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Neurobiology of Disease

Lipopolysaccharide-Induced Inflammation Exacerbates Tau
Pathology by a Cyclin-Dependent Kinase 5-Mediated
Pathway in a Transgenic Model of Alzheimer’s Disease

Masashi Kitazawa, Salvatore Oddo, Tritia R. Yamasaki, Kim N. Green, and Frank M. LaFerla
Laboratory of Molecular Neuropathogenesis, Department of Neurobiology and Behavior, University of California-Irvine, Irvine, California 92697-4545

Inflammation is a critical component of the pathogenesis of Alzheimer’s disease (AD). Although not an initiator of this disorder,
inflammation nonetheless plays a pivotal role as a driving force that can modulate the neuropathology. Here, we characterized the time
course of microglia activation in the brains of a transgenic model of AD (3xTg-AD) and discerned its relationship to the plaque and tangle
pathology. We find that microglia became activated in a progressive and age-dependent manner, and this activation correlated with the
onset of fibrillar amyloid 3-peptide plaque accumulation and tau hyperphosphorylation. To determine whether microglial activation can
exacerbate the pathology, we exposed young 3xTg-AD mice to lipopolysaccharide (LPS), a known inducer of CNS inflammation. Although
amyloid precursor protein processing appeared unaffected, we find that LPS significantly induced tau hyperphosphorylation at specific
sites that were mediated by the activation of cyclin-dependent kinase 5 (cdk5) through increased formation of the p25 fragment. We
further show that administration of roscovitine, a selective and potent inhibitor of cdk5, markedly blocked the LPS-induced tau phos-
phorylation in the hippocampus. Therefore, this study clearly demonstrates that microglial activation exacerbates key neuropathological

features such as tangle formation.
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Introduction

The Alzheimer’s disease (AD) brain is marked by the buildup of
two aberrant protein aggregates, amyloid plaques, comprising
the amyloid B peptide (AB), and neurofibrillary tangles, which
consist of hyperphosphorylated tau protein (Selkoe, 2001). Other
degenerative changes occur as well, including progressive neuro-
nal and synaptic loss and a reduction in selective neurotransmit-
ter systems (DeKosky and Scheff, 1990; Terry et al., 1991; Drin-
genberg, 2000). The activation of inflammatory cells is another
prominent feature that is performed by microglia and astrocytes,
and there is ample evidence showing that these cells are upregu-
lated in the AD brain as well as in transgenic animals (McGeer et
al., 1988; Frautschy et al., 1998; Akiyama et al., 2000; Sasaki et al.,
2002).

Microglia play a pivotal role in the brain under normal and
pathological conditions in an effort to maintain neuronal func-
tion. The precise trigger of inflammation in the AD brain remains
to be established, although A itself has been shown to act as a
pro-inflammatory agent (Matsuoka et al., 2001; Giovannini et al.,
2002). The activation of microglia may be duplicitous, because
they secrete cytokines including interleukins (ILs), tumor necro-
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sis factor & (TNFa), and chemokines and release reactive oxygen
species and nitrogenous compounds, all of which may exacerbate
the pathology (Akiyama et al., 2000; Grammas and Ovase, 2002).
For example, high levels of IL-1 have been reported in AD or
Down syndrome brains or after post-traumatic head injury (Grif-
fin et al., 1989, 1994), a purported risk factor for AD. IL-1 is a
pluripotent and pro-inflammatory molecule that affects expres-
sion of other inflammatory cytokines and inflammation-
associated proteins to amplify immune and inflammatory re-
sponses (Mrak and Griffin, 2001). Acute levels of IL-1 in the brain
cause a marked elevation of amyloid precursor protein (APP)
expression in neurons (Griffin et al., 1994). Furthermore, IL-1
has been reported to accelerate tangle formation in cultured cor-
tical neurons, indicating that it may play a pivotal role in the
progression of AD-related pathology (Li et al., 2003).

