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ABBREVIATIONS

AC = Adenilate cyclase
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BDNF = Brain derived neurotrophic factor
BFB = Basal forebrain

cAMP = Cyclic AMP

CNS = Central nervous system

E = Embrionic

GFAP = Glial fibrillary acidic protein

IP; = Inositol 1,4,5-trisphosphate
IR = Immunoreactive
M1-5 = Muscarinic subunit 1-5 of the acetylcholine receptor

mAb = Monoclonal antibody

mAChR = Muscarinic acetylcholine receptor
MD = Monocularly deprived

nAChR = Nicotinic acetylcholine receptor
NGF = Nerve growth factor

P = Postnatal ’
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PNS = Peripheral nervous system

RC2  =Radial cell 2

TrkA  =Tyrosine kinase A
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ABSTRACT

Glial fibrillary acidic protein (GFAP) is a member of the class of the intermediate
filaments highly expressed in astrocytes, in which it contributes to form cytoskeleton.
Its expression is modulated by functional changes of cellular environment and it is
altered during pathological events. In the present study GFAP expression was
investigated in visual cortex of mouse. The study has been performed in visual cortex
since this area is mostly used to study activity-dependent plasticity, cell phenotype
differentiation and maintenance. Mammalian visual cortex is immature at birth and
develops gradually during defined postnatal temporal windows. In the present work, I
studied the maturation of astrocytes in developing mouse visual cortex (VC). Cellular
distribution and level of glial fibrillary acidic protein (GFAP) were analyzed by
immunohistochemistry and western blot analysis. Experiments were performed at
different postnatal ages: postnatal day 12 (P12), before eye opening, P24,
corresponding roughly to the peak of the critical period for monocular deprivation
(MD); and P60, after the end of the critical period. At P12, GFAP-immunoreactive
(IR) astrocytes were distributed throughout all cortical layers. At P24, there was a
prominent localization of GFAP immunoreactivity in layers I, II and VI, while
cortical layers III, IV and V contained no longer GFAP-IR cells. No differences were
found in GFAP immunoreactivity between P24 and P60. Western blot analysis
revealed a reduction of GFAP expression in the VC at P24 with respect to P12 and no
significant difference between P60 and P24. These results show that GFAP expression
is modulated during early postnatal development, its maturation is rapid, reaching and
adult like status before P60. To know whether visual experience influences the
maturation pattern of GFAP expression, mice were deprived of visual experience
(dark rearing) from P12 to P24. It is well known that visual experience represents the
driving force of visual cortex maturation and, in particular, of neural cells. I found
that dark rearing did not change the distribution and the expression of GFAP. The
results indicate that maturation of GFAP expression occurs early in postnatal
development in mouse VC. GFAP development is not regulated by light, since GFAP
expression is not affected by visual deprivation. The conclusion is that different
genetic and epigenetic factors regulate maturation of neurons and astrocytes. After

this first result I moved to investigate factors and mechanisms controlling astrocytes




phenotype and in particular GFAP expression. To this aim I moved well out of the
end of maturation period for GFAP; all experiments were conducted in P60 mice. The
first investigated factor has been Nerve Growth Factor (NGF). NGF belongs to the
family of trophic proteins (neurotrophins) it regulates the survival and differentiation
of developing neurons and contributes to the maintenance of specific functions, in
particular class of neurons, during adult life. Effects of NGF in developing and adult
visual system have been observed, on neurons, by several investigators. In the present
study, I investigated the consequence of NGF deprivation on GFAP immunopositive
astrocytes in adulthood. To this aim, I analyzed visual cortex of 2-month-old
transgenic mice, expressing a recombinant version of the neutralizing anti-NGF
monoclonal antibody (mAb aD11). I found a reduction of GFAP-immunoreactive
astrocytes in visual cortex of anti-NGF transgenic mice without a concomitant
reduction of the total number of astrocytes, as assessed by immunoistochemistry for
S-100, another marker of mature astrocytes. Western blot analysis revealed a decrease
of GFAP amount in visual cortex. Similar results were obtained in area CAl of
hippocampus indicating that the effects of NGF deprivation were not limited to the
visual cortex. To discard the possibility of unspecific effects due to insertion of
transgene, the endogenous NGF was also blocked by using intraventricular implants
of hybridoma cells releasing mAb oD11. This treatment induced reduction of GFAP
expression. To account for a possible indirect effect of NGF on GFAP expression,
acetylcholine, a neurotransmitter active on neurons and astrocytes, was investigated.
It is known that NGF is fundamental for survival of cholinergic neurons also during
adult life. In the transgenic mouse, I found a reduction of cholinergic neurons of the
BF. It is known that cholinergic neurons of the BF project to the cortex, thus raising
the possibility that NGF effects on GFAP are mediated by the cholinergic system. To
validate the cholinergic hypothesis, a mild dose of vesamicol was used to block the
release of acetylcholine (ACh) in wild type mice. ACh reduction induced a decrease
of GFAP immunoreactivity and a modification of astrocytic shape comparable to that
provoked by NGF deprivation. Previous results showed that experimental reduction of
ACh or alteration of cholinergic system induced an increase of GFAP-IR astrocytes
instead of a reduction. To test whether GFAP was sensitive to ACh in a dose
dependent manner, a higher dose of vesamicol was injected to provoke a sustained

ACh reduction. I found that animals treated with a higher dose of vesamicol were



characterized by an increase of GFAP immunoreactivity and a gliotic reaction of

astrocytes. These results suggest that astrocytes are sensitive to acetylcholine in a

dose dependent manner.

Altogether the results indicate that:

GFAP expression in mouse visual cortex, is regulated during the
development reaching the adult-like status before P60;

light deprivation, does not affect GFAP maturation,

NGF deprivation induces a down regulation of GFAP expression and a
reduction of cholinergic neurons;

Reduction of ACh release mimics the effect of NGF deprivation on GFAP
expression, suggesting that the action of NGF on astrocytes might be
mediated through the cholinergic system;

Effects induced by ACh deprivation are dose dependent. Indeed, mild and
strong reduction of ACh release leads to two opposite action, i.e. to
decrease and increase of GFAP immunoreactivity, respectively. I suggest
that acetylcholine and NFG act synergistically to create a bridge between
neurons and astrocytes permitting them to react to an environmental

change and/or perturbation.






1.1 Astrocytes: Historical Overview and Classification

In the mammalian brain glial cells occupy 50% of the total brain volume (Peters
et al., 1991; Laming et al., 1998). Evidence accumulated during the last twenty years
indicate that they are not only mere supportive elements, but that they are essential to
understand how the brain works and integrates different signals (Araque, 2001). Glial
cells are divided into two main classes: Macroglia and microglia. Astrocytes are part
of macroglial, which includes astrocytes and olygodendrocytes, in the central nervous
system (CNS), and schwann cells in the peripheral nervous system (PNS). The main
aim of the present thesis is to contribute to elucidate some of the factors that control
phenotype and functions of a particular subclass of macroglial cells, namely
astrocytes, in the mouse brain.

Rudolf Virchow (1846) was the first to describe a large population of cells with
different structural characteristics compared to neurons, in vertebrate brain. He called
these cells “Nervenkitt’ to indicate their main role to serve as connective tissue in
which neurons are embedded. Virchow intuition, of a new class of cells present in the
brain and distinct from neurons, posed the basis for a more comprehensive view of the
brain as formed by different cell types actively interacting to set the adaptive response
to changes in the environment. Successively, Camillo Golgi (1885), the pioneer of the
morphological identification of cell types in the nervous system of vertebrates,
provided the basis for a modern investigation of glial morphology using the technique
of silver staining. In particular, metallic impregnation techniques allowed the
identification of glial processes distinct from neuronal processes.

Golgi’s studies on glial cells were continued by Santiago Ramon y Cajal (1909).
Taking advantage of the improvement of the metallic impregnation technique used by
Golgi, he described different types of astrocytes, classifying them into three main
subgroups: radial glia, fibrous astrocytes and protoplasmic astrocytes. This
classification was very important and it has currently been used.

Radial glia.

Radial glial cell (Fig. 1.1a) are a ubiquitous cell type, present in the developing
central nervous system (CNS) of vertebrates. Radial glial cells have a bipolar soma
whose axis is perpendicular with respect to the plane of the growing tissue. The
bipolar soma is located close to the proliferative ventricular zone and it extends long

radial processes. Using Rio-Hortega impregnation, astrocytic processes appear as thin,




unbranched fibers, forming elongated filaments spanning the entire cerebral wall
(Kettenmann and Ransom, 1995). More recently, a specific antibody for radial glia,
radial cell 2 (RC2) (Misson et al., 1988), allowed the identification of two main forms
of radial glial cells in mammals: bipolar radial glia, which spans the whole thickness
of the cerebral wall and monopolar radial glia, which appears later during
development. During the prenatal period these cells loose the descending processes
and present only a single process or multiple processes arising from their apical pole
and terminating in endfoot varicosities at the pial surface. The entire radial glia
network is not static and its configuration changes during development to accommodate the
extensive increases in thickness and surface of the growing brain (Misson et al., 1988;
Kadhim et al., 1988; Gadisseux et al., 1992). Radial glia plays an important role in many
areas of the CNS, such as the cerebral cortex (Woodhams et al., 1981), the cerebellum
(Edmondson and Hatten, 1987) and the hippocampus (Woodhams et al., 1981; Gasser
and Hatten, 1990). During development, neurons use a scaffold of radial glia to reach
the final site in a functionally mature organization (Rakic, 1981; Hatten, 1999) (Fig.
1.1 b). While radial glia persists in some vertebrate like amphibia, reptilian and birds,
it almost completely disappears in the mammalian nervous system with the exception

of cerebellum, where they persist as Bergman glia.

Fig. 1.1 Neurons migrating along
radial glia during development. (a)
Camera lucida drawing of the
occipital lobe of a monkey fetus at
mid-gestation. Radial glia fibers run
from the ventricular zone to below

to the surface of the developing

cortex above. (b) Three-dimensional
recinstruction of migrating neurons
(in white)

(from Nicholls)




Fibrous Astrocytes. Using metallic impregnation, fibrous astrocytes (Fig. 1.2a)
appear as star-shaped cells with long and poorly ramified processes that radiate in all
directions. They are abundant in the white matter, in which they run among
myelinated fibers and spread throughout the entire white matter. Often, fibers push on
far from their cell body entering the gray matter, without reaching the pial surface.
Sometimes these cells get in contact with blood vessels, through endfeet attached to

vascular endothelium.

Fibrous
astrocyte

Fig. 1.2 Silver impregnation. (a) Fybrous astrocyte in the white matter contacting a blood vessel. (b)
Protoplasmic astrocytes in superficial layer of the human infant cerebral cortex.

A,B,C,D astrocytes in the plexiform layer; E,F,G H, astrocytes in layer 2 and 3; astrocytes with
vascular end feet; V, blood vessel. (From Cajal)

Protoplasmic Astrocytes. Cells with short processes, called protoplasmic
astrocytes, are prevalent in the gray matter. Unlike fibrous astrocytes of the white
matter, they have short, branched processes. In the cerebral cortex, it is possible to -
observe bushed astrocytes that take contact with the pia or blood vessels. In addition,
there are astrocytes around neuronal cell bodies, dendrites and synapses. Furthermore,
protoplasmic astrocytes at the white matter border show a fibrous shape, suggesting,
to the first anatomists, the idea that their morphology changed according to their
laminar position. In the second half of the past century, development of electron
microscopy, allowed the investigation of the ultrastructural organization of astrocytes
(Fig. 1.3). It has been reported that astrocytes can be intimately associated with the
synapse, literally enwrapping many pre- and post-synaptic terminals. In the

hippocampus, 57% of the axon-spine interfaces are associated with astrocytes




(Ventura et al., 1999). In the cerebellum there are eight Bergmann glia for each
Purkinje cell, and each Bergmann cell ensheats between 2142 and 6358 synapses
(Reichenbach et al., 1995). It is likely that this close physical relationship provides an

opportunity for functional interactions between astrocytes and neurons.

e igerge 3 gy

Fig. 1.3. Electron
microphotography of Neurons
and astrocytes processes in rat
cerebellum. Glial cells are in
blue. (D) Dendrites, (Ax) Axons.
(Syn) Synapse.

It is clear the close association
between neurons and astrocytes

1.2 FUNCTION OF ASTROCYTES.

Histochemical observations conducted by the first anatomists formed the ground
for the first hypothesis about the function of astrocytes. Virchow was the first to
propose that astrocytes represent a sort of connective tissue. Successively, Golgi
noted the close contact of glial processes with blood vessels and neurons, and he
speculated that astrocytes could serve to supply nutrients to nerve cells. His (1889)
proposed that embryonic glial cells guide the migration of developing neurons.
Lugaro, in 1907, suggested that astrocytes could buffer the interstitial space to ensure
the correct neuronal function. In 1909, Ramon y Cajal rejected the Golgi’s nutrition
idea, raising a new theory called the “Isolation theory”. He observed that glial cells
are abundant in regions of the gray matter where neuronal dendrites are present in
great number such as the molecular layers of the cerebellum and the molecular layer

of the cerebral cortex and hippocampus. He speculated that the high number of




astrocytes in these regions could regulate neuron-neuron contacts, preventing the
diffusion of neurotransmitters far from the release sites thus contributing to restrict
their area of action “.There is in fact, a real need to avoid, insofar possible, the
indiscriminate spread of neuronal fluxes from any processes to its neighbors jfor fear
or psychological confusion and generalized response” (Cayal SR, 1909).

Some of the reported studies advanced the idea that astrocytes have important
functional and structural roles beyond the passive supportive initially prposed by
Virchow. Nevertheless, astrocytes have been largely neglected and neurons have long
been thought to represent the sole information-processing elements of the CNS.
However, the anatomical proximity of neuroglia to neuronal cells (Fig. 1.4) makes
these cells particularly suitable for active roles in neural information processing, and
different neuroscientist agree in supporting a key role for glia in brain physiology and

pathology.

Fig.1.4 Stratum radiatum of hippocampal area CAl1Adult man autopsied three hours after
death. Draw from a Chloride of gold impregnation (i) (4) big astrocyte embracing a pyramidal
neuron. (B) twin astrocytes forming a nest around a cell (C), while one of them sends two branches
forming another nest (D). (E) cell with signs of autolysis” (1). (Figure reproduced from original drawing of
Legado Cajal). Astrocytic profiles and 3D reconstructions illustrating their relationships to synapses
(ii). a, Astrocytic profiles are illustrated (b/ue) on a single thin section in the vicinity of 11 synapses
(arrows). Three synapses have astrocytic profiles at their perimeters (arrowheads). b—d, 3D
reconstructions illustrate astrocytic profiles (blue), boutons ( green), spines ( gray), and PSDs (red).
Astrocytic profiles surround (b) 50% of the perimeter of this macular synapse and ( ¢) 3% of the
perimeter of a perforated synapse, both occurring on SSBs. In d, three synapses occur with a single
presynaptic bouton, called a multiple synapse bouton, and a single astrocytic process surrounds 75, 64,
or 100% of the perimeter of each synapse from Jef ¢ to right, respectively. Scale bars: 1 mm (shown in
b for b—d). (From Ventura and Harris, 1999)




This hypothesis is supported by data showing that astrocytes can integrate
neuronal inputs and modulate synaptic plasticity (Kang et al., 1998). Studies in cell
cultures and slices have demonstrated that the release of glutamate by neurons induces
a transient elevation of calcium in astrocytes, resulting in calcium waves that spread
away from the site of glutamate release through astrocytic gap junctions (Rouach et
al., 2000). These results suggest that astrocytes contribute to form a network
mediating long-range signalling in the CNS. More recently, it has been reported that,
in addition to glutamate, other neurotransmitters such as noradrenaline, GABA, and

acetylcholine induce elevation of calcium in astrocytes (Araque et al., 2002). In
addition, glutamate stored by astrocytes is released in vesicles when they are
stimulated by neurotransmitters, using a mechanism similar to the neuronal secretory
process. (Jeftinija et al., 1997; Volknandt, 2002). Since astrocytes surround many of
the synaptic connections in the CNS, released glutamate exerts a feedback signal for
synaptic neuronal terminals resulting in modulation of synaptic transmission. Thus,
astrocytes may control synaptic transmission and efficacy, coupling together several
synaptic neuronal terminals that are contacted by excited astrocytes, in this way
sculpting the neuronal circuitry involved in activity-dependent plasticity. These
results support the Cajal hypothesis in which astrocytes are described as essential
elements integrating neuronal inputs in the brain.

Astrocytes functions of include not only their role in nutrition and formation of a
barrier between the nervous system and the blood/cerebrospinal fluid (blood brain
barrier, BBB), guidance for neuronal migration, and integration of neuronal signals,
but also the fundamental role in response to neurodegeneration and, in general in
pathophysiological processes. In adult CNS, astrocytes react, to injury, trauma,
neurodiseases, genetic disorders, or chemical insults, in a characteristic way. Reactive
astrocytes display phenotypic modifications that include increase in nuclear diameter,
glutamine synthetase and glycogen, high oxidoreductive enzymatic activity and
increased syntesis of cytoskeletal proteins such as glial fibrillary acidic protein
(GFAP) and vimentin (Steward et al, 1993; Eng et al, 1992). Pathological
accumulation of GFAP has been used as a marker of gliosis in several experimental
models including cerebral cryogenic lesions (Amaducci et al, 1981), stab wounds
(Latov et al, 1979; Mathewson and Berry, 1985), experimental allergic
encephalomyelitis (Smith et al., 1983; Aquino et al., 1988), toxic lesions (Brock and
O’Callaghan 1987; Rataboul et al 1989) and ischemia (Cheung et al., 1999). Increase
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of GFAP mRNA expression has been observed in Alzheimer’s disease (Beach et al.,
1989; Delacourte, 1990), Creutzfeldt-Jacob disease (Manuelidis et al., 1987), and
mechanical lesions of the rat cerebral cortex (Condorelli et al., 1990). The obtained
results point to GFAP as a sensitive and early marker of neurotoxicity.

It is thought that astrogliosis is important in controlling the molecular and ionic
contents of the extracellular space after injury in the CNS. In addition, reactive
astrocytes are important in removing myelin and cellular debris from the injured site
and have an active role in insulating damaged regions of the nervous system from the
extracellular environment. Besides these positive effects, strong gliosis can produce
dangerous effects. In fact, reactive astrocytes release factors which could prevent re-
myelination and axonal regeneration (Ridet et al., 1997; Rudge and Silver, 1990;
Spillmanm et al., 1986). Concerning the molecular mechanisms inducing gliosis after
neuronal damage, it is known that after injury several molecules, such as cytokines,
neurotransmitters, neurotrophic factors and ions, are released in the extracellular
space. The consequent altered composition of the extracellular space may induce

neuronal sufferance and gliotic response.

