), O.Sx SSC lot

45°C (1 x 20 min) and 0.25x SSC at 45°C lx 20 min). The sections were then rinsed in

double distilled water for 1 min at 30"C and then four times (5 min each) at room

temperature, and were dried at room temperature. The sections were dipped in NTB2

emulsion (diluted 1:1 with disti1led water) and exposed in the dark for fIve to eight days

for GAP-43 and p75NGFR hybr;:".?ed probes. FoIIowing development, the sections were

counterstained with Methylene blue plus fuchsin, were dehydrated, and coverslipped.
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Immunocytochemistry

The polyclonal anti-glial fibrillary acidic protein (anti-GFAP, DaIm) was

incubated for 12 h at 4°C with 10 p.m-, cryostat cut, free-floating coronal brain sections

taken at the level of the thalamus. AlI subsequent antibody incubation steps, intervening

washes and 3,3'-diaminobenzidine tetrahydrochloride (DAB; Sigma) reactions, were

performed at room temperature using PBS (pH 7.4) as the solvent. After washing (2x15

min), the sections were incubated for 2 h with the second antibody, a monoclonal bi

specific (Kenigsberg et al., 1990) (MCCS cellline, anti-peroxidase and anti-rabbit IgG,

Medicorp, Canada). Subsequently, the sections were incubated for 1 h with horseraàish

peroxidase (HRP; Sigma, Type IV) only. The sections were washed withPBS (4x15 m!a)

and then developed with 0.06% DAB containing 0.01 % hydrogen peroxide for 10 min

followed by a washing in PBS. After washing in PBS, the sections were mounted on

subbed slides (in gelatin) and left to dry before dehydration and coverslip-mounting.

After dehydration in a number of alcoholic solutions and immersion in xylene, the slides

were subsequently coverslipped with a mounting media (Entellan).

Quantification of silver grains

The number of silver grains per area of cytoplasm was quantified using the Ml

version of an MCIO Image analysis system (Microcomputer Imaging Deviee; Imaging

Research Inc., St. Catharine, Ont., Canada). Measurements were performed using light

microscopy with an oil immersion objective connected to an image analysis system.

Measurements were performed in NBM, cortical pyramidal and thalamic neurons neurons

located ipsi- and contralateral to the cortical devascularization. The number of silver

grains on lesioned side was compared with that of the contralateral side in the same

group and with the side ipsilateral to the sham-operation in the control vehicle-treated

animals and of NGF-treated lesioned animais. For each brain section, the background

measured from corpus callosum areas contralateral to the lesion was subtracted from

signal obtained for each probe. Labeled cells used for analysis exhibited optimal

distribution of grains in the cytoplasm. AIl cells with silver grains above background

values were included in the quantification. Only cells with evident cytoplasm and nucleus
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were included in our analysis. Since we could not distinguish between lesioned and

uIÙesioned neurons, it is likely that non-injured cells adjacent to the injured cells were

inc1uded in the quantification.

Statistica1 analysis

Differences in the nurnber of grains among the groups were compared using

ANOVA followed by a post-hoc test (Newman-Keuls'). The level of statistical

significance was set at p <0.05.

RESULTS

Cholinergie basalo-eortica1 pathway

In this study our quantitative analysis was restricted to ncurons in the mid-NBM.

Although cholinergic neurons in the NBM are distributed in a diffused maner, previous

studies by others (Bigl et al., 1982; Luiten et al., 1987; Eckenstein et al., 1988) and

from our own group (Cuello et al., 1989; Figueiredo et al., 1993b) indicate that the

parietal cortex receives innervation predominantly from neurons in the mid portion of this

nucleus. This was confumed by the present report which examined the retrograde

transport of FluoroGold (FG). As shown in Fig. V.2A, 1.5% FG in saline (4x 2 /LI)

was injected between cortical layers m and V covering a central area (parietal)

corresponding to approximately 40% of the devascularized region. Using this procedure,

a large nurnber of neuronal cell bodies located in the
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Figure V.2

Retrograde labeIling of NBM cholinergic cell bodies with fluoroGold (FG). A.

Illustration of the FG injection sites located in the parietal cortex: four injections of 2 /LI

of 1.5% FG in saline were done between cortical layers V and III as shown in the

diagram. B. Photomicrograph shows labelled cells taken from the mid-basalis (level

shown as in A). C. FG-labelled cell taken at high magnification.
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mid portion of the NBM were labelled (Fig. V.2B). Fig. V.2C shows in high power

detail the labelling with very low FG-background level. Titis number of FG-Iabelled cells

noted was slightly less !han the number of ChAT-immunostained cells generally

observed. These findings suggest that we probably include a small number ofunlesioned

neurons which were not projecting to the selected site of the cortical lesion. However,

it must be taken into account that the area corresponding to the cortical lesion is larger

than the cortical area that received FG.

Cross-sectional area

Quantification of the cross-sectional area (/Lm2 ± SEM) of NBM cells ipsilateral

to the lesion, containing positive signal for p75NGFR above background values, revealed

a mean cross-sectional area in sham-operated animals of 216 ± 18. However, different

values were obtained between 254 ± 17, measured on 3rd post-Iesion day of lesioned

NGF-treated animals, and 203 ± 23 of the 15th post-Iesion day of vehicle-treated

animais. This was the only statistical difference among aIl measured cross-sectional

areas. The cross-sectional area on the 7th post-Iesion day of NGF-treated animais

ipsilateral to the lesion (242 ± 31), exhibited higher variability among the five animais

!han the other experimental groups.

p7SNG
F1!. rnRNA levels

The expression of p75NGFR rnRNA was similarly analysed at 4 post-Iesion days.

At 1 or 3 days postlesion, we observed an increase in the level of p75NGFR rnRNA in

several cells of the mid-NBM of lesioned vehicle-treated animaIs (Fig. V.3). Although

the histogram displaying aIl measurements at 1 and 3 post-Iesion days reveals a moderate

elevation of p75NGFR hybridization signal in sorne NBM neurons ipsilateral to the lesion,

the mean number of pixels obtained from aIl cells indicate only a modest, but statisticaly

significant, increase ofp75NGFR ri:1RNA levels only onpost-Iesion day 3 (Table V.1). On

day 7 and 15 post-Iesion the level of p75NGFR rnRNA in many NBM cells of lesioned

vehicle-treated animals was decreased below levels detected in sham-operated
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vehicle-treated rats. This decrease, however, was not significantly reduced relative to

sham-operated animais. The decrease in signal for p75NGFR rnRNA at day 15 in lesioned

animals was significantly different to that observed on day 1. Interestingly, after NGF

applicat;:ln, p75NGFR mRNA levels rose in NBM lesioned neurons at 1, 3 and 7 days post

lesion (Fig. V.3-Nl,-N3,-N7) to reach maximallevels at 7 days post-Iesion, an increase

that was statistically signjficant during the time period that NGF was applied. By 15 days

post-Iesion, the number of pixels ipsilateral to the lesion (i.e. 8 days after cessation of

treatrnent) was slightly higher but not statistically different from the sham-operated

control. Grain countingslJLm2 ± SEM (for p75NGFR hybridized probes) in the NBM

contralateral to the lesion in NGF-treated animais at postlesion day 3 (11.82 ± 0.64,

n=4) and 7 (13.83 ± 0.42, n=3) were increased (p<0.05) relative to sham-operated

controls (please see Table V.I). These results indicated that NGF also increased levels

of its low affmity receptor rnRNA in unIesioned NBM neurons. However, in NBM

neurons contralateral to the lesion in vehicle-treated rats p75NGFR rnRNA levels were

similar to those of sham-operated animais at al! post-Iesion days. p75NGFR rnRNA was not

detected in the thalamus or neocortex. Analysis of other brain areas which express

p75NGFR mRNA were not included in this study. arrows point to single cells. Scale bar

in C7 =20 JLm and applies to ail bright-field photomicrographs. Scale bar in N15 =90 JLm

and apllies all dark-field photomicrographs.

GAP-43 mRNA levels

GAP-43 mRNA levels, in contrast to p75NGFR, changed following cortical

devascularization in all three brain areas studied: NBM, thalamus and neocortex, where

it was differentially regulated after surgical lesion. In the NBM, the highest level of

GAP-43 rnRNA was detected in lesioned animals 7 days after the surgery, as shown in

bright and dark field photomicrographs in Figure V.4. The mean number of pixels per

NBM cell cross-sectional area (JLm2) ipsilateral to the lesion were significantly elevated
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Figure V.3

Expression of p75NGFR rnRNA in NBM

Dark- and bright-field photomicrographs of silver grains detected in the mid-portion of

the nucleus basalis. Sections from sham-operated control (C), lesion + vehicle (V) and

lesion + NGF (N) treated animais are shown at theirrespective l, 3, 7 and 15 postlesion

days as indicated by the subscripted number. The density of silver grains/cell was higher

on VI and V3 and dec:lined on V7 and VI5 compared with respective controls. Note the

more intense increase of p75NGFR rnRNA in N3 and N7. In N15, a rime point 8 days

after interruption ofNGF-treatment, labelling ofp75NGFR rnRNA detected was higher than

on VI5 but not different from C15. Black and white
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p75NGFR rnRNA levels in nucleus basalis ipsilateral to the lesion

Mean number of silver grains (pixels)/

cross-se<;tional cell area (Itm2)

Post-lesion day Control Lesion + Vehicle Lesion + NGF

• 1 8.70 ± 0.75 10.91 ± 0.50 12.11 ± 0.62*

3 7.13 ± 0.48 '11.42 ± 1.43* 13.29 ± 1.29*

7 8.62 ± 0.39 7.26 ± 0.78· 14.25 ± 0.76*·

15 8.53 ± 0.55 6.24 ± 0.42· 9.98 ± 0.59·

Values represent mean ± S.E.M., n=4-5 animais/group. * p < 0.05 from control; • p < 0.05

from day 1 values within the same group; .p < 0.05 from lesion + vehicle (ANOVA followed

by post-hoc Newman-Keuls' test).
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on days 3 and 7 after devascularization (Table V.2). GAP-43 mRNA levels were reduced

on post-Iesion day 15 and were not statistically different from sham-operated animaIs nor

GAP-43 mRNA was detected in lesioned animaIs 7 days after the surgery, as shown in

bright and dark field photomicrographs in Figure VA. The mean number of pixels per

NBM cell cross-sectional area (ILm2
) ipsilateral to the lesion were significantly elevated

on days 3 and 7 after devascularization (Table V.2). GAP-43 mRNA levels were reduced

on post-lesion day 15 and were not statistically different from sham-operated animaIs nor

from levels detected in the contraIateraI NBM. In the neocortex, GAP-43mRNA was

detected (Fig. V.5) and quantitated in layer V. Changes in Gap-43 mRNA in layer V

were noted in pyramidal cells located lateraI to the cingulate region and medial to the

decorticated area (site "A", shown in Fig. V.l) including parts of hind- and fore-limb

cortical regions. GAP-43 mRNA levels were increased in pyramidal cells at day 1 post

lesion (Fig. V.5, compare Cl with VI and NI). These levels remained elevated on ail

post-Iesion days studied (1, 3, 7 and 15) and reached their highest level on post-Iesion

day 3 (Table V.3). In individuaI pyramidal cells GAP-43 mRNA was increased up to 6

fold as compared with controls. In the thalamus, GAP-43 mRNA increase in cells of the

ipsilateral lateral nucleus was noted on post-Iesion day 1 animaIs. (data not shown).

However, this mRNA value (5.25 ± 1.02) was not statistically different from that

obtained for sham-operated animaIs (3.2 ± 0.81). After day 3, GAP-43 mRNA levels

in thalamic neurons decreased progressively below levels detected in sham-operated

animaIs (Fig. V.6). This decrease was more accentuated (a 38% reduction in large cell

number) in the lateraI thalamic nucleus of vehicle-treated animais as compared with the

contralateral side (P<0.05, student's t test) and was parallel to the increase of picnotic
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Figure V.4

Expression of GAP-43 mRNA in NBM

Dark- and bright-field photomicrographs taken from animais that survived seven days

after the lesion. Sections from sham-operated control (C), lesion + vehicle (V) and

lesion + NGF (N) treated animais are shown. Note the increased hybridization signal in

lesioned groups, V7 and N7. Clusters of silver grains from overlapping cells are seen in

V7 (bright-field) and N7 (dark-field) photomicrographs. Small solid arrows (black and

white) point to single cells while open arrows (black and white) point to clusters of 2 or

more cells. ScaIe bar in N7 (bright-field)=20 l'm and also applies to C7 and V7 bright

field micrographs. ScaIe bar in N7(dark-field) =40 l'm and aIso apllies to C7 and V7

dark-field micrographs.
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GAP-43 rnRNA levels in nucleus basal isipsilateral to the lesion

•
Post-Iesion day

1

3

7

15

Mean number of silver grains (pixels)/

cross-sectional cell area (J.Lm2
)

Control Lesion + Vehicle Lesion + NGF

4.33 ± 0.28 4.37 ± 0.19 3.92 ± 0.28

5.55 ± 0.50 7.40 ± 0.36*' 6.84 ± 0.64*'

3.77 ± 0.30 11.54 ± 0.86*' 9.68 ± 0.57*'

4.41 ± 0.18 5.30 ± 0.34 4.21 ± 0.26

•

Values represent mean ± S.E.M., n=4-5 animais/group. "p < 0.05 from control; 'p < 0.05

from day 1 values within the same group; • p < 0.05 from lesion + vehicle (ANOVA followed

by post-hoc Newman-Keuls' test).
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Figure V.S

Expresion of GAP-43 mRNA in neocortex

The distribution of silver grains reflecting GAP-43 mRNA expression is shown in dark

field photomicrographs for corticallayers m, IV, V and VI, as shown in Cl, which

applies to all dark-field panels. In bright-field photomicrographs, C3 and V3, cortical

layer V is shown at the center of the micrograph. Sections from sham-operated control

(C), lesion + vehicle and lesion + NGF (N) treated animais are shown. Subscripted

numbers correspond to post-Iesion days. Expression of GAP-43 mRNA in N3, N7 and

NI5 were not shown as they did not differ from their to respective vehic1e-treated groups

(V3, V7 and VI5). Note that the density of silver grains in alliesioned groups, V and

N, are higher in layer V: the labelling is a1ready elcvated in VI and NI. A much higher

signal for GAP-43 mRNA is observed in V3 and N3. This signal declined in V7 and

VI5 (N7 and N15, not shown), but it remained higher than in control preparations. Scale

bar in VI5 =90 /Lm and applies to all dark-field photomicrographs. Scale bar in C3 =25

/Lm and also applies to V3 (bright-field).
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GAP-43 mRNA levels in pyramidal cells ipsilateral to the lesion

Mean number of silver grains (pixels)!

cross-sectional cell area (/Lm2)

Post-Iesion day

1

3

7

15

Control Lesion + Vehicle Lesion + NGF

3.45 ± 0.42 7.30 ± 0.30* 6.26 ± 0.31*

2.87 ± 0.27 10.81 ± 0.33* 10.44 ± 0.6*

3.49 ± 0.23 8.77 ± 0.82* 8.69 ± 0.28*

3.19 ± 0.40 4.53 ± 0.33*' 4.76 ± 0.43*'

=

Values represent mean ± S.E.M., n=4-5 animais/group. * p < 0.05 from control; • p < 0.05

from day 1 values within the same group; • p < 0.05 from lesion + vehicle (ANOVA followed

by post-hoc Newman-Keuls' test).
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Figure V.6

Expression of GAP-43 mRNA in thalamus

Distribution of silver grains in lateral (L) and ventroposterior (VP) nuclei of the

thalamus, ipsi- and contralateral to the lesion, are shown according to the diagram

shown in A: Large capitalletters B, C, D, E and G refer to respective photomicrographs

taken from animaIs that survived 7 days after lesion. B, bright-field photomicrograph

taken from the lateraI nucleus contralateral to the lesion: Note the homogeneous

population of large cens (counterstained with methylene blue), each presenting a higher

number of silver grains than an the ipsilateral side (C). Observe in C that the number of

large cens is diminished, and other cens, atrophie and with picnotic nuclei, are seen in

higher number. This decrease in GAP-43 mRNA seen in C is better visualized in E under

darkfield illumination (ventroposterior nucleus ipsilateral to the lesion) in contrast with

that normal pattë::1l of distribution seen in D. At this 7th post-Iesion day,

immunoreactivity in 10 ILm-thick sectior.. , îevealed re::;:;j~':. a:;trocytes ipsilateral to the

lesion (G), in contrast to the cCiliIalateral pattern noted in the UIÙesioned ventroposterior

nucleus (F). Scale bar in E=120 p.m and applies to D. Scale bar in G=40 p.m and also

applies to B, C and F.
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cells (Fig. V.6C) as weil as astrocytic reaction detected by gliai-fibrillary acidic protein

immunoreactivity in the lateral and ventroposterior thalamic nuclei (Fig. V.6G). GAP-43

rnRNA levels were not affected by exogenous application of NGF in any of these brain

regions.

DISCUSSION

In the present study,. attempts were made to correlate NGF treatment with

expression of the rnRNAs for the low-affmity NGF receptor and for GAP-43, a protein

implicated in neuronal growth and regeneration. Continuous infusion of NGF for a period

of seven days has been shown to rescue NBM cholinergic neurons from degeneration

caused by cortical infarction. Treatment with this neurotrophin pr<.vented neuronal

atrophy, the difference in cell size between treated and untreated animals becoming

apparent one month post-Iesion (Cuello et al., 1989). Prior to this time point, atrophy

of NBM cholinergic neurons in untreated animais is not easily distinguished.

p7SNGFR rnRNAs in the nucleus basalis

A principal fmding of the present study is that devascularizing lesions of the

cerebral cortex cause changes in the expression of two rnRNAs investigated, p75NGFR and

GAP-43 in NBM cells. Alterations of these rnRNAs in the cholinergic basalo-cortical

pathway may be an important aspect of cellular responsiveness to injury and may allow

us to predict corresponding changes in protein production by these neurons. Changes in

the expression of both low and high affmity NGF receptors presumably involves a

number of factors induced by neuronal injury. Il is conceivable that these changes reflect

the Joss of tissue in the target tissue which is generally assumed to be the principal source

of NGF to NBM neurons (Korsching et al., 1985; Goedert et al., 1986; Shelton and

Reichardt, 1986; Whittemore et al., 1986; Todd and Spike, 1993). Cortical

devascularization elicited increases in p75NGFR rnRNA which were statistically greater at

three days post-Iesion, declining seven days after the lesion. This transient increase

could be secondary to other agents (e.g. expression of endogenous growth factors) which
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may be similarly elevated during the early post-lesion days. This tempting conclusion is

supported by reports that a transitory increase in NGF occurs in the NBM following

neocortical suction ablation (Lorez et al., 1988) in the remaining cerebral cortex

following cortical infarction (see chapter IV) and in the septum following funbria

fornix transection (Gasser et al., 1986; Weskamp et al., 1986) and furthermore, that

blockage ofaxonal transport with vincristine prevents an increase in p75NGFR mRNA

following transection of the rat hypoglossal nerve (Hayes et al., 1992).

This insult-induced increase in NGF and its low affmity receptor in the basalo

cortical pathway may be part of a protective cascade of events serving to repair (;: retard

damage to cholinergic neurons. As noted above, these neurons become atrophic al one

month post-lesion if not untreated with neurotrophic agents (Stephens et al., 1985;

Sofroniew et al., 1983;1987). In the axotomy lesion model (funbria-fornix transection),

p75NGFR mRNA was shown to be decreased in the media! septum but was increased in

neurons that did not degenerate (horizontal limb of the diagonal band of broca) (Gibbs

et al., 1992). Exogenous NGF increased p75NGFR mRNA levels in the NBM ipsi- and

contralateral ID the lesion, confrrming previous studies conducted in other neuronal cell

types (Cavicchioli et al., 1989; Gage et al., 1989; Higgins et al., 1989; Hohzman et al.,

1992; Verge et al., 1992). Another more recent study reported that NGF selectively

increases the ratio of p75NGFR to p140"k receptors on mature sympathetic neurons (Miller

et al., 1994).

