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SUMMARY

We review the role of activated microglia and activated astrocytes, and of glia-derived cytokines
and other molecules, in the pathogenesis and pathophysiology of Alzheimer’s disease. Activated
microglia overexpressing the potent immune-response cytokine interleukin-1, and activated
astrocytes over-expressing the neurotrophic cytokine S1008, are near-constant components of
neuritic plagues in Alzheimer’s disease, and are frequent components of early, non-neuritic,
amyloid deposits. The known biological activities of these two cytokines suggest an orchestrating
effect on the complex cellular and molecular interactions that drive plaque progression.
Furthermore, findings in brains of patients dying with conditions known to predispose to
Alzheimer’ s disease suggest that activation of glia and overexpression of glial cytokines are early
eventsin Alzheimer pathogenesis. These results suggest that therapeutic intervention directed
toward interrupting the driving immunological processesin Alzheimer’s disease might slow or
arrest progression of clinical disease.

INTRODUCTION

Gliahave attracted increasing attention for their role in both normal and pathological brain
functioning. Two glial cell typesin particular, microglia and astrocytes, are now known to
actively respond to neural injury through proliferation, migration, hypertrophy, and
elaboration of cytokines—secreted molecules that signal adjacent cells to undergo
morphological and metabolic alterations of their own. These cell types have long been
recognized as cellsthat ‘react’ to neuronal injury, but recent work has extended our
understanding beyond such ‘reactive’ roles, and microglia and astrocytes are now known to
participate in many inflammatory and neuromodulatory actions. In light of such ‘active
functions, migroglia and astrocytes responding to neuronal aterations and injury are now
more properly referred to as ‘ activated’. Microglia are rather nondescript cellsin routine
histological preparations of brain, and this situation is not improved by ultrastructural
examination (1). Our knowledge of microglia has benefitted greatly from the relatively
recent introduction of specific lectins and immunohistochemical reagents that facilitate their
visuaization and identification. Moreover, it is through this latter technique—
immunohistochemistry—that one can now identify the precise cellular site, and extent of
expression, of important biological molecules such as the potent immune-response cytokine
interleukin-1 (IL-1). Our early demonstration that activated microglia, overexpressing IL-1,
areintimately associated with the diagnostic neuritic plaques of Alzheimer’s disease (2)
immediately suggested an active immune, or inflammatory, component in the
pathophysiology of these lesions and, by extension, in Alzheimer’s disease itself. Susequent
work has suggested that microglia-derived IL-1 not only participatesin the evolution of
Alzheimer lesions, but that this cytokine is akey orchestrating factor in plaque evolution. It
also suggests that I1L-1 attracts activated astrocytes to these lesions and induces (both
directly and indirectly) formation of the overgrown neuritic processes that characterize these
diagnostic Alzheimer lesions.
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Astrocytes are now known to participate in many neu-romodulatory actions through control
of local ionic and neurochemical concentrations, synthesis and release of biologically
important molecules, and intercellular signalling through chemical messengers (cytokines).
Activated astrocytes, like activated microglia, are near-universal components of the neuritic
plaques of Alzheimer’s disease (2,3,4), and activated astrocytes elaborate a variety of
molecules that are important in Alzheimer’s disease. These include as-antichymotrypsin (5),
apolipoprotein E (5) and the complement protein C3 (6) — all of which are components of
the extracellular protein deposits of neuritic plaques (7,8,9,10) — and the neuroactive
cytokine S1004 (2), which manifests trophic influences on neurons, on neurites, and on other
astrocytes.

ACTIVATED GLIA IN THE PLAQUES OF ALZHEIMER’S DISEASE

Neuritic plaguesin Alzheimer’ s disease are complex structures. In addition to the swollen,
abnormal neuritic growths that are the basis for their identification, they invariably contain
extracellular protein deposits, rich in an amyloidogenic protein fragment that condenses into
a congophilic, /-pleated sheet form recognized histologically as amyloid. Thisamyloid may
be finely dispersed throughout the plaque (a diffuse neuritic plagque), or may be present as
one or more dense core deposits surrounded by finely dispersed amyloid (a dense core
neuritic plaque). As mentioned above, a number of other proteins have been identified in
these deposits. In addition— as suggested above—there isaglial component to neuritic
plagues, composed of microglia and astrocytes. Plague-associated microglia are found at the
center of virtualy all (>97%) neuritic plaques (11). These microglia are activated and
overexpress IL-1 (11). Activated astrocytes, overexpressing S1004, are also found
associated with virtually all neuritic plaguesin Alzheimer’s disease (4), but in contrast to
activated microglia, plague-associated activated astrocytes are found at the periphery of the
plaque, as a spherical shell encasing the entire structure (4). From this peripheral location,
these astrocytes extend processes deep into the plague, where they appear to contact both the
neuritic elements and the microglial cells.

