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Abstract

The Effect of Thyroid Hormone on G row th Factor Expression in the 

Developing Cerebellum of the Mouse: In Vivo and In Vitro Studies

by

Emilce Carrasco

Advisor: Professor Victoria Luine

In this study, I investigated the effects of thyroid hormone on cerebellar 

developm ent and grow th factor expression, specifically the epidermal grow th 

factor receptor (EGFR), its ligand transforming grow th factor-alpha (TGF-a), and 

basic fibroblast grow th factor (bFGFj in vivo and in vitro.

In vivo, profiles of thyroid hormone expression were measured in 

postnatal animals and w ere found to peak at postnatal day 15 (P15). These levels 

dropped below detectable levels when mice w ere m ade hypothyroid with 

propylthiouracil (PTU). TGF-a and EGFR expression were maximal at P6 in 

norm al animals, bu t rem ained low in hypothyroid animals, suggesting that 

thyroid hormone w as responsible for their induction. Immunohistochemical 

analysis of EGFR protein expression revealed that this receptor was expressed on 

granule cells w ithin the inner zone of the external granule cell layer (EGL), w here 

post-mitotic granule cells are found. The persistence of EGFR expression on 

m igrating granule cells and subsequent dow n-regulation of expression in the 

internal granule cell layer (IGL) implicates a role for EGFR-ligands in m igration 

an d /o r differentiation. In hypothyroid animals, I observed a delayed 

progression of granule cell migration, consistent w ith the persistence of EGFR
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labeling in the EGL, and in the "pile-up" of labeled cells at the interface between 

the molecular layer and the IGL.

In vitro, I examined the effects of thyroid hormone on m ixed cultures of 

cerebellar granule neurons and several types of glia, thus perm itting biologically 

relevant neuronal-glial interactions. I found that L-triiodothyronine (T3) had 

differential effects on neurons and glia, depending on cell density. A t low  plating 

densities, T3 accelerated neuronal and  glial differentiation and the sw itch in 

astrocyte m orphology from  radial to velate. A t high densities, T3 decreased 

proliferation of non-neuronal cells. W estern blotting of cell lysates show ed that 

T3 treatm ent regulated levels of epiderm al grow th factor receptor (EGFR), and 

basic fibroblast growth factor (bFGF) proteins in  opposite directions, attenuating 

bFGF, bu t inducing EGFR.

Taken together, these results im plicate thyroid hormone in  the 

coordinated expression of TGF-a and  EGFR, w hich appear to play a role in post­

m itotic developmental events, and bFGF, which appears to be involved in earlier 

m itotic events.
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Chapter 1 

General Introduction
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Thyroid horm one is essential for normal brain developm ent. 

H ypothyroidism  during late gestation and postnatal developm ent causes 

morphological and biochemical alterations in the central nervous system  (CNS) 

that can lead to severe and irreversible mental retardation in hum ans (Dussault 

and Ruel, 1987; Timiras and Nzekvve, 1989). The main m echanism  of action of 

thyroid horm one is genomic, but it has nongenomic actions as well (Williams, 

1994; Davis and Davis, 1996). Growth factors are also im portant for norm al 

developm ent of neurons and glia. These polypeptides, such as the epiderm al 

growth factor (EGF) family, fibroblast growth factor (FGF) family, and 

neurotrophins have been shown to have diverse effects on cells of the CNS, such 

as prom oting proliferation, neuronal survival, neurite outgrow th, and migration. 

It is hypothesized that a possible mechanism of action of thyroid horm one may 

be to regulate, directly or indirectly, the availability of grow th factors. Most 

studies that have tested this hypothesis have focused on gene and protein 

expression of neurotrophins.

The epiderm al growth factor family is widely expressed and 

developm entally regulated in the CNS. Thyroid horm one has been shown to 

have significant effects on the expression of epiderm al grow th factor (EGF) and 

the epiderm al grow th factor receptor (EGFR) in cells outside the CNS (Gresik, 

1981; K esavan e t al., 1991; Hume et al., 1992; N orth et al., 1992; 

Fujieda, 1993; Sheflin et al., 1993; Rogers et al., 1995; Rogers et al., 

1996). In the brain, how ever, reports on the effect of thyroid horm one on 

these polypeptides are lim ited to EGF mRNA expression and receptor binding 

activity in w hole brain homogenates (Sadiq et al., 1985; Stein e t al., 1989). A 

recent study show s that thyroid hormone adm inistration upregulates
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transform ing-grow th factor-alpha (TGF-a, a m ember of the EGF family) gene 

expression in the striatum  of mice (Blum et al., 1999).

The objective of this thesis w as to determ ine if thyroid hormone 

regulates TGF-a and epiderm al grow th factor receptor (EGFR) gene expression. 

To elucidate on the functions of these factors, I characterized the cell localization 

and distribution of EGFR im m unoreactivity. The results of this study are 

presented in Chapter 2. M any studies that have investigated the role of thyroid 

horm one on cerebellar cell developm ent have used either pure neuronal or pure 

glial cultures. Therefore, I characterized the developm ental effects of thyroid 

horm one on neurons, glia and bFGF (also a potent m itogen) and EGFR in m ixed 

cerebellar cell culture system  that best simulates the in vivo condition. The 

results of this study are presented and discussed in C hapter 3. In the rem ainder 

of this chapter I discuss the background, significance, and specific aims of this 

thesis.

Background and Significance:

Thyroid Hormone Synthesis, Regulation, and Developm ental Expression 

The thyroid gland produces two hormones, thyroxine (T4) and

triiodothyroinine ( T 3 ) .  These are sm all lipophilic/hydrophobic molecules that

require carrier proteins for their transport in the blood and  extracellular fluid to 

their target cell. Thyroxine (T4) is the main circulating horm one but is converted

by deiodinases intracellularly to triiodothyronine ( T 3 ) ,  the active hormone. The

deiodianting enzymes are found in  both neurons and glia (St. Germain, 1994). 

Briefly, the onset of thyroid gland function (production and secretion of thyroid 

horm one) in rodents is around em bryonic day (E) 17 (Fisher et al., 1977). Serum
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T4 (thyroxine) levels rats are low  at b irth  bu t then begin to rise around

postanatal day (P) 6 to reach peak levels between P14 and P15 (W alker et al., 

1979). Thereafter, T4 declines to adult levels. In hum ans, the initiation of fetal

thyroid hormone synthesis is betw een 10-12 weeks of gestation. Serum

levels are first detectable during  the second trim ester and progressively increase 

thereafter (Fisher e t al., 1977). Since thyroxine and T3 are small

lipophilic/hydrophobic molecules that are able to cross the blood-brain barrier, 

suggesting that capillary transport is their m ain route of entry into the brain 

(Robbins e t al., 1991).

Thyroid-stim ulating horm one (TSH) secreted by the adenohypophysis 

regulates the synthesis and the release of thyroid hormone from the thyroid 

gland. Thyrotropin (TRH) released by the hypothalam us controls the secretion 

of TSH. Pituitary and hypothalam ic cells have thyroid hormone receptors that 

m ediate the negative feedback action of thyroid hormones on the pituitary and 

hypothalam us. These events are illustrated in Figure 1.

The biological activities of thyroid hormone are largely m ediated by 

nuclear receptors that as ligand-dependent transcription factors (Figure 2). The 

functional role of thyroid horm one during  brain developm ent has been difficult 

to elucidate due to the complex spatial and tem poral expression of these 

receptors. This com plexity, nevertheless, is believed to be necessary for fine 

tuning the biological responses to thyroid hormone. Moreover, thyroid 

horm one also has non-genomic actions that are independent of nuclear 

receptors. These actions have been described at the level of the plasm a 

m em brane, cytoskeleton, and cytoplasm . They include alterations in calcium,
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sodium  and glucose transport, changes in the activities of kinases, efficiency in 

mRNA translation, and mRNA half life (Davis and Davis, 1996).

M olecular Mechanisms of Thyroid Horm one Action in the CNS 

Thyroid hormone receptors (TRs)

Thyroid hormone receptors belong to the stero id /thyroid  horm one nuclear 

receptor superfamily. These receptors have three chief dom ains: An N-terminus 

that is the transactivation region (the mechanism by which these receptors 

induce or repress transcription of target genes), DNA binding, and ligand 

binding or C-terminus (Fig. 2). Thyroid hormone receptors b ind DNA response 

elem ents in the absence of thyroid horm one and repress transcription. Gene 

transcription is initiated when thyroid hormone binds to the receptors. There are 

two genes for thyroid horm one receptors (TR), a  and 0. A lternate splicing of 

their transcripts generates m ultiple isoforms of each receptor (a l, a2, 3a, and 01, 

02) (Glass and Holloway, 1990; Lazar, 1993; Williams, 1994). Thyroid hormone 

receptor a2 is identical to a l  in 370 amino adds, inducting the DNA binding 

dom ain, b u t lacks the a2 C-terminal form found in a l .  Instead, TR-a2  contains 

122 amino adds, fused to the receptor at amino add  370 (Williams, 1994). This 

difference in  the C-terminus is believed to be the reason that a2  and does not 

bind T3 and is unable to induce transcription. Thyroid horm one receptor 01

and 02 differ in their N -term inus. Thyroid hormone receptor 01 has 106 amino 

ad d s and 02 has 159 in the N-term inus (Lazar, 1993; Williams, 1994). Thyroid 

horm one receptors bind DNA in  three different ways: monomers, homodimers, 

and heterodim ers (Lazar, 1993; Glass, 1994). Additionally, TRs require 

heterodim erization w ith retinoid X receptors (RXR) for maximum DNA binding 

affinity (Glass, 1994).
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Numerous studies, using in situ RNA hybridization and

imm unocytochemistry, show  that TR isoforms have different expression

patterns in developing neurons and glia (Strait e t al., 1990; M ellstrom et al., 1991;

Strait et al., 1991; Wills e t al., 1991; Bradley et al., 1993; Lebel et al., 1993; Carlson

et al., 1994; Carlson et al., 1996; C arre et al., 1998). In the em bryonic ra t brain,

T R -al mRNA has been localized in the neocortical plate, the site of neuronal

differentiation. TR-pi mRNA has been localized in the germ inal trigone, the site

of neuroblast proliferation, suggesting that these receptors (a l and p i) may

have different functions during  embryonic developm ent (Bradley et al., 1993).

Additionally, during postnatal brain developm ent T R -al mRNA appears to be

developmentally regulated. Peak expression of this receptor occurs during the

first three postnatal weeks in  the forebrain and cerebellum , coinciding w ith the

postnatal increase in  serum  thyroxine levels. In the cerebellum  TRpi

imm unoreactivity is expressed only in Purkinje cells, w hereas TRa2 is expressed

in  the nuclei of granule cells of the cerebellum, suggesting that Purkinje cells bu t 
not granule cells are direct targets for T3 (Strait e t al., 1991). Finally, the overall

expression of TR-a and TR-P mRNAs are reported to be m uch lower in the 

brains of adult rats com pared to that of postnatal rats (Sherer e t al., 1993). These 

data are consistent w ith the hypothesis that the developing brain is more 

sensitive to thyroid horm one than the m ature brain (Legrand, 1979).

The functions of TR iso forms during developm ent of the CNS are largely 

unknow n. Some of the functions of TR isoforms are ju st beginning to be 

elucidated using knockout mice. For example, TR-P is essential for the regulation 

o f the hypothalam ic-pituitary axis and auditory function, w hereas knockout mice 

for both TR-a and P exhibit an  extrem ely hyperactive pituitary-thyroid axis, poor 

female fertility, retarded grow th, and retarded bone m aturation (Forrest et al., 

1996; Forrest et al., 1996; Abel et al., 1999; Gothe et al., 1999).
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Influence of thyroid hormone on gene expression

It is believed th a t thyroid hormone affects brain developm ent by initiating 

the transcription of a finely tuned program  of genes. Genes that respond to 

hormones are categorized as either prim ary (direct) or secondary (indirect) 

response genes. Prim ary response genes respond rapidly  (< 4 hours) w ithout the 

need for protein synthesis, indicating that they are direct targets of regulation by 

a particular transcriptional activator; however, the induction of secondary genes 

is easily blocked by p ro tein  synthesis inhibitors. Two prim ary response genes to 

thyroid hormone are hr and  Srg,; they are both induced in less than 4 hours, 

suggesting they are regulated directly by thyroid horm one (Thompson, 1996). 

These genes have been identified in the developing cerebellum, and are 

specifically expressed in the IGL where differentiated neurons are found; hr 

encodes a zinc finger pro tein  (related to the product of the mouse gene hairless ) 

m any of which are involved in transcriptional regulation (Thompson, 1996). Srg 1 

encodes a protein related to synaptotagm in, know n to be involved in regulating 

neurotransm itter release. Since they are expressed in the IGL they are 

hypothesized to play a role in granule cell m aintenance and synaptognesis 

(Thompson, 1996).

Numerous other genes are known to be affected by thyroid horm one 

status; but w hether their regulation by thyroid horm one is direct or indirect is not 

clear. Thyroid horm one appears to regulate the expression of myelin- 

associated genes, neurotrophins, neurofilam ent-associated genes, RC3 

(neurogranin), MT-3 (metallothionein-3), reelin. and thyroid hormone receptor 

genes (Farsetti e t al., 1991; M unoz et al., 1991; Figueiredo et al., 1993; Iniguez et 

al., 1993; Lebel e t al., 1993; Rodriguez-Pena et al., 1993; Piosik et al., 1996; Ibarrola 

and Rodriguez-Pena, 1997; Pombo et al., 1998; Alvarez-Dolado et al., 1999; Gosh 

e t al., 1999; Pombo et al., 1999; Yeiser et al., 1999). The RC 3 gene codes for a
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protein kinase C substrate/ speculated to be involved in synaptic enhancement, 

since phosphorylation of protein kinase C substrates have been im plicated w ith 

this phenom enon (Munoz et al., 1991; Iniguez et al., 1993). The reelin gene is 

necessary for appropriate neuronal m igration and lamination during 

developm ent of the cerebral cortex, hippocam pus and cerebellum (Alvarez- 

Dolado e t al., 1999). MT-3 is speculated to act as a neuronal growth inhibitory 

factor (Yeiser et al., 1999). Thyroid horm one status during early postnatal 

developm ent has also been found to affect the mRNA abundance of genes found 

exclusively in Purkinje cells, including ROR alpha (an orphan nuclear hormone 

receptor) and Purkinje cell protein-2 - Pcp-2 (Zou et al., 1994; Koibuchi et al., 

1999). ROR alpha is speculated to augm ent thyroid hormone receptor-m ediated 

transcriptional activation, whereas the function of Pcp-2 is unknown (Zou et al., 

1994; Koibuchi et al., 1999).

Norm al Development of the Rodent Cerebellum 

Organization of the cerebellar cortex

The cerebellar cortex consists of five neuronal phenotypes; Purkinje, basket, 

Golgi II, stellate and granule neurons (Figure 3). These cells are arranged in 

layers- in the following order from the pial (outer) surface: the molecular layer, 

the Purkinje cell layer, and granule cell layer. The molecular cell layer has a very 

low  cell density. It contains two types of intem eurons: basket cells in the inner 

portion and stellate cells in the outer portions. The dendrites and axons of these 

intem eurons are confined to the molecular layer. The axons of stellate cells make 

synaptic contacts w ith Purkinje cells and dendrites. The axons of basket cells 

w rap around the soma of Purkinje cells, form ing a basket-like meshwork. Basket 

cells and stellate cells are believed to release gamma-aminobutyric ad d  (GABA) 

(Batini, 1990).
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Purkinje cells form a m onocellular layer. Purkinje cells are among the 

largest GABAergic cells the CNS. Each cell has an elaborate dendritic tree that 

arises from the neck of the cells as 2-3 large dendrites. The axons of Purkinje cells 

are myelinated and pass through the granule cell layer and w hite m atter. Cells in 

the IGL are densely and tightly packed. Cerebellar granule neurons are 

glutam inergic with 4-5 short dendrites with daw  like endings. The axons of 

granule cells are unm yelinated and ascend vertically into the molecular layer 

w here they bifurcate into tw o branches known as the parallel fibers. The parallel 

fibers are found throughout the molecular layer, synapsing on dendrites of 

Purkinje cells, stellate, basket, and Golgi II cells. Golgi II cells are also GABAergic 

neurons that are found m ainly in  upper parts of the granule cell layer. The axon 

term inals of these cells synapse w ith granule cell dendrites.

Development of the cerebellum

The cerebellum is derived from the alar plate of the neural tube. Neurons 

of the cerebellum arise from  two different germinal zones; the neuroepithelial 

ventricular zone and the caudal germinal trigone, also know n as the rhombic lip 

(Adler e t al., 1996). The ventricular epithelium zone gives rise to the deep nudear 

cells, Purkinje, basket, stellate and Golgi II cells (Hallonet et al., 1990; Hallonet and 

Alvarado-M allart, 1997). In mice, the birth and exit of nu ldear neurons and 

Purkinje cells from the ventricular zone occurs betw een E10 and E13. Purkinje 

cells and nudear neurons stop dividing by E13-E14. The form ation of the 

secondary germinal m atrix-the external granule cell layer (EGL) in mice-occurs at 

about this time when nudear and Purkinje cells have stopped dividing (Miale and 

Sidman, 1961). The initial m igration of presumptive granule cells from the 

rhombic lip is about E13 in the m ouse and the EGL is observed as early as E 14- 

15. These stem  cells m igrate over the surface of the cerebellum  from  the rostral
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part of the rhom bic lip and continue to proliferate until the entire surface of the 

cerebellum is covered (Miale and Sidman, 1961). The EGL is thin on PI and  is 

mostly com posed of densely packed proliferating cells. The EGL reaches its 

maximal thickness between P5 and P10 in the ra t (Altman, 1972; A ltm an and 

Bayer, 1978). This increase in  thickness is partly  due to the expansion of the inner 

zone (where postm itotic cells are found), also know n as the subproliferative or 

prem igratory zone). M igration of granule neurons o u t of the EGL tow ards the 

internal granule cell layer (IGL), their final destination, begins around P3 in  mice 

(Fujita, 1967; Fujita et al., 1967). Before they m igrate, however, the granule cells 

extend axonal processes. These eventually become the parallel fibers that make 

synaptic connections w ith Purkinje cell dendrites. Additionally, a recent study 

(chick cerebellum) shows that before postm itotic granule cells m igrate ou t of the 

prem igratory zone of the EGL they m igrate m edially and laterally (Ryder and 

Cepko, 1994). Processes extending from the granule cell soma associate w ith the 

radial fibers of the Bergmann glia (Rakic, 1971; A ltm an and Bayer, 1997). A t this 

point, granule cells begin to migrate along these fibers tow ard the IGL. D uring 

this process the Purkinje cell dendrites begin to extend and branch extensively 

into the m olecular layer and finally obtain the highly dendritic trees that reach the 

pial surface of the cerebellum (Altman, 1972; A ltm an and Bayer, 1997). By P24, 

the EGL has virtually disappeared in the ra t (Altman, 1972). The Purkinje cell 

layer is reduced in  thickness between P I and P10 because it is transform ed from  a 

multicellular sheet to a monocellular sheet of Purkinje cells (Altman, 1972). The 

molecular layer is thin on PI but increases in thickness on the days that follow 

due to the increase in parallel fibers, dendritic outgrow th of Purkinje cells and 

production and differentiation of basket and stellate cells (Altman, 1972). Peak 

production and differentiation of basket cells occur betw een P6-P11 and peak
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production and differentiation of stellate cells occurs between P8-P30 in  rats 

(Altman and Bayer, 1978).

Influence of Thyroid Horm one on Cerebellar Development, In Vivo and  In Vitro 

Studies 

In vivo studies

Thyroid hormone receptor subtypes are found during developm ent of 

different cell types in the ra t cerebellum , supporting the role for thyroid hormone 

in regulating gene expression in the developing cerebellar cortex. Classic studies 

on the effects of thyroid horm one on developm ent of the cerebellum  of the rat 

have focused largely on the EGL an d  Purkinje cell layer (Nicholson and Altman, 

1972; Nicholson and Altman, 1972; Lauder, 1977; Patel et al., 1979; Rabie et al.,

1979). Briefly, the onset of thyroid gland function (production and secretion of 

thyroid hormone) in rats is around em bryonic day 17 (El7) (Fisher et al., 1977) 

this is when the germinal cells that eventually make up the EGL begin to migrate. 
Serum T4 (thyroxine) levels in the m ouse are low at birth bu t then begin to rise

around P6 to reach peak levels betw een P14 and P15, and decline to adu lt levels 

thereafter. This period overlaps w ith  the peak of presum ptive granule cell 

proliferation, postmitotic granule cell m igration, Purkinje cell dendritic 

outgrow th, and synapse form ation.

It is hypothesized that thyroid horm one is the signal that term inates 

proliferation and stim ulates differentiation (Hamburg et al., 1971). In support of 

this hypothesis it is reported that in  altered thyroid status the above tim e course 

is changed (Nicholson and Altm an, 1972; Lauder, 1977; Patel e t al., 1979; Rabie et 

al., 1979). These reports, based on ^H -thym idine incorporation (an indicator of 

DNA synthesis), show that hypothyroidism  decreases the rate of cell 

proliferation, delaying the disappearance of the EGL from P24 to P30.
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Conversely, hyperthyroidism  accelerates the disappearance of the EGL from P24 
to 1*21. Exposure to hyperthyroid levels of T4 increases the rate of cellular

proliferation in the cerebellum  (Lauder, 1977). This apparently results from 

shortening of the G1 phase of m itosis, producing a phasic increase in total cell 

num ber, ultimately resulting in  the prem ature term ination of cell proliferation 

(Lauder, 1977).

Thyroid hormone m ay also play a role in the rate of migration of 

differentiating cells out of the EGL. In hypothyroid rats the rate of m igration of 

granule cells and the outgrow th of parallel fibers are slowed, resulting in a 

perm anent deficit in their length (Lauder, 1977; Lauder, 1979). Delayed m igration 

of granule cells is suggested to be related to retarded differentiation of Bergmann 

glia, which are required for granule cell migration (Clos et al., 1973; Clos et al.,

1980). Additionally, death of granule cells in the IGL is suggested to result from 

the failure of their axons to m ake adequate connection w ith Purkinje cells.

The number of Purkinje cells is not affected in  hypothyroidism , but 

m aturation is im paired, as reflected by their abnormal arborization and decrease 

in dendritic spines. This m ay be because hypothyroidism  delays the 

disappearance of the EGL and decreases the num ber and density of synaptic 

contacts w ith already defective Purkinje cells. Consequently, a permanent 

im pairm ent of neuronal connectivity and signaling occurs (Legrand, 1979).

In vitro studies

In vitro systems enable the removal of cells from  their complex 

environm ent and the m anipulation of molecular and cellular events under 

controlled conditions. The disadvantage of these system s is that they are non- 

physiological. Developmental events are initiated by  genomic events that depend 

in  turn on epigenetic influences in vivo. Thus, genes influence the developmental
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environm ent - and the developm ental environm ent influences genes. M oreover, 

tem poral developm ent w ithin the CNS is heterogeneous. It is well established 
that the response of neurons and glia to exogenous signals, such as T3 or grow th

factors, are dependent on the brain structure the cells are obtained from, 

developm ental stage, and culture conditions (H atten et al., 1988; Gao et al., 1991; 

Engele and Bohn, 1992; Segal et al., 1992; Andres-Barquin et al., 1994). For 

exam ple, granule cells of the cerebellum change their responsiveness to 

neurotrophins as a function of developm ental stage (Segal et al., 1992). Also, 

thyroid horm one treatm ent causes a decrease in  glial fibrillary acidic protein 

(GFAP) and its mRNA in cultures of astroglia derived from  postanal rats b u t not 

adult rats (Andres-Barquin et al., 1994). Conversely, in vivo. GFAP mRNA 

concentrations w ere show n to be higher than norm al in postnatal cerebella of 

hypothyroid rats (Faivre-Sarrailh et al., 1991).

The influence of thyroid hormone on astroglial m orphology, 

differentiation, and proliferation has been investigated in several in vitro studies. 
T3 treatm ent induces morphological changes in  prim ary cultured astrocytes from

cerebral hem ispheres, and proliferation in astrocytes from  the cerebellum 

(Gavaret et al., 1991; Trentin et al., 1995; Paul et al., 1996; Lima et al., 1997; Trentin, 

1997; Lima et al., 1998). Thyroid hormone is also suggested to participate in  the 

developm ent of oligodendrocytes, the myelin producing cells of the CNS, since 

m yelin synthesis is known affected by thyroid horm one status (Wysocki and 

Segal, 1972; Bhat et al., 1979; Shanker e t al., 1984; Shanker et al., 1985; Yusta e t al., 

1988; Farsetti et al., 1991; Rodriguez-Pena et al., 1993; Ibarrola and Rodriguez- 

Pena, 1997; Pombo et al., 1998; Pombo et al., 1999). In support of this hypothesis, 

thyroid horm one receptor isoforms are expressed in  both m ature 

oligodendrocytes and their bipotential progenitor 0 2 A  cells in vitro (Yusta e t al., 

1988; Baas et al., 1998; Carre et al., 1998). In cultures of dissociated brain cells
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from  em bryonic mice, thyroid horm one appears to regulate the synthesis of 

m yelin constituent glycolipids and  enzymes related to m yelination, including 

m yelin basic protein m ethyltransferase, sialyltransferase, and 5 '-nudeotidase 

(Shanker and Pieringer, 1983; A m ur e t al., 1984; Shanker et al., 1984; Shanker et 

al., 1985; Pombo et al., 1998).

The timing of oligodendrocyte differentiation is believed to depend on an 

intrinsic program  in the progenitor cells and environm ental factors. W hen 

purified 0-2A  cells are cultured in  serum-free m edium  in  the presence of 
m itogens, proliferation increases and differentiation is delayed. W hen T3 is added

to these cultures, proliferation decreases and differentiation into oligodendrocytes

increases (Barres et al., 1994). Nevertheless, if 0-2A  cells are cultured w ithout

m itogens, they stop dividing and differentiate prem aturely into oligodendrocytes 
w ithout T4 indicating that this horm one is not required for differentiation

(Barres et al., 1994). Therefore, it hypothesized that the role of thyroid 

horm one is to control the tim ing of the proliferative phase of 0-2A  progenitors in 

the developing brain (Barres et al., 1994).

A num ber of in vitro studies have investigated the role of thyroid 

horm one on granule cell developm ent, bu t their results have disagreed regarding 
w hether granule cells are a direct target for T3 action (Balazs et al., 1985; Messer et

al., 1985; Heisenberg et al., 1992). These studies used purified neuronal cultures

plated a t sim ilar densities in  serum  free m edium  and treated w ith sim ilar 
concentrations of T3. Perhaps the variable factor among them  w as the schedule 

of T3 treatm ent; a significant increase in  granule cell survival and differentiation 

w as observed only in cultures treated w ith a single dose of T3 (Heisenberg et al., 

1992).

Thyroid hormone has been show n to increase the expression of 

neurotrophin -3 (NT-3), nerve grow th factor (NGF), and bd-2 (a proto-oncogene
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known to prevent cell death) in cultured granule cells (Charrasse et al., 1992;

Lindholm et al., 1993; Muller et al., 1995). Additionally, conditioned medium 
obtained from T3 treated astrocytes is reported to increase proliferation of

granule cell neuroblasts, indicating that T3 stimulates astrocytes to secrete factors 

that influence proliferation. Using neutralizing antibodies two of these factors 

have been identified to be transform ing neurotrophic factor- beta (TNF-0) and 

EGF (Gomes et al., 1999).

Thyroid Hormone and Growth Factors in the Developing CNS

The possible interaction betw een thyroid horm ones and growth factors in 

brain development and m aintenance are implied by several in vivo and in vitro 

studies. Because most of these studies focused on the neurotrophin family, a brief 

review is provided below.