GAP-43 mRNA in NBM, neoeortex amI thalamus

Our rationale for investigating GAP-43 mRNA in the cortical devaseularization

lesion model was that NGF was shown to induce sprouting of cholinergie fibers and

hypertrophy of their boutons in the remaining neocortex (Garofalo et al., 1992; 1993).

Severa! lines of evidence suggest that GAP-43 plays an important role in neuronal

regeneration [for review see (Skene, 1989)]. Consonant with this notion, depletion of

GAP-43 using antisense oligonucleotides (Jap Tjoen San etaI., 1992; Aigner and Caroni,

1993) or functional inhibition with antibodies (Shea et al., 1991) reduced neurite

outgrowth. Attempts have been made ta relate post-lesion changes in GAP-43 to
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functional neurochemical mechanisms linked to neuroplasticity (Coggin~ and Zwiers,

1991; Bisby and Tetzlaff, 1992). However, it is unclear how GAP-43 is involved in the

brain regions affected by these decortication experiments and whether NGF is involved

in its regulation. The transient increase of GAP-43 rnRNA in large NBM ce\ls ipsilateral

to the lesion implies that ischemic-induced degeneration of the target, coupled with

retrograde degeneration of the basalo-cortical pathway, provides an adequate stimulus for

GAP-43 expression in projecting neurons. However, it is unclear whether this increase

in GAP-43 rnRNA, which is probably occurring in cholinergic neurons, plays a role in

the transient hypertrophy of these neurons after cortical infarction (Sofroniew et al.,

1987). In contrast to the rapid cell death seen in the thalamus (Matthews, 1973), NBM

cholinergic neurons do not die as a result of this lesion but become atrophic in the first

month after lesioning (Sofroniew et al., 1983; 1987). NGF infused for seven days after

cortical devascularization (CueUo et al., 1989) or after lesions with neurotoxins

(Haroutunian et al., 1989), is able to prevent degeneration in the NBM and induce

sprouting of cholinergic tenninals (Garofalo et al., 1992; 1993). Based on the present

results, GAP-43 rnRNA expression is not regulated by NGF as was reported for the

NGF-induced expression of GAP-43 in PC12 ceUs (Mooradian, 1990). Other levels of

regulation by NGF may exist, however, including induction of phosphorylation of the

GAP-43 protein (Meiri and Burdick, 1991). Regulation of GAP-43 by a target-derived

factor is supported by the observation in sciatic nerve !hat interruption ofaxonal transport

with vinblastine or colchicine increased the expression of GAP-43 in the dorsal root

ganglion (DRG) (Basi and Skene, 1988; Woolf et al., 1990; Smith and Skene, 1993).

These data imply !hat derepression of GAP-43 is involved rather than induction of a

positive signal coming from the injury site or the proximal stump. This concept of

repression of GAP-43 expression is further supported by the observation !hat colchicine,

when applied proximal to a nerve cut, fails to prevent a GAP-43 increase (Smith and

Skene, 1993). NGF is unlikely to be the candidate in the DRG as it did not reverse the

increase in GAP-43 after axotomy despite the fact that there is a good correlation

between which DRG neurons express high affmity NGF receptors and their baseline level

of GAP-43 (Verge et al., 1990).
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A difference in the regulation of GAP-43 rnRNA levels in PNS versus CNS in

response to injury bas been noted: the lesion-to-cell body distance seems not to influence

GAP-43 expression in the PNS (Tsui et al., 1991; Schreyer anè Skene, 1993), but it may

be critically important for retinal ganglion cells (Doster et al., 1991) for the rubrospinal

system (Tetzlaff et al., 1991) and for corticospinal neurons (Tetzlaff and Giehl, 1991).

Thalamic and NBM neurons are located approximately 3 to 5 mm from the large

decorticated region in our model, a distance which is similar to the maximal lesion

distance capable of enhancing GAP-43 in retinal ganglion cells (Doster et al., 1991) but

shorter than the distance which increases GAP-43 in rubrospinal neurons (Tetzlaff et al.,

1991). The slight increase of GAP-43 rnRNA in sorne neurons on the third post-lesion

day in the thalamus, although not statistical1y significant, occurred in conjunction with

rapid degeneration in these nuclei suggesting that other post-Iesion time-points must be

critically important and should he investigated. It is clear from our experiments, and

others, that the degenerative process in the thalamus (Matthews, 1973) is more

accentuated and faster than in the NBM (Garofalo et al., 1992; 1993). Thalamic neurons

exhibited a statistically significant (56%) decrease in GAP-43 mRNA at seven days post

iesion (data not shown). This decrease was noted in thalamic cells of normal size, in

partially atrophic neurons, and in cells with a pycnotic appearance. This condition may

explain why GAP-43 is increased in the NBM and decreased in the thalamus on the

seventh post-Iesion day. The occurrence of degenerative changes in the thalamus

coincides with astrocytic hyperactivity (detected by GFAP immunoreactivity) as has been

shown in other studies (Ross and Ebner, 1990; Herrera and Cuello, 1992), and which

was four-six fold higher than in the NBM. It is unclear whether or not this difference

is linked to any transient cellular processes involved in regeneration. Cortical infarction

may also damage pyramidal neurons in the remaining cortical tissue adjacent to the lesion

where we observed an increase in GAP-43 rnRNA at ail post-Iesion days. It is

interesting that pyramidal cells exlubited the highest levels of GAP-43 rnRNA and that

this trend persisted for a minimum of 15 days. However, rnRNA analysis in combination

with tracing studies would he necessary to characterize the lesion occurring in these

neurons. To this end, Giehl and colleagues (1994, in preparation) have performed
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experiments to elucidate this problem using an axotomy lesion mode!. Cortical ischemia

may induce an inflammatory reaction and local accumulation of cytokines and other

factors that may be important for regulation of GAP-43 expression; this cascade was

shown to be associated with GAP-43 induction and axonal regeneration in DRG cells (Lu

and Richardson, 1991; 1993). However, the fact that oruy pyrarnidal neurons in lamina

V are seemingly affected by the devascularizing ksion would suggest that the

upregulation of GAP-43 rnRNA may be mainly due to interruption of the cortico-cortical

fibres.

CONCLUSION

Differentiai regulation of p75NGFR and GAP-43 rnRNAs after partial and unilateral

cortical infarction was noted in three neuronal populations: NBM, pyramidal and

thalamic neurons. The rnRNA expression in each of these groups of neurons was

differentially affected. These changes are attributed to the exten~ at which the

corresponding neurons are compromised by the cortical lesion. In this experimental

model, the presence of high levels of NGF within the CNS is capable of inducing the

rapid upregulation of the rnRNA for the p75NGFR in the ipsilateral NBM. Sorne grain

countings in NBM contralateral to the lesion revealed similar NGF effects in p75NGFR

rnRNA. This indicated that NGF effects is bilateral, i.e., independent of the lesion. In

the NBM of lesioned animais, GAP-43 rnRNA was increased between three and seven

days post-Iesion while, in pyramidal cells, its induction was noticed between 1 and 15

days post-Iesion and it was ofhigher magnitude indicating that, in these neurons, GAP-43

rnRNA expression is differentially regulated by the corticallesion. In thalamus, there was

initially a slight increase followed rapidly with a decrease in GAP-43 rnRNA

accomp~ying degeneration and death of these neurons evident from the seventh post

lesion day.
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As outlined in the previous chapter, expression of p75NGFR rnRNA in NBM

neurons of animais with cortical infarction rnay reflect increases or fluctuations in

neocortical NGF levels. Reduction of p75NGFR rnRNA to levels below controls, occurring

two weeks after the lesion, was prevented by NGF treatment for seven days. Such

treatment prevented atrophy of cholinergic neurons examined one month after the lesion

(Cuello et al., 1989; Garofalo and Cuello, 1990; 1993; Garofalo et al., 1993). Therefore,

atrophy of NBM cholinergic neurons, associated with decreased gene expression of

p75NGFR in these neurons are consequences ofreduced levels of target-derived NGF. This

is in line with the notion that target-derived NGF regulate the structural and chemical

phenotype of basal forebrain cholinergic neurons (Sofroniew et al., 1993). Some of the

features of human cretinisrn are reproducible in rodents. One such feature is the atrophy

of NBM cholinergic neurons described in young and 50 day old rats (Gould and Butcher,

1989). Moreover, deficiency ofNGF was suggested to occur in hypothyroidisrn (Walker

et al., 1979). Therefore, we decided to investigate whether post-hypothyroid adult

animais (with physiological levels of thyroid hormones after brain developrnent with

thyroid hormone deprivation) would display levels of low- and high-affinity NGF

receptor rnRNAs in the NBM which correlated with the alteration in the size of NBM

cholinergic neurons. Secondly, it was of interest to investigate whether these NBM

neurons of post-hypothyroid animais would maintain their size following cortical

infarction and NGF treatment.
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ABSTRACT

We have tested the hypotheses that trophic factor therapy can reestablish the

cellular characteristics of nucleus basalis magnoceIlularis (NBM) neurons in

posthypothyroid I.ats and whether NGF treatment can prevent further atrophy of these

neurons following cortical infarction. AnimaIs which developed while deprived of

thyroid hormone were used to assess effects on ceIl surface area, expression of p75NGFR

and gp140"k rnRNAs and therapeutic responses to NGF by NBM cholinergic neurons in

adulthood. Rats were rendered hypothyroid by the addition of propylthiouracil (PTU) to

their diet beginning on embryonic day 19 (E19) until the age of one month. At this time,

both the pups and their dams continued to receive 0.05% PTU in their diet and were

thyroidectomized. At 60 days, PTU treatment was interrupted and thyroxine levels were

restored to normal by daily subcutaneous administration of physiological levels of

thyroxine. Morphometric analysis identified atrophied NBM cholinergic celIs at two

ages, days 75 and 105, identified by in situ hybridization for p75NGFR and gp140"k

rnRNAs in Methylene blue stained ceIls (day 75) and choline acetyltransferase (ChAT)

immunostaining (day 105). The mean number of silver grains (pixels) per /Lm2 (mean

± S.E.M.) of celI body cross-sectional area for p75NGFR rnRNA in the NBM of euthyroid

rats was 3.43 ± 0.89, which was not statistically different from posthypothyroid animais

(4.02 ± 1.07). A similar fmding was noted for p140"k rnRNA: Mean number of grains

in the euthyroid group was 5.54 ± 0.96 and was not statisticaIly different from the

posthypothyroid group (6.32 ± 1.45). NGF treatment in adulthood (between days 75

and 82) did not restore ceIl surface area from early thyroid deprivation. However, NGF

prevented further atrophy of NBM neurons foIlowing cortical devascu1arization inflicted

in adulthood. These data show that in the posthypothyroid rat, as in the euthyroid rat,

NGF can replace the loss of presurned target derived trophic support and that

posthypothyroid NBM neurons which express similar amounts of rnRNA for NGF

receptors are responsive to NGF. Moreover, these fmdings indicate that the cellular

atrophy of NBM neurons during and after thyroid hormone depletion is probably not due

to a loss of trophic support or a failure to express NGF receptors.
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INTRODUCTION

Nerve growth factor (NGF) is the best characterized member of the neurotrophin

family. Low- and high-affmity receptors for NGF have been described. However, sorne

controversy still exists as to whether the low-affmity neurotrophin binding protein p75

plays a crucial role in the formation of the high-affmity NGF receptor complex (Klein

et al., 1991; Ibâiiez et al., 1992), or whether the high-affmity receptor is formed by

dimers of the tyrosine kinase receptor (gp140uk) (Hempstead et al., 1991; Kaplan et al.,

1991).

In brain NGF, mRNA is expressed mainly in regions innervated by cholinergic

neurons of the basal forebrain (Korsching et al., 1985; Shelton and Reichardt, 1986;

Whittemore et al., 1986; Goedert et al., 1986). This notable coincidence, along with the

demonstration of NGF retrograde transport by these neurons (Seller and Schwab, 1984),

provide a rationale for the use of NGF to restore the morphological, biochemical, and

functional status of cholinergic nerve cells. Indeed, NGF has proven to be the most

specific neurotrophic factor tested so far for basal forebrain cholinergic neurons

(Honegger and Lenoir, 1982; Gnahn et al., 1983; Mobley et al., 1985; Thoenen, 1991;

Ebendal, 1992; Hefti, 1986; Hagg et al., 1990; Kromer, 1987; Williams et al., 1986;

Cuello et al., 1989; Haroutunian et al., 1989; Cuello, 1993). This notion is further

supported by the expression ofp75NGFR and p14trk mRNA on these neurons (Holtzman et

al., 1992). It has suggested that NGF may be required for normal development of basal

cholinergic neurons (Thoenen et al., 1987; Whittemore and Seiger, 1987). Conversely,

during early postnatal development, the activity-dependent regulation of NGF and brain

derived neurotrophic factor (BDNF) expression is also influenced by the cholinergic

system (Da Penha Berzaghi et al., 1993).

The full extent and range of pathological circumstances in which NGF can elicit

protection of central cholinergic neurons is not entirely known. In these studies, we

investigated whether NGF can reverse the phenotypic changes occurring in the NBM

after developmental thyroid hormone deprivation (Gould and Butcher, 1989). A large

number of phenotypic alterations in the CNS caused by a deficiency in thyroid hormone
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during development have been described (Legrand, 1983; Dussault and Ruel, 1987;

Porterfield and Hendrich, 1993). These alterations include varicosities (spheroidal

swellings) along the proximal axon in cholinergic nucleus basalis neurons (NBM)(Gould

and Butcher, 1989) similar to those described in Purkinje neurons (Figueiredo et al.,

1993a). The developmental significance of thyroid hormones for neurite outgrowth

(Nicholson and Altman, 1972; Legrand, 1979; Rami et al., 1986: Gould and Butcher,

1989) may be attributable, in great part, to reduced amounts of cytoskeletal proteins in

hypothyroid rats (Chaudhury et al., 1985; Faivre et al., 1983; Lakshmanan et al., 1981;

Nunez, 1985). Among the consequences described were stunted dendritic trees of

cholinergic NBM neurons that persisted into adulthood (Gould and Buteher, 1989).

These alterations may result in permanent impairment of neuronal connectivity, thus,

leading to neuronal dysfunction. Several other studies indicate that ChAT activity in the

CNS is sensitive to alterations of thyroid hormone levels (Honegger and Lenoir, 1980;

Atterwill et al., 1984; Hefti et al., 1986; Hayashi and Patel, 1987; Patel et al., 1988;

Valcana, 1971; Kalaria and Prince, 1985; Gould and Butcher, 1989; Oh et al., 1991).

A persistent decrease in ChAT activity was reported to !Je selective to subcortical

cholinergic neurons (patel et al., 1987; Kalaria and Prince, 1985) but in another report,

despite persistent blockage of thyroid hormone synthesis (Gould and Butcher, 1989),

ChAT immunoreactivity was shown to be recovered in the NBM ofhypothyroid animals.

It is not clear which process, if any, can be regulated by an interaction between thyroid

hormone and NGF in basal forebrain cholinergic neurons (Hayashi and Patel, 1987; Patel

et al., 1988) or in other brain areas (Legrand and Clos, 1991; Clos and Legrand, 1990).

Previous studies from our laboratory (Figueiredo et al., 1993a; 1993b, see appendixes

A & B) have shown that in hypothyroid pups, in addition to a delayed expression of

p75NGFR, this protein accumulates in neurons such as Purkinje ceUs, probably due to

reduced axonal transport. We undertook the present study te assess the effects of

prolonged thyroid hormone deprivation on NBM cholinergic cell neuronal size and on

the expression of p75NGFR and gp140uk mRNAs. Secondly, we determined, in these

animals, the extent to which NBM neurons are affected by cortical lesions and
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intracerebroventricular NGF infusions. A cortical infarction model of retrograde

degeneration of NBM neurons (Sofroniew et al., 1983) was used for this purpose.

MATERIALS AND METHODS

Experimental animals

Wistar pups were rendered hypothyroid by giving dams a 0.4% propylthiouracil

(PTU) enriched diet beginning on E19 (Kalaria and Prince, 1985). On the day of birth,

six male pups were assigned to each mother. Offsprings of dams that had not regularly

ingested their PTU-treated food from the second day of treatrnent were removed from

this study. The amount of ingested food was controlled daily, and did not differ from

that of controls, from birth until pups were 30 days old. When the pups reached 30 days

of age, they and their dams were fed a 0.05% PTU enriched diet and the pups were

subrnitted to thyroidectomy. These animaIs continued to receive PTU to eliminate

possible hormone secretion from any remaining thyroid tissue and were left with the dam

unti160 days of age. As a consequence of the hypothyroidism and the surgery, the mean

body weight ofthese rats was 84 ± 11 g (mean ± S.D., n=26) when they were 60 days

old. This represented 29.4% of the mean body weight of sham-operated control (285 ±
19 g; n=28). After reaching 60 days of age, these animals were allowed to recover by

withdrawing PTU from their diet and restoring physiologicallevels of thyroid hormones

by daily subcutaneous injections of L-thyroxine 5 ng/g of body weight until they were

75- or 105-days old. The injected dose corresponded approximately to the amount of

hormone normally secreted by the gland (Vigouroux, 1976). This group of previously

hypothyroid animals that received thyroxine replacement therapy from the second post

birth month are referred to as "posthypothyroid" rats. To reduce the number of animaIs

removed due to low food consumption, PTU was frrst well-mixed with 6% sucrose

before it was added to the appropriate food. After 15 days without PTU ingestion, at the

age of 75 days, the mean body weight of these previously PTU-treated rats was 124 ±

13 g (n=21) in contrast with 367 ± 16 g of controls.
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In situ hybridization

In situ hybridization was perfonned as previously described (Schalling et al.,

1988) with sorne modifications (Verge et al., 1992). Briefly, brains were removed from

unperfused 75 day old male rats (without cortical lesion), posthypothyroids and controls,

decapitated under deep anaesthesia with Equithesin, and frozen in dry ice. The in situ

hybridization was perfonned with tissue sections of experlmental animals adjacent to

those of control animais, taken at the same NBM levei. Corona! sections (10 JLm thick)

were cut using a cryostat, were thaw-mounted onto Superfrost Plus slides (Fisher), and

kept at -70°C. Tissue sections were processed for the in situ hybridization of gp140trk and

p75NGFR rnRNAs using 35S-labeIIed oIigonucIeotide probes. For p75NGFR rnRNA, a

50-mer antisense DNA oligonucleotide,

5'-ACAAGGCCCACGACCACAGCAGCCAAGATGGAGAATAGACAGGAATGAG

-3', was prepared complementary to the cDNA encoding the highly conserved

transmembrane segment of p75NGFR (Ernfors et al., 1989). The DNA oligonucleotide

antisense gp140trk probe used in this study was

5'-AAGGTTGAACTCAAAAGGGTTGTCCATGAAGGCAGCCATGATGGAGGC-3',

previously used by Verge et al. (1992), which is the counterpart of base pairs 1198-1245

in the rat p140trk sequence (Meakin et al., 1992). Sections were taken from the freezer

and dried for 10 min at room temperature, foIIowed by fIXation in cold (10-12°C) 4%

parafonnaldehyde in 0.1 M phosphate buffer (pH 7.4) for 20 min. After washing

(4x5min) in phosphate-buffered saline (PBS), sections were dehydrated through 60%,

80%,95% and 99% ethanol, deproteinized with chlorofonn for 2 min and subsequently

rinsed with 99 % and 95 % ethanol, 1 min each. The sections were then dried for 20 min

at room temperature and incubated for 18 h at 42°C in a hybridization buffer (100

JLIIsIide) containing 50% deionized fonnamide, 4x SSC, 10% dextran sulfate, 0.02 M

phosphate buffer, 50 mg/IOO ml salmon spenn DNA, 200 mM dithiothreitol, and 106cpm

of [a-35S]dATP-labeIIed probe (tenninaI transferase labelling according to Ausubel et

al., 1987). After hybridization, the sections were washed with 4 x SSC for 20 min at

room temperature and were followed with a washout in 2 x SSC at 50°C (1 x 20 min),
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1 x SSC at 50"C (4 x 20 min), 1 x SSC at 55°C (l x 20 min), 0.5 x SSC at 45°C (1 x

20 min), and 0.25 x SSC at 45°C 91 x 20 min). The sections were then rinsed in double

distilled water for 1 min at 30°C and at room temperature (4 x 5 min), and dried at room

temperature. The sections were dipped in NTB2 (Kodak) emulsion (diluted 1:1 with

distilled water) and exposed in the dark for five - eight days for p75NGFR and 12-14 days

for gp140trk probe. Following development, the sections were counterstained with

Methylene blue and fuchsin dehydrated and cover-slipped.

