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Microglial Activation Resulting 
from CD40-CD40L Interaction 
After P-Amyloid Stimulation 
Jun  an,'" Terrence Town,'" Daniel Paris,'" Takashi Mori,' 

Zhiming Suo,' Fiona Crawford,' Mark P. Mattson,' 
Richard A. F l a ~ e l l , ~  Michael Mullan'? 

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-P (AD, 500 
nanomolar) and on microglia from a transgenic murine model of AD (Tg APP,,). 
Increased tumor necrosis factor a production and induction of neuronal injury 
occurred when AD-stimulated microglia were treated with CD40 ligand 
(CD40L). Microglia from Tg APPSw mice deficient for CD40L demonstrated 
reduction in activation, suggesting that the CD40-CD40L interaction is 
necessary for AD-induced microglial activation. Finally, abnormal tau phos- 
phorylation was reduced in TgAPPSw animals deficient for CD40L, suggesting 
that the CD40-CD40L interaction is an early event in AD pathogenesis. 

It has been suggested that A@ activation of 
microglial cells may be involved in the inflam- 
nlatoly co~nponent of AD (1; 2). However; the 
mechanisnls of nlicroglial activation by A@ 
remain speculative. As CD40, an i~nportant re- 
ceptor involved in cellular signaling and activa- 
tion. plays a l ey  role in inflalnnlation (3). we 
investigated whether the interaction of CD40- 
CD40L with Af3 activates microglia. We used 
reverse hanscliptase polymerase chain reaction 
(RT-PCR). protein inmunoblot; and flow cy- 
tometry [fluorescence-activated cell sorting 
(FACS)] to determine n~hether AD could spe- 
cifically induce CD40 expression on culhred 
lnicroglial cells after treatment with a low dose 
(500 11M) of freshly solublized AD,-,, or 
AD,-,,. The potentially pathogenic peptides 
Af3 ,.,, or Af3 ,.,, ind~~ced CD40 expression on 
cultured microglial cells when coln~jared with 
A@-free; reverse A@ (A@,,-,) or the 695 iso- 

foiln of soluble anlyloid precursor protein 
(sAPPa-695) (4; 5)  (Web fig. 1) (6). To see 
whether endogenous overexpression of AP 
could lead to lnicroglial CD40 expression, we 
llleasured CD40 expression on microglia from 
a transgenic nlouse model of AD (Tg APP,,., 
overexpressing AP,-,, and AP,-,,) (7) and 
conk01 (wild-type) litterrnates (4). Microglia 
from Tg APP,,, ne~vbom mice had marlcedly 
increased levels of soluble A@,.,, compared 
with control littermates (81, and the CD40- 
expressing cell fraction was markedly increased 
in prirnaly cultured illicroglia from Tg APP,,, 
mice conlpared with microglia from control 
littennates (TVeb fig. 2) (6). CD40 expres- 
sion was increased in microglia from colltl-01 
littelnlates exposed to AD1-+, and in Tg APP,,. 
lnicroglia reexposed to exogenous Af3 ,.,, com- 
pared with those exposed to AP,,., or sAPPa- 
695 (b'eb fig. 2) (6). These data show that 
A@ peptides specifically induc& CD40 expres- 
sion in piimaiy cultured and N9 inicroglia. 
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of  Kentucky, Lexington. KY 40536, USA. 'Howard \Yith low doses of illterl~&ll-lP(IL-lP), I<-2. 
Hughes Medical Institute, Yale University School o f  
Medicine, 310  Cedar Street, New Haven, CT 06520, 

1L-4> ILm6: IL-12> illterferoll-~ (IFN-y) (4), 

USA. as the expression of CD40 has been shown to 
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(10 Ulml) of IFN-y synergistically enhanced 
AP-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 (10). Furthermore, increased amounts 
of IFN-y have been shown to activate microglia 
after stimulation with AP (I). Our data suggest 
that IFN-y may increase AP'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 a (TNF-a) 
release (I, II), and high doses (>I1 pM) of 
AP,, are able to produce increased TNF-a 
production in microglial cells (I). Such doses of 
AP,,, rapidly produce large amounts of AP 
fibrils and loss of AP solubility in vitro (12). A 
much lower dose of freshly solubilized A@,, 
(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 AP,,,, 
addition of CD40L synergistically increased 
TNF-a release (Web fig. 4) (6). With the use 
of a monoclonal antibody to CD40, which ex- 