Neurotrophins

The neurotrophins are structurally related molecules that regulate 

developm ental processes of num erous populations of neurons. These include cell 

survival, axon arborization, synaptic transmission, plasticity, and synaptogenesis 

(Cohen-Corey et al., 1991; Segal e t al., 1992; Gao et al., 1995; Levine et al., 1995; 

Kang and Schuman, 1996; N eveu and Arenas, 1996; Zirrgiebel and Lindholm,

1996; Morrison and Mason, 1998; Shimada et al., 1998). N eurotrophins bind to a 

low  affinity receptor (p75) and to a family of high affinity receptors w ith tyrosine 

kinase activities (trk A, B, and C). The neurotrophin family includes nerve 

growth factor brain derived neurotrophic factor (BDNF), NT-3, and neurotrophin 

4 /5  (NT-4/5) (Hallbrook et al., 1991). The ligand-receptor interaction in target 

neurons is highly specific am ong the neurotrophins; NGF binds trk A, BDNF and 

N T-4/5 bind trk B, and NT-3 binds trk C.
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Thyroid horm one status is known to affect NGF and its low  affinity 

receptor mRNA and im m unoreactivity in the developing and adult brain of rats 

(Charrasse et al., 1992; Giordano et al., 1992; Figueiredo et al., 1993; Figueiredo et 

al., 1993; Calza et al., 1996; Neveu and Arenas, 1996; Calza et al., 1997). Also, the 

effects of thyroid horm one on NGF expression appear to be age-dependent. For 

example, NGF im m unoreactivity in the cerebellum  of hyperthyroid rats w as 

reported to be significantly higher only at P2, w hereas in hypothyroid rats NGF 

values w ere sim ilar to age-matched controls (Figueiredo et al., 1993). 

H ypothyroidism , however, in adult rats lead to an increase in both NGF and p75 

NGFR (low affinity nerve growth factor receptor) in the basal forebrain (Calza et 

al., 1997).

Since neurotrophins and their receptors are highly expressed throughout

the developm ent of the cerebellum, it is speculated that these polypeptides m ay

m ediate some of the effects of thyroid horm one on this brain structure. Early

hypothyroidism  has been shown to d isrupt the developmental pattern of

expression of the neurotrophins, leading to relatively higher levels of NGF, and

NT 4 /5  mRNAs and to a deficit in NT-3 and BDNF mRNAs in the cerebellum

(Neveu and Arenas, 1996). When hypothyroid rats w ere grafted w ith cell lines

expressing high levels of NT-3 or BDNF, cell death w as attenuated in the IGL

(Neveu and Arenas, 1996). Thyroid horm one adm inistration also increased NT-3

mRNA levels in the cerebellum and in cerebellar granule neurons  in vitro. W hen

NT-3 w as added to cerebellar cultures, neuxite outgrow th was induced in Purkinje 
cells, which express trk C receptors, suggesting that T3 may affect the

developm ent of these cells by regulating the expression of NT-3 in  granule cells 

(Lindholm et al., 1993). Moreover, postnatal anim als treated w ith anti-NGF 

antibodies exhibit the same alterations in  the cerebellum  seen in hypothyroid
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animals, including a delay in the disappearance of the EGL, reduction in  the size of 

the Purkinje cell bodies and dendritic trees (Legrand and Clos, 1991).

EGFfamily

A lthough the epiderm al growth factor family and its receptor are w idely 

expressed in  the CNS, including the cerebellum, studies of the possible interaction 

between thyroid horm one and this fam ily of growth factors have focused largely 

on cells outside the CNS. Thyroid horm one has been show n to regulate the 

mRNA expression and im m unoreactivity of EGF, TGF-a, and EGFR in somatic 

tissue and breast carcinoma A 431 cells in culture and (Gresik, 1981; Kesavan et al., 

1991; H um e et al., 1992; N orth et al., 1992; Fujieda, 1993; Rogers et al., 1996). In 

the CNS, how ever, the effects of thyroid horm one on these polypeptides are 

lim ited to EGF mRNA expression and receptor binding activity in  w hole brain 

hom ogenates (Sadiq et al., 1985; Stein et al., 1989). Recently, thyroid hormone 

adm inistration has been shown to increase TGF-a mRNA levels in the striatum  of 

mice (Blum et al., 1999).

Epiderm al grow th factor and TG F-a are members of the epiderm al 

growth factor family, and bind to the EGFR w ith similar or equal affinity 

(Massague, 1983; Ebner and Derynck, 1991; French et al., 1995). The m ature or 

secreted form  of EGF is a 53 amino ad d  polypeptide chain w ith a molecular 

weight (MW) of 6,053 or 6 kilodaltons- kDa (Carpenter and Cohen, 1979;

Carpenter and Cohen, 1990). This polypeptide is generated from  preproEGF, a 

precursor protein com posed of 1217 am ino ad d s a molecular w eight of 128-133 

kDa, (Lee e t al., 1995). The m ature form of EGF is released from  the membrane- 

anchored precursor by proteolytic deavage. The secreted form  of TGF-a consists 

of 50 am ino ad d s (MW 6 kDa) and is generated from proTG F-a, a 

transm em brane protein of 159-160 amino adds. The m ature T G F-a is released
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by proteolytic cleavage at the cell surface (Lee et al., 1995). Cleavage of proTGF-a 

is often incomplete, however, giving rise to the secretion of larger peptides as 

w ell as the accumulation of proTGF-a a t the cell surface (Lee et al., 1995). Mature 

T G F-a shares 30-35% amino acid sequence w ith EGF, including the conservation 

of the 6 cysteine residues im portant for disulfide bond formation and its tertiary 

structure that renders it a ligand for the EGFR (Derynck, 1988). Both EGF and 

TGF-a exert their biological activity upon binding to EGFR. The EGF receptor 

family includes EGFR, erbB 2, erbB3, and erbB4. They are tyrosine kinase 

receptors and products of the cellular proto-oncogene c-erbB (Thompson and Gill, 

1985; M artin, 1986). EGFR is a 170 kDa transm embrane glycoprotein composed 

of a protein core of 1,186 am ino acids (MW kDa) and N-linked carbohydrates 

(MW 40 kDA) which are essential for EGF binding (Carpenter, 1984; Schlessinger, 

1986). The binding of a ligand to the receptor induces the activation of the protein 

tyrosine kinase, which phosphorylates various cellular proteins as well as the EGF 

receptor itself (Schlessinger, 1986). In addition to TGF-a and EGF, EGFR binds 

and is activated by, am phiregulin, heparin-binding EGF (HB-EGF), betacellulin 

an d  epiregulin (Shoyab e t al., 1989; Higashiyama et al., 1991; Shing et 

al., 1993). The specificity of the cellular response is thought to be determ ined 

by  the nature of the various signaling molecules recruited to the phosphorylated 

receptor. Dimerization of EGFR can occur between two identical receptors 

(homodimerization) or w ith any of the three members of the erbB family of 

oncogenes (heterodimerization), depending on which receptor proteins are 

present in a given cell (Spivak-Kroizman e t al., 1992; Sibilia e t al., 1998; Wells,

1999). This increases the num ber of signaling pathways that can be activated after 

EGFR stimulation, thereby augm enting the signaling complexity and function of 

this receptor (Spivak-Kroizman et al., 1992; Sibilia et al., 1998; Wells, 1999). 

Localization and function of EGF: In vivo and in vitro
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In the mouse brain, EGF mRNA is expressed throughout development 

(Lazar, 1991; Lazar and Blum, 1992). The concentration of EGF mRNA in the CNS 

rem ains relatively constant until after birth, and decreases thereafter to reach 

norm al adult levels by P10 (Lazar, 1991; Lazar and Blum, 1992). EGF mRNA has 

been detected in the brain stem  cerebral cortex, olfactory bulb, basal 

hypothalam us, striatum, thalam us and cerebellum (Lazar, 1991; Lazar and Blum, 

1992). Studies in culture have show n that EGF is a potent mitogen for glia 

derived from  the cerebellum, cerebral cortex, m esencephalon, bipotential 

neuronal/astroglial and unipotential neuronal progenitors derived from 

developing and adult rodents (Leutz and Schachner, 1981; Honegger and 

Guentert-Lauber, 1983; Huff e t al., 1990; Casper e t al., 1991). Epidermal growth 

factor is reported to increase differentiation and survival of mesencephalic 

dopam inergic neurons and cerebellar granule cells (Abe et al., 1991; Casper et al., 

1991; Abe and Saito, 1992; C asper e t al., 1994).

Localization and function ofTGF-cc In vivo and in vitro

TGF-a is ubiqitous throughout embryonic and postnatal development in  

the CNS of rodents (Fallon et al., 1984; Lazar and Blum, 1992; Seroogy et al., 1994; 

Seroogy et al., 1995; Komblum e t al., 1997). Additionally, it is developmentally 

regulated in the CNS (Lazar, 1991; Lazar and Blum, 1992; Ma et al., 1992). TGF-a 

mRNA levels rise steadily from  em bryonic day 14, peak during the first postnatal 

week and then fall to adult levels by  P10 (Lazar, 1991; VVeickert and Blum, 1995). 

TGF-a mRNA has been localized by  in  situ hybridization in neurons and glia 

across num erous forebrain regions, including the hippocam pus and 

hypothalam us (Seroogy et al., 1993). Moreover, TGF-a mRNA synthesis has 

been shown to increase in m otor neurons of mice in response to injury (Lisovoski 

et al., 1997).
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In culture, TGF-a is a m itogen for bipotential neuronal and glial precursors 

cells derived from  the embryonic retina, striatum  and mesencephalon (Anchan et 

al., 1991; Reynolds et al., 1992; Santa-Olalla and Covarrubias, 1995). Furtherm ore, 

it can induce astroglial proliferation in mesencephalic cultures. TGF-a also 

appears to affect neuronal cell expression, enhancing dopam ine uptake, survival 

and neurite length of embryonic dopam inergic neurons (Casper et al., 1991; Alexi 

and Hefti, 1993). A recent study also show ed that TG F-a partially protects 

against phenotypic degeneration of a subpopulation of striatal cells after lesioning 

w ith quinolinic a d d  (Alexi et al., 1997).

In vivo. TGF-a is implicated in mitogenesis in the subventricular zone, 

since the ventricular zones and mitotic index during developm ent are significantly 

reduced in  T G F-a defident mice (W eickert and Blum, 1995). It also appears to 

regulate hypothalam ic LHRH neuronal secretion in  female mammals, particularly 

during puberty  (Ma et al., 1992). Furtherm ore, TGF-a knockout mice contain 

50% fewer dopam inergic neurons in the substantia nigra, indicating that this 

factor is needed for proliferation an d /o r differentiation (Blum, 1998).

Localization and function of EGFR in the CNS

EGFR is w idely distributed in the CNS, localized to both neurons and 

astrocytes. In the hum an and rodent nervous system, EGFR im m unoreactivity 

(EGFR-IR) has been detected during em bryonic developm ent through late age in 

many types of cells, induding cerebral cortical pyram idal cells, hippocam pal 

pyram idal cells, Purkinje cells, anterior horn cells, and dorsal root ganglion cells 

(Gomez-Pinilla e t al., 1988; W erner e t al., 1988; Birecree et al., 1991). In the 

embryonic CNS of rats, EGFR mRNA is expressed in germinal zones during late 

stages of neurogenesis and early stages of gliogenesis (Komblum et al., 1997; 

Misumi and Kawano, 1998). In the postnatal brain of rats EGFR mRNA is present
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in  the subventricular zones of the neostriatum , which prim arily produces glia and 

the EGL of the cerebellum, w hich produces neurons exclusively (Seroogy et al., 

1995).

Recently, EGFR null m ice have been generated to assess the function of 

EGFR in the developing brain. Mice lacking EGFR exhibit strain-dependent 

phenotypes ranging from  placental to postnatal skin, lung and brain  defects 

(Threadgill e t al., 1995). N onetheless, all m utant mice have been found have 

m assive degeneration (partly due to apoptosis) of the frontal cortex, olfactory 

bulb and thalam us during the second postnatal week. In addition, these mice 

show  a delay in GFAP expression (Komblum et al., 1998; Sibilia et al., 1998). 

A pparently, EGFR is critical for the survival of postmitotic neurons in the 

forebrain and normal developm ent of astrocytes.

FGF family

The fibroblast grow th factor is composed of nine members (Unsicker et al., 

1992). The family members m ost abundantly distributed and w ell characterized 

in the CNS are acidic and basic FGF (aFGF and bFGF) (Unsicker et al., 1992). Both 

are synthesized and cleaved from  protein precursors. M ultiple w eight forms of 

bFGF have been identified in the CNS of rats and humans, ranging from 18 kDa 

to 22 kDa (Thomas, 1993). The expressions of different m olecular w eight forms 

of the protein are developm entally regulated in different brain regions 

(Giordano e t al., 1992). For exam ple, in the embryonic cerebellum  the 18-21 

kDa form s predom inate, w hereas, during postnatal m aturation the 18 kDa form 

increases and the 21 kDa form decreases (Giordano et al., 1992). It has been 

suggested that the variation of w eight forms may represent a functional 

difference for these proteins that m ay account for the varied reported effects of 

bFGF in the CNS (Giordano et al., 1992). In addition, bFGF is internalized by
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neurons and astrocytes and  processed into three peptides of different molecular 

weights (15.5 kD, 9kD, 4 kD) molecular weights (Walicke and Baird, 1991). Basic 

FGF internalizes into vesicles in the cytoplasm, localizes to the perinuclear 

cytoplasm, and is translocated to the nucleus, suggeting they function as 

intranuclear as well as intercellular signals -through cell surface receptors (Walicke 

and Baird, 1991). Thus, the actions of bFGF can be indirect for if bFGF isoforms 

are located in the cell nucleus it can affect a program  of gene expression that 

m ight induce the expression of other grow th factors and /  or their receptors 

(Giordano et al., 1992).

FGF receptors

The FGF receptors are transm em brane proteins that belong to the family of 

tyrosine kinases and consists of four members (FGFR-1, FGFR-2, FGFR-3 and 

FGFR-4) (Wanaka et al., 1991). FGF receptor mRNAs, except for FGFR-4, are 

expressed widely but differentially in the adult rat brain. For example, FGFR-1 is 

preferentially expressed in neurons, whereas FGFR-2 and FGFR-3 are 

preferentially expressed in  glia (El-Husseini et al., 1994). Expression 

of all FGFR mRNAs, except FGFR-4, have been shown to be expressed at high 

levels during developm ent. FGFR-4 is expressed in the embryonic brain and 

binds only FGF-6  (Miyake et al., 1995; Ozawa et al., 1996). FGFR-4 is also 

temporarily expressed in  the developing cerebellum between P7 and P15, 

prim arily in the EGL, suggesting an im portant role for EGF-6 and its receptor in 

proliferation, differentiation an d /o r m igration of granule cells (Miyake et al.,

1995).

bFGF function

In vitro. bFGF functions as a neurotrophic, m itotic or differential factor 

depending on the biological, spatial and temporal context in which it is placed.

For example, bFGF has been show n to prom ote survival of cerebellar neurons
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cultured from  neonatal rats but not fetal or late postnatal rats (Morrison et al., 

1988; M atsuda e t al., 1990; Abe et al., 1991). A dditionally, bFGF is reported to 

function as a survival, m itogenic and differentiation factor for granule cells 

depending on the culture conditions (H atten e t al., 1988; Morrison et al., 1988; Abe 

e t al., 1991; Gao et al., 1991; Trenkner et al., 1996; Luo et al., 1997; El Idrissi e t al.,

1998). In vivo. bFGF and its receptor mRNA have peak expression at P I, 

coinciding w ith  the beginning of granule cell neurogenesis (Tao et al., 1996; Tao et 

al., 1997). D uring the first week of postnatal develpm ent Purkinje cells express 

bFGF like im m unoreactivity in the apical cytoplasm  and proximal dendrites, but 

by the third  week im m unoreactivity is detected only in the cytoplasm and 

nucleus (M atsuda et al., 1992; M atsuda et al., 1994). Peripheral injections of bFGF 

increases the proportion of mitotic granule cell precursors in the cerebellum, 

conversely intraventricular treatm ent w ith anti-bFGF antibodies decreases DNA 

synthesis (Tao et al., 1997). Thus, bFGF plays a significant role in neurogenesis of 

the cerebellum. To date the interaction of thyroid horm one and bFGF, if any, in 

the cerebellum  rem ains to be investigated.

Rationale for Study and Specific Aims

In summary, the literature indicates that the main mechanism 

of action of thyroid horm one during brain developm ent, is transcription of target 

genes through nuclear receptors that are w idely distributed throughout 

em bryonic and  postnatal developm ent in the CNS of mice and rats. Only a few 

genes are know n to be, directly and indirectly, regulated by thyroid horm one 

during  CNS developm ent. Growth factors are also know n to be necessary for 

the developm ent and survival of neurons and glia. It is hypothesized that som e 

of the developm ental effects of thyroid horm one on the CNS are m ediated by 

grow th factors. N um erous studies on the effects of thyroid hormone on the
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cerebellum  have provided significant support for this hypothesis. Thyroid 

horm one status has been show n to significantly alter the cytoarchitecture and the 

expression of neurotrophins in  developing cerebella of rodents. Studies on the 

interaction between the EGF fam ily and thyroid hormone, in  vivo and in vitro. 

are lim ited to cells outside the nervous system, whole brain hom ogenates, and 

striatum . M oreover, less is know n about the potential interaction between 

thyroid horm one and members and  the FGF family. These grow th factors are 

w idely distributed in the developing and the adult CNS, suggesting they play a 

significant role in developm ent an d  maintenance of this system .

To reiterate, the m ain objective of this thesis is to elucidate the 

interaction between thyroid horm one and members of the EGF and FGF family 

during  developm ental events. F irst, I focused on the effect of thyroid hormone 

on T G F-a and EGFR gene expression in the developing cerebella of mice in vivo. 

Epiderm al growth factor and TG F-a bind to the EGFR, a tyrosine kinase, with 

equal or sim ilar affinity (M assague, 1983; Ebner and Derynck, 1991; French et al., 

1995). Therefore, I m easured TG F-a because the mRNA levels of this factor are 

15-170 higher than those of EGF in  the CNS (Lazar and Blum, 1992), suggesting 

that TGF-a may be the major physiological ligand for EGFR in  the brain (Seroogy 

e t al., 1991; Lazar and Blum, 1992; Seroogy et al., 1993; Seroogy et al., 1994; 

W eickert and Blum, 1995).

I chose the cerebellum  of the mouse because the majority of 

cells develop during the first three postnatal weeks; this is also the period when 

the cerebellum  is most sensitive to  thyroid hormone (Legrand, 1979). 

A dditionally, the developm ental profiles of EGF and TG F-a mRNAs in normal 

cerebella of the mice have been characterized (Lazar, 1991; Lazar and Blum, 1992). 

The mRNAs encoding these tw o hom ologs are quite different, b u t the profiles are 

sim ilar, w ith levels of expression being highest between P6-P10 (Lazar, 1991;
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Lazar and Blum, 1992). This period overlaps w ith the peak of presum ptive 

granule cell proliferation, postm itotic granule cell m igration, and Purkinje cell 

dendritic outgrow th and synapse formation. Purkinje cells are reported to 

express EGFR and it has been shown that EGF can enhance the survival and 

process outgrow th of Purkinje cells in vitro. Thyroid gland function begins 

approxim ately a t E17 in  the rodent, but thyroid horm one levels are baseline until 

P6; the time w hen they begin to rise until reaching peak levels a t P15 before they 

decline to adult levels. These data suggest that thyroid horm one m ay be 

implicated in the timely expression of EGF, TGF-a a n d /o r EGFR. These growth 

factors may be involved in  the proliferation, differentiation, an d /o r migration of 

granule cells, and process outgrow th and synaptogenesis of Purkinje cells.

Since interpretation of studies in vivo are difficult because of the 

complexity of the environm ent, I also investigated the effect of thyroid hormone 

on the expression of EGFR and bFGF in cerebellar mixed cells in vitro to 

manipulate thyroid horm one under controlled conditions. Cerebellar mixed cell 

cultures are characterized by the presence of granule neurons, glial cells 

(predominantly astroglia) and fibroblasts. This system resem bles the in vivo 

environm ent m ost closely, regarding neuron -glia interaction, in comparison to 

pure neuronal or pure glial cultures. The EGFR and bFGF appear to promote a 

range of developmental functions, depending on the biological, spatial, and 

temporal context in w hich they are placed. Since EGF and TG F-a and their 

receptor are usually associated w ith proliferation, I hypothesized that one way 

thyroid hormone m ight term inate proliferation of presum ptive granule cells 

w ould be by dow n regulating TGF-a and /o r EGFR gene expression. In support 

of this hypothesis thyroid hormone has been shown to dow n-regulate the 

expression of these factors in  tissue outside the CNS. Thus, inhibiting thyroid 

hormone production should m aintain the mRNA levels of these polypeptides
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elevated past P10 in vivo. Conversely, adding  T3 to cell cultures should dow n-

regulate the expression of EGFR. M oreover, EGFR expression should be densest 

in  the outer (proliferative zone) segm ent of the EGL. To test this hypothesis the 

specific aims o f this thesis are as follows:

Specific aim 2. To determ ine if hypothyroidism  affects EGFR and TGF-a gene 

expression in developing cerebella of m ice by  m easuring mRNA levels using  a 

quantitative nuclease protection assay.

Specific aim 2. To determ ine if hypothyroidism  affects the expression and 

localization of EGFR in the developing cerebella of mice using histochem istry. 

Specific aim 3. To establish an optim al culture system , using cerebellar m ixed cells, 

that is quantitative regarding the effects of thyroid hormone on proliferation, 

differentiation, and survival of neurons and glia.

Specific aim 4. To determ ine the effect of thyroid horm one on EGFR and bFGF 

expression in mixed cerebellar cell cultures using W estern blotting and 

densitom etry.
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Figure 1: The hypothalam ic-pituitary-axis Neurosecretory cells o f the 

paraventricular nucleus of the hypothalam us release thyrotropin releasing 

hormone (TRH) to the m edian em inence of the hypothalam us. Pulsatile 

secretion of TRH from the m edian em inence results in stim ulation of thyroid 

stim ulating hormone (TSH) secretion from  anterior pituitary thyrotrophs. TSH 

stim ulates the synthesis and secretion of T3and T4 from the thyroid gland. 

Circulating T4 is converted to T3 in  target cells by deiodinases (Williams, 1994).
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Figure 2: Thyroid horm one's m echanism of action T4 enters the cell by passive 

and facilitated diffusion. A specific deiodinase converts T4 into the more 

biologically active T3- Thyroid hormone receptors located on response elem ents 

of target genes are activated upon binding of T3- This leads to an increase or 

decrease in mRNA synthesis and final protein product (Glass and Holloway, 

1990)
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Figure 3: O rganization of th e  cerebellar cortex . The cerebellar cortex consists 

of three layers that contain five types of neurons: Purkinje cells, Golgi n, granule, 

basket, and stellate cells. The granule cells, located in the inner m ost layer of the 

cerebellum , form  synapses w ith  the terminals of Mossy fibers. The molecular 

layer, the outer layer, consists m ostly of parallel fibers (granule cell axons) 

synapsing on Purkinje cell dendrites. The local intem eurons, basket and stellate 

cells, are also found scattered in  the molecular layer (Pansky, 1988).
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C hapter 2

T hyroid Horm one Regulates C erebellar Developm ent: T he Roles of the 

Epiderm al Growth Factor Fam ily in  Post-m itotic Events In  Vivo
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Abstract

In  this study, I investigated the effects of thyroid horm one on cerebellar 

developm ent and the coincident expression of the epiderm al growth factor 

receptor (EGFR) and transform ing growth factor-alpha (TGF-a), a ligand in the 

epiderm al growth factor (EGF) family. Profiles of thyroid hormone expression 

w ere m easured in postnatal anim als and were found to peak a t postnatal day 15 

(P15). These levels dropped below  detectable levels w hen mice were made 

hypothyroid w ith propylthiouracil (PTU). TGF-a and  EGFR expression was 

maximal at P6 in norm al anim als, but remained low in  hypothyroid animals, 

suggesting that thyroid horm one was responsible for their induction. 

Immunohistochemical analysis of EGFR protein expression revealed that this 

receptor was expressed on granule cells w ithin the inner zone, of the external 

granule cell layer (EGL), w here post-mitotic and pre-m igratory granule cells are 

located, suggesting that EGFR-ligands were not inducing granule cell 

proliferation. The persistence of EGFR expression on m igrating granule cells 

and subsequent dow n-regulation of expression in the internal granule cell layer 

(IGL) implicates a role for EGFR-ligands in m igration a n d /o r differentiation. In 

hypothyroid animals, I observed a delayed progression of granule cell 

m igration, consistent w ith the persistence of EGFR labeling in the EGL, and in 

the "pile-up" of labeled cells at the interface between the molecular layer and the 

IGL. Taken together, these results implicate thyroid horm one in the coordinated 

expression of TGF-a and EGFR, w hich appear to play a role in post-mitotic 

developm ental events in  the cerebellum.
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Introduction

Thyroid hormone is essential for norm al brain development. 

Consequently, hypothyroidism  during late gestation and early postnatal 

development results in morphological and biochemical alterations in the brains of 

experimental animals (Dussault and Ruel, 1987) and in humans can lead to severe 

mental retardation (Frost, 1986; Delange, 2000). The actions of thyroid horm one 

are m ediated by nuclear receptors that act as ligand-dependent transcription 

factors (Williams, 1994). Messenger RNA encoding thyroid hormone receptor 

subtypes have been localized throughout the developing CNS, including the 

cerebellum (Mellstrom et al., 1991; Bradley et al., 1993). Thyroid horm one levels 

dramatically alter the rate of proliferation and differentiation of developing 

granule cells in the EGL of the cerebellum (Nicholson and Altman, 1972). Since 

many developm ental events in the CNS are believed to be m ediated by grow th 

factors (see (Fisher et al., 1982)for review), I hypothesized that som e of 

thyroid hormone's effects on cerebellar developm ent may be m ediated indirectly 

by regulating growth factor levels. Outside the CNS, thyroid hormone has been 

reported to regulate the expression of m embers of the epiderm al grow th factor 

(EGF) family, particularly TGF-a and EGFR, in  somatic tissues and in breast 

carcinoma cells in culture (Kesavan et al., 1991; Fujieda, 1993; Rogers et al., 1995; 

Rogers et al., 1996). These proteins have been localized to the CNS, where they 

are developmentally regulated (Lazar, 1991; Ma et al., 1992; Seroogy et al., 1995; 

Komblum et al., 1997; Weickert and Blum, 1995). I focused on TGF-a because 

mRNA levels of this factor are 15-170 times higher in brain than those of EGF 

itself (Lazar and Blum, 1992). It is therefore believed that TGF-a may be the 

major physiological ligand for EGFR (Lazar and Blum, 1992; Seroogy et al., 1993). 

One group has dem onstrated that weaver mice are hypothyroid, and in these
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mice, TGF-a mRNA levels w ere significantly lower than their w ild-type 

counterparts, m oreover, they found that thyroid hormone adm inistration 

increased TGF-a mRNA expression in the striatum  of 1*26 m ice (Blum e t al., 1999). 

O ther studies have show n that thyroid hormone regulates EGF mRNA 

expression and receptor b inding activity in whole brain hom ogenates (Sadiq et 

al., 1985; Stein et al., 1989).

EGF family m em bers have been shown to induce proliferation of both 

neuronal and glial precursors in vitro and to be expressed in germ inal zones in 

the developing brain of ra ts (Leutz and Schachner, 1981; Reynolds e t al., 1992; 

Seroogy et al., 1995). Since the EGL of the postnatal m urine cerebellum  contains 

abundant proliferating granule precursor cells and EGFR mRNA has been 

localized to this germ inal zone, I hypothesized that endogenous EGF family 

members may influence the proliferation an d /o r differentiation of these mitotic 

precursors as previously suggested by Seroogy et al., and K om blum  et al., 

(Seroogy et al., 1995; K om blum  et al., 1997). Moreover, there is also evidence 

that members of the EGF fam ily m ay mediate post-mitotic events (Casper et al., 

1991; Alexi and Hefti, 1993; Alexi e t al., 1997; Komblum et al., 1997; K uhn et al., 

1997; Weickert e t al., 1999). In this study, I examined the effects of thyroid 

hormone on grow th factor expression and developmental events by com paring 

normal mice w ith those m ade hypothyroid w ith PTU. PTU passes through the 

milk of lactating m others and  is the m ost effective w ay to inhibit production of 

thyroid hormone in neonatal rodents (Wysocki and Segal, 1972). I focused on the 

cerebellum, since the m ajority of granule cell developm ent occurs during  the first 

three postnatal weeks (while pups are nursing) and the effects of thyroid 

hormone on rodent cerebellar cytoarchitecture have been previously described 

(Legrand, 1979).
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I com pared the postnatal developmental profiles of TGF-a and EGFR 

mRNA expression in norm al and hypothyroid mice using a quantitative nuclease 

protection assay, because differences in mRNA levels reflect differences in the 

synthetic potential of these proteins. I found that TGF-a and EGFR mRNA 

expression and im m unoreactivity changed dram atically during  the early 

postnatal period, and were significantly, but transiently affected by thyroid 

horm one deficiency. I also perform ed EGFR im m unohistochem istry to localize 

this receptor to specific regions and cell types w ithin the cerebellum. Surprisingly, 

EGFR w as expressed in the inner zone (also called the pre-m igratory zone) of the 

EGL w here post-mitotic granule cells accumulate, extend processes, and cell 

bodies begin to m igrate tow ard the IGL. EGFR has been localized to glia in some 

CNS regions (Nieto-Sampedro e t al., 1988; Junier et al., 1993), however, my 

m orphological examination o f immunohistochemical studies suggested that 

granule cells, but not surrounding Bergmann glia or astrocytes, w ere responsible 

for EGFR synthesis. Immunohistochemical staining of Bergm ann glia w ith 

antibodies to glial fibrillary acidic protein (GFAP), present in Bergmann glia, and 

in  developing and m ature astrocytes (Bignami and Dahl, 1974; Bignami and Dahl, 

1974) w as perform ed, confirm ing that the pattern of EGFR im m unoreactivity was 

distinct from that of GFAP. H ypothyroid animals dem onstrated an appropriate, 

bu t delayed progression of EGFR mRNA expression during  the first and second 

postnatal weeks, im plicating thyroid hormone's role in the tim ing of these 

developm ental events.

