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Microglial Activation Resulting
from CD40-CD40L Interaction
After 3-Amyloid Stimulation

Jun Tan,™ Terrence Town,'* Daniel Paris,’* Takashi Mori,’
Zhiming Suo,’ Fiona Crawford,” Mark P. Mattson,?
Richard A. Flavell,® Michael Mullant

Alzheimer's disease (AD) has a substantial inflammatory component, and activated
microglia may play a central role in neuronal degeneration. CD40 expression was -
increased on cultured microglia treated with freshly solublized amyloid-B (A8, 500
nanomolar) and on microglia from a transgenic murine model of AD (Tg APP_, ).
Increased tumor necrosis factor o production and induction of neuronal injury
‘occurred when AB-stimulated microglia were treated with CD40- ligand
(CD40L). Microglia from Tg APP_, mice deficient for CD40L demonstrated
reduction in activation, suggesting that the CD40-CD40L interaction is
necessary for AB-induced microglial activation. Finally, abnormal tau phos-
phorylation was reduced in Tg APP_, animals deficient for CD40L, suggesting
that the CD40-CD40L interaction is an early event in AD pathogenesis.

It has been suggested that AR activation of
microglial cells may be involved in the inflam-
matory component of AD (7, 2). However, the
mechanisms of microglial activation by AR
remain speculative. As CD40, an important re-
ceptor involved in cellular signaling and activa-
tion, plays a key role in inflammation (3), we
investigated whether the interaction of CD40-
CD40L with AP activates microglia. We used
reverse transcriptase polymerase chain reaction
(RT-PCR), protein immunoblot, and flow cy-
tometry [fluorescence-activated cell sorting
(FACS)] to determine whether AR could spe-
cifically induce CD40 expression on cultured
microglial cells after treatment with a low dose
(500 nM) of freshly solublized AB,_,, or
AR, The potentially pathogenic peptides
AR, _40 Or AB,_4, induced CD40 expression on
cultured microglial cells when compared with
AB-fiee, reverse AR (AB4q.) or the 695 iso-
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form of soluble amyloid precursor protein
(SAPPa-695) (4, 5) (Web fig. 1) (6). To see
whether endogenous overexpression of A
could lead to microglial CD40 expression, we
measured CD40 expression on microglia from
a transgenic mouse model of AD (Tg APP_,
overexpressing AR,_4, and AB,.4,) (7) and
control (wild-type) littermates (4). Microglia
from Tg APP_,, newborn mice had markedly
increased levels of soluble AR, ,, compared
with control littermates (8), and the CD40-
expressing cell fraction was markedly increased
in primary cultured microglia from Tg APP,
mice compared with microglia from control
littermates (Web fig. 2) (6). CD40 expres-
sion was increased in microglia from control
littermates exposed to A, 4, and in Tg APP_,
microglia reexposed to exogenous AB,_,, com-
pared with those exposed to AB,q_; or SAPPa-
695 (Web fig. 2) (6). These data show that
AR peptides specifically inducé CD40 expres-
sion in primary cultured and N9 microglia.

To examine whether proinflammatory cyto-
kines could regulate AB-dependent CD40 ex-
pression, we treated AR-challenged microglia
with low doses of interleukin-13 (IL-1pB), IL-2,
IL-4, 1IL-6, IL-12, or interferon-y (IFN-y) (4),
as the expression of CD40 has been shown to
be variously regulated by these cytokines on
human thymic epithelial cells, human endothe-
lial cells, and keratinocytes (9). Only a low dose
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(10 U/ml) of IFN-y synergistically enhanced
AB-dependent CD40 expression on cultured
microglial cells (Web fig. 3) (6). Mononuclear
cells from AD patients secrete markedly higher
amounts of IFN-y compared with age-matched
controls (/0). Furthermore, increased amounts
of IFN-y have been shown to activate microglia
after stimulation with AB (7). Our data suggest
that IFN-y may increase AR’s effect on activa-
tion of microglia through induction of the
CD40 receptor.