1.3 ORIGIN AND DEVELOPMENT OF ASTROCYTES.

Recent data converge to the hypothesis that, in the CNS, neurons and astrocytes
are originated from a common progenitor, namely radial glia (Voigt, 1989;
Bentivoglio and Mazzarello, 1999; Malatesta et al., 2000; Alvarez-Buylla et al., 2001;
Gotz et al., 2002). In general, glial differentiation is slower than neurogenesis and
when the latter is over the glial cell population continue to expand (Jacobson, 1991).
Mature glial cells maintain their capacity to proliferate throughout the life span as
shown by autoradiography after a pulse of [*H]thymidine (Korr et al., 1973; 1975).

As mentioned before, radial glia is characterized by long fibers, leaving the
ventricular surface and spanning the entire gray matter. These cells not only provide a
mechanical support, acting as guiding cables for neuronal migration, but also play an
active role in brain trophism and general metabolism. In non-mammalian nervous
systems radial glia persists during adulthood, while in the mammalian brain, they
disappear early during postnatal development with the exception of the cerebellum
(Bovolenta et al., 1984). Radial glia appears early in the embryonic development.

Using the monoclonal antibody RC2, they were detected in the pseudostratified
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neuroepithelium of the mouse neural tube at 9 days of embryonic development (E9)
(Misson et al, 1988). Concerning the use of this antibody it should be mentioned that,
despite it is frequently used to label mouse radial glial cells in all parts of the nervous
system, during embryonic and early postnatal life, the antigen recognized by this
antibody still needs to be identified. Recently (Chanas-Sacre et al., 2000) it has been
shown that the RC2 antibody recognizes a developmentally regulated intermediate
filament associated protein (IFAP) expressed, by cells of the glial and myogenic
lineages. Thus it seems not the best marker for glial cells. However, increasing
evidence suggests that radial glia acts as progenitors of astrocytes. First of all, mature
astrocytes start to be detected only after radial glia disappearance, during the perinatal
period after completion of neuronal migration (Choi and Lapham, 1978; Cameron and
Rakic, 1991; Misson et al, 1991). Moreover, radial glia and astrocytes share common
antigens such as GFAP, a classical marker for mature astrocytes (Levit and Rakic,
1980; Stichel et al., 1991) as well as the astrocyte specific glutamate transporter
(GLAST) (Shibata et al, 1997) and the brain lipid binding protein (BLBP) (Feng et al,
1994), two specific astrocytic markers. Another finding which support this idea is the
presence of cells displaying a transitional shape between bipolar radial glia and
multipolar astrocytes (Pixley and McKay, 1984; Marin-Padilla, 1995), which, assume
mature astrocytic phenotype when cultured (Cullican et al, 1990). Particularly
relevant to this issue is the result obtained when a fluorescent tracer was injected
under the pial surface of newborn ferrets, at a time when virtually no mature
astrocytes were present. The dye was found in mature astrocytes several weeks later
(Voigter, 1989). Recent studies also highlighted the importance of radial glia in
neurogenesis (Malatesta et al., 2000; Noctor, 2001), showing radial that radial glia
comprise a subpopulation that generate neurons only, and a subpopulation that
generates only glial cells. The different classes of macroglial cells present in the CNS,
i.e. astocytes and oligodendrocytes, originate from glial cells in the ventricular and
subventricular zones and later migrate into the white and gray matter. The process of
maturation of glial cells, and in particular of astrocytes, is characterized by the
presence of different transitional steps, characterized by typical markers. Astrocytes
express two different proteins forming intermediate filaments, namely vimentin and
GFAP, during early stage of development. Vimentin is expressed in radial glia and
immature astrocytes during the motile phase of astrocytes. GFAP is expressed mainly

in mature astrocytes although can be expressed in transitional cells together with
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vimentin. Another marker for mature astrocytes is the calcium binding protein, S-100,
expressed in two forms: S-100o and S-100 B (Moore, 1965; Ludwin et al., 1976;
Cocchia, 1981).

1.4 ASTROCYTIC MARKERS.

Most studies aiming to unveil the morphological features of astroglial cells were
performed using heavy metal impregnation techniques. Although these techniques
allowed a precise description of the cell distribution and structure, they did not give
much information on the functional organization of astrocytes. Furthermore, since
particular proteins are temporally and spatially segregated, classical histological
techniques do not allow to appreciate dynamic processes. Modern
immunohistochemistry and molecular biology lead to a more complete knowledge of
this protein, allowing both to observe dynamic transformations of astrocytes during
life and to study relationships among astrocytes themselves and other neural cells. So
far, several astrocyte specific molecules have been identified. Most of them are
distinctive of astrocytes, while others are shared with neurons or other glial cells, even
- though some of them have different functions in astrocytes than in other cells. Since
the number of protein expressed by astrocytes is high, it is beyond the scope of the
present thesis to describe the functions and roles of all of them. Since the aim of the
present thesis is to investigate factors and mechanisms modulating astrocytic

phenotype I focused my attention on GFAP.

1.5 GLIAL FIBRILLARY ACIDIC PROTEIN (GFAP)

Gial fibrillary acidic protein (GFAP) is a member of the family of the
intermediate filament (IF) proteins, with which share the common structure,
consisting of a non-o-helical N-terminal head domain, a central o-helical rod domain,
and a C-terminal head domain (Fig. 1.5a) (Weber and Geisler, 1985). The head
regions of porcine GFAP is composed of 35 aminoacid residues (Geisler and Weber,
1986) and has a B-turn structure, it contains eight arginine residues that characterize
this highly basic region (Inagaki et al., 1990; Feinstein et al., 1992). Phosphorylation
and dephosphorylation of specific aminoacids residues in the head region are involved
in the regulation of GFAP assembly. The rod region is composed of 345 aminoacid

residues, contaning long tandem repeats of seven aminoacid sequences called “heptad
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repeats”. This region is essential for the packaging of the a-helical coil and which is
important for the formation of 10 nm filaments. The tail region of about 50
aminoacids residues has a globular structure and may be involved in the interactions
between IF and other proteins. Under physiological conditions, the majority of GFAP
proteins assemble to form 10 nm filaments in vitro (Geisler and Weber, 1983). They
built up in three steps (Fig. 1.5b): i) as a firs step, two GFAP molecules gather to form
a parallel o-helical coiled-coil dimer structure, ii) two dimers form anti-parallel
filaments composed as tetramer and iii) the protofilament assembles to constitute a 10
nm filament structure (Soellner et al, 1985; Shoeman and Traub et al., 1993; Stewart

et al., 1989).
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Fig. 1.5. (a) Classification and structure of the IF family of proteins. On the basis of amino
acid sequence homologies, the IFs can be subdivided into six principal types as shown. Whereas the
head and tail domains of the IF subtypes vary considerably and provide the basis, in part, for their
tissue-specific expression, there is considerable homology within the central rod domain, which is
composed of interconnected protein segments forming alpha-helical coils. Glial fibrillary acidic protein
is a Type III IF along with vimentin, desmin, and peripherin. (b) Regulation of GFAP assembly and
disassembly. (For explanations see the text)

In vitro reconstitution studies revealed that assembly and morphology of GFAP
filaments are affected by various physical factors, such as GFAP concentration, pH,
divalent cations, ionic strength, aminoacids, and temperature (Inagaki et al., 1990;
Herrmann et al., 1993; Nakamura et al., 1991). The suitable pH range for in vitro
correct assembly is around pH 7 (Inagaki et al., 1990). At lower pH, they form an
unusual ribbon like filament, wider than 10 nm. Divalent cations, such as Mg"™ and
Ca'" greatly accelerate GFAP assembly. However, in high concentrations, they induce
the formation of ribbon-like GFAP filaments (Tanaka et al., 1989). Althought most of
the GFAP is in the polymerized state with few free tetramers (Soellner et al., 1985),
recent studies revealed that they dynamically shift between assembled and
disassembled states (Nakamura et al., 1991; Vikstrom et al., 1989). Thus GFAP
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undergoes dynamic changes between the two phases (Nakamura et al, 1991).
Phosphorylation and dephosphorylation of the GFAP head region have been shown to
have a critical role for the maintenance and reconstruction of GFAP (Inagaki et al.,
1990; Inagaki et al., 1987). When aminoacid residues in the head region are
phosphorylated, GFAP filaments disassemble into a soluble form (Inagaki et al.,
1990). The head region is positively charged due to the many arginine residues
present within the region. This is important for assembly of GFAP filament. When the
head region is removed from trombin digestion (Matsuoka et al., 1992) or the arginine
residues are eliminated (Inagaki et al., 1989) GFAP molecules cannot assemble
regularly. Thus, the mechanism of GFAP assembly regulation may relate to regulation
of the electric charge in the head domain by phosphorylation. Sites of phosphorylation
of 2" messenger dependent protein kinases have been identified in the head region
(Inagaki et al., 1990; Nakamura et al., 1992). Four serines (Ser-8, Ser-13, Ser-17 and
Ser-34) and threonine (Thr-7) are phosphorylated by different protein kinases; cyclic-
AMP dependent protein kinase (A kinase), Ca™" calmodulin-dependent kinase I
(CaM kinase II) and C kinase. “A kinase” phosphorylates Thr-7, Ser-8, Ser-13 and
Ser-34 of the head region. “C kinase” phosphorylates Ser-8, Ser-13 and Ser-34. “CaM
kinase” phosphorylates Ser-13, Ser-17, Ser-34 and Ser-389.

Experiments in vifro have shown that the GFAP revealed both a fast-decaying
pool (half-life: 18 h) and a more stable form (half-life: 18 h) (Chiu and Golman 1984),
in contrast GFAP turnover in vivo is much slower (DeArmond et al., 1983, 1986).

GFAP is an aqueous insoluble molecule, characterized by species-specific
amino acid sequence and molecular weight, being 48,000 KD in the mouse, 49,000 in
human 50,000 in bovine and 51,000 in the rat (Eng, 1980; DeArmond 1983). The
gene encoding for GFAP is located on chromosome 11 in mouse, (Bernier et al, 1988;
Boyer et al, 1991), and on chromosome 17g21 in humans (Bongcam-Rudloff et al.,
1991; Kumanishi et al., 1992). The GFAP is composed of nine exons distributed over
about 10 kb of DNA and yield a mature mRNA of about 3 kb. The coding sequences
for the three species are highly homologues. GFAP is heavily expressed in a
subpopulation of mature astrocytes and, in low amount, in radial glia of primates
(Levit and Rakic, 1980) and rodents (Stichel et al., 1991), where it forms bundles
within the cell body and processes. In mammalian CNS, GFAP expression shows

strong regional differences and it is developmentally regulated. During development,
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GFAP has been associated with maturation of astrocytes (Eng, 1994; Raff et al,
1979).

GFAP in developing CNS

Studies conducted in the developing nervous system demonstrated that GFAP
expression is developmentally and regionally regulated. Employing Northern blot
analysis and in sifu hibridization, GFAP mRNA expression was analyzed in different
mouse brain regions at different developmental stages. GFAP expression was first
observed at E20 within the germinal zone of the fourth ventricle in the cerebellum. In
hindbrain and midbrain, GFAP mRNA is first detected at E20 as well its expression
increasing and reaching adult-like level around P15 (Landry et al., 1990). In forebrain
high level of expression were detected. In hippocampus GFAP mRNA is expressed at
low levels at P1, and reaches a peak of expression at P15 and then decreases (P60)
(Landry et al., 1990; Tardy et al., 1989). In aged animals, GFAP expression is
strongly increased compared to adult, as revealed by analysis of both mRNA and
protein in different species. Analysis of GFAP mRNA (Goss et al., 1990; Kohama et
al., 1995) in the mouse and rat brain reveals a generalized increase starting from 18
month of age. An age related increase in the intensity of GFAP immunoreactivity was
found in aged mice (O’ Callagan and miller, 1991; Kohama et al.,, 1995) and in
subcortical white matter of monkeys (Sloane et al., 2000). In both monkey (Sloane et
al., 2000) and mouse (Kohama et al., 1994) it was not associated with an increase in
the number of GFAP posiytive astrocytes. Developmental analysis of the protein
expression in cortical astrocytes reveals that protein localization and protein content
corresponds to mRINA level. In the rat visual cortex, GFAP expression is localized to
radial glial fibers at early stages of postnatal development, disappearing towards the
end of the third postnatal week. Staining of astrocytes in the white matter and in
cortical layers I and VI reaches an adult-like density at postnatal days 8 and 20,
respectively. A progressively later development of GFAP-positive astrocytes is
observed in cortical layers I1I-V where it is complete between postnatal days 47 and
50. In the adult rat visual cortex GFAP-positive astrocytes are especially localized to
layers VI, moderate in layers II/IIl and V and I and nearly absent in layer IV and
lower layer IIT (Stichel et al., 1991). In cat visual cortex, GFAP protein expression is
detected at P7 in small cells with long processes extending radially, sometimes

reaching the pial surface. These cells are reminiscent of radial glia and they are
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reduced in number later developmental stages. One month after birth, radial glia is
confined to the superficial cortical layers and many GFAP-positive stellate cells are
found throughout all cortical layers. Radial glia completely disappears after five
weeks. At this age GFAP-IR cells are present in all cortical layers, including layer IV.
Intensity of staining and density of cells increases until seven weeks of postnatal age,
when it assumes an adult like pattern (Muller, 1992). Thus, the cortical organization
of GFAP in cat visual cortex strongly differs from that observed in rat suggesting the
presence of species differences. Few data are available on the expression of GFAP in
the mouse brain and until now results on mouse neocortex are lacking. Experiments
that I performed during my Ph.D. course aimed to identify, at least in part, molecules
involved in the bidirectional communication among neurons and astrocytes. Thus, the
first step of my work was the characterization of GFAP postnatal development in
mouse visual cortex. For that I used immunohistochemistry to describe the
distribution of GFAP positive astrocytes and western blot analysis to correlate cellular

distribution with endogenous protein content.

GFAP knock out mice: role of GFAP in pathological disease in central

nervous system.

During the last years several investigators have suggested that GFAP might be
important for CNS functions although its precise role has not yet been clarified. One
can speculate that GFAP might be important in maintaining the correct shape and
cytoarchitecture of astrocytes and that its overexpression and migh be essential to
induce the typical hypertrophy of the cell body and process, during the gliotic process,
which characterize the response of astrocytes to injury. Studies with GFAP mutant
mice tried to afford the functional role of GFAP astrocytes. Several mutants GFAP
mice have been developed during the last years and their phenotype has been
investigated both in physiological and pathological conditions, both in vivo and in
vitro. Pekny et al. (1995) showed that mice lacking GFAP develop normally, reach
adulthood and reproduce, without any apparent abnormality in the structural
architecture of the CNS, behaviour, motility, and cognitive functions such as learning
and memory (Pekny et al., 1998). Other investigators showed a suppression of long-
term potentiation (LTP) after ischemic insult (Tanaka et al., 2002), and an increase of
cortical infarct volume (Nawashiro et al., 2000) in GFAP-null mice, indicating that
the absence of GFAP promoted a high susceptibility to cerebral ischemia.
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One of the proposed roles of astrocytes is to interact with specialized endothelial
cells of the blood vessels in the construction of constituting the BBB. The major
function of the BBB is to shield the brain from molecules and ions, while
simultaneously providing an access to nutrients and aminoacids. An in vifro model of
BBB showed that, astrocytes explanted from brain tissue of GFAP null mice failed to
induce the production of a normal BBB when cocultured with wild type endothelial
cells (Pekny et.al. 1998).

As described previously, GFAP overexpression is a hallmark of gliosis, and thus
GFAP knock out mice are expected to be characterized by an abnormal gliosis in
response to injury. Indeed, GFAP null mice are characterized by a normal gliotic
reaction to injury, as shown by S-100f increase (Tanaka et al., 2002), suggesting that
gliosis can occour also without GFAP presence. On the other hand, other authors
(Pekny et al., 1999) showed an abnormal reaction to injury in mice lacking both
GFAP and vimentin. These mice develop less dense scars frequently accompanied by
bleeding. This latter finding shows that these two cytoskeletal proteins interact with
each other to promote a correct gliotic reaction after pathological events in the CNS.
Altogether, reported data suggest a fundamental role for GFAP in pathological and

physiological processes occurring in the mammalian brain.

Factors modulating GFAP expression

As described before, the expression of GFAP, both at the mRNA and protein
level, is developmentally regulated. It has been reported a rapid increase of GFAP
during postnatal development followed by a rapid phase of reduction. The age in
which the steady state is reached varies according to the animal specie. In aged
animals, it has been reported that GFAP tend to increase, although the exact meaning
of the change is still unknown. The protein amount, in astrocytes, varyies in parallel
with mRNA expression, indicating that GFAP increase is not due to a merely GFAP
accumulation, but that its synthesis is not constant during the development. Bulk of
evidence indicates that GFAP expression can be modulated by several chemical and

physical factors.
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Sensory experience

It is well documented that sensory experience modulates neuronal plasticity in
the mammalian CNS. In the rat visual cortex, for example, neuronal functional
properties such as orientation selectivity, receptive field size, and ocular dominance
are largely immature soon after eye opening (postnatal day 14-15) reaching
progressively adult properties (Fagiolini et al., 1994). Visual experience is a necessary
requirement for maturation of cortical neuronal connections that subserve visual
function. In the rat (Fagiolini et al., 1994), as well as in other species (Timney et al.,
1978; Wiesel, 1982), visual deprivation (dark rearing) from birth slows down the
maturation of neuronal functional properties and maintains the cortical neuronal
circuitry plastic (Timney et al., 1978; Mower et al., 1981; Cynader, 1983). Factors
and mechanisms regulating maturation of visual cortical neurons have been
extensively investigated. Studies conducted in vivo, on cat and rat, showed that
maturation of GFAP expression is sensitive to manipulations of visual experience
(Muller, 1990; Hawrylak, 1995). It is known that a complex environment provokes an
increase of the surface of GFAP-IR astrocytes in the visual cortex of young rats,
(Jones et al., 1996). A longer exposure to a complex environment results in an
increase in the number of GFAP positive cells, beyond the surface, showing
experience-mediated astrocytic plasticity as a two-stages event. The first stage
consists in astrocytes hypertrophy and the second involves proliferation or delayed
death of astrocytes. These changes may be related to brain information processing,
since astrocytes are known to be modulators of synaptic activity and may possibly
serve as regulators of synaptic density (Sirevaag and Greenough, 1991). An
impoverished environment resulting in a poor sensory experience affects to some
extent astrocytic plasticity. Monocular deprivation in young rats provokes a decrease
of cell surface density of astrocytic processes in lamina IV of visual cortex, but not in
other cortical layers and not in adult rats (Hawrylak and Greenough, 1995). However,
other laboratories did not succeed in confirming the effects of monocular deprivation
on astrocytes.