Neuritic plagues are thought to evolve from putative precursor lesions consisting of diffuse
amyloid deposits, devoid of ot condensed congophilic f-pleated amyloid and neuritic
elements. These lesions are found concomitant with neuritic plaques in brain of Alzheimer
patients, but may also be found occasionally in elderly patients without significant numbers
of neuritic plaques and without clinical evidence of cognitive decline (12,13). Thislatter
observation suggests that these diffuse non-neuritic plaques are not, in and of themselves,
injurious to brain, rather it is the progression of these structures into neuritic plaque forms
that, although apparently not inevitable, produces clinical disease. However, the precise
trigger or triggers that initiate plaque progression remain obscure. Indeed, the precise trigger
or triggersthat initiate amyloid deposition in the first place are still to be identified. We do
know that the trigger for plague progression is probably some biochemical or biophysical
alteration in the amyloid deposit that confers immunogenicity upon the deposited protein.
Thisis based on our observation that, in Alzheimer’s disease, the great majority (78%) of
diffuse non-neuritic plagues contain both activated microglia, overexpressing IL-1 (11), and
activated astrocytes, overexpressing S1004 (14). Following initiation of dystrophic neurite
growth in amyloid plagues, these structures are thought to progress through three additional
morphologically identifiable stages (15): the previously mentioned diffuse neuritic and
dense core neuritic plagues, and the final, end-stage dense core non-neuritic plaque,
characterized by a solitary dense core of condensed /pleated amyloid, devoid of diffuse
amyloid and of neuritic elements. Each of these plague types has a distinct pattern of
associated activated glia (11,14): the small numbers of activated microglia and astrocytes
associated with diffuse non-neuritic plagques increase to maximal numbers at the diffuse
neuritic plague stage. There is then awaning in numbers of these gliain the dense core
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neuritic plague stage, and a decrease to nearly zero in the numbers of such glia associated
with dense core non-neuritic plaques.

GLIAL CYTOKINES IN PLAQUES OF ALZHEIMER’S DISEASE

The pattern of association between activated glia and postul ated stages of plaque evolution
suggests awaxing and waning of aglial inflammatory response with plaque progression.
Moreover, the known trophic and toxic effects of biologically active molecul es elaborated
by these plaque-associated glia allow a mechanistic interpretation of this pattern,
Interleukin-1, elaborated early in plaque evolution by activated microglia associated with
diffuse non-neuritic plaques, promotes synthesis (16) and processing (17) of f-amyloid
precursor protein (/-APP), anorma membrane protein that can be cleaved to form either the
amyloidogeni c peptide mentioned above, or to form alternative neurotrophic fragments (18).
IL-1 may thus have arolein promoting further amyloid production and deposition in
plagues. IL-1 activates astrocytes (19) and may be responsible for attracting the spherical
shell of astrocytes that encircle neuritic plagues. IL-1 has also been shown to induce
astrocytic expression of aq-antichymotrypsin (5), apolipoprotein E (5), and the complement
protein C3 (20) which, as mentioned above, are al found within the amyloid deposits of
neuritic plaquesin Alzheimer’s disease (7-10). IL-1 also induces overexpression of the
astrocytic cytokine S1004 (21), which itself may participate in the pathophysiological
dynamics of plague formation and evolution. Tissue levels of S1004 are elevated in brains of
Alzheimer patients (22), and the S100/ extracted from such tissue is biologically active (22).
S1004is a neurite growth-promoting factor (23), which has been implicated in promoting
the growh of abnormal, swollen (“dystrophic”) neurites that characterize neuritic plaques
(4). These dystrophic neurites overexpress f-APP (11), aresult that may be attributablein
part to the /A PP-upregulating properties of IL-1 mentioned above. This proposed role of
S100pin dystrophic neurite formation is supported by our demonstration of a significant
correlation between the cross sectional area of f-APP immunoreactive neurites and the
number of plaque-associated S1005 immunoreactive astrocytes within neuritic plaquesin
Alzheimer’ s disease (14).

