Preface

The study of the neuroscience and neurobiology of aging continues to be
an intensely active area of research. However, most of the research has been
conducted on neurons. Neuroglia in the Aging Brain reviews the current knowl-
edge of the supporting structure of the nervous system, the neuroglia, in aging.

Neuroglia in the Aging Brain discusses the role of glial cells in normal
aging and in pathological aging, i.e., neurodegenerative diseases, such as
Alzheimer's and Parkinson's diseases, because a great deal of knowledge can be
gleaned from the study of these more severe forms of aging. The book is divided
into six sections: cellular and molecular changes of aged and reactive astrocytes;
neuron—glia intercommunication; neurotrophins, growth factors, and neurohor-
mones in aging and regeneration; metabolic changes; astrocytes and the blood-
brain barrier in aging; and astrocytes in neurodegenerative diseases.

Itis my hope that all of those scientists engaged in this interesting area of
research will find thisbook tobe useful. Many thanks to all of the authors for their
fine contributions.

Jean S. de Vellis
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Diversity in Reactive Astrocytes

Sudarshan K. Malhotra and Theodor K. Shnitka

1. INTRODUCTION

Normal astrocytes in the adult undergo hypertrophy and proliferation and transform
into reactive astrocytes following many types of central nervous system (CNS) injury
(1-5). This process is termed astrogliosis and may result in the formation of a glial
scar.

Morphological studies on astrogliosis by neuroanatomists and pathologists at the
beginning of this century focused on the most florid examples encountered in the
immediate vicinity of destructive lesions of the CNS, such as lacerations, infarcts,
abscesses, and multiple sclerosis plagues (6). Accordingly, the criteria which became
standard for defining the reactive state were astrocytic hypertrophy and mild to moder-
ate proliferation, an elaboration of long, thick cytoplasmic processes and an increase in
glia filaments composed of glia febrillary acidic protein (GFAP) (7).

Duchesne et al. (8,9) were the first to draw attention to biochemical diversity in
reactive astrocytes in four different models of CNS parenchymal injury. After a hiatus
of a decade, there is now growing awareness that reactive astrocytes in different cate-
gories of CNS lesions are biochemically heterogeneous, largely as aresult of detailed
studies of the astroglial reaction in different experimental models of CNS injury (1),
combined with the use of a panel of methods to detect GFAP and a number of other
conventional and novel “astrocyte-specific” and companion biochemical markers
(2,10). From these investigations it is evident that astrocytes do not respond in a
stereotypic fashion to all forms of CNS insult, but rather are capable of a variety of
types of response, as defined by qualitative, quantitative, temporal and spatial differ-
ences in the patterns of molecules which they elaborate in different types of
parenchymal injury. This biochemical diversity in reactive astrocytes appears to
largely depend on the nature of the CNS injury and the microenvironment of the
injury site. Thus, in cellular and molecular termsit is no longer appropriate to hold to
asingle general definition of astrogliosis.

In this chapter, we consider the likely combinations of “damage signals’ and factors
in different CNS pathologies that act to induce subtypes of reactive astrocytes. Finally,
attention is directed to the future use for mechanistic studies of new and evolving cell
culture models of reactive astrogliosis.
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2. SUBTYPES OF REACTIVE ASTROCYTES

2.1. Proximal and Distal Reactive Astrocytes in Trauma Models

Proximal reactive astrocytes develop in the immediate vicinity of a destructive
lesion of the adult CNS in which there is cellular necrosis and disruption of the blood
brain barrier. Distal reactive astrocytes develop at a distance from such alesion, in a
much less disturbed microenvironment (9). The “local astrocytic response” (11) and
the “remote astrocytic response” (12) are alternative terms used to describe the forego-
ing two topographical and intensity-graded patterns of astroglial reactivity.