In the cat visual cortex, long periods of dark rearing from birth provoke a
reduced expression of GFAP immunoreactivity, without affecting the density of
astrocytic cell bodies (Muller, 1990). In the rat visual cortex dark rearing from birth
provokes a reduction of GFAP amount, as measured by enzyme-linked

immunosorbent assay (Gabbott et al., 1986). In contrast with the reported studies,
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more drastic procedures involving deprivation of visual input such as the enugleation
induces an increase in GFAP immunoreactivity in lateral geniculate nucleus (LGN)
(Canady et al., 1994). Similar results were obtained with intraocular injections \o‘f
tetrodotoxin which blocks the spiking activity of retinal ganglion cells projecting to
LGN (Canady et al., 1994). The idea mutuated by the reported studies is that changes
of neuronal activity dinamically regulate the astrocytic phenotype. However, the mass
of data acquired by several laboratories was obtained using different experimental
protocols and different mammalian species leading sometimes to contradictory
results, which do not allow to draw definitive conclusions. Later, in this thesis I will
report original data obtained on studying the influence of light on mouse visual cortex

using a short protocol of dark rearing.

Calcium-induced GFAP regulation

The ability of calcium to induce gliosis was observed both in vifro and in vivo. It
is know that acute cerebral ischemia induces acidification of the cerebro spinal fluid
(CSF) (Crockard et al 1987). Acidification of the culture medium, to simulate brain
damage, induces strong increase of GFAP immunoreactivity, which can be attenuated
by treating cultures with nifedipine, a calcium channel antagonist (Oh et al., 1995).
Thus suggesting that extracellular acidosis may produce a rapid increase of GFAP
immunoreactivity in astrocytes, possibly by increasing intracellular levels of free Ca**
ions.

In rat spinal cord lesion astrogliosis is reduced by treating lesioned animals with
L-type calcium channels blockers (Klepper et al., 1995; Du et al, 1999), or by
inhibiting p-calpain, a calcium dependent protease (Du et al., 1999). These data show
the ability of calcium ions to modulate astrocytic response to traumatic events

occurring within the CNS.

Proinflammatory cytokines

Proinflammatory cytokines are involved in mechanisms of inflammation. Inside
CNS they are also able to induce gliotic response. Their presence in the CNS was
classically associated with damage of the BBB, as consequence of inflammation, and

with the penetration of immunocompetent cells, from the systemic circulation, into
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the brain. However, it was shown that some of these molecules are produced, in basal
conditions, by glial cells and neurons and they contribute to induce inflammation and
immune response within the CNS. These cytokines include interferon-gamma (IFN-
y), interleukin-1 (IL-1), tumor necrosis factor alpha and beta (TNF-a and TNF-f3),
interleukin-6 (IL-6), transforming growth factor beta (TGF-) and the colony
stimulating factors (CsFs).

IFN-y is produced by cells of the immune system but not by neural cells. It is
detectable in CNS only after the disruption of BBB provoked by injury. Studies
conducted in model of ischemic injury, in vitro and in vivo, have shown that this
cytokine is able to induce a marked increase of glial reactivity (Yong et al., 1991).

In physiological condition, both IL-1a and IL-1 B are expressed by neurons but
not by astrocytes, and their expression increases after neuronal damage both in
neurons (Minami et al., 1991; Liu et al., 1993) and in astrocytes (da Cunha et al,
1993). Data from astrocytic pure cultures, demonstrate a mitogenic effect of IL-1
(Giulian and Lachman, 1985). Injection of IL-1P into the brain provokes a marked
astrogliosis (Giulian et al., 1988), suggesting an active role of this cytokine in
modulating astrocytic response to pathological events.

Like IL-1, TNF-a is not expressed by astrocytes in physiological conditions but
its expression and that of its receptor are induced by toxic agents (Lieberman et al.,
1989; Chung and Benveniste, 1990). TNF-o has been reported to have a mitogenic
effect on bovine astrocytic cultures (Selmaj et al., 1990) and to modulate GFAP
expression, inducing a reduction of both the protein and the mRNA level (Selmaj et
al., 1991).

IL-6 also has a mitogenic effect on astrocytic cultures (Selmaj et al., 1990). It is
not produced by astrocytes in physiological conditions but its expression can be
induced by many factors including other cytokines.

In several experimental models of pathological events, one cytokine can induce
a response by neural cells in a direct way and in an indirect fashion, activating the
expression of other cytokines or growth factors, which act together on cellular
biology, in a synergic or antagonistic manner. Beside the ability of cytokines to
stimulate synthesis of each other, they are also able to influence the synthesis of
different diffusible molecules. Neurotrophic factors of the nerve growth factor family

interact with cytokines in a complex way. In hypoxic conditions, IL-1 B modulates the

21



expression of NGF by neurons promoting recovery from cell damage (Di Loreto et
al.,, 2000). In additibn, activation of IL-1 receptors induces NGF secretion from
cultured rat cortical astrocytes (Juric and Carman-Krzan, 2001) and the effect is
magnified when IL-1 acts synergistically with TNF-o (Gadient et al., 1990). IL-6,
present in the CSF of brain-injured patients, is able to induce overexpression of NGF
in cultured mouse astrocyte (Kossmann et al., 1996), and the same effect is observed
with IL-4 (Brodie et al.,, 1998). An interaction between neurotrophins and cytokines
occurs in several pathological conditions, and virtually all members of the

neurotrophin family can be modulated by cytokines.

1.6 NERVE GROWTH FACTOR (NGF)

NGF is the prototype of a family of trophic proteins (neurotrophins), which
regulate the survival and differentiation of developing neurons and contributes to the
maintenance of their specific functions during adult life (for review see Levi-
Montalcini, 1987; Barde, 1990). Neurotrophins characterized up to now are nerve
growth factor (NGF; Levi-Montalcini, 1951; Cohen, 1960), brain-derived
neurotrophic factor (BDNF; Barde et al., 1982; Leibrock et al., 1989; Ernfors et al.,
1990a), neurotrophin-3 (NT-3; Ernfors et al., 1990b; Jones and Reichardt, 1990;
Kaisho et al., 1990), and neurotrophin-4/5 (NT-4/5; Berkemeier et al., 1991; Hallbo6k
etal., 1991).

Classical actions of NGF include trophic, differentiative and tropic modulation
of neurons (Levi-Montalcini, 1987). More recently, NGF and the other neurotrophins
have been involved in modulation of synaptic transmission (Thoenen, 1995).

The biological action of neurotrophins is mediated by specific receptors present
on the plasma membrane of neurons as well as of other cell types. Various types of
neurotrophin receptors have been characterized: a low-affinity receptor (p75) able to
bind all neurotrophins and a group of so called high-affinity receptors specific for
each neurotrophin (Fig. 1.6). The high-affinity receptors are tyrosine kinase-type
receptors (Trk) and they have been identified as: TrkA (Kaplan ef al., 1991a,b; Klein
et al., 1991), TrkB (Klein ef al., 1990a,b; Middlemas et al., 1991) and TrkC (Cordon-
Cardo et al., 1991; Lamballe ef al., 1991). They bind NGF, BDNF and NT-4/5 (with
apparent equal affinity), NT-3 respectively; a low level of cross-reactivity of NT-3
with TrkA and TrkB has also been reported (Squinto ef al., 1991).
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p75 was initially described as “the” NGF receptor (Chao ef al., 1986; Johnson et
al., 1986; Radeke ef al, 1987): it is a transmembrane receptor with a large
extracellular portion containing four negatively charged, cysteine-rich domains and a
cytoplasmic domain which is highly conserved among species and devoided of any
homology with protein kinases. The intracellular domain contains a so called death
domain, involved in signaling pathways modulating apoptosis (for review see
Wallach, 1997; Barrett, 2000). There is homology between p75 receptor and the
tumor necrosis factor (TNF) receptor superfamily (Banner ef al., 1993). Interaction of
neurotrophins with p75 may be important for increasing the specific activation of the
Trk receptors (Benedetti ef al., 1993; Clary and Reichardt, 1994; Chao and
Hempstead, 1995).
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The extracellular portion of Trk receptors possess two cysteine-rich clusters, one
of which is located in the amino-terminal region and is separated from the other by
three consecutive leucine repeat motifs, and two IgG-related domains in the

membrane-proximal region. The second IgG-like domain determines the specificity of
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Trk receptors for neurotrophins (Urfer ef al, 1998). The other domains may be
required for efficient expression, in vivo folding and traslocation across the
membrane. Moreover, the first IgG-like domain may contribute to the formation of a
stable signal, transducing complex by controlling receptor dimerization leading to a
more efficient autophosphorylation (Urfer ef al., 1998). It is conceivable that Trk
receptors carry cell adhesion molecules (CAM) binding domains, as CAMs are
thought to play an important role in the development and maintenance of the nervous
system by promoting morphological plasticity and maintaining stable contacts
between cells (for a review see Goodman and Shatz, 1993). A candidate for this
function is one of the leucine-rich motives, since all leucine-rich repeat containing
proteins appear to be involved in protein-protein interactions and at least half of them
take part in signal transduction pathways (Kobe and Deisenhofer, 1994). Finally,
functional studies have reported that neurotrophins bound to Trk receptors are
internalized and retrogradely transported to the cell body (DiStefano ef al., 1992).
Hence, an alternative function for the domains not involved in the binding might
involve attachment to transport proteins within the cell (Urfer ef al., 1998).

The cytoplasmic region of Trk receptors contains a catalytic tyrosine-kinase
domain, a small insert and a short cytoplasmic tail. When bouhd to their specific
neurotrophins, Trk receptors dimerize increasing their transphosphorylation activity
and trigger a cascade of intracellular events (for review see Barbacid, 1994
Heumann, 1994). TrkB and Tka also exist in a truncated form, lacking the
intracellular domain. These truncated forms might have the function of modulating
the local availability of active neurotrophins (Biffo ef al., 1995).

Activated Trk receptors induce a rapid increase of the phosphorylation of certain
cellular substrates and a subsequent activation of several intracellular pathways. In
particular, these are: 1) the pathway induced by the activation of phospholipase C
leading to activation of protein kinase C and Ca-calmodulin-sensitive kinases; 2) the
pathway mediated by p21-ras, leading to the activation of the MEK kinase cascade; 3)
the pathway induced by phosphoinositide 3 kinase (PI 3 kinase) (for review see
Heumann, 1994; Patapoutian and Reichardt, 2001). In general, tyrosine
phosphorylation events result in downstream regulation of cellular proteins
responsible for cell shaping and survival, and for activating the gene transcriptional

machinery that controls growth, migration, morphology and survival of neurons.
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NGF was the first neurotrophin to be identified. It is required for the
development and survival of sympathetic neurons of the paravertebral chain in the
PNS (Levi-Montalcini and Booker 1960). More recently, it has been shown that a
neuronal subpopulation of the PNS involving in processing nociceptive information,
is either redirected to a propioceptive phenotype during development or is lost in
adulthood when endogenous NGF is depleted by anti-NGF antibody injection (Lewin
and Mendell 1993, 1994). In addition, has been observed that blockade of endogenous
NGF prevents both heat and mechanical hyperalgesia (Lewin et al 1994, Woolf et al
1994), and conversely exogenous supply of NGF can cause increased sensitivity to
painful stimuli (Lewin et al 1994).

Using both mRNA in situ hybridization (Lauterborn et al 1994) and
immunohistochemistry (Nishio et al 1994) it has been shown that NGF is mainly
expressed in the cerebral cortex, hippocampus, and the basal forebrain. The
expression of NGF, in the neocortex, appears to be developmentally regulated: in the
neocortex NGF mRNA is not detected until P6, when deeper layers V and VI show a
light labeling, while at P12 the labeling reaches the superficial layers, mainly layer II.
By P20-25, the pattern of distribution resembles that of the adult, the labeling being
restricted mainly to layers II-III and V-VI (Lauterborn et al 1994). Consistently, NGF
immunoreactivity in adult rat is mainly restricted to layers II-III and layers V-VI
(Nishio et al 1994). By in situ hybridization, it was observed that the NGF mRNA is
transiently expressed in several nuclei of the thalamus in the early postnatal period
(from P1 to P20-25).

Concerning the cell types expressing NGF if much is known about the action of

NGF on neurons, its role on glial phenotype has been less investigated

NGF and Astrocytes

Cultured astrocytes are able to synthesize NGF (Furukawa et al., 1986;
Yamakuni et al., 1987; Condorelli et al., 1995) in physiological conditions, and its
expression is developmentally regulated (Schwartz and Nishiyama, 1994). NGF
production increases in response to pathological conditions. High levels of NGF are
present on #n vitro models of reactive astrocytes (McMillian et al., 1994; Wu et al,,
1998) as well as after treatment with molecules closely associated with pathological
processes, namely Dopamine (Furukawa et al., 1987) and its Di/D, receptor agonist,

apomorphine, an antiparkinsonian drug (Ohta et al., 2000). Moreover, overexpression
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of NGF is induced by selegiline, an irreversible monoamine oxidase B inhibitor,
which potentiates glial reaction to injury (Niu et al., 1997) or by hydrogen peroxide
(Pechan et al., 1992). Unlike in culture, astrocytes do not synthetize NGF in vivo, in
physiological conditions. However, CNS injuries induce expression of NGF by
reactive astrocytes. For example, following traumatic (Goss et al., 1998) or
neurotoxic-induced brain injury (Strauss et al., 1994; Fiedorowicz et al., 2001) and
after ischemia (Gottlieb and Matute, 1999; Lee et al., 1996,1998), astrocytes are the
major source of NGF.

It has been suggested that cultured astrocytes and glioma cells, are able to
express p75 (Kahle and Hertel, 1992; Hutton et al., 1992) as well as TrkA (Hutton et
al.,, 1992;Hutton and Perez-Polo, 1995). In culture, under serum-free conditions,
exogenous application of NGF causes astrocytes to assume a fibrous morphology
(Hutton and Perez-Polo, 1995) and to undergo cell division (Yokoyama, 1993).

In vivo TrkA expression has been detected in selected astrocytes contacting
dendritic spines in the rat hippocampal formation, (Barker-Gibb, 2001), and in both
white and gray matter of normal spinal cord (Foschini et al., 1994; Oderfeld-Nowak et
al., 2001). TrkA expression is modulated during estrus (McCarthy et al., 2002), and
by pathological conditions. Strong TrkA upregulation has been observed in reactive
astrocytes of spinal cord, in experimental autoimmune encephalomyelitis (Oderfeld-
Nowak et al., 2001) or after dorsal rhizotomy (Foschini et al., 1994). High levels of
TrkA mRNA and protein has been described in the hippocampus of animal models of
Alzheimer’s disease (Connor et al., 1996), and in brain lesion induced by colchicines
(Aguado et al., 1998) and trimethiltin (Koczyck et al., 1996; Koczyk and Oderfeld-
Nowak, 2000).

- In the cortex, the main target of NGF produced is the cholinergic neuronal
population that resides in the basal forebrain region. These neurons express both NGF
receptors TrkA and P75, and are sensitive to NGF. In particular, an exogenous supply
of NGF induces an upregulation of choline acetyltransferase (ChAT), the rate limiting
enzyme responsible for acetylcholine (ACh) synthesis. Conversely, down regulation
of ChAT is obtained by blocking endogenous NGF with antibodies produced by
hybridoma cells implanted in the brain (Molnar et al., 1998; Berardi et al., 1994;) or
in anti-NGF-transgenic mice (Ruberti et al., 2000). Reactive astrocytes express NGF
in response to cholinergic immunolesions of basal forebrain (Rossner et al., 1997) and

after a chronic degeneration of cholinergic basal forebrain neurons, due to alcohol-

26




induced neurtotoxicity (Arendt et al., 1995). These results suggest that astrocytes are

sensitive to alteration of cholinergic system.

1.7 THE CHOLINERGIC SYSTEM

Acetylcholine (ACh) is produced and released by cholinergic neurons which are
located in the basal forebrain (BF) region and which projecting to several areas of the
brain, including the neocortex and the hippocampus. Cholinergic neurons have a large
cell body, long axons and dendrites. Based on their projection areas, basal forebrain
nuclei give rise to four different pathways: 1) the basal-olfactory bundle, projecting to
the olfactory bulb; 2) the basal-hippocampus bundle, formed mainly by the septal
nuclei and the vertical limb of diagonal band; this pathway projects to the
hippocampus and limbic cortex; 3) the medial cortical pathway, originating mainly in
the vertical and horizontal limb of the diagonal band, nucleus basalis. Projections
from these nuclei distribute to medial cortical regions including medial occipital
cortex; 4) the lateral basal-cortical and basal-amygdala tract, supplying afferents to

lateral cortical regions and to the nucleus of amygdala (Fig. 1.7).

Fig. 1.7 Cholinergic innervation of
the brain.
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ACh is synthesized from acetyl coenzyme A and choline by the enzyme choline
acetyltransferase and is degradated by the enzyme acetylcholinesterase (AchE), which
separates choline from its acetyl and therefore terminates the binding of ACh to its
receptors. (Fig. 1.8) ACh is stored in a cytoplasmic pool and in synaptic vesicles
(Cooper et al., 1991). Upon the arrival of an action potential, ACh from the vescicular
fraction, rather than from the cytosolic pool, is released in the synaptic cleft (Carroll,
1983, 1984). A specific low-affinity acetylcholine transporter (VAChT) is responsible

for uptake of the transmitters from cytoplasm into vesicles (Schuldiner et al., 1995).
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These enzymes are used as markers for the identification of cholinergic neurons. The
anatomy of central cholinergic pathways has been well delineated through
immunohistochemical studies employing antibodies against ChAT (Eckenstein and

Thoenen, 1983; Houser et al., 1983; Levey et al., 1987).
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In rodent, cholinergic neurogenesis begins at embryonic day 12 and it is
completed by embryonic day 17 (Semba and Fibiger, 1988). By using an anterograde
tracer, BF it has been shown that axons reach the white matter under the cortical plate
around PO. At P3 and successively at P6 the BF axons penetrate into the cortical plate
and by the end of the first postnatal week they are found throughout the cortical
layers. The BF axons reach an adult-like pattern around P11. Using ChAT as a
marker for cholinergic neurons, it has been shown that BF neurons reach the mature
pattern of innervation at the end of the second postnatal week. In adult rat visual
cortex, cholinergic terminals are distributed throughout the laminae with prominent
density in layer I, V and IV.