Cortical devascularization

Three groups of 75 day old posthypothyroid animais and three groups of naive

control animaIs were operated as follows: 1) sham-operated animais treated with vehicle

only, 2) devascularized rats treated with vehicle, and 3) devascularized rats treated with

NGF for seven days. Male rats were anaesthetized with Equithesin (2.5 ml/kg, i.p.) and

placed into a stereotaxic frame. A stainless steel cannulae (23 gauge) was directed into

the right lateral ventricle [coordinates from Breg;:na (Paxinos and Watson, 1986): AP,

-0.8; L, 1.4; V, 3.5] through a small burr hole in the skull and was affixed to the bone

skull with dental cement. Osmotic minipumps (Alzet 2001, 1JLI/hr, seven days) were

loaded with dye (0.01 % Methylene blue, BDH chernicaIs) and ,pretested before being

connected to the cannulae through coiled polyethylene tubing (lntramedic, PE-60). NGF

12 JLg/24 JLI/day or vehicle (phosphate-buffered-saIine/artificial CSF 1:1 and 0.1 %bovine

serum aIbumin) were loaded into the tubing with a small amount of minerai oil added to

the minipump end to prevent mixing with the dye.

Animais were subjected to left-side devascularizing cortical lesions, as previously

described (Sofroniew et al., 1983; Stephens et aI., 1985). In brief, the devascularizing

lesion was performed by removing a flap ofbone and underlying dura and gently rubbing

away ail vessels and most of the pia mater with sterile, saline-soaked cotton swabs.

Control animaIs received a sham operation consisting of a craniotomy only. Minipumps

were implanted during this surgery. Seven days, after the lesion or sham operation, the

animais were anesthestized and the pumps and tubings were removed. One month after
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the lesion, the animais were sacrificed by transcardial perfusion under Equithesin

anesthesia.

Lnununocytoch~~y

Rats were deeply anesthestized with Equithesin (0.40 mlI100g i.p.) and briefly

perfused through the ascending aorta with a phosphate buffer (pB; pH 7.4) vascular

rinse. Subsequently, a 20 min fixation with a 4 % paraformaldehyde, 0.1 %

glutaraldehyde, and 15% saturated pieric acid mixture in O.lM phosphate buffer (pH 7.2)

was inunediately followed by a 20 min perfusion with 0.5% hydrogen peroxide in PBS.

A final 20 min washout with a 10% glucose-PB solution was followed by removal and

storage of brains in 30% sucrose-PB at 4°C for 72-120 h. Forty ~m-thick coronal

sections were cut on a freezing sledge microtome.

Free-floating sections were incubated overnight at 4°C in a monoclonal antibody

anti-ChAT (Boehringer) diluted 1125. Ali subsequent steps were carried out at room

temperature using PBS containing 0.2% Triton X-100 (pH 7.4) for washes, dilution of

antibodies and 3,3'-diaminobenzidine tetrahydrochloride (DAB) reaction. After washing,

the sections were incubated for 2 h with the second antibody, a rabbit anti-rat serum

(1/50; prepared in our laboratory). Subsequently, the sections were incubated with

horseradish peroxidase (HRP; Sigma, Type IV) and a monoclonal rat anti-peroxidase

(Cuello et al., 1984) (Medicorp, Canada) to develop ChAT inununoreactivity. After

washing for 15 min (4x), sections were incubated in a 0.06% solution of DAB for 10

rninand a subsequent 10 min in the same solution containing hydrogen peroxide (0.01 %,

final concentration). After washing, sections were mountf>d on subbed slides,

dehydrated, cleared, and coverslipped.

MORPHOMETRIC ANALYSIS

Quantification of silver grains
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The ninnber of silver grains per area of cytoplasm was quantified using the Ml

version of an MCID Image analysis system (Microcomputer Imaging Device; Imaging

Research Inc., St. Catharine, Ont., Canada). Measurements were performed using light

microscopy with an oil immersion objective connected to an image analysis system.

Measurements were performed in ventral and dorsal NBM neurons. For each brain

section, the background measured from corpus callosum areas was subtracted from signal

obtained for each probe. Labeled ceIIs used for analysis exhibited optimal distribution

of grains in the cytoplasm. AIl cells with silver grains above background values were

included in the quantification. Only cells with evident cytoplasm and nucleus were

included in our analysis.

Immunocytochemistry image analysis

To assess the mean cross-sectional area of NBM neurons, sections stained for

ChAT from control, vehicle-treated, as weIl as lesioned NGF-treated 105 day old animais

(one month after cortical lesion) were analyzed. For these studies, the area containing

the mid-portion of the NBM [approximately Bregma -1.30 mm to -1.80 mm according

to the atlas of Paxinos and Watson (1986)] was analyzed using the Ml system. A total

of six brains/group were analyzed. ChAT-immunoreactive neurons in the ventral and

dorsal part of the mid-NBM were examined with respect to their mean cross-sectional

area one month after surgery. This parameter was chosen in order to determine whether

posthypothyroid animais could respond to NGF-treatrnent following cortical infarction.

Morphometric data are expressed as illean cross-sectional area and mean fiber length ±
the standard error of the mean (S.E.M.).

Statistical analysis

Statistical significance of the number of grains (pixel) per /Lm2 of the cell body

cross-sectional area and differences in the cross-sectional area of Methylene blue stained

cells (75 day old animais) were assessed using Student't test. Differences in cross

sectional area of ChAT-immunopositive neurons among groups were compared with
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ANOVA foIlowed by a post hoc Newman-Keuls' test. The level of statistical

significance was set at P< 0.05.

RESULTS

In situ hybridization

We. examined the levels of p75NGFR and gp140uk rnRNAs in the NBM of 75 day

old non-devascularized posthypothyroid rats in order to compare them WiÙl the

therapeutic profile of NGF in such animaIs. In another group of 75 day old animais, the

effect of the lesion and NGF treatment was analyzed one monÙl later (see below).

Therefore, we assessed levels of p75NGFR and gp140uk rnRNAs before corticallesion and

NGF-treatment in order to defme whether Ùle possible failure of NGF to rescue NBM

cholinergic neurons in POSÙlYP0Ùlyroid rats could be related to alterations of these

receptors. The hybridization signal for bOÙl oligonucleotides, p75NGFR and gp140ut,

appeared to be over neuronal perikarya ooly. Our measurements of silver grains were

conducted in the mid-portion of the NBM. This area has been reported to predominantly

project to the parietal cortex by several studies in addition to our own (Bigl et al., 1982;

Luiten et al., 1987; Eckenstein et al., 1988; CueIlo et al., 1989; Figueiredo et al.,

1993c). Fig. VI.1A shows bright-field photomicrographs exhibiting the hybridization

signal for the p75NGFR probe ln euthyroid animais which is very sirnilar to the signal seen

in posthypothyroid animais (Fig. VI. lB). The mean number of silver grains (pixels) per

p.m2 of ceIl body cross-sectional area (number of grains/p.m2 ± S.E.M.) (Table VI.1) for

p75NGFR in euthyroid rats (n=5) was 3.43 ± 0.89, which was not statistically different

from posthypothyroid animais (n=5), 4.02 ± 1.07. Similar tindings were noted for

p140uk (Fig. VI.1C,D): the expression ofthis rnRNA in euthyroid rats (Fig. VI. le), is

similar to that in the posthypothyroid animal (Fig. VI.1D). The mean number of grains

(pixel/p.m2) in the euthyroid group was 5.54 ± 0.96, which was not statistically different

from that of the posthypothyroid group, 6.32 ± 1.45. However, in 75 day old

posthypothyroid rats, the mean cross-sectional area of NBM cells, visualized by

Methylene blue staining, with positive label for p75NGFR or gp140uk was statistically
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smaller (P < 0.05) 173 ± 15 (/Lm2 ± S.E.M.) than in euthyroid animais, 234 ± 11

(/Lm2 ± S.E.M.). The cross-sectional area of NBM neurons contralateral to the lesion

side of NGF-treated posthypothyroid rats was not statistically different from sham

operated posthypothyroid animais.

Morphometric analysis of ChAT-immunopositive neurons

The immunocytochemical investigation of ChAT-immunoreactive sites in the

NBM neurons from euthyroid and posthypothyroid animais confirmed an atrophy of these

cholinergic cells, as previously reported (Sofroniew et al., 1983; 1987). The

morphological characteristics of these ChAT immunoreactive neurons in sham-operated

(105 day old), euthyroid and posthypothyroid animais, is shown in Figs. VI.2A,B and

2C,D, respectively. The measurement of the cross-sectional area of ChAT positive

neurons in the sham-operated animais (105-day old) confirmed the differences described

for Methylene blue stained cells in 75 day old animais. The mean cross-sectional area

of ChAT-positive neurons ofposthypothyroid animais (n=5) was 181 ± 17, which was

significantly reduced as compared with controls (n=5), 237 ± 14 (Table VI.2).

Unilateral cortical infarction resulted in the expected retrograde atrophy of the

NBM CIL~T-immunopositive neurons in euthyroid rats treated with vehicle (See Fig.

VI.3A,B). Intense neuronal shrinkage and retraction of neurites can be observed in Fig.

VI.3B. AIso, predictably, NGF application to devascularized rats for seven days (12

/Lg/24 /LI/day) prevented the atrophy of these cholinergic neurons (Fig. VI.3C,D).

Posthypothyroid rats, with a reduced cross-sectional area of NBM cholinergic neurons,

became further atrophic after cortical devascularization (Fig. VI.4A,B) and also

responded to NGF therapy which prevented their atrophy. Numerical data of cell body

cross-sectional areas following cortical lesion are shown in Table VI.2.
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Figure VU

Bright-field photomicrographs show coronal sections taken at the level of the mid-NBM.

Neurons in the ventral NBM are shown which display hybridization signal for p75NGFR

(A and B) and p1401Ik rnRNAs (C and D). A and C were from control euthyroid, while

B ~nd D were from posthypothyroid 75 day old rats. Note that the number of silver

grains, comparing individual cells, is similar between A and B as weIl as between C and

D. At ventral (shown photomicrographs) and dorsal NBM (not shown), cell surface area

from sorne isolated cells positive for p75NGFR or p140trk rnRNAs exhibited smaller size

in posthypothyroid animals (B and D). Scale bar in D=50 /Lm and also applies to A,B

andC.
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Table VU
Effects of thyroid honnone deprivation on mid-NBM neurons of 75 day old rats

Number of grains (pixels)/Jlm2 of ceIl surface CeIl
surface

Groups p75NGFR rnRNA p140trk rnRNA (Jlm2)

• Euthyroid 3.43 ± 0.89 5.54 ± 0.96 234 ± 11

Posthypothyroid 4.02 ± 1.07 6.32 ± 1.45 173 ± 15*

The cross-sectionai area was measured in methylene blue-stained ceIls which were
expressing grains above background levels. Values represent the mean of five
animais/group (± S.E.M.). * P< 0.05 versus euthyroid (Student' t test).

•
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Figure VI.2

Photomicrographs of coronal sections taken at the level of the mid-NBM. ChAT

immunoreactive neurons in the dorsal mid-NBM of sham-operated 105 day old animais.

(A and B) Sections from euthyroid rats: framed area in A corresponds to the high

magnification photo shown in B. Smailer ceil surface area is clearly seen in

posthypothyroid rats, at low (C) and high power (0). Scale bar in C=60 p.m and also

applies to A. Scale bar in C, same for A, 60 p.m. Scale bar in D=30 p.m and also

applies to B.
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Figure VI.3

Photomicrographs of coronaI sections from lesioned-animals at the level of mid-NBM.

ChAT-immunoreactive neurons in the dorsal mid-NBM ipsilateral to the lesion, in

euthyroid l05-day-old animaIs, one month after cortical devascularization (A and B).

Sections from lesioned animais treated with vehicle: Framed area in A corresponds to the

high power photo shown in B. NGF infusion for seven days confirrned recovery of the

cell cross-sectional area ipsilateral to the lesion, as is clearly noted in photomicrographs

C and D in contrast to the vehicle-treated animais. Photo in D corresponds to the framed

area seen in C. Scaie bar in C=60 /Lm and also applies A. Scale bar in B=30 /Lm and

aise applies to D.
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Figure VIA

Photomicrographs of coronal sections from lesioned-animals at the level of mid-NBM.

ChAT-immunoreactive neurons in the dorsal mid-NBM, ipsilateral to the lesion, in

posthypothyroid 105 day old animais one month after cortical devascularization, (A and

B). Sections from lesioned animais treated with vehicle: Framed area in A corresponds

to the high power photo shown in B. The regenerative capacity of cholinergie neurons

in response to NGF infusion is clearly noted in photomicrographs C and D in contrast

to the vehicle-treated animais. Photo in D corresponds to the framed area seen in C.

Scale bar in A=60 p.m and also applies to C. Scale bar in B=30 p.m and also applies to

D.
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Table VI.2

Cell cross-sectional area of ChAT-irnmunopositive mid-NBM neurons in 105 day old rats

Euthyroid

Posthypothyroid

•
Groups

Ipsilateral NBM

Sham-operated + vehicle

Lesioned + vehicle

Lesioned + NGF

Contralateral NBM

Lesioned + NGF

p.m2 ± SEM

237 ± 14

166 ± 21*

211 ± 17

:~4 ± 12

p.m2 ± SEM

181 ± 17·

131 ± 23*

174 ± 15·

190 ± 09**

Values represent the mean offive animals/group (± S.E.M.). * p < 0.05 versus sham

operated or NGF-treated rats with equivalent thyroid status. • p < 0.05 versus

respective euthyroid group. ** p < 0.05 versus respective euthyroid group. (ANOVA

followed by post hoc Newman-Keuls' test).
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Devascularization reduced cross-sectional area of posthypothyroid animais to 131 ± 23

(n=5), which was prevented by NGF treatment, 174 ± 15 (n=4). The size of the NBM

cholinergie neurons ipsilateral to the lesion of NGF-treated and lesioned animals were

not statistically different from ipsilateral sham-operated euthyroid animals, Thus,

confmning previous results (Cuello et. al., 1989). Similar experimental group (NGF +
lesion) in posthypothyroid animais was alsu not statistieally different from the sham

operated group. In both euthyroid and posthypothyroid animals NGF treatment did not

change significantly the cross-sectional area of contralateral NBM cholinergic neurons

in lesioned rats as compared with sham-operated rats (Table VI.2). The size of NBM

ChAT-positive neurons contralateral to the lesion in NGF-treated euthyroid rats was still

larger (p <0.05) than the same cells in posthypothyroid rats. These results indicated that

while NGF restored the size of NBM cholinergic neurons ipsilateral to the corticallesion

to that of sham-operated posthypothyroid, its action was insufficient to bring the cells to

a size equivalent to that of euthyroid rats (Table VI.2).

DISCUSSION

Atrophied cholinergic neurons in posthypothyroid rats were identified at two ages,

75 and 105 days, using two different markers, Methylene blue staining ofcells containing

substantiallevels ofp75NGFR and gp140trk mRNAs, and ChAT immunoreactivity. These

fmdings were observed after reestablishing physiological levels of thyroid hormones.

The noted persistent atrophy of NBM cholinergic neurons confirms a previous study

(Gould and Butcher, 1989) and is consistent with the irreversible effects observed in a

wlde variety of brain neuronal cell types (Legrand, 1983; Dussault and Ruel, 1987;

Porterfield and Hendrich, 1993; Rabié et al., 1979). An exception is the rat olfactory

epithelium which exhibits a profound ability to recover from prolonged thyroid hormone

deprivation from birth (patemostro and Meisami, 1993). The NBM cholinergic cells of

posthypothyroid adult rats, ipsi- and contralateral the cortical infarction, failed to revert

to their normal (euthyroid) size in response to NGF. Thus, once the adult morphology
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of CNS neurons is acquired, trophic factors might have a modest effect on phenotypic

expression. This effect is apparently not sufficient to re-structure these neurons to their

normal size. However, cholinergic neuronal recovery in hypothyroid rats could occur

if growth factor therapy were implemented before the critical period of brain

development. A central question concerns NGF responsiveness in atrophic NBM

cholinergic cells. An unaltered expression ofp75NGFR and gp140"k mRNAs in the NBM

of posthypothyroid animais suggest normal post-receptor NGF signalling. This is

supported by the observation that NGF restored the size of NBM cholinergic neurons to

that of sham-operated posthypothyroid but not to that of control euthyroid rats. The

fmding that NGF prevented decreases in cell cross-sectional area induced by cortical

infarction is not in accordance with the notion of deficient axonal transport of NGF-NGF

receptor complexes in posthypothyroid animais, as previously suggested for the

cerebellum of hypothyroid neonates (Figueiredo et al., 1993a). The overall action of

thyroid hormone on developing cholinergic cells and the cerebellum was proposed to

involve an interaction with NGF (Hayashi and Patel, 1987; Patel et al., 1988; Legrand

and Clos, 1991). Susceptibility of sorne brain cholinergic neurons to thyroid hormone

deprivation was suggested to be selectively related to the sensitivity of these neurons to

NGF (Oh et al., 1991). These reports are compatible with thyroxine-induced increases

of NGF levels in the adult mouse brain (Walker et al., 1979). This increase in NGF

level· was observed in cerebellar neuroblasts from 5 day old rats in vitro (Charrasse et

al., 1992) and in cerebellum of thyroxine-treated newbom rats but not in 15 or 30 day

old rats (Figueiredo et al., 1993b). It would be of particular interest, in this regard, to

investigate whether this decrease in cholinergic neuronal size Ils described above, could

be prevented by concomitant NGF treatment during early development. It is likely that

a reduction in neuronal size results primarily not only from a failure of a direct influence

exerted by thyroid hormone during neuronal growth but also from decrements in many

other thyroid hormone-dependent or independent rnacromolecules, including NGF, which

are involved in cell growth and differentiation. The growth factor inducible gene NGFI-A

is an immediate-early response gene induced by signais that lead to growth and

differentiation (Milbrandt, 1987; Christy et al., 1988; Lemàire et al., 1988). Pipaon and
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colleagues (1991; 1992) described that developing rat brain, but Dot adult animais with

thyroid honnone deprivation, had marked decrease of NGFI-A while triiodothyronine

treatment increased NGFI-A within 1 h. Interestingly, NGFI-A was also shown to be

induced by NGF (Milbrandt, 1987; Watson and Milbrandt, 1990). Thus, a deficiency

of NGFI-A in thyroid honnone deprived pups may have contributed to the decreased

NBM cholinergic cell size. Furthennore, it is conceivable that a disturbed metabolism

caused by thyroid honnone deficiency also leads to deficits in particular brain nutritional

elements (Mooradian, 1990). It appears that the consequences of thyroid honnone

deprivation from birth involve decrements in many specific and unspecific factors. NGF

treatment did Dot affect the size of unlesioned cholinergic neurons (contralateral NBM

in animais with cortieal devascularizing lesion) in both euthyroid and posthypothyroid

rats suggesting that under our experimental conditions NGF does not induce pennanent

changes in fully mature animais. results from this and other studies indicate that for

successful recovery of cholinergie neurons appropriate levels of NGF must be available

following a trauma but, it is unknown whether earlier NGF treatment could prevent the

deleterious and, so far, pennanent effects of neonatal hypothyroidism. In a previous

study, NGF treatment of rat pups significantly increased t'orebrain ChAT activity in

euthyroid but not in PTU-treated pups (patel et al., 1988). These fmdings could suggest

that NGF per se may not induce other phenotypic changes, such as size of cholinergic

cells in thyroid honnone deprived pups. Collectively, results from this study and from

others, to date, would indicate that thyroid honnone replacement therapy initiated before

the critical neonatal period of development could prevent the apparent pennanent and

irreversible effect of thyroid deficiency in CNS cholinergie neurns.