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 
AP,,, 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 A@-pre- 
treated microglia by ligation of CD40 could 
mediate neuronal cell injury (4). Activated mi- 
croglial cells (treated with AP,,, 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 AP,,, 
and CD40L dose dependently induced neuronal 
injury and death as measured by lactate dehy- 
drogenase (LDH) release assay (13), 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 AP-pre- 

treated microglia is crucial for induction of 
neuronal injury. 

To evaluate the possibility that AP might 
lead to CD40 pathway-mediated microglial ac- 
tivation in vivo, we crossed Tg APP, mice with 
mice deficient in CD40L (14) and measured 
TNF-a production in primary cultured microgli- 
al cells from these animals (4). Results show 
increased production of TNF-a 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, JCD40Gdeficient 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 APPsJCD40L-deficient mi- 
croglia with CD40L resulted in recovery of the 
Tg APP, phenotype (Fig. 2), M e r  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 A@-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 (15). 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 
irnrnunoreactivity at multiple sites (by protein 
immunoblotting) compared with those from Tg 
MPsw mice alone ( 4 )  (Fig. 3, B to E). All of the 
animals in these experiments were 8 months old, 
an age before which significant AP 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 AP (16) and en- 
dothelial and smooth muscle cells constitutively 
express CD40L at low levels (1 7). The activa- 
tion of perivascular microglia may result from 
an interaction between the smooth muscle or 
endothelial cell-derived CD40L and AP-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 (18). 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 (19). As ac- 
tivated CD4+ T cells express CD4OL, it is pos- 
sible that activated T cells are able to provide 
CD40L 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 (21). These findings 

raise the possibility that AP-induced CD40-ex- 
pressing microglial cells might receive soluble 
CD4OL 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, AP may indirectly 
endanger neurons by inducing micmglial re- 
sponsiveness to CD40 ligand, resulting in the 
production of neurotoxic molecules by micm- 
glia. Noteworthy is the finding that Tg APP, 
mice do not demonstrate marked neuronal cell 

Fig. 3. Tau protein phos- A 
phorylation is significant- 

b& 

ly reduced in brains from 
Tg APP, mice deficient 
for CD40L Protein immu- 
noblotting showing (A) & @ bh,,,u 

faster electrophoretic 
mobility of total tau m.)-m.rttn 
(tau-1 and tau-2, region 
shown is from -40 to  70 2 

kD) and (B t o  E) de- I S  

creased phospho-tau sig- 
1 

0 5  
nal (region shown is from D 

-50 to 65 kD) in brain 
lysates from Tg APPJ 
CD40L-deficient mice C 
compared with Tg APP, 

8 

animals. Protein imrnuno- 
blots for identical samples 

p" 
V * " P C ~ ~  .*.@, * ? 

C C .* 4% were probed with the in- AbPHFl I pholphbmm 

dicated tau-specific anti- 
bodies (mAb is rnonoclo- ~ ~ - S ) , n r n  
nal antibody), stripped, 
and reprobed with actin 
antibody (top). The histo- 
gram represents the ratio i; lidl% 
of total or phospho-tau to  
actin signal (bottom), 
with n = 3 for each group 2 1  SEM. For phospho-tau antibod- 
ies, ANOVA revealed main effects of Tg APP, status (P < 
0.001) and CD40L deficiency (P < 0.001). Furthermore, there 
was a statistical interaction between Tg APP, status and 
CD40L deficiency (P < 0.01), suggesting that CD40L is on the 
mediating pathway to  tau phosphorylation. One-way ANOVA 
revealed between-group differences (P < 0.001), and post hoc 
comparison showed differences between brains from control 
littermates and Tg APP, (P < 0.001) animals, as well as 
between Tg APP, and Tg APPJCD40L-deficient brains (P < 
0.001). 
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cultured microglial 
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CD40L-deficient mice. 
(A) RT-PCR showing 
increased expression 1 0's- 