Cholinergic receptors define the response to Ach released by pre-synaptic
terminals. Two main classes of cholinergic receptors are expressed in the nervous
system: muscarinic and nicotinic receptors. Muscarinic ACh receptors (mAChRs)
comprise 5 different subtypes (M1-MS5). Upon binding to ACh the mAChR, which is
coupled to G-proteins, activates phospholipase C (PLC) (M;, M3, Ms), catalyzes the
hydrolysis of PIP2 in diacylgly-cerol (DAG; the physiological activator of PKC) and

inositol trisphosphate (IP3, a messenger inducing Ca2+-release from intracellular

28




stores through binding to IP3 receptors, Berridge and Irvine (1984)). DAG, in concert
with Ca2+, activates PKC, which in turn phosphorylates specifc proteins, among
others mAChRs (Haga et al.,, 1990) and in particular the subclasses M1, M3 and M5
(Habecker et al., 1993; Haga et al., 1993). The binding of ACh to the subclasses M2
and M4 induce the G-protein-mediated inhibition of the adenilate cyclase (AC) and
the stimulation of guanylyl cyclase, enzymes producing cAMP and gMP respectively.
(Ashkenazi et al 1989, Caulfield and Birdsall 1998). The M3 and Ms subtypes are
expressed at very low levels in the brain, while the relative abundance in the cortex of
the other three subclasses is M; >> M, > My (Levey et al 1991, Levey 1996, Caulfield
and Birdsall 1998). In the neocortex of different species of mammals (rat, mouse, and
monkey) a good overlapping has been found among the immunoreactive patterns of
the different receptor subclasses. Highest levels for M; are detected in layers II/I11,
and VI. The M, labeling is stronger in layers IVA, IVC and at the border of layers
V/VI (Levey et al 1991, Mrzljak et al 1993, Hohmann et al 1995, Tigges et al 1997).
M, immunoreactivity is lower than M;, M, receptor subtypes, with highest staining in
neuropil of supragranular layers, layer V, and patches in layer IV (Levey et al 1991,
Hohmann et al 1995, Tigges et al 1997). Equivalent results have been obtained using
quantitative receptor autoradiography in the rat visual cortex: the number of M;
binding sites is higher in upper layer III and deeper layer VI. In contrast, highest
binding for M, is present in upper layer IV and upper layer VI (Schliebs et al 1994).
In mouse forebrain a temporal development of muscarinic receptor subtypes has been
described using subtype-specific antibodies. M,, and M;, immunoreactivity reach a
pattern of distribution characteristic of the adult by P14, while the M,.IR further
increases up to P30 (Hohmann et al 1995).

The neuronal nicotinic receptor class comprises 13 subunit genes, including o2
through al1, which encode the ligand binding subunits, and B2 through B4, which
may represent the structural subunits. The receptor appears to be a pentameric ligand-
gated ion channel with low selectivity for cations, and high permeability to calcium.
Data support the idea that the vast majority (> 90%) of neuronal nicotinic receptors in
the rat brain are composed of a4 and P2 subunits (possibly with the combination
(04)2(B2)3) and are a-bungarotoxin insensitive. The second most represented receptors
in the cortex contain -7 subunits (possibly homomeric) and are o -bungarotoxin

sensitive. The a-7 receptor exhibits an extraordinary permeability to calcium ions and
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is particularly enriched in rat hippocampus (Sargent 1993, Seguela et al 1993,
McGehee and Role 1995). Immunohistochemical observations revealed that ad-
immunoreactivity is distributed through layers II to VI of the rat cerebral cortex. In a
study employing monoclonal antibodies against o 4 and B 2 subunits in the rat brain,
immunoreactivity is found in all cortical regions. Immunoreactive cells for muscarinic
and nicotinic receptors comprise excitatory pyramidal cells as well as interneurons

distributed throughout cortical layers, and in astrocytes.

The Cholinergic system and astrocytes

Several studies, employing different techniques, have demonstrated the presence
of functional active acetylcholine receptors in astrocytes. Even thought both
muscarinic and nicotinic receptors have been detected in cultured astrocytes (Hosli et
al,, 1983; 1997; Hosli and Hosli, 1994; Sharma and Vijayaraghavan, 2001), few
reports are available for nicotinic receptors, while many authors described the
expression of muscarinic receptors by astrocytes. Electrophysiological recording have
shown that ACh induces hyperpolarization in cultured astrocytes (Hosli et al., 1988;
Hosli et al., 2000). This effect is mediated by nicotinic and muscarinic receptors.
However, while stimulation of muscarinic receptors induces hyperpolarization in all
astrocytes, nicotinic stimulation induces the same effect only in half of them (Hosly et
al., 1997). ACh is also able to stimulate proliferation of astrocytes and this effect is
mediated by muscarinic receptors (Guizzetti and Costa, 1996, Ashkenazi et al., 1989).
Concerning the different muscarinic subtypes, it was found that cultured rat astrocytes
express M3 (Kondou et al., 1994;Guizzetti et al., 1996) and M2 mAChRs (Guizzetti
et al., 1996), while cultured mouse astrocytes express M1 and M2 mAChRs (Andre et
al., 1994), and human astrocytoma cells express the same subtypes plus M5 mAChRs
(Guizzetti et al., 1996). It was suggested that the M3 acetylcholine receptor mediate
the proliferation of astrocytes (Guizzetti et al., 1996), as well as the increase of
intracellular calcium level in cultured astrocytes (Catlin et al., 2000; Ferroni et al.,
2002). The idea that muscarinic receptors mediate the astrocytic response to ACh has
been suggested also by experiments conducted in rat hippocampal slices. Combining
electrophysiological recording with calcium imaging, a long-lasting inward current
(Araque et al.,, 2002) and an increase of calcium level (Shelton and McCarty, 2000;
Araque et al., 2002) have been observed after stimulation of muscarinic receptors.

Astrocytic expression of muscarinic receptors has been detected in sifu in rat brain
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with a predominant localization in the most superficial cortical layers and in the white
matter of the corpus callosum (van der Zee et al., 1989; 1993). Unluckily, the used
antibody (M35) was unable to distinguish among the muscarinic subtypes (Andre et
al., 1983) and, thus, at present it is still unknown the muscarinic receptors subtypes
expressed by astrocytes in situ. Interestingly, the number of astrocytes expressing
mAChRs increases in hippocampus after amygdala seizures (Beldhuis et al., 1992)
and in gray matter of patients affected by Alzheimer’s disease (Messamore et al.,

1994).

2. AIM OF THE STUDY

The studies reported in this introduction outline that astrocytes play an important
role in nervous system physiology. These studies have prompted neuroscientists to
look at the nervous system from a different point of view, considering neuronal
functions as the outcome of an active interaction between astrocytes and neurons. To
clarify the factors involved in the cross talking between neurons and astrocytes, I
studied the effects induced by two molecules, NGF and Ach, on astrocytic phenotype
on GFAP expression. NGF and Ach are expressed in the CNS together with their
receptors and are known to be important for neuronal survival, differentiation and
phenotype maintenance. Experiments were performed in the primary visual cortex of
mouse, a well-known area whose function and architecture has been well described.
To investigate the effects of NGF deprivation, transgenic mice producing a
monoclonal anti NGF antibody, known to block the action of endogenous NGF were
utilized. To exclude the possibility that potential effects on astrocytes in this
transgenic mice were due to genomic changes, occurring during the manipulation of
the genotype, adult wild type mice implanted with hybridoma cells secreting blocking
NGF antibodies were also examined. Alterations of astrocytes induced by NGF
deprivation were related to neuronal changes such as those occurring in BF
cholinergic neurons, the principle target of NGF action in the CNS. Effects induced
by deprivation and activation of cholinergic system, including modulation of
cholinergic receptors, on astrocytes phenotype were also investigated and related to

results obtained in NGF deprived animals.
Since most of the experiments where conducted in young mice, it was

mandatory to describe the period of astrocytes maturation and whether visual
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experience modulates it. Indeed, sensory experience has been reported to constitute
the driving force of visual cortex maturation and so linvestigated its role on GFAP

maturation.
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Materials and methods

Animals

Experiments were performed in two different strains of mice, C57BL/6J
(Jackson Laboratory, Bar Harbor, ME) and C57BL/6 x SJLF2.

C57BL/6]. Experiments were conducted on visual cortex at different postnatal
ages: P12, P24, and P60. A different group of animals was reared in darkness from
P12 to P24 (dark rearing), five animals for each age and condition were used.

C57BL/6 x SJLF2. Experiments were conducted in transgenic mice adult or

wild type of the same littermate.

Experiments were conducted in accordance to the European Community
Council Directive for animal treatment. All the animals were housed in groups of 4/5
animals for cage with food and water at libitum. Except the animals used for dark-
rearing experiments, the other ones were housed on an artificial 12 hr dark/light cycle.
All the animals were housed in the animal house of the University of Trieste.
Handling of animals was done in accordance with the Italian law DL 27/1/92 n.116
based on UE rule n.86/609.

Dark Rearing

To evaluate the effect of light deprivation on GFAP expression, mice were kept
in complete darkness from the age of P12 to the age of P24. One group was placed in
an artificial-light-dark-cycle (12h/12h, control group) whilst the other one remained in
the dark for 12 days (dark rearing group). For each litter, pups were randomly
assigned to the dark rearing group or the control one. At P24, animals were
anesthetized and each experimental group was further divided into two groups: one
was perfused and processed for immunohistochemistry while western blot was carried
in the other group. After immunohistochemistry sections were couterstained by
incubating them in a 0.05% solution of cresyl violet (Sigma, St Louis) and cells were
counted.

Flash electroretinogram (F-ERG)

Mice were anaesthetised by an intraperitoneal injection of Urethane (Sigma, St
Louis) and loosely mounted in a stereotaxic apparatus with the body temperature
maintained at 37.5 °C and the heart rate monitored. F-ERG was evoked by 10 msec
flashes of different light intensities generated through a Ganzfeld stimulator (Lace,
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Pisa, Italy). The electrophysiological signal was recorded through gold plate
electrodes inserted under the lower eyelids, in contact with the cornea previously
anaesthetized with ossibuprocaine (Novesine, Novartis Pharma, Switzerland)
following methods already described (Domenici et al., 1991b). To minimize the noise
ten different responses evoked by light stimulation of both eyes were averaged. The
latencies and relative amplitudes of a- and b- were analyzed on-line. After 120 min. of
dark adaptation F-ERG was recorded in response to flash of different light intensities
ranging from 10™ to 20 cd*m-> sec”. After completion of responses obtained in dark
adaptation conditions the recording session continued with the aim to dissect cone
pathway mediating light response. To this aim the f~ERG in response to light of
increasing intensity was recorded in the presence of a continuous background light
known to adapt rods (background light set at 25 cd*m-?).

Retinal histology.

After F-ERG recordings the eyes were dissected, prepared as eyecups and fixed
with 4% buffered paraformaldehyde for 30 minutes at room temperature. Eyecups
were washed and crioprotected in Sucrose 30%, embedded and cut on the sagittal
plane of cryostat. Retinal sections (16 pum of thickness) were collected on gelatine-
subbed slides. Cell nuclei were labeled by incubating the tissue with the nuclear stain
4'6-diamidine-2-phenylindole dihydrochloride, (DAPI, 0.8% in buffer; Sigma, St.
Louis) for 20 minutes. Successively, slides containing retinal sections were covered
and examined using epifluoscence microscopy (Nikon microscope, model E600).
Retinal images were captured by CCD camera (Photometrics, CoolSnap fc).

Transgenic mice

Transgenic mice have been developed by Ruberti et al. (2000).

The plasmids pcDNAI-neo/VKaD11HuCK and pcDNAI-neo/VHaD11HuCg,
carrying the light and heavy chain genes, respectively, of the chimeric antibody aD11
(Ruberti et al., 1993) under the transcriptional control of the human cytomegalovirus
(CMV) early region promoter [2601 to 216 (Boshart et al., 1985)], were digested with
Kpnl-Apal.1 and Kpnl-Xbal, respectively, to isolate the transcriptional units. The
fragments were microinjected in the pronucleus of single-cell fertilized C57BL/6 3
SJLF2 hybrid mouse eggs, either individually or in combination, and the injected eggs
were reintroduced into foster pseudopregnant females of an outbred strain different
from that of the microinjected eggs. Production of transgenic mice was performed by

a custom transgenic service (DNX Corporation, Princeton, NJ). Analysis of transgenic
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mice was performed by PCR and dot blot, on genomic DNA from tail biopsies, as
described (Piccioli et al., 1995). For the dot blot, the heavy chain probe was a
BamHI-Xbal fragment from pcDNAI-neo/VHaD11HuCg, encompassing the human
heavy chain constant region, whereas the light chain probe was a BamHI-Apall
fragment isolated from plasmid pcDNAI-neo/VKaD11HuCK, encompassing the
human light chain constant region. The DNA was quantitated by optical density at
260 nm before loading on the filter. Two founder mice with the light chain transgene,
two with the heavy chain transgene, and three double transgenic mice were generated,
but despite an intensive breeding program, no offspring were generated. Mice
homozygous for the aD11 heavy chain transgene (VH-aD11 mice, lines C and D) and
mice homozygous for the aD11 light chain transgene (VK-aD11 mice, lines A and B)
were generated from the corresponding founders, by at least two crossings.
Homozygosity was verified by genomic PCR analysis on offspring obtained by
crossing putative homozygous to negative mice (at least two independent litters for
each homozygous line). To obtain mice expressing both chains, and thus
reconstituting NGF binding activity, single transgenic mice were intercrossed in
different combinations. Two groups of controls were used for the phenotypic analysis
of family 1 and family 2 mice: wild-type mice and the corresponding single
transgenic controls, expressing only the VH-aD1l1 heavy chain (C or D, as
appropriate). RNA analysis. Total RNA was isolated by the guanidineisothiocyanate
procedure (Chomcynzski and Sacchi, 1987) and analyzed by RNase protection. The
size of the expected protected band was 340 bp for VH and 310 bp for VK. The
template for b-actin mRNA transcription was a Rsal, 1700 bp fragment in pGEM4Z.
Transcription with T7 polymerase produced a 110 bp probe. VH, VK, and b-actin
antisense RNA probes were hybridized to 20 mg of RNA in 80% formamide (46°C
for 12-16 hr) and treated with RNase A and T1. Protected fragments were
electrophoresed through a 4-6% acrylamide, 8 M urea gel and autoradiographed.

Hybridoma Cells implant

To be sure that the phenotype observed in transgenic mice was due exclusively
NGF deprivation, we injected, in the lateral ventricle, hybridoma cell secreting an
anti-NGF monoclonal antibody (mAb o-D11) (Cattaneo et al., 1988). Both hybridoma
cell line secreting mAb aD11 (aD11-hybridoma cell) and the myeloma cell line
P3X63Ag8 (briefly P3U, controls), were grown in Dulbecco’s modified Eagle’s
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medium (DMEM) (Life technologies, Carlsbad, CA, USA) supplemented with 10 %
fetal bovine serum (FBS) (Life technologies). Prior to the injection, cells were washed
four times in Hank’s balanced salt solution (HBSS) (Life technologies), incubated in
Dil for 1 hour at 37 C washed in DMEM supplemented with FBS to absorb the free
dye then washed again in HBSS and finally resuspended at 2x10° cell/pL. P3U and
oD11-hybridoma cells were injected into the right lateral ventricle of wild type mice
at 50 postnatal days (Molnar et al., 1998). For the ventricular injection mice were
anesthetized with 2% Tribromoethanol (15 ml/Kg body weight, i.p.) (Sigma-Aldrich ;
400mg/Kg) The injection was assessed using a cannula connected to a Hamilton
syringe at the following stereotaxic coordinates: anterioposterior —0.6 mm;
mediolateral +1.00 mm relative to the skull surface at bregma; and dorsoventral, -2.2
mm relative to the dura at the injection site. A total of 2 pul was injected. Immediately
after injection, animals were treated with cyclosporin A (Sandoz pharma L'TD, Basle,
Switzerland; 1.5 mg/kg) and treatment was repeated every two days for one week, to
prevent implant rejection.

Enzyme linked immunosorbent assay (ELISA)

ELISA was performed on surnatant of both aD11 and P3u cells to test the
ability of cells to produce or not the monoclonal antibody and to check the specificity
of the cell type (Molnar et al., 1998). Briefly, NUNC Maxi Sorp plates (Applied
Scientific; San Francisco, CA, USA) were coated with NGF dissolved in Hydrogen
carbonate buffer (Spg/L, overnight at 4 °C) (Alomone Labs, Jerusalem, Israel), to
obtain solid phase NGF. Plates were then washed five times in 0.005% Tween 20 in
phosphate- buffered saline (PBS) followed by five washes in PBS, and then blocked
with 2% defat dry milk in PBS (1 h at 37°C). Surnatant from aD11 or P3U cell
culture was collected and diluted in a solution of 2%milk in PBS. Serial dilutions
were incubated with solid phase NGF (1 h 37°C). Plates were then washed as above,
and incubated, with byotinilated rabbit anti-rat IgG (1:500, 1 h at 37°C) (Dako
Laboratories) in PBS plus milk. After washing they were incubated in ABC kit
(1:100, 30 min room temperature) (Vector Labs Inc., Burlingame, CA). The
peroxidase reaction was detected, after washing, with one-step TMT Turbo ELISA
(PIERCE, Rockford, IL, USA) and stopped with 2M sulfuric acid. The reaction was
finally analyzed using an ELISA-reader at 450 nm. Only hybridoma cells, actually
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expressing mAb-aD11, and P3U, not expressing the antibody, used as control, were
implantend.

Drug Treatment

All drug treatments were done in adult C57BL/6 x SJLF2 mice. Five animals
per treatment were used. The doses were chosen to be non lethal and care was taken
to avoid gross alterations in deambulation and breath rhythm. Control group was
injected with vehicle alone (0.9% sodium chloride solution). After the treatment,
animals were anesthetized, transcardially perfused with PBS, brain removed and
divided into two hemispheres: one was processed for immunohistochemistry and the
other one dissected, rapidly frozen and used for western blot.

In the present work, subcutaneous (s.c.) injection of (+)-Vesamicol
hydrochloride (RBI, Natick, USA) was administered in a single dose, at two different
concentrations: 1.3 mg/Kg or 5 mg/Kg, the effect for each of the two doses was
evaluated 5 hlater.

Scopolamine

Subcutaneous (s.c.) injection of scopolamine Hydrochloride (Sigma, St Louis,
USA) was administered in a single dose, at two different concentrations: 5 mg/Kg or
10 mg/Kg, the effect for each of the two doses was evaluated 5 h later.

Intraperitoneal (i.p.) injection of Mecamylamine hydrochloride (Sigma, St
Louis, MO) was administered in a single dose, at the concentrations: of 5 mg/Kg, the
effect for each of the two doses was evaluated 5 h later.