To elucidate the role of inflammation in the pathogenesis
of AD, and in particular its effect on tau pathology, we used
the 3xTg-AD mice harboring three mutant human genes
(APPyeron:moe711> PS1nmiaeys and taupsg;) that develop AB and
tau pathology in an age-dependent manner in disease-relevant
brain regions (Oddo et al., 2003). Here, we define the temporal
profile of inflammation of these mice and discern its relationship
to the AB and tau-laden lesions. To determine whether inflam-
mation plays a pathological role, we administered lipopolysac-
charide (LPS) to young 3xTg-AD mice and assessed the conse-
quences on the plaque and tangle pathology. We find that the
LPS-induced inflammation did not affect A3; however, it caused
amarked increase in tau hyperphosphorylation. The mechanism
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Table 1. Primary antibodies used in this study
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Antibody Immunogen Host Specificity Application Source

6E10 aa1-17of AB Mouse H M IHG, IF, WB Signet (Dedham, MA)

(120 aa 751-770 of human APP Rabbit H,M WB Calbiochem

GFAP Bovine GFAP Rabbit H, M, R IHG, IF DAKO (Carpinteria, CA)
D11b Mouse B-cells Rat M IHC Serotec (Raleigh, NC)

(D45 Mouse B-cells Rat M IHC Serotec

Iba1 Cterminus of Iba1 Rabbit H,M,R IF WAKO (Richmond, VA)

HT7 aa 159-163 of tau Mouse H IHC, WB Innogenetics (Alpharetta, GA)
AT8 Peptides containing phospho-5202/T205 Mouse H, MR IHC, IF, WB Innogenetics

AT180 Peptides containing phospho-T231/5235 Mouse H, M, R IHC, WB Innogenetics

PHF1 Peptides containing phospho-5396/5404 Mouse H, M, R IHC, WB a

B-Actin C terminus of actin Rabbit Wide range WB Sigma

AB40 aa35-400fAB Mouse H,M,R,D ELISA Mayo Clinic (Jacksonville, FL)
AB42 aa35-420f A3 Mouse H,M,R,D WB Mayo Clinic

p35/p25 C terminus of human p35 Rabbit H,M,R WB Santa Cruz Biotechnology (Santa Cruz, CA)
cdk5 aa 16 of human cdk5 Rabbit H,M,R WB (albiochem

INK Human JNK2 Rabbit H, M, R WB Cell Signaling (Beverly, MA)
Phospho-JNK Phosphopeptides around The183/Tyr185 Mouse H, MR WB Cell Signaling

GSK-38 N terminus of rat GSK-33 Mouse H,M,R,D,C WB BD Transduction (San Diego, CA)
Phospho-GSK-33 Phosphopeptides around Tyr216 Mouse H,M,R,D WB BD Transduction
Phospho-GSK-33 Phosphopeptides around Ser9 Rabbit H, M, R WB Cell Signaling

p38 Human p38 Rabbit H,M,R WB Cell Signaling

Phospho-p38 Phosphopeptides around Thr180/Tyr182 Rabbit H, M, R WB Cell Signaling

H, Human; M, mouse; R, rat; D, dog; , chicken; IHC, immunohistochemistry; IF, immunofluorescent staining; WB, Western blotting.

“Generous gift from P. Davis (Albert Einstein College of Medicine, Bronx, NY).

underlying this effect is specifically attributable to an increase in
p25 and the subsequent activation of cyclin-dependent kinase 5
(cdk5), because this effect can be blocked by roscovitine, a selec-
tive inhibitor of this kinase. Based on these findings, we conclude
that activation of microglia, either by amyloid plaques or by LPS,
exacerbates the tau neuropathology.

Materials and Methods

LPS treatment. LPS (from Escherichia coli 055:B5; Sigma, St. Louis, MO)
was dissolved in PBS at a concentration of 0.1 mg/ml and administered
intraperitoneally to 4-month-old 3xTg-AD or nontransgenic (NonTg)
mice (n = 12; 6 males and 6 females) twice per week for 6 weeks at a dose
of 0.5 mg/kg body weight. A control group of 3xTg-AD mice (n = 11; 6
males and 5 females) received injections in the same manner with PBS
only. The body weight of each mouse was recorded weekly. Mice were
killed 24 h after the last injection, the brain was isolated, and one-half of
the brain was fixed in 4% paraformaldehyde, whereas the other half was
snap frozen in dry ice and stored at —80°C until analysis.