Proximal reactive astrocytes are the subtype which has been studied in the greatest
detail (2—4). Stab wounds of the rat cerebrum provide a convenient and reproducible
model system for their induction (1,13). The center of the lesion is necrotic and hemor-
rhagic. Astrocytes become reactive and undergo hypertrophy within 3 h postinjury in a
1 to 2 mm surrounding zone. The astroglial response spreads through the ipsilateral
cortex and into subcortical white matter, reaching a peak between 3 and 7 d. The con-
tralateral cerebral hemisphere also may be remotely affected. The margins of the
wound are infiltrated by inflammatory mononuclear cells (i.e., lymphocytes, blood-
derived macrophages, and intrinsic brain microglial cells). Between 6 and 12 h postin-
jury, thereisarapid increase in GFAP mRNA in proximal reactive astrocytes which is
followed 2 d later by an increase in their GFAP content (11,14,15). Both GFAP mRNA
and GFAP decline to near normal levels by 21 d. Between 3 and 6 d postinjury, approx
13% of the proximal reactive astrocytes are the progeny of cells which have divided
(16). Thus, the majority of proximal reactive astrocytes arise from normal astrocytes or
their precursors in the region. Over a period of several weeks proximal reactive astro-
cytes participate in the formation of a persistent astroglial scar (anisomorphic gliosis)
whereas distal reactive astrocytes revert to normal (isomorphic gliosis) (6,17). Allow-
ing for differences in the design and execution of experiments, comparable findings to
those obtained with cerebral stab wounds have been observed following a cryogenic
injury, focal X-irradiation, laser-irradiation, and focal ischemia (2).

Spinal cord transection in adult rats produces an astroglial reaction which is maxi-
mal at 14 d. Concurrently, thereis both rostal and caudal spread of the reaction (18). In
neonatal rats, however, astrogliosis remains limited to the site of spinal cord injury.
Barrett et al., (19) suggested that the remote astrocytic reaction is due to degeneration
of the long ascending and descending fiber tracts which are myelinated in the adult but
not in the neonate. Gliosis is more severe in the lacerated spinal cord than in the lacer-
ated cerebrum, probably because of the greater amount of initial tissue necrosis at the
former site. An immunohistochemical study of lacerated adult rat spinal cord by Predy
et a., (20), employing a monoclona antibody (Mab J1-31) raised against multiple
sclerosis plague tissue by means of hybridoma technology (21), revealed that J1-31
antigen is a more intense marker for proximal reactive astrocytes than GFAP, but is a
less intense marker for distal reactive astrocytes than GFAP in the rat spinal cord (22)
(Figs. 1and 2).

Many antigens are either unregulated or are expressed de novo in proximal reactive
astrocytes. GFAP, an intermediate filament protein found only in astrocytes, has
become the classical marker for reactive astrocytes in general, and for proximal reac-
tive astrocytesin particular (7). Other molecules which are nonspecifically increased in
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Fig. 1. Sectioned lacerated rat spinal cord showing more intense staining of proximal reac-
tive astrocytes with Mab J1-31 (A) than with anti-GFAP (B) in the vicinity of the wound.
Details of protocols for spinal cord laceration and immunofluorescence staining are given in
Predy et al., (20) x106. (Reproduced with permission from (2).)

proximal reactive astrocytes include S-100B protein, vimentin; NSE, GS and GAP-43
protein (2,4,5,23).

In recent years, hybridoma technology has fostered the production of some new
monoclonal antibodies which recognize specific markers for proximal reactive astro-
cytes. These include J1-31 antigen (21,22), 6.17 antigen and M22 antigen (5), and
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Fig. 2. Sectioned lacerated rat spinal cord in aregion at a distance from the wound, showing
alack of astroglial staining with Mab J1-31 (A) in contrast to intense staining with anti-GFAP
(B), in a double-labeled preparation. Autofluorescence is apparent in the soma of neurons in
both photographs (arrows). Details of protocols for spinal cord laceration and immunofluores-
cence staining are given in Predy et a. (20). (Reproduced with permission from (2).)

13All and 01E4 epitopes (24,25). The foregoing require further characterization, how-
ever. Table 1 indicates that although proximal and distal reactive astrocytes share some
biochemical characteristics in common, they also differ significantly with regard to
other characteristics. To date, distal reactive astrocytes have been less thoroughly stud-
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ied than proximal reactive astrocytes. Hence the imbalance in available data concern-
ing these two sub-types of reactive astrocytes (4,23).