Immunohistochemistry

Mice were deeply anesthetized with 20% urethane (Sigma, St. Louis, MO),
transcardially perfused with PBS then with 4% paraformaldehyde in 0.1 M Phosphate
Buffered Saline (PBS). Brains were removed, post-fixed for 1 hr at 4°C, in the same
solution, then cryoprotected in 20% sucrose in PBS. For the experiments on the role
of acetylcholine in GFAP expression, after perfusion with PBS, brains were removed
and divided into two hemispheres: one was immersed in 4% paraformaldehyde in 0.1
M PBS (ON 4°C) then cryoprotected in 20% sucrose, the other one was processed for
western blot. Coronal sections (40 pum thick), containing the primary visual cortex and
hippocampus (approximately —1.06 to —5.00 from Bregma, according to the atlas of
mouse brain, Franklin and Paxinos, 1997) sections containing basal forebrain and

basal nucleus of Meynert (approximately 1.42 to —1.34 from Bregma) were obtained
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using a freezing sliding microtome and serial sections were collected. Sections were
washed three times in PBS plus 0.05% Triton X-100 then in 3% hydrogen peroxide
and washed again in PBS/Triton. After washing, sections containing visual cortex and
hippocampus were preincubated with M.O.M mouse Ig Blocking reagent (Vector
Labs Inc., Burlingame, CA), diluted in PBS/Triton, for 1 h at room temperature to
block non-specific binding sites. Sections were incubated overnight, at 4°C, with a
mouse anti-GFAP monoclonal antibody (Sigma-Aldrich, clone G-A-5; 1:100) or with
a mouse anti-S-100 monoclonal antibody (Neo Markers, Fremont, Ca, USA; 1:100),
recognizing both the o~ and the B-form, diluted in PBS/Triton, plus M.O.M diluent.
Sections containing basal forebrain and basal nucleus of Meynert, were washed and
treated with hydrogen peroxidase, then preincubated in 10% fetal calf serum and 5%
bovine serum albumin diluted in PBS/Triton for 1h at room temperature to block non-
specific binding sites. After that, sections were incubated overnight at 4°C with a goat
anti-ChAT polyclonal antibody (Chemicon international, Temecula, Ca, USA; 1:500),
to stain cholinergic neurons. After the incubation with the primary antibodies, for
detection of both GFAP and S100, sections were incubated with a biotinylated anti-
mouse IgG (Vector Labs Inc., Burlingame, CA; 1:200), diluted in PBS plus M.O.M.
diluent (3 hr at room temperature). For the detection of ChAT-IR neurons, after the
incubation with the primary antibody, sections were incubated with a biotinylated
anti-goat IgG (Vector Labs Inc; 1:200), diluiuted in PBS plus 5% fetal calf serum (3h
at room temperature). For all the antibodies used, the horseradish peroxidase
conjugated avidin-biotin complex (Elite Standard kit; Vector Labs Inc; 1:200) was
used for 1 hr at room temperature. The peroxidase complex was visualized using 3,3-
diamminobenzidine tetrachloride (Sigma-Aldrich) dissolved in Tris/HCI, pH 7.5.
Cells positive for GFAP, S100 and ChAT, were counted using a grid and a 40x
objective. To distinguish different cortical layers, sections coming from dark reared
animals and its control group, were counterstained with cresyl-violet acetate (0.05%,
Sigma).

Cell Counts

Cells counts were performed for GFAP, S100 and ChAT immunoreactive cells,
in all the treated and controls animals and in all the transgenic and wild type for each

age studied as previously described.
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Sections containing visual cortex and hippocampus were divided in 10
consecutive series (four-five slices/series) and sections containing basal forebrain in 6
consecutive series (Howard & Reed, 1998). In this way, respectively 10, or 6, series
of 4-5 sections each were sampled random uniformly. A single random series (1/12 or
1/6) of coronal sections/animal was analyzed for each antibody, thereby allowing all
visual cortical sections to be sampled with the same probability. After processing for
immunohistochemistry, GFAP and S100-IR cells in the visual cortex and
hippocampus or ChAT-IR neurons in basal forebrain and basal nucleus of Meynert,
were counted using a 40x objective. A 300 pm wide grid was superimposed on the
visual cortex to delimit the area of sampling. Cells within each frame were manually
counted, in different focal planes, using the “optical dissector” method (Gundersen,
1986).

Western Blot analysis

To evaluate the amount of GFAP in cortical areas, proteins were extracted from
visual cortex or hippocampus, as described later, and the amount of GFAP was
analyzed. Mice were deeply anesthetized with 20% urethane, the brain was removed
and the visual cortex and hippocampus was separated from the rest of the brain,
utilizing the same stereotaxic coordinates as for the immunohistochemistry. Cortex
was homogenized in an extracting buffer (1 g tissue/ 5 ml buffer) containing 50 mM
Tris HCI pH 8, 150 mM EDTA, 0.1% deoxycholic Acid, 1 mM aprotinin, 5 mg/ml
phenilmethylsulfonilfluoride, 1mM iodoacetamide, 5 mg/ml leupeptin, 4 mg/ml soy
bean trypsin inhibitor, 10 mg/ml turkey egg white inhibitor. Protein amount was
determined by using the bicinchoninic acid protein assay kit (Sigma) following the
manufacturer instruction.

For each lane 7.5 pl of the entire extract was loaded with 2.5 ul to SDS gel-
loading buffer (exept for the analysis of vesamicol’s effect, in which 100pl of total
protein were loaded in eache lane), and resolved in a 12% SDS polyacrylamide gel.
Proteins were transferred onto a nitrocellulose membrane. Membrane was blocked for
one hour at 37° C with 5% non fat dry milk in phosphate-buffered saline (PBS) plus
0.05% of Tween 20 (PBST) then incubated overnight at 4° C with the antibody
dissolved in PBST. We used a goat anti-GFAP polyclonal antibody (1:300) (Santa
Cruz Biotechnology and Laboratories) and a rat anti-tubuline monoclonal antibody

(mAb YOL-1, Kindly provided by Cesar Milstein, MRC, Cambridge UK) (1:250).
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After washing in PBST the membranes were incubated for 2 hours at 37° C with a
biotinylated anti-goat IgG (1:1000) (Vector Laboratories) or biotinylated anti-rat IgG
(1:500) (Dako Laboratories), washed and incubated for 30 min at room temperature
with alkaline-phosphatase conjugated ABC kit (1:1000) (Vector Laboratories).
Reaction was revealed using p-Nitro Blue Tetrazolium chloride (NBT) (Sigma, 0.5
mg/ml) and 5-Bromo-4-Chloro-3-Indoyl Phosphate p-toluidine salt (BCIP) (Sigma,
0.25 mg/ml) in developing buffer (0.1 M Tris, 0.5 mM MgCI2, pH 9.5). Each western
blot was run in duplicate. For a semiquantitative analysis, after western blot,
membranes were scanned and the density of the single bands was determined using
dedicated software (NIH-SCION IMAGE, Scion Corporation, MD). For each band,
optical density (OD) was calculated multiplying the mean optical density by the area
of the band and values were given as relative units (RU) according to the follow
formula: (OD of GFAP/ OD of Tubulin)*100.In the experiment with dark reared
animals, to assess the effectivness of dark rearing protocol, the expression of NR2A
subunit of NMDAr was evaluated. For detection of this protein, an 8% SDS
polyacrylamide gel was used and western blot analysis was performed as described
above. The membrane was incubated overnight with a rabbit anti- NMDAR2A
policlonal antibody (Chemicon International, Temecula CA) (1:300). After washing
membrane was incubated, for 2 h at 37 °C, with a biotinylated anti-rabbit IgG (1:500)
(Vector Laboratories) and then processed as described above, for the other antibodies.

TrkA reverse trascription-polimerase chain reaction (RT-PCR)

Presence of TrkA mRNA was checked in visual cortex by using RT-PCR. To
detect protein-specific mRNA, total RNA was extracted from visual cortex using
TRIZOL Reagent (GIBCO BRL). A 1-ug aliquot of total RNA was reverse
transcribed (RT) into ¢cDNA using Moloney-Murine leukaemia virus (M-MLV)
reverse transcriptase (GIBCO BRL) with random priming. After RT, 1 pl of cDNA
was used as template in 25 pl of PCR mixture containing 0.5 mM final concentration
of protein-specific primers, 0.2 mM deoxinucleotides, GeneAmp 10X buffer and 0.5
U of Platinum Taq DNA Polymerase (GIBCO BRL). Primers for 7¥kA and for (-
actin were designed from published sequence data as follows: (1) 7rkA, accession
#M85214 (Rattus rattus), TrkA (2253) = 5’-ggtaccagctctccaacactgagg-3’, TrkA
(2456c) = 5’-ccagaacgtccaggtaactcggtg-3°, 204 bp amplified product ; (2) B- actin,
accession #X03672 (Mus musculus), actin (182) = 5’-cgtgggccgcecectaggeacca-3°, actin
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(424c) = 5’-ttggecttagggttcaggggge-3°,243 bp amplified product. Number in brackets
refer to the position of he primer in the nucleotide sequence, “c” denotes the
complementary strand. PCR steps were as follow: after a denaturation step of 5 min
95°C, amplification was carried out for 35, in the case of 7rk4, or 25 cycles, for B-
actin, of 94°C/30 sec, 60°/30 sec, and 72°/1 min. As positive control, mRNA
extracted from Basal forebrain, was used. Final product was analyzed on a 1.5

agarose/TBE gel.
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4.1 GFAP Development in mouse visual cortex

Distribution of GFAP-IR astrocytes in postnatal development

The first aim of my work was to describe the distribution of GFAP
immunoreactive (IR) astrocytes in mouse visual cortex during postnatal development;
moreover the amount of GFAP at different ages was evaluated. The meaning of this
study, inside my thesis, resides to the fact that all the subsequent experiments I
conducted, aimed to interfere with adult- like, regular GFAP organization in this
animal model. Therefore, it was important to understand the period in which the shift
from a developing stage, to a stable, adult stage occurs. To evaluate the cellular
distribution of GFAP in developing mouse visual cortex we used a monoclonal
antibody against GFAP. GFAP expression was evaluated at three different postnatal
ages: P12, before eye opening, P24 which corresponds to the middle stage of
postnatal development when the cortex is sensitive to MD, and P60 when
development and the critical period are by and large over (Gordon and Stryker, 1996).

Twelve days of age. At this age eyes are still closed and no interference of light

input can act on GFAP-IR cell organization. Immunohistochemical analysis revealed
cells heavily stained in different cortical layers and white matter. In gray matter
(Fig.4.1 a, d, g) the highest cellular density was observed in layers I and VI (Fig. 4.1 a
and g). Heavy stained cells are also abundant on the pial surface (Fig.4.1a). These
cells are absentin layer II-III and layer IV/V (Fig. 4.1a and d), where it is possible to
observe thick filaments, reminiscent of radial glia (Fig. 4.1 a and d, arrowheads). A
dense plexus of GFAP-IR cells is visible in layer VI (Fig. 4.1 g). At higher
magnification, cells in layer I show bushy perykaria with short multipolar processes,

characteristic of cells moving to become mature protoplasmic astrocytes (Fig. 4.2a).
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IV+V

Fig. 4.1: GFAP immunoreactivity in developing mouse visual
cortex.

In P12 mice (A, D, G), labeled radial glia spans the entire cortical
depth (arrowheads). At P24 (B, E, G) and in adult mice (C, F, H),
labelled radial glia disappears and GFAP-stained astrocytes are
localized in the infragranular and supragranular layers.

Scale bar: 50 um




Fibers reminiscent of radial glia, extending radially into the gray matter, without
evident staining of cell bodies, are visible in layer II-IIT and layer IV/V (Fig. 4.2b).
Cells present in layer VI show a small soma with few short processes located among
fibers of radial glia (Fig. 4.2¢). Heavily stained cells were also located in the white
matter (Fig. 4.2f) where they form a dense plexus in which cells show a fibrous aspect
with few long processes which sometimes span the entire cortex.

Twenty-four days of age. At this age, radial glia is no longer present in any of

the cortical layers. Bushy, star shaped cells are wydely distributed in layer I and in a
dense plexus confined on the pial surface (Fig. 4.1b). Fewer astrocytes, with the same
phenotype as in layer I, are also present in layer II. Different from P12, no GFAP
immunoreactivity was found in layers IV and V (Fig. 4.1e). Bushy cells were also
observed in layer VI (Fig. 4.1h) and on the contrary to that observed at P12, they are
less diffuse, moving to form a thin layer on the border with the white matter. A few
cells similar to those observed at P12 were also present at P24. At higher
magnification (Fig. 4.2d), astrocytes display a heavily stained soma, bigger than the
one present at P12, from which multipolar processes branch off and can be followed
for short distance. The highest staining level for GFAP was observed in white matter
(Fig. 4.2g). Numerous fibrous astrocytes are densely packed and highly
immunoreactive, radial glia is absent and processes spanning the entire cortical layer
are no longer present. Also in adult mice, we did not observe radial processes running

towards the pial surface or those reminiscent of radial glia.
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P12

V+V

P24 P60

Fig. 4.2: GFAP immunoreactivity in developing mouse visual cortex.

In P12 mice (A, D, G), labeled radial glia spans the entire cortical depth
(arrowheads). At P24 (B, E, G) and in adult mice (C, F, H), labeled radial glia
disappears and GFAP-stained astrocytes are localized in the infragranular and
supragranular layers.

Scale bar: 50 pm




Two _months of age. At P60, the cortical distribution of GFAP was similar to

that observed at P24. GFAP immunopositive cells showed the same preference for
pial surface, layer I (Fig.4.1c), layer VI (Fig. 4.11) and white matter (Fig. 4.2h). No
GFAP-IR cells were observed in layer IV and V (Fig. 4.1f). However, different with
respect to the previous age, the number of GFAP-IR cells was reduced and astrocytes
in layer I (Fig. 4.1c) were less densely packed at the pial surface, and were
widespread in the entire layer 1. Astrocytes in layer II/III showed, more or less, the
same pattern as layer 1. Also in layer VI (Fig. 4.1 i) the number is reduced with
respect to P24 and astrocytes are confined in a layer close to white matter. At high
magnification (Fig. 4.2e) immunostained cells revealed a large perykaria whose shape
was polygonal with the center devoid of staining (probably mirroring the package of
GFAP inside the cell); processes were highly branched, long and tapered. GFAP-IR
astrocytes in white matter (Fig.4.2h) were sparse resulting in a lower intensity of the
immunostaining.

Cellular amount of GFAP in the developing Visual Cortex

To establish if the change of distribution of GFAP immunostained cells in the
visual cortex during postnatal development corresponds to different levels of proteins,
tissue from the primary visual area was extracted, homogenized and a western blot
was performed. Samples were taken from the visual cortex, using mice of the same
age and strain of those used for immunohistochemistry. Membranes were probed with
a monoclonal antibody recognizing GFAP and a densitometric analysis was carried on
the membranes. Density of GFAP positive bands (Fig. 4 lower panel), were
normalized, for total protein content, with anti-tubulin (Fig. 4.3a, upper panel). The
analysis showed that the protein expression was high at P12 (P<0.05) and decreased,
significantly, at later postnatal ages (Fig. 4.3a, lower panel; b). Indeed, at P24 the
mean relative level of GFAP was significantly lower than that found at P12. No
significant difference was found between P24 and P60 (Fig. 4.3 a and b; P>0.05).
Our findings indicate that GFAP cellular expression is developmentally regulated in
the mouse visual cortex with a progressive restriction of immunostained cells to the
most superficial and deep cortical layers. This progressive segregation of labeled cells

corresponds to a reduction in the amount of GFAP.
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Fig. 4.3: Time course of GFAP expression in mouse visual cortex.

(a) Western blot of visual cortex taken at different stages of postnatal
development, probed with tubulin (upper panel) or GFAP (lower panel)
antibody. One representative western blot is reported for each age. (b) The
plot reports the percentage ratio between the expression of GFAP and
tubulin- optical density values (meantSEM). The GFAP level was
significantly different between P12 and P24 and between P12 and adult mice
(ANOVA and post hoc Tukey's test, ¥P<0.05,N=5). No significant difference
was found between P24 and adult mice.
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Fig. 4.4: F-ERG and histology of retina are not altered in C57BL mice. In a is shown
the F-ERG obtained in dark adapted conditions to different intensities of light (0.001, 0.01,
0.1, 1, 10, 20 ¢d*™?2 Each trace corresponds to a different light intensity. In b is shown
retinal image of typical DAPI stained retinal section. Outer nuclear layer (ONL), inner
nuclear layer (INL) and ganglion cell layer appear normal. Scale bar = 50 pym.




4.2 Effect of sensory deprivation on GFAP-positive distribution

We have shown that after eight days of light from the time of eye opening the
GFAP expression in the visual cortex reaches an adult pattern of expression. To
investigate the influence of light on GFAP expression, mice were kept in darkness for
12 days, from P12, i.e. before the eye opening until P24, when both the cellular
expression and level of GFAP can be considered adult-like. Since recent data have
shown that naturally occurring mutations should lead to retinal degeneration (rd) it
was essential to eliminate this possibility in our colony of C57BL mice (Chang et al.,
2002). In three mice randomly chosen we have recorded the electroretinogram evoked
by flash (F-ERG) in dark and light adapted conditions. After recording the F-ERG the
mice were sacrificed and the retinae dissected out for histology. The results showed
that the F-ERG was normal both in dark (Fig. 4.4a) and adapted conditions (data not
shown). Histology of retina excluded the presence of rd (Fig. 4.4b).

After 12 days of dark rearing, GFAP in visual cortex did not change with respect
to normal-reared mice of the same age. GFAP cellular expression in P24 dark reared
animals (Fig.4.5b, d and f), was similar to that described in P24 normally reared mice
(Fig.4.5a, c and e) with cells confined at the pial surface, at layer II and layersV/VI.
Astrocytes showed a bushy morphology without gross differences between control
(Fig. 4.5g) and dark reared mice (Fig.4.5h). We did not observe labeled astrocytes
reminiscent of radial glia. To obtain a quantitative evaluation of GFAP cellular
expression, four to five serial sections for each animal, within the region of visual
cortex, were processed for immunohistochemistry and counterstained with cresyl-
violet. To sample cells in different cortical layers we chose a grid 300 um large,
spanning all cortical layers in height. We have used this method to evaluate the
number of astrocytes expressing GFAP in different cortical layers. Cell counts of
GFAP stained cells showed no statistically significant differences between dark reared
and control mice in all cortical layers (Fig. 4.7a) (P>0.05). Finally, we measured the
level of GFAP with western blot in dark reared and age matched control mice (Fig.
4.6b). From the histogram in Fig. 4.6c, it is clear that the mean relative value of
GFAP was not statistically different between dark reared and control mice (P>0.05).
In order to exclude the possibility that our dark rearing protocol was too short and too

mild to produce visible changes in visual cortex, we measured the endogenous level
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of a protein, which is known to be sensitive to visual deprivation. From previous
studies conducted in rats, it is known that the subunit NR2A of NMDA-receptor is
expressed in visual cortical neurons (Tongiorgi et al., 1999) and is down regulated in
visual cortex of dark reared animals of about 50% (Quinlan EM et al, 1999). In
contrast to what was shown for GFAP, we found that NR2A amount was less than
50% in dark reared mice compared to age-matched controls (Fig. 4.7b).

Thus, under our experimental conditions, light deprivation does not affect GFAP

maturation.
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Fig. 4.6: GFAP expression in dark reared and control mice.

GFAP positive cells were counted in different layers of visual cortex. a. Cell counts of
GFAP stained cells. The number of GFAP stained cells in different cortical layers and in
the whole visual cortex (total) is plotted for dark reared (black columns) and control
animals (white columns). No significant difference was found between the two groups of.
(t test, P>0.05,N=5). b. GFAP level in dark reared and control mice. Immunoblots
were probed with anti-tubulin (b, upper panel) and anti-GFAP (b, lower panel). Dark
reared animals were compared with P24 normal reared mice. The plot (c) reports the
percentage ratio between the expression of GFAP and Tubulin- optical density values, in
the two groups. Data are reported as mean=SEM (t test, P>0.05,N=5).