CONCLUSION

In this study we have found that NGF was unable to restore cholinergic phenotype

in neurons of the NBM which developed abnonnally due to early thyroid honnone

deprivation. However, this neurotrophin \Vas efficacious in protecting the same cells

from further atrophy induced by unilateral cortical infarction.. This positive biological
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response to NGF is in accordance with the unchanged rnRNA levels of low and high

affmity NGF receptors in posthypothyroid animais .
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An initial goal of this thesis, was to assess whether brain-derived neurotrophic

factor (BDNF) and neurotrophin-3 (NT-3) elicit protection of nucleus basalis

magnocellularis (NBM) cholinergic neurons, as occurs with NGF treatment (Cuello et

al., 1989; Garofalo and Cuello, 1990; 1994a; 1994b; Haroutunian et al., 1989). The

therapeutic properties of these two neurotrophins were examined with respect to their

ability to prevent atrophy of these neurons. The results presented in Chapter II (Skup et

al., 1993; 1994), show that these two neurotrophins do not elicit protection of NBM

cholinergic neurons after injection into the lateral cerebral ventricle for seven days. The

injected amounts of BDNF and NT-3 were approximately equimolar to the saturating

dose (12 JLg/day) reported for NGF to rescue these neurons (Garofalo and Cuello,

1994b). The lack of response to such moderate amounts of BDNF is in agreement with

a recent study which demonstrated that intraparenchymal treatment with BDNF did not

rescue NBM neurons following ibotenic acid infusion (Deklcer et al., 1994). Our results

are also in accordance with a report showing that this agent at the same dosage and

administration route, fails to protect septal cholinergic neurons following funbria-fornix

transection (as revealed by ChAT immunocytochemistry) even after 14 days oftreatment

(Morse et al., 1993). These fmdings are in agreement with the very 10w to undetectable

levels of trkB mRNA in basal forebrain neurons (see Table 1.1 in Chapter 1), as well as

with the lack of BDNF binding to basal forebrain neurons after intracerebroventricular

injection of iodinated BDNF at 12 JLg/day, for 14 days (Morse et al., 1993). In

radioautographic receptor binding studies, I2SI-NT_3 did not bind to basal forebrain

neurons (Altar et al., 1993). The presence of very high levels of truncated trkB mRNA

(Klein et al., 1990), together with the accumulation of exogenous BDNF circumscribing

the cerebral ventricles (ipsilateral to the lesion) (Morse et al., 1993), suggested limited

penetration into the subjacent neural parenchyma. However, when BDNF (12 JLg/day,

14 days) was injected into the dorsolateral septum it accumulated in a discrete number

of neurons in the medial septal nucleus and vertica1limb of the diagonal band of Broca

(MS/VB) (located approximately 2-3 mm ventral to the injection site) and was shown to

rescue septal neurons following funbria-fornix transection (Morse et al., 1993). There

was no record in this binding study (Morse et al., 1993) that other basal forebrain
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cholinergic neurons, in particular the NBM, accumulated BDNF after injection into the

dorsolateral septum. This suggests that the ventricular ependymal celllayer and subjacent

regions are not the only limiting factors affecting distribution and specific binding of

BDNF to basal forebrain cholinergic neurons. In contrast with theseand our own results,

previous studies from another laboratcry reported that intracerebroventricular infusion

oflower arnounts ofBDNF (4.5 p.g/day, for 20 days) increased by 100% (Knüsel et al.,

1992) and by 55% (Widmer et al., 1993) the percentage of visible ChAT-positive

neurons in the MS/VB, ipsilateral to the flIl1bria-fomix transected side, compared with

the number of ceUs in cytochrome C-treated and lesioned animais. Immunocytochemistry

to p75NGFR revealed either similar (Knusel et al., 1992) or a larger number of neurons in

the MS/VB, ipsilateral to the flIl1bria-fomix transected side of BDNF-treated animais

(Morse et al., 1993; Widmer et al., 1993) as compared with the number of ChAT

positive neurons. These studies suggest that intracerebroventricular administration of

BDNF rescues these cholinergic neurons. It was argued that discrepancies between results

with ChAT and p75NGFR immunoreactivities could be due to a loss of ChAT expression

occurring before p75NGFR expression (Widmer et al., 1993). However, another

explanation for these conflicting results between ChAT and p75NGFR immunoreactivities

could be attributed to the injection site used in these studies (Knüsel et al., 1992;

Widmer et al., 1993). Injections were not only intracerebroventricular, but also

intrahippocarnpal (as suggested by the location of the injection carmula) distal to the site

of the axotomy. Results from studies with BDNF-treated septal cell cultures (25

ng/ml/day) treated for 12 days (Alderson et al., 1990) revealed potent increases in ChAT

activity (260%) and in the number of p75NGFR-immunopositive neurons (100%).

Differences obtained in in vivo experiments with single BDNF (4.5 p.g/dlY) injections

(Knüsel et al., 1992; Widmer et al., 1993) versus continuous infusion via mhupump (12

p.g/day) (Skup et al., 1993; Morse et al., 1993) could suggest a loss of BDNF activity

during chronic administration by minipump. However, there was negligible loss in the

biologica1 activity of either NGF or BDNF recovered from minipumps (Altar et al.,

1992). Provided that the only way for an efficient BDNF-treatment is through

intraparenchymal injection, it is unIikely that BDNF could be considered for the
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treatment of injured basal forebrain cholinergic neurons when NGF seerns more potent

and efficient by the intracerebroventricular route. However, BDNF has been shown to

be a potent neurotrophic factor for other CNS neurons (see Table 1.4 in chapter 1).

The second objective of this thesis was to test, for the frrst time, whether aFGF

could rescue NBM cholinergic neurons in the same animal model. The interest in this

NTF emerged from two lines of evidence: (1) the report of a potent effect of bFGF

(6ng/day), in preventing atrophy and cell death of medial septal cholinergic neurons

caused by fImbria-fornix transection (Anderson et al., 1988); and (2) that bFGF, in

experiments conducted in vitro and in neonatal animaIs (Spranger et al., 1990a), and

aFGF, in in vitro studies (Yoshida and Gage, 1991; Ono et al., 1991), induced an

increase in NGF levels. These data provided important information allowing us to predict

whether aFGF could be efficacious in our lesion model. However, evidence derived from

experiments using peripheral tissues, indicating that aFGF stability and bioactivity

depended upon high concentrations of heparin (Damon et al., 1993; Gospodarowicz and

Cheng, 1986; Müller et al., 1989; Thomas et al., 1991; Rosengart et al., 1988), were

initially discouraging because the use of heparin could not be considered due to an

increased risk of bleeding in devascularized animais. After a successful pilot experiment

involving the injection of several aFGF doses, treatments at 12 p.g/day, in the absence

of heparin, proved to be efficacious in preventing atrophy of N3M cholinergic neurons.

This daily amount of aFGF caused a considerable decrease in animal body weight during

treatment time. The weight loss was more accentuated than that noted for vehic1e-treated

decorticated animais and is in agreement with a previous study (Ranai et al., 1989).

aFGF also preserved ChAT-immunoreactive neuritic processes (dendrites and axons) in

the NBM ipsilateral to the cortical infarction, which is in line with the noted preservation

of ChAT activity in this area and its increased activity in mixed-septal cell cultures. The

fact that heparin was not used in these experiments (Figueiredo et al., 1992) suggested

that the fmal amount of aFGF required to exert these effects was small. However, it later

became c1ear that aFGF in CNS tissue is much less heparin-dependent than in peripheral

nerves (Stock et al., 1992). The weil known pleiotropic effects of the FGF family have

been widely described [for a review see (Basilico and Moscatelli, 1992)]. Among these
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Figure VII.!. Schematic diagram of the basolo-cortical pathway indicating possible target sites for
neurotrophic factors. The sites of expression of neurotrophic factor receptors are shown for NBM
cholinergie neurons and neocortex (see Tables 1.1 and !.3). The observations from this slUdy
confirmed that NGF rescues NBM cholinergie neurons. This protective effect was also obselVed
after aFGF-treatment but not following BDNF or NT-3 treatment. According to the literature (see
chapter 1), sorne endogenous sources of FGFs are: NBM cholinergie neurons (aFGF) and
astrocytes (aFGF and bFGF). Ali FGF receptors (FGFRs), with the exception of FGFR-4, are
expressed in the neocortex. Results from this work and that of others suggest that aFGF may rescue
NBM cholinergie neurons indirectly, by increasing the synthesis of NGF from astrocytes and
neurons. Detection of receptor protein or mRNA is indicated by (+), or a (-) when undetected.
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effects is that aFGF can interact with non-neuronal cells as weil. In our study, aFGF was

able to induœ a robust growth in glial cells, as detected by glial fibrillary acidic protein

(GFAP)-immunocytochemistry of mixed glial-septal œil cultures. Figure VIT.!. is a

schematic diagram which summarizes the distribution of sorne target sites of neurotrophic

factors, their effects on NBM cholinergic neurons, and a possible mechanism for the

effects of aFGF on NBM cholinergic neurons. It has previously been described that

animais with cortical infarctions exhibit memory deficits (Elliott et al., 1989). This lesion

model was used to investigate whether the phenotypic changes induced by aFGF in NBM

cholinergie neurons could also correspond te an improverilent of memory deficits.

Sorne of the possible functional consequences of the infarction inflicted on the

rat cerebral cortex may not be attributable to disruption of the cholinergic basalo-cortical

pathway but could also be due to injury of other cortico-fugal or cortico-petal pathways,

as weil as due to the loss of intrinsic cortical circuits. It is clear that this NBM lesion

model and ail cibers reporting lesions of cholinergic basal forebrain neurons [for reviews

see Refs. (Voytko et al., 1994; Bartus et al., 1985; Price, 1986)] do not mimic al! the

cognitive deficits noted in ageing and Alzheimer's disease (AD). However, studies using

these models have revealed much about cholinergic function in learning and memory

processes. While we fmd it important to acknowledge the pitfalls of the coracal

devascularization model, and that there are points of overlap between behavioral deficits

caused by unilateral NBM cholinergic hypoactivity and possible hypofunction of other

neurotransmitter systems, restoration of the behavioral deficit with NGF treatrnent

(Garofalo and Cuello, 1990; 1994a) is in a,~reement with evidence linking cholinergic

failure to learning and memory deficits in this lesion mode!. This study also supports

previous work (Fischer et al., 1987; 1991) showing amelioration of cholinergic neuronal

atrophy and spatial memory impairment in aged animals by NGF treatrnent. Such work

is in agreement with the notion that cholinergic transmission is one of the major systems

involved in the pathology of AD. However, it has been suggested that the cholinergic

hypothesis represents an oversimplified concept of the biologica1 basis of AD, which

clearly bas a multi-transmitter, multi-neuronal system pathology. The therapeutic

potential of cholinergie agonists is of limited value for the treatment of patients with AD
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(Fibiger, 1991; Dunnet and Fibiger, 1993). The hypothesis favouring the occurrence of

retrograde degeneration in AI:., involving degeneration of the cerebral cortex and

hippocampus (Cuello and Sofroniew, 1984; German et al., 1987), partially supports the

validity of the cortical infarction model which causes retrograde degenelO.tion of the

basalo-cortical system. In this condition, the performance of animais in the water maze

test exhibited statistically significant impairment in the frrst trial after surgery, suggesting

a deficit in recalling the behavioral task which was learned one month before (occurring

in the last five days of training immediately before corticallesion). This memory deficit

was prevented by aFGF treatrnent [Chapter III, (Figueiredo et al., 1993c)]. The

experimental paradigm utilized in the behavioral tests described here was designed to

analyze performance in reca1ling a previous learned task (memory), but it was clearly

observed that the untreated animais were able to fmd and c1imb the platform as controls

did in the last two days of the four-day training period (one month after lesion). Results

of recent experiments from our laboratory (in preparation), designed to assess acquisition

of memory, revealed that animais with cortical infarction exhibit impairments in the

learning process. Moreover, results from studies with human volunteers treated with

diazepam and scopolamine (Ghoneim and Mewaldt, 1975) and with monkeys treated with

scopolamine (Aigner et al., 1991) suggest that acetylcholine affects the acquisition of new

memories to a greater degree than the recall of previously learnt ones.

At the same time as our first communication which showed that aFGF improves

impairments in the recall of a previously learnt behavioral task (Figueiredo et al., 1992),

other studies reported simi1ar fmdings obtained using mice and, in addition, provided

further insights for a physi010gical role of endogenous aFGF (released from ependyrnal

cells) in memory facilitation (Oomura et ai., 1993; 1992). These investigators described

that 2 h after food-intake, intraperitoneal or intracerebroventricular infusions of glucose,

concentrations of aFGF increased 1000 times in cerebrospinal fiuid (CSF); a fmding

indicating that aFGF is secreted, despite contradictory arguments (see Table 1.2 in

Chapter 1). The evidence that secreted aFGF is responsible for facilitation of memory

(increased retention in a passive-avoidance test and reduced time to fmd a submerged

platform in a water rnaze test) was indicated by inhibition of fuis effec~ following
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intracerebroventricar injection of an anti-aFGF antibody (Oomura et al., 1993). In

experiments using radiofrequency-induced lesions of basal forebrain neurons in mice,

which result L'l severe impairment in the acquisition but not in the retention process of

a passive avoidance test, basic FGF improved acquisition but did not affect ChAT

activity (lshihara et al., 1992). Furthermore, aFGF was shown to enhance long-term

potentiation (LTP), induced by a tetanus of 20 pulses at 60 Hz, in the dentate gyrus

(Hisajima et al., 1992). The involvement of cholinergic transmission in learning and

memory has been associated with enhanced LTP (Blitzer et al., 1990; Burgard and

Sarvey, 1990) and enhanced activity of inhibitory intemeurons (McCormick and Prince,

1986; Pitler and Alger, 1992). This coordinated inhibitory modulation has been proposed

to lead to efficient memory storage (Hasselmo and Bower, 1993). However, memory

storage mechanisms are probably dependent on multi-transmitter systems.

More recently, toxicological and immunological studies conducted in rats, mice

and volunteers treated with bovine bFGF, failed to fmd adverse side-effects caused by

bFGF (Aguilar et al., 1993). These authors reported the presence of radioactivity in

cerebral capillaries and in the brain parenchyma after 5 and 25 min of an intravenous

injection of 131I_bFGF, respectively. The fact that FGF receptors are expressed in

endothelial cells (Schweigerer et al., 1993), led these authors to propose a receptor

mediated bFGF transport, sirnilar to that described for transferrin (Fishman et al., 1987),

or to the carrier-mediated transport of vasopressin across the blood-brain-barrier (Banks

et al., 1987). The main fmdings from these studies was the observation that

intrarnuscular administration of bovine bFGF (once or twice a month, over 7-12 months)

to children who were mentally retarded due to perinatal hypoxia, significantly improved

the mental development ofthese children (Aguilar et al., 1993). The only adverse effect

of bFGF treatment reported, was that 10% of the children treated exhibited a slight

hyperactivity and irritation during the flISt two or three applications. These fmdings are

in accord with our observations and, to my knowledge, this is the flISt report on the use

of FGF for human brain therapy. Although the physiological and clinical significances

of these fmdings with bFGF provoke a number of investigations in patients with cerebral

trauma and degenerative diseases, it is important to realise the risk of serious side
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effects, especially with regard to COGtinuous stimulation of glial cells. Furtherrnore. use

of hurnan recombinant acidic or basic FGF would reduce the risk of antibody synthesis

and other effects which are more likely to occur with bovine FGF.

To further elucidate the effects of aFGF in cholinergic neurons and glial cells

(Chapter III), we then verified whether aFGF could induce increases of NGF and its

mRNA in the neocortex of adult animais (Chapter IV), an effect that was shown in

hippocampus of neonatal animais treated with bFGF (Spranger et al., 1990b). Our results

demonstrate, frrstly, that cortical infarction a10ne induces NGF, a finding that confirrned

previous studies using different types ofbrain injury (Gasser et al., 1986; Korsching et

al., 1986; WeskaI::lp et al., 1986a; 1986b; Bakhit et al., 1991). The idea that NGF was

being produced mainly by reactive glial cells following cortical infarction (Herrera and

Cuello, 1992) was indicated by studies showing the co-Iocalization of increased

immunoreactivity to both NGF and GFAP in astrocytes following injury (Bakhit et al.,

1991; Oderfeld-Nowak et al., 1992). Inducers of NGF synthesis also include FGFs,

which probably produce this effect by activating NGF synthesis mainly in astrocytes.

These arguments were suggested by results showing that aFGF and/or bFGF increase the

release of NGF from astrocyte cell cultures (Spranger et al., 1990a; Wanaka et al., 1990;

Ono et al., 1991; Yoshida and Gage, 1992). The frrst in vivo evidence that aFGF can

induce an increase of NGF and its mRNA in cerebral cortex of adult animais was

provided by our study (Chapter IV). This effect occurs in varbus brain areas and at

different ages, concurring with previous reports showing that bFGF elicited an increase

in NGF in the hippocampus of developing rats (Spranger et al., 1990b). It has been

suggested that in situations where infIarnmatory agents are elevated, such as in cortical

infarction, these agents may also lead to increased levels of NGF. Interleukin-l beta (lL

1(3), tumor necrosis factor-alpha (TNF-a), platelet derived growth factor (pDGF),

Iipopolysaccharide and other agents have been shown to augment levels of NGF and its

mRNA in brain and in non-neuronal cells in vitro (LindhoIm et al., 1987; 1988; Spranger

et al., 1990a; Friedman et al., 1990; Steiner et al., 1991; Yoshida and Gage, 1992).

Amongst them, IL-l{3 and FGFs appear to cause a greater increase in the synthesis of

NGF than do the other cytokines. Interestingly, their regional distribution in brain



•

•

CHAPTER VII..221

reveals a high degree of co-localization for IL-113 and NGF (Bandtlow et al., 1990). The

same conclusion can be reached with respect to the sites of expression of FGFs and NGF

(see Tables LI and 1.3). Brain macrophages or microglia react to injuries or cbronic

diseases by proliferating and expressing cytokines; these can be down-regulated by

conicosteroids (Ganter et al., 1992). Interleukin-113 induction ofNGF mRNA was shown

10 involve activation of prostaglandin signal transduction, as weU as c-fos:.od c-jun

(Friedman et al., 1992; 1990; Hanung et al., 1989). Figure VII.2 shows a simplified

mechanism of the possible involvement of injury-induced cytokines in neurotrophin

effects. The graphs on the right-side of the diagram are a hypothetical illustration of the

activation of a cascade of trophic factors. In Sllmmary, foUowing conical injury an

increase in cytokines is proposed (Woodroofe et al., 1991; Ganter et al., 1992) which

in turn could induce the release of FGFs from astroglia and neurons (Araujo and

Colman, 1992). According with our observations, these cytokines and FGFs may then

cause Ïltcreased levels of endogenous NGF. However, such an increase in endogenous

NGF may not reach the threshold necessary to promote recovery of NBM cholinergic

neurons, which may thus become atrophic if left untreated (Sofroniew et al., 1983). The

evidence of increased immunoreactivity to NGF in basal forebrain asu'ocyres, as weU as

to bFGF in astrocytes consequent to brain injury (Finklestein et al., 1988; Kiyota et al.,

1991; Takami et al., 1992), suppon our fmdings on the in vivo effect of aFGF on the

levels of NGF and its mRNA in rat cerebral conex (Chapter IV). These results are also

in agreement with previous srudies in developing hippocarnpus (Spranger et al., 199Oa),

and in vitro (Yoshida and Gage, 1991). In the latter study, it was demonstrated that

pharmacologica1 blockade of transcription by cycioheximide and actinomycin completely

inhibited the aFGF-induced secretion of NGF by cuItured astrocytes and fibroblasts.