2.2. Mechanisms of Activation of Proximal Reactive Astrocytes

The induction of proximal reactive astroctyes in the immediate vicinity of a trau-
matic lesion of the CNS is a highly complex process involving a multiplicity of “dam-
age signals’ and factors and severe alterations in local microenvironmental conditions.
The details are far from clear, and remain to be fully elucidated. From pathological
studies, it is obvious that mechanical trauma produces local destruction of neural and
glia cells and their connections, disruption of blood vessels, and an escape of the cel-
lular and fluid components of blood into the injury site. This complex environment
contains serum proteins, blood platelets, eicosanoids, biologically active peptides,
myelin breakdown products, fibrin split products and purine nucelosides and
nucleotides, and so on, which can activate astrocytes and/or function as trophic factors
for mononuclear inflammatory cell (2,4,26). Soon after injury, activated astrocytes and
mononuclear inflammatory cells (i.e., lymphocytes, blood-derived macrophages and
intrinsic brain microglial cells) and activated endothelial cells elaborate many
cytokines (such as ciliary neurotrophic factor [CNTF], nerve growth factor [NGF],
basic fibroblast growth factor [bFGF], and insulin growth factor-1 [IGF-1]), which act
over short distances in an autocrine or paracrine fashion, to produce a broad range of
synergistic or antagonistic effects in different cell types (5,27).

Although the intact normal brain is regarded as an immunoprivileged organ, it does
contain resident astrocytes and microglia, which when activated produce a number of
potent immune molecules, e.g., TNF-o, TGF, IL-1, IL-6 and IFN-y (5,27). TNF-a.,
IFN-y and IL-6 have multiple effects in the CNS in controlling glial and neuronal
activation, proliferation and survival, thus influencing both degenerative and repair
processes. Some of the beneficial and detrimental actions induced by TNF-o and
IFN-y are largely mediated by nitric oxide synthase (NOS)-derived NO production
(5). Indeed, NO is involved not only in cytotoxic reactions, but also in the survival
and differentiation of neurons. In general, high concentrations are neuroprotective.
TNF-o. and |FN-y also upregulate the expression of ICAM-VCAM surface adhesion
molecules by astrocytes and brain endothelial cells, thereby favoring astroglial migra-
tion, adhesion and anchoring, and neuronal differentiation, during the repair of CNS
damage and commencing astrogliosis (27). From the foregoing, it is clear that bidi-
rectional communication exists between resident parenchymal cells (neurons and
astrocytes), and resident and infiltrating cells of the immune system in the CNS. It
logically follows that in vitro studies require in vivo confirmation, because indirect
synergistic effects predominate in vivo, rather than single direct effects (1). The chal-
lenge for the future will be to investigate in detail how different factors interact and
transform normal astrocytes into proximal reactive astrocytes in vivo. The transcrip-
tional mechanisms that are involved in the activation of astrocytes are still a matter of
conjecture. There is abundant evidence from in vitro studiesto indicate that glial cells
receive numerous signals which employ cAMP as the second messenger (28,29).
Also, signaling through the protein kinase C pathway may play a major role in medi-
ating the developmental proliferation of astrocytes and their activation in astrogliosis
in the adult brain (30).
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2.3. Mechanisms of Activation of Distal Reactive Astrocytes

The origin of distal reactive astrocytes in both the ipsilateral and contralateral cere-
bral hemispheres following a cerebral laceration has been the subject of speculation
and experimentation (1,13,31,32). Severa possible mechanisms have been suggested
to explain the phenomenon:

1. The release and widespread diffusion from the site of injury of cytokines and growth
factors induces astrocyte reactivity at a distance (31).

2. Neuronal degeneration at the site of CNS injury causes anterograde and retrograde
fibre degeneration and includes remote astroglial response in the corresponding projec-
tion territories (12).

3. Proximal reactive astrocytes migrate away from the site of injury to remote regions
(33).

4. Injury resultsin decreased gap junctional ativity which may be propagated through the
astroglial syncytical network (34).