Fig. 4.5: GFAP-IR astrocytes in dark reared and control mice.

GFAP positive cells in different layers of visual cortex of normal reared (a,c,e) and dark
reared mice (b,d,f). Cell were counterstained with cresyl violet to identify different layers.
It is possible to note that there are no difference between the two groups. The shape of
astrocytes does not change, as shown at higher magnification (g,h).
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Fig. 4.7: Expression of the NMDAr subunit NR2A in dark reared and control mice.

a) A representative example of western blot. b) The plot reports the percentage ratio
between the expression of GFAP and tubulin- optical density values (meantSEM). The
expression of NR2A in dark reared group was decreased with respect to the control one. (t
test, P<0.05,N=5).




4.3 NGF effect on GFAP expression

Since we have characterized the postnatal development of GFAP we then
investigated the factors controlling GFAP expression at an age when the maturation
period was completely over. As mentioned before, in the introduction, GFAP
expression can be modulated by several factors, included neurotrophins. The aim of
the present study was to investigate the effect of NGF deprivation on GFAP
immunoreactive astrocytes in adult mice. Since classical NGF-knock out mice die in
the first weeks of postnatal life (Crowley et al., 1994), we used transgenic mice
expressing the neutralizing anti-NGF immunoglobulin (anti NGF transgenic mice)
during postnatal life, which are also living in adulthood. The expressio of antibody
was under the transcriptional control of the human cytomegalovirus (CMV) early
region promoter [2601 to 216 (Boshart et al., 1985)]. Anti-NGF transgenic mice
express low amounts of anti NGF antibodies in the first month of the postnatal age.
The level of anti-NGF antibodies increases three fold during the second postnatal
month (Ruberti et al., 2000). All the experiments reported in the present paper, were
conducted on two month old NGF-transgenic mice and on age matched wild type
mice (control mice). It has been shown that anti-NGF transgenic mice are
charachterized by a cholinergic impairment (Ruberti et al, 2000). To check the
effectivness of NGF blockade, basal forebrain neurons (BF), were investigated.
Cholinergic neurons were counted in the medial septum and in the diagonal band
(MS+DB) (Fig. 4.8, a and b), and the basal nucleus of Meynert (BNM) (Fig. 4.8, d
and e). A strong reduction of BF cholinergic neurons was found in both MS+DB
(Fig. 4.8¢c) and in BNM (Fig. 4.8f) of anti-NGF transgenic mice with respect to
control group. In addition, the staining of remaining cholinergic cells was lower with
respect to that found in wild type mice. Thus, the BF cholinergic system was

profoundly impaired in anti NGF-transgenic mice.
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Fig. 4.8: ChAt immunostained neurons in
MS-DB and BNM of wild type (a and d

respectively) versus anti-NGF transgenic
mice (b and e) and P3U (g and i
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and j) Note fluorescent hybridoma cells on
the ventricle wall of wild type mice (k).
Plots show a reduction of cholinergic
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mice (f).

Mean+SEM is shown (t test, *P>0.05,N=3).
Scale bars: 300 pm.




GFAP-IR astrocytes in visual cortex of NGF-transgenic mouse

As shown before in the visual cortex of wild type mice, GFAP-IR astrocytes
were preferentially localized in layers I-II and VI, with layer IV almost devoid of
immunostained cells (Fig. 4.9a, ¢ and e). In anti-NGF transgenic mice (Fig. 4.9b,d and
f), GFAP immunoreactive cells were reduced in all cortical layers. At higher
magnification (Fig.4.9g and h) it can be observed that the morphology of GFAP
immunopositive cells is different between transgenic and control mice. Wild type
astrocytes (Fig. 4.9g) showed the classic astrocytic phenotype, with a star shaped
soma with branch cytoplasmic processes. The rare GFAP-IR astrocytes still present
in the visual cortex of transgenic mice (Fig. 4.9h) were less stained with respect to the
control mice and characterized by small soma and short and thin processes. To obtain
a quantitative evaluation of GFAP labeled cells, astrocytes were counted using a grid
of 300 um large over-imposed on primary visual cortex. Four to five serial sections
for each animal, within the region of visual cortex, were evaluated. Results
(Fig.4.10b) clearly showed that GFAP-IR astrocytes were reduced by more than 50 %
in the visual cortex of anti NGF-transgenic mice, with respect to the control group (t-
Test P<<0.05).

Cellular amount of GFAP in visual cortex of anti-NGF' transgenic mice

The endogenous amount of GFAP was measured by western blot. Samples were
taken from visual cortex of transgenic and wild type mice. Membranes were probed
with a monoclonal antibody recognizing GFAP and a densitometric analysis was
carried out on the membranes. Density of GFAP positive bands (Fig. 4.11a, upper
panel) was normalized for total protein content, with anti-tubulin (Fig. 4.11a, lower
panel) and values are given as relative units. The analysis of GFAP bands (Fig.4.11b)
showed that the protein expression was significantly lower (about 30%) in NGF-
transgenic mice compared to wild type mice (t-Test P<0.05). These results indicate
that anti-NGF transgenic mice are characterized by the reduction of GFAP-IR cells,
which corresponds to a lower level of the protein as assessed by western blot.

GFAP-IR cells in hippocampus

To check whether alteration of GFAP expression in anti-NGF transgenic mice
was confined to visual cortex the hippocampus area CA-1 was analyzed. Clearly
GFAP immunoreactivity in area CA-1 of transgenic mice (Fig. 4.9j) was lower with

respect to control mice (Fig.4.9i). In addition, the morphology of immunopositive
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astrocytes was altered in transgenic mice (Fig. 4.91). Cell counts (Fig. 4.11d) revealed
a reduction of about 30% in the anti-NGF transgenic mice hippocampus with respect
to the wild type mice (t-Test, P<<0.05). These results suggest that NGF deprivation

effects on the phenotype of astrocytes were not restricted to the visual cortex.
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Fig. 4.10 Higher magnification shows the morphological alteration, due to NGF

deprivation, in GFAP-IR astrocytes of (b) visual cortex and (d) hippocampus. Scale bar: 20
pm.

Fig. 4.9. GFAP immunoreactivity in (a-f) different layer of visual cortex and in (I
and j) hippocampus of anti-NGF transgenic mice. In anti NGF-transgenic mice, it
is possible to note the reduction of GFAP-IR astrocytes in (b, d and f) visual cortex
and (j) hippocampus . Higher magnification shows the morphological alteration of
GFAP-IR in (h) visual cortex and (1) hippocampus. Scale bar: a-f, i and j, 100 um; g, h,
kand 1, 20 pm.
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Fig.4.11: (a) Western blot of visual cortex in wild type and anti-NGF
transgenic_mice probed with or GFAP (upper panel) or Tubulin (lower panel)
antibody, one representative sample for each group. (b) The plot reports the
percentage ratio between the expression of GFAP and Tubulin-optical density
values (mean+SEM), in wild type and transgenic animals. (¢) GFAP-IR cells in
visual cortex and (c) in hippocampus of NGF-transgenic mice versus the control
group NGF deprivation provoked a reduction of GFAP-IR astrocytes. (T-test,
*P<0.05,N=3).




Evaluation of S100-IR astrocytes

Cellular distribution of another astrocytic marker, the protein S-100 was
investigated in both wild type and transgenic mice. In wild type mice, S-100 was
widely distributed throughout all the visual cortical layers (Fig. 4.12a). In anti-NGF
transgenic mice (Fig. 4.12b), the distribution of S-100-IR astrocytes was similar to
that observed in wild type mice. The same situation was observed when the
hippocampus of control mice (Fig. 4.12¢) was compared to that of NGF-transgenic
mice (Fig. 4.12d). Astrocytes were counted, as previously described. No differences
were found between control and transgenic mice, neither in visual cortex (Fig. 4.12e),
nor in the hippocampus (Fig.4.12f) (t-Test, P>0.05). Thus, NGF deprivation induces a
down regulation of GFAP expression but not a reduction of the astrocytic number.

Implant of hybridoma cells releasing aD11 antibody

To check whether alteration of GFAP immunopositive astrocytes was because
of NGF deprivation and not because of insertion of a transgene, endogenous NGF was
blocked by intraventricular implants of hybridoma cells producing the neutralizing
NGF antibody aD11. Hybridoma cells injected into the lateral ventricle can adhere to
the wall of the ventricle itself (note the Fig. 4.8k, in which hybridoma cells were
stained with the vital dye Dil) and release the antibody both into the brain
parenchyma and in the CSF (Domenici et al., 1994; Berardi et al., 1994; Molnar et al,,
1998). In previous papers, it was shown that hybridoma cells release aD11 in the
ventricle for at least one month and that the level of antibodies in hippocampus and
visual cortex remained high and stable for three to four weeks after the implant
(Berardi et al., 1994; Molnar et al., 1998). Sections containing basal forebrain and
sections containing visual cortex were processed for detection of ChAT positive
neurons and GFAP-IR astrocytes, respectively. The effectiveness of the implant was
checked by the analysis of ChAT positive neurons both in MS+DB and in BNM. Two
weeks after implantation, reduction of cholinergic neurons was evident both in
MS+DB (Fig.4.8h) and in BNM (Fig.4.8j). ChAT-IR neurons were significantly
reduced (t-Test, P<<0.05) both in MS+DB (Fig. 4.8¢) and in basal nucleus of Meynert
(Fig. 4.8f) with the reduction in both areas comparable to that obtained in the
transgenic mouse. In control mice implanted with P3U cells, cholinergic neurons were

not affected thus excluding a pathological effect due to the implant itself. GFAP-IR
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astrocytes were counted in visual cortex and hippocampus of hybridoma and P3U
implanted mice.

GFAP distribution in hybridoma cells implanted mice

Analysis of GFAP-IR cells in both visual cortex (Fig. 4.13a and b) and
hippocampus (Fig. 4.12¢ and d), showed that they are reduced in oD11 hybridoma
injected mice (Fig. 4.13a and c) with respect to control mice (Fig. 4.13b and d). The
shape of astrocytes in aD11 injected mice was also altered both in visual cortex (Fig.
4.13b) and hippocampus (Fig. 4.13d). Plots show that reduction induced by
hybridoma implant was statistically significant respect to control group both in visual
cortex (Fig. 4.13¢) and hippocampus (Fig. 4.13f) (*P<0.05). Furthermore, the
difference between hybridoma cell- and transgenic mice was not statistically
significant (t-Test, P>0.05, Fig. 4.18¢c and d). We conclude that GFAP down
regulation was induced by NGF deprivation.

Expression of TrkA mRNA in mouse visual cortex

The expression of TrkA mRNA is very low in rat visual cortex and has been
detected using PCR (Cellerino et al., 1996). TrkA mRNA was checked in the mouse
visual cortex by PCR. Little TrkA was detected in wild type mouse visual cortex. In
Fig. 4.14, side a of the panel reports the bands corresponding to -actin fragment, a
house keeping gene used as an internal control, and side b shows the RT-PCR product
relative to TrkA fragment, both in the visual cortex and basal forebrain. The intensity
of the TrkA mRNA-band is very weak in visual cortex while it is high in basal

forebrain, suggesting that TrkA produced, locally, in the mouse visual cortex is low.
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Fig. 4.12. S-100 immunostaining in (b) visual cortex and (d) hippocampus
of anti-NGF transgenic mice. As shown, no difference was found both in
(e) visual cortex and in (f) hippocampus. Scale bar: 100 pm.
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Fig.4.13: GFAP-IR astrocytes are reduced in aD11 injected mice. (a-b) GFAP-IR cells
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Fig. 4.14. RT-PCR on mouse visual cortex. 3-actin, side a and TrkA, side b. RNA
from BFB was used as positive control. It is possible to note the light intensity of the
band relative to TrkA in visual cortex. M=molecular weight marker.




NGF Indirect modulation of GFAP

By using RT-PCR only a small amount of TrkA was found and, in sifu, I did not
detect neither TrkA mRNA nor the protein (data not shown). These results prompted
me to test the hypothesis that GFAP down regulation was secondary to other systems
and/or factors sensitive to NGF deprivation. Since the cholinergic system was highly
impaired in NGF deprived mice and astrocytes express muscarinic receptors (Van der
Zee et al., 1989; 1993). Therefore NGF could affect astrocytic phenotype in an
indirect way through the cholinergic system. To test this hypothesis it was essential to
know whether a reduction of BF cholinergic neurons, in absence of NGF deprivation
could mimic the results on GFAP expression obtained in transgenic mice. To test this,
it was therefore important to use an animal model deprived of cholinergic input.

To block Ach release we used Vesamicol. Vesamicol is known to inhibit
transport of ACh into synaptic vesicles both in vifro and in vivo (Kobayashi et al.,
1997). ACh is stored in cytoplasmic and synaptic vesicles (Cooper et al., 1991).
Release of ACh in the synaptic cleft involves release of ACh from the vesicular
fraction rather than from the cytosolic pool (Carroll, 1983, 1984). A specific low-
affinity acetylcholine transporter is responsible for uptake of the transmitters from
cytoplasm into vesicles (Prior et al., 1992; Shuldiner et al., 1995). This transporter is
selectively blocked by 2-(4-phenylpiperidino)-cyclohexanol (Fig. 4.15), also known
as vesamicol (Marshall and Parson, 1987). This compound inhibits the transport of
ACh into purified synaptic vesicles from the electric organ of the Torpedo (Rogers
and Parsons, 1993; Rogers et al., 1989) and it prevents cholinergic transmission in
several in vitro models (Searl et al., 1990;Collier et al., 1986; Jope and Johnson,
1986). Furthermore it was found to inhibit the release of ACh in vivo (Boccafusco et
al., 1991; Marien et al., 1991) and to cross the BBB if administered peripherally
(Kobayashi et al., 1997).
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Fig. 4.15 (1)-Vesamicol hydrochloride- Molecular structure
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Vesamicol was injected subcutaneously, as previously described in the material
and methods section, in adult wild type mouse, and the effect on GFAP
immunopostive astrocytes was evaluated five hours later. Similar to what was shown
for anti-NGF transgenic mice and for hybridoma-implanted mice, this treatment
caused a reduction of GFAP immunoreactivity in both visual cortex (Fig. 4.16b) and
hippocampus (Fig. 4.16d). Also in this case morphology of astrocytes was altered in
both the areas (Fig. 4.17b-visual cortex-and e- hippocampus). Plots show a reduction
of GFAP immunoreactivity in both the areas investigated (Fig. 4.16g-visual cortex-
and h-hippocampus). Western blot analysis was performed to evaluate the amount of
GFAP after the treatment. We found that the amount of GFAP was not different
between saline and control (Fig. 4.18c). Thus, in contrast with results obtained in
NGF deprived mice, vesamicol treated mice were characterized by a reduction of
GFAP immunoreactivity without concomitant reduction of GFAP total amount

(summary plot, Fig. 4.19b,c and d) (P>0.05).
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Fig. 4.16. GFAP immunoreactivity in vesamicol injected mice is dose dependent.GFAP-IR
astrocytes are reduced after a mild Ach reduction in (b) visual cortex and in (e) hippocampus
whilst are increased after a strong Ach reduction in both (c) visual cortex and in (f)
hippocampus.The plot reports GFAP-IR astrocytes in (g) visual cortex and (h) hippocampus in
vehicle injected, vesamicol low dose and vesamicol high dose. (*P<0.05, t-Test, N=5). Scale bar:
100 pm.
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Fig. 4.17 Ach reduction provoked alteration in the shape of GFAP-IR astrocytes when
comparable to vehicle injected anmimals. Higher magnification shows the morphological
alteration, comparable to that induced by NGF deprivation. Mild Ach reduction, induced an
alteration of astrocytes comparable to that provoked by NGF deprivation in (b) visual cortex and
(d) hippocampus. After strong Ach reduction (c-f) GFAP-IR are also altered but display a gliotic
phenotype in both the areas investigated. Scale bar: 20 pm.
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Fig. 4.18: Low dose of vesamicol did not reduce the amount of GFAP.

a) A representative example of western blot. b) The plot reports the percentage ratio
between the expression of GFAP and tubulin- optical density values (mean+SEM). The
expression of GFAP after injection of low dose of vesamicol was not reduced with respect
to the vehicle injected group. (t test, P>0.05,N=5).