Overall, my results suggest that thyroid horm one regulates granule cell 

developm ent by regulating the expression of the EGF-family ligands and 

receptors, which directly influence post mitotic granule cell differentiation and /o r 

m igration.
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Materials and Methods

Animals

C57B16/J female and agouti CBA male m ouse breeding pairs were 

purchased from Jackson Laboratories (Bar H arbor, ME) and Charles River 

(Wilmington, MA). Breeding colonies were established and were checked daily 

for birth of new pups. Approximately equal num bers of male and female pups 

w ere used in this study. Animals were cared for and sacrificed in accordance w ith 

guidelines established by National Institutes of Health.

Hormone manipulation

Experimental hypothyroidism  was induced in developing pups beginning 

a t PI by treating the lactating mothers w ith PTU (Sigma, St. Louis, MO) at a 

concentration of 0.1% (w t/w t) in the food, and 0 .001% (w t/vol) in the drinking 

w ater. This dose insured 75% survival of nursing pups. As noted before, PTU 

passes through the m ilk of lactating m others and is the m ost effective w ay to 

inhibit production of thyroid hormone in postnatal rats (Wysocki and Segal,

1972).

Tissue and fluid collection

To m onitor serum  thyroid hormone levels during development of both 

norm al and PTU-treated animals, cardiac blood w as collected from 2-3 pups per 

litter of FI pups at P6 , P10, P12, P13, P14, P15, P18, P22, P38. Mice were 

decapitated and cardiac blood was quickly collected into microcentrifuge tubes, 

allowed to clot a t 4°C, and centrifuged at 10,000 X g  for 20 minutes at 4°C. Brains 

w ere removed from the skulls, the cerebella w ere separated by severing the 

peduncles, and these w ere snap-frozen on dry ice for subsequent mRNA analysis.
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For immunohistochemical staining experim ents, two pups per litter from  

C57B16/J mice were killed by CO2 asphyxiation at P6, P7, P9, P12, P14, and P22.

Whole brains w ere dissected and fixed in 4% paraform aldehyde in phosphate 

buffer saline (PBS; 10 mM sodium  phosphate, 140 mM sodium  chloride, pH  7.4). 

After fixation, the brains were cryoprotected in 30% sucrose, paraffin em bedded, 

and sagital 5 fun sections w ere generated using a microtome.

T4 Radioimmunoassay

Hypothyroidism  in experim ental anim als was confirmed by collecting 

cardiac blood a t day of sacrifice and m easuring total thyroxine (T4) in the serum

using a commercially available radioim m unoassay kit (Coat-a-Count, Diagnostics 

Products Corporation, Los Angeles, Ca.). Total T4 was m easured according to

m anufacture's recommendations. Briefly, 25 fil aliquots of serum  w ere mixed 

w ith Total T4 antibody-coated tubes and 1.0 ml 125I-T4 (0.05 f i d / ml). Samples

were incubated for 1 hour at 37°C. Subsequently, the supernatant of each sample 

was aspirated and the antibody-antigen complex was counted in a gamma 

counter. Total T4 standards ranged from  0- 24 /zg/dL.

Isolation o f cytoplasmic RNA

Total cytoplasmic RNA w as prepared from dissected cerebella as 

previously described (Lazar and Blum, 1992). Briefly, tissue w as rem oved from - 

80°C storage, placed into the barrel of a tuberculin syringe, and thaw ed for about 

1 minute. Tissue was homogenized in  ice cold ribonudease-free lysis buffer (10 

mM Tris-HCL, pH  7.4,1.5 mM MgCl2/ 5% Nonidet P-40,0.25% sodium

deoxycholic ad d , 0.3 M sucrose). Lysates were layered over a sucrose cushion (10 

mM Tris-HCl, pH  7.4,1.5 mM MgC12,0.4 M sucrose) and centrifuged at ~ 5000 x g 

for 10 m inutes at 4*C. Cytoplasmic fractions in the supernatant were recovered
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and treated w ith 0.2 m g /m l proteinase K, 0.03 vol. 5 M NaCl, and 0.1 vol. 10 x 

SET buffer (1 X SET: 1% SDS, 5 mM EDTA, 10 mM Tris-HCl, pH  8.0) for 1 hour at 

45°C. Phenol-chloroform and chloroform extractions w ere then perform ed. The 

cytoplasmic RNA fractions w ere precipitated at -20° C w ith 2 vol. 4.5 M sodium  

acetate and the RNA sam ples to be assayed were recovered by centrifugation a t ~ 

16,000 x g for 20 m inutes a t 4°C. The pellets w ere w ashed w ith 70% ice-cold 

ethanol, dried, and resuspended in DEPC-treated w ater. RNA concentrations 

were determ ined by a spectrophotom eter using OD 260 readings. Agarose gel 

electrophoresis w as perform ed to confirm that the RNA w as intact and free of 

DNA. Aliquots of RNA sam ples were dried and resuspended in 30 p\ 

hybridization buffer (80% form am ide, 40 mM PIPES, pH  6.7,1 mM EDTA, pH  8.0, 

0.4 M N aC l), and stored a t -80°C until use in RNAse protection assays.

Preparation of DNA tem plates for in vitro transcription of RNA standards and 

32P-labeled antinsense riboprobes

The plasmid pmTGF-a 373, constructed w ith the Bluescript II/KS (+) 

vector (Stratagene), contained 373 bp BAMHl/ AV AI fragm ent obtained from  the 

5' end of a 1400 bp TGF-a genom ic Sau 3AI sequence, generously provide by Dr. 

R Derynck (Wilcox and Derynck, 1988). The preparation of DNA tem plates for in 

vitro transcription, the in v itro  transcription reaction, the purification of the probe 

and RNA standards were perform ed as previously described in  detail (Blum,

1989; Lazar and Blum 1991).

The plasm id Spel /  Apal mouse EGFR cDNA constructed w ith 

Stratagene Bluescript KS (+) vector containing a Afl III/A/7 II 624 bp fragm ent 

w as generouly provided by  Dr. S.A. Orellana (Orellana et al., 1995). A 

shorter, .235 kd fragm ent w as produced by enzym atically restricting the Afl 

III/ Afl II fragm ent at the 5' end for the antisense riboprobe and at the 3' end for
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the sense RNA standards. The in vitro transcription reactions, the purification of 

the probe and RNA standards w ere perform ed as previously described (Blum, 

1989; Sambrook e t al., 1989; Lazar and Blum, 1992).

TGF-a and EGFR solution hybridization ribonudease protection assays 

Solution hybridization assays w ere perform ed as described in detail 

previously (Sambrook et al., 1989; Lazar an d  Blum, 1992). RNA standards were 

prepared w ith increasing quantities of in v itro  synthesized sense-strand RNA. 

A liquots of total yeast RNA were added to all tubes of a given assay to equalize 

the total quantity of RNA. TGF-a standards ranged from 0.312-10 pg and EGFR 

standards ranged from 0.5-20.0 pg. All standards w ere in a final volume of 30 g 1 

hybridization buffer (see above). Samples contained 5-20 fig of RNA and were 

processed in  a sim ilar fashion. Samples w ithout RNA sense strand controlled for 

degradation of the probe itself. Excess radiolabeled riboprobe (1 fil of 100-200 

p g / fil) w as added to each tube. Samples w ere heat denatured at 85°C for 10 

m inutes and transferred to a 45°C w ater bath  for solution hybridization 

overnight (16-18 hours). Samples were then incubated with 300 fil RNAse 

digestion m ixture (40 fig/m l RNAse A, 2 fig /m l RNAse Tl, 10 mM Tris-HCl, pH  

7.5,5 mM EDTA, pH  8.0,300 mM NaCl) for 1 hour a t 37°C, treated w ith 0.1 

m g /m l proteinase K (15 minutes at 37°C in  the presence of 1% SDS). The RNA 

w as then extracted w ith phenol-chloroform and precipitated w ith ethanol w ith 15 

fig of total yeast RNA added. Pellets containing RNArRNA hybrids were 

recovered by  centrifugation, w ashed w ith ethanol, dried and resuspended in 7 ftl 

gel-loading buffer, and electrophoresed on 4% nondenaturing acrylam ide gels. 

D ried gels w ere exposed to X-ray film. Protected bands of predicted size were 

quantified by  densitom etry using a M olecular Dynamics phosphor-imager. A 

regression line w as generated by plotting the am ount of RNA of the standards
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against the measured density of the protected bands. Sample RNA 

concentrations were calculated by interpolation from the regression line and 

dividing by the total RNA in each sample.

EGFR Immunohistochemistry

Tissue slides w ere deparaffrnized in xyline and rehydrated in  progressive 

ethanol/w ater solutions. Antigen unm asking was perform ed w ith heat 

treatm ent by placing slides in a container w ith 10 mM citrate buffer (pH  6.0), and 

heating in a microwave oven for 5 m inutes twice, each time w ith fresh buffer. To 

visualize EGFR, the tissue was incubated w ith anti- EGFR at 4°C overnight (2 

/ig /m l, rabbit polyclonal; Santa C ruz, Santa Cruz, CA), HRP anti-rabbit 

secondary antibody for 3 hours a t room  tem perature (1:200 Am ersham , 

Arlington Heights, IL), and the DAB staining kit (Vector Laboratories, 

Burlingame, CA). A w estern im m unoblot analysis of cerebellar homogenates 

was performed, as described in detail in  W eickert et al., 2000, to confirm  the 

specificity of the antibody. I detected one major band at 170 kDa (see Figure 31). 

Astrocytes were identified by a rabbit polyclonal antibody to GFAP (1:50; 

Biomeda Corp., Foster City, CA) and visualized as described for EGFR. Sections 

w ere counter-stained w ith toluidine blue (to visualize the nuclei of cells) before 

m ounting. No immunostaining w as observed in tissues incubated w ithout 

prim ary antibodies (not shown).

Statistical Analysis

Statistical analysis was done using Statview (Abacus Concepts, Berkeley, 

Ca). A factorial (two- way) ANOVA w ith a post hoc Fisher F test w as 

perform ed for all analyses. Five to 15 sam ples per time point were analyzed for 

the thyroid hormone profile and 3 to 4 sam ples per time point w ere collected for
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the TGF-a and EGFR mRNA profiles. The EGFR im rnunoreactivity profile (Figure 

5) represents the m eans o f 3-4 fields per sagital sections from  two separate 

experiments (n= 2 per tim e point). Data are presented as the mean ±- standard 

error (S.E.M ±) of m easurem ent. Significance w as set a t p < 0.05.

Results

Postnatal thyroid horm one profiles of norm al and PTU -treated mice

I assessed the levels of total thyroxine (T4) in  the serum  of both normal

and PTU-treated mice a t specific time points from P6 to P38 (Figure 4). In normal 

mice, notal T4 levels increased from 0.43 /xg/dL a t P6  to a  maximum of 8.2 /xg/dL 

at P15. After P15 T4 levels decreased (4.0-5.0 /xg/dL) starting  a t P22 through P38 

w here they rem ained through puberty and young adulthood (data not shown).

In contrast, serum  levels of PTU-treated mice were below  the minimum 

detectable dose of the assay (< 1 fig/ dL), indicating that they were hypothyroid.

TGF-a expression in  the developing cerebellum  of norm al and hypothyroid 

mice

To determ ine w hether experimental m anipulation of T4 levels could alter 

levels of TGF-a and EGFR mRNA expression in the cerebellum , tissues were 

collected from norm al and hypothyroid mice and mRNA’s w ere quantified by a 

nuclease protection assay. Figure 5 (panel A) shows the developm ental profile of 

TGF-a mRNA expression in  the cerebella of both treatm ent groups. In normal 

mice, TGF-a mRNA expression w as highest at P6 (0.16 ± 0.031 pg//xg RNA), the 

earliest time point m easured, and decreased more than 50% by P10 

(0.07 + 0.015 pg//xg RNA) and P14 (0.07 ± 0.013 pg//xg RNA). In contrast to 

norm al mice, levels of TG F-a mRNA in hypothyroid m ice showed an increase,
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rather than a decrease over the first two weeks of developm ent. In hypothyroid 

mice, TGF-a mRNA expression w as ten-fold lower than control levels a t P6 (0.016 

±0.003 pg/f ig  RNA), b u t increased to norm al levels by P10 (0.053 ± 0.033 pg  / f ig  

RNA), and P14 (0.12 ± 0.038 p g / fig RNA), and decreased by 1*22 (0.055 ± 0.0060 

pg/ f ig  RNA).

EGFR mRNA expression in the developing cerebellum of normal and 

hypothyroid mice.

Figure 5 (panel B) show s the developmental profile of EGFR mRNA 

expression of norm al and  hypothyroid mice. EGFR mRNA levels of norm al mice 

were highest at P6 (1.0 ±0.17 pg/ f ig  RNA) followed by a sharp 75% decrease a t 

P10 (0.25 ± 0.012 p g / fig RNA), that leveled off by P14 (0.38 ± 0.017 pg /^g /R N A ) 

and decreased three-fold a t P22 (0.16 ± 0.017). In hypothyroid mice, EGFR mRNA 

levels were 5% and less o f control values at P6 (0.05 ±-0.012 pg/f ig  RNA) and P10 

(0.023 ± 0.002 p g /fig RNA), bu t increased to norm al levels by P14 (0.32 ±0.089 

pg/ f ig  RNA) and P22 (0.13 ± 0.01 pg /fig RNA).

EGFR immunoreactivity (EGFR-IR): developmental expression profiles in the 

cerebella of normal and hypothyroid mice

The previous experim ent suggested that thyroid horm one up-regulated 

TGF-a and EGFR mRNA levels in  the developing cerebellum. Since neurotrophic 

factors affect both neurons and glia, I wanted to determ ine the cell types that had  

the potential to respond directly to EGFR-ligands. In  addition, I wanted to 

determ ine the possible effects of hypothyroidism  on the tim ing of developm ental 

events in  the cerebellum  since I dem onstrated alterations in  the timecourses TGF- 

a  and EGFR expression. Therefore, I perform ed immunohistochemical staining 

experim ents to determ ine the regions w ithin the cerebellum  where EGFR was
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localized during postnatal developm ent in  norm al mice, and w hether the lack of 

thyroid horm one affected EGFR expression, localization, an d /o r the kinetics of 

postnatal developm ent.

Figure 6  illustrates the distribution of EGFR-immunoreactivity (EGFR-IR) 

in the cerebellum of norm al (panels A, C, E, and G) and hypothyroid (panels B, D, 

F, and H) mice. Panel I shows a w estern blot w ith a signal at 170 kDa 

representing EGFR in cerebellar hom ogenates and 431 cell lysates w here the 

EGFR gene is am plified. A t P6 (panels A and B), the most intense EGFR-IR w as 

localized to the inner segment of the EGL, also known as the pre-m igratory zone, 

of both treatm ent groups. Additionally, in  norm al mice (panel A) EGFR-IR was 

detected in the leading processes of "spindle- shaped" cells next to the pre- 

migratory zone (panel A inset), suggestive of m igrating granule cells (Altman, 

1972; Altman and Bayer, 1997). A t P6, more of these cells were observed in 

normal cerebella than in hypothyroid cerebella.

At P9, intense EGFR-IR w as observed in  the pre-m igratory zone of the 

EGL and the cell bodies of Purkinje cells of both treatm ent groups (arrows; panels 

C and D). W hile in norm al mice, EGFR-IR was dense in the IGL region in 

apposition to the Purkinje cell layer; EGFR-IR was lighter and m ore sparsely 

distributed in cerebellar IGL of hypothyroid mice (arrowheads). In norm al 

cerebella, the cells of the inner zone of the EGL were loosely packed, indicative of 

their recent m igration through the molecular layer; bu t in hypothyroid cerebella, 

cells of this inner zone were more densely packed. A t P9 in norm al mice, EGFR- 

IR was also observed in  cells w ithin the molecular layer. These cells m ay could 

either be m igrating granule cells, or basket cells, known to be located in the 

molecular layer in  the vicinity of Purkinje cells, since there is an overlap of 

granule cell m igration w ith the peak of production and differentiation of basket 

cells at this postnatal age.
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A t P14 (panels E and F), more dense EGFR-IR w as observed in the EGL of 

hypothyroid than in  norm al cerebella (black arrow s). W hile EGFR-IR was 

present in the cell bodies (white arrowheads), apices and apical dendrites (dotted 

arrow) of Purkinje cells in  norm al animals, only the cell bodies of Purkinje cells 

were im m unopositive in hypothyroid tissue. M oreover, m any EGFR-IR cells 

were found in  the m olecular layer in proxim ity to Purkinje cells in normal 

cerebella (white arrow s), bu t not in hypothyroid tissue. These cells may 

represent m igrating granule cells nearing their destination (the IGL) an d /o r 

basket cells. How ever, in  the hypothyroid tissue, there w as no im m unostaining 

w ithin the m olecular layer a t P14. In normal anim als, the distribution of EGFR- 

IR in the IGL was patchy. In contrast, little to no EGFR-IR was observed in 

hypothyroid cerebella.

A t P22 (panels G and H), strong im m unoreactivity was present in cell 

bodies and apical dendrites (white arrowheads and black dotted arrow) of 

Purkinje cells of both norm al and hypothyroid cerebella. There w as a decrease 

in the num ber EGFR-IR cells in the molecular layer of norm al tissue and an 

increase in  the apparent density of EGFR-IR cells in the molecular layer of 

hypothyroid tissue (white arrows).

The EGL consists of proliferating and postm itotic cells preparing to migrate 

to the IGL. The localization of EGFR-IR to the internal segm ent of this layer 

indicates that this receptor m ay play a role in  post-m itotic pre-m igratory events. 

From the previous experim ent, it appeared that in the absence of a thyroid 

horm one-dependent signal, the pattern of EGFR-IR staining in the EGL was 

altered. In order to quantify the effect of thyroid horm one on the expression of 

EGFR in granule cells of the EGL, I calculated the thickness of EGFR-IR labeling at 

postnatal ages P6, P9, P12, P14, and P22. EGFR-IR w as restricted to the inner 

segm ent of the EGL, as described above. Percentages of EGFR-IR cells in the EGL
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w as calculated by counting EGFR-IR profiles in  a strip  extending from the end of 

the molecular layer to  the pial surface, and dividing by the total num ber of cell 

profiles, identified by  toluidine blue, in the same strip . Counts from adjacent 

sections (n= 2-3) and fields (n= 4-5) and two separate experim ents contributed to 

the m ean (Figure 7). Results dem onstrate that a t P6 , the percentage of 

im m unoreactive profiles in  the EGL was significantly lower in hypothyroid tissue 

than in norm al tissue (p < .02). No significant differences in the percentage of 

EGFR-IR profiles in the EGL between norm al and hypothyroid animals were 

observed a t P9 and P12, bu t a t P14, the situation reversed, and the percentage of 

EGFR-IR in the EGL of hypothyroid cerebella w as significantly greater than  that 

of norm al anim als (p < .05).

EGFR immunoreactivity does not co-localize w ith GFAP expression in normal 

P7 mouse cerebellum

EGF receptors are expressed on various neuronal subtypes (Gomez-Pinilla 

et al., 1988; W erner e t al., 1988; Birecree et al., 1991), bu t EGF-family ligands are 

also well known to be m itogenic for astrocytes (Leutz and Schachner, 1981; 

H onegger and G uentert-Lauber, 1983; H uff et al., 1990; Casper et al., 1991). In 

order to determ ine w hether the pattern of EGFR-IR represented neuronal or glial 

expression, I perform ed im m unohistochem istry on tissue sections for glial 

fibrillary protein, an astrocyte-specific m arker (Bignami and Dahl, 1974), and 

EGFR im m unohistochem istry on adjacent sections. Figure 8 illustrates the 

distribution of both antigens w ithin cerebella of P7 mice. GFAP-IR was localized 

to Bergmann glia, extending from  the pial surface through the EGL in evenly 

spaced, w inding fibers (white arrowheads; panel A), becoming m ore uniform ly 

and diffusely distributed in the molecular layer (black arrowheads). In contrast, 

EGFR-IR was more cellular (black arrows; panel B), staining rounded cell bodies
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w ithin the internal segm ent as described and illustrated earlier (Figure 6). This 

non-overlapping distribution suggests that EGFR-IR is localized to developing 

granule cells.

Discussion

The study presented here was initiated to investigate the role of thyroid 

hormone, and  the lack thereof, on the expression of EGFR and its ligand, TGF-a, 

in the developing cerebellum of the mouse. Thyroid hormone is known have 

significant effects on the developing cerebellum of rats. Studies have 

dem onstrated that hypothyroidism  delays the disappearance of the EGL by 

extending the proliferation phase of presum ptive granule cells and slowing the 

m igration of granule cells towards the IGL (Nicholson and Altman, 1972; Lauder, 

1979). Furtherm ore, parallel fiber outgrow th is retarded, resulting in a 

perm anent deficit in their length (Lauder, 1978). The resulting granule cell death 

seen in hypothyroidism  is believed to result from the failure of parallel fibers to 

make connections w ith Purkinje cell dendritic spines that may offer trophic 

support (Lauder, 1978). This failure, in  turn, delays the differentiation and 

m aturation of Purkinje cells (Rabie et al., 1979).

Thyroid horm one's effects are largely believed to be m ediated by thyroid 

hormone receptors which are nuclear binding proteins acting as positive and 

negative regulators of gene transcription. Peak expression of thyroid horm one 

receptor (TR) -a l is reported during the first three postnatal weeks in the 

cerebellum, coinciding w ith the postnatal increase in serum  thyroxine levels 

(Mellstrom et al., 1991; Bradley et al., 1993); additionally, TR-p2 has been localized 

in Purkinje cells (Strait e t al., 1991).

TG F-a and EGFR are reported to be present and highly regulated in 

germinal and differentiating fields throughout embryonic and postnatal rodent
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CNS development, suggesting that they play im portant roles, and m ay do so in a 

time- and region-specific m anner (Gomez-Pinilla et al., 1988; Seroogy et al., 1993; 

Seroogy e t al., 1995; Komblum et al., 1997). It has been reported that weaver mice 

were hypothyroid and had low  levels of striatal TGF-a mRNA and thyroid 

hormone adm inistration to P26 mice up-regulated TGF-a expression (Blum e t al.,

1999). My current study suggests that thyroid horm one regulates the expression 

of TGF-a and the expression and distribution of EGFR in the cerebellum.

Potential function of thyroid hormone in the regulation of TGF-a and EGFR 

gene expression

Granule cells in the EGL reach their peak of proliferation and m igration 

between P5 and P10 in mice (Miale and Sidman, 1961; Fujita, 1967). This time 

frame coincides with; 1) the period w hen serum  thyroxine levels begin rise 

(Figure 4) and 2) the period w hen TGF-a and EGFR mRNA levels are highest 

(Figure 5). These profiles suggest that thyroid hormone m ay initially stim ulate 

EGFR and TGF-a expression, bu t does not maintain these levels. This is 

supported by the observation that in hypothyroid anim als, these mRNAs do not 

achieve the high levels seen at P6-P10, but are seen to increase a t P14. Thus, it is 

possible that at low concentrations, thyroid hormone induces TGF-a and EGFR, 

but a t high concentrations, it decreases their expression. A lternatively, the 

presence of other factors may contribute to the down-regulation. A lthough in 

my experiments, serum  thyroid horm one levels dropped below levels of 

detection in PTU-treated animals a t all time points m easured, the delayed but 

increased expression of TGF-a and EGFR mRNAs suggests that other factors are 

also responsible for their regulation. Since the nuclease protection assay 

measures only steady state mRNA levels, it is possible that these alterations are 

achieved at the transcriptional or post-transcriptional levels. The mechanism of
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action of thyroid horm one on TGF-a, and EGFR gene expression rem ains to be 

determ ined. It is safe to speculate that thyroid horm one's mechanism of action is 

a t the transcriptional level given that a segm ent of the TGF-a gene prom oter has 

been found to be responsive, in  a dose dependent m anner, to thyroid horm one 

(Raja et al., 1991). A dditionally, binding sites for thyroid horm one receptors have 

been found in the EGFR gene prom oter (Thompson e t al., 1992; Xu et al., 1993).

Potential role of EGF-family ligands in the EGL

The induction and subsequent regulation of EGF-family members during 

the cerebellum’s active phase of development suggested potential roles in the 

proliferation, differentiation, an d /o r migration of granule cells. In order to 

determ ine the target of EGF-family-mediated effects, imm unohistochemical 

studies were performed on cerebellar tissue sections from  norm al and 

hypothyroid mice during postnatal development. I found that EGFR-IR (Figure 

6) largely paralleled EGFR and TGF-a mRNA levels as determ ined by nuclease 

protection assays (Figure 5 B). Moreover, EGFR protein expression was 

coincident with the neuroanatom ical patterns of post-m itotic granule cells in both 

the norm al and hypothyroid states (Figure 6). EGFR im m unoreactivity was co­

localized to the EGL’s inner zone at P6 . At later time points, P14 (Figure 6 C and 

D) and P22 (6 Figure G and H) staining diminished in the EGL, bu t persisted in 

granule cells migrating tow ards the IGL. The localization of EGFR protein w ithin 

these cells implicates that granule cells are targets for EGF-family ligands in vivo. 

M oreover, their localization to granule cells in the pre-m igratory, m igratory, and 

post-m igratory zones (inner EGL, molecular layer, and IGL, respectively) 

suggests that granule cells respond to their ligands after they have ceased to 

proliferate. If EGFR’s were involved in the proliferation of granule cells, then 

EGFR-IR would have been located in the proliferative zone of the EGL.
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Given that hypothyroidism  has been reported to extend the proliferation 

phase in the EGL (Nicholson and Altman, 1972), I m ight have expected that EGFR 

w ould be expressed on a  higher percentage of cells in the EGL. In contrast, m y 

results dem onstrate that the percentage of im m unoreactive cells in the EGL of 

hypothyroid mice w as even lower than that in  norm al mice at P6-P12 (Figure 7), 

w hen the peak of granule cell proliferation has been reported to occur (Fujita, 

1967; Fujita et al., 1967). Peak expression of EGFR-IR (expressed as the percentage 

of EGFR-IR cells) in the EGL of hypothyroid m ice occurred at P14 (when the EGL 

is significantly thinner), in  contrast to P6- P12 in  norm al cerebella, suggesting a 

shift EGFR expression in  this geminal zone.

Interestingly, although I observed significant shifts in the proportion of 

cells exhibiting EGFR-IR, I did not observe significant differences in the thickness 

of the EGL's postnatal profile (defined as the m ean num ber of cells counted 

across the EGL along 2-3 cerebellar folia in 2-3 adjacent sagital sections) between 

treatm ent groups a t all time points m easured an d  in two separate experim ents 

(data not shown). Therefore, it is unlikely that there w as an increase in 

proliferation of granule cells in hypothyroid mice, but rather a delay in 

postmitotic events related to migration of granule cells out of the EGL. A lthough 

one would expect a build up of of total cells due to a delay in migration, I 

speculate that a percentage of post-mitotic cells die, perhaps to this delay in  EGFR 

expression. One possibility is that EGFR is necessary for the extension of 

processes necessary for m igration and /o r  trophic support from other cells, e.g., 

Bergmann glia, given that EGFR signaling has been show n to be involved in  the 

survival of post-m itotic neurons in EGFR null m ice (Sibilia et al., 1998).