To specifically address the origin of contralateral (remote) astrogliosis, Moumdjian
et a., (31) performed a callosotomy in rats which also had received a cerebral stab
wound, in order to prevent the migration of astrocytes via the corpus callosum. Cere-
bral callosotomy also served to transect all associative fibers, and thereby enhance neu-
ronal degeneration in both hemispheres. The results of this spatiotempora study
strongly implicated diffusable substances in the induction of the remote astorglial
respone, rather than the other possibilities listed above. The lack of major local cell
destruction, integrity of the blood-brain barrier, absence of blood components, and the
pattern of the microglial/macrophage response in the remote astroglial reaction may be
additional determinants of its special characteristics.

2.4. Reactive Astrocytes in Axotomy Models

Traumatic injury to a peripheral motor or sensory nerve or the sectioning of a CNS
fiber tract (axotomy), induces in the corresponding projection territory, a series of
structural and metabolic changes in neuronal cell bodies, dendrites and presynaptic ter-
minals (axon reaction), which are rapidly followed by an astrocytic response (isomor-
phic gliosis) in the immediate vicinity (35). Details are provided in published
descriptions of the axotomy reaction after transection of various motor nervesin therat
(36-41).

After facial nerve axotomy, protoplasmic astrocytes in the facial nucleus undergo
hypertrophy and transform into fibrous astrocytes. Increased GFAP synthesis is
detectable at 24 h and peaks by 3 d (40). In these motor nerve axotomy models, reac-
tive astrocytes do not proliferate (39), or express vimentin (40), or immunostain with
Mab J1-31, (22, see Table 2 and Fig. 3). In the latter context, they resemble the distal
reactive astrocytes observed in lacerated rat spinal cord (22).

Until recently, the widely held view has been that “ damage signals’ emanating from
axotomized neurons are responsible for the reactive changes that are observed in neigh-
boring astrocytes. Candidates for the intercellular signaling process have included neu-
rotransmitters (for which astroglial cells possess receptors), or ions particularly K+,
which is released by active neurons and is taken up by astrocytes (42). Excitatory
amino acids (particularly glutamate) may also play a role, because excitotoxicity has
been implicated in a number of acute and chronic neurological diseases (43). Also,
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Table 2
Comparison of proximal reactive astrocytes induced by cerebral laceration
vs reactive astrocytes induced by axotomy

Subtype of Proximal reactive Axotomy-induced

reactive astrocyte astrocyte reactive astrocyte References

Model system Cerebral laceration Axotomy

Pattern of glial scar Anisomorphic gliosis Isomorphic gliosis (17,35)

Blood brain barrier Disrupted Intact (71)

Hyaluronate binding protein Negative Positive (72

Axonal growth Permissive Nonpermissive (72

Microglial proliferation Immediate Delayed (17

Astroglial proliferation Yes No (38)

Vimentin In about 10% of Negative (16,40)
reactive astrocytes

J1-31 antigen Postive Negative (22

Reproduced with permission from (2).

reactive changes in astroglia may be related to the synaptic reorganization that follows
neuronal injury (42).

However, evidence presented by Svensson et a., (44), strongly suggests that the
activation of astrocytes following hypoglossal nerve transection is mediated by fac-
tors (such as IL-1) released by reactive microglial cells. Their experimental approach
was to block the usual axotomy-induced proliferation of indigenous microglial cells
in rat brain by the intraventricular infusion of cytosine-arabinoside (ARA-c) (44).
Subsequently, astrocytes in the projection territory of the axotomized hypoglossal
nerve failed to show expected increases in GFAP and GFAP mRNA, leading to the
conclusion that axotomy-induced astrogliosis is mediated indirectly via the
microglial reaction.

2.5. Reactive Astrocytes in Cortical Epileptogenic Foci

Temporal lobe seizures are the most common type of active epilepsy in adults, com-
prising about 40% of all cases (45). A broad range of pathological lesions have been
identified in the temporal lobe in association with intractable complex partial seizures,
including mild to severe gliosis (Ammon'’s horn sclerosis), malformation (mild cortical
dysplasia, microdysgenesis, tuberous sclerosis, or angiomatous malformations), neo-
plasms (gliomas or mixed tumors of the CNS), and inflammatory scars from infection
or infarcts (46-48).