IL-1 and S1004 thus appear to be key components of a cascade—initiated by microglial
overexpression of IL-1 in diffuse non—neuritic amyloid plaques—that culminatesin
formation of neuritic plaques. Theinitia events of this cascade presumably represent
‘normal’ reparative responses to tissue injury, which are carried to damaging extremesin the
plaques of Alzheimer’s disease. Thisinterpretation is analogous to the recognized damaging
effects of excessive inflammatory responsesin peripheral degenerative diseases. Thisidea
suggests that elements of such a cascade might be present in various acute and chronic
neurological insults, and in fact thisis so. Expression of IL-1 by microgliaand of S1004 by
astrocytes both increase with age (24,25), suggesting an age-associated response to normal
wear and tear. Microglial overexpression of IL-1 and astrocytic overexpression of S10045
may also be found in the brains of patients with acute head injury (26, unpublished results),
with HIV infection (27), and with chronic intractable epilepsy (28,29). Of particular interest
isthe fact that normal aging and head trauma are both recognized risk factors for the
development of Alzheimer’s disease (30,31), suggesting that the activation of cytokine-
producing gliain these conditions may underlie this elevated risk. Neither HIV infection nor
chronic epilepsy are established risk factors for Alzheimer’s disease, but patients with HIV
infection have limited life expectancies, and patients with epilepsy do show accelerated
Alzheimer-like ‘senile’ changes (32).
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ROLE OF GLIAL CYTOKINES IN DISEASE PROPAGATION

In Alzheimer’ s disease, the activation of microglia and astrocytes and the elaboration of
microglial and astrocytic cytokines proceed far beyond the modest levels associated with
normal aging (24,25) or with other forms of limited neural injury (28,29). The inevitably
progressive nature of Alzheimer’s disease suggests that some threshold has been crossed,
and that the entire process is now self-sustaining. Our elucidation of the patterns of activated
glia involvement in plague progression in Alzheimer’ s disease, together with the known
interactions of activated glia, neurons, glial cytokines, and other molecules important in
Alzheimer’ s disease, allow for a mechanistic explanation of the progressive, self-sustaining
nature of this disease. Self propagation may occur as aresult of neuronal and neuritic injury
induced either directly or indirectly by the excessive glial activation and glial cytokine
production within neuritic plaques. For instance, astrocytic overexpression of S100/4 may tax
neurons through demands for neurite outgrowth (23), compromise neuronal integrity
through promotion of elevated intracellular free calcium levels (33), and stimulate astrocytic
production of the potentially neurotoxic molecule nitric oxide (34). IL-1-induced neuritic
overexpression of /-APP may lead to release of f~amyloid. f-amyloid may itself be
neurotoxic (35). In addition, f~amyloid activates the classical complement pathway (10), an
effect that may be enhanced by increased intra-plague concentrations of the C3 complement
protein (10), possibly resulting from IL-1-induced stimulation of astrocytic C3 synthesis
(20). All of these potentially neurotoxic effects of glial activation and cytokine
overexpression (direct neuronal overstimulation, increased nitric oxide production, and
amyloid and complement-mediated neurotoxicity) themselves further activate microgliaand
increase microglial 1L-1 overexpression. The entire process thus genertes a cycle, called the
cytokine cycle (36) that, beyond some threshold of activity, can sustain itself. In this
cytokine cycle, microglial IL-1 overexpression i) promotes astrocyte activation and
upregulates astrocytic expression of S1005, ApoE, a;-antichymotrypsin and the complement
protein C3; ii) stimulates neuronal synthesis and processing of f-APP; and iii) has autocrine
effects to activate microglia and to further promote IL-1 expression. Astrocytic S1004, in
turn, i) increases intracellular free calcium concentrations, ii) promotes growth of neuronal
processes that, coincidentally, necessitate further neuronal expression of f-APR favoring
release of neurotoxic f~amyloid; and iii) induces astrocytic nitric oxide synthase activity
with release of potentially neurotoxic nitric oxide. The resultant neuronal cell dysfunction
and death, together with f~amyloid activation of the classical complement pathway, trigger
further microglial activation and IL-1 overexpression, thus turning the cytokine cycle and
driving progression of both the neuropathol ogical manifestations and clinical course of
Alzheimer's disease.