of TNF-a mRNA in pri- 
mary cultured micro- 
glia from Tg APP, 2 
mice before and after 
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tion rt 1 SEM. CD40 ligation of Tg APPJCD40L-deficient microglia raises c < a 
TNF-a mRNA levels to near that of Tg APP, microglia. (B) TNF-a ELLA m < 
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before (left) or after (right) CD40 ligation. In (A) and (B) before CD40 P 
ligation, ANOVA revealed main effects of Tg APP, status (P < 0.001) and ANOVA revealed main effects of microglia from Tg APP, (P < 0.01) and 
CD40L-deficient status (P < 0.02), as well as an interaction between these CD40L-deficient mice (P < 0.02) but no interaction between them (P > 
terms (P < 0.02), indicating interactive blockade of TNF-a release in Tg 0.10), indicating recovery of the Tg APP, phenotype in Tg APPJCD40L- 
APPJCD40L-deficient microglia. In (A) and (B) after CD40 ligation, deficient microglia. 
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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 extracellulu systems wail- 
able in vivo in the central neivous system that 
are likely to mitigate the tendency to neuronal 
death induced by AP and CD40L. In our exper- 
inlental 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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Cognitive Modularity and 
Genetic Disorders 

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 inodel of iinpaired and intact cognitive 
modules to explain genetic disorders. Adults 
\vhose brains have developed noiu~ally but 
\vho later suffer brain darnage are often left 
with a pattern of dissociations between dif- 
ferent cognitive modules. They may function 
nonnally in several doinains but, for instance, 
display iinpaired perfoilnance solely in the 
doinain of face processing or in the doinain of 
syntax. This leads theorists to claim that hu- 
man (adult) cognition is characterized by in- 
dependently functioning inodules that sub- 
serve different doinains and can be differen- 
tially iinpaired. When siinilar dissociations 
are found in children wit11 genetic disorders, 
the use of the same adult nlodel is either 
explicitly recoinmended (1, 2) or implicit in 
the argulneiltation fro111 an uneven perfor- 
mance profile to underlying brain stmcture 
(3-5). It is also assumed that if the phenotyp- 
ic outcoine in a genetic disorder presents an 
uneven cognitive profile; then this will also 
characterize the initial state in infancy. In 
other words; it is claiined that atypically de- 
veloping children stait out with a fractionated 
pattein of iinpaired and intact modules. This 
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claiin is then used to bolster theoretical argu- 
inents ill favor of the prespecified inod~~la r  
structure of the huinan mind'brain. 

A syndroine that has attracted inuch atten- 
tion in this respect is LVilliains syndroine (QTS). 
LLiS is a r u e  ne~u.odevelopmenta1 disorder 
caused by a subinicroscopic deletion on clro- 
inosoine 7q11.23. Although a il~uinber of genes 
have nox+- been identified in the deleted region? 
oiiginal claims as to their cognitive function in 
WS (6) have beell challenged by our inore 
recent worlc (7). WS occurs in 1 in 20,000 live 
biiths. Its clinical features include several phys- 
ical abnormalities acconlpailied by inild to 
moderate ineiltal retardation and a specific per- 
sonality profile. The interest in IJTS among cog- 
nitive neuroscientists steins from the veiy un- 
even cognitive profile displayed in the pheno- 
w i c  outcoine (8). Many theoiists have used 
this uneven patteim of abilities and iinpaiinlents 
in QTS to suppoit claims about the existence of 
innately specified cognitive'modules, soine of 
which are spared (language and face process- 
ing) and others iinpaired ( n q b e r  and visuospa- 
tial processing) (4. 5). This vie!?:, tends to ignore 
the dynainics of development [see (8)  for dis- 
cussion] M'ith the use of nem data fiom infants. 
we argue that one caiulot assume that the infant 
stai-ting state can be directly infei~ed from the 
phenotypic outcome. 