Ammon’s horn sclerosis (AHS) is the most common of the foregoing lesions among
patients treated surgically for intractable temporal 1obe epilepsy. Pathologically, AHS
is characterized by atrophy of the hippocampal formation, loss of neurons and gliosis
in CAl and CA4 and in the dentate nucleus (47). Severa theories have been proposed
to explain the pathogenesis of AHS, including abnormal circuitry in the hippocampal
formation due to a developmental error, hypoxic-ischemic damage (due to birth injury
or to post-natal trauma), or that epileptic seizures can cause cortical gliosis (47,49).
The currently favored view is that seizures provoke the death of neurons as a result of
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Fig. 3. (A-D) J1-31 immunolabeling of rat brain stem, 1 wk after transection of the right
hypoglossal nerve. Immunoreactive processes surround the area postrema and extend toward the
central canal (A). Subpial astrocytes and their processes are likewise positive for J1-31 (B).
However, no specific immunoreactivity is observed in the right hypoglossal nucleus (C,D). Bar
100 um (A), 50 um (B-D). (E-F) GFAP immunolabeling in the right hypoglossal nucleus 1
week after transection of the right hypoglossal nerve. Note the increased intensity of immunore-
activity on the side of the operation (E,F). Bar 50 um. (Reproduced with permission from (22).)



26 Malhotra and Shnitka

excitotoxicity. Over-stimulation of neurons occurs when thereis excessive activation of
glutamate receptors (45). According to this hypothesis, gliosis is a secondary response
to the death of neurons. Also, neuronal cell death may be followed by the formation of
new synaptic connections with abnormal hyperexcitablity.

Steward et a. (42) have shown experimentally that when mild electrical stimulation
of the rat hippocampus was employed to elicit neuronal activity and acute-onset
seizures, GFAP and mRNA levels increased rapidly and dramatically at the sites of
stimulation, as well as in areas that were synaptically activated by the seizures. These
early-stage increases in GFAP mRNA did not appear to be related to the presence of
necrotic neurons. Candidates for signaling mechanisms included an upregulation of
severa “immediate early genes’ (such as c-fos and c-jun), and an increased release by
active neurons of glutamate and K* (50).

Experimental models of chronic focal epilepsy have involved the intracortical or
topical cortical administration of alumina (51), iron (52) or cobalt (8,53). In relation to
the topic of biochemical diversity among reactive astrocytes, Brotchi et al. (54) applied
the term “activated astrocytes’ to a subset of reactive astrocytes in human epilepto-
genic cortex and in cobalt-treated rat cortex, which display elevated levels of glutamate
dehydrogenase (GS), glucose-6-phosphate dehydrogenase, and lactate dehydrogenase.
Glucose 6-phosphate dehydrogenase was the first enzyme to rise and the last to decline
to normal (9).

Hamberger et al. (48) have monitored the levels of neuron specific enolase (NSE),
two glia cell specific proteins (S-1008 protein and GFAP), and CNAM neura cell
adhesion molecule) in surgically excised specimens of human epileptogenic cortex.
Gliosis varied from mild to severe. However, no correlation was found between the
GFAP content and the duration of focal epilepsy. There was only a 30-40% increase
above normal of S-100B protein. The NSE values were close to normal, which corre-
lated with the observation that the concentration of neurons in the cortex of most
patients remains relatively unaffected, even after years of seizures.

2.6. Regional Differences in Resident Normal Astrocytes also May
Influence the Development of Sub-Types of Reactive Astrocytes

Controversy exists as to whether the region-specific properties of normal astroglial
cells are the result of intrinsic coded information within the glial cell, or whether neu-
rons in different brain regions induce uncommitted astroglial cells to express specific
proteins in support of a particular type of neuron-glial interaction (55,56).