ROLE OF ACTIVATED GLIA AND OF GLIAL CYTOKINES IN ALZHEIMER
PATHOGENESIS

These proposed mechanisms of disease progression may be evaluated through studies of
patients with elevated risk of later development of Alzheimer’s disease. Established risk
factors for late-onset, sporadic Alzheimer’ s disease include aging (31), the &4 alele of
apolipotrotein E (37), and head trauma (30). In addition, patients with Down syndrome have
anearly 100% incidence of Alzheimer-type neurodegenerative changesin their fourth and
fifth decades (38), establishing Down’ s syndrome as a causetive factor for later development
of Alzheimer’s disease. Systematic studies of glial activation and overexpression of glial
cytokinesin these predisposing conditions have confirmed the hypothesized links between
IL-1 and S1005 over-expression and Alzheimer’ s disease. All of these conditions, either
alone or in combination, have now been shown to manifest overexpression of both
microglial IL-1 and astrocytic S1004. In normal aging, these glial cytokines increase
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progressively, although they never reach the excessive levels found in Alzheimer’ s disease
(24,25). Head-injured patients show a diffuse overexpression of both glial cytokines (26,
unpublished data), sometimes in association with small collections of swollen fAPP-
containing neurites, forming rudimentary neuritic plaque-like structures (26). Moreover,
diffuse cerebral deposition of f~amyloid peptide is seen in about athird of such patients
(39), particularly those head-injured patients that carry the apolipoprotein E &4 allele (40).
Down syndrome patients show excessive microglial 1L-1 expression and astrocytic S1004
expression even at fetal and neonatal stages of development (2), decades before the
appearance of neuritic plagues or neurofibrillary tangles (38). These increases in the
expression of these two cytokines might be viewed as a pathological acceleration of their
normal age-related increases in expression. This, together with the proposed role of these
cytokinesin Alzheimer’s disease progression, suggests that early overexpression of these
cytokinesin Down’s syndrome may explain in part the early susceptibility of Down's
patients to Alzheimer-type neuropathological changes. S1004is encoded by agene on
chromosome 21 (41), perhaps explaining some of the S1005 overexpression in Down’'s
syndrome, but the observed increases exceed the 1.5-fold amplification expected from gene
dosage increase alone (2). In contrast, early IL-1 overexpression in Down’s syndrome is not
attributable to genetriplication as1L-1 is a chromosome 2 gene product (42). IL-1
overexpression in Down’s syndrome must therefore be an indirect effect of trisomy 21,
involving some other, unidentified, intermediate gene product.

THERAUPETIC IMPLICATIONS

The results reviewed here suggest that the cellular and molecular forces driving plague and
disease progression in Alzheimer’ s disease are fundamentally immunological in nature. This
suggests that novel therapeutic protocols directed toward interrupting this immunological
component might be of benefit. A number of recent clinical and epidemiological
observations support this idea (43-46). The first example, aretrospective analysis of
pharmaceutical use by twins discordant for Alzheimer’ s disease, showed greater use of
nonsteroidal anti-inflammatory agents in those twins with later onset and milder course of
the disease (43).

CONCLUSION

Established functions of the glia-derived cytokines discussed here suggest that plague-
associated activated glia, and the cytokines they elaborate, are integral elements of neuritic
plague pathophysiology in Alzheimer’ s disease. The presence of activated microglia
overexpressing IL-1 and activated astrocytes overexpressing S1004in early pre-neuritic
plaque lesions (diffuse non-neuritic plagues), and the characteristic waxing and waning of
these activated glia with the postulated stages of neuritic plaque evolution, suggest that these
gliaand their cytokines are driving this progression. This suggestion is supported by the
known biological activities of IL-1 and S1004. Evaluation of brains from patients dying with
conditions known to predispose to Alzheimer’ s disease has further suggested that microglial
IL-1 and astrocytic S10045 overexpression are early eventsin Alzheimer pathogenesis. We
conclude, therefore, that activated gliaand glial cytokines are important initiating factors for
Alzheimer’ s disease.
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