Thus, EGFR appears to play a role in the m igration of granule cells, as 

previously suggested (Seroogy et al., 1995; K om blum  e t al., 1997). EGFR and its 

ligands have been show n to aid migration of m any cell types, including com eal,
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liver, epithelial, and neural precursors (Bade and Feindler, 1988; Chen et al., 1994; 

Chen et al., 1994; Berens e t al., 1996; Craig et al., 1996; Thalmann-Goethsch et al., 

1997; Xie e t al., 1998). Threadgill et al., (Threadgill e t al., 1995) reported that EGFR 

null mice have retarded m igration of the EGL. Futherm ore, EGF-like motifs are 

common in certain molecules w ith  m igratory function, such as astrotactin and 

reelin (Hirotsune et al., 1995; Zheng et al., 1996)

During norm al developm ent of the cerebellum, pre-m igratory cells in the 

EGL are detected by P3 in mice (Fujita, 1967; Fujita et al., 1967). Two axonal 

processes are extended parallel to the long axis of the folia (parallel fibers), 

followed by the extension of a third process that is oriented perpendicular to the 

EGL, which descends into the underlying molecular layer, and grows tow ard the 

IGL (Miale and Sidman, 1961; Fujita, 1967; Fujieda, 1993). These fibers associate 

w ith radial fibers of Bergmann glia, believed to aid the m igration of granule cells 

tow ards the IGL (Rakic, 1971). In hypothyroidism, the m igration of granule cells 

out of the EGL is delayed and is believed to be related, in part, to retarded growth 

of both the parallel fibers and Bergmann glia (Lauder, 1979; Clos et al., 1980). 

Recent evidence shows that before post-mitotic granule cells m igrate out of the 

pre-m igratory zone of the EGL, they m igrate medially and laterally (Ryder and 

Cepko, 1994). It is significant that at P6 when the densest EGFR-IR (Figure 6 A 

and B) in the pre-m igratory zone was observed, coincides w ith m edial-lateral 

m igration and extension of parallel fibers. Also, I found that EGFR-IR was 

expressed in "spindle-shaped" cells and leading processes (Figure 6 A, inset), 

suggestive of m igrating granule cells (Altman, 1972; Altman and Bayer, 1997). It 

is likely that EGFR is located in  these processes, rather than Bergmann glia given 

that the pattern of GFAP and  EGFR immunoreactivity observed in the EGL of P7 

cerebella were observably different (Figure 8 A and B).
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The presence of strong EGFR-IR in  cells of the IGL, next to the Purkinje cell 

layer, in  norm al cerebella but not in hypothyroid cerebella, a t P14, m ay represent 

granule cells that have recently arrived (Figure 6 E and F). EGFR- 

im m unopositive cells were observed in the m olecular layer, near Purkinje cells, of 

norm al tissue bu t no t hypothyroid tissue a t P14 (Figure 6 E and F). These 

im m unopositive cells in the norm al cerebella may represent m igrating granule 

cells. M oreover, the num ber of im m unopositive cells and EGFR decreased by 

P22; conversely, an increase in EGFR-IR cells was observed in hypothyroid 

cerebella, com parable to that observed in  norm al tissue a t P14. Also, I observed 

dense EGFR mRNA labeling in the EGL, m olecular layer and IGL of hypothyroid 

cerebella than in norm al cerebella, in w hich EGFR mRNA appeared to be 

dow n-regulated. This is consistent w ith Lauder's (1979) study in which she found 

that, although the rate of m igration of granule cells ou t of the EGL was not 

delayed in hypothyroid animals, the rate of m igration in the molecular layer w as 

slower than in  norm al animals, consequently producing a "pile up" of m igrating 

granule cells near the Purkinje cell layer.

A t P221 did not observe any EGFR-IR in the EGL between treatm ent 

groups (data not shown). Moreover, I found that the EGL was reduced to 0-2 

cells thick, in both treatm ent groups, in num erous sections analyzed. In the IGL, 

a t this time point, EGFR-IR was diffuse around cell nuclei, suggesting a decrease 

in  the expression of EGFR in this zone. M oreover, the decrease in EGFR in the 

IGL suggests that this receptor m ay not be involved in the maintenance a n d /o r 

survival of m ature granule cells. The presence of EGFR-IR in the cell bodies and 

apical dendrites of normal Purkinje cells a t P14, and delayed expression in 

Purkinje cell processes horn hypothyroid anim als until P22 also suggests that 

EGFR-family ligands play a role in  the m aturation of Purkinje cells.
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EGF-receptor ligands are know n to be mitogens for a variety of cell types 

(Anchan et al., 1991; Casper et al., 1991; Reynolds et al., 1992; Santa-Olalla and 

Covarrubias, 1995), however evidence exists that these factors also have post­

m itotic activities (Abe et al., 1991; C asper et al., 1991; Abe and Saito, 1992; Alexi 

and  Hefti, 1993; Casper e t al., 1994). M isumi and Kawana (1998) EGFR mRNA 

expression overlapped w ith the neuronal m arker protein gene product 9.5 (PGP 

9.5), in  differentiating fields of em bryonic rats. In contrast, the proliferating 

neuroepithelium  of the germ inal trigone w as devoid of both EGFR mRNA and 

PGP 9.5. O ther studies suggest that EGFR m ight control post-m itotic events, since 

this receptor has been shown to be expressed in cerebellar Purkinje cells and 

cerebral cortical neurons throughout adulthood (Gomez-Pinilla et al., 1988; 

W em er et al., 1988; Tucker et al., 1993). A dditionally, EGFR null mice exhibit 

degeneration of the forebrain during the second postnatal week, suggesting that 

this receptor and its ligands are critical for the survival of postm itotic neurons. In 

conclusion, this study shows that thyroid hormone is im plicated in the induction 

of EGFR and its ligand, TGF-a. EGFR-IR and mRNA were largely expressed in 

post-m itotic cells and not in proliferating progenitor cells of the EGL, supporting 

the hypothesis that cells proliferate independently of EGFR (Komblum e t al.,

1997; M isumi and Kawano, 1998). M oreover, I show that EGFR may be 

im plicated in the differentiation, process outgrow th, an d /o r m igration of granule 

cells. Thus, the delay in granule cell m igration observed in the cerebella of 

hypothyroid anim als may occur, partly , to a delay in EGFR expression and its 

ligands, suggesting that thyroid horm one directly or indirectly regulates their 

expression.
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Figure 4: Developm ental p ro files of serum  T( in  C57B16/ J X CBA FI mice: 

control vs. PTU treatm ent. Serum  T4 levels were m easured by 

radioimmunoassay, as described in the Materials and M ethods section, and are 

expressed as concentrations in  /tg /dL . Each data point represents the mean for 

n=5-15 samples (±SEM) for control (closed squares) and PTU-treated (open 

circles) animals. Note that serum  T4 levels of hypothyroid mice were below the

m inim um  detectable dose of the assay (1/tg/dL).
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Figure 5. D evelopm ental expression o f TG F-a and EGFR mRNAs in  the 

cerebellum  of norm al and hypothyroid C57B16/J X CB A F I m ice M essenger 

RNA abundance w as determ ined by nuclease protection assays, as described in 

the M aterials and Methods section. Panel A: data points represent m ean values of 

TGF-a mRNA abundance, expressed in pg//xg total RNA, for norm al (closed 

squares; n=4-14 per time point) and hypothyroid (open circles; n=2-7 per time 

point) mice ± SEM. Asterisks denote statistical significance between control and 

hypothyroid values a t P6, p **< 0.003. Panel B: data points represent mean values 

for EGFR mRNA abundance in  the cerebellum of norm al mice (closed squares; 

n=3), and  hypothyroid mice (open circles; n=3). Asterisks denote statistical 

significance between control and hypothyroid values for particular time points, p 

* < 0.03, p ***< 0.0003.
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Figure 6: Im m unohistotochem ical localization o f EGFR in postnatal cerebella 

of norm al and hypothyroid mice. Tissue sections from control and PTU-treated 

mice were processed for im m unohistochem istry w ith a polyclonal antibody to 

EGFR. All panels are bright-field photom icrographs of sagital sections in  which 

immunoreactivity is brown, and counterstained nuclei are blue. Panels A, C, E, 

and G depict staining in norm al anim als; panels B, D, F, and H  depict staining in  

hypothyroid animals, a t postnatal days 6 ,9 ,14 , and 22 for both. Black arrow s 

point to im m unoreactivity in the inner segm ent or pre-migratory zone of the 

EGL. White arrows point to EGF-IR "spindle- shaped" cells with leading processes 

(panel A, inset), and EGF-IR cells in the ML (panels A, C, E, G, and H). W hite 

arrowheads points to im m unoreactivity in the Purkinje cell soma (panels C-H); 

black arrowheads points to EGF-IR in the IGL (panels C, D, E, and H). Broken 

black arrows identify EGF-IR apical dendrites (panels E and G). Scale bar = 100 

fim  for all micrographs. Panel I: EGFR w estern blot of A431 cell lysate (positive 

control; 2 /ig), and mouse cerebellar hom ogenate (Cb; 9 /tg), dem onstrating a 

major band at MW 170 kDa.
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Figure 7: H ypothyroidism  produces a delayed increase in the percentage EGFR- 

IR cells in  the EGL of postnatal m ice. Percentages of EGF-IR cells the EGL w ere 

calculated to be the ratio of im m unolabeled cell profiles over the total num ber of 

cell profiles (x 100) that spanned the w idth of the EGL a t specified times in 

postnatal developm ent. Data points represent m ean values for norm al (n=3-4; 

closed circles) and hypothyroid (n=3-4; open circles) (±SEM). Note that at P6 , this 

percentage was significantly low er in  hypothyroid cerebella (p **< .02) com pared 

to norm al cerebella; w hereas, a t P14 the percentage of EGFR-IR was significantly 

greater in hypothyroid cerebella than in normal norm al cerebella by P14 (p *<

.05).
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Figure 8: GFAP-IR and EGFR-IR in  the EGL and m olecular layer o f postanatal 

cerebella. All panels are brigh t field sagittal sections. Panel A show s the 

immunocytochemical localization of GFAP-IR in P7 hypothyroid cerebella; white 

arrow head shows im m unoreactivity in the EGL; black arrow head shows 

im m unoreactivity in  the m olecular layer (ML). Panel B shows EGFR-IR in the 

EGL of P6 hypothyroid cerebella; black arrow s shows im m unoreactivity in the 

EGL; Scale bar = 100 fim.
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C hapter 3

Thyroid Horm one Regulates C erebellar Developm ent: The Roles of 

Epiderm al G row th Factor-Ligands and Basic Fibroblast G row th Factor In  V itro
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Abstract

Horm ones and grow th factors are known to have significant effects on 

cerebellar cell developm ent, b u t the relationship between these two types of 

molecules is not well understood. W hile previous studies utilized culture 

systems w ith purified or enriched populations of neurons or glia, I examined the 

effects of thyroid hormone on m ixed cultures of cerebellar granule neurons and 

several types of glia, thus perm itting biologically relevant neuronal-glial 

interactions. I found that L-triiodothyronine (T3) had differential effects on 

neurons and glia, depending on cell density. A t low plating densities, T3 

accelerated neuronal and glial differentiation and a switch in  astrocyte 

morphology from radial to vellate. A t high densities, T3 decreased proliferation 

of non-neuronal cells. W estern blotting of cell lysates show ed that T3 treatm ent 

regulated levels of epiderm al grow th factor receptor (EGFR), and basic fibroblast 

growth factor (bFGF) proteins in  opposite directions; attenuating bFGF, but 

inducing EGFR. Taken togehter these results suggest that the actions of T3 are 

mediated by dow n-regulating bFGF, w hich may be involved in  earlier 

developmental events such as proliferation, and by up-regulating EGFR, which 

m ay mediate later, post-m itotic events such as differentiation.
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Introduction

Thyroid horm one has a significant influence on cerebellar developm ent, 

and in particular, events associated w ith granule cell proliferation and 

differentiation. While experim ental hyperthyroidism  causes prem ature 

term ination of granule cell proliferation the external granule cell layer (EGL) and  

accelerated granule cell m igration toward the internal granule cell layer (IGL) 

(Nicholson and Altm an, 1972; Lauder, 1979), hypothyroidism  delays the 

disappearance of the EGL, resulting in the delayed m igration of granule cells 

tow ard to IGL (Nicholson and Altman, 1972; Lauder, 1977; Lauder, 1979; Carrasco 

et al., 2001). A num ber of studies have also investigated the role of thyroid 

horm one on granule cell developm ent, bu t their results have disagreed regarding 

w hether granule cells are a direct or indirect target of thyroid hormone (Balazs et 

al., 1985; Messer et al., 1985; Heisenberg et al., 1992). These studies used purified 

neuronal cultures p lated at sim ilar densities in  serum -free m edium  and treated 

w ith similar concentrations of T3, the biologically active form  of thyroid horm one.

The factor that varied am ong them  was schedule of T3 treatm ent; a siginicant 

increase in granule cell survival and diffem tiation w as observed only in cultures 

treated with a single dose of T3 (Heisenberg et al., 1992). A dditional studies have 

reported that conditioned m edium  obtained from  astrocytes treated w ith T3

increased proliferation of em bryonic cerebellar neuroblasts (Gomes et al., 1999), 

induced morphological changes of early postnatal cortical astrocytes and 

proliferation in cerebellar astrocytes (Trentin e t al., 1995). These results suggest 

that T3 may stim ulate the secretion of other factors, essential for neural and glial

developm ent. In vivo and in vitro studies have show n that thyroid hormone 

influences mRNA and protein expression of other neurotrophic factors such as 

neurotrophins (Lindholm et al., 1993; Neveu and Arenas, 1996).
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Members of the epiderm al growth factor (EGF) and fibroblast growth 

factor (FGF) families are potent m itogens for cells of the CNS (Leutz and 

Schachner, 1981; Simpson et al., 1982; Kniss and Burry, 1988; Huff e t al., 1990; 

Kitchens et al., 1994) though they have also been shown to prom ote a range of 

developmental functions, including survival, migration and differentiation 

(M orrison et al., 1986; H atten et al., 1988; Morrison et al., 1988; Luo et al., 1997; El 

Idrissi e t al., 1998). Their influence appears to depend on the biological, spatial, 

and temporal context in  w hich they are placed (Abe et al., 1990; Abe e t al., 1991). .

Basic FGF (bFGF) is reported to play a role in the developm ent of granule 

cells, and in vitro, affecting a w ide range of developmental events, depending on 

culture conditions. For example, in re-aggregates of granule cell neuroblasts, 

bFGF stim ulated proliferation, whereas in monolayers, it stim ulated 

differentiation (Gao et al., 1991). In vivo. bFGF has been im plicated in  cerebellar 

neurogenesis (Hatten et al., 1988). Peripheral injections of bFGF increased the 

proportion of mitotic granule cells (Tao et al., 1996; Cheng et al., 2001), and 

conversely, intraventricular treatm ent w ith anti-bFGF antibodies decreased DNA 

synthesis in the cerebellum (Tao et al., 1997). From what is known about the 

actions of thyroid hormone, the actions of bFGF clearly overlap, but little is 

known about the interaction betw een thyroid hormone and bFGF in the CNS. 

One study showed that bFGF increases the mRNA expression of type 3 

iodothyronine deiodinase (an enzyme that metabolizes thyroid horm one to 

inactive metabolites) in cultured ra t astrocytes (Pallud et al., 1999). A second 

study found that high concentrations of bFGF, in cardiac ventricles, w ere 

associated with physiological and experimentally induced hypothyroidism  in rats 

(Liu et al., 1993).

Thyroid horm one upregulates the num ber of EGF binding sites or 

receptors (EGFR) in brain, bu t not in lung (Sadiq et al., 1985). In chapter 2 , 1
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provide evidence implicating a role for EGF-family ligands in the post-mitotic 

developm ent of granule cells, and the regulation of this pathw ay by thyroid 

hormone (Carrasco et al., 2001). I found that hypothyroidism  transiently 

attenuated the expression of EGFR mRNA in m ouse cerebellum and that EGFR 

mRNA and protein was localized to the pre-m igratory zone of the EGL, where 

post-mitotic granule cells are found.

Previous studies that have investigated the effect of thyroid hormone on 

cerebellar cells have used either pure neuronal or pure glial cultures. In contrast, 

the culture system I used for this investigation is characterized by the presence of 

granule neurons, glial cells consisting of m ainly astrocytes, and fibroblasts 

(Trenkner, 1991). I chose this system  because it best sim ulates the in vivo 

environm ent, in that it allows for neuronal-glial interactions that m ay dictate, or 

m odulate developmental events. In this study Iexamined the effects of T3 on 

proliferation and differentiation of neurons and glia, and analyzed the effects of 

T3 on the expression of EGFR and bFGF.

M aterials and M ethods 

Prim ary cultures of dissociated postnatal m ouse cerebellum

Animals were cared for and sacrificed according to institutional guidelines. 

Cerebellar mixed cell cultures were prepared from  postnatal days 6 and 7 

C57B16/J mice, as previously described (Trenkner, 1991). After enzymatic and 

mechanical dissociation, single-cell suspensions were plated on poly-D-lysine- 

coated 24-well plates. Cells were plated at 1.5 x 10s cells/1.8 cm2 and 2.0 x 105 

cells/1.8 cm2 in Eagle's Basal Minimal Essential M edium (DMEM; Sigma, St. Louis, 

MO) supplem ented w ith 0.25% glucose, 2 mM glutam ine, 10% fetal calf serum, 10 

U /m l penicillin and 10 /zg/ml streptomycin. The day of plating was defined as 

day in vitro zero (DIV 0). On DIV 1, the m edium  was changed to chemically
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defined medium, containing equal volumes of M inimal Essential Medium w ith 

Earle’s salts and G lutam ax I, and Ham's F-12 nutrient m ixture, and supplem ented 

w ith 25 mM glucose, 25 mM sodium  bicarbonate, 15 mM  HEPES, 25 /xg/ml of 

insulin, 100 fig /m l of transferrin, 60 fiM putresdne, 20 nM  progesterone, 30 nM 

sodium  selenite, 50 U /m l penicillin and 50 Mg/ml streptom ycin, as described 

previously (Casper e t al., 1991).

Thyroid horm one treatm ents were given by the addition of a concentrated 

T3 (Sigma) ethanol stock solution to the medium, yielding a final concentration of 

2 ng /m l, a physiological dose (Messer et al., 1984; Lindholm  et al., 1993; M uller et 

al., 1995), with a final ethanol concentration of 0.14%. T3-treated cultures were 

com pared to control cultures w ith ethanol. I found no significant differences 

between control cultures and control cultures containing ethanol in all param eters 

m easured (p > 0.05). C ultures were maintained in a hum idified incubator in an 

atm osphere of 5% CO2, 95% air. Cells were fixed and processed for the analyses

described below on DIV 3, DIV 5 and DIV 7.

Immunocytochemistry

After T3 treatm ents, cultures were fixed for 30 m inutes a t room  

tem perature in 4% paraform aldehyde in phosphate buffered saline (PBS; 10 mM 

sodium  phosphate, 140 mM  sodium  chloride, pH  7.4). After fixing, cultures were 

w ashed twice for 5 m inutes w ith PBS and perm eabilized w ith 95% ethanol/5%  

acetic add  for 5 m inutes a t -20°C. This was followed by blocking non-specific 

binding sites w ith 3% horse serum  and 0.2% Triton-X in  PBS for 30 minutes. 

C ultures were then incubated overnight at 4#C w ith prim ary antibodies. PHF-1, 

an antibody raised against paired helical filaments that stains ra t neurons, was 

used to identify neurons (Greenberg et al., 1992); diluted 1 to 10); anti-glial 

fibrillary addic protein (GFAP) w as used to identify astrocytes (Boehringer-
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Mannheim; dilu ted  1 to 50); O l (Boehringer-Mannheim) and galactocerebroside 

(GC, Chemicon, Temecula, CA) antibodies w ere used to identify 

oligodendrocytes. Double label imm unocytochem istry for GFAP and A2B5 

(Boehringer M annheim) w as used to identify type 2 astrocytes. After incubation 

w ith prim ary antibodies, cultures were w ashed w ith PBS and incubated w ith 

biotin-conjugated secondary antibodies. For visualization of single-label 

imm unocytochem istry, the peroxidase Vectastain anti-m ouse ABC kit w ith 

diam inobenzidine (DAB) w as used (Vector Laboratories, Burlingame, CA). For 

double-label immunocytochemistry, alkaline phosphatase-conjugated 

streptavidin (Vector) and fast red (Sigma) w ere used to visualize a second 

epitope. Cells that displayed imm unoreactivity for these antibodies are 

designated w ith a ,,+” superscript. Total cell num ber and neuronal, astrocytic, and 

oligodendrocytic elem ents were quantified by counting cells of each type in 4-6 

fields of 3-4 replicate dishes under 200 X magnification under phase optics for 

total cell counts, o r bright-field optics to quantify imm unostained cells.

BrdU incorporation

Proliferating cells w ere identified by 5-bromo-2’-deoxyuridine (BrdU) 

incorporation into cellular DNA. BrdU (Amersham, Arlington, IL; diluted 1:1000) 

w as diluted in the culture medium for 21 hours, after which the cells were fixed 

and processed for imm unocytochem istry as described above, with an anti-BrdU 

mouse monoclonal antibody (Amersham; diluted 1:5). BrdU-labeled cells and total 

cells were counted in  4-6 fields of 3-4 replicate dishes under 200 X magnification 

using bright-field and phase optics, respectively. A proliferation index was 

calculated by dividing the number of BrdU*- cells by the num ber of total cells x 

100.
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Western blotting

EGFR and bFGF protein levels w ere quantified in lysates of mixed 

cerebellar cultures by W estern blot analysis. Cells were harvested a t 4°C in lysis 

buffer (50 mM Tris-HCl, pH  7.4,1% N P-40,0.25% deoxycholate, 150 mM NaCl, 1 

mM EGTA, 2 mM PMSF, 4.4 /iM leupeptin, and 0.83 /tM aprotinin). The lysates 

were then  sonicated for 5 seconds. A liquots were stored at -70°C until protein 

determ ination and SDS-PAGE (sodium  dodecyl sulfate polyacrylamide gel 

electrophoresis). Protein content was determ ined by the Biorad protein assay, a 

Bradford based assay (Bio-Rad, Herculis, CA). Twenty microgram protein 

aliquots w ere loaded onto 7.5% acrylam ide gels for EGFR blots (MW 170 kD) or 

50 fig p ro tein  aliquots were loaded onto 12% acrylamide gels for bFGF blots (17- 

21 kD). Proteins were electro-transferred to 0.45 fim  PVDF m em branes 

(M illipore, Bedford, MA). When transfers were complete, m em branes were 

incubated w ith 2 fig /m l of sheep anti-hum an EGF Receptor (Upstate 

Biotechnology Inc. (UBI), Lake Placid, NY), 5 gg /m l of mouse anti-hum an bFGF 

(UBI) and  2.5 fig/m l of mouse anti-actin (Calbiochem, San Diego, CA). Both of 

these antibodies cross-react w ith rodent homologues. After incubation w ith 

prim ary antibodies, membranes were w ashed and incubated w ith horseradish 

peroxidase-conjugated secondary antibodies (Amersham). Enhanced 

chemiluminescence (ECL or ECL Plus, Amersham), followed by exposure to X- 

ray film, w as used to detect protein signals. Signal intensities were quantified 

using densitom etry on a UNIX w orkstation (Bioimage, Millipore). Protein bands 

at m olecular w eights corresponding to EGFR and bFGF were norm alized against 

actin signals and compared w ith respect to T3 treatment.
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Statistical Analysis

Statistical analysis w as done using Statview (Abacus Concepts, Berkeley, 

CA.)- A factorial (two- way) ANOVA w ith a post hoc Fisher F test was 

perform ed for all analyses. Cells were counted in 4-6 fields in replicate cultures 

(3-4 per treatment) a t 200 X magnification. Cell counts for each culture were 

represented by the m ean cell num bers per field. A factorial ANOVA was 

perform ed to assess the effect of T3 treatm ent, cell density and DIV on PHF-1+ 

and GFAP* cells. Data are presented as the mean ± standard error (S.E.M ±) of 

m easurem ent. Significance w as set a t p < 0.05.

Results

Effects of T3 on neuronal and astrocyte differentiation are density-dependent

Published studies have show n that the response of cerebellar granule cells 

to developmental stim uli depends greatly on culture conditions, including the 

densities at which cells are initially plated (Gao et al., 1991; M atsuda et al., 1994; 

Wells, 1999; Young et al., 2000). In order to establish a density that prom oted cell 

survival, but also enabled us to see the effects of T3 on differentiation, dissociated 

mixed cerebellar cells w ere plated at two densities: 1.5 x 10s cells/1.8 cm2 ('lower" 

density) and 2.0 x 10s c e lls /1.8 cm2 ("higher density"), and half of each group was 

treated w ith T3. After 3 ,5 , and 7 DIV, cultures were processed for 

immunocytochemistry w ith  PHF-1, an antibody that stains neuronal cell bodies 

and processes (Greenberg e t al., 1992), and anti- GFAP, to identify differentiating 

astrocytes (Bignami and Dahl, 1973). Results from this experim ent are presented 

in Fig. 1. PHF-1+ and GFAP* cells are expressed as a percentage of the total cells 

per field. In panels 1A and 1C, the percentages of PHF-1* cells and GFAP* cells 

w ith respect to total cell num bers are reported in control and  T3-treated lower
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density cultures. In panels IB and ID, the percentages of these cells are reported 

for higher density cultures. Panels IE and IF  illustrate total cell num bers for each 

time point in control and treated cultures a t each cell density. Interestingly, 

significant effects of T3 on the proportions o f neurons and glia, as represented by

the percentages of PHF-1* and GFAP* cells, w ere only observed in cultures 

plated a t the low er density.

T3 treatm ent significantly increased the proportion of PHF-1* cells in 

cultures plated at the lower density a t DIV 3 and DIV 5 (Fig. 1A). On DIV 3,82 ± 

1.5% of the total cells in T3-treated cultures w ere PHF-1*, compared to 66 ± 4.3% 

in  control cultures (p < 0.001). On DIV 5,74 ± 3.8% of cells were PHF-1* in  T3 

treated cultures, com pared to 58±3.9% in untreated  cultures (p < 0.01). O n DIV 7, 

the percentage of PHF-1 cells decreased in T3-treated cultures to 50±4.1%, b u t the 

percentage of PHF-1* cells did not change in  control cultures (61± 2.6%). In 

addition, the relative num ber of PHF-1* cells w as significantly lower DIV 7 

com pared to DIV 3 in T3-treated cultures (p < 0.0002). A the higher density, 

there were no significant differences in the percentages of PHF-1* cells in T3 

treated cultures com pared with controls (Fig. IB: 87 ± 2.0% vs. 83 ± 1.5% a t DIV 

3; 89±5.9% vs. 88 ± 3.5% at DIV 5, and 85 ± 3.5% vs. 84±1.8% at DIV 7 for T3 and 

control cultures, respectively). This m ay be accounted for by the increased 

survival a t high density, eliminating the decline in  neuronal numbers w ith time 

(Figs. 1A and IB).

Astrocytes undergo a switch in the com position of their cytoskeletons 

during early postnatal developm ent from vim entin-based intermediate filam ents 

(Dahl, 1981; Dahl et al., 1981) to GFAP-based interm ediate filaments (Eng, 1985).

In hypothyroid rats, this transition is delayed, and GFAP concentrations are 43% 

lower a t P35 (Faivre-Sarrailh et al., 1991), accom panied by marked changes in 

astroglial m orphology (Clos et al., 1973; Pesetsky, 1973). Likewise, T3 treatm ent
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significantly increased the differentiation of astrocytes in cultures plated at low 

density in a similar fashion to neuronal differentiation, but w ith a more 

protracted time course (Fig. 1C). On DIV 5 and 7, GFAP+ cells constituted 14 ± 

1% of the cell population in T3-treated cultures, compared to 9±1.1% and 10 ± 

1.5% at DIV 5 and DIV 7, respectively, in control cultures (p < 0.02). In contrast, 

there were no differences in the percentages of GFAP+ cells in response to T3 

treatm ent at the higher plating density for all time points analyzed. However, I 

did  observe a 1.5 ~ 2 fold increase in the percentage of GFAP+ cells in both 

treatm ent groups on DIV 7 com pared w ith DIV 3 and DIV 5 (p< 0.0002). This 

increase was comparable to that observed on DIV 5 in response to T3 treatm ent 

a t lower density (Fig. 1 A), suggesting that T3 accelerated astrocyte 

differentiation, or that differentiation was delayed by unidentified factors present 

in  higher density cultures.