In different regions of the intact rat brain, not all normal astrocytes are GFAP-posi-
tive (57); aso there are large quantitative differences in glutamate dehydrogenase (GS)
activity, and S100B protein in astrocytes in different brain regions (58,59).

Reviews by Hatten et a. (56) and Norton et a. (1) give credence to the suggestion
that in certain instances phenotypic diversity in reactive astrocytes may in part be
related to the diversity of normal astrocytes in the region. We previously collected
together some reports of experiments by others which could fit this pattern of reactivity
(2). Two examples suffice here. Alonso and Privat (60) studied the fine structural orga-
nization and immunostaining characteristics of reactive astrocytes in glial scars pro-
duced in adult rats by two surgical stab wounds in two close-by locations of the same
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brain area. With alesion of the ventral hypothalamus, axonal regeneration occurred and
was associated with GFAP-, vimentin-, laminin-, and PSA-NCAM-positive reactive
astrocytes. On the other hand, in the dorsal hpothalamus, the same type of lesion
resulted in a nonpermissive scar, which exhibited only slight PSA-NCAM and laminin
staining. Electron microscopy disclosed that the nonpermissive scar in the dorsal hypo-
thalamus contained significantly more gap junctions than the permissive gliotic scar in
the ventral hypothalamus (4).

Another example of regional diversity in reactive astrocytes is described by Fer-
naud-Espinosa, et a. (17) in a study on the differential activation of microglia and
astrocytes in aniso- and isomorphic glial scars. Microglial and macroglial responses
were compared after two different types of brain damage in two distinct regionsin rat
brain (i.e., the cerebral cortex and the hippocampus). Each site was subjected to trauma
resulting in anisomorphic gliosis. The microglia response seemed to be only linked to
the type of lesion inflicted on the CNS, whereas the astrocytic response also appered to
depend on the region of the brain that was damaged. Reactive astrocytes in the hip-
pocampus expressed 3-amyloid precursor protein (3-APP) immunoreactivity after both
aniso- and isomorphic gliosis, but this marker protein was not evident in reactive astro-
cytesin the cerebral cortex, under the same experimental conditions.

2.7. Models of Reactive Astrogliosis In Vitro

The complexity of the cellular and molecular events occurring in animal models of
brain injury has prompted efforts to devel ops convenient, reliable model systems using
astroglial cell cultures, for controlled experiments on astrogliosis in vitro. Wu and
Schwartz (25) have reviewed the current range of cell culture models which are avail-
able to biochemically characterize reactive astrocytes, i.e., primary cultures of neonatal
astrocytes, co-cultures of astrocytes with either neurons or microglia, and organ cul-
tures. Each of the foregoing addresses a different set of questions. The in vitro models
if employed as a panel, may help to identify the various patterns of “damage signals’
and factors responsible for the biochemical diversity observed in reactive astrocytes in
vivo in different categories of CNSlesions.

Yu et al. (61,62) have described a “mechanical injury model of reactive gliosis in
vitro” evoked by scratching with a plastic pipet tip, confluent primary cultures of astro-
cytes prepared from the cerebral cortex of 7- to 10-d-old rat pups. Injured astrocytes
along the scratch track started to swell within 6 h of injury, and between 1 and 3 d dis-
played stellation, an increased content of GFAP, and larger and more organized assem-
blies of cytoplasmic filaments.

Eng et al. (63) quantitated the changes in gene expression which occurred after a
scratch wound of cultured rat astrocytes; c-fos mMRNA increased 30-fold and heat shock
protein (Hsp) MRNA increased four-fold within 60 min. Both returned to low levels by
12 h postinjury. The early genes which are activated may influence cell division, pro-
tect against further injury, and induce later genes (such as metallothionein) through the
induction of transcription factors.

Two key nuclear signal transduction mechanisms in astroglia appear to be the basis
for aflexible genomic switch which allows extracellular signals to change genetic pro-
grams and protein expression patterns:
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Fig. 4. Astrogliosis in vitro in 9L rat glioma cells induced by mechanical injury (*scratch
wound” model). Histogram comparing the relative intensities of the fluorescent signals from
double-labeled images for GFAP (solid columns) and J1-31 antigen (open columns) of normal
and mechanically injured 9L cells. (Reproduced with permission from (65).)