Intraventricular infusion. Roscovitine (Calbiochem, La Jolla, CA), a
potent and selective cdk5 inhibitor, was dissolved in DMSO and further
diluted to the desired concentration. Because roscovitine does not cross
the blood—brain barrier, it was delivered intraventricularly by using
micro-osmotic mini-pumps (model 1002; Alzet, Cupertino, CA). Rosco-
vitine (300 nmol per day) was infused during the last 2 weeks of the LPS
treatment. This concentration of roscovitine was used because it was
shown previously to significantly inhibit cdk5 activity (Zhang et al.,
2004). The brain infusion apparatus (brain infusion kit III; Alzet) was
assembled as described in the manufacturer’s guide. After the infusion of
roscovitine or vehicle only, mice were killed, and hippocampi were re-
moved for additional analyses.

Isolation of mRNA and quantification of ILs by real-time PCR. Total
RNA was isolated from half brain (cortex and hippocampus) using TRI
reagent (Molecular Research Center, Cincinnati, OH). Traces of DNA
were removed by RNase-free DNase I treatment (New England Biolabs,
Beverly, MA). One microgram of RNA was subsequently used for one-
cycle reverse transcriptase reaction to make cDNA using the iScript
c¢DNA synthesis kit (Bio-Rad, Hercules, CA) and was subjected to real-
time PCR (RT-PCR) to quantify expressions of IL-18, IL-6, and TNF«
using iQ SYBR Green supermix (Bio-Rad). The mouse IL-183 primers
were 5 -AAATGCCTCGTGCTGTCTGACC-3" and 5'-CTGCTTGA-

GAGGTGCTGATGTACC-3" (Tanda et al., 1998). The mouse IL-6
primers were 5-AGTTGCCTTCTTGGGACTGA-3" and 5'-TCCAC-
GATTTCCCAGAGAAC-3'. The mouse TNFa primers were 5'-CTG-
GGACAGTGACCTGGACT-3’ and  5'-GCACCTCAGGGAAG-
AGTCTG-3'. The mouse glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) primers were 5'-AACTTTGGCATTGTGGAAGG-3' and 5'-
ACACATTGGGGGTAGGAACA-3'". Threshold cycle (Ct) values were
calculated with MyiQ software (Bio-Rad), and the quantitative fold
changes in mRNA were determined as relative to GAPDH mRNA levels
in each treatment group.

Immunohistochemistry. The primary antibodies used in this study are
summarized in Table 1. Secondary biotinylated antibodies (anti-mouse,
anti-rat, and anti-rabbit), normal sera (Vector Laboratories, Burlingame,
CA), and secondary antibodies for immunofluorescent staining
(AlexaFluor 488, 546, or 568 for anti-mouse and anti-rabbit; Molecular
Probes, Eugene, OR) were also used in this study.

Immunohistochemical staining for AB and tau were essentially as de-
scribed previously (Oddo et al., 2003). For activated microglia staining,
free-floating sections (50 wm thickness) were first pretreated with Tris-
buffered saline (TBS) containing 3% hydrogen peroxide and 10% meth-
anol for 30 min to block endogenous peroxidase activity. After a TBS
wash, sections were incubated once in TBS with 0.1% Triton X-100
(TBST) for 15 min and once with TBST with 2% BSA for 30 min. The
sections were incubated overnight with primary antibody [anti-mouse
CD45 (1:500) or anti-mouse CD11b (1:500) in TBS plus 5% normal
rabbit serum] at 4°C; this was followed by treatment with a secondary
antibody [biotinylated anti-rat (1:200) in TBS plus 5% normal rabbit
serum] for 1 h at room temperature. The sections were visualized with
the Vector ABC kit and stained with DAB (Vector Laboratories).