Since thyroid horm one influences cell proliferation and survival as well as 

differentiation, I examined the effects of T3 on total cell num bers. In cultures 

plated at low density, there w ere no significant differences in  total cell num bers 

w ith T3 treatment at DIV 3 or DIV 5. On DIV 7, however, I observed a significant 

(p <0.02) decrease (24% ) in total cell num ber in T3 treated cultures (106 ± 12.4) 

relative to control cultures (81 ± 3.0)..A t high density, there w ere several fold- 

higher cell numbers at DIV 3 than at the later time points, w here cell num bers 

w ere only slightly higher than a t the low density. Interestingly, T3 treatm ent had 

no effect on cell numbers a t the higher plating density (Fig. IF: DIV 3:347 ±8.1 

vs. 322 ±20.4; DIV5:131±3.3 vs. 133 ±1.5; DIV 7:109 ± 6.3 vs. I l l  ± 8.1). While 

thyroid hormone has been show n to increase (indirectly) granule cell 

proliferation of embryonic granule cells (Gomes et al., 1999) and survival of 

postnatal granule cells in vitro (Heisenberg et al., 1992), my results are not 

surprising given that the cells for m y cultures were obtained from  postnatal day
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6 and 7 mice and the cellular com position of my culture system  differs from 

those o f other groups (see Discussion). In order to distinguish between effects 

on cell survival and proliferation, I performed trypan blue exclusion assays in 

cultures plated at the lower density. Trypan blue, a vital dye, is taken up only by 

dying or dead cells in  culture. Significant differences in trypan blue staining was 

observed on DIV 5 between T3-treated cultures (47% dead versus 53 ± 3.1%, live

cells) and untreated cultures (28 % dead versus 72 ± 3.8%-live cells) (p < 0.03), 

indicating that T3 decreased cell survival. Taken together, these data suggest that 

T3 accelerates neuronal and glial m aturation, but it m ay also accelerate cell death. 

A t this tim e it is not known w hether or not the m aturation process is a 

prerequisite for neuronal death , although these two events occur in  sequence in 

the natural course of brain developm ent.

T3 reduces cell proliferation

It has been suggested that thyroid hormone is, in  part, responsible for 

signaling granule cells to exit the proliferation cycle and to begin the 

differentiation process (Nicholson and Altman, 1972). Sim ilarly, non-neuronal 

cells cease cell division in order to differentiate. To determ ine if T3 treatment 

influenced cell proliferation in  m y system, I plated cerebellar cultures at the 

higher of the two densities (2.0 X10 cells/1.8 cm ), described for the previous 

experim ent. Cell-cell contact has been dem onstrated to be essential for 

proliferation of cerebellar cells (Gao et al., 1991). Cultures w ere incubated, in the 

presence or absence of T3, w ith  BrdU for 21 hours, and subsequently fixed and 

processed for BrdU immunocytochemistry. Total cells and cells w ith BrdU1- nuclei 

w ere quantified (Fig. 2). The num bers of labeled nuclei w ere expressed as a 

percentage of total cells per field. Under control conditions, BrdU labeled 5±0.5% 

of the cells in this time frame. In  contrast, only 1±0.5% of cells w ere labeled in T3

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



77

treated cultures (Fig. 2A), a statistically significant decrease (p < 0.003). From  the 

large sizes and oval shapes of labeled nuclei, it appeared that the m ajority (~ 90- 

95%) of BrdU-labeled cells were of non-neuronal origin. Furtherm ore, from  their 

branched m orphology, and double-labeling w ith anti-GFAP (Fig. 2B), it w as 

confirmed that these cells were type 1 astrocytes.

The effects of T3 on glial cell differentiation

In the ra t cerebellum , thyroid horm one regulates the num ber of 

astrocytes and the m aturation of Bergmann glia (Clos et al., 1980). To exam ine 

the effect of T3 on glial differentiation in m y culture system, I plated cultures a t 

the relatively low er density (1.5 X105 ce lls /1.8 cm2). The choice of the low er 

plating density w as supported by the results of m y previous experim ent (Fig. 1) 

and several published studies dem onstrating that various factors induce 

differentiation in v itro  a t low density (Hatten et al., 1988; Gao et al., 1991; 

Lowenstein and A rsenault, 1996; Young et al., 2000). Cultures were incubated in  

the presence or absence of T3, and analyzed on DIV 5 to determ ine the relative 

num bers of glial subtypes using immunocytochemistry. An antibody to GFAP 

w as used to identify astrocytes (Bignami et al., 1972), and double-labeling of 

GFAP with A2B5, an  antibody to a membrane glycosphingolipid (Raff et al.,

1983), was used to identify type -2 astrocytes. Both GC and O l antibodies were 

used to identify oligodendrocytes, recognizing m em brane galactocerebroside 

and the surface lipid O l, respectively (Raff et al., 1979; Sommer and Schachner, 

1981). Im m unostained cells were counted in replicate culture wells, and mean 

values are expressed as a percentage of the total cells per field (Fig. 3). Results 

illustrate that the percentages of all glial subtypes w ere significantly higher in T3 - 

treated, com pared to untreated cultures (p < 0.05). The percentage of total (type 

1 and type 2 astrocytes) GFAP+ cells was 14±3.6% in  T3-treated cultures,
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compared to 7± 1.1% in control cultures (Fig. 3A), consistent w ith m y previous 

experiment (Fig. IB), and indicating a doubling of astrocyte num bers w ith T3 

treatm ent. A2B5 and GFAP double-label immunocytochemistry, revealed that 

type-2 astrocytes constituted 0.7±0.3% of the total cell population in control 

cultures, and 2.0± 0.5% of total cells in T3-treated cultures (Fig. 3B). GC+ cells 

made up 8 ± 0.7% of T3 treated cultures, compared to 5 ± 0.6 % of untreated 

cultures (Fig. 3C), and 0 1 + cells m ade up 11 ± 1.1% of T3 treated cultures, 

compared to 8 ± 0.7% of control cultures (Fig. 3D). There w as no significant 

difference (p > 0.05) in total cell num bers between treatm ents (107±13 versus 

105±12). This is consistent for all experiments at the lower cell density, where T3 

has no effect on total cell num bers a t 5 DIV.

Effects of T3 on astroglial morphology

Previous studies of the effects of T3 on astroglial m orphology were carried 

out using either purified or enriched astroglial cultures, and confluent or sub­

confluent conditions (Trentin and Neto, 1995; Trentin et al., 1995; Lima et al.,

1997). However, several studies have dem onstrated that glial m orphology is 

greatly influenced by the presence of neurons in culture (Hatten, 1985), including 

cultures of cerebellar astrocytes w ith granule cells (Hatten et al., 1984).

Therefore, I investigated the effect of T3 on astroglial m orphology in a mixed 

cerebellar cell population. I plated cells at 1.5 xlO5 cells/1.8 cm2 as described 

above, treated half of the cultures w ith T3, and fixed them on DIV 5 for GFAP 

immunocytochemistry. GFAP+ cells w ere examined under 200 X magnification. 

Three subtypes of astrocytes were identified based on morphology: 1) "radial- 

like," w ith large cell bodies and long and thin branched processes (Fig. 4B), 2) 

stellate, w ith condensed cables of GFAP+ filaments in a "star-like" pattern (Fig. 

4D), and 3) velate, w ith large cell bodies surrounded by cytoplasm  resembling a
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"veil” (Fig. 4F). Num bers of the various morphological subtypes are expressed 

as a percentage of the total num ber of GFAP+ cells per field (Fig. 4). On DIV 3, 

radial-like astrocytes constituted the majority of GFAP+ cells in both T3-treated 

cultures (96±2.9%) and control cultures (96±2.0%). By DIV 5, there was a sharp 

decrease in this population in  both treatm ent groups, bu t this decrease was 

greater in T3-treated cultures. In T3 treated cultures, radial-like astroglia 

com prised 18±5.0% of total astrocytes, com pared to 37±6.8% in  untreated 

cultures. By DIV 7, the percentage of "radial-like” astroglia in  T3 treated cultures 

had reached a plateau a t 23± 5.6%, w hereas in control cultures the percentage 

continued to decrease to 7±3.0%.

Fig. 4C shows that on DIV 3 the percentage of stellate astrocytes was very 

small in both T3 treated (1.1±1.0%) and untreated (4.0±2.9%) cultures. In T3- 

treated cultures the percentage of stellate astroglia increased on DIV 5 (26±5.5%) 

and had reached a plateau by DIV 7 (28±6.0%). In control cultures, in 

com parison, the percentage of stellate astroglia increased dram atically on DIV 5 

(42±6.0%) and decreased by DIV 7 (28±6.0%).

Figure 4E dem onstrates that vellate astrocytes com prised only 1- 

2% of GFAP+ cells on DIV 3 in  both T3-treated and untreated cultures. In T3- 

treated cultures the percentage of vellate astrocytes increased to 56±7.1% on DIV 

5 and reached a plateau by DIV 7 (50±6.7%). In control cultures, the percentage 

of vellate astrocytes increased on DIV 5 to only 21 ±4.6% and  continued to 

significantly increase on DIV 7 (68±4.3%).
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T3 and EGFR and bFGF expression

It has been proposed that thyroid horm one act in the developm ent of the 

CNS in part through regulating the expression of grow th factors (Fisher e t al., 

1982; Charrasse e t al., 1992; Giordano et al., 1992; Figueiredo et al., 1993; 

Figueiredo et al., 1993; Lindholm et al., 1993; Alvarez-Dolado et al., 1994; N eveu 

and Arenas, 1996; Calza e t al., 1997). Both EGF and bFGF, depending on in  vitro 

conditions, prom ote m itosis, survival, or differentiation in granule cells (H atten 

e t al., 1988; Abe e t al., 1991; Gao et al., 1991). Both EGF and TGF-a mRNAs are 

expressed in the cerebellum  of mice, and their developm ental profiles are parallel 

except that TGF-a mRNA levels are 15 -170 tim es higher then those of EGF 

(Lazar, 1991; Lazar and Blum, 1992). Since both factors bind to EGFR (also called 

ErbB-1, a member of the ErbB/EGFR family of receptors) w ith equal affinities 

(Massague, 1983; Ebner and Derynck, 1991; French et al., 1995) I chose to 

investigate the expression of EGFR.

The FGF receptors, transm em brane proteins, are expressed w idely the 

developing CNS, including cerebellum (Miyake et al., 1995; Ozawa et al., 1996). 

bFGF is reported to function as a survival, mitogenic and differentiation factor 

for granule cells of the cerebellum depending on the culture conditions (H atten 

et al., 1988; M orrison et al., 1988; Abe e t al., 1991; Gao et al., 1991; Trenkner et al., 

1996; Luo et al., 1997; El Idrissi et al., 1998). For example, Hatten (Hatten e t al., 

1988) showed that neurite extension by granule cells was dependent on astroglial 

derived bFGF, additionally, the influence of bFGF on neurite extension and 

survival was dependent on plating cell density.

To investigate w hether thyroid horm one regulated the expression of 

EGFR and bFGF in  m y system , mixed cerebellar cells were cultured a t 1.5 xlO5 

ce lls /1.8 cm2 w ith and  w ithout T3 for 5 days. Cells were harvested and processed
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for protein SDS-PAGE, followed by EGFR, bFGF and actin im m unoblotting. Due 

to the variability introduced into each experiment by unavoidable variations in 

culture conditions, SDS-PAGE sample loading, transfer efficiencies, and 

im m unoblotting signal intensity, I report the results of two individual 

experim ents (Fig. 5). Optical densities (OD's) of EGFR- and bFGF- 

im m unoreactive bands were norm alized to the OD of actin in each lane. Values 

w ere then expressed as percents of control levels. Results dem onstrate the 

presence o f one EGFR-immunoreactive band at 170 kDa in control cultures (Fig. 

5A), identical to that exhibited by A431 cells, which have am plification of EGFR 

DNA (M erlino et al., 1984). The intensity of this band increased w ith T3 treatment 

by  45% and 60%, respectively, when norm alized against the actin signal a t 41 kDa 

and the norm alized control signal (Fig. 5B). Blots processed for bFGF 

im m unoreactivity exhibited bands at 17.5 kDa. T3-treated cultures displayed a 

reduced intensity of this band to 55% of the intensity of the control band in one 

experim ent, and to undetectable levels in the other, when norm alized to the actin 

signal (Figs. 5C and 5D). In the same culture system in w hich I dem onstrated 

that T3 treatm ent results in the attenuation of glial proliferation and the induction 

of neuronal and glial phenotypes, the grow th factors EGF and bFGF are 

concom itantly up- and down-regulated, respectively.

Discussion

Thyroid horm one is known to be essential for norm al brain  development, 

and the m acroscopic effects of altered thyroid hormone states in  the brain have 

been extensively studied in the intact cerebellum (see (Grave, 1977; Porterfield 

and H endrich, 1993) for references). Because of die com plexity of the nervous 

system, studies that address the mechanism of action of thyroid hormone at the 

molecular level have been performed in vitro. In this m anner, cerebellar cells are
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rem oved from their complex environm ent and placed into a sim pler context 

w here they can be m ore easily m anipulated. While previous studies have 

reported the effects of thyroid horm one on purified neuronal or astroglial 

populations (Nunez e t al., 1991; Heisenberg et al., 1992; Trentin and Neto, 1995; 

Trentin et al., 1995; Lima e t al., 1997; Lima et al., 1998; Gomes et al., 1999), these 

culture systems d id  not take into account the im portant interactions betw een 

neurons and glia that significantly influence cerebellar developm ent (H atten and 

Liem, 1981; H atten et al., 1984; H atten, 1985; Nagata et al., 1986; Hatten, 1987; 

H atten et al., 1988; Gao et al., 1991). In the study presented here, I exam ined the 

effects of thyroid horm one in m ixed cerebellar cell cultures, allowing for 

neuronal-glial interactions.

Thyroid horm one receptors (TRs) have been shown to be expressed in 

both type and type 2 astrocytes in vitro (Carlson et al., 1996; Lou and M iller,

1996). However, the distribution of TRs is heterogeneous. For example, w hile 

only TRp2 mRNA has been detected in type 1 astrocytes, mRNA for all of the 

isoforms (a l, a 2, p i, p 2) have been detected in type 2 astrocytes and 

oligodendrocytes (Carlson et al., 1996; Baas et al., 1998; Carre et al., 1998). Thus, 

the expression profiles of various TR subtypes in different precursor populations 

may transduce specific differentiation signals, resulting in the generation of 

heterogeneous subtypes.

The effects of T3 on cerebellar development are cell density-dependent

To characterize the effects of T3 on cerebellar development, I plated mixed 

cerebellar cells a t two different densities, thus maximizing the effects of 

proliferation and differentiation. It is known that plating cells a t a high density 

prom otes rapid conditioning of the m edium  that can override the effects of 

exogenous factors, such as T3 (Balazs et al., 1985. Plating a t a very low density
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could m agnify the effects of T3, bu t lead to rap id  cell death of control cultures or 

cause cells to differentiate prem aturely, even w ithout T3 (Barres et al., 1994). A 

study by Young and colleagues reported a critical plating density for neuronal 

survival, below w hich survival w as poor (Young e t al., 2000). In their 

experiments, conditioned m edium  from  high-density cultures increased survival 

in the low density-cultures, suggesting that soluble factors mediated cell survival. 

In general, protein synthesis and accum ulation in  culture have been show n to 

depend on cell density (Yamada e t al., 2000). In a similar fashion, the biological 

functions of EGFR and  bFGF vary depending on  their environmental context, 

including cell density (H atten et al., 1988; M atsuda et al., 1990; Gao et al., 1991; 

Engele and Bohn, 1992; Wells, 1999). I found that plating density was a crucial 

param eter for characterizing the effect o f T3 on developm ent of neurons and glia: 

cultures plated at 1.5 X105 cells/1.8 cm2 w ere suitable for characterizing T3’s effect 

on cell differentiation, and cultures plated a t 2.0 X 105 cells/1.8 cm2 were more 

sensitive to the effect of T3 on cell proliferation. Since the relative densities differ 

by only 33%, this supports the notion of a threshold for cell-cell interactions in 

my culture system. It appears that the tem poral course of developm ent w as 

slower at low density than at high density, and accelerated by thyroid horm one. 

It has been suggested that thyroid horm one provides a signal for granule cells to 

exit the proliferative cycle and to begin the differentiation process (Nicholson 

and Altm an, 1972). In the hyperthyroid state, this leads to prem ature granule 

cell differentiation ultim ately resulting in  fewer granule neurons (Nicholson and 

Altman, 1972; Lauder, 1977). On the subcellular level, thyroid horm one 

influences the developm ent of the neuronal cytoskeleton, including m icrotubule 

assembly (Nunez et al., 1991), and the expression of microtubule-associated 

proteins, including tau (Francon et al., 1977; Benjamin et al., 1988). The PHF-1 

antibody recognizes phosphorylated tau  in developing brain, a subpopulation of
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vulnerable neurons in A lzheim er’s disease (Greenberg et al., 1992), and stains all 

rodent neurons in culture to varying degrees. All granule neurons in my culture 

system , as defined by their m orphological characteristics, displayed PHF-1- 

imm unoreactivity. W ith this inform ation, I interpreted the appearance of the 

PHF-1 epitope to represent neuronal differentiation, as it does in hum an 

developm ent. Interestingly, PHF-1 expression w as followed, to a certain 

degree, by cell death in T3-treated cultures. However, it is no t known whether 

the expression of this phospho-epitope is causally linked to neuronal 

vulnerability in rodent cultures.

Developing astrocytes contain vim entin, a ubiquitous cytoskeletal protein 

(Dahl, 1981). As they m ature, they replace vim entin w ith GFAP (Eng, 1985). This 

is accompanied by m orphological transform ations (Dahl, 1981; Dahl et al.,

1981). Numerous studies have dem onstrated that astrocyte developm ent, as 

well as the developm ent of other types of glia is regulated by thyroid hormone 

(Clos et al., 1980; Aizerunan and  de Vellis, 1987; Gould et al., 1990; Gavaret et al., 

1991; Trentin et al., 1995; M oura Neto et al., 1996; Paul e t al., 1996; Trentin, 1997; 

Lima et al., 1998). Since m y culture system  contained num erous types of glia, I 

used immunocytochemical m arkers to identify and m onitor and quantify the 

developm ent of each type, and the effects of thyroid horm one on this 

developm ent.

M y results dem onstrate that T3 had significant effects on neuronal and 

glial differentiation in cultures plated a t the lower density (see above) a t all time 

points analyzed (Fig. 1,3, and 4). Specifically, I observed increases in the 

percentages of PHF-1+ neurons in T3-treated cultures after 3 and 5 days of 

treatm ent, and a decrease relative to control cultures after 7 days of treatment.

T3 has been postulated to signal granule cells to exit the proliferative cycle 

and begin the differentiation process (Nicholson and Altman, 1972; Lauder, 1977)
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(Hadj-Sahraoui et al., 2000). I found that T3 significantly decreased cell 

proliferation in cultures plated a t 2.0 x 105 ce lls/1.8 cm2, as dem onstrated by 

BrdU labeling (Fig. 2). From  their large, oval nuclei it appeared that the majority 

of BrdU-labeled cells (90-95%) w ere of non-neuronal origin, and that some of 

these cells were astrocytes, dem onstrated by double-labeling w ith BrdU and 

GFAP (Fig. 2B). Granule neurons did not proliferate in  the presence or absence of 

T3 in m y culture system, as others have dem onstrated in  purified granule cell 

cultures using conditioned m edium  from T3-treated astrocytes (Gomes et al., 

1999). Interestingly, there w ere no differences in BrdU incorporation between 

control and T3 -treated cultures a t the lower density (data no t shown). These 

cultures displayed a m inim al am ount of BrdU labeling (<1%) in the presence or 

absence of thyroid horm one. This may be due to a lack of cell-cell contact, or 

reduced concentrations of grow th factors that enable the cell cycle.

In contrast to my observations, Trentin and colleagues have reported that 

T3 treatm ent increased astrocyte proliferation in vitro (Trentin and Neto, 1995; 

Trentin e t al., 1995). However, their cultures were enriched for astrocytes and 

established from prenatal ra t cerebella, so they did  no t contain granule neurons, 

im portant determinants of glial cell morphology and activity. A study by Gao 

and colleagues dem onstrate that glia cease to proliferate w hen they are cultured 

w ith neurons (Gao et al., 1991). Therefore, these seem ingly opposite actions of 

thyroid hormone may depend on the substrate on w hich cells w ere plated, the 

cell density, allowing or inhibiting cell-cell contact, or the relative proportions of 

neurons and glia.

In my culture system  T3 significantly increased the proportion of GFAP+ 

cells a t DIV 5, (Figs. 1C and 4A), consistent w ith studies w here T3 treatm ent 

increased the appearance GFAP+ cells in cultures of forebrain and 

mesencephalon, (Gould et al., 1990; Lima et al., 1997) and in  intact ra t cerebellum
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(Faivre-Sarrailh et al., 1991). The m echanism  for this increase can be due to 

differentiation of existing precursors, or by  expansion of the cell type by 

proliferation. Several studies dem onstrated that the num bers of astrocytes 

increased due to glial proliferation (Trentin and N eto, 1995; Trentin e t al., 1995). I 

see a decrease in  proliferation (Fig. 2).

T3 increases differentiation of glial subtypes

02-A  precursor cells divide a lim ited num ber of times before they 

differentiate. The tim e of differentiation is dependent on intrinsic and extrinsic 

signals. Thyroid horm one and retinoic a d d  have been shown to be tw o of the 

extrinsic signals that trigger 0-2A cells to stop dividing and begin differentiating 

in purified 02-A  cell cultures (Barres et al., 1994). Type 2 astrocytes, identified by 

imm unocytochemistry for A2B5, a cell surface ganglioside, in  conjunction w ith 

GFAP, develop from  0-2A  precursor cells in  culture m edium  containing 10% 

serum, whereas in  m edium  w ithout serum  the precursors differentiate into 

oligodendrocytes (Raff et al., 1983). This cell type constituted a very small 

percentage (0.5- 2.0%) of the total cell population in m y culture system. T3 

significantly increased the numbers of A2B5+/GFAP+ cells com pared to 

untreated cultures after 5 days in serum  free m edium  (Fig. 3B). All four TR 

isoforms have been detected in type 2-astrocytes (Carlson et al., 1996), 

suggesting that they are direct targets for the actions of T3.

It is also know n that neurons and astroglia secrete factors that influence 

oligodendroglial differentiation (Hardy and Reynolds, 1993). Therefore, I 

decided to assess w hether the presence of neurons and  astroglia in  m y culture 

system w ould m odify these effects. Results dem onstrate that T3 significantly 

increased the num ber of 0 1 + and GC+ cells (Figs. 3C and 3D), suggesting that T3
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is necessary for the differentiation of these cells even in the presence of neurons 

and astrocytes.

T3 accelerates the switch of astrocyte morphology from "radial-like" to velate

Several studies on the effect of T3 on astroglial m orphology have been 

carried ou t using purified or enriched astroglial cultures in confluent or sub­

confluent conditions (Trentin and  Neto, 1995; Trentin et al., 1995; Lima et al.,

1997). T3 treatm ent induced process form ation in  astroglia isolated from  P1-P2 

cerebellar tissue, as well as induce proliferation (Trentin and N eto, 1995; Trentin 

et al., 1995; Lima et al., 1997). M y results differ from these in that m ost of the 

GFAP+ cells in my culture system , derived from P6-P10 cerebellar tissue, started 

out w ith morphology resem bling radial glia, also known as Bergmann glia. 

H atten's group describes 2 types of astrocytes, which they nam e "Bergmann-like 

and astrocyte" (Hatten et al., 1984). W hile the proportion of radial-like glia 

decreased, the proportion of stellate and velate astrocytes increased, suggesting 

that the radial-like glia underw ent a morphological transform ation from  one 

phenotype to the other. T3 treatm ent accelerates this shift, maximizing the 

proportion of velate astrocytes a t DIV 5, w hereas in control cultures this occurs 

at DIV 7. Also, it appeared that the stellate morphology (Fig. 4B) w as a 

transitory stage between radial and  velate astroglia. These morphological 

phenotypes are reminiscent of those found in  the immature cerebellum. In vivo. 

Bergmann glia, extend radial processes that are believed to aid m igration of 

postm itotic granule cells from  the pial surface to the internal granule layer. 

W ithin the internal granule cell layer velate "protosplasmic" astrocytes extend 

branched fibers that organize the m ature granule cells into com partm ents (Rakic, 

1971). The influence of T3 on  the kinetics of these transitions suggests that 

thyroid hormone plays a role in these morphological transform ations.
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orchestrating granule cell migration, astrocyte differentiation, etc. It follows that 

if hyperthyroidism  prem aturely inhibited proliferation of glial precursors, and 

accelerated astroglial m aturation during this critical stage of development, it 

could result in reduced num bers of m ature astrocytes in the IGL. This in turn 

m ay affect cerebellar cytoarchitecture, the survival of granule neurons, and their 

synaptic connections w ith Purkinje cells.

The effects of T3 on neuronal and glial development may be mediated by bFGF 

and EGFR

Over the last decade much attention has been paid to the multiple roles 

played by neurotrophic factors in brain developm ent. Previous studies have 

suggested that the neurotrophins and insulin-like growth factors have 

dem onstrated effects on  granule cell developm ent, and are regulated by thyroid 

horm one (W alker et al., 1979; Timiras and Nzekwe, 1989; Hashimoto et al., 1994; 

N eveu and Arenas, 1996; Elder et al., 2000). There is also am ple evidence that 

members of the EGF and FGF growth factor families play a role in cerebellar 

developm ent. Moreover, thyroid hormone regulates EGFR expression in brain 

(Stein et al., 1989; Stein et al., 1991) and in other tissues (Gresik, 1981; Kesavan et 

al., 1991; Hum e et al., 1992; N orth et al., 1992; Rogers et al., 1995; Rogers et al.,

1996). Granule cells express high levels of FGF receptors in the developing and 

adult cerebellum (Miyake et al., 1995; Ozawa et al., 1996), supporting the notion 

that astroglial bFGF could directly influence the developm ent of cerebellar 

granule cells. Basic FGF has been shown to prom ote both the migration of 

granule cells along "Bergmann-like" astrocytes, and neurite outgrowth, in 

cultures w here granule cells w ere dispersed as a monolayer. In contrast, bFGF 

prom oted granule cell proliferation when injected into mice (Tao et al., 1996; 

Cheng et al., 2001), or cultured in macrocellular aggregates (Hatten et al., 1988;
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Gao et al., 1991). In dispersed cultures, cerebellar astrocytes expressed an  18 kDa 

protein that w as im m unoprecipitated by antibodies to bFGF. These antibodies 

w ere able to neutralize the effects of astrocytes on neuronal m igration, 

suggesting that bFGF m ediated cell-cell interactions. O ther studies have show n 

that exogenous bFGF increased neurite outgrow th and survival of granule cells 

(M orrison et al., 1988; Abe et al., 1991). This suggests that bFGF can function as a 

m itogen, a differentiation factor, a survival factor, and a m igration factor for 

granule cells, bu t it is unclear how the signal transduced by bFGF is interpreted 

to result in one type of response in this w ide range of possibilities. There are 

m any possible explanations. At the cellular level, it has been dem onstrated that 

both plating density and neuron/g lia interactions have significant effects on the 

activity of bFGF (Flatten et al., 1988; Gao e t al., 1991). A t the molecular level, the 

abundance of bFGF may determ ine the cellular response. For example, it has 

been dem onstrated that low concentrations of bFGF are neurotrophic, while 

higher concentrations are needed to stim ulate cell proliferation under identical 

culture conditions (Casper et al., 1994). It is also known that bFGF can serve as 

either an intracellular or intranuclear signal (Walicke and Baird, 1991; G iordano et 

al., 1992; W oodward et al., 1992). Perhaps variations in intracellular 

com partm entalization may account for its pleiotrophic actions. A nother 

possibility is based on evidence that bFGF exists in several isoforms generated 

from RNA processing (Giordano et al., 1992), and can be m etabolized to sm aller 

fragments as the result of proteolysis (Walicke and Baird, 1991). I observed a 

decrease in the 17.5 kDa isoform of bFGF a t DIV 5 in T3 treated cultures, 

coinciding w ith the increase in neuronal and glial differentiation. Therefore, the 

decrease in the 17.5 kDa isoform m ay reflect down-regulation at several levels, 

including transcription, translation, and post-translational modifications.