Fig.4.19 : Summary plots of GFAP expression and distribution after NGF or Ach

deprivation.
(a) Western blot of visual cortex in anti-NGF transgenic mice probed with or GFAP

(upper panel) or Tubulin (lower panel) antibody, one representative sample for each
group. NGF deprivation provoked GFAP downregulation whilst no difference was found
after treatment with low dose of vesamicol (b) The plot reports the percentage ratio
between the expression of GFAP and Tubulin-optical density values (mean+SEM), in
transgenic versus wild type and in vesamicol-treated animals versus the control group..
(¢) GFAP-IR cells in visual cortex and (d) in hippocampus of NGF-transgenic mice,
hybridoma implanted and vesamicol treated animals, versus the respective control group.
All the treatment induced a similar reduction of GFAP-IR astrocytes (T-test,
*P<0.05,N=3 for transgenic and relative control, and 5 for vesamicol- treated and
hybridoma implanted, and relative control groups).
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GFAP expression is modulated by acetylcholine in a dose dependent manner

Cholinergic impairment has been classically described to induce GFAP
upregulation and gliosis instead of GFAP down regulation. Pharmacological lesion of
cholinergic nuclei caused gliosis in cholinergic target areas (Iacson et al., 1987,
Anezaki et al., 1992; Monzon-Mayor et al., 2000). However, cholinergic lesions were
induced in a very invasive way and with a pharmacological approach which, rather
than being selective for cholinergic neurons, caused more generalized neuronal death.
Vesamicol allowed us to selectively reduce acetylcholine release, without affecting
the release of other molecules. It could be possible that acetylcholine reduction per se
does not induce any gliotic response. However, we cannot exclude the alternative
possibility that the dose of vesamicol we used was too mild to induce GFAP
upregulation and gliosis. Following this hypothesis mild reduction of ACh release
leads to GFAP down regulation while strong reduction of ACh induces GFAP
upregulation. Thus, reaction of astrocytes to acetylcholine reduction could be dose-
dependent. To test this hypothesis, a high dose of vesamicol was used to induce a
strong reduction of ACh release. The high dose of vesamicol caused an increase in
GFAP immunoreactivity in both visual cortex and hippocampus. Saline injected
animals (control) show the classic distribution observed in normal conditions both in
visual cortex (Fig. 4.16a) and hippocampus (Fig. 4.16d). Vesamicol treatment induced
a strong immunoreactivity in all cortical layers of visual cortex (Fig. 4.16¢) and an
alteration of the morphology, with astrocytes showing hypertrophic soma and thick
protoplasmic processes (Fig. 4.17c). Furthermore, strong GFAP immunoreactivity
was also observed in cortical layers such as layer III and IV where GFAP-IR
astrocytes are normally absent. Intense staining (Fig. 4.16f) and altered cell
morphology (Fig. 4.17f) was also observed in hippocampus. Cell counts revealed a
huge increase of astrocytic number in visual cortex (almost 80% more astrocytes were
found after the Vesamicol treatment). Thus, reaction of astrocytes to ACh deprivation

is directly related to the degree of reduction of cholinergic input.
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DISCUSSION

Evidences collected from the last decade have let investigators to think the
central nervous system as a network composed by different cell types cooperating
with each other to create a unitary response to physiological and pathological changes
of extracellular environment. On this view, astrocytes actively participate with
neurons in the process of neuronal information. The ratio of glia to neurons is low in
inferior species and increases during phylogenesis. In Caenorhabditis elegans there
are 302 neurons and only 56 glial and associated support cells (Sulston et al., 1983).
The human brain contains the greatest numbers of glia and the highest ratio of glia to
neurons (at least 10:1). This may suggest that glial cells, and particularly astrocytes,
play a role in brain processes normally associated with higher species, such as
cognitive functions. There is little information about functional interactions between
neurons and astrocytes in cognitive processes. Recent studies have shown that
astrocytic stimulation leads to a potentiation of the inhibitory synaptic transmission in
hippocampal slices (Kang et al., 1998) and, viceversa, neuronal activity can induce an
activation of an astrocytic response, as measured by the increase of calcium waves
(Dani and Smith, 1995; Porter and McCarthy 1996). GFAP-deficient mice exhibit an
enhancement of LTP (McCall et al., 1996), and impaired LTD (Shibuki et al., 1996)
suggesting that astrocytes are required for the normal expression of synaptic
plasticity. It must be mentioned that synaptic plasticity represents the functional
substrate of cognitive functions such as learning and memory. One of the areas in
which neuronal plasticity has been widely investigated is the primary visual cortex.
This area is sensitive to manipulation of visual input, not only during restricted
temporal windows of postnatal development (critical period) but also in adulthood.
During the critical period regressive processes such as neuronal death are already over
(for review see Zilles, 1985) and LGN fibers have already reached the visual cortex,
making synapses with the specific targets (Lund and Mustari, 1977); at this time the
visual cortex is highly plastic and sensitive to visual manipulations such as monocular
deprivation. For example, monocular deprivation (MD) of the type introduced by
Wiesel and Hubel (1965) produces irreversible alterations in the visual cortex, with
minor differences between rat and mouse. Visual cortical neurons cease responding to

the deprived eye and, as a consequence, the number of binocular units is reduced in
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rodent visual cortex (Domenici et al., 1991; Maffei ef al., 1992; Fagiolini et al., 1994;
Hensch ef al., 1998; Hanover ef al., 1999). Geniculate neurons receiving input from
the deprived eye and sending projections to primary visual cortex shrink (Domenici et
al., 1993). However, neuronal plasticity is not limited to the critical period. Indeed,
there are other forms of neuronal plasticity associated with visual learning and
changes of the topographic sensory map induced by a peripheral lesion (for example
in the retina, Gilbert and Wiesel, 1992; Obata et al., 1999). Deprivation of visual
input (dark rearing) results in two types of effects: 1) it increases the length of the
critical period for monocular deprivation and 2) it delays the maturation of the
functional properties of visual cortical neurons. All these results indicate that
mammalian visual cortex has well-defined periods for cortical circuit refinement and
represents, therefore, a good model for studying activity-dependent neuronal plasticity
and maturation. However, a holistic view of CNS prompted us to extend these studies
and look at the interaction between neurons and astrocytes both during postnatal
development and in adulthood.

First of all we clarified the time course of astrocyte maturation in mouse visual
cortex. In particular, we were interested in the time employed by astrocytes to acquire
an adult phenotype. To this aim we followed the maturation of GFAP expression
during postnatal development. We performed this study in the mouse since this

animal species assumed a strategic importance for the availability of transgenic mice.

5.1 Postnatal development of GFAP in mouse visual cortex

As a marker of glia maturation I used GFAP since previous studies have shown
that this cytoskeletal protein is regulated during postnatal development (Stichel et al.,
1990; Muller, 1992) and that it is sensitive to functional changes of the environment
(Jones et al., 1996) and injuries of the CNS (for a review see Eng et al., 2000). Other
protein of astrocytes intermediate filaments, such as nestin and vimentin, are also
useful markers to study the development of the cortex but their expression, in
physiological conditions, is limited to early stage of postnatal development, before
eye opening and, therefore, they were excluded (Kalman and Ajtai, 2001). Three
different postnatal ages have been studied: P12, i.e. before eye opening, P24, when
visual cortex is highly sensitive to MD (Gordon and Stryker, 1996) and P60 when the
critical period and the maturation of the visual cortex are by and large over. I have

found that GFAP is regulated during postnatal development: at P12 its endogenous
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level is high and GFAP labeled astrocytes are distributed throughout all cortical
layers. At this postnatal age, GFAP positive radial glia was easily identified whilst at
later postnatal ages this type of glia was no longer present. The fact that radial glia
disappeared from visual cortex of P24 mice is in agreement with previous results
obtained in kittens and rat pups (Stichel et al., 1990) and supports the possibility that
also in the mouse visual cortex radial glia plays a role during an early postnatal stage,
before eye opening. In fact, different studies demonstrated that, in the developing
cerebral cortex, radial glial cells guide radially migrating neurons and are the
precursor of astrocytes (Hatten, 1990; Mission et al., 1991). More recently, a few
studies (Malatesta, 2000; Noctor, 2001) highlighted the importance of radial glia also
in neurogenesis suggesting that radial glia includes multipotent cells able to
differentiate in two lines of progenitors cells dividing in neurons or in astrocytes.
Concerning the distribution pattern before eye opening, GFAP immunopositive
cells were distributed throughout all the cortical layers and in white matter. At P24,
the maturation of GFAP immunopositive astrocytes can be considered over; indeed,
both the intensity of staining and the cellular distribution did not change between P24
to P60. Reduction of GFAP-IR cells is accompanied by a down regulation of GFAP
content, as measured by western blot. In particular, GFAP level is high at P12 and is
reduced after eye opening (P24) and remains stable thereafter. Thus, reduction of
GFAP cellular expression in different cortical layers corresponds to a reduced level of
GFAP and occurs early in postnatal development. Previous studies on GFAP
maturation have been performed in the cat and in the rat. In kittens, GFAP
immunoreactivity increases during postnatal development and the period of GFAP
maturation is much longer with respect to the mouse (Muller et al., 1992). In the rat,
GFAP decreases during postnatal development, as well as we have shown in the
mouse, but the period of GFAP maturation is longer with respect to the mouse and
cannot be considered over before P50 (Stichel et al., 1991). Interestingly, the period
of maturation of GFAP largely overlaps with the critical period for monocular
deprivation both in the cat and in the rat. Experiments designed to describe the mouse
critical period for MD established that MD effects start to be detected at P19 with P29
corresponding to the peak of the critical period (Gordon and Stryker, 1996). The fact
that GFAP maturation, in visual cortex, can be considered over by P24 when the
visual cortex is highly sensitive to MD indicates that the time windows for both

critical period and GFAP maturation do not overlap. Thus, it appears that there are
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species differences in GFAP maturation and also in relation to visual cortical

plasticity.

5.2 Influence of visual activity on GFAP development

Changes of GFAP expression occurring soon after eye opening raises the
interesting question of whether neuronal activity, triggered by light, may represent a
key factor in regulation of maturation of astrocytes. It is known that visual experience
constitutes the driving force for the maturation of neurons and refinement of neuronal
connections in the visual cortex (for a review see Berardi et al., 2000). Sensory
dependent modifications of neurons can be considered a component of visual cortical
plasticity. Indeed, deprivation of visual input slows down the functional and structural
maturation of visual cortical neurons and increases the length of the critical period for
MD (Fagiolini et al, 1994). Concerning astrocytes, it has been reported that
environmental stimuli are able to interfere with GFAP expression. Indeed, surface
density of astrocytes within layer II/III increases in the rat cortex, after a short period
of complex housing (Jones et al, 1996). In addition, it has been shown that prolonged
periods of light deprivation from birth provoke a reduction of GFAP immunostaining
in kittens (Muller, 1990) and GFAP level in rats (Stewart et al, 1986). These results
helped to raise the idea that the maturation of GFAP is retarded in dark reared
animals. To establish if GFAP development in the mouse visual cortex is modulated
by light, an experiment of light deprivation was conducted. Animals were kept in
complete darkness from P12, before eye opening, until P24 when the period of GFAP
maturation is over, as established in the study on GFAP development. To eliminate
the possibility that retinal degeneration could affect the transmission of visual input
from eyes (Chang et al,, 2002), flash electroretinogram and retinal histology were
performed in a few mice of our colony. Functional and histological results excluded
the presence of retinal degenerations.

Results obtained in dark reared mice showed that the maturation of GFAP is not
affected by dark rearing. To discard the possibility that the dark rearing protocol was
too short or mild to influence cell phenotype a control experiment was carried out
using a neuronal marker known to be sensitive to visual deprivation and involved in
cortical plasticity, namely the subunit of NMDAr called NR2A. NR2A is expressed in
visual cortical neurons (Tongiorgi et al., 1999) and its maturation is altered by visual

deprivation in cats (Chen et al., 2000) and rats (Nase et al., 1999; Quinlan et al.,
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1999). I found that NR2A was reduced in the visual cortex of dark reared mice
suggesting that the adopted dark rearing protocol was strong enough to produce
changes of cell phenotype. However, to be conclusive on this issue we must exclude
that GFAP might be regulated with a very slow kinetic so that GFAP changes are not
detectable using short dark rearing protocols. It is know that thee are two components
of GFAP turnover: a fast-decaying pool (turnover comprised in a range hours) and a
more stable pool (turnover comprised in a range of several weeks) (DeArmond et al.,
1983; 1986;Goldman and Chiu 1984). In the present work, mice were kept in
darkness for 2 weeks, between P10 to P24, in a period in which, in normal conditions
of light, GFAP expression is known to decrease (Corvetti et al., 2003 and as shown
above). Indeed, after light deprivation it is possible to note a GFAP expression
comparable to P24 animals reared in normal condition of light exposure. Other
authors observed, in rat, a GFAP reduction after a long protocol of light deprivation
(Stewart et al., 1986). Thus it would be possible that the reduction observed by these
authors was due to a component with fast turnover. However, one cannot exclude that
the ligt deprivation-induced reduction of was due to phenomena of protein
disassembly rather than GFAP turnover.

Possible discrepancies between dark reared results reported in the present paper
and those shown in previous papers (Stewart et al., 1987; Muller et al., 1990) may be
because I studied mouse cortex, while other authors investigated on cat and rat cortex.
An alternative hypothesis takes into account the different dark rearing protocol used.
Indeed, a long protocol of dark rearing, starting at birth and spanning all the critical
period, was utilized in kittens and rats to induce modification of both neuronal and
astrocytic phenotype, while to study mouse visual cortex, dark rearing lasted only 12
days. I consider unlikely the possibility that the short dark rearing protocol adopted is
not adequate to investigate light deprivation effects on GFAP maturation since it
covers the period of GFAP maturation and starts before eye opening. On the other
hand, in the visual cortex there are processes and factors in which maturation is light
independent. For example, refinement of functional properties such as development of
orientation selectivity of visual cortical cells and of ocular dominance columns do not
need visual experience for early development (Chapman et al., 1999).

A corollary and intriguing hypothesis assumes that the maturation of GFAP is
independent of light but the maintenance of GFAP phenotype can be affected by a

long period of visual deprivation. In agreement with this hypothesis, it has been
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reported that very long periods of light deprivation affects GFAP expression (Stewart
et al., 1987; Muller et al., 1990).

5.3 Role of NGF on GFAP expression in adulthood

As mentioned before, visual cortex is highly plastic not only during postnatal
development, but also in adulthood. A bulk of evidence reports that neurotrophins and
in particular NGF are factors influencing synaptic plasticity (Domenici et al., 1991;
Maffei et al., 1992; Domenici et al., 1993; Berardi et al., 1994; Domenici et al., 1994;
Pesavento et al., 2000). However, little information is available on the role of this
neurotrophin in astrocytes. We approached this issue by investigating effects induced
by NGF deprivation on GFAP expression. At first we used an anti-NGF transgenic
mouse, producing intracellular antibodies that are released in the extracellular space to
block NGF. Anti-NGF transgenic mice represent one of the most comprehensive
models for Alzheimer’s disease (AD). Aged (15 month old) anti-NGF mice display
neurodegeneration  characterized by  cholinergic  loss, insolubility and
hyperphosphorylation of tau protein in cortical and hippocampal neurons (Capsoni et
al.,, 2000), tangle-like accumulation (Capsoni et al., 2001) and B-amyloid plaques
(Capsoni et al., 2002). The neurodegeneration is associated with behavioural deficits
(Ruberti et al., 2000; Capsoni et al., 2000) and decreased cortical synaptic plasticity
(Pesavento et al., 2002). In anti-NGF mice the neurodegeneration is characterized by
a rather slow progression. At 2 months of age, the neurodegeneration is not overt and
anti-NGF mice display just cholinergic loss and tau hyperphosphorylation in the
entorhinal cortex (Capsoni et al., 2002). Thus, young anti-NGF mice allow the study
of effects produced by NGF deprivation on CNS. I found that anti-NGF transgenic
mice are characterized by a reduction of the number of astrocytes expressing GFAP.
This was associated to a low amount of endogenous GFAP level in visual cortex and
hippocampus. Reduction of GFAP expression was not due to cell loss as assessed by
another marker of mature astrocytes, the calcium binding protein S-100, which was
not affected by NGF deprivation, suggesting that NGF modulates GFAP.

To exclude the possibility that GFAP down regulation was due to unspecific
results related to transgene insertion, NGF was chronically deprived by using
intraventricular implant of hybridoma cells delivering the same anti-NGF antibody,

aD11, expressed by anti-NGF transgenic mice. The hybridoma cell technique allows
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us to obtain a high level of NGF antibody in the CSF and in the brain parenchyma for
at least 2 weeks (Molnar ef al, 1998). Results showed that GFAP was reduced in
hybridoma cell implanted mice, thus indicating that this effect was because of NGF
deprivation.

We have shown that the reduction of GFAP cellular expression is paralleled by
the concomitant reduction of endogenous GFAP level in the visual cortex, as assessed
by western blot. This suggests that GFAP is down regulated in astrocytes of anti-NGF
mice.

In vitro reconstitution studies revealed that assembly and morphology of GFAP
filaments are affected by various physical factors such as GFAP concentration, pH,
divalent cations, ionic strength, phosphorylation of aminoacids residues, and
temperature (Inagaki et al., 1990; Herrmann et al., 1993; Nakamura et al., 1991).
Phosphorylation and dephosphorylation of the GFAP head region (Inagaki et al.,
1990; Inagaki et al., 1987) and change of GFAP turnover, including synthesis and
degradation of GFAP, have a critical role for the assembly and maintenance of the
correct structure of GFAP. Since NGF deprived mice are characterized by a reduction
of cellular expression, which corresponds to a reduced amount of GFAP, I suggest
that the change of protein turnover, including synthesis and degradation, may account
for GFAP down regulation. However, I cannot exclude the fact that modification of
the phosphorylation state, in addition to turnover change, is to some extent
responsible for the GFAP immunoreactivity reduction in NGF deprived mice. To
discriminate whether the reduction of GFAP is due to the turnover of the protein it
might be useful to check the status of GFAP mRNA. In fact the reduction of the
protein could reflect a reduced expression of the mRNA. In this context in sifu
hybridization could be useful to check the GFAP mRINA status in the single cells.

Concerning the mechanisms underlying NGF regulation of GFAP expression
two possibilities can be taken into account: i) NGF acts directly on astrocytes through
NGF receptors and ii)) GFAP down regulation is indirect and mediated by other
systems sensitive to NGF deprivation. The first hypothesis assumes that NGF
receptors are expressed in cortical and hippocampal astrocytes. NGF effects are
mediated by its binding to two separate receptor classes, the Trk family of tyrosine
kinase receptors and the p75 neurotrophin receptor, a member of the tumor necrosis
factor receptor superfamily (Chao and Hempstead, 1995). The wuse of

immunohistochemical and in situ hybridization techniques has given conflicting
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results on this issue. In a recent study Trk-A immunoreactive astrocytes were
observed in rat hippocampus (McCarty ef al, 2002). However other authors failed to
detect TrkA immunoreactivity in the human brain (Aguado ef a/, 1998) and in rat
hippocampus (Koczyk and Oderfeld-Nowak, 2000). I failed to detect TrkA mRNA
and protein (data not shown) both in the hippocampus and in the visual cortex of mice
by using non-isotopic in sifu hybridization and polyclonal antibodies. Using RT-PCR
I detected a small amount of TrkA mRNA, in visual cortex in contrast with the BF
region where I found high level of TrkA mRNA. Even though RT-PCR does not
account for cell type expressing trkA mRNA, one cannot completely exclude the
possibility that astrocytes express low amounts of TrkA, under the detection threshold
of in situ hybridization and immunological techniques, which might, to some extent,
account for NGF deprivation effects on GFAP expression.

Another hypothesis is that NGF deprivation affects astrocytes in an indirect
way, through factors and/or systems sensitive to NGF and able to directly interact
with astrocytes. Anti-NGF transgenic mice are characterized by loss of cholinergic
neurons of basal forebrain. As a consequence, in the visual cortex of anti-NGF
transgenic mice, the cholinergic input is reduced and this in turn might regulate, in an
acute/subacute way, the expression of GFAP in astrocytes. Furthermore, reduction of
GFAP immunoreactivity was generalized and not localized to visual cortex. In
agreement with this idea, astrocytes express muscarinic receptors (Ashkenazi 1989;
Hosli et al., 1988; Hosli and Hosli, 1988; van der Zee et al., 1989; 1993) and are
susceptible to acetylcholine (Araque et al., 2002).

Cortical areas and hippocampus receive strong cholinergic input from basal
forebrain neurons, which are sensitive to NGF deprivation. It would be important to
investigate GFAP in areas that do not receive cholinergic input. Cholinergic system,
as well as the other neuromodulatory systems, sends diffuse projections to almost all
areas in the CNS. Cerebellum can be considered the region receiving less cholinergic
input respect to other nuclei such as cortical areas, hippocampus and the other limbic
areas, amygdala and olfactory bulb. This diffuse projection prevented a systematic
and comparative analysis of areas target of cholinergic neurons versus areas that do
not receive cholinergic input. To afford this important question we looked for nuclei
of CNS that receive input from cholinergic neurons are not sensitive to NGF. For
example, the visual thalamic nuclei (dorsal lateral geniculate- LG, lateral posterior-

LP, and perigeniculate- PG) receive projections from cholinergic neurons in the
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brainstem (Heckers et al., 1992; Smith et al., 1988). It has been shown that brainstem
cholinergic neurons do not express NGF receptors (Hecker et al., 1992; Sobreviela et
al., 1994; Holtzman et al., 1995). Preliminary data obtained in 2 mo. anti-NGF
transgenic mice showed that GFAP-IR astrocytes of the LG are slightly reduced in
NGF transgenic mice compared to control. However, quantitative data, including
analysis of brainstem cholinergic neurons are needed before giving the definitive
conclusion.