For double immunofluorescent staining with thioflavin S (Sigma) and
microglia, free-floating sections were incubated with 0.5% thioflavin S in
50% ethanol for 10 min. Sections were washed twice with 50% ethanol
for 5 min each, once with water for 5 min, once with TBST for 15 min,
and once with TBST with 2% BSA for 30 min. The sections were then
incubated with primary antibody [Ibal (1:200) in TBS plus 5% normal
goat serum| overnight at 4°C, followed by secondary AlexaFluor 546
anti-rabbit antibody (1:200 in TBS plus 5% normal goat serum) for 1 h at
room temperature. Staining was visualized under a confocal microscope.

Immunoblotting. The brains were homogenized in T-PER (tissue pro-
tein extraction reagent) (Pierce, Rockford, IL) in the presence of a pro-
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tease inhibitor mixture (Roche Applied Science, Indianapolis, IN) and
phosphatase inhibitors (5 muM sodium fluoride and 50 um sodium or-
thovanadate) and centrifuged at 100,000 X gfor 1 h at4°C. Supernatants
were collected as the detergent-soluble fraction. Pellets were resuspended
in 70% formic acid (FA), homogenized, and centrifuged at 100,000 X g
for 1 hat4°C. The resultant supernatants were collected as the detergent-
insoluble or FA fraction. These fractions were immunoblotted with an-
tibodies that recognize APP, C99, total tau, phosphorylated tau, cdk5,
p35/p25, glycogen synthase kinase-33 (GSK-38), phospho-GSK-383,
p38—mitogen-activated protein kinase (MAPK), phospho-p38-MAPK,
c-Jun NH,-terminal kinase (JNK), or phospho-JNK. Membranes were
reprobed with antibody against B-actin to control for protein loading.
Band intensity was measured using Quantity One software (Bio-Rad).

ELISA for AB40 and AB42. AB40 and AB42 were detected in both the
detergent-soluble and -insoluble fractions by ELISA. Soluble fractions
were loaded directly onto ELISA plates, and FA fractions were diluted
1:20 in neutralization buffer (1 m Tris base and 0.5 M Na,HPO) before
loading. MaxiSorp immunoplates (Nunc, Naperville, IL) were coated
with mAB20.1 antibody at a concentration of 25 ug/ml in coating buffer
(0.1 M NaCOj buffer, pH 9.6) and blocked with 3% BSA. Synthetic AB
standards were defibrillated by dissolving in 1,1,1,3,3,3-hexafluoro-
isopropanol (HFIP) at 1 mg/ml, and the HFIP evaporated with a stream
of nitrogen. The defibrillated A was then dissolved in DMSO at 1 mg/
ml. Standards of both AB40 and AB42 were made in antigen capture
buffer (20 mm NaH,PO,, 2 mm EDTA, 0.4 M NaCl, 0.5 g of 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate, and 1%
BSA, pH 7.0) and loaded onto ELISA plates in duplicate. Samples were
loaded in duplicate and incubated overnight at 4°C. The plates were
washed and probed with either HRP-conjugated anti-A335-40 (MM32—
13.1.1 for AB1-40) or anti-A335-42 (MM40-21.3.4 for AB1-42) over-
nightat 4°C. 3,3',5,5"-Tetramethylbenzidine was used as the chromagen,
and the reaction was stopped by 30% O-phosphoric acid and read at 450
nm on a Molecular Dynamics (Sunnyvale, CA) plate reader.