A lthough I did  not observe any other bFGF-immunoreactive bands on the
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w estern blot, this m ay be due to the optim ization of electrophoresis and blotting 

param eters for detection of the 17.5 kDa species. It is also possible that the 

antibody I used d id  no t recognize other isoforms of bFGF that appeared as the 

signal a t 17.5 kDa disappeared. Finally, since bFGF binds to a family of 

m em brane receptors (Unsicker e t al., 1992) it is possible that this ligand 

stim ulates more than one signal transduction pathway, resulting in dram atically 

different responses on the cellular level. The larger question of how  processing 

and receptor expression may be regulated is unknown.

Basic FGF is also know n to be mitogenic for astrocytes and 0-2A  cells in 

vitro (Engele and Bohn, 1992). I show ed a significant increase in the percentage 

of astrocytes and oligodendrocytes in  T3-treated cultures a t DIV 5, coincident 

w ith a decrease in bFGF expression. This suggests that T3 m ay trigger 0 2 A  

precursors to cease proliferation and differentiate by dow n-regulating the 

expression of bFGF. This is not reflected in a change in total cell num bers, 

because these cells com prise only a sm all fraction of the total cells.

The EGF family of grow th factors also have been show n to have 

pleiotrophic actions on m any cell types, including neurons and glia (see 

(M orrison, 1993) for review  and references). Results from previous studies in 

vivo have suggested that EGF ligands play a role in cerebellar developm ent 

(Lazar and Blum, 1992; Seroogy et al., 1993; Seroogy et al., 1995; Komblum et al.,

1997). Moreover, Seroogy (Seroogy e t al., 1995) and Kom blum  (Komblum, 1997 

They found EGFR mRNA expressed throughout the EGL, bu t w ith an  increasing 

hybridization gradient from  the pial aspect to the prem igratory (inner zone of 

the EGL) zone, consistent w ith m y findings in vivo.

In the accompanying study I dem onstrated that experim ental 

hypothyroidism  transiently attenuated the expression of EGFR mRNA, and that 

of its ligand, TGF-a, in  the postnatal cerebellum. In addition, the percentage of
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EGFR-IR cells in the pre-m igratory zone of the EGL w as lower in hypothyroid 

animals. This suggests tha t EGF ligands m ay play a role in the post-mitotic 

developm ent of granule neurons. Thyroid horm one has been postulated to 

signal granule cells to exit the proliferation cycle and begin the differentiation 

process (Nicholson and  A ltm an, 1972; Lauder, 1977) (Hadj-Sahraoui et al., 2000). 

Therefore, is possible th a t one mechanism of thyroid horm one's actions is, either 

directly or indirectly, through up-regulation of EGFR.

In vitro. EGF has been shown to increase neuronal survival (Morrison et 

al., 1988; Abe et al., 1990; Abe e t al., 1991), bu t under certain conditions, EGF 

treatm ent induces neurogenesis and gliogenesis (Leutz and Schachner, 1981) 

(M orrison et al., 1988). In the present study I found that EGFR protein levels 

increased in T3-treated cerebellar cells at DIV 5, coincident w ith neuronal and glial 

differentiation. As described for the actions of bFGF and thyroid hormone, the 

different responses to EGF family ligands m ay be due to cellular and molecular 

factors (Avola et al., 1991). For example, co-culture of neurons and astrocytes 

dem onstrate very different characteristics, including the cessation of glial 

proliferation, changes in  morphology, and increased neuron-glial associations, 

than the culture of neurons or glia alone (Hatten, 1985). Also, younger 

(progenitor) cells m ay proliferate in  response to EGF, while older (post-mitotic) 

cells may differentiate. Based on the distribution and  time course of expression 

of EGFR, and its up-regulation after thyroid treatm ent, the effects of EGF-family 

ligands are m ost likely related to post-mitotic events in cerebellar development, 

such differentiation, m igration and survival. On the molecular level, it is possible 

that the relative abundance of EGF receptors m ay determ ine w hether cells 

proliferate or differentiate. Studies have show n that low  levels of EGFR 

expression enhance proliferation whereas high levels result in prem ature 

differentiation of retinal and  cortical progenitor cells (Burrows et al., 1997; Lillien
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and W ancio, 1998). M oreover, EGF induced PC 12 cells to differentiate into a 

sym pathetic-neuron like phenotype in  cells that over-expressed EGFR (Traverse 

et al., 1994), but w ild-type PC12 cells proliferate in response to EGF. In immortal 

cell lines, different signaling pathw ays control the various actions of EGFR, 

ranging from mitogenesis, differentiation, dedifferentiation and m igration, and 

that these pathways activated are subject to spatial and temporal control (Wells, 

1999). Future studies are w arranted to examine the response of the various EGF- 

induced intracellular signaling pathw ays of thyroid hormone.

In summary, m y results dem onstrate that T3 sets in motion a program  of

coordinated differentiation of neural cells, such as granule neurons, astrocytes, 

and oligodendrocytes. These effects are density-dependent. Based on evidence 

that T3 treatm ent results in different effects in purified cell cultures, the effects I

observed probably depend on neuronal-glial interactions. I also dem onstrate 

that T3 treatm ent induced EGFR and dow n-regulated bFGF proteins a t a time 

point (DIV 5) when a significant increase in neuronal and glial differentiation was 

observed. Since many of the actions o f EGF and bFGF overlap w ith the effects 

seen w ith changes in levels of thyroid hormone in vivo and in vitro, it is possible 

that these factors may mediate the effects of thyroid hormone.
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Figure 9. The effects of on neuron  and astrocyte d ifferen tia tion  are cell- 

density  dependent. Prim ary cultures of dissociated postnatal m ouse cerebellum 

w ere established as described in  the MATERIALS and METHODS section. Cells 

w ere plated at 1.5 X105/  1.8 cm2 and 2.0 X105/  1.8 cm2. C ultures w ere treated 

w ith 2 n g /m l (final concentration) on D IV 1 and subsequently fixed on DIV3,5, 

and 7 followed by routine imm unocytochemistry. N eurons and astrocytes were 

identified by staining for PHF-1 and GFAP, respectively. Total cell num ber, 

neuronal and astrocytic elem ents w ere quantified by counting cells of each type in 

4-6 fields of 3-4 replicate dishes under 200X magnification under phase optics for 

total cell counts, or bright field optics for immunostained cells. PHF-1+ and GAFP 

+ are expressed as a percentage of the total cells per field. A) The percentage of 

PHF-1+ cells plated at 1.5 X105 cells/1.8 cm2 on DIV 3 and DIV 5 and DIV 7. (B) 

The percentage of PHF-1+ cells plated at 2 X 105 cells/1.8 cm2 on DIV 3 ,5 , and 7 

(C) The percentage of GFAP+ cells in cultures plated at 1.5 X105 ce lls /1.8 cm2 on 

DIV3,5 and 7. (D) The percentage of GFAP + in cultures p lated a t 2.0 X 105 

cells/1.8 cm2 on DIV 3 ,5  and 7. (E) Total cell number in cultures plated a t 1.5 X105 

on DIV3,5 and 7. (F) Total cell num ber in cultures plated at 2.0 X105. Data are ± 

SEM (error bars) values of 3-4 cultures per treatment. Statistical analysis was 

done by a factorial ANOVA w ith a post hoc Fisher PLSD test. Asterisks denote 

values that are significantly different between treatm ents (*p < .03); w ithin 

treatm ent (** p <.002); between and  w ithin treatm ent (***p < .0003).
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Figure 10. T} decreases cell proliferation o f non-neuronal cells. Cerebellar 

mixed cell cultures w ere prepared from early P6 or P7 mice and treated w ith T3 a t 

DIV 1 and incubated w ith BrdU a t DIV 4 for 21 hours. Cultures were then fixed 

and processed for imm unocytochemistry on DIV 5. (A) Percentage of BrdU labeled 

cells in mixed cerebellar cell cultures a t DIV 5 plated at 2.0 X 105/1.8 cm2. (B) BrdU 

(black arrowhead) and GFAP (white arrowhead) double labeled 

immunocytochemistry. Data are t  SEM (error bars) values of 3-4 cultures per 

treatm ent. A one-way ANOVA w ith a Fisher PLSD post hoc analysis w as done. 

Asterisks denote values that are significantly different (p <.02) from control. The 

figure contains data from one representative experiment. Scale bar = 50 /zm.
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Figure 11. T3 increases differentiation o f glial subtypes. Replicate cultures of 

mixed cerebella cells w ere treated w ith T3 for 5 days, then fixed and 

imm unocytochem istry for (A) GFAP (B)A2B5 (C) GC and (D) O l was perform ed. 

Double label imm ocytochemisty for A2B5 and GFAP w as also performend. Data 

are ± SEM (error bars) values of 3-4 cultures. A one-way ANOVA followed by a 

Fishers PLSD post hoc w as perform ed com paring the cells of each subtype. 

Asterisks denote values that are significantly different (p < .05) from control.
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Figure 12. T3 treatm ent accelerates m orphology of astrocytes from  "radial-like"

and stellate to velate. C ultures w ere established as described and treated for 3,

5 and 7 days w ith T3. C ultures w ere fixed and im m unocytochem istry was 

perform ed for GFAP. O pen circles represent T3-treated cultures; black circles 

represent control cultures (A) "radial -like" astrocytes time course (B) "radial-like 

astrocyte morphology (C) stellate astrocytes time course (D) stellate astrocyte 

morphology (E) velate astrocytes time course (F) velate astrocyte morphology. 

Data are ± SEM (error bars) values of 3-4 cultures. A factorial ANOVA followed 

by a Fishers PLSD post hoc w as performed comparing the GFAP+ cells of each 

morphology. Astericks denote values that are significantly different (p < .01) 

Scale bar = 50 pm
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Figure 13. T3 regulates EGFR and bFGF proteins. Cerebellar cell cultures were 

established and treated w ith T3/ as described. Cell lysates w ere collected on DIV 5 

and processed for im m unoblotting. (A) EGFR expression in  control and T3- 

treated cultures. A431 cell lysate (2 fig) w as used as a positive control. Bands at 

170 kDa identify EGFR. Bands a t 41 kDa represent actin. (B) Relative abundance 

of EGFR norm alized for actin expression. (C) bFGF expression in control and T3- 

treated cultures. Bands a t 17.5 kDa identify bFGF, as labeled in the positive 

control blot of recom binant bFGF protein. Bands at 41 kDa represent actin. (D) 

Relative abundance of bFGF norm alized for actin expression. N.D. = not 

detectable.
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It is well established that thyroid hormone is essential for normal 

CNS developm ent. The main m echanism  of action of thyroid horm one is 

transcription of target genes. G row th factors are also suggested to be essential 

for norm al developm ent of neurons and glia. Thus, the effects of thyroid 

horm one are suggested to be m ediated through grow th factors. An interaction 

between thyroid horm one and the neurotrophins, such as NGF, has been 

show n in the CNS. Reports on the effect on the epiderm al grow th factor family 

are lim ited, however, even though its members are w idely distributed in the 

developing and adult CNS. M embers of the epiderm al grow th factor family, 

such as epiderm al grow th factor (EGF), transform ing grow th factor-alpha 

(TGF-a) and their common receptor, the epiderm al grow th factor receptor 

(EGFR) are reported to be "potent mitogens" for somatic and  CNS cells. I chose 

to investigate the effects of thyroid horm one on EGFR and TGF-a expression in 

the developing cerebellum of the m ouse based on the correlational observation 

described below.

A brief review on the postnatal developm ent of the cerebellum, 

postnatal thyroid horm one function, TGF-a and EGF expression is provided 

here: the fourth ventricle gives rise to the deep cerebellar neurons, besides 

Purkinje and  Golgi II cells. Also, some of the progenitors located in  the 

progenitor zone m igrate to the external surface of the cerebellum . The 

presum ptive granule neurons, continue to proliferate until the entire surface of 

the cerebellum  is covered, form ing the EGL. The EGL reaches maximal 

thickness between P5 and P10. It has been hypothesized that thyroid hormone 

provides the signal that term inates granule cell proliferation and stim ulates their 

differentiation, since in hypothyroid animals the disappearance of the EGL is 

retarded and in hyperthyroid anim als it is accelerated. Thyroid hormone levels
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levels in  the rodent are baseline until postnatal day 6 w hen they begin to rise to 

reach peak levels by postnatal day 14-15. This rise in  (P6 -P10) thyroid 

horm one is positively correlated w ith the peak of presum ptive granule cell 

proliferation, granule cell m igration and EGF and TGF-a mRNA gene 

expression. Second, the peak of thyroid hormone concentration is negatively 

correlated w ith the decrease in granule cell proliferation and migration, and 

TGF-a and EGF gene expression.

Since EGF and TGF-a and their receptor are usually associated w ith 

proliferation, I hypothesized that one way thyroid horm one m ight term inate 

proliferation of presum ptive granule cells w ould be by dow n regulating 

TGF-a an d /o r EGFR gene expression. Thyroid horm one has been shown to 

down-regulate the expression of these factors in tissue outside the CNS. Thus, 

inhibiting thyroid hormone production should m aintain the mRNA levels of 

these polypeptides elevated past P10. Moreover, EGFR expression should be 

densest in the outer (proliferative zone) segm ent of the EGL.

In chapter 2 ,1 showed that the results d id  not support my 

hypothesis. Hypothyroidism significantly bu t transiently attentuated TGF-a 

and EGFR mRNA expression during the early postnatal period in the 

cerebellum. This suggest that it could be the rise in  thyroid hormone 

concentration that is necessary for the timely expression of these genes. 

Additionally, the spatial and temporal distribution of EGFR suggests that this 

polypeptide is correlated w ith postmitotic not m itotic events in the developing 

cerebellum. This is of interest given that the EGF fam ily of grow th factors is 

generally thought of as mitogens.

In chapter 3 ,1 showed that thyroid horm one accelerated neuronal 

differentiation when cells were plated at an optim al density, decreased 

proliferation of cells of non- neuronal origin, increased glial differentiation,
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and accelerated a sw itch in astrocyte m orphology from  "radial-like" to velate. 

Analyses of mixed cerebellar cell lysates by W estern blotting showed that 

thyroid hormone increased EGFR but reduced basic fibroblast grow th factor 

(bFGF) expression during  cell differentiation. Taken together these results 

suggest that thyroid horm one effects on neuron differentiation are indirect, 

and may be m ediated by  regulation of grow th factor expression.

Additionally, it confirm s the in vivo observation that EGFR is im plicated in 

postmitotic developm ental events. Moreover, bFGF m ay be im plicated in  the 

early phase of cerebellar cell developm ent, for its expression decreases w ith 

differentiation. Since I discussed in  detail the significane of the results for each 

study in the discussion section of chapters 2 and 3, rem ainder of this chapter 

focuses on w hat I suggest to be the m ost significant finding of this study

EGFR expression is regulated by  thyroid horm one in  vivo and in  vitro

Using a nuclease protection assay I showed that postnatal hypothyroidism  

attenuated significantly but transiently EGFR and TGF-a in the cerebella of 

hypothyroid mice (Fig. 2B). The distribution of EGFR im m unoreactivity w as 

confined to the inner segm ent (prem igratory zone) of the EGL a t P6 and P9, 

the peak of granule cell proliferation and m igration in both norm al and 

hypothyroid cerebella. This confirm ed that cells of the outer segment 

(proliferative zone) of the EGL proliferated independendy of EGFR and its 

ligands. Nonetheless, the percentage of EGFR im m unopositive cells in the 

prem igratory zone of the hypothyroid cerebella w ere significandy lower than 

that of the norm al cerebella. Furtherm ore, the peak of EGFR 

immunoreactivity in  the EGL w as shifted to P14 in the hypothyroid cerebella, 

compared to P12 in  the norm al cerebella. This shift partly reflects the delay in
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mRNA expression discussed above. In line w ith these results, EGFR protein 
content increased in mixed cerebellar cell cultures treated w ith T3 for 5 days.

The exact mechanism of thyroid horm one action w hether transcriptional or 

post-transcriptional rem ains to be determ ined. Thyroid horm one m ay 

regulate the expression of TGF-a and EGFR at the transcriptional level during 

the early postnatal period, resulting in a delay in the accum ulation of the 

transcript perhaps, because of the presence of minimal circulating 

concentrations of thyroid horm one an d /o r a delay in the upregulation of 

thyroid horm one receptors. A dditionally, there m ay be other transcription 

factors also involved in regulating gene expression of these polypeptides, 

especially during later postnatal developm ent. Another possibility is that 

mRNA stability decreases in the hypothyroid state causing a delay in  mRNA 

accum ulation. Thyroid horm one m ay contribute to gene expression of EGFR 

and TGF-a by stabilizing their new ly transcribed mRNAs, perhaps through 

the regulation of proteins that aid  mRNA stability. In support of this 

hypothesis, parallel results to those show n here have been reported for 

m yelin associated glycoprotein (MAG) and myelin associated proteolipid 

(MAL) mRNAs in the cerebellum  of hypothyroid rats (Rodriguez-Pena et al., 

1993; Ibarrola and Rodriguez-Pena, 1997). Thyroid hormone regulation of 

mRNA stability is considered to be an im portant mechanism controlling the 

expression of thyroid horm one-responsive genes (Glass and Holloway, 1990). 

Num erous studies have shown th a t mRNA half life either increases or 

decreases in response to T3 (Diam ond and Goodman, 1985; Sim onet and Ness,

1989; Kesavan et al., 1991; Krane e t al., 1991).
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A potential role for EGFR in granule cell migration.

A significant finding in the present study is that EGFR immunoreactivity 

w as located in the prem igratory zone of the EGL a t P6 and P9 (peak of 

granule cell m igration) in both norm al and hypothyroid cerebella. Of greater 

significance is that EGFR immunoreactivity was detected in the leading 

process of "spindle-shaped" cells, suggestive of m igrating granule cells.

In normal developm ent, granule cells make their final division in the outer 

segm ent of the EGL (proliferative zone) and then pass to the inner segment 

(prem igratory zone) w here neurite outgrowth is initiated. Two axonal 

processes are extended to the long axis of the folia (parallel fibers), followed 

by the emergence of a third vertically oriented (leading) process that descends 

into the underlying molecular layer. These fibers associate w ith radial fibers 

of Bergmann glia that are presum ed to aid their m igration towards the IGL 

(Rakic, 1971).

In hypothyroidism  the m igration of granule cells is delayed and is 

believed to be related, partly, to retarded growth of the parallel fibers and 

Bergmann glia (Clos, e t al.,1980; Lauder, 1979). The strong EGFR 

imm unoreactivity in the prem igratory zone and in the leading process of 

spindle shaped cells found in the present study suggests that EGFR may be 

involved in this process outgrow th. Since Bergamann glia are distributed 

along the EGL and are closely associated with granule cells at this time, they 

m ay release the ligand (eg, EGF or TGF-a) that activates this receptor and or 

the signal that stim ulates EGFR synthesis. In support of this hypothesis EGF 

has been shown to stim ulate process outgowth of mesencephlaic, cerebellar, 

and cortical neurons in  vitro (Abe et al., 1991; Casper et al., 1991; Abe and 

Saito, 1992; Casper et al., 1994). The delay in the peak of EGFR expression
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observed in the hypthyroid cerebella may be secondary to the retarded 

grow th and m aturation reported for Bergmann glia.

Lauder (1979), also showed that hypothyroidism  significantly 

reduced the rate of m igration of granule cells through the molecular layer, b u t 

the rate of exit from the EGL was not affected; producing a "pile up" of 

m igrating cells in the molecular layer next to the Purkinje cells. In line w ith 

this report I found a greater num ber of EGFR imm unopositive cells in the 

same region a t P22 in the hypothyroid cerebella, reflecting a "pile up” of 

m igrating granule cells. These results suggest that EGFR is localized in 

prem igratory and m igrating granule cells, im plicating this receptor and one or 

more of its ligands in migration. In support for a role of EGFR in granule cell 

m igration this receptor and its ligand have been shown to aid m igration of 

other cells, including comeal, liver, epithelial, and neural precursors 

(W atanabe et al., 1987; Bade and Feindler, 1988; Chen et al., 1994; Chen et al., 

1994; Craig et al., 1996; Thalmann-Goethsch et al., 1997; Xie et al., 1998). 

Moreover, EGF-like motifs are common in certain molecules w ith m igratory 

function, such as astrotactin and reelin (Hirotsune et al., 1995; Zheng et al., 

1996). Also, the neuregulin, a member of the EGF family of ligands, and its 

receptor erbB4 have been shown to be essential for granule cell m igration 

along Bergmann fiber (Rio et al., 1997).

N eruronal m igration is an essential step in the developem ent of the 

nervous system , especially laminated regions, such as the cerbral cortex and 

the cerbellum (Hatten, 1999). Abnormal m igration of neurons is linked to 

mental retardation, cognitive deficits, and m otor disorders (Eksloglu et al.,

1996; Howell e t al., 1997; des Portes et al., 1998). A num ber of neuronal genes 

have been identified as regulated by thyroid horm one (see Chapter 1). 

However, only reelin is directly involved in neuronal migration. The data
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presented here suggest that the m igration deficits obderved in the hypthyroid 

brain m ay partly  be caused by alterations in EGFR expression. Therefore, the 

role of EGFR a n d /o r its ligands in  m igration of granule cells in vivo an d /o r in  

vitro rem ains to be determined. Such studies should include, characterizing 

the dim erization pattern w ith other erbBs and signal pathways involved.

Also, the availability of EGFR knockout mice should facilitate determ ining 

w hether EGFR is involved in the m igration of granule neurons.

T ransform ation of astrocyte m orphology in vivo and in vitro

The first im m ature granule neurons arrive on the surface of the 

em bryonic cerebellum at embryonic day 13 (E13) in the mouse (Miale and 

Sidman, 1961). Between E13 and birth  they spread across the pial surface as 

layer of proliferating cells, the EGL. D uring the last few days of gestation, the 

Bergmann glia differentiate just beneath the EGL (del Cerro and Swarz, 1976). 

Bergmann glia are a specialized type of astrocytes that extend thick radial 

processes in the early postnatal cerebella and guide the m igration of granule 

cells tow ards the IGL (Rakic, 1971). W ithin the IGL velate protoplasm ic 

astrocytes extend num erous branched fibers that organize the m ature granule 

cells and their dendrites into com partm ents (Rakic, 1971). In vivo, thyroid 

horm one appears to be necessary for the timely morphological m aturation of 

astrocytes. In the adult hypothyroid cerebella the percentage of radial glia is 

higher com pared to normal cerebella, suggesting a delay in  m orphological 

transform ation (Clos et al., 1980).
In vitro studies on T3's effect on astroglia morphology have been carried out

using purified or enriched astroglial cultures in confluent or subconfluent 

conditions (Lima et al., 1997; Trentin et al., 1995; Trentin and N eto, 1995). In the 

mixed cerebellar cell culture system  used in this study, morphological
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the mixed cerebellar cell culture system  used in this study, morphological 

transform ation of astroglia m ost closely resembled the in vivo sequence. That 

is, radial astroglia are displaced by flat velate astroglia in  the IGL. Also, T3 

appeared to be partly  responsible for this morphological transform ation. 

Thus, T3 during critical m orphological development of astroglia could

prem aturely accelerate astroglial m aturation and ultim ately result in  a reduced 

num ber of m ature astrocytes in the IGL, subsequently affecting the 

cy toarchi tecture of the IGL, survival of granule neurons and their 

synaptogenesis w ith Purkinje cells.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



112

References

Abe, K. and Saito, H. (1992). Protective effect of epiderm al growth factor on 
glutam ate neurotoxicity in cultured cerebellar neurons. Neuroscience 
Research 14:117-123.

Abe, K., Takayanagi, M. and Saito, H. (1991). Basic fibroblast growth factor 
and epiderm al grow th factor promote survival of prim ary cultured cerebellar 
neurons from  neonatal rats. Japanese Toumal of Pharmacology 56(1): 113-116.

Abel, E. D., Boers, M.-E., Pazoz-Moura, C., M oura, E., Kaulbach, H., Zakaria, 
M., Lowell, B., Radovick, S., Liberman, M. C. and W ondisford, F. (1999). 
D ivergent roles for thyroid hormone receptor b isoforms in the endocrine axis 
and auditory system. Toumal of Clinical Investigation 104:291-300.

Adler, J., Cho, N. K. and Hatten, M. E. (1996). Embryonic precursor cells from 
the rhombic lip are specified to a cerebellar granule neuron identity. Neuron 
17: 389-399.

Alexi, T. and Hefti, F. (1993). Trophic actions of transform ing-growth factor 
alpha on mesencephalic dopaminergic neurons developing in culture. 
Neuroscience 55: 903-918.

Alexi, T., Venero, J. L. and Hefti, F. (1997). Protective effects of neurotrophin- 
4 /5  and transform ing grow th factor-alpha on striatal neuronal phenotypic 
degeneration after excitotoxic leisioning w ith quinolinic add . Neurosrience 
78(1): 73-86.

Altman, J. (1972a). Postnatal development of the cerebellar cortex: n. Phases in 
the m aturation of Purkinje cells and the m olecular layer. Toumal of 
Com parative N eurology 145: 399-463.

Altman, J. (1972b). Postnatal development of the cerebellar cortex in the rat. I. 
The external germ inal layer and the transitional molecular layer. Toumal of 
Com parative N eurology 145: 353-398.

Altman, J. and Bayer, S. (19971. Development of the Cerebellar System in 
Relation to its Evolution. Structure, and Function. Boca Raton, CRC Press.

Altman, J. and Bayer, S. A. (1978). Prenatal developm ent of cerebellar system 
in the rat. I. Cytogenesis and histogenesis of the deep nudei and the cortex of 
the cerebellum. Toumal of Comparative Neurology 179: 23-48.

Alvarez-Dolado, M., Ruiz, M., Del Rio, J. A., Alcantara, S., Burgaya, F.,
Sheldon, M., Nakajima, K., Bernal, J., Howell, B. W., Curran, T., Soriano, E. and 
Munoz, A. (1999). Thyroid hormone regulates reelin and dab l expression 
during brain developm ent. The Toumal of N eurosrience 19(16): 6979-6993.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



113

Am ur, S. G., Shanker, G. and Pieringer, R. A. (1984). Regulation of m yelin 
basic protein (arginine) m ethyltransferase by thyroid horm one in 
m yelinogenic cultures of cells dissociated from embryonic brain. Toumal of 
N eurochem istry 43(2): 494- 498.

Anchan, R.M., Reh, T.A., Angello, J., Balliet, A. and Walker, M. (1991). EGF and 
TGF-a stim ulate retinal neuroepithelial cell proliferation in vitro. N euron 6 : 
923-936.

Andres-Barquin, P. J., Fages, C., LePrince, G., Rolland, B. and Tardy, M. (1994). 
Thyroid horm one influence the astroglial plasticity: Changes in the expression 
of glial fibrillary acidic protein (GFAP) and of its encoding message. 
Neurochem ical Research 19(1): 65-69.

Avola, R., M agri, G., Ingrao, F., Insirello, L., Carpano, P., N icoletti, V.G., 
Cordorelli, D.F., Ragusa, N. and G iuffrida Stella, A.M. (1991). Effect of EGF on 
DNA labeling in rat cerebellar im m ature astrocytes m aintained under different 
culture conditions. Presence or absence of polylysine, serum , or both. Annals 
of the New York Acadamy of Sciences. 633: 540-542.

Baas, D., Puym irat, J. and Sarlieve, L. L. (1998). Posttranscriptional regulation 
of oligodendroglial thyroid horm one (T3) receptor beta 1 by T3. International 
Toumal of Developmental Neuroscience 16(6): 461-7.

Bade, E. G. and Feindler, S. (1988). Liver epithelial cell m igration induced by 
epiderm al grow th factor or transform ing growth factor alpha is associated 
w ith changes in  the gene expression of secreted proteins. In Vitro Cellular 
and Developm ental Biology 24(2): 149-154.

Balazs, R., Gallo, V., Atterwill, C. K. and Kingsbury, A. E. (1985). Does thyroid 
horm one influence the m aturation of cerebellar granule neurons? Biomedica 
Biochimica Acta 44(10): 1469-82.

Barres, B. A., Lazar, M. A. and Raff, M. C. (1994). A novel role for thyroid 
horm one, glucocorticoids, and retinoic ad d  in tim ing of oligodendrocyte 
developm ent. Development 120:1097-1108.