Activation of microglial cells results in an
increase in tumor necrosis factor o (TNF-a)
release (I, /1), and high doses (>11 uM) of
AB,4, are able to produce increased TNF-a
production in microglial cells (/). Such doses of
AR, 4, rapidly produce large amounts of AR
fibrils and loss of AB solubility in vitro (12). A
much lower dose of freshly solubilized AR, 4,
(500 nM) did not induce TNF-a release from
primary cultured microglia (4) (Web fig. 4)
(6). However, when cultured microglia were
pretreated with the same low dose of AB,_,,
addition of CD40L synergistically increased
TNF-a release (Web fig. 4) (6). With the use
of a monoclonal antibody to CD40, which ex-
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tinguishes CD40L-induced TNF-a release in a
dose-dependent manner, the CD40-CD40L in-
teraction was attenuated in microglia, and
TNF-a release was significantly reduced after
AB, 4, treatment (Web fig. 4) (6). This result
indicates that CD40L mediates its effects
through the CD40 receptor.

Having shown that AP peptides activate
microglia through the CD40 pathway, we then
investigated whether activation of AR-pre-
treated microglia by ligation of CD40 could
mediate neuronal cell injury (4). Activated mi-
croglial cells (treated with AR, _,, followed by
CD40L immediately) promoted injury of pri-
mary cultured cortical neurons (Fig. 1). Exog-
enous TNF-a at similar concentrations as those
produced by microglia activated with AB, ,,
and CD40L dose dependently induced neuronal
injury and death as measured by lactate dehy-
drogenase (LDH) release assay (/3), suggesting
a mechanism by which the CD40-CD40L in-
teraction is responsible for the effect. Blockade
of CD40 with antibody to CD40 (anti-CD40)
(1:200 dilution) significantly reduced neuronal
cell injury (Fig. 1, B and C), showing that the
interaction of CD40L with CD40 on AB-pre-

treated microglia is crucial for induction of
neuronal injury.

To evaluate the possibility that Af might
lead to CD40 pathway-mediated microglial ac-
tivation in vivo, we crossed Tg APP_,_mice with
mice deficient in CD40L (/4) and measured
TNF-a production in primary cultured microgli-
al cells from these animals (4). Results show
increased production of TNF-oo mRNA and pro-
tein in microglia from Tg APP__ mice compared
with control littermates (Fig. 2). Furthermore,
TNF-a production was significantly attenuated
in Tg APP_,/CD40L—deficient microglia com-
pared with Tg APP_ microglial cells (Fig. 2),
suggesting that attenuation of the CD40-CD40L
interaction results in reduced microglial activa-
tion in a transgenic model of AD. Moreover,
rechallenge of Tg APP_, /CD40L—deficient mi-
croglia with CD40L resulted in recovery of the
Tg APP_ phenotype (Fig. 2), further confirm-
ing the requirement of CD40 pathway stimula-
tion in mediating AP’s bioactive response.

Our data thus far show that AP initiates
microglial activation through the CD40 path-
way, an effect that was attenuated in Tg APP,,
mice deficient for CD40L. To assess the
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possibility that the AB-CD40-CD40L pathway
might be an early stimulant of pathology asso-
ciated with AD, we examined tau phosphoryl-
ation status in our transgenic mice, hyperphos-
phorylation of which is known to be associated
with neurofibrillary tangles in AD brains and
with AD-like pathology in transgenic models of
the disease (/5). Brain homogenates from Tg
APP_, mice deficient for CD40L demonstrated
both a faster tau electrophoretic mobility (Fig.
3A) and a significant reduction in phospho-tau
immunoreactivity at multiple sites (by protein
immunoblotting) compared with those from Tg
APP_, mice alone (4) (Fig. 3, B to E). All of the
animals in these experiments were 8 months old,
an age before which significant AR deposition
occurs in the Tg APP_, mouse line used (7),
suggesting that these events may occur early in
the processes that mediate AD neuropathology.

We propose three possible scenarios for how
microglial activation may occur in AD. In AD,
it has been shown that activated microglia are
colocalized with perivascular AR (/6) and en-
dothelial and smooth muscle cells constitutively
express CD40L at low levels (/7). The activa-
tion of perivascular microglia may result from
an interaction between the smooth muscle or
endothelial cell-derived CD40L and AB-depen-
dent microglial CD40. Furthermore, perivascu-
lar microglial activation could contribute to the
perivascular neuronal cell death that occurs in
AD and the vascular damage associated with
cerebral amyloid angiopathy that occurs in 83%
of AD cases (/8). T cell-associated antigens
have been found in AD brains, and activated T
cells have been found in AD brain tissue closely
associated with reactive microglia (/9). As ac-
tivated CD4™" T cells express CD40L, it is pos-
sible that activated T cells are able to provide
CDA40L for the activation of microglia. Finally, a
recent study reported that activated platelets ex-
press CD40L (20), and activation of platelets is
increased in AD patients (2/). These findings

Fig. 2. Microglial acti-
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raise the possibility that AB-induced CD40-ex-
pressing microglial cells might receive soluble
CDA40L from activated platelets.