Immunoprecipitation and cdk5 and GSK-3f3 kinase assays. Immuno-
precipitation and kinase assays were performed as described previously
with a slight modification (Cruz et al., 2003; Noble et al., 2003). Briefly,
100 pg of brain samples were immunoprecipitated with protein
A-agarose and cdk5 antibody or protein G-agarose and GSK-3f anti-
body. The kinase assays were then performed in a total volume of a 50 ul
reaction mixture containing 20 mm 4-morpholinepropanesulfonic acid,
pH 7.2, 5 mm MgCl,, 1 mMm sodium orthovanadate, 5 mm NaF, 100 um
ATP, 2.5 uCi [y-?*P]ATP, and 0.2 mm cdk5 substrate (Calbiochem) for
cdk5 kinase assay or 0.2 mm GSK-3 3 substrate (Calbiochem) for GSK-33
assay. The reaction took place for 1 h at 30°C, and the 35 ul supernatant
was placed on P81 phosphocellulose squares (Upstate, Waltham, MA).
The squares were washed in 0.3% phosphoric acid and counted in a
scintillation counter to determine the kinase activity.

Statistical analysis. All data were analyzed using one-way ANOVA or
an unpaired t test, and p << 0.05 or lower was considered to be significant.

Results

Age-related inflammatory response

The first pathological manifestation in the 3xTg-AD mice is the
buildup of intraneuronal AB within the neocortex, which occurs
by 4 months of age and is followed shortly thereafter by a similar
buildup within pyramidal cells of the hippocampus (Oddo et al.,
2003). At this time point, no thioflavin S-positive plaques are
apparent (data not shown). Likewise, we find no evidence of
microglial activation, as determined by CD45 immunostaining
(data not shown). Therefore, far more extensive pathology is
likely required to trigger inflammation in these murine brains.
Diffuse AB plaques as well as thioflavin S-positive fibrillar A
plaques start to develop at ~9 months of age within the subicu-
lum (Fig. 1A,D). Yet, activated microglia are not found in or
around these plaques (Fig. 1 H). Although still relatively sparse
and small, 12 months of age corresponds to the development of
more fibrillar AB deposits, particularly within the CA1 and sub-
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icular subfields of the hippocampus and the septum, as detected
by 6E10 immunostaining and thioflavin S staining (Fig. 1B, E).
Likewise, the tau pathology also develops in a progressive manner
and by 12 months of age includes significant numbers of MCl1-,
AT180-, and AT8-immunopositive CAl pyramidal neurons
(Oddo etal., 2003). It was within this region that we first detected
CD45-immunoreactive activated microglia in the 3xTg-AD
brains (Fig. 11). Many of the activated microglia are in or around
the thioflavin S-positive plaques. By 24 months of age, CD45
immunoreactivity was more widespread and could be observed
in the neocortex, subiculum, CA1 subfield, and amygdala, brain
regions that harbored extensive numbers of thioflavin S-positive
plaques (Fig. 1C,F,]). These CD45-immunopositive microglia
showed increased cell body and process size (Fig. 1 M), whereas
age-matched NonTg mice did not express CD45 immunoreactiv-
ity in the brain, even at very advanced ages (Fig. 1L). Another
activated microglia marker, CD11b, also showed a similar pattern
to CD45 at all time points (data not shown). Quantitative analysis
of the amyloid burden in the 3xTg-AD brain showed an age-
related increase, such that by 24 months of age it was increased
nearly five times compared with 12-month-old mice (Fig. 1G).
Notably, the activation of microglia closely paralleled the age-
related increase in the amyloid burden (Fig. 1K). These data
clearly show that microglia become activated after the formation
of fibrillar plaques in the transgenic brain.

In addition to the age-dependent activation of microglia, we
also found increased numbers of GFAP-immunoreactive astro-
cytes in the neocortex of 3xTg-AD mice (Fig. 10) relative to
age-matched NonTg mice (Fig. I N).