These observations suggest that FGF regulates NGF synthesis at the level of

transcription. It is worth noting that while bFGF bas been more widely studied to rescue

basal forebrain cholinergic and other neurons, experiments in vitro with cultured brain

derived ceUs have failed to show that bFGF is more efficient !han aFGF

in inducing synthesis of NGF. It is conceivable that this induction of NGF synthesis is,

so far, the only mechanism in favour of an indirect action of FGFs on basal forebrain



"* ~

NBM

Cholinergie CcII Body

CORTEX

Ncrve Tenninals and Synapses

NEOCORTICAL NTF LEVELS
IN MATURE ANIMALS

,
y

POPa
NOF

Cytokine.

A
LESION - - - - - - - :

"1

,.,.
Astroeytes.,.,
..,.,.

.,.,

- - - - - - - - - - - --1,,
, ', '
------------------_:

1 ASTROCYTOSIS 1, ,...... ,ATROPHY : ~ ~_ 1

1 ~ ~ 1

1 .' "*~
q: . ~ .. ~. ~;:r.'

'''''''''- ~ :
1 -- ~ -~~-l

i-<~;:·~~l

Neuronal Protection Threshold
4. ~---------

-~
NGF

TUne

Figure VII.2. Following partial unilateral corlicallesion (devascularization) and cOrIical !nfarclion, the inflammatory proccss initiales a
cascade of events. The inflammatory cytot ines, such as interleukin-1 whose action may be mediated by prostaglandins, c-fos and c-jun
(Hartung et al., 1989; Friedman et al., 1990;1992), may increasc the synthesis of FGFs, NGF, other neurotrophic factors (NTFs) or
neurotransmittcr. FGFs synthesised by astrocytes and probably neurons may be released following injury of these cells or by another
mechanism. This release of FGF may subsequently initiate another event, such as the induction of NGF synthesis in astrocytes
(autocrine elTect) or neurons. Il is speculated that the final levels of NGF and other neurotrophic factors are insufficient to prevent
atrophy of NBM cholinergic neurons, but may be sufficient to activate other events, such as the upregulation of p75NGFR gene
expression. Although the mechanisms involved are poorly understood and perhaps not exactly as described in this schematic diagram,
the represented here are events were based upon a number of in vitro and in vivo studies (set text).



•

•

•

CHAPTER VII..123

neurons, as initially proposed (Barde, 1989).

In the experimental decortication mode1 used for this thesis, two portions of the

neocortex exhibit dramatic inflammatory reactions after the lesion: one part undergoes

a rapid and progressive inflammation which lead~ to total necrosis beneath the

devascularized cortical surface, while the second part, corresponding to the remaining

cortex, undergoes a transient inflammatory reaction with dramatic astrocytosis (Herrera

and Cuello, 1992). The concentrations ofNGF and inflammatory cytokines may increase

and decrease very rapidly in the frrst case, while in the remaining cortex, these events

may be prolonged and degeneration may not occur. Thus, different concentrations of

NGF, cytokines or other trophic factors, which cou1d exist in these two parts of the

cortex could differently alter the phenotype (neuronal cell size, ChAT activity and gene

expression) of NBM neurons innervating these two cortical areas. A third possible

explanation, reflecting an intermediary situation, may exist: one group of NBM neurons

rnay be partially lesioned because they innervate different cortical regions, infarcted and

non-infarcted areas (see illustration in Figure Vll.2). Although we were unable to detect

differences with respect to the extent of lesion incurred per neuron, our observations on

the expression of the low-affmity NGF receptor rnRNA in the NBM revea1ed differences

in this expression, sometimes between two closely situ~.ted neurons. The Jata described

in all chapt<:rs (ll-VI) ofthis thesis were exclusively recorded from mid-NBM neurons,

therefore, one wou1d expect that most were either partial1y or totally affected by the

lesion. A combination ofimmunocytochemistry with different tracers injected into distinct

neocortical areas could be employed in future studies to identify neurons which were

partially or completely lesioned or which were unlesioned following cortical infarction.

The increased NGF concentration observed in the remaining cortex on the seventh

post-lesion day (the ooly time point investigated) may not be sufficient to rescue

cholinergic neurons from atrophy, but it rnay somehow help "to postpone" the atrophy

observed one month after lesion (Chapters ll, m, VI). The level of p75NGFR rnRNA in

the ipsiJateral NBM was increased on the third day but returned to normal leve1s on the

seventh post-lesion day (Chapter V). If such changes in p75NGFR rnRNA expression is a

reflection of NGF cortical1evels, it would suggest that on the third post-lesion day, NGF
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concentrations in the remaining neocortex may be significantly higher than in sham

operated animals. However, the expression of p75NGFR mRNA observed in the NBM on

seventh post-Iesion day was not statistically different from sham-operated animais. This

fmding does not correlate with the increased concentration of NGF noted in the

remaining cortex at that time. This would suggest that either the NGF levels achieved

are insufficient to induce p75NGFR
, or that neurons in the mid-NBM are not fully

stimulated by the NGF concentrations present in the remaining cortex. Decreased levels

of p75NGFR mRNA noted in cholinergic NBM neurons (15 days after lesion) of vehicle

treated animais may be a consequence ofreduced lesion-induced access of these neurons

to target-derived NGF. This is in agreement with the decrease in ChAT activity, atrophy,

and reduced density of neuritic processes in the NBM occurring one month after cortical

lesion. In our studies the NBM cells of animais treated with exogenous NGF showed an

increased expression ofp75NGFR, confuming previous results using comparable protocols

(Cavicchioli et al., 1989; Gage et al., 1989; Riggins et al., 1989; Roltzman et al., 1992;

Verge et al., 1992). One week after interruption of NGF treatment, the levels of p75NGFR

mRNA in the NBM were not statistically different from sham-operated animais, but were

statistically higher than in vehicle-treated animals.

The studies describeci in this thesis revealed that the expression of GAP-43 mRNA

in the CNS was related to the lesion status of neurons rather than to the degree of NGF

stimulation. The profile of GAP-43 mRNA e"..pression in two NGF-insensitive neurons,

cortical pyramidal cells and thalamic neurons, were compared with the observed pattern

of GAP-43 mRNA in NGF-responsive NBM cholinergic neurons. Partial unilateral

infarction of the cerebral cortex elicited a transient and statistically significant increase

in GAP-43 mRNA in NBM cholinergic neurons. When the corticallesion was combined

with NGF treatment, no statistically significant changes occurred in the levels of GAP-43

mRNA when compared with lesioned vehicle treated animais. However, it is possible that

in neurons where NGF may play an important role during development or regeneration,

such as basal forebrain cholinergic neurons, NGF rnight affect GAP-43 activity via a

mechanism independent of transcription (e.g., phosphorylation; see below). The effect

of bFGF on the expression of GAP-43 was not investigated for this thesis. However,
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recent in vitro experiments show that bFGF increases the level of GAP-43 rnRNA in glial

progenitor cells (Deloulme et al., 1993). Given that with present methodology FGF

receptors are undetectable in the NBM of adult animaIs, the possibility that aFGF and/or

bFGF can directly increase GAP-43 levels in NBM cholinergic cells seems very remote.

The fact that NGF can influence post-translational regulation of GAP-43 has

become increasingly evident (see Fig. 1.3 in Chapter 1). One mechanism by which NGF

can modulate GAP-43 is via phosphorylation. Perhaps the best documented evidence of

this was work showing that NGF activates protein kinase C (PKC) which can

phosphorylate GAP-43 (Meiri and Burdick, 1991). However, since a large number of

other substances can similarly activate PKC, the issue of specificity with respect to

involvement of PKC in regeneration mechanisms remains unclear. Neuronal

differentiation has also been shown to be influenced by other second messenger systems

involving ras, whose activation (formation of a ras.GTP complex) by NGF in PC12 cells

(Nakafuku et al., 1992) or in embryonic sensory neurons (Ng and Shooter, 1993), seems

to be regulated by tyrosine kinases rather than by PKC. Since PKC appears to require

diacylglycerol and Ca2+ to phosphorylate GAP-43 (Aloyo et al., 1983; 1988; Alexander

et al., 1987; Apel et al., 1990) this implies that NGF effects on PKC is mediated through

these two activators. The functional role of a PKC-dependent phosphorylation site

(serine4l) 0:: GAP-43 is unclear, but it seems to facilitate binding of GAP-43 to the

membrane, a step which could lead to the generation of new membranes, fùopodial

formation and/or cell spreading (Van Hooff et al., 1989; Strittmatter et al., 1994) (see

Fig. 1.3 in Chapter 1). The fmding that dephosphorylated GAP-43 can be bound to

calmodulin as long as intracellular free Ca2+ remains at very low levels (Rasmussen,

1983; Carafoli, 1987), indicates that Ca2+ also plays an important role in the post

translational regulation of GAP-43. Incoming Ca2+ can bind calmodulin leaving GAP-43

free to be phosphorylated. These dynamic changes occurring on the N-terminal

phosphorylation site of GAP-43 appear to be totally independent of the mechanisms

which control the second site of its phosphorylation on serine14S or serinel92 [for review

see (Coggins and Zwiers, 1991)].
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Pyramidal neurons exhibited a strong, rapid, and prolonged increase of GAP-43

mRNA as a consequence of the ischemic corticallesion which indicated a possible role

for GAP-43 in these ceils. These neurons are the most abundant neurons in the cerebral

cortex. The cells showing a statistically significant increase in GAP-43 mRNA were

located very close to the lesion site. In order to understand the possible types of lesions

in pyramidal ceils which led to increases in GAP-43 mRNA, it is necessary to review the

anatomic characteristics of these cells. Although the name of this cell is derived from

its shape, a large body of anatomical data has shown that these pyramidal cells are not

only heterogeneous in their morphology and projection sites, but also in their

physiological and chemical characteristics [for review see (Thomson and Deuchars,

1994)]. Pyramidal cells convey processed information leaving the cortex via their long

axons to reach other cortical or subcortical areas. These neurons exhibit a complex

dendritic arborization which consists of (1) basal dendrites close to the cell body, (2)

apical dendrites directed towards more superficial cortical layers and (3) terminal

dendritic tulft directed to the cortical surface, and the descending axons which emit

axonal collaterals. In the devascularization lesion model, we did not characterize which

part of the remaining pyramidal neurons were lesioned. Further tracing studies would be

necessary for such characterization. We speculate that the axonal collaterais and/or the

descending axons are most likely affected by the adjacent infarcted cortical region.

Thalamocortical connections, which relay information from s~cific sensory

thalamic nuclei to temporal, parietal, and occipital cortices, where the bulk of

thalamocortical fibers terminate preferentially in layer IV (Jacobson and Trojanowski,

1975), are largely affected by manipulation of these cortical regions. Cell death of

thalamic neurons, as a consequence of cortical ablation and retrograde degeneration

(Matthews, 1973), also occurred rapidly following cortical devascularization. This cell

death was progressive and by the seventh day after cortical lesion, a variable degree of

cell atrophy as weil as the presence of pycnotic nuclei in lateral, posterior, and

ventroposterior thalamic nuclei were noted. On the first and third post-Iesion days, some

neurons revealed increased levels of GAP-43 mRNA. However, this increase was not

statistically significant when mean grain counts were considered for all neurons in the
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thalamus and indicated that a more intense and statistically significant increase of GAP-43

mRNA levels might occur between the frrst and the third post-Iesion days. It could be'

inferred from these observations that thalamic neurons exhibit a tendency to increase

GAP-43 mRNA, for short periods, at an intermediary time-point between the fast

upregulation occurring in pyramidal neurons and the more retarded increase occurring

in NBM neurons on the third post-Iesion day. Fig. VII.3 illustrates the time-courses of

the varying GAP-43 mRNA levels exhibited by these different neuronal populations

(NBM, thalamic, pyramidal) which probably arise as a function of the distance between

the neuronal somata to the lesion site. This is in line with what was described for other

CNS neurons with respect to GAP-43 mRNA expression in response to injury (Doster

et al., 1991; Tetzlaff et al., 1991; Tetzlaff and Giehl, 1991). It is speculated that the

noted differences in duration of GAP-43 mRNA expression may be a consequence of

multiple factors such as the extent of the lesion affecting each group of neurons, the

number of remaining synaptic contacts, the intrinsic cellular properties linked to

degeneration and neuronal repair, as well as the influence of external factors such as

inflanrrnatory cytokines (Lu and Richardson, 1991; 1993). Further studies are necessary

to elucidate the physiological significance of this differential regulation of GAP-43

mRNA levels in these three neuronal populations. Much evidence exists which indicates

that GAP-43 plays an important role in neuronal regeneration [for review see (Skene,

1989; Jap Tjoen San et al., 1992; Aigner and Caroni, 1993; Shea et al., 1991)]. NGF

treatment, however, did not affect the expression of GAP-43 mRNA in any of these three

neuronal populations, especially not in NGF-responsive NBM neurons. A distinct pattern

of GAP-43 mRNA expression (such as in amplitude or duration) which could suggest its

association with atrophy or regeneration of NBM neurons, was not detected when

untreated animals were compared with those which received NGF. However, as

explained above, this neurotrophin may play an important role in the regenerative

processes by stimulating the phosphorylation of the N-terminal site of GAP-43, via

activation ofprotein kinase C and/or other second messengers (see diagram in Fig. 1.3).

A concerted action of thyroid hormones and neurotrophic factors appears to he

important for serting appropriate conditions for neuronal growth duting development. Our
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und~rstanding of thyroid hormone effects in the developing brain has been advanced by

recent developments in the characterization and distribution of thyroid hormone receptors

in brain. The apparent determining factor for such a dramatic change, from an absolute

thyroid hormone dependency controlling brain development to an almost globallack of

effect of thyroid hormone imbalance in adult animais, seems to be drastic decrease with

age of thyroid hormone receptors in the brain (Rodriguez-Peiia et al., 1993; Mellstrom

et al., 1991; Yusta et al., 1988; Hubank et al., 1990).

With respect to the main thru3t of this work, our findings on hypothyroidism

induced atrophy of NBM cholinergic neurons in mature animais, after an interval of

normal levels of thyroid hormones (posthypothyroid animais) revealed: (1) unaltered

expression of low- and high-affmity NGF receptor rnRNAs, (2) no effect of unilateral

cortical devascularization on the size of NBM cholinergic neurons treated with NGF, and

(3) the failure of NGF in restoring the size of NBM cholinergic neurons to that of

mature euthyroid animais.

The levels of p75NGFR and p140trlt rnRNAs, expressed as the number of grains

(pixels) per cell area, were not statistically different between posthypothyroid and mature

euthyroid animais. An oversimplified way ofpresenting these results would be to express

the number of grains (pixels) per cell, disregarding the cell area. Use of this approach

would have produced opposite data and incorrect interpretation of the results between

posthypothyroid and euthyroid rats. The invariably serious neurological consequences of

thyroid hormone deprivation during brain development of children led to the

preconceived view that the consequences of thyroid deprivation during development are

una1tered with increasing age. Although the mental retardation exhibited by most patients

would support this assurnption, experimental studies conducted at the cellular level have

shown that several changes observed in thyroid hormone deprived developing animais are

not similarly seen in adult animais. Sorne of these differences are illustrated in our

studies. For instance, in the developing cerebellum of hypo- and hyperthyroid pups, the

rnRNA levels of the low-affmity NGF receptor, GAP-43, TaI a-tubulin, and two myelin

specific proteins (proteolipid protein and myelin basic protein) [(Figueiredo et al.,

1993a), Appendix Al were altered in the frrst two weeks after birth, but these
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differences gradually disappeared. Although protein levels of low- and high-affmity NGF

receptors in the NBM of these animais were not detennined, il could still be inferred that

whatever these differences may be, if any, between levels in posthypothyroid versus

nonnal animals, this did not prevent NGF from protecting NBM cholinergie. neurons. In

a parallel study of these animals with corticallesion which received NGF-treatment for

seven days, the final mean cell size of these NBM neurons of posthypothyroid animais,

ipsi- and contralateral to the lesion, remained statistically different from euthyroid

animais. This persistent atrophy of NBM neurons in decorticated rats treated with NGF

between days 15 and 22, subsequent to 45 days of thyroid honnone replacement therapy,

is in agreement with the proposai that susceptibility to thyroid homlone manipulations

may involve sensitivity to NGF, especially in basal forebrain neurons (Kalaria and

Prince, 1985; Patel et al., 1987; Oh et al., 1991). However, other neuronal

abnormalities, perhaps in proxinlal axons, as described for Purkinje cells of the

cerebellum (Appendix A) could also play a role. Although Purkinje cells in neonatal rats

express high levels of low-affmity NGF receptor, it seems that these neurons are

particularly sensitive to neurotrophin-3, which was shown to be regulated by thyroid

honnones (Lindhoim et al., 1993). Moreover, we were unable to detect p140ttk rnRNA

in the cerebellum of adult animais using in situ hybridization techniques (unpublished

results). Whether abnonnalities in Purkinje cells of hypothyroid pups correlated with

decreases in NGF concentration in cerebellum [(Figueiredo et al., 1993b), Appendix B],

as suggested by other studies (Walker et al., 1979; Gibbs et al., 1992) was also

investigated. We observed that hypothyroidism did not affect the levels of NGF, but that

thyroxine induced increases in NGF concentration, only on postnatal day two.

Furthennore, we did not fmd statistically signiflcant changes in the levels of NGF and

its rnRNA in hippocampus and cortex, nor in NGF rnRNA of the developing cerebellum

of young and adult rats with hypo- or hyperthyroidism (unpublished results). However,

it is possible that the effects of thyroxine on NGF levels observed in the cerebellum on

postnatal day !wo is due to an indirect effect on the differentiation of astroglia (Aizenman

and Vellis, 1987). Whether, thyroid hormone deflciency affects astroglia resulting in

abnormal development of basal forebrain neurons bas yet te he tested. However, NGF
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effects in basal forebrain cholinergie neurons in vitro were shown to be enhanced by

astroglia (Hartikka and Hefti, 1988). It remains controversial whether thyroxine-induced

increases in NGF levels also occurs in the brain of adult rats, or if this effect is

restricted only to mice.

Atrophied NBM cholinergie neurons caused by hypothyroidism were previously

noted in younger rats (50 days old), and have been described as a feature of aging in

several species and genotypes, including humans with normal neuropathology or

Alzheimer's disease (AD) [for a review see (Finch, 1993)]. Abnormalities in cholinergic

neurons arising as a consequence of thyroid hormone therapy has been proposed as a risk

factor for the development of senile dementia of the AD type (Butcher and Woolf, 1989;

Woolf and Butcher, 1990). The somewhat similar neurological symptoms displayed by

hypothyroid patients and those with AD has stimulated interesting investigations. One

study demonstrated that subclinical hypothyroidism associated with autoimmune

thyroiditis is more commonly found in patients with Down Syndrome or AD (Percy et

al., 1990). Decreased thyroid hormone receptor (c-erb A alpha) mRNA levels were noted

in patients with AD but not in Huntington controls (Sut.'1erland et al., 1992) which would

support the idea that normal levels of thyroid hormone would rduce the risk of AD

(Lejeune, 1991).