1. Specific transmitter receptor stimulation by extracellular signals can produce a highly
integrated nuclear third messenger (NTM) response with coordinated assembly at the
level of NTM transcription and trandation;

2. Multiple signals can dynamically change the expression of specific target genes via
negative or positive cooperative interactions among various classes of NTMs at the
genomic level (64).

In 1995, Malhotra et a. (65) showed that 9L rat glioma cells grown on coverdips,
like primary cultures of astrocytes, undergo astrogliosis when subjected to mechanical
trauma from a“ scratch wound.” Cells along the scratch track display mild hypertrophy
and increases in GFAP and J1-31 antigen immunoreactivities, from trace to moderate
levels in the case of GFAP, and from moderate to high levels in the case of the J1-31
antigen (Fig. 4). Reaction to mechanical injury by the 9L cells occurred without inter-
actions with microglia, neurons or oligodendroglia. In the same report, we reviewed
the literature on the origin and characteristics of the 9L rat glioma cell line and listed
the advantages of using cultures of 9L cells, rather than primary cultures of astrocytes,
for studies on astrogliosis in vitro. Space limitations preclude the presentation of full
details here.

OL rat glioma cells (66), and primary cultures of astrocytes from neonatal rat brain
(67) also undergo astrogliosis after exposure to low levels of cadmium chloride (a pro-
totype neurotoxicant [68]). Moreover, when cultures of 9L cells were subjected to
mechanical injury and then exposed to cadmium chloride, there was a marked increase
in the expression of the astrocytic marker, J1-31 antigen. This was due to a summation
of stimulatory effects from these two injurious agents. A moderate coordinated
response was detected for the expression of the classical marker, GFAP, and cell hyper-
trophy was only slightly increased over that produced by either injurious agent alone
(Fig. 5). The foregoing findings suggest that more than one transcription mechanism
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Fig. 5. Coordinated mechanical and chemical injuries upregulate astrogliosis in vitro in 9L
rat glioma cells. Histogram comparing the relative intensities of the fluorescence signals from
immunolabeled images from 9L cells for GFAP and J1-31 antigen respectively, in normal cells,
mechanically injured cells, CdCl,-chemically injured cells, and in cellswith coordinated injuries
from both agents. Increases shown above columns. Controls, without scratch or CdCl,. (Repro-
duced with permission from (66).)

is involved in the activation of astroglia, and that mechanical and CdCl,-induced
injuries probably respectively affect different receptors and second- and third-
messenger pathways. Thus, in a relatively simple in vitro model system, biochemical
diversity in reactive astrocytes could be demonstrated by atering the conditions of
astroglial cell injury.

3. CONCLUDING REMARKS

Recent reports on awide range of experimental animal models of CNS injury, com-
bined with the application of immunostaining methods for a considerably expanded
panel of conventional and novel astrocyte-specific markers, indicate that reactive astro-
cytes are capable of graded levels and different types or responses, as defined by the
molecular they elaborate in different categories of local pathology (1,2,4). Biochemical
heterogeneity and functional diversity are also prominent among other activated types
of specialized cells such as microglia (69) and fibroblasts (70). This adaptive plasticity
of reactive astrocytes largely appearsto be amodulated response to the different micro-
environmental conditions, particularly the combinations of immune molecules,
cytokines, eicosinoids, serum factors, peptides, nucleotides, and adhesion molecules
that exist in different categories of CNS lesions. Regional biochemical differences in
the normal astrocytes from which reactive astrocytes arise, as well as local nonglia
influences, may be contributory factorsin certain brain regions.

Future research, no doubt, will expand on the lines of investigation already estab-
lished. New and evolving cell culture models of reactive astrogliosis should facilitate
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mechanistic studies. The challenge then will be to determine both the common and the
diverse signaling mechanism which underlie the conversion of normal astrocytes into
their respective reactive subtypes. The foregoing should lead to a better understanding
of the special roles played by the biochemical subtypes of reactive astrocytes which are
present in different categories of CNS pathology.
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