In the AD brain, microglia are often found in close proximity
to amyloid plaques and frequently surround these proteinaceous
aggregates (Akiyama et al., 2000). To further define the relation-
ship between the microglial activation and plaque buildup in the
3xTg-AD mice (Fig. 2), we double immunolabeled brain sections
for AB (blue) and microglia (brown). Activated microglia were
colocalized around extraneuronal AB plaques in the neocortex,
amygdala, and hippocampus (Fig. 2A—C). Most notably, most of
the amyloid plaques surrounded by activated microglia were pre-
dominantly fibrillar in nature, because analysis of serial sections
indicated that these structures were also thioflavin S positive (Fig.
2 D). Confocal microscopic analysis further established that the
microglia (red) surrounding fibrillar AB plaques (green) showed
physical signs of activation because they exhibited an amoeboid
structure and increased cytosolic volume (Fig. 2E) compared
with those observed in age-matched NonTg mice (data not
shown). We also observed a close physical relationship between
microglia and fibrillar amyloid plaques in the hippocampus of
human AD brains (Fig. 2 F). Likewise, we found that a high pro-
portion of the fibrillar deposits were also surrounded by astro-
cytes in the 3xTg-AD brain (Fig. 2G). Therefore, the build up of
diffuse plaques appears insufficient to trigger a robust microglial
or astrocytic response in the 3xTg-AD brains; rather, we found
that the inflammatory response coincides with the accumulation
of fibrillar deposits and appears qualitatively similar to the re-
sponse observed in the human AD brain.

LPS induces microglial activation in the 3xTg-AD mice

To determine whether inflammation can modulate the onset and
severity of the AB and tau pathology, LPS (0.5 mg/kg body
weight, twice per week) was administered intraperitoneally fora 6
week period to 4-month-old 3xTg-AD mice. After this time, all
mice were killed, and their brains were harvested. We found that
chronic LPS treatment markedly increased the number of acti-
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Temporal profile of brain inflammation in the 3xTg-AD mice. The time course of intraneuronal and extraneuronal A3 buildup and its relationship to activated microglia were described

in the 3xTg-AD mice. Both intraneuronal and extraneuronal A3 deposits were determined by 6E10 immunostaining of 3xTg-AD brains at 9 (4), 12 (B), and 24 (€) months of age. Fibrillar amyloid
plaques were detected by thioflavin S staining at 9 (D), 12 (E), and 24 (F) months of age. Serial sections were stained with anti-CD45 to detect activated microgliaat 9 (H), 12 (1), and 24 (J) months
of age. Amyloid burden (G) and CD45-immunopositive-activated microglia (K) were quantitatively analyzed by measuring the percentage of occupied area by thioflavin S (amyloid burden) or
(D45-immunopositive staining (microglia burden). Data are presented as mean == SEM (n = 5in each age). Higher-magpnification images of (D45-immunopositive staining in the subicular subfield
of the hippocampus from a 24-month-old NonTg mouse (L) and 3xTg-AD mouse (M) are shown. GFAP immunostaining revealed no gliosis in layers lll-IV of the neocortex of a 24-month-old NonTg

mouse (N), whereas there was a marked increase in GFAP-immunoreactive astrocytes detected in 24-month-old 3xTg-AD mice (0).

vated microglia, as determined by CD45 immunostaining,
throughout the neocortex and hippocampus compared with
sham-treated mice (Fig. 3A,B). The microglia burden in PBS-
and LPS-treated mice was 0.6 = 0.4 and 7.8 % 0.7, respectively,
and the levels of activated microglia in the LPS-treated group
were significantly greater than those in the PBS-treated group
(p <0.01). The number of activated microglia observed in these
LPS-treated, 6-month-old 3xTg-AD mice was slightly higher
than that observed in untreated 12-month-old 3xTg-AD mice
(Fig. 1 K). Because activated microglia secrete various cytokines,
we monitored the expression of selected cytokines, including IL-
1B, IL-6, and TNFe, which have been suggested to play impor-
tantroles in the progression of AD (Griffin et al., 1989; Dickson et
al., 1993; Huell et al., 1995). We found that IL-18 levels were
markedly increased in the LPS-treated brain, being nearly five
times higher than in the PBS-treated brains (Fig. 3C). In contrast,
IL-6 and TNFa expression levels were not significantly altered by
LPS treatment (Fig. 3C). The mRNA levels of IL-1f3, IL-6, and
TNFa in PBS-treated brains were relatively the same, with Ct

values of 28.58 *= 0.21, 27.81 = 0.19, and 28.76 *= 0.83,
respectively.