Batini, C. (1990). Cerebellar localization and colocalization of GABA and 
caldum  binding protein. Archives of Italian Biology 128(2-4): 127-149.

Benjamin, S., Cambray-Deakin, M.A. and Burgoyne, R.D. (1988). Effect of 
hypothyroidism  on the expression of three m icrotubule-assodated proteins 
(1A, IB and 2) in  developing ra t cerebellum . Neuroscience 27:931-939.

Berens, M. E., Rief, M. D., Shapiro, J. R., Haskett, D., Giese, A., Joy, A. and 
Coons, S. W. (1996). Proliferation and m otility responses of prim ary and 
recurrent gliom as related to changes in epiderm al growth factor 
receptorexpression. Toumal of Neuro-Oncology 27:11-22.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



114

Bhat, N. R., Sarlieve, L. L., Rao, G. S. and Pieringer, R. A. (1979). Investigation 
on myelination in vitro. Regulation by thyroid horm one in  cultures of 
dissociated brain cells from  em bryonic mice. Toumal of Biological Chemistry 
254 (19): 9342-44.

Bignami, A. and Dahl, D. (1973). Differentiation of astrocytes in  the cerebellar 
cortex and pyram idal tracts of the new born rat: An immunoflourescence 
study w ith antibodies to a protein  specific for astrocytes. Brain Research 49: 
393-402.

Bignami, A. and Dahl, D. (1974a). Astrocyte specific protein and neuroglial 
differentiation: An im m unoflourescence study w ith antibodies to glial 
fibrillary acidic protein. Toumal of Comparative Neurology 153:27-38.

Bignami, A. and Dahl, D. (1974b). The development of Bergm ann glia in 
m utant mice w ith cerebellar m alform ations; Reeler, staggerer and weaver. 
Immunoflourescence study w ith  antibodies the glial fibrillary acidic protein. 
Toumal of Com parative N eurology 155: 219-230.

Bignami, A., Eng, L. F., Dahl, D. and Uyeda, C. T. (1972). Localization of the 
glial fibrillary acidic protein in  astrocytes by immunoflourescence. Brain 
Research 43:429-435.

Birecree, E., King Jr. L.E. and N anney, L. B. (1991). Epiderm al growth factor 
and its receptor in the developing hum an nervous system. Developing Brain 
Research 60:145-154.

Blum, M. (1998). A null m utation in  TGF-alpha leads to a reduction in midbrain 
dopam inergic neurons in  the substantia nigra. N ature Neuroscience 1(5): 374- 
377.

Blum, M., Weickert, C. and Carrasco, E. (1999). The w eaver GIRK2 m utation 
leads to decreased levels of serum  thyroid hormone: characterization of the 
effect on m idbrain dopam inergic neuron survival. Experim ental Neurology 
160(2): 413-24.

Bradley, D. J., Towle, H. C. and  Young, W. S. (1993). Spatial and temporal 
expression of a and b thyroid horm one receptor mRNAs, including the b2 
subtype, in the developing m am m alian nervous system. Toumal of 
Neuroscience 12:2288-2302.

Burrows, R. C., Wancio, D., Levitt, P. and Lillien, L. (1997). Response diversity 
and the tim ing of progenitor cell m aturation are regulated by developmental 
changes in  EGFR expression in  the cortex. Neuron 19 (2): 251-267.

Calza, L., Giardino, L. and Aloe, L. (1997). Thyroid horm one regulates NGF 
content and p75 LNGFR expression in  the basal forebrain of adu lt rats. 
Experimental N eurology 143:196-206.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



115

Calza, L., Giardino, L., Ceccatelli, S. and Hofelt, T. (1996). Nenrotrophins and 
their receptors in the adu lt hypo-and hyperthyroid rat after kainic ad d  
injection: an in situ hybridization study. European Toumal of Neurosdence 
8:1873-1881.

Carlson, D. J., Strait, K. A., Schwartz, H. and Oppenheim er, J. H. (1996). 
Thyroid hormone receptor isoform content in cultured type 1 and type 2 
astrocytes. Endocrinology 137(31:911- 917.

Carlson, D. J., Strait, K. A., Schwartz, H. L. and Oppenheimer, J. H. (1994). 
Immunofluorescent localization of thyroid horm one receptor isoforms in glial 
cells of rat brain. Endocrinology 135(5): 1831-1836.

Carpenter, G. (1984). Properties of the receptor for epidermal growth factor. 
Cell 37:357-358.

Carpenter, G. and Cohen, S. (1979). Epidermal grow th factor. Annual Review 
of Biochemistry 48:193-216.

Carpenter, G. and Cohen, S. (1990). Epidermal grow th factor. Toumal of 
Biological Chemistry 265(14): 7709-7712.

Carre, J. L., Demerens, C., Rodriguez-Pena, A., Floch, H. H., Vincendon, G. 
and Sarlieve, L. L. (1998). Thyroid hormone receptor isoforms are sequentially 
expressed in oligodendrocyte lineage cells during rat cerebral development. 
Toumal of N eurosdence Research 54(5): 584-594.

Casper, D., M ytilineou, C. and Blum, M. (1991). EGF enhances the survival of 
dopam ine neurons in ra t embryonic mesencephalon prim ary cell culture. 
Toumal of N eurosdence Research 30: 372-381.

Casper, D., Roboz, G. J. and Blum, M. (1994). Epidermal growth factor and 
basic fibroblast growth factor have independent actions on mesencephalic 
dopam ine neurons. Toumal of Neurochemistrv 62(6): 2166-2177.

Charrasse, S., Jenan, F., Confort, C., Bracheet, P. and Clos, J. (1992). Thyroid 
horm one prom otes transient nerve growth factor synthesis in rat cerebellar 
neuroblasts. Developmental Neurosdence 14:282-289.

Chen, P., Gupta, K. and Wells, A. (1994a). Cell m ovem ent elidted by 
epiderm al growth factor receptor requires kinase and autophosphorylation 
but is separable from mitogenesis. Toumal of Cell Biology 124(4): 547-555.

Chen, P., Xie, H., Sekar, M. C., Gupta, K. and Wells, A. (1994b). Epidermal 
growth factor receptor-m ediated cell motility: phospholipase C activity is 
required, but mitogen-activated protein kinase activity is not suffident for 
induced cell movement. Toumal of Cell Biology 127(3): 847-857.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



116

Cheng, Y., Tao, Y., Black, I.B. and DiCicco-Bloom, E. (2001). A single peripheral 
injection of basic fibroblast grow th factor (bFGF) stim ulates granule cell 
production and increases cerebellar grow th in newborn rats. Toumal of 
N eurobiology.46: 220-229.

Clos, J., Legrand, C. and Legrand, J. (1980). Effects of thyroid state on the 
form ation and early morphological developm ent of Bergmann glia in the 
developing ra t cerebellum. Developm ental Neuroscience 3:199-208.

Clos, J., Rebiere, A. and Legrand, J. (1973). Differential effects of 
hypothyrodism  and undem utrition on the development of glia in  the ra t 
cerebellum. B r a i n  R e s e a r c h  6 3 : 445-449.

Cohen-Corey, S., Dreyfus, C. F. and Black, I. B. (1991). NGF and excitatory 
neurotransm itters regulate survival and morphogenesis of cultured cerebellar 
Purkinje cells. Toumal Neuroscience 11:462-471.

Craig, C. G., Tropepe, V., M orshead, C. M., Reynolds, B. A., Weiss, S. and van 
de Kooy, D. (1996). In vivo grow th factor expansion of endogenous 
subependym al neural precursor cell populations in the adult m ouse brain.
The Toumal of Neuroscience 16(81:2649-2658.

Dahl, D. (1981). The vimentin-GFA protein transition in ra t neuroglia 
cytoskeleton occurs at the time of m yelination. Toumal of Neuroscience 6: 741- 
748.

Dahl, D., Rueger, D., Bignami, A., W eber, K. and Osborn, M. (1981). Vimentin, 
the 57,000 molecular w eight protein of fibroblast filaments is the major 
cytoskeletal component in im m ature glia. European Toumal of Cell Biology 24: 
191- 196.

Davis, P. J. and Davis, F. B. (1996). Nongenomic actions of thyroid horm one. 
Thyroid 6(5): 497-504.

Delange, F. (2000). The role of iodine in  brain development. Proceedings of the 
N utrition Society 59: 75-79.

del Cerro, M. and Swarz, J. R. (1976). Prenatal developm ent of Bergm ann glial 
fibers in rodent cerebellum. Toumal of Neurocytology 5:669-676.

Derynck, R. (1988). Transform ing-growth factor- a. Cell 54:593-595.

des Portes, V., Pinard, J. M., Billuart, P., Vinet, M. C., Koulakoff, A., Carrie, A., 
Gelot, A., D upuis, E., Motte, J., Berwald-Netter, Y., Catala, M., Kahn, A., 
Beldjord, C. and Chelly, J. (1998). A  novel CNS gene required for neuronal 
m igration and involved in  X-linked subcortical laminar heterotopia and 
lissencephaly syndrome. Cell 92:51-61.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



117

Diamond, D. J. and G oodm an, H. M. (1985). Regulation of grow th hormone 
m essenger RNA synthesis by dexame thasone and triodothyronine. 
Transcriptional rate and mRNA stability changes in p ititary  tum or cells. 
Toumal of M olecular Biology 181(11:41-6

Dussault, J. H. and Ruel, J. (1987). Thyroid horm ones and the brain. Annual 
Review of Physiology 49: 321-334.

Ebner, R. and Derynck, R. (1991). Epidermal grow th factor and transforming 
grow th factor-alpha: differential intracellular routing and  processing of ligand 
receptor complexes. Cell Regulation 2:599-612.

Eksloglu, Y. Z., Scheffer, I. E., Cardenas, P., Knoll, J., DiM ario, F., Ramsby, G., 
Berg, M., Kamuro, K., Berkovic, S. F., Duyk, G. M., Parisi, J., Huttenlocker, P. 
R. and Walsh, C. A. (1996). Periventricular heterotopia: An X-linked dom inant 
epilepsy locus causing aberrant cerebral cortical developm ent. Neuron 16:77- 
87.

Elder, D.A., Karayal, A.F., D’Ercole, A J. and Calikoglu, A.S. (2000). Effects of 
hypothyroidism  on insulin-like growth factor-I expression during brain 
developm ent in mice. Neuroscience Letters.293:99-102.

El Idrissi, A., H arris, C. and Trenkner, E. (1998). Taurine m odulates glutamate- 
and growth factors-m ediated signaling mechanisms. Advances in 
Experimental Medicine and Biology 442:385-396.

El-Husseini, A. E. D., Patersin, J. A. and Shiu, R. P. (1994). Basic fibroblast 
grow th factor (bFGF) and  two of its receptors, FGFR1 and FGFR2: Gene 
expression in the ra t b rain  during postnatal developm ent as determ ined by 
quantitative RT-PCR. M olecular and Cellular Endocrinology 104(21:191-200.

Eng, L.F. (1985) Glial fibrillary acidic protein (GFAP): the major protein of glial 
interm ediate filam ent in differentiated astrocytes. Toumal of 
N euroim m unology 8:203-214.

Engele, J. and Bohn, M. C. (1992). Effects of acidic and basic fibroblast growth 
factors (aFGF, bFGF) on glia precursor cell proliferation: age dependency and 
brain region specificity. Developmental Biology 152(2): 363-372.

Faivre-Sarrailh, C., Rami, A., Fages, C. and Tardi, M. (1991). Effect of thyroid 
deficiency on glial fibrillary acidic protein (GFAP) and GFAP- mRNA in the 
cerebellum and hippocam pal form ation of the developing rat. Glia 4:276-284.

Fallon, J. H., Seroogy, K. B., Loughlin, S. E., M orrison, R. S., Bradshaw, R. A., 
Knauer, D. J. and Cunningham , D. D. (1984). Epiderm al grow th factor 
immunoreactive m aterial in  the central nervous system : Location and 
development. Science 224:1107-1109.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



118

Farsetti, A., M itsuashi, T., Desvergne, B., Robbins, J. and Nikodem, V. (1991). 
M olecular basis of thyroid horm one regulation of m yelin basic gene 
expression in rodent brain. Toumal of Biological Chemistry 266: 23226-23232.

Figueiredo, B. C., Almazan, G., Ma, Y., Tetzlaff, W., Miller, F. D. and Cuello, A. 
C. (1993a). Gene expression in the developing cerebellum during perinatal 
hypo-and hyperthyroidism . Molecular Brain Research 17:258-268

Figueiredo, B. C., O tten, U., Strauss, S., Volk, B. and Maysinger, D. (1993b). 
Effects of perinatal hypo-and hyperthyroidism  on the levels of nerve grow th 
factor and its low  affinity receptor in the cerebellum. Developmental Brain 
Research 72: 237-244.

Fisher, D. A., Dussault, J. H ., Sack, J. and Chopra, I. J. (1977). Ontogenesis of 
hypothalam ic-pituitary-thyroid function and metabolism in man, sheep, and 
rat. Recent Progress in Horm one Research 33: 59-116.

Fisher, D. A., Hoath, S. and Lakshmanan, J. (1982). The thyroid hormone 
effects on growth and developm ent may be m ediated by growth factors. 
Endocrinolgia Experimentalis 16(3-4): 259-271.

Forrest, D., Erway, L. C., Altschuler, R. and C urran, T. (1996a). Thyroid 
horm one receptor beta is essential for developm ent of auditory function. 
N ature Genetics 13I3T: 354-7.

Forrest, D., H anebuth, E., Smeyne, R. J. H ., Everds, N., Stewart, C. L., W ehner, 
J. M. and Curran, T. (1996b). Recessive resistance of thyroid hormone in mice 
lacking thyroid horm one receptor [beta]: evidence for tissue-specific 
m odulation of receptor function. The EMBO Toumal 15(12): 3006-3015.

Francon, J., Fellous, A., Lennon, A.M. and Nunez, J. (1977). Is thyroxine a 
regulatory signal for neurotubule assembly during brain development? 
N ature 266:188-190.

French, A. R., Tadaki, D. K., Niyogi, S. K. and Lauffenburger, D. A. (1995). 
Intracellular trafficking of epiderm al grow th factor family ligands is directly 
influenced by the pH  sensitivity of receptor/ligand interaction. Toumal of 
Biological Chemistry 270:4334-4340.

Fujieda (1993). Effect of thyroid horm one on epiderm al growth factor gene 
expression in mouse subm andibular gland. Endocrinology 132(1): 121-125.

Fujita, S. (1967). Q uantitative analysis of cell proliferation and differentiation in 
the cortex of the postnatal m ouse cerebellum. Toumal of Cell Biology 32: 277- 
287.

Fujita, S., Morimi, S. and Nakam ura, T. (1967). H3-thymidine autoradiographic 
studies on the cell proliferation and differentiation in the external and internal

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



119

granule cell layers of the mouse cerebellum. Toumal of Comparative 
Neurology 128:191-208.

Gao, J.-Q., Heintz, N. and Hatten, M. E. (1991). Cerebellar granule cell 
neurogenesis is regulated by cell-cell interactions in vitro. N euron 6:705-715.

Gao, W.-C., Zheng, J. L. and Karihaloo, M. (1995). N eurotrophin-4/5 (NT-4/5) 
and brain derived neurotrophic factor (BDNF) act at later stages of cerebellar 
granule cell differentiation. Toumal of Neuroscience 15: 2656-2667.

Gavaret, J-M., Toru-Delbauffe, D., Baghdassarian-Chalaye, D., Pomerance, M. 
and Pierre, M. (1991). Thyroid horm one action: Induction of morphological 
changes and protein secretion in astroglial cell cultures. Developing Brain 
Research 58:43-49.

Giordano, S., Sherman, L., Lyman, W. and Morrison, R. (1992a). M ultiple 
w eight forms of basic fibroblast grow th factor are developmentally regulated 
in the central nervous system. Developmental Biology 152(21:293-303.

Giordano, T., Pan, J. B., Casuto, D., W atanabe, S. and Americ, S. P. (1992b). 
Thyroid hormone regulation of NGF, NT-3 and BDNF RNA in the adult ra t 
brain. M olecular Brain Research 16(3-41:239-245.

Glass, C. K. (1994). Differential recognition of target genes by nuclear receptor 
monomers, dim ers, and heterodim ers. Endocrine Reviews 1513): 391-407.

Glass, C. K. and Holloway, J. M. (1990). Regulation of gene expression by the 
thyroid hormone receptor. Biochimica e t Biophisica Acta 1032:157-176.

Gomes, F. C. A., Maia, C. G., De M eneez, J. R. L. and Moura Neto, V. (1999). 
Cerebellar astrocytes treated by thyroid horm one modulate neuronal 
proliferation. Glia 25:247-255.

Gomez-Pinilla, F., Knauer, D. J. and Nieto-Sampedro, M. (1988). Epiderm al 
grow th factor receptor im m unoreactivity in rat brain. Development and 
cellular localization. Brain Research 438:385-390.

Gosh, S., Rahaman, S. O. and Sarkar, P. K. (1999). Regulation of neurofilam ent 
gene expression by thyroid hormone in the developing rat brain.
N euroreport 10(11): 2361-2365.

Gothe, S., Wang, Z., Ng, L., Kindblom, J. M., Campos Barros, A., Ohlsson, C., 
Vennstrom, B. and Forrest, D. (1999). Mice devoid of all known thyroid 
horm one receptors are viable but exhibit disorders of the pituitary-thyroid 
axis, growth, and bone m aturation. Genes and Envelopment 13:1329-1341.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



120

Gould, E., Frankfurt, M., W estlind-Danielsson, A. and McEwen, B. (1990). 
Developing forebrain astrocytes are sensitive to thyroid horm one. Glia 3:283- 
292.

Grave, G.D. (19771. Thyroid H orm ones and Brain developm ent. N ew  York, 
Raven Press.

Greenberg, S. G., Davies, P., Schein, J. D. and Binder, L. I. (1992). Hydroflouric 
add-treated  tau PHF proteins display the same biochemical properties as 
norm al tau. Toumal of Biological Chem istry 267: 564-569.

Gresik, E.W., Schenkein, I., van  der N oen, H., and Barka, T. (1981). Hormonal 
regulation of epiderm al grow th factor and protease activity in the 
subm andibular gland of the ad u lt m ouse. Endocrinology 109(3): 924-929.

Hadj-Sahraoui, N., Seugnet, I., Ghorbel, M.T. and Demeneix, B. (2000). 
H ypothyroidism  prolongs m itotic activity in the post-natal m ouse brain. 
N eurosdence Letters. 280: 79-82.

Hallonet, M. and Alvarado-M allart, R. M. (1997). The chick/quail chimeric 
system: A m odel for early cerebellar development. Perspectives on 
Developm ental Neurobiology 5:17 -31.

Hallonet, M. E. R., Teillet, A.-M. and Douarin, N. M. (1990). A new  approach to 
the developm ent of the cerebellum  provided by the quail-chick m arker 
system. Development 108:19-31.

H am burg, M., Mendoza, L. A ., Burkart, J. and Weil, F. (1971). The thyroid as a 
time dock in  the developing nervous system. Cellular Aspects of N eural 
Growth and Differentiation. D. C. Pease. Berkeley, U niversity of California 
Press.

H ardy, R. and Reynolds, R. (1993). Neuron-oligodendroglial interactions 
during central nervous system  developm ent. Toumal of N eurosdence 
Research 36:121-126.

Hashim oto, Y., Furukawa, S., Om ae, F., Miyama, Y. and H ayashi, K. (1994). 
Correlative regulation of nerve grow th factor level and choline 
acetyltransferase activity by thyroxine in particular brain regions of infant rat 
brain. Toumal of Neurochem istry 63: 326-332.

H atten, M. E. (1999). Central nervous system neuronal m igration. Annual 
Review of N eurosdence 22 : 511-539.

H atten, M. E., Lynch, E., Sanchez, J., Joseph -Silverstein, J., Moscatelelli, D. and 
Rifkin, D. B. (1988). In vitro neurite extension by granule neurons is dependent 
upon astroglial-derived fibroblast grow th fador. Developm ental Biology 
125(125): 280-289.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



121

Heisenberg, C. P., Thoenen, H. and Lindholm , D. (1992). Tri-iodothyronine 
regulates survival and  differentiation of ra t cerebellar granule neurons. 
N euroreport 8 : 685-688.

Higashiyam a, S., Abraham , J. A., M iller, J., Fiddes, J. C. and Klagsbrun, M.
(1991). A heparin-binding growth factor secreted by macrophage-like cells 
that is related to EGF. Science 251:936-939.

H irotsune, S., Takahara, T., Sasaki, N., H irose, K., Yoshiki, A., Ohashi, T., 
Kusakabe, M., M uram atsu, M., W atanabe, S. and  al, e. (1995). The reeler 
gene encodes a protein w ith  an EGF-like m otif expressed in pioneer 
neurons. N ature Genetics 10: 77-83.

Honegger, P. and Guentert-Lauber, B. (1983). Epiderm al growth factor 
(EGF) stim ulation o f cultured brain cells. I. Enhancem ent of the 
developm ental increase in  glial enzymatic activity. D e v e l o p m e n t a l  B r a i n  

Research 11:245-251.

Howell, B., Hawkes, R., Soriano, P. and Cooper, J. A. (1997). Neuronal 
position in the developing brain is regulated by  m ouse disabled-1. N ature 
389: 733-737.

Huff, K. R., Schreier, W. and Ibric, L. (1990). Proliferation related responses 
in  ra t astrocytes to epiderm al growth factor. International Toumal of 
Developmental Neuroscience 8:255-266.

Hum e, H . D., Cieslinki, D. A., Johnson, L. B. and  Sanchez, I. O. (1992). 
Triiodothyronine enhances renal tubule cell replication by stim ulating EGF 
receptor gene expression. American Toumal of Physiology 262: F540-545.

Ibarrola, N. and Rodriguez-Pena, A. (1997). H ypothyroidism  coordinately 
and transiently affects m yelin protein gene expression in most ra t brain 
regions during postnatal development. Brain Research 752:285-293.

Iniguez, M. A., Rodriguez-Pena, A., Ibarrola, N ., Aguilera, M., Munoz, A. 
and Bernal, J. (1993). Thyroid hormone regulation of RC3, a brain specific 
gene encoding a protein kinase-C substrate. Endocrinology 133:467-473.

Junier, M.-P., Hill, D. F., Costa, M. E., Felder, S. and Ojeda, S. R. (1993). 
Hypothalam ic lesions that induce female precocious puberty activate glial 
expression of the epiderm al growth factor receptor gene: differential 
regulation of alternatively spliced transcripts. The Toumal of Neuroscience 
13(2): 703-713.

Kang, H . and Schuman, E. M. (1996). A requirem ent for local protein 
synthesis in neurotrophin induced hippocam pal synaptic plasticity. Science 
273:1402-1406.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



122

Kesavan, P., M ukhopadhayay, S., M urphy, S., Rengaraju, M., Lazar, M. A. 
and Das, M. (1991). Thyroid horm one decreases the expression of epiderm al 
grow th factor receptor. The Toumal of Biological Chem istry 266(16): 10282- 
10286.

Kitchens, D.L., Snyder, E.Y. and Gottlieb, D.I. (1994). FGF and EGF are 
m itogens for imm ortalized neural progenitors. Toumal of Neurobiology 
25: 797-807.

Kniss, D A . and Burry, R.W. (1988). Serum and fibroblast grow th factor 
stim ulate quiescent astrocytes to re-enter the cell cycle. Brain Research 
439:281-288.

Koibuchi, N., Liu, Y., Fukuda, H ., Takeshita, A., Yen, P. M. and Chin, W. W. 
(1999). ROR alpha augm ents thyroid horm one receptor-m ediated 
transcriptional activation. Endocrinology 140(31:1356-1364.

Komblum, H. I., Hussain, R., W iesen, J., Miettinen, P., Zurcher, S. D., Chow, 
K., Derynck, R. and Werb, Z. (1998). Abnormal astrocyte developm ent and 
neuronal death in mice lacking the epiderm al growth factor receptor.
Toumal of Neuroscience Research 53(6): 697-717.

Komblum, H. I., Hussain, R. J., Bronstein, J. M., Gall, C. M. and Lee, D. C.
(1997). Prenatal ontogeny of the epiderm al growth factor receptor and its 
ligand, transforming grow th factor-a, in the ra t brain. Toumal of 
Com parative Neurology 380(21: 243-61.

Krane, I. M., Spindel, E. R. and Chin, W. W. (1991). Thyroid horm one 
decreases the stability and the poly  (A) tract length of rat thyrotropin beta- 
subunit messenger RNA. M olecular Endocrinology 5(4): 469-475.

Kuhn, H., Winkler, J., Kem perm ann, G., Thai, L. and Gage, F. (1997). 
Epiderm al growth factor and fibroblast growth factor-2 have different 
effects on neural progenitors in adu lt ra t brain. Toumal of Neuroscience 
17: 5820-5829.

Lauder, J. (1979). Granule cell m igration in the developing ra t cerebellum: 
Influence of neonatal hypo-and hyper-thyroidism . Developmental Biology 
70:105-115.

Lauder, J. M. (1977). The effects of early hypo-and hyperthyroidism  on 
developm ent of rat cerebellar cortex. Ill Kinetics of cell proliferation in the 
external granular layer. Brain R e s e a r c h  1 2 6 : 31-51.

Lazar, L. and Blum, M. (1992). Regional distribution and developm ental 
expression of epidermal grow th factor and transforming grow th factor- 
alpha mRNA in mouse brain by a  quantitative nuclease protection assay.
The Toumal of Neuroscience 12(5): 1688- 1697.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



123

Lazar, L. A. (19911. Epiderm al G row th Factor and Transforming G row th 
factor-alpha Gene Expression in the Norm al and N eurodegenerate M urine 
Central Nervous System. Ph. D. dissertation, The City University of New 
York.

Lazar, M. A. (1993). Thyroid horm one receptors: M ultiple forms, m ultiple 
possibilities. Endocrine Reviews 14(21:184-193.

Lebel, J. M., L'Herault, S., D ussault, J. H. and Puym irat, J. (1993). Thyroid 
horm one upregulates thyroid horm one receptor-p gene expression in ra t 
cerebral hem ispheres astrocyte cultures. Glia 9:105-112.

Lee, D. C., Fenton, S. E., Berkowitz, E. A. and H issong, M. A. (1995). 
Transforming grow th factor a: Expression, regulation, and biological 
activities. Pharmacological Reviews 47:51-85.

Legrand, C. and Clos, J. (1991). Biochemical, immunocytochemical and 
morphological evidence for an interaction between thyroid horm one and 
nerve growth factor in the developing cerebellum of normal and 
hypothyroid rats. Developm ental Neuroscience 13: 382-396.

Legrand, J. (1979). M orphogenetic action of thyroid hormones. Trends in 
Neuroscience 2: 234-236.

Leutz, A. and Schachner, M. (1981). Epidermal grow th factor stim ulates DNA 
synthesis of astrocytes in  prim ary cerebellar cultures. Cell and Tissue 
Research 220(2): 393-404.

Levine, E., Dreyfus, C., Black, I. and Plummer, M. (1995). Brain-derived 
neurotrophic factor rapidly enhances synaptic transm ission in hippocam pal 
neurons via postsynaptic tyrosine kinase receptors. Proceedings of the 
National Academy of Sciences 15:8074-8077.

Lillien, L. (1995). Changes in retinal cell fate induced by the overexpression 
of EGF receptor. N ature 377:158-162.

Lillien, L. and W ando, D. (1998). Changes in epiderm al growth factor 
receptor expression and com petence to generate glia regulate tim ing and 
choice of differentiation. M olecular and Cellular N eurosdence 10:296-308.

Lima, F. R., Goncalves, N ., Gomes, F. C., deFrietas, M. S. and M oura N eto, V.
(1998). Thyroid horm one action on astroglial cells from  distinct regions 
during development. International Toumal of Developmental N eurosdence 
16(1): 19-27.

Lima, F. R., Trentin, A. G., Rosenthal, D., Chagas, C. and Moura Neto, V.
(1997). Thyroid horm one induces protein secretion and morphological 
changes in astroglial cells w ith an increase in expression of gUal fibrillary 
addic protein. Toumal of Endocrinology 154(11:167-175.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



124

Lindholm , D., Castren, E., Tsoulfas, P., Kolbeck, R., Dapehna Berhzaghi, 
Leingartner, A., Heisenberg, C.-P., Tesarollo, L., Parada, F. and Thoenen, H.
(1993). N eurotrophin-3 induced by tri-iodothyronine in  cerebellar granule 
cells prom otes Purkinje cell differentiation. The Toumal of Cell Biology 
122(2): 443-450.