SUMMARY

A survey of putative neurotrophic factors for basal forebrain cholinergie neurons, closely

. related to two factors of recognized therapeutical properties (i.e., either NGF or bFGF),

led us to test three human recombinant peptides: BDNF, NT-3 and aFGF. These growth

factors have three-dimensional molecular structures similar to either NGF or bFGF and,

therefore, could have related biological functions. An essential step in understanding the

function of these trcphic factors for NBM cholinergic neurons was provided by

preliminary results demonstrating their ability to partially or completely prevent atrophy

of these neurons. Our data indicated that besides NGF, only aFGF was Iikely to play a

protective role for these neurons. Further experiments with FGF revealed other biological
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features, such as maintenance of ChAT activity in the lesioned NBM, or increase of this

activity in a mixed-septal cel! culture, promotion of glial cell growth in vitro, as wel! as

improvement in rodent memory deficits. Acidic FGF elicited increases in the levels of

NGF and its rnRNA in the neocortex of adult animais, suggesting that this effect is

currently the only explanation for its indirect trophic action on NBM neurons. As NGF

came into play as the endogenous ffi<:,diator of aFGF, our next series of experiments

provided new insights into the regulatory mechanisms involving this neurotrophin.

During NGF treatment, 10w-affIIÙty NGF receptor gene expression was upregulated, and

after NGF withdrawal p75NGFR rnRNA levels did not ùecrease in lesioned NBM neurons.

These observations are in line with the absence of NBM cholinergie neuronal atrophy

resulting one month after lesion. By contrast, NGF treatment did not affect expression

of the GAP-43 gene, however, cortical infarction induced a differential regulation of this

gene in three neuronal populations. On the seventh post-Iesion day, GAP-43 rnRNA

levels were elevated in the NBM, decreased in thalamic neurons, which were undergoing

a process of cel! death, and, moderately elevated in pyramidal neurons. Posthypothyroid

rats, an equivalent animal model of the human cretinism, exhibited atrophy of NBM

neurons at al! ages examined, but displayed normallevels of low- and high-affIIÙty NGF

receptors in these neurons, and responded to NGF treatment by failing to further atrophy

after neocortical infarction. It is worth considering that these data and the results obtained

by others (as discussed in this thesis) would support the possible application of

I;GF/aFGF in clinical trials aimed to prevent atrophy of cholinergie neurons fol!owing

brain injury (e.g. stroke).
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Two members of the neurotrophin family, BDNF and NT-3, were shown not to

be efficacious in rescuing NBM cholinergic neurons in contrast to NGF, the

prototype member of the family.

These studies have shown that despite the lack of FGF receptors, aFGF treatment

of animals with partial unilateral cortical infarction prevented neuronal atrophy

and the decrease in ChAT-immunoreactive neurites (dendrites and axons), as weIl

as the depletion in ChAT activity in the nucleus basalis magnocellularis (NBM) ,

ipsilateral to the lesion.

The experiments described in this thesis demonstrated for the fmt time that aFGF

is capable of recovering memory deficits (impairment in recalling the location of

a submerged platform in a pool) .

4. We have demonstrated that unilateral partial neocortical infarction of adult rats

elicited, per se, an increase in NGF protein in the remaining neocortex, ipsilaterai

to the lesion. This increase was even higher after aFGF treatment. The fa.ct.. t.1)llt

these animais have also shown a moderate increase of NGF rnRNAlh"('~ls

indicated de novo synthesis of NGF synthesis in aFGF-treated animaIs.

5. It was found that neocortical infarction induced an early increase in the levels of

low-affmity NGF receptor (p75NGFR) rnRNA in the NBM which decreased below

control levels in the following post-lesion days examined, 7 and 15. In

addition, NGF treatment caused further increase on post-lesion day 3, and

restored levels of p75NGFR rnRNA on post-lesion day 15.

6. We described for the frrst time that the levels of GAP-43 rnRNA are unaffected

by NGF treatment but they are transiently increased in the NBM after cortical
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infarction. This upregulation occurred at the same period that decreased

expression of this gene was observed in thaiamic neurons, which were undergoing

accentuated degeneration and neuronal cell death. These observations are

consistent with the idea that neuronal injury may enhance expression of the GAP

43 gene, however, we suggest that in the case of neuronal injury leading to cell

death, decreased expression of the GAP-43 precedes cell death.

7. We demonstrated that atrophied NBM neurons ofposthypothyroid animais express

normal rnRNA levels of low- and high-affmity NGF receptors which are

apparently responsive to trophic therapy as these abnormally developed neurons

were rescued by NGF after unilateral partial neocortical infarction.
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GENE EXPRESSION IN THE DEVELOPING CEREBELLUM DURING
PERINATAL HYPO- AND HYPERTHYROIDISM
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ABSTRACT

The intensity ofp75NGFR receptor-like immunoreactivity and the rnRNAs encoding

p75NGFR, TaI a-tubulin, GAP-43, and the myelinproteins MBP and PLP were measured

in the developing cerebellum to study the effects of perinatal thyroid hormone inbalance

in rats. Results compared to age-matched controls provide in vivo evidence for

differential gene regulation by thyroid hormone in the developing cerebellum. We found

that p75NGFR immunoreactivity was strikingly elevated in hypothyroid rats, where as

p75NGFR rnRNA content remained only twice as high as that of control levels on post

natal day 15 (PI5). When p75NGFR receptor immunoreactivity was still elevated in

hypothyroid rats, Purkinje cells exhibited proximal axonal varicosities, axonal twisting

and differences in axonal caliber. The rnRNAs encoding proteihô involved with neurite

growth-promoting elements, TaI a-tubulin and GAP-43, were also increased in

hypothyroidism, possibly reflecting a neuronal response to a deficiency in, or damage to,

cerebellar neurons, or a general delay in their down regulation. Similar increases were

not observed for the myelin specific genes. MBP and PLP rnRNAs were frrst detected

on P2 of hyperthyroid rats, and they increased with age. Hypo- or hyperthyroidism did

not affect the initial onset of MBP and PLP expression, however, hyperthyroidism

increased levels of PLP and MEP rnRNAs between P2 and PlO. By contrast, the most

consistent decrease in MBP and PLP rnRNAs in rats with thyroid hormone deficiency

was observed only on PlO. At later times (p15 and P30), the two rnRNA levels were

similar to controls in aIl groups. These results ar.; corJSistent with a role for thyroid

hormone in the earlier stages of cerebellar myelination. Hypothyroidism led to specific

increases in TaI a-tubulin and GAP-43 rnRNAs, and in the immunoreactivity and

rnRNA levels of p75NGFR receptor - aIl changes that may play a role in the observed

abnormal neuronal outgrowth.

INTRODUCTION

Cerebeilar development extends weIl into postnatal life, a time during which this

system is exposed to substantial environmental influences. Several studies have shown

that an inbalance in thyroid hormone levels is extremely detrimental to cerebellar
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development. The primary objective of such studies has been 10 determine the thyroid

requirement for efficient cerebellar histogenesis (Clos and Legrand, 1973; Legrand,

1967; 1983; Nicholson and Altman, 1972a). Other studies have reported alterations in

the timing and level ofproteins and neurotransmitters [for review see (Dussault and Ruel,

1987)], behavioral responses (Klein et al., 1972; Legrand, 1984; Raitiand Newns, 1971)

and gene expression (Aniello et al., 1991a; 1991b; Muiioz et al., 1991).

Developmentally-regulated expression of central nervous system (CNS) genes appears to

be accounted for by their rnRNA accumulation during specific developmental events such

as neuronal differentiation, neurite outgrowth, synaptogenesis and myelination. One such

gene is the low-affmity nerve growth factor receptor (p75NGFR) which undergoes a 10 to

more than 100-fold decrease in its rnRNA in certain CNS regions following early

postnatal brain development (Buck et al., 1988; Ernfors et al., 1988; Large, 1989;

Maisonpierre et al., 1990).

The timing of the transient increase on the expression of the p75NGFR rnRNA in

the cerebellum (Buck et al., 1988; Maisonpierre et al., 1990) coincides with the

developmental onset of Purkinje cell growth, proliferation of cerebellar microneurons

(Altman, 1972; Altman and Bayer, 1978; Legrand and Clos, 1991) and the beginning of

cerebellar myelination (Reynolds and Wilkin, 1988). As cerebellar development

proceeds, p75NGFR decreases; myelin specific proteins, however, such as myelin basic

protein (MEP) and myelin proteolipid protein (PLP), the two principal protein

components of myelin, increase. Physiological concentrations of thyroid hormones are

required for normal myelin synthesis [for review see (Dussault and Ruel, 1987)]. MEP

and PLP constitutes most of the total protein of myelin and they are more efficiently

synthesized in vilro in the presence of thyroid hormone (Almazan et al., 1985;

Campagnoni et al., 1987). Thus, thyroid hormones seem to directly affect the levels of

expression of MEP and PLP, probably at the transcriptional level, as suggested by

rnRNA determinations in vitro (Shanker et al., 1987) and rnRNA determination in total

brain samples (Muiioz et al., 1991). We are interested in assessing cerebellar MBP and

PLP rnRNAs because, tbrough their expression, we can indirectly estimate the maturation

states of oligodendroglial cells. To-date, no study has shown MBP and PLP rnRNA
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expression in the cerebellum during several postnatal periods of hypo- and

hyperthyroidism.

As a result of their effect on neurite outgrowth during early stages of

development, thyroid hormones affect numerous brain functions. Thyroid hormone

deficiency reduced the size of granule cell axons and the dendritic tree of Purkinje cells,

leading to the establishment of disturbances in axodendritic synaptic densities (Haj6s et

al., 1973; Legrand, 1967; Nicholson and Altman, 1972a). It has been suggested that

these abnormalities are secondary to several deficits in the synthesis and assembly of

cytoskeleton proteins, such as tubulin (Chaudhury et al., 1985; Chaudhury and Sarkar,

1983; Faivre et al., 1983; Gonzales and Geel, 1978; Lakshmanan et al., 1981; Nunez,

1985), microtubule-associated protein (Fellous et al., 1979; Francon et al., 1977) and

filamentous actin (Faivre Sarrailh and Rabié, 1988; Siegrist Kaiser et al., 1990). A

regulatory role bas aIso been suggested for thyroid hormone at the transcriptional level

of tau (Aniello et al., 1991a) and tubulin isotype genes (Aniello et al., 1991b) in the

developing cerebellum although not in the cerebral hemispheres. However, the marked

abnormalities in cytoskeletal processes have been described in the cerebellum (Legrand,

1979; Nicholson and Altman, 1972b) and other brain regions (Gould and Butcher, 1989;

Rami et al., 1986) of thyroid-deficient rats, which indicate more complex levels of

thyroid hormone regulation. The abnormalities in neurite outgrowth result in impaired

connectivity among neurons and may lead to permanent defective neuronal function if

thyroid hormone deficiency is prolonged throughout the period of cerebellar

development.

The deleterious effects of perinatal thyroid imbalance on synaptic connections may

also be linked to elements which appear to play important roles in neurite extension, such

as the developmentally-regulated TaI a-tubulin (Miller et al., 1989) and the growth

associated protein GAP43 expression (Skene et al., 1986). GAP43 is specifica1ly

enriched in the membrane skeleton of growth cones, where it apparentiy controls

outgrowth (Skene, 1989; Skene et al., 1986). We have included immunocytochemistry

for p75NGFR in an attempt to correlate morphological and biochemical events, as weil as

to compare the immunoreactivity (IR) of p75NGFR with p75NGFR mRNA levels. Although
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p75NGFR is found in very high levels during critical phases of the cerebellar cortex

development where this receplor may play an important role, so far, its function remains

unknown. The present study has compared the changes in p75KGFR IR and its mRNA

with the morphological and behavioraI abnorrnalities found in hypothyroid rats without

assigning a specific role to p75NGFR• The effects of excessive doses of thyroxine and

thyroid deficiency in the expression of the mRNAs encoding Tai a-tubulin, GAP-43,

p75NGFR, PLP and MBP were studied during several stages of the cerebellar development.

Our data show a disproportion between p75NGFR-like IR in band-like areas of the

cerebellum and the total cerebellar level of p75NGFR mRNA. The abnorrnal pattern of

Purkinje axons is also compared to the absolute increase in tubulins Sld GAP-43 gene

expression.

MATERIALS AND METHODS

Animals and tissue processing

Wistar pups were made hypothyroid by providing some of the dams with a 0.4 %

propylthiouracil (PTU) enriched diet beginning on embryonic day 19 (EI9) (Kalaria and

Prince, 1985). The begining of the gestation was carefully verified and the day of birth

was considered to be day O. On the day of birth, six male pups were assigned 10 each

mother. Offsprings of dams that had not ingested their PTU-treated food regularly from

the second day of treatment were removed from the experirnents. The amount of

ingested food was controlled daily, and ranged from approximately 30 to 75 g/day/dam

(as in control), from birth until their pups became 30 days old. To greatly reduce the

number of animals removed because of low food consumption, 6% sucrose was added

to PTU before mixing with the appropriate food. Other male pups, six per dam, were

subcutaneously injected daily, either with physiological saline or with 0.3 p.g thyroxine/g

body weight from the day of birth (PO). Neonatai naive pups were also included in the

control group. The animaIs were decapitated (on PZ, P6, PlO, PI5 or P30) and their

cerebeIli were kept frozen at -70"C until RNA extraction. For purposes of

immunocytochemistry, the pups were sacrificed transcardially by perfusion on P17. Ail
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hypothyroid pups remained with their dams unti! the day of sacrifice and the rest of the

animais were weaned at the end of the third postnatal week.

hnmunocytochemistry

The processing of cerebellar tissue for immunocytochemistry was essentially the

same as that described earlier (Pioro and Cuello, 1990b) except that the pups were

perfused with smaller volumes of fIXative. Rats were deeply anesthetized with Equithesin

(0.40 nù/100 g Lp.) and perfused briefly through the ascending aorta with phosphate

buffer (pB; pH 7.4) vascular rinse. Subsequently, a 20 min fIXation with a 4%

paraformaldehyde, 0.1 % glutaraldehyde, and 15 % saturated picric acid mixture in 0.1

M PB (pH 7.2) was immediately followed by a 20 min perfusion with 0.5% hydrogen

peroxide in phosphate-buffered saline (PBS). A fmal 20 min washout with a 10%

glucose-PB solution was followed by removal and storage of cerebelli in 30% sucrose-PB

at 4oC for 72-120 h. Fifty-Jtm-thick coronal sections were cut on a freezing sledge

microtome.

Free-floating sections were incubated overnight at 4oC in supernatant from 192

IgG hybridoma cells (generously provided by E. M. Johnson) with 10% horse serum or

with a non-specific mouse IgG. Characteristics of the 192-IgG anti_p75NGFR have been

previously outlined in detai! (Chandler et al., 1984; Taniuchi and Johnson, Jr., 1985).

Ali subsequent steps were carried out at room temperature using PBS containing 0.2 %

Triton X-1OÛ (pH 7.4) for washes, dilution of antibodies plus horse serum, and 3,3'

diarninobenzidine tetrahydroch1orid~ (DAB) reaction. After washing, sections were

incubated for 2 h in rabbit anti-mouse IgG (1150) and then washed again. Subsequently,

the sections were incubated for 1 h in monoclonal mouse peroxidase-antiperoxidase

(Semenenko et al., 1985) (pAP; 1130; Medicorp, Canada). After washing for 5 min

(4x), sections were incubated in a 0.06% solution of DAB for 10 min, and a subsequent

8 min in the same solution containing 0.01 % hydrogen peroxide (final concentration).

After washing, sections were mounted on subbed slides, dehydrated, cleared and

coverslipped.
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cDNA clones and probe preparation

The cDNA probe for MBP mRNA was prepared using the 1.4 kb HindIlI-EcoRi

insert from pMBPSP64 (Mentaberry et al., 1986) containing a partial cDNA from rat

14KDa MBP. The cDNA probe for PLP mRNA was prepared using a partial rat cDNA

(Gardinier et al., 1986). GAP-43 cDNA probe was generated from the 1.1 kb cDNA

clone, kindly provided by Dr. Pate Skene (Basi et al., 1987). The MBP, PLP and GAP

43 probes were prepared by random .:.ligonucleotide priming. Probes for Tai a-tubulin

mRNA were prepared as described (Miller et al., 1987). For studies, a subcloned 310

nucleotide Eco RIlBam HI fragment containing nucleotides 400-710 of the rat cDNA

(Radeke et al., 1987) was used to generate riboprobes (Miller et al., 1991).

Preparation of RNA and RNA blotting

Total RNA was extracted from five (P2), three (P6), two (PlO) pooled, or

individual cerebelli (pIS and P30) in 4 M guanidium thiocyanate and purified by

ultracentrifugation through 5.7 M CsCI. RNA was solubilized and denatured in 50%

formaldehyde, 6% formamide and 20 mM MOPS buffer at 65°C for 1 h. RNA (l0

JLg/lane) was then loaded onto a 1.5% agarose/formaldehyde gel, transferred and

immobilized onto a nylon membrane (Hybond-N, Amersham). Eight biots (n=3

experiments) were hybridized overnight at 42°C in 50% formarnide, u.8 M NaCI, 0.5 %

SDS, 50 mM sodium phosphate (pH 6.5) and 106 cpm/ml of 3zP-Iabeleà probes. Blots

were washed in 0.1 X SSC, 0.1 % SDS at 45-50°C and exposed to Kodak XAR-S film

with an intensifier screen. The signais were quantified by densitometry using an LKB

laser densitometer. To detect significant differences between groups for different probes,

the Newman-Keuls' test was used. Values given represent means ± S.E.M. of three

experiments. Criterion for significance was P<0.05. The migration of 18S and 28S

RNAs were compared in blots stained with Methylene blue.

RESULTS

General signs of thyroid imbalance
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The physical and behavionl effects of perinatal hypothyroidism were mainly

opposite to those of hyperthyroidism (Gould and Butcher, 1989). However, there were

a few exceptions, such as adult body, cerebral and cerebellar sizes and weights [for

review see ref. (Nicholson and Altman, 1972a)], which were reduced in both

experimental groups (more reduced in hypothyroidism) as compared to age-matched

controls. In normal pups, coordinated creeping was observed around P9-11, fully opened

eyes between PlI and P13, and exploratory behavior started more evidently around P13

16. In hyperthyroid animais, these signs were observed three to five days earlier and

were usually accompanied by motor hyperactivity and [me tremor. However, in

hypothyroid neonates, the coordinated creeping, opening of the eyes and the innate

exploratory behavior were retarded 7 to 12 days. Accentuated motor deficit persisted in

hypothyroid animals up to the oldest age examined, Le. 30 days after interruption of

PTU treatment (P30). The motor abnormalities observed in hypothyroid rats included

uncoordinated gait and frequent and sudden involuntary leaps, which were observed after

P40 and usually at the onset of or during progression. Most of the time, however, the

hypothyroid animaIs were generally hypoactive and the hyperthyroid rats more

hyperactive than age-matched controls.

Immunocytochemistry

Purkinje cells, the molecular layer and the external granular layer of hypothyroid

rats expressed increased p75NGFR_Iike IR on P17 (Fig. le). In age-matched controls, the

same cell groups expressed lower IR (Fig. lA), which however, was greater than in

thyroxine-treated pups (Fig. lB). In all experimental and control neonates, the most

intense p75NGFR_Iike IR was detected in the external granul~T layer and cortical areas of

posterior lobules with band-like distribution. furkinje cells of hypothyroid rats were

characterized by striking differences in axonal caliber and abnormalities in their skeletal

processes, such as twisting and varicosities (spheroidal swelling) in proximal axon (Fig.

lD,E).