To mimic cholinergic impairment without affecting NGF, 2-(4-
phenylpiperidino)-cyclohexanol, vesamicol (Prior et al., 1992) was used. This
compound inhibits the transport of ACh into synaptic vesicles of the electric organ of
Torpedo (Rogers and Parsons, 1993; Rogers et al., 1989) and inhibits the release of
ACh in vivo (Buccafusco et al., 1991; Marien et al., 1991). Vesamicol crosses the
BBB and therefore was administered peripherally, following methods previously
shown (Kobayashi et al., 1997). I found that the cholinergic impairment, provoked by
vesamicol, in normal mice, leads to a reduction of GFAP cellular expression
comparable to that obtained in anti-NGF and hybridoma implanted mice.

In contrast with results obtained in NGF deprived mice, reduction of GFAP
cellular expression is not associated with a concomitant reduction of protein, as
assessed by western blot. To explain the intracellular machinery responsible for these
results I advance the idea that ACh depletion may induce a change of the GFAP
phosphorylation. As reported above, phosphorylation of amino acid residues in the
head domain inhibits polymerization and depolimeryzes filaments (Inagaki et al,
1990). Phosphorylation dependent disassembly of GFAP can result in a decrease of
GFAP immunoreactivity. Phosphorylation could mask the epitope recognized by the
antibody when used in situ, but not when protein is in a soluble pool and this could
explain the discrepancies between data obtained using immunohistochemistry and
western blot. In agreement with the idea that ACh deprivation leads to modification of
GFAP phosphorylation is the result that GFAP reduction is very rapid, occurring
within 5 hours after the injection of Vesamicol.

To test whether the observed reduced GFAP within astrocytes is really due to
a process of phosphorylation induced-disassembly of intermediate filaments we will
use an antibody specific for the phosphorylated form of the protein that has been, only

recently, rendered available for research purpose.
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Results on GFAP immunoreactivity obtained in NGF deprived and ACh
depleted mice point to similar conclusions, i.e. that GFAP is regulated by NGF and
ACh. However, one should consider differences of effects found with NGF blocking
and ACh release blocking such as the differential effect on the amount of GFAP
amount arising from (1) acute ACh depletion versus chronic NGF deprivation and (2)
different mechanisms and/or pathways activated by ACh versus NGF.

A hypothesis is that GFAP down-regulation in anti-NGF trasngenic mice is
independent of ACh. Anti-NGF transgenic mice represent a good models for
neurodegenerative disease, in particular Alzheimer’s disease (AD). Aged (15 month
old) anti-NGF mice display neurodegeneration characterized by cholinergic loss,
insolubility and hyperphosphorylation of tau protein in cortical and hippocampal
neurons (Capsoni et al., 2000), tangle-like accumulation (Capsoni et al., 2002b) and
B-amyloid plaques (Capsoni et al., 2002b). The neurodegeneration is associated with
behavioural deficits (Ruberti et al., 2000; Capsoni et al., 2000) and decreased cortical
synaptic plasticity (Pesavento et al., 2002). In anti-NGF mice the neurodegeneration is
characterized by a rather slow progression. At 2 months of age, anti-NGF transgenic
mice are characterized by a cholinergic alteration in basal forebrain, abnormal
phosphorylation of the microtubule associated protein tau and increased APP staining
in the wall of some cerebral vessels (Capsoni et al., 2002b). Thus, in 2 months old
anti-NGF mice, two mechanisms may regulate GFAP, one encompassing cholinergic
system and the other one involving tau protein. Interestingly, phosphorylation of
neurofilaments and tau protein in neurons is associated with changes of astrocytes
shape (Arendt et al, 1994). Thus, we cannot discard the possibility that
phosphorylation of tau may contribute to GFAP regulation.

5.4 Role of acetylcholine on GFAP expression

These results are difficult to reconcile with previous data obtained in animal
models of neurodegeneration. Indeed, cholinergic impairment has been classically
described to induce gliosis instead of GFAP down regulation. Pharmacological
lesioning of cholinergic nuclei caused gliosis in cortex (Iacson et al., 1987; Anezaki
et al., 1992; Monzon-Mayor et al., 2000). Gliosis was observed also in animal models
of Alzheimer’s disease (Beach et al., 1989; Delacourte, 1990). In contrast, data

obtained in both transgenic and vesamicol treated mice indicate the absence of gliosis.
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This was also confirmed by investigating the immunoreactivity of S-100. It is known
that the expression of the B-form is upregulated after traumatic brain injury (Cerutti
and Chadi, 200, Hinkle et al, 1997) and after neurodegenerative diseases
(Mossakowski and Weinrauder, 1986; Sheng et al., 2000; Griffin et al., 1998; Sheng
et al., 1996). The pattern of distribution of this protein was not altered in anti-NGF
transgenic mice, confirming the absence of gliosis.

However, cholinergic lesions (Iacson et al., 1987; Anezaki et al., 1992; Monzon-
Mayor et al.,, 2000) were induced in an invasive way and with a pharmacological
approach which rather than being selective for cholinergic neurons, caused more
generalized neuronal death. Furthermore, Alzheimer’s disease, beyond inducing
cholinergic impairment, is a neurodegenerative condition, which involve several
factors and affect many cell types, thus inducing an astrocytic reaction with the final
aim of promoting neuronal restoration. Vesamicol, allowed selectively reduction in
acetylcholine release, without interfering with the release of other molecules. It could
be possible that acetylcholine reduction per se does not induce any gliotic response.
However, I cannot exclude the alternative possibility that the dose of vesamicol I used
was able to cause a mild reduction of ACh release, thus resulting in GFAP down
regulation. Higher dose/and or concentration of vesamicol should theoretically lead to
the opposite effect, i.e. GFAP upregulation and gliosis.

To test this hypothesis a higher dose of vesamicol was injected to induce a
strong reduction of acetylcholine release. As expected, after five hours from the
injection, the early response to cholinergic reduction was an increase in GFAP
immunoreactivity with astrocytes displaying the classic gliotic morphology. This
result suggests that acetylcholine affects astrocytic phenotype in a dose dependent
manner. The present result is also important to understand the temporal changes
occurring in GFAP immunopositive astrocytes in animal models of Alzheimer
disease. I have shown that at an early stage NGF deprivation (anti-NGF mice) induces
an impairment of basal forebrain cholinergic neurons associated with GFAP down
regulation. At later stages when cortex is fully degenerated with tangles, B-amyloid
plaques and the impairment of cholinergic neurons is higher than in two months, the
GFAP expression in anti-NGF mice is also increased and astrocytes appear
hypertrophic, thus showing the classical pattern of gliotic response (Capsoni et al.,

submitted).
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Thus, the temporal changes of GFAP expression in astrocytes can be considered
a hallmark of Alzheimer disease progression.

Altogether, data obtained studying NGF and acetylcholine suggest that
acetylcholine and NGF are molecules that are reciprocally modulated and active on
both neurons and astrocytes. The cartoon (Fig. 5.1) summarizes the synergistic effect
of NGF and acetylcholine in modulating GFAP expression. Briefly, NGF sustains
viability of basal forebrain cholinergic neurons and acetylcholine released by
projecting fibers maintains the regular astrocytic phenotype. NGF subtraction causes a
reduction of cholinergic neurons and finally of acetylcholine released with a

consequent alteration of glial fibrillary acidic protein.
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Fig. 51 NGF and acetylcholine synergistically modulate GFAP expression.

(a) NGF sustains the viability of basal forebrain cholinergic neurons. ACh released by fibers
projecting to visual cortex or hippocampus maintains the regular astrocytic phenotype. (b) The
reduction of NGF provokes a reduction of cholinergic neurons and finally of ACh released with a
consequent alteration of GFAP expression.




5.5 Concluding remark and future strategies.

During the course of this thesis I had the opportunity to study factors and
mechanisms which modulate astrocytic phenotype. My work has focused on GFAP, a
member of intermediate filaments family. This protein is involved in astrocytic
motility, astrocytic surface density and it has been shown to be sensitive to changes in
the extracellular environment. Since it has been reported that GFAP-IR astrocytes
have a role in neuronal maturation and plasticity, the first step of my study was to
describe the period of maturation of GFAP in mouse visual cortex. Following
experiments were focused on the role of visual experience in GFAP maturation, since
previous studies showed that this represents an important factor for maturation of
visual cortical neurons. In this experiment the protocol of sensory deprivation was
restricted to the developmental time window of GFAP maturation. Light deprivation
during this period did not affect GFAP expression, suggesting that light does not
regulate neurons and astrocytes in the same way. It will be important to test if light is
involved mainly in the maintenance of GFAP phenotype instead of GFAP maturation.
For this purpose long period of visual deprivation will be utilized. Furtehrmore, it will
be interesting to check wheter vimentin and nestin, two markers of immature
astrocytes, are expressed in dark reared animals. This will clarify wheter light
deprivation retard the maturation of astrocytes or it is important for the maintainance
of the correct phenotype. Another interesting issue to be investigated is whether light
deprivation affects the expression of other proteins, intracellular calcium level or
electrophysiological properties in astrocytes. Beyond sensorial experience 1
investigated the role of NGF and acetylcholine on GFAP expression at an age well
beyond the end of the GFAP maturation period. I found that NGF can modulate the
regular astrocytes phenotype and, in particular, GFAP expression. The action of NGF
deprivation was studied both in the transgenic mouse producing antibodies blocking
free NGF action and in mice implanted with hybridoma cells releasing anti-NGF
antibodies into the lateral ventricle. The results were similar in the two experimental
groups and demonstrate that NGF deprivation induces a down regulation of GFAP in
visual cortex. This effect was not confined to visual cortex since it was present also in
hippocampus.

What might be the functional implication of the present finding? We have
shown that at an early stage chronic NGF deprivation does not induce an astrogliosis.

It is known that the first hallmark of reactive astrocytes is pathological accumulation
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of cytoskeletal proteins such as GFAP (Brock and O’Callaghan 1987; Cheung et al.,
1999; Latov et al., 1979; Mathewson and berry, 1985; Smith et al., 1983) and an
increase of S-100-IR (Cerutti and Chadi, 200; Hinkle et al., 1997). In contrast, using
two independent markers, namely GFAP and S100, both upregulated during gliosis, I
found an absence of reactive process in two month old anti NGF-transgenic mice. As
the neurodegeneration proceeds astrocytes start to accumulate GFAP and in aged anti-
NGF mice gliosis is apparent (Capsoni, Giannotta and Cattaneo, unpublished data).
In agreement with this observation, gliosis has been described in patients affected by
Alzheimer disease when different systems and factors are altered by the
neurodegenerative process (Beach et al., 1989; Delacourte, 1990).

Data I found lead to the idea that young anti-NGF mice reflects conditions
occurring at very early stage of AD. Furthermore I speculate that the reduction of
GFAP and the retraction of astrocytic processes observed in young anti-NGF mice
may contribute to the disruption of the BBB. Indeed, it is known that astrocytes
actively contribute to the function of the BBB (Abbott 2002) and that the impairment
of BBB and extracellular deposition of B-amyloid (Kalaria 1997) are associated with
the onset of inflammatory processes in the brain (Tomimoto et al, 1996).
Interestingly, recent data obtained in our lab (Capsoni, Giannotta and Cattaneo,
unpublished data) show that the BBB is already impaired in anti-NGF transgenic mice
at an early stage of the neurodegenerative process.

It is known that vimentin is a protein transiently expressed in astrocytes,
during early postnatal development (Stichel et al., 1991; Sancho-Tello et al., 1995).
Vimentin is re-expressed in adult animals after traumatic injury (Poltorak et al., 1993;
Hill et al., 1996) or neurodegenerative disease (Cammer et al., 1990; Smith et al.,
1990), and it is a good marker for gliosis. Thus I expect that vimentin would reappere
in the aged but not in two-month-old anti-NGF transgenic-mice. However, this does
not exclude the fact that vimentin expression could be checked in a future to further
confirm the absence of gliosis at an early stage of neurodegeneration.

As discussed above, a two-month-old anti-NGF transgenic mouse might
represent a model two study very early stage of neurodegeneration. In this model, at a
mild impairment of the cholinergic system correspond an absence of gliosis a down
regulation of GFAP. However this does not mean that NGF deprivation induce always

a GFAP down regulation. In fact, aged anti-NGF mice, which are characterized by a
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strong neurodegeneration, show a GFAP upregulation (Capsoni et al.,, unpublished
data). Thus GFAP might be regulated in function of the grade of neurodegeneration. It
is known that lesions induce a GFAP upregulation around the lesioned area (Hill et
al., 1996). Lesion is a good method to induce a localized strong neurodegeneration. In
light of the events occurring in aged transgenic animals, in lesioned two month-old
anti NGF transgenic mice, I would aspect a GFAP upregulation similar to that
described in wild type mice.

We mimicked the results obtained in NGF deprived mice by reducing the
acetylcholine release in wild type mice, thus suggesting that NGF deprivation may act
on astrocytes through the cholinergic system. Interestingly, in ACh depleted mice,
reduction of GFAP immunoreactivity is not accompanied by a decrease in GFAP as
assessed by western blot. This represents also a difference compared to NGF deprived
mice, which are characterized by a reduction of both GFAP immunoreactivity and
amount of protein. As discussed, this discrepancy could be because of a
phosphorylation-induced disassembly of GFAP in ACh depleted mice versus turnover
changes in NGF deprived mice. Future experiments will be addressed to clarify the
grade of GFAP phosphorylation in ACh depleted animals. Unluckily, antibodies
recognizing phosphorylated amino acid residues of GFAP protein are not presently
available.

Results on GFAP immunoreactivity obtained in NGF deprived and ACh
depleted mice point to similar conclusions, i.e. that GFAP is regulated by NGF and
ACh. However, one should consider differences of effects found with NGF blocking
and ACh release blocking such as the differential effect on the amount of GFAP
amount arising from (1) acute ACh depletion versus chronic NGF deprivation and (2)
different mechanisms and/or pathways activated by ACh versus NGF.

A hypothesis is that GFAP down-regulation in anti-NGF trasngenic mice is ACh
independent. As described before, anti-NGF transgenic mice represent one of the best
models to study AD. Indeed, aged (15 month old) anti-NGF mice display sign of
neurodegeneration  characterstic  of AD, included insolubility  and
hyperphosphorylation of tau protein in cortical and hippocampal neurons (Capsoni et
al., 2000), tangle-like accumulation (Capsoni et al., 2002b) and fB-amyloid plaques
(Capsoni et al., 2002b). The neurodegeneration is associated with behavioural deficits

(Ruberti et al.,, 2000; Capsoni et al., 2000) and decreased cortical synaptic plasticity
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(Pesavento et al, 2002). At 2 months of age, anti-NGF transgenic mice are
characterized by a cholinergic alteration in basal forebrain, abnormal phosphorylation
of the microtubule associated protein tau and increased APP staining in the wall of
some cerebral vessels (Capsoni et al., 2002b). Thus, in 2 months old anti-NGF mice,
two streams may control GFAP expression, one encompassing cholinergic neurons
and the other involving microtubule associated tau protein. Interestingly,
phosphorylation of neurofilaments and tau in neurons is associated with changes of
astrocytes shape (Arendt et al, 1994). Thus, I cannot discard the possibility that
phosphorylation of tau may contribute to GFAP regulation.

With respect to ACh we showed that effects on GFAP phenotype are dose-
dependent: mild reduction of ACh release induces reduction of GFAP
immunoreactivity while strong reduction induced the opposite result, i.e. increase of
GFAP expression. These data show for the first time the ACh effect on GFAP
astrocytes. However, the intracellular pathway mediating such an effect is still
unknown. Thus, it will be important to know which type of acetylcholine receptors
mediate ACh receptors by using pharmacological tools. In this thesis I reported
experiments showing that astrocytes express muscarinic receptors and therefore it is
conceivable that this subclass of receptors mediate the cholinergic effect on GFAP. In
addition, it will be important to clarify the intracellular pathway of signal
transduction.

Preliminary data showed that blockade of muscarinic receptors by scopolamine
increased GFAP-IR astrocytes in both visual cortex and hippocampus (Fig. 5.2) with
astrocytes becoming hypertrophic (Fig. 5.3). Blockade of nicotinic receptors by
mecamylamine leaft GFAP astrocytes completely unaffected, thus indicating that
muscarinic but not nicotinic receptors are involved in GFAP regulation (Fig.5.4, 5.5).
Finally, it will be important to clarify whether chronic depletion of ACh affects GFAP
expression similarly to acute blockade of ACh release. Indeed, we can consider
discrepancies with respect to the amount GFAP between NGF and ACh deprived
mice arising from (1) acute ACh depletion versus chronic NGF deprivation and (2)
different mechanisms and/or pathways activated by ACh versus NGF.

The final remark is dedicated to the functional meaning of the present results. It is
generally assumed that kinetics of intermediate filaments (IF) such as GFAP is
important for intracellular IF network regulating cell shape and plasticity especially in

the perisynaptic region. We formulate the hypothesis that neuronal activity through
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secretion of neurotransmitters such as Ach may influence IF network this reflecting
on the feedback communication between astrocytes and neurons and potentially on
other target cells such as endothelial cells of blood vessels. Preliminary data obtained
in our laboratory showed that specific patterns of afferent electrical activity to the
primary visual cortex regulate GFAP expression in astrocytes, possibly through
release of neurotransmitters. If we couple this result to previous data showing that
GFAP is involved in regulation of synaptic efficacy, we thus depict a neural network
controlling the flow of information in the brain both in normal and pathological

conditions.
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Fig. 5.2. GFAP-IR in scopolamine injected mice.GFAP-IR astrocytes are increased after
blockade of muscarinic receptors reduction in both (b) visual cortex and in (d) hippocampus. Scale
bar: 100 pm.
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Fig. 5.3 Blockade of muscarinic receptors induce alteration in the shape of GFAP-IR
astrocytes. Higher magnification shows the morphological alteration, comparable to that induced
by NGF deprivation. After injection of scopolamine, astrocytes in both (b) visual cortex and (d)
hippocampus. Scale bar: 20 pm.
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Fig. 5.4. GFAP-IR in mecamylamine injected mice. GFAP immunoreactivity is not affected by
blockade of nicotinic receptors reduction in both (b) visual cortex and in (d) hippocampus. Scale

bar: 100 pm.
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Fig. 5.5 Blockade of nicotinic receptors does not alter the shape of GFAP-IR astrocytes.
Higher magnification shows that astrocytic shape in mice injected with (a-c) saline alone is
comparable to that in (b-d) mecamylamine injected animals. Scale bar: 20 pm.
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