Lisovoski, F., Blot, S., Lacombe, C., Bellier, J. P., Dreyfus, P. A. and Junier, M. 
P. (1997). Transforming growth factor alpha expression as a response of 
m urine m otor neurons to axonal injury and m utation-induced degeneration. 
Toumal N europathology and Experimental N eurology 56(5): 459-471.

Lou, J. and  Miller, M. W. (1996). Ethanol inhibits basic fibroblast growth 
factor-m ediated proliferation of C6 astrocytom a cells. Toumal of 
Neurochem istry 67(4): 1448-1456.

Luo, J., West, J. R. and Pantazis, N. J. (1997). N erve grow th factor and basic 
fibroblast grow th factor protect ra t cerebellar granule cells in culture against 
ethanol induced cell death. Alcoholism: Clinical and Experimental Research 
21(6): 1108-1120.

M atsuda, S., Saito, H. and Nishiyama, N. (1990). Effect of basic fibroblast 
grow th factor on neurons cultured from various regions of postnatal rat 
brain. Brain Research 520(1-21:310-6.

Ma, Y. J., Junier, M.-P., Costa, M. E. and Ojeda, S. R. (1992). Transforming 
grow th factor-a gene expression in the hypothalam us is developm entally 
regulated and linked to sexual m aturation. N euron 9:657-670.

M artin, G. S. (1986). The erbB gene and the EGF receptor. Cancer Surveys 
5(2): 199-219.

M assague, J. (1983). Epidermal growth -factor like transform ing -grow th 
factor. II. Interaction w ith epiderm al grow th factor receptors in hum an 
placenta membranes and 431A cell. Toumal of Biological Chem istry 258: 
13614-13620.

M atsuda, S., Li, Y., Desaki, J., Yoshimura, H., O kum ura, N. and Sakanaka, M.
(1994). Development of Purkinje cell bodies and processes w ith basic 
fibroblast grow th factor-like im m unoreactivity in  the ra t cerebellum. 
Neuroscience 59(3): 651-62.

M atsuda, S., Okum ura, N., Yshimara, H., Koyama, Y. and Sakanaka, M.
(1992). Basic fibroblast growth factor-like im m unoreactivity in Purkinje cells 
of the ra t cerebellum. Neuroscience 50(11:99-106.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



125

M ellstrom, B., Naranjo, J. R., Nantos, A., Gonzales, M. and Beranl, J. (1991). 
Independent expression of the a and b c-erb genes in the developing rat 
brain. Molecular Endocrinolgv 5(9): 1339-1350.

Merlino, G.T., Xu, Y.H., Ishii, S., Q ark , A.J., Semba, K., Toyoshima, K., 
Yamamoto, T. and Pastan, I. (1984). Amplification and enhanced expression 
of the epiderm al growth factor receptor gene in A431 hum an carcinoma 
cells. Science. 224:417-419.

Messer, A., Maskin, P. and Snodgrass, G. L. (1984). Effects of 
triiodothyronine (T3) on the developm ent of rat cerebellar cells in culture. 
International Journal of Developmental Neuroscience 2(3): 277-285.

Messer, A., Snodgrass, G. L. and Maskin, P. (1985). Timecourse effects of 
triiodothyronine of mouse cerebellar granular cells cultured by  two different 
methods. International Journal of Developmental Neuroscience 3(3): 291- 
299.

Miale, I. and Sidman, R. L. (1961). An autoradiographic analysis of 
histogenesis in the mouse cerebellum. Experimental N eurology 4: 277-296.

Misumi, Y. and Kawano, H. (1998). The expression of epiderm al growth 
factor receptor mRNA and protein gene product 9.5 in  developing rat brain. 
Developmental Brain Research 107:1-9.

Miyake, A., Minami, M., Satoh, M., Ohta, M. and Itoh, N. (1995). Transient 
expression of FGF receptor-4 mRNA in the rat cerebellum during  postnatal 
developm ent. Brain Research. Molecular Brain Research 31:95-100.

Morrison, M. E. and Mason, C. A. (1998). Granule neuron regulation of 
Purkinje cell development: Striking a balance between neurotrophin and 
glutam ate signaling. The Toumal of Neuroscience 18(10): 3563-3573.

Morrison, R. S., Keating, R. F. and Moskal, J. R. (1988). Basic fibroblast 
growth factor and epidermal grow th factor exert differential trophic effects 
on CNS neurons. Toumal of Neuroscience Research 21(1): 71-79.

Moura Neto, V., Trentin, A., Lima, F., Gomes, F., Goncalves, N ., Chamas, 
L.V., Lins, C., Garda-Abreu, J., Rosenthal, D. and Chagas, C. (1996). Effects of 
the thyroid hormone (T3) on astrocytes. Revista Brasileira de Biologia 56:123- 
34.

Muller, Y., Rocchi, E., Lazaro, J. B. and Clos, J. (1995). Thyroid hormone 
prom otes bcl-2 expression and prevents apoptosis of early differentiating 
cerebellar granule neurons. International Toumal of Developmental 
Neuroscience 13(81:871-885.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



126

Munoz, A., Rodriguez-Pena A., Perez-Castillo, A., Ferreiro, B. M., Sutcliff, J. 
G. and Bemal, J. (1991). Effects of neonatal hypothyroidism  on rat brain gene 
expression. M olecular Endocrinology 5(2): 273-280.

Nagata, I., Kielhauer, G. and Schachner, M. (1986). N euronal influence on 
antigenic m arker profile, cell shape and proliferation of cultured astrocytes 
obtained by m icrodissection of distinct layers from  the early postnatal m ouse 
cerebellum. Brain Research.389: 217-232.

Neveu, I. and Arenas, E. (1996). Neurotrophins prom ote the survival and 
developm ent of neurons in the cerebellum of hypothyroid rats in vivo. The 
Toumal of Cell Biology 133: 631-646.

Nicholson, J. L. and A ltm an, J. (1972a). The effects o f early hypo-and 
hyperthyroidism  of ra t cerebellar cortex. I. Cell proliferation and 
differentiation. Brain Research 44:13-23.

Nicholson, J. L. and A ltm an, J. (1972b). The effects of early hypo-and 
hyperthyroidism  on the developm ent of the rat cerebellar cortex, n. 
Synaptogenesis in the m olecular layer. Brain Research 44:25-36.

Nieto-Sampedro, M., Gomez-Pinilla, F., Knauer, D. and Broderick, J. T.
(1988). Epidermal grow th factor receptor im m unoreactivity in rat brain 
astrocytes. Response to injury. Neurosdence Letters 91: 276-282.

North, D., Lakshm anan, J., Redczky, A., Kaser, M. and Fisher, D. (1992). 
Ontogeny of epiderm al grow th factor, transform ing grow th factor-a , 
epiderm al growth factor receptor, and thyroid horm one receptor RNA 
levels in rat kidney and changes in those levels induced by early thyroxine 
treatment. Pediatric Research 31141:330-334.

Oorschot, D. E. and Jones, D. C. (1989). Effect of cytodne arabinoside on rat 
cerebral explants: fibroblasts and reactive microglial cells as the primary 
cellular barrier to neurite growth. Neurosdence Letters 102:332-6.

Ozawa, K., Uruno, T., M iyakawa, K., Seo, M. and Im am ura, T. (1996). 
Expression of the fibroblast grow th factor family and their receptor family 
genes during mouse brain  development. M olecular Brain Research 41(1-2): 
279-288.

Pallud, S., Ramauge, M., Gavaret, J., Lennon, A., M unsch, N., St. Germain, D., 
Pierre, M. and Courtin, F. (1999). Regulation of type 3 iododthyronine 
deiodinase expression in  cultured rat astrocytes: role of the Erk cascade. 
Endocrinology 140:2917-2923.

Pesetsky, I. (1973). The developm ent of abnormal cerebellar astrocytes in 
young hypothyroid rats. Brain Research. 63:456-460.

Pansky, B., Allen, D.J., and Budd, G.C. (1988k Review of Neuroscience.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



127

New York, Macmillan Publishing Co.

Patel, A. J., Lewis, P. D., Balaz, R., Bailey, P. and Lai, M. (1979). Effects of 
thyroxine on postnatal cell acquisition in the rat brain. Brain Research 172: 
57-72.

Paul, S., Das, S., Poddar, R. and Sarkar, P. K. (1996). Role of thyroid horm one 
in the morphological differentiation and  m aturation of astrocytes: Temporal 
correlation w ith synthesis and organization of actin. European Toumal of 
Neuroscience 8:2361-2370.

Piosik, P. A., van Groenigen, M. and Baas, F. (1996). Effect of thyroid 
horm one deficiency on R C 3/neurogranin mRNA expression in the prenatal 
and adult caprine brain. Brain Research: M olecular Brain Research 42(2): 227- 
235.

Pombo, M. G., Ibarrola, N., Alonso, M. A. and Rodriguez-Pena, A. (1998). 
Thyroid hormone regulates the expression of the MAL proteolipid, a 
com ponent of glycolipid-enriched m em branes, in  neonatal rat brain. Toumal 
of Neuroscience Research 52: 584-590.

Pombo, P. M. G., Barettino, D., Ibarrola, N ., Vega, S. and Rodriguez-Pena, A. 
(1999). Stimulation of the m yelin basic protein gene expression by 9-cis- 
retinoic ad d  and thyroid hormone: activation in the context of its native 
prom oter. M olecular Brain Research 64:92-100.

Poterfield, S. P. and Hendrich, C. E. (1993). The role of thyroid horm ones in 
prenatal and neonatal neurological developm ent- current perspectives. 
Endocrine Review 14(1): 94-106.

Rabie, A., Favre, C., Clavel, M. C. and Legrand, J. (1979). Sequential effects of 
thyroxine on the developing cerebellum  of rats m ade hypothyroid by 
propylthiouracil. Brain Research 161: 469-479.

Raff, M. C., Fields, K. L., Hakamori, S.-I., Mirsky, R., Pruss, R. M. and W inter, 
J. (1979). Cell type specific m arkers for distinguishing and studying neurons 
and the major dasses of glial cells in culture. Brain Research 174: 283- 308.

Raff, M. C., Miller, R. H. and Noble, M. (1983). A glial progenitor cell that 
develops in vitro into an astrocyte or an  oligodendrocyte depending on 
culture medium. N ature 303:390-396.

Raja, R.H., Paterson, A.J., Shin, T.H. and  Kudlow, J.E. (1991). Transcriptional 
regulation of the hum an transform ing grow th factor-alpha gene. M olecular 
Endocrinology 5: 514-520.

Rakic, P. (1971). Neuron-glia relationship during granule cell m igration in 
developing cerebellar cortex. A Golgi and electron microscopic study in 
macacus rhesus. Toumal of Com parative N eurology 141: 283-312.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



128

Reynolds, B. A., Tetzlaff, W. and Weiss, S. (1992). A m ultipotent EGF- 
responsive striatal embryonic progenitor cell produces neurons and 
astrocytes. Toumal of Neuroscience 12:4565-4574.

Robbins, J., Conclaves, E., Lakshmanan M. and Foti, D. (1991). Thyroid 
hormone transport from blood into brain. Advances in Perinatal 
Thyroidologv. B. B. Bercu and D. I. Shulman. NY, Plenum  Press: 39-46.

Rodriguez-Pena, A., Ibarrola, N ., Iniguez, M. A., M unoz, A. and Bernal, J. 
(1993). Neonatal hypothyroidism  affects the timely expression of myelin- 
assodated glycoprotein in  the rat brain. Toumal of Clinical Investigation 91: 
812-818.

Rogers, S. A., Miller, S. B. and Hammerman, M. R. (1995). Triiodothyronine 
stim ulates renal epiderm al growth factor expression in adu lt rats. American 
Toumal of Physiology 268(1): F128-34.

Rogers, S. A., Miller, S. B. and Hammerman, M. R. (1996). Altered EGF 
expression and thyroxine metabolism in kidneys following acute ischemic 
injury in rat. American Toumal of Physiology 270(1): F21-30.

Ryder, E. F. and Cepko, C. L. (1994). Migration patterns of donally related 
granule cells and their progenitors in the developing chick cerebellum. 
Neuron 12(51:1011-1128.

Sadiq, H. F., Chechani, V., Devaskar, S. U. and Devaskar, U. P. (1985). 
Thyroid-dependent m aturation of neonatal brain bu t not lung epidermal 
growth factor receptors. Developmental Pharmacological Therapy 8 : 292- 
301.

Sambrook, J., Fritsch, E. F. and Maniatis, T. (1989). M olecular doning. A 
laboratory m anual. NY, Cold Spring Harbor Laboratory.

Schlessinger, J. (1986). Allosteric regulation of the epiderm al growth factor 
receptor kinase. The Toumal of Cell Biology 103:2067-2072.

Segal, R. A., Takahashi, H. and Mckay, D. G. (1992). Changes in 
neurotrophin responsiveness during the developm ent of cerebellar granule 
neurons. Neuron 9:1041-1052.

Seroogy, K., Gall, C. M., Lee, D. C. and Komblum, H. I. (1995). Proliferative 
zones of postnatal ra t brain express epidermal growth factor receptor 
mRNA. Brain Research 670:157-164.

Seroogy, K. B., Han, V. K. M. and Lee, D. C. (1991). Regional expression of 
transform ing grow th factor-a mRNA in the rat central nervous system. 
N eurosdence Letters 125: 241-245.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



129

Seroogy, K. B., Lundgren, K. H ., Lee, D. C., G uthrie, K. M. and C.M., G.
(1993). Cellular localization of transform ing growth factor-alpha mRNA in 
ra t forebrain. Toumal of N eurochem istry 60(5): 1777-1782.

Seroogy, K. B., N um an, S., Gall, C. M., Lee, D. C. and  Kom blum , H. I. (1994). 
Expression of EGF receptor mRNA in rat nigrostriatal system. N euroreport 
6:105-108.

Shanker, G., Amur, S. G. and Pieringer, R. A. (1985). Investigations on 
myelinogenesis in vitro: a study of die critical period at w hich thyroid 
horm one exerts its m axim um  regulatory effect on the developm ental 
expression of two m yelin associated markers in culture brain cells from 
embryonic mice. Neurochemical Research 10(5): 617-625.

Shanker, G. and Pieringer, R. A. (1983). Effect of thyroid horm one on the 
synthesis of sialosyl galactosylceramide (GM4) in myelinogenic cultures of 
cells dissociated from  embryonic mouse brain. Brain Research 282(2): 169- 
174.

Shanker, G., Rao, G. S. and Pieringer, R. A. (1984). Investigation on 
myelinogenesis in v itro : regulation of 5’-nudeotidase activity by thyroid 
hormone in cultures of dissociated cells from embryonic m ouse brain. 
Toumal of Neuroscience Research 11(3): 263-270.

Sheflin, L. G., Fudle, N. W., Ozawa, S. and Spaulding, S. W. (1993).
Thyroxine increases the levels of epidermal growth factor ribonucleic add  
(EGF mRNA) in the thyroid in vivo as revealed by quantitative reverse 
transcription polym erase chain reaction w ith an internal control EGF mRNA. 
Endocrinology 132(6): 2319-2324.

Sherer, T. T., Sylvester, S. R. and Bull, R. J. (1993). D ifferential expression of 
c-erb mRNAs in the developing cerebellum and cerebral cortex of the rat. 
Biology of the Neonate 63: 26-34.

Shimada, A., Mason, C. A. and Morrison, M. E. (1998). TrkB signaling 
m odulates spine density and morphology independent of dendrite structure 
in cultured neonatal Purkinje cells; synaptic plastidty. The Toumal of 
Neurosdence 18(21): 8559-8570.

Shing, Y., Christofori, G., H anahan, D., Ono, Y., Sasada, R., Igarashi, K. and 
Folkman, J. (1993). Betacullin: a mitogen from pancreatic beta cell tumors. 
Sdence 259 (5101): 1604-1607.

Shoyab, M., Plowman, G. D., McDonald, V. L., Bradley, J. G. and Todaro, G.
J. (1989). Structure and function of human am phiregiilin: a member of the 
epiderm al growth factor family. Sdence 243:1074-1076.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



130

Sibilia, M., Steinbach, J. P., Stingl, L., A guzzi, A. and Wagner, E. F. (1998). A 
strain-independent postnatal neurodegeneration in mice lacking the EGF 
receptor. The EMBO Toumal 17: 719-731.

Simonet, W. S. and Ness, G. C. (1989). Post-transcriptional regulation of 3- 
hydroxy-3-methylglutaryl-CoA reductase mRNA in  rat liver. 
Glucocorticoids block the stabilization caused by thyroid horm one. Toumal 
of Biological C hem istry 264(11:569-573.

Simpson, D.L., M orrison, R.S., de Villis, J. and  Herschman, H.R. (1982). 
Epidermal grow th factor binding and m itogenic activity on purified 
populations o f cells from the central nervous system. Toumal of 
Neuroscience Research 8:453-462.

Sommer, I. and  Schachner, M. (1981). M onoclonal antibodies (01-04) for 
oligodendrocyte cell surfaces: An imm unological study in the central 
nervous system . Developmental Biology 83: 311-327.

Spivak-Kroizman, T., Rotin, D., Pinchasi, D., Ullrich, A., Schlessinger, J. and 
Laz, I. (1992). H eterodim erization of c-erbB2 w ith different epiderm al factor 
receptor m utants elicits stim ulatory o r inhibitory responses. Toumal of 
Biological C hem istry 267(121:8056-8063.

St. Germain, D. L. (1994). Iodothyronine deiodinases. Trends in 
Endocrinology and Metabolism 5:36-42.

Stein, S. A., Adam s, P. M., Shanklin, D. R., Mihailoff, G. A. and Palnitkar, M. 
B. (1991). Thyroid hormone control of b rain  and motor developm ent: 
Molecular, neuroanatom ical, and behavioral studies. Advances in Perinatal 
Thvroidology. B. B. Bercu and D. I. Shulm an. New York, Plenum  Press: 47- 
105.

Stein, S. A., Shanklin, D. R., Adams, P. M., Mihaloff, G. M., Paltikkar, M. B. 
and A nderson, B. (1989). Thyroid horm one regulation of specific mRNAs in 
the developing brain. Iodine and the Brain. G. R. Delong, J. Robbins and P. 
G. Condliffe. N ew  York, Plenum Press: 59-78.

Strait, K., Schw artz, H . L., Perez-Castillo, A. and Oppenheimer, J. H. (1990). 
Relationship o f c-erbA mRNA content to tissue triiodothyronine nuclear 
binding capacity and function in developing and adult rats. The Toumal of 
Biological C hem istry 265(181:10514-10521.

Strait, K. A., Schwartz, H. L., Seybold, V., Ling, N. and Oppenheimer, J. H. 
(1991). Immonofluorescence localization of thyroid hormone receptor 
protein p i and  variant a2 in selected tissues: Cerebellar Purkinje cells as a 
model for p i receptor -m ediated developm ental effects of thyroid horm one 
in the brain. Procceeding of the N ational Academy of Science 88:3887-3891.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



131

Tao, Y., Black, I. B. and DiCicco-Bloom, E. (1996). Neurogenesis in neonatal 
ra t brain  is regulated by peripheral injection of basic fibroblast grow th factor 
(bFGF). The Toumal of Com parative Neurology 376: 653-663.

Tao, Y., Black, I. B. and DiCicco-Bloom, E. (1997). In vivo neurogenesis is 
inhibited by neutralizing antibodies to basic fibroblast grow th factor (bFGF). 
Toumal of Neurobiology 33:289-296.

Thalmann-Goethsch, A., Engelm ann, K. and Bednarz, J. (1997). Comparative 
study  on the effects of different grow th factors on m igration of bovine 
com eal endothelial cells during w ound healing. Acta O p h t h a l m o l o g i c a  

S r a n d i n a v i c a  75:490-495.

Thomas, K. A. (1993). Biochemistry and molecular biology of fibroblast 
grow th factors. N eurotrophic Factors. S. E. Loughlin and J. H. Fallon. New 
York, Academic Press.

Thom pson, C. C. (1996). Thyroid hormone responsive genes in developing 
cerebellum  include a novel synaptotagm in and a hairless homolog. The 
Toumal of Neuroscience 16(241:7832-7840.

Thompson, D. M. and Gill, G. N. (1985). The EGF receptor: structure, 
regulation and potential role in  m alignancy. Cancer Surveys 4(4): 767-788.

Thompson, K., Santon, J., Shepard, L., W alton, G. and Gill, G. (1992). A 
nuclear protein is required for thyroid hormone receptor binding to an 
inhibitory half-site in the epiderm al grow th factor receptor prom oter. 
M olecular Endocrinology 6:627-635.

Threadgill, D. W., Dlugosz, A. A., Hansen, L. A., Tennenbaum, T., Lichti, U., 
Yee, D., LaMantia, C., m ourton, T., H errup, K., H arris, R. C., Bernard, J. A., 
Yuspa, S. H., Coffey, R. J. and M agnuson, T. (1995). Targeted disruption of 
m ouse EGF receptor: Effect of genetic background on m utant phenotype. 
Science 269(5221V. 230-234.

Timiras, O. S. and Nzekwe, E. U. (1989). Thyroid horm one and the nervous 
system . Biology of the N eonate 55: 376-385.

Traverse, S., Seedorf, K., Paterson, H., M arshall, C. J., Cohen, P. and Ullrich, 
A. (1994). EGF triggers neuronal differentiation of PC12 cells that 
overexpress the EGF receptor. C urrent Biology 4(8V. 694-701.

Trenkner, E. (1991). Cerebellar cells in culture. Culturing N erve Cells. G. 
Banjer, and Goslin, K. Cam bridge, MIT.

Trenkner, E., El Idrissi, A. and H arris, C. (19%). Balanced interaction of 
grow th factors and taurine regulate energy metabolism, neuronal survival, 
and  function of mouse cerebellar cells under depolarizing conditions. 
Advances in Experimental M edicine and Biology 403:507-517.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



132

Trentin, A. G. and N eto, V. M. (1995). T3 affects cerebellar astrocyte 
proliferation, GFAP and fibronectin organization. N euroreport 6:293-296.

Trentin, A. G., Rosenthal, D. and Moura Neto, V. (1995). Thyroid hormone 
and conditioned m edium  effects on astroglial cells from  hypothyroid and 
norm al rat brain: Factor secretion, cell differentiation, and proliferation. 
Toumal of Neuroscience Research 41:409-417.

Tucker, M.S., Khan, I., Fuchs-Young, R., Price, S., Steininger, T.L., Greene, G., 
W ainer, B. and Rosner, M.R. (1993). Localization of immunoreactive 
epiderm al grow th factor receptor in neonatal and adult rat hippocampus. 
Brain Research 631:65-71.

Unsicker, K., Grothe, C., Ludecke, G., Otto, D. and W estermann, R. (1992). 
Fibroblast grow th factors: their roles in the central and peripheral nervous 
system. N eurotrophic Factors. S. E. Loughlin and J.H. Fallon. New York, 
Academic Press.

Walicke, P. A. and Baird, A. (1991). Internalization and processing of basic 
fibroblast grow th factor by neurons and astrocytes. The Toumal of 
Neuroscience 11(7): 2249-2258.

Walker, P., Weischel., M.E., Fisher, D. A., Guo, S. M. and Fisher, D. A. (1979). 
Thyroxine increases nerve grow th factor concentration in adult mouse brain. 
Science 204:427-429.

W alker, P., Weischel, M. E., Eveleth, D. and Fisher, D. A. (1981). Ontogenesis 
of nerve growth factor and epiderm al growth factor in submaxillary glands 
and nerve growth factor in brains of im m ature mice: Correlation w ith 
ontogenesis of serum  levels of thyroid hormone. Pediatric Research 16: 520- 
524.

W anaka, A., M ilbrandt, J. and Johnson, E.M., Jr. (1991). Expression of FGF 
receptor gene in ra t developm ent. Development 111(2): 455-468.

W atanabe, K., Nakagawa, S. and Nishida, T. (1987). Stim ulatory effects of 
fibronectin and EGF on migration of comeal epithelial cells. Investigative 
Ophthalmology and Visual Science 28(2): 205-211.

Weickert, C. S. and Blum, M. (1995). Striatal TGF-a : Postnatal developmental 
expression and evidence for a role in the proliferation of subependymal cells. 
Developmental Brain Research 86:203-216.

Wells, A. (1999). EGF receptor. International Toumal of Biochemistry and 
Cell Biology 31(6): 637-43.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



133

W erner, M. H ., N anney, L. B., Stoscheck, C. M. and King, L. E. (1988). 
Localization of im m unoreactive epiderm al growth factor receptors in 
hum an nervous system. The Toumal of H istochem istry and Cytochem istry 
36(1): 81-86.

Wilcox, J. and Derynck, R. (1988). Developmental expression of transform ing 
growth factor alpha and beta mRNA in the mouse brain. M olecular Cell 
Biology 8: 3415-3422.

Williams, G. R. (1994). Thyroid Horm one Regulation O f Gene Expression. 
Austin, R.G. Landes Company.

Wills, K. N., Zhang, X.-K. and Pfahl, M. (1991). Coordinate expression of 
functionally distinct thyroid hormone receptor a isoforms during  neonatal 
brain developm ent. M olecular Endocrinology 5(8): 1109-1119.

W oodward, W. R., N ishi, R., Meshul, C. K., Williams, T. E., Coulombe, M. 
and Eckenstein, F. P. (1992). Nuclear and cytoplasmic localization of basic 
fibroblast grow th factor in astrocytes and CA2 hippocam pal neurons.
Toumal of Neuroscience 12(11:142-152.

Wysocki, S. J. and  Segal, V. (1972). Influence of thyroid horm one on enzyme 
activities of m yelinating ra t central nervous system. European Toumal of 
Biochemistry 28:183-189.

Xie, H., Pallero, M. A., G upta, K., Chang, P., Ware, M. F., W itke, W., 
Kwiatkowski, D. J., Lauffenburger, D. A., M urphy-Ullrich, J. E. and  Wells, A.
(1998). EGF receptor regulation of cell m otility: EGF induces disassem bly of 
focal adhesions independently of the m otility-associated PLCy signaling 
pathway. Journal of Cell Science 111: 615-624.

Xu, J., Thompson, K.L., Shephard, L.B., H udson, L.G. and Gill, G.N. (1993). T3 
receptor suppression of Spl-dependent transcription from the epiderm al 
growth factor receptor prom oter via overlapping DNA-binding sites.
Toumal of Biological Chemistry268:16065-16073.

Yamada, K. T., Miyajima, S:, Yamamoto, C., Fujiwara, Y., W ight, T. N. and 
Kinsella, M. G. (2000). Cell density-dependent regulation of proteoglycan 
synthesis by transform ing growth factor -beta (1) in cultured bovine aortic 
endothelial cells. Toumal of Biological Chem istry 275(2): 1463-1470.

Yeiser, E. C., Fitch, C. A., Hom ing, M. S., Rutkoski, N. and Levenson, C. W.
(1999). Regulation of m etallothionein-3 mRNA by thyroid horm one in 
developing ra t brain and prim ary cultures of ra t astrocytes and neurons. 
Developmental Brain Research 115:195-200.

Young, T.H., H uang, J.H., Hung, S.H. and H su, J.P. (2000). The role of cell 
density in the survival of cultured cerebellar granule neurons. Toumal of 
Biomedical M aterials Research 52:748-753.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



134

Yusta, B., Besnard, F., Ortiz-Caro., Pascual, A., Aranda, A. and Sarlieve, L. 
(1988). Evidence for the presence of nuclear 3,5,3'- triiodothyronine 
receptors in secondary cultures of pure rat oligodendrocytes. Endocrinology 
122(5): 2278-84.

Zheng, C., Heintz, N. and H atten, M. E. (1996). CNS gene encoding 
astrotactin, w hich supports neuronal m igration along glial fibers. Science 
272:417-419.

Zirrgiebel, U. and Lindholm, D. (1996). Constitutive phosphorylation of 
TrkC receptors in cultured cerebellar granule neurons m ight be responsible 
for the inability of NT-3 to increase neuronal survival and to activate p21 ras. 
Neurochemical Research 21(21): 851-859.

Zou, L., Hagen, S. G., Strait, K. A. and  Oppenheim er, J. H. (1994). 
Identification of thyroid horm one response elements in rodent Pcp-2, a 
developm entally regulated gene of cerebellar Purkinje cells. Toumal of 
Biological Chemistry 269:13346-13352.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.