Northern blot analysis
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Figure 1

Micrographs showing p75NGFR_like IR in coronal sections through lobule 8 (A and B) or

lobules 8 and 9 (C-E) of developing cerebelli ofP!7. A: low magnification of cerebellar

cortex of normal rats revealing light-to-moderate p75NGFR_like IR in the molecular layer

(ML), with slightly stronger appearance of banli-like irnrnunoreactivity; Bar in A - C=
63 !Lm. B: light p75NGFR_like IR in the molecular layer of hyperthyroid rats. C: strong

p75NGFR_like IR in alllayers of the cerebellar cortex of hypothyroid rats, with striking

irnrnunoreactivity in the external granular layer (EGL), followed by the molecular and

Purkinje ceillayers in bands. D, E: high rnagnification of the Purkinje cell (P) projecting

axons through the internai granular layer (lGL). Observe in D, different axonal calibers

(open arrows) and twisting appearance of Purkinje cell axon (small solid arrows): Bar

in D and E=lO !Lm. E represents a high magnification of framed area in C showing

varicosity (spheroidal swelling) in proximal axon and different calibers of axons.
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Figure 2

Time-courses of PLP, MBP and p75NGFR rnRNAs in developing cerebellum. Ten /Lm of

total RNA per lane were used for each developmental time-point. On top are blots

(migration of 28S RNA) stained with Methylene blue. Some signais not shown above

were dete::t<:d only in longer exposure of radioautograms such as: (1) for MBP and PLP

at P2 of hyperthyroid n.ts and the signais of hypothyroid and controls rats on P6; (2) the

signais for p75NGFR at P30 in eu- and hyperthyroid rats. Transcript sizes indicated in

kilobases at right. Top: ho, hypothyroid; Hr, hyperthyroid; C, control (euthyroid); P,

postnatal day.
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Northem blot analysis of total RNA indicated that the 3.2 and 1.6 kb PLP and the 2.2

kb MBP mRNA transcripts increased progressively in the developing cerebellum. MBP

and PLP tumed on simultaneously during the frrst week of posrnatal life and their

expression stabilized at maximallevels two - tlrree weeks later. PLP and MBP mRNAs

were frrst expressed at low levels on P2 in thyroxine-treated rats, but in age-matched

controls they were detected upon longer exposures of Northern blots (Fig. 2). Between

P6 and PlO there was a rapid rise in the levels of expression of both mRNAs in

thyroxine-treated pups, as compared to control and hypothyroid rats. In hyperthyroid rats

at P6, the levels of MBP and PLP mRNAs, clearly observed in longer exposed blots,

were four to six-fold higher than in age-matched contrais (Fig. 3); however, this

difference disappeared on PI5 and P30 when both mRNAs in experimental animais

stabilized to control levels. Unexpectedly, thyroid deficiency produced no significant

changes in the levels of expression of PLP 3.2 kb mRNA at any of the times studied.

The MBP and the 1.6 kb PL~ mRNA levels were significantly lower than control orny

at PlO (Figs. 2 and 3). The blots shawn in Figs. 2 and 4A were slightly over-exposed

in arder to show the relative intensity of mRNA levels in ail time points examined.

However, for quantification and comparison, other blots with less exposure were

included.

In normal rats, levels of p75NGFR mRNA increased from the earliest point

examined, n to P6, declined on PlO and decreased rapidly during the next five days

(Figs. 2 and 3). On P30, p75NGFR mRNA in control and hyperthyroid rats was expressed

at barely detectable levels. In hyperthyroid animais, levels of p75NGFR mRNA declined

much more dramatically from P6 ta PlO, and were barely detectable at PI5 and P30.

By contrast, in animais with thyroid hormone deficiency, p75NGFR mRNA level did not

decrea:;e from P6 ta PlO, and orny frrst decreased from PlO ta PI5.

Subsequently, we compared the TaI a-tubulin and GAP-43 mRNA levels with

the morphological features found in Purkinje cell axons of hypothyroid rats. In control

animais, the lime-courses of expression of GAP-43 and TaI a-tubulin mRNAs were

similar; levels were highest at n, decreasing progressively thereafter ta P30, the oldest

age examined (Fig. 4A,B). In hypothyroid animais, TaI and GAP-43 mRNAs were
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Figure 4 A,B:

Time-courses oftubulin TaI, a-tubulin, and GAP-43 rnRNAs in developing cerebellum.

A: 10 !Lm of total RNA per lane was used for each time-point. Top, blots (migration of

18S RNA) stained with Methylene blue. Positive signais for TaI rnRNA on P30 of

hyperthyroid and control animaIs required longer exposure of radioautograms. ho,

hypothyroid rats; Hr, hyperthyroid rats; C, euthyroid animaIs; P, postnatal day. B:

quantitation of the signais including those depicted in A. The results are expressed in

relative ,-bitrary units of absorbance. Bars represent the mean ± S.E.M. of multiple

exposures' ~ three RNA preparations. * P<O.OS, ANOVA followed by pos hoc

Newman-Keuls' test compared to age-matched controls. HYPO, hypothyroid rats;

HYPER, hyperthyroid rats; CONTROL, euthyroid rats. In the X-axis, P, postnatal day.
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sigl'lficantly increased at P15 and P30 relative to aged-rnatched controls. In thyroxine

treated rats, the rnRNA levels were significantly lower at P2 (Ta1) and PlO (GAP-43)

in relation to aged-rnatched controls.

DISCUSSION

We have exarnined sorne of the feamres of cerebellar developrnent that are

dramatically affected by thyroid hormone imbalance and hwe found sorne evidence of

cornpensatory responses by the neurons. In particular, we studied the effects of hypo

and hyper-thyroidisrn in expression of p75NGFR
, TaI and GAP-43 rnRNAs because of

their involvement in differentiation and growth. For cornparison, we dernonstrated that

thyroid hormone can exert sorne control on oligodendrocyte gene expression (e.g. MBP

and PLP) during the early period of cerebellar rnyelinogenesis .

Our data on p75NGFR rnRNA time-cours!.: in control rats show a distribution

similar to the fmdings in previous studies (Buck et al., 1988; Maisonpierre et al., 1990;

Wanaka and Johnson, Jr., 1990). We expected to fmd a high p75NGFR rnRNA content

in hypothyroid animais based upon the dramatic increase in the p75NGFR-like IR found

between P13 and P18 (Fig. 1 shows data frorn P17) as cornpared to age-rnatched

controls. However, on P15 we observed only double the amount of p75NGFR rnRNA

found in age-matched controls. A reduced p75NGFR IR shown on PlO in hypothyroid rats

(Legrand and Clos, 1991), cornpared to our data on higher p75NGFR IR seven days later,

indicated a retarded increase in p75NGFR on the developing cerebellurn. The 192-IgG

antibody appears to recognize p75NGFR (Green and Greene, 1986; Taniuchi and Johnson,

Jr., 1985), the low-affmity receptor of the NGF superfamily, which binds to brain

derived neurotrophic factor (BDNF) (Rodriguez-Tébar et al., 1990) or neurotrophin-3

(Rodriguez-Tébar et al., 1992); therefore, wherever we cite "p75NGFR
" immunoreactivity

we are acmalIy referring to "p75NGFR_Iike" immunoreactivity. In addition, other reasons

for the apparent discrepancy between the levels of p75NGFR rnRNA and the p75NGFR IR

in hypothyroid rats in cornparison to age-rnatched controls (P17), rnay be due to the
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following two hypatheses: (i) thyroid hormone deficiency may reduce the degradation

rate ofp75NGFR for the sarne reasons as for other proteins. i.e .. decreased enzyme activity

[for review see ref. (Dussault and Ruel, 1987)]; or (ii) perhaps p75NGFR accumulated in

neurons, such as Purkinje ceUs, as a result of reduced anterograde transport due to

modification in the content or assembly of cytoskeleton proteins (Chaudhury et al.. 1985;

Chaudhury and Sarkar, 1983; Faivre et al., 1983; Faivre Sarrailh and Rabié, 1988;

FeUous et al., 1979; Francon et al., 1977; Gonzales and Geel, 1978; Lakshmanan et al.,

1981; Nunez, 1985; Siegrist Kaiser et al., 1990), which are necessary for the axonal

transport ofp75NGFR, as demonstrated by colchicine treatment (Pioro and Cuello, 1990a;

1988; Pioro et al., 1991). The retardation in the disappearance of the external granular

layer during thyroid hormone deficiency (Nicholson and Altman, 1972a) and during

treatment with antibody anti_p75NGFR (Legrand and Clos, 1991) is in agreement with the

prolonged p75NGFR IR observed in this layer. In contrast, the faint p75NGFR IR found in

hyperthyroid rats (Fig. lB) was also expected and indicated early termination of cell

proliferation in the external granular layer, accompanied by early disappearance of the

germinative layer (Nicholson and Altman, 1972a). At the very least, these data

demonstrate that this synchronized shift in the expression ofp75NGFR, which corresponds

to a common 10w-affmity receptor in the growing Iist of the NGF farnily ofneurotrophins

(Thoenen, 1991), correlated with the period of cell proliferation and maturation of

cerebeUar cortical neurons. This correlation reinforces the possibility of an important

physiological role for a neurotrophin, acting via p75NGFR, for the developing cerebellar

cortex; however, other experimental approaches are necessary to test this hypothesis.

The developmental significance of thyroid hormones for neurite outgrowth has

been demonstrated in different brain tissues (Gould and Butcher, 1989; Legrand, 1979;

Nicholson and Altman, 1972b; Rami et al., 1986). In this study, we have extended these

observations by demonstrating !hat the perturbation of Purkinje cells axonal outgrowth

occurs simultaneously with the over-expression of genes involved with neurite outgrowth.

To illustrate the alteration of neurite outgrowth induced by perinatal hypothyroidism, we

have described defective entities in Purkinje cells, the only efferent neurons of the

cerebellar cortex. This study has focused only on Purkinje ceUs because of the simplicity
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of their projecting fibers. In hypothyroid rats at P17, these fibers are easily visualized

in p75NGFR_ IR band-like areas of the cerebellar lobes. The morphological features noted

include varicosities (spheroidal swelling) along proximal axons, very similar to those

observed in nucleus basalis neurons (Gould and Butcher, 1989), twisting as weil as

striking changes in the caliber of Purkinje cell axons (Figs. ID, E). These alterations,

together with the reduced arborization of dendritic spines of Purkinje cells and with the

already defective contacts of granule cells, between afferent mossy fibers and Purkinje

cells [for review see ref. (Legrand, 1979)], result in permanent impairment of neuronal

connectivity, contributing to the generation of motor abnormalities of hypothyroid rats.

Ali of these changes in neurite outgrowth may be largely attributable to reduced amounts

of cytoskeletal proteins in hypothyroid rats (Chaudhury et al., 1985; Chaudhury and

Sarkar, 1983; Faivre et al., 1983; Faivre Sarrailh and Rabié, 1988; Fellous et al., 1979;

Francon etaI., 1977; Gonzales and Geel, 1978; Lakshmanan et al., 1981; Nunez, 1985;

Siegrist Kaiser et al., 1990) and to a reduction in Tai and GAP-43 proteins. The

increase in the expression of the developmentally-regulated Tai gene, at ail ages in

hypothyroid rats exarnined in this study and in a recent report (Aniello et al., 1991b),

may reflect primarily: (i) an intrinsic neuronal response to a reduced level of Tai

protein, (ii) an impairment of or abnormal neuronal growth, and/or (iii) a delayed down

regulation of TaI.

Surprisingly, the timing and content of Tai in thyroxine-treated animaIs did not

differ significantly from controls, which indicates that Tai expression is not affected by

accelerated cerebellar development during thyroxine treatrnent. Similarly, the increased

amount of GAP-43 rnRNA at P15 and P30 in hypothyroid rats may be a compensatory

reaction of cerebellar neurons to the perturbed GAP-43 function in growth cones

(Alexander et al., 1987; Liu and Storm, 1990; Sl.:ene et al., 1986) and/or a reaction to

regenerate any neuronal damage (Benowitz and Lewis, 1983; Tetzlaff et al., 1991). The

earlier increase of Tai in relation to a later increase in GAP-43 rnRNA suggests either

that an already superabundant production of GAP-43 mRNA may occur in naive animals,

or that the Tai gene is more sensitive to the deleterious effects of hypothyroidism. On

the basis of a large body of evidence on the inefficient growth of cerebellar neurons
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deprived ofthyroid honnones, it was reasonable to expect increased amounts of TaI and

GAP-43 mRNAs in the developing cerebeIlum of hypothyroid rats. The inverse

relationship between the levels of mRNA and its protein was also previously described

for actin mRNA (Faivre Sarrailh et al., 1990), and the higher levels of tau, al-, B2- and

{34-tubulin mRNAs in the cerebeIlum of hypothyroid rats (AnieIlo et al., 1991a; 1991b)

certainly correlate with low amounts of their proteins. However, since other tubulin

isorype mRNAs were not affected in the same way (AnieIlo et al., 1991b), the authors

of this study have concluded that these genes are regulated differently by thyroid

honnone.

We were interested in observing the time-course of MBP and PLP gene

expression during the critical phase of the cerebeIlar development, without assigning a

role to any particular MBP or PLP isofonn. Our results show that in thyroxine-treated

animais, the MBP and PLP mRNAs in the developing cerebeIlum increase several-fold

when examined at an early age (P6-PIO). By contrast, thyroid honnone deficiency

reduced both mRNA levels only at PlO as compared to age-matched controls. These

results raise the question of when and at what level of myelin protein synthesis is thyroid

honnone required to maintain nonnallevels of MBP and PLP in vivo. Our results show

that at older ages, PIS and P30, hypo- or hyperthyroidism did not affect MBP or PLP

mRNA levels. These MBP data correlate partiaIly, at early postnatal ages, with a recent

study by Farsetti and coworkers (Farsetti et al., 1991). In contrast, their study shows

that hypothyroid animaIs have lower levels of MBP mRNA at aIl developmental ages

examined. They used total brain mRNA (including mRNA from areas in very different

developmentaI stages) in a RNAse protection assay in mice or slot-blot analysis in rat,

and a cDNA clone which did not include exon 2 or part of exon 7 of the MBP gene. It

is known that the isoforms with exon 2 (17 and 21.5 kDa) predominate in younger

animaIs and the other isofonns without exon 2 (14 anll 18.5 kDa) predominate in older

animaIs (Barbarese et al., 1978). Another reason for this apparent discrepancy is that

they have nonnalized their densitometric values of MBP mRNA to that of {3-actin

rnRNA, which in the developing cerebellum is much higher in hypothyroid rats after PlO

(Faivre Sarrailh et al., 1990). This differential tissue gene regulation (i.e. total brain



•

•

•

266

versus developing cerebellum) by thyroid hormone may occur during the first month of

postnatal life, as recently demonstrated for sorne mRNAs encoding tubulin isotypes

(Aniello et al., 1991b). For instance, these investigators reported that hypothyroidism

caused a slight increase of fi2-tubulin in the cerebellum, whereas it is decreased in

cerebral hemispheres. The same differential regulation has been reported for tau mRNA,

which was slightly changed in the cerebral hemispheres of hypothyroid rats, whereas the

level of tau mRNA in the cerebellum was maintained at a higher level than in the

euthyroid controls (Aniello et al., 1991a). The reduced level of PLP mRNA in total

brain tissue induced by thyroid hormone deprivation during brain maturation cannot be

widespread to ail brain areas, as was suggested in a recent study (Murroz et al., 1991).

One important fmding which has emerged from another study has been that differential

thyroid hormone receptor mRNAs were reported in the developing cerebellum (Forrest

et al., 1991), suggesting different functions for the thyroid hormone in the developing

cerebellum. The situation is quite different in mature rats, in which thyroid hormone

excess or deficiency does not affect MBP gene expression in total brain (Farsetti et al.,

1991), a fmding which is in agreement with our data on late cerebellar development.

There is no information available on the effects of thyroid hormones on cerebellar myelin

protein mRNAs in vivD. Much of our knowle<1ge is derived from primary cell cultures

from cerebral hemispheres, which generally have shown that thyroid hormone regulation

of myelin protein synthesis occurs mainly at the level of transcription and translation

(Almazan et al., 1985; Amur et al., 1984; Bhat et al., 1981; Campagnoni et al., 1987;

Matthieu et al., 1987; Shanker et al., 1984; 1987).

We conclude that thyroid hormone regulation of cerebellar myelinogenesis in vivo,

in addition to its effect on mRNA levels, may be more crucial at the post-transcriptional

leveI. The neuronal mRNA levels of p75NGFR, TaI and GAP-43, are directly or

indirectly (e.g. mediated by neuronal damage) regulated by thyroid hormone. Therefore,

thyroid hormone appears to play an important role in the neuronal maturation of the

developing cerebellum, since the thyroid deficiency causes neuronal abnormalities and

alters different neuronal markers.
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ABSTRACT

Deficits or excesses of thyroid hormones durfug critical periods of marnmalian

cerebellar development can lead to profound biochemical and morphological

abnormalities fu this system. The goal of this study was to investigate the effects of

perinatal hypo- and hyperthyroidism on the ontogeny of nerve growth factor (NGF) and

its iow-affinity receptor (p75NGFR) in the rat cerebellum. The concentration of NGF and

of p75NGFR immunoreactivity (IR) were measured, several days after birth, in cerebelli

of rats which had received propylthiouracil (PTU) or thyroxfue. NGF concentration was

markedly enhanced only on postnatal day two (P2) fu hyperthyroid rats, whereas fu

hypothyroid (pTU-treated) rats, NGF values were similar to age-matched controls. These

observations suggest that thyroid hormone affects NGF synthesis during early periods of

cerebellar development. In Purkfuje cells of control animais, p75NGFR IR peaked at PlO.

In hypothyroid rats, the expression ofp75NGFR was retarded, peaking at PIS, whereas fu

hyperthyroid rats it was advanced, peaking at P8. The increased p75NGFR IR found fu

Purkinje cell bodies and the delayed disappearance of p75NGFR IR from the external

granular layer of hypothyroid rats suggest different roles for t.lIyroid hormone in the

developing cerebellum. We conclude that p75NGFR and NGF are independently regulated

by thyroid hormone during critical periods of cerebellar development. The effect of

thyroid hormone deficiency fu p75NGFR content fu Purkfuje cells may fuvolve complex

mechanisms such as impaired efficiency ofaxonal transport.

INTRODUCTION

The cerebellar cortex is a structure with well-defined afferent and efferent

connections, in which neuron development is largely postnatal. These features facilitate

the study of drug effects on Purkfuje cell differentiation and on proliferation and

maturation of cerebellar microneurons after birth (Altman, 1972). Imbalances in thyroid

hormone levels during critical periods of cerebellar development have significant affects

on the proliferation and differentiation of cerebellar neurons (Clos and Legrand, 1973;

Legrand, 1983; Nicholson and Altman, 1972; Chaudhury et al., 1985). These studies
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have shown alterations in the number and size of cerebellar neurons and their axonal

density. The length, densi!)' and extent of dendritic branching of these cerebellar neurons

are also changed. Reduced neurite outgrowth in the nervous system of hypothyroid

animais has been attributed, in part, to impairments in actin filament formation (Faivre

Sarrailh and Rabié, 1988) and in I:licrotubule assembly (Faivre et al., 1983; Nunez.

1985). A neuronal form ofthyroid hormone receptor has been identified (Forrest et al.,

1991; Mitsuashi et al., 1988; Thompson et ~1., 1987), thus supporting the notion that

thyroid !::nrmones act directly on the brain.