Taken together, these data show that low
doses of AP lead to microglial activation only
after ligation of CD40. Previous findings have
shown that AP can act directly on neurons to
promote oxidative stress and increase their vul-

nerability to excitotoxicity and apoptosis. The
present findings suggest that, in addition to such
direct actions on neurons, Af may indirectly
endanger neurons by inducing microglial re-
sponsiveness to CD40 ligand, resulting in the
production of neurotoxic molecules by micro-
glia. Noteworthy is the finding that Tg APP_,
mice do not demonstrate marked neuronal cell
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loss (7), as opposed to our in vitro data showing
AP-induced, microglial CD40-mediated neuro-
nal degeneration. This difference may be due to
other cell types (including astroglia and cerebral
vascular cells) and extracellular systems avail-
able in vivo in the central nervous system that
are likely to mitigate the tendency to neuronal
death induced by AR and CD40L. In our exper-
imental models, the CD40-mediated neurotoxic
pathway appears to be activated quite early in
the pathogenic cascade, suggesting that thera-
peutic agents that block the CD40 signaling
pathway may suppress neurodegeneration in
AD.
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This study challenges the use of adult neuropsychological models for explaining
developmental disorders of genetic origin. When uneven cognitive profiles are
found in childhood or adulthood, it is assumed that such phenotypic outcomes
characterize infant starting states, and it has been claimed that modules sub-
serving these abilities start out either intact or impaired. Findings from two
experiments with infants with Williams syndrome (a phenotype selected to
bolster innate modularity claims) indicate a within-syndrome double dissoci-
ation: For numerosity judgments, they do well in infancy but poorly in adult-
hood, whereas for language, they perform poorly in infancy but well in adult-
hood. The theoretical and clinical implications of these results could lead-to a
shift in focus for studies of genetic disorders.

Many theorists use the adult neuropsycholog-
ical model of impaired and intact cognitive
modules to explain genetic disorders. Adults
whose brains have developed normally but
who later suffer brain damage are often left
with a pattern of dissociations between dif-
ferent cognitive modules. They may function
normally in several domains but, for instance,
display impaired performance solely in the
domain of face processing or in the domain of
syntax. This leads theorists to claim that hu-
man (adult) cognition is characterized by in-
dependently functioning modules that sub-
serve different domains and can be differen-
tially impaired. When similar dissociations
are found in children with genetic disorders,
the use of the same adult model is either
explicitly recommended (Z, 2) or implicit in
the argumentation from an uneven perfor-
mance profile to underlying brain structure
(3-5). Tt is also assumed that if the phenotyp-
ic outcome in a genetic disorder presents an
uneven cognitive profile, then this will also
characterize the initial state in infancy. In
other words, it is claimed that atypically de-
veloping children start out with a fractionated
pattern of impaired and intact modules. This
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claim is then used to bolster theoretical argu-
ments in favor of the prespecified mddular
structure of the human mind/brain.

A syndrome that has attracted much atten-
tion in this respect is Williams syndrome (WS).
WS is a rare neurodevelopmental disorder
caused by a submicroscopic deletion on chro-
mosome 7q11.23. Although a number of genes
have now béen identified in the deleted region,
original claims as to their cognitive function in
WS (6) have been challenged by our more
recent work (7). WS occurs in 1 in 20,000 live
births. Its clinical features include several phys-
ical abnormalities accompanied by mild to
moderate mental retardation and a specific per-
sonality profile. The interest in WS among cog-
nitive neuroscientists stems from the very un-
even cognitive profile displayed in the pheno-
typic outcome (8). Many theorists have used
this uneven pattern of abilities and impairments
in WS to support claims about the existence of
innately specified cognitive’modules, some of
which are spared (language and face process-
ing) and others impaired (number and visuospa-
tial processing) (4, 5). This vicw: tends to ignore
the dynamics of development [see (8) for dis-
cussion]. With the use of new data from infants,
we argue that one cannot assume that the infant
starting state can be directly inferred from the
phenotypic outcome.

To assess our hypotheses and to explore the
infant origins of the cognitive outcome in WS,
we specifically chose two cognitive domains
with different phenotypic end states. By middle
childhood or adulthood, individuals with WS
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