To assess om hypotheses and to explore the 
infant origins of the cognitive outcome in QTS: 
we specifically chose hvo cognitive doinains 
with different phenotqpic end states. By middle 
childhood or adulthood, individuals with WS 

www.sciencemag.org SCIENCE VOL 286 17 DECEMBER 1999 2355 



You have printed the following article:

Microglial Activation Resulting from CD40-CD40L Interaction After b- Amyloid
Stimulation
Jun Tan; Terrence Town; Daniel Paris; Takashi Mori; Zhiming Suo; Fiona Crawford; Mark P.
Mattson; Richard A. Flavell; Michael Mullan
Science, New Series, Vol. 286, No. 5448. (Dec. 17, 1999), pp. 2352-2355.
Stable URL:

http://links.jstor.org/sici?sici=0036-8075%2819991217%293%3A286%3A5448%3C2352%3AMARFCI%3E2.0.CO%3B2-Z

This article references the following linked citations:

References and Notes

3 CD40 on Human Endothelial Cells: Inducibility by Cytokines and Functional Regulation of
Adhesion Molecule Expression
Karin Karmann; Christopher C. W. Hughes; Jeffrey Schechner; William C. Fanslow; Jordan S.
Pober
Proceedings of the National Academy of Sciences of the United States of America, Vol. 92, No. 10.
(May 9, 1995), pp. 4342-4346.
Stable URL:

http://links.jstor.org/sici?sici=0027-8424%2819950509%2992%3A10%3C4342%3ACOHECI%3E2.0.CO%3B2-B

7 Correlative Memory Deficits, Ab Elevation, and Amyloid Plaques in Transgenic Mice
Karen Hsiao; Paul Chapman; Steven Nilsen; Chris Eckman; Yasuo Harigaya; Steven Younkin;
Fusheng Yang; Greg Cole
Science, New Series, Vol. 274, No. 5284. (Oct. 4, 1996), pp. 99-102.
Stable URL:

http://links.jstor.org/sici?sici=0036-8075%2819961004%293%3A274%3A5284%3C99%3ACMDAEA%3E2.0.CO%3B2-6

http://www.jstor.org

LINKED CITATIONS
- Page 1 of 2 -

NOTE: The reference numbering from the original has been maintained in this citation list.



15 Two Amyloid Precursor Protein Transgenic Mouse Models with Alzheimer Disease-Like
Pathology
Christine Sturchler-Pierrat; Dorothee Abramowski; Mairead Duke; Karl-Heinz Wiederhold; Claudia
Mistl; Sabin Rothacher; Brigit Ledermann; Kurt Burki; Peter Frey; Paolo A. Paganetti; Caroline
Waridel; Michael E. Calhoun; Mathias Jucker; Alphonse Probst; Matthias Staufenbiel; Bernd
Sommer
Proceedings of the National Academy of Sciences of the United States of America, Vol. 94, No. 24.
(Nov. 25, 1997), pp. 13287-13292.
Stable URL:

http://links.jstor.org/sici?sici=0027-8424%2819971125%2994%3A24%3C13287%3ATAPPTM%3E2.0.CO%3B2-0

15 Early Alzheimer Disease-Like Histopathology Increase in Frequency with Age in Mice
Transgenic for &#946;-APP751
L. S. Higgins; J. M. Rodems; R. Catalano; D. Quon; B. Cordell
Proceedings of the National Academy of Sciences of the United States of America, Vol. 92, No. 10.
(May 9, 1995), pp. 4402-4406.
Stable URL:

http://links.jstor.org/sici?sici=0027-8424%2819950509%2992%3A10%3C4402%3AEADHII%3E2.0.CO%3B2-E

17 Functional CD40 Ligand is Expressed on Human Vascular Endothelial Cells, Smooth
Muscle Cells, and Macrophages: Implications for CD40-CD40 Ligand Signaling in
Atherosclerosis
Francois Mach; Uwe Schonbeck; Galina K. Sukhova; Todd Bourcier; Jean-Yves Bonnefoy; Jordan
S. Pober; Peter Libby
Proceedings of the National Academy of Sciences of the United States of America, Vol. 94, No. 5.
(Mar. 4, 1997), pp. 1931-1936.
Stable URL:

http://links.jstor.org/sici?sici=0027-8424%2819970304%2994%3A5%3C1931%3AFCLIEO%3E2.0.CO%3B2-R

http://www.jstor.org

LINKED CITATIONS
- Page 2 of 2 -

NOTE: The reference numbering from the original has been maintained in this citation list.