The presence of the low-affmity nerve growth f1ctor receptor (p75NGFR) (Pioro and

Cuello, 1988; Pioro et al., 1991; Rodriguez-Tébar et <:1., 1990) and its rnRNA (Buck et

al., 1988; Wanaka and Johnson, Jr., 1990) in the cerebellum indicates that NGF may

play an important role in cerebellar development. Prelirninary studies proposed that

thyroid hormones induce the synthesis of NGF (Walker et al., 1979; 1981), potentiate

the effect of NGF (Hayashi and Patel, 1987; Patel et al., 1988), or may somehow

regulate the NGF gene (Dracopoli et al., 1988). A higher expression of neurotrophin-3

(NT-3) than of NGF during early postnatal development of the cerebellum (Legrand and

Clos, 1991) also suggests a role for NT-3 in the differentiation or establishment of early

connections of cerebellar neurons. The weil known over-expression of p75NGFR and its

probable involvement in the maturation and differentiation of developing cerebellar

cortical neurons constitutes an excellent developmciltal system to study its regulation by

thyroid hormone.

In this study, neonatal rats were made either hypo- or hyperthyroid in order to

evaluate changes in NGF levels and in the expression of p75NGFR in the developing

cerebellum. These parameters were chosen to test the hypothesis of whether thyroid

hormone can induce the synthesis of NGF and p75NGFR• In order to establish the extent

of these changes within an approximate one month postnatal period, we quantified

p75NGFR IR and measured concentrations of NGF in the cerebellum of euthyroid,

hypothyroid, and hyperthyroid rats at different neonatal ages. These data provide

evidence consistent with an involvement of thyroid hormones in the early regulation of

NGF and p75NGFR expression in both retarded and accelerated cerebellar development.
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MATERIALS AND METHOnS

Animais and drug administration

Pregnant Wistar rats were fed a diet containing 0.4% propylthiouracil (PTU)

beginning on embryonic day 19 (EI9) as described by Kalaria and Prince (Kalaria and

Prince, 1985) in order to render their pups hypothyroid. The PTU was mixed with 6%

sucrose to ensure food consumption was equivalent to that of control dams. Food intake

was monitored daily and the pups from dams that had not ingested their PTU-containing

food regularly since the second day of treatrnent were not used for the study. On the day

of birth (PO) other male pups were pooled and randomly assigned to produce Iitters of

6 pups per dam. From PO until the day of sacrifice, these pups were injected

subcutaneously each day with wither physiological saline (control group) or 0.3 ILm/gm

body weight thyroxine (T4) (hyperthyroid group). Neonatal naive pups were also

included in the control group. Ali hypothyroid pups remained with their dams until the

day of perfusion or decapitation, but control and hyperthyroid animais surviving more

than three weeks were weaned at the end of the third postuatal week. Pups were

sacrificed by perfusion for immunocytochernistry processing from P7 to P30.

Determination of NGF levels in cerebellar tissue was done in treated and control animals

on P2, PIS and P30 (n=6 to 10 per group).

hnmunocytochernistry

The processing of cerebella for immunocytochemistry was essentially as

previously described (pioro and euello, 1990), except that pups younger than P30 were

perfused with smaller volumes of fixative, according to their ages and body weights.

Rats were deeply anaesthetized with Equithesin (0.35 ml/l00 g i.p.) and perfused briefly

through the ascending aorta with a phosphate bUffer (pB; pH 7.4) vascular rinse.

Subsequently, a 20 min fixation with a 4% paraformaldehyde, 0.1 % glutaraldehyde, and

15% saturated picric acid mixture in 0.1 M phosphate buffer (pH 7.2) was immediately

followed by a 20 min perfusion with 0.5% hydrogen peroxide in phosphate-buffered

saline (PBS). A final 20 min washout with a 10% glucose-PB solution was followed by
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removal and storage of cerebella in 30% sucrose-PB at 4°C for 72-120 h. Coronal

sections (SO /Lm thick) were cut on a freezing sledge microtome.

Free-floating sections were incubated ovemight at 4°C in supematant from 192

IgG hybridoma cells (generously provided by E. M. Johnson) and with 10% horse serum

or with a non-specific mouse IgG. Characterization of the 192-IgG anti-p7SNGFR have

previously been outlined in detai! (Chandler et al., 1984; Taniuchi and Johnson, Jr.,

1985). Because other neurotrophins also appear to bind to p7SNGFR (see Discussion)

p7SNGFR_IR should be taken to represent p7SNGFR like-IR. Ni subsequent steps were

carried out at room temperature, and PBS containing 0.2% Triton X-100 (pH 7.4) was

used for washes, dilution of antibodies + horse serum, as weil "s for the 3,3'

diarninobenzidine tetrahydrocWoride (DAB) reaction. Aiter washing, sections were

incubated for 2 h in rabbit anti-mouse IgG (1/S0) and then washed again. Subsequently,

the sections were incubated for 1 h in monoclonal mouse peroxidase-antiperoxidase

(Semenenko et al., 1985) (PAP; 1130; Medicorp, Canada). After washing for S min

(4x), sections were incubated in a 0.06% solution of DAB for 10 min and a subsequent

8 min in the same solution containing 0.01 % hydrogen peroxide (fmal concentration).

After washing, sections were mounted on subbed slides, dehydrated, c1eared and

coverslipped. The relative optical density measurements of p7SNGFR_IR in Purkinje ccli

bodies were obtained from multiple sections using the Quantimet 920 (Cambridge

Instruments, UK) image analysis system. In control animais, cerebellar sections

quantified were from days 8 to Il. In hyperthyroid and hypothyroid rats they were from

days 7-10 and 14-17, respectively. These age-points were chosen because above or

below these periods proper detection of p7SNGFR IR was not possible either because

Purkinje cells were not weil defmed or the immunoreactivity was too low. The p7SNGFR

staining intensity was weil reproèuced in three different immunocytochemical

experiments. Ali data (Figs. 3 and 4) were analyzed using ANOVA and the Newman

Keuls' post hoc test, with a level of significance of P<O.OS.

Enzyme linked immunoassay (ELISA) for NGF
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NGF concentrations were measured in ccrebellar tissue of euthyroid (n = 6),

hyperthyroid (n = 6) and hypothyroid (n = 6) animais at days P2, P15 and P30.

Cerebella of ail experimental groups were removed on ice at postnatal days 2, 15 and 30.

Bach cerebellum was sonicated in 750 JLI of sarnple buffer (PBS/0.05% Tween/0.5%

bovine serum albumin) containing enzyme inhibitors (0.1 M phenylmethylsulfonyl

fluoride, 0.1 benzethonium chloride and 0.1 % aprotinin). Sonicated tissue was

centrifuged (12,000 rpm, at 4°C) for 5 min and supematant aliquots (100 JLl) were used

for NGF inununoassay (ELISA). A two-site enzyme-linked inununoassay (ELISA) was

used to measure NGF content (Weskamp and Otten, 1987). Briefly, polystyrene 96 weil

microtiter inununoplates (Nunc, Copenhagen, Denmark) were coated withpolyclonal goat

anti-NGF anti-bodies oi' with non-inunune goat serum. Ali incubations were performed

in a moist charnber and, after each incubation step, the plates were washed four times

with phosphate-buffered saline (PBS/0.05 % Tween 20). After an 8 h coating step at 4°C,

nonspecific binding was blocked with PBS/0.05% Tween 20 containing 1% fetal calf

serum for 2 h at 20°C. One hundred JLI samples to be tested for NGF were added to

each weil and were incubated for 12 h at 4°C. Each plate contained a complete standard

curve ranging from 0 to 100 pg/ml of NGF. Six JLg of monoclonal antibody against

NGF (clone 23c4 or clone 30) per weil was added and incubated for 9 h at 4°C.

Biotinylated goat inununoglobulins (1 :8000) (Zymed, USA) were incubated overnight at

4°C and the procedure was continued by adding peroxidase-conjugated streptavidin

(Zymed, USA) for 3 h at 4°C. Immune sandwiches were detected by the addition of 0

phenylenediarnine (4mg/plate) 4 in a freshly prepared solution containing 5 JLl of 30%

HP2 in 10 ml substrate buffer. The reaction proceeded for 7-10 min at 20°C and was

stopped with H2SO.. Optical density was measured at 490 nm using a Dynatech MR 700

microplate reader. Absorbance of sarnples and standards was corrected for nonspecific

binding (i.e. the absorbance in wells coated with normal goat serum). The NGF content

in the sarnples was deterrnined in relation to a NGF standard curve. Data were not

corrected for recovery of NGF from the sarnples, which was routinely 70-90% and were

accepted only when values were greater than two standard deviations above the blank.

Using these criteria, the limit of sensitivity of the NGF ELISA averaged 1 pg per assay.
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RESULTS

Physical and behavioral signs of hypo- and hyperthyroidism

The physical and behavioral effects of perinatal hypothyroidism were, for the

most part, similar to those previously described (Gould and Butcher, 1989). The adult

body, cerebral and cerebellar sizes and weights (Nicholson and Altman, 1972) were

reduced in both experimental groups as compared to age-matched contrais. In normal

pups, coordina~ed creeping was observed around P9-1I, fully opened eyes between PlI

and P13 and exploratory behavior was more evident around PI3-16. In hyperthyroid

animaIs, these signs were observed three-five days earlier and were usually accompanied

by motor hyperactivity and fme tremor. However, in hypothyroid neonates, the

coordinated creeping, opening of the eyes and the iunate exploratory behavior were

retarded 7-12 days. Accentuated motor deficits persisted in hypothyroid animais up to

the oldest age examined, Le. 30 days after interruption of PTU treatment (P30).

p7SNGrn immunocytochemistry

The distribution of p75NGFR_IR, as revealed by the monoclonal antibody 192-IgG,

was studied in selected cerebellar regions of crus 1 ansiform lobule and simple lobule

(Fig. 1) (Paxinos and Watson, 1986). Light microscopie examination ofp75NGFR positive

neurons revealed maximal density of immunoreactive material in the external granular

layer, mostly distributed in the proliferative zone, in ail experimental groups. The

quantification was not processed at the same age-points for ail three groups because the

period of minimal detectable p75NGFR IR in individual Purkinje cell bodies occurred at

three different periods (Fig. 3). In control animals, increased intensity of p75NGFR

immunostaining, synchronous with the growth of Purkinje cells, was observed during the

fust 10 postnatal days. In Purkinje cells ofhypothyroid rats, the most intense expression

of p75NGFR immunoreactivity was retarded until (P15) (Fig. 2a) whereas the highest

intensity was found on PlO in control animals (Fig. 2b). In hyperthyroid pups, the
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Figure 1

Coronal sections through the crus 1 ansiform lobule and simple lobule of cerebellum of

15-day-old (a,b,c) and 30-day-old (d,e,f) rats. Developmental changes in p75NGFR IR can

be observed in hypothyroid (a,d), euthyroid (b,e) and hyperthyroid rats (c,f) in Purkinje

cell layer (arrows), molecular layer (ml), internai granular layer (igl) and external

granular layer (egl). Very intense p75NGFR IR is observed in Purkinje cells and the

external granular layer of hypothyroid rats in contrast to age-matched controls and

hyperthyroid rats. Hyperthyroid rats show much less p75NGFR IR than controls. Bar =

63/lm.
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Figure 2

Coronal sections showing the cerebellar cortex through the crus l ansifonn lobule. The

photomicrographs were taken on the day with maximal p75NGFR IR in Purkinje cens in

hypothyroid (a = PDI5), control (b = POlO) and hyperthyroid (c = PD8) rats. Note

the marked increase in inununoreactivity in Purkinje cells of hypothyroid rats (Fig. 2a).

Abbreviations: Purkinje cell (P); molecular layer (ml); internai granular layer (igl) and

external granular layer (egl). Bar = 20 /lm.
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maximal density of p75NGFR IR in Purkinje cells was found on P8 (Fig. 2c). The

maximal immunoreactivity (arbitrary units, Fig. 3) of the p75NGFR immunoreactive

material determined in Purkinje cell bodies of hyperthyroid pups (shown in Fig. 2a) was

significantly higher than that found in respective controls (Fig. 2b) or in hyperthyroid

rats (Fig. 2c). p75NGFR immunoreactivity in naive animais was not significantly different

from saline-treated controls.

As the Purkinje cells became more differentiated (after PlO), the

immunoreactivity decreased (Fig. 1, compare a, b, c corresponding to Pl5 with d,e,f at

P30). p75NGFR IR was noticeably higher in the extemal granular layer and Purkinje cells

of hypothyroid animals (Fig. la,d) compared to age-matched controls (Fig. 1b,e) and

hyperthyroid rats (Fig. lc,f). A sparse pattern of p75NGFR staining was observed in the

molecular layer of hypothyroid neonates on Pl5 (Fig. la), but was observed in younger

control animais ooly. Occasional Purkinje cells with positive immunoreactive cytoplasms

were seen dispersed over the cortex of the oldest examined hypothyroid rats (p30, Fig.

Id) and the intensity of immunostaining in the cortex was more pronounced than in age

matched control rats (Fig. le). On the other hand, the pattern of p75NGFR IR in

hyperthyroid animais on P30 (Fig. If) was similar to that of normal mature rats.

NGF concentrations

NGF concentrations were measured in euthyroid, hypo- and hyperthyroid rats at

postnatal days 2, 15 and 30. There was a significant increase in NGF content in

hyperthyroid rats ooly on P2 in comparison with age-matched controls (Fig. 4). Levels

in naive pups did not differ from their saline-treated counterparts. The treatrnent with

PTU did not significantly affect the NGF content in the cerebellum at any of the three

time points examined.

DISCUSSION

The present srudy demonstrates that prolonged thyroid deficiency in rodents can

delay the time-course as well as accentuate the intensity of p75NGFR IR in cerebellar

Purkinje cells during early maturation. A rise in p75NGFR IR in Purkinje cells correlates
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with the retarded maturation of the cerebellar cortex in hypothyroid rats (Altman, 1972;

Nicholson and Altman, 1972; Chaudhury et al., 1985; Rabié et al., 1979), and thus,

could represent part of a more general neuronal reaction which occurs in the developing

cerebellum following insult. If this were the case, then p75NGFR could be activat~d by

one or more neurotrophins sorne how implicated in trophic responses in developing

Purkinje or other cerebellar cell types. NGF, and other neurotrophins such as BDNF,

NT-3 and neurotrophin-4 (NT-4) can bind with similar affmities to the p75NGFR (Hallb66k

et al., 1991; Rodriguez-Tébar et al., 1990; 1992), suggesting that any of these

neurotrophins can int~ract with p75NGFR during postnatal cerebellar development.

Therefore, rat 192-IgG antibody appears to recognize a common neurotrophin receptor,

p75NGFR (Ernfors et al., 1990; Green and Greene, 1986; Rodriguez-Tébar et al., 1990;

1992; Taninchi and Johnson, Jr., 1985), and is described in this paper as representing

p75NGFR_Iike IR. Our results on the time-course of p75NGFR_Iike IR in the developing

cerebellum of normal rats correlate with previous reports of p75NGFR mRNA (Buck et al.,

1988; Walker et al., 1979) levels and/or high affinity NGF-binding sites (Cohen-Cory

et al., 1989).

The increased p75NGFR IR seen in hypothyroid rats was anatomically selective.

IR in Purkinje cells in hypothyroid rats. was increased relative to control. IR in the

external granular layer was simi1ar for experimental control rats. This latter cerebellar

region was richest in p75NGFR IR during the frrst two postnatal weeks in control and

experimental animais. The retarded appearance and increase amount of p75NGFR

immunoreactive material found in hypothyroid rats may aIso involve alterations at the

post-transcriptional level since results of p75NGFR mRNA in these animais [reported

elsewhere (Figueiredo et al., 1993)] indicate a retarded expression but no increase in

level relative to control. Thus, the changes in p75NGFR IR in hypothyroid rats could not

simply be attributed to an active neuronal response resulting in increased p75NGFR

synthesis. These phenomena may also represent passive accumulation of the receptor in

the Purkinje cell bodies possibly due to an impairment in the axonal transport system.

Consistent with this hypothesis there is evidence (Faivre et al., 1983; 1985; Francon et

al., 1977; Nunez, 1985) that specific modifications occur in cytoskeletai components of
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neurons, including Purkinje cells, in hypothyroid rats. In addition, p75NGFR

immunostaining in mature rats treated with an inhibitor ofaxonal transport (colchicine)

resembled the pattern observed in the developing cerebellum on day P12 (Pioro et al.,

1991) and in rats of the present study.

Previous investigators (Legrand and Clos, 1991) showed a decrease in p75NGFR IR

in the cerebellar cortex of hypothyroid rats on PlO, also seen by us, but failed to show

a retarded increase in this receptor because they did not examine effects at further age

points. The sparse pattern of p75NGFR immunostaining in the molecular layer of

hypothyroid pups may suggest retardation in Purkinje cell dendritic growth and branching

as weIl as spine formation (Legrand, 1979) and/or a decrease in synapse density ;;1 the

- molecular layer (Chaudhury et al., 1985; Vincent et al., 1982). Thyroid hormone

deficiency did not increase p75NGFR IR in the external granular layer; however, there was

a retarded disappearance of p75NGFR IR in this layer in hypothyroid rats. Such a finding

was also reported in a recent study using antibody anti-p75NGFR (Legrand and Clos,

1991). These results suggest that thyroid hormone and neurotrophins, acting via p75NGFR,

may play an important role in the maturation of the external granular layer.

Thyroxine treatment brought forward the p75NGFR IR peak in Purkinje cells by

ooly two days. This suggests considerable autonomy of p75NGFR regulation in Purkinje

cells during the early phase of thyroxine treatment. The rapid decrease in p75NGFR IR

observed in the external granular layer between the second and the third week of

thyroxine treatment was in accordance with the previously described early termination

of cell proliferation and disappearance of the external granular layer (Chaudhury et al. ,

1985). The pale immunostaining in the cerebellar cortex observed on P30 of thyroxine

treated rats resembled that found in adult normal animais in the present study (data not

shown) and in a previous report (pioro and CueIlo, 1988). This similarity indicates a

rapid down regulation of p75NGFR in thyroxine-treated rats. In contrast to our

observations in the developing cerebellum, the distribution of p75NGFR IR in the

developing forebrain following PTU-treatment decreased p75NGFR IR, while no alteration

was detected for p75NGFR IR in thyroxine-treated pups (Oh et al., 1991). These

discrepancies in the effects of postnatal hypo- and hyperthyroidism rnay be related to
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different sensitivities of regionally selective neurons and may indicate that p75NGFR is

regulated differentiaily by neuronal and environmental factors. Mutation of the gene

encoding p75NGFR (Lee et al., 1992) suggested t1'.at p75NGFR has an important role in the

developmentand functionofsensory neurons ofmice. However, these investigators have

not yet extended their studies on possible morphological or functional alterations in the

central nervous system of these mutated mice.

NGF levels in control animais at P15 were reduced 50% from those at PZ, but

they were not statistically different from those at P30 (Fig. 4). This would suggest a

physiological role for NGF during early cerebellar development. Why PTU did not show

an effect on NGF content, as opposed to the stimulatory effect by thyroxine on P2, could

be due to an incomplete blockage of thyroid hormone synthesis by PTU or to the residual

effect of maternai thyroid hormone transferred to the fetus late in gestation (Mitsuashi

et al., 1988; Obreg6n et al., 1984). Consistent with the absence of thyroid hormone

effect on NGF rnRNA levels (Muiioz et al., 1991), our fmdings also suggest that thyroid

hormone is not required for NGF synthesis at P15 and P30. Prelirninary results (from

this laboratory) also indicate absence of a thyroid hormone effect on NGF rnRNA at PZ.

This indicates that the increase in NGF levels at P2 probably involve post-translational

mechanisms which take place at an earlier postnatal developmental stage of cerebellar

neurons. The absence of sigIÙficant changes in NGF content in hypo- and hyperthyroid

rats in comparison with age-matched controls on P15 and P30 does not agree with

previous studies in mice (Walker et al., 1979; Walker et al., 1981). Such a discrepancy

could be due to species difference and/or reliability of the NGF assay used in those

studies (Walker et al., 1979; 1981). Although NGF gene expression in salivary glands

of mice (Black et al., 1992) seems to be regulated by the thyroid hormones, we cannot

at present extrapolate these fmdings to a different neural system such the rat cerebellum.
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