We next assessed the consequences of the LPS-induced acti-
vation of microglia on APP metabolism. We monitored brain
levels of APP and its derivatives, C99, C83, AB40, and AB42, by
immunoblotting or ELISA. We found that the LPS-induced CNS
inflammation did not significantly alter the steady-state levels of
full-length APP (Fig. 4 A, B). We also found that C99 or C83 levels
were not significantly different between the treatments as deter-
mined by immunoblotting with the CT20 (APP C-terminal) an-
tibody (Fig. 4A, B). Likewise, measurement of detergent-soluble
and FA-soluble A levels by ELISA revealed that 6 week exposure
to LPS did not cause a significant change in either AB40 or AB42
(Fig. 4C). The levels of detergent-soluble and FA-soluble A frag-
ments in LPS-treated mice were found to range from 0.056 to
0.093 pg/g and from 0.21 to 0.97 pg/g, respectively, whereas those
in PBS-treated mice were slightly lower, ranging from 0.046 to
0.049 pg/gand from 0.18 to 0.97 pg/g, respectively. Moreover, the
pattern and extent of AB immunoreactivity with 6E10 was not
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Figure2. Activated microglia colocalize with plaques in aged 3xTg-AD mice. Activated microglia detected by (D45 immuno-
reactivity (brown) colocalize with extraneuronal A3-immunopositive deposits (blue) in the cortex (A), amygdala (B), and hip-
pocampus (€) in 24-month-old 3xTg-AD mice. Serial brain sections of the hippocampus were stained with thioflavin S (D). Arrows
point to activated microglia around thioflavin S-positive plaques. Additional double-staining fluorescent analysis using thioflavin
S (green) and IbaT (red) to detect microglia demonstrates that 3xTg-AD mice (E) show similar microglia and plaque interactions
as observed in the hippocampus of the human AD brain (F). Arrows point to microglia associated with the cores of amyloid plaques
in the human AD brain. G, Double fluorescent labeling of GFAP-immunopositive astrocytes (green) and amyloid-containing
plaques (red) detected by 6E10 in 24-month-old 3xTg-AD mice shows colocalization of astrocytes around plaques.

PBS LPS c .

r r '1%: . CIPBS
ala B 35 . PS
= ¢ EEs5
@) re
o g2+
5 o £a°
" i

- © 1
3 himl TN
IL-1p IL-6 o

Figure3. LPSactivates microglia in the 3xTg-AD mice. LPS (0.5 mg/kg body weight) or PBS was injected intraperitoneally in

4-month-old 3xTg-AD mice twice per week for 6 weeks, and the brains were analyzed by immunohistochemistry. (D45 immu-
noreactivity was compared in the hippocampus of PBS- and LPS-treated 3xTg-AD mice. The brains from PBS-treated mice show
only basal levels of microglial activation (), whereas LPS-treated mice show significantly increased activated microglia (B). At
least five mice per group were analyzed. €, Quantitative RT-PCR of IL-1/3 and IL-6 was performed in total RNA extracts from PBS-
or LPS-treated 3xTg-AD mice brains. In each mouse, the expression levels of mRNA were normalized relative to the levels of GAPDH
mRNA (Ct values for the PBS- and LPS-treated brain are 14.54 == 0.22 and 14.55 == 0.18, respectively), and fold differences were
calculated relative to the PBS-treated group for each IL. **p << 0.01 compared with the PBS-treated mice group (n = 3 in each
group).

significantly different between the LPS- versus PBS-treated
groups (Fig. 4D, E). Therefore, based on our analysis, although
LPS treatment caused a marked activation of microglial cells in
the brains of the 3xTg-AD mice, it did not produce any discern-
ible effect on APP processing, nor did it affect A3 deposition.
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Our results did not match the previous
report that 12 week LPS treatment in old
APPswe transgenic mice increased full-
length APP, C99, AB40, and AB42 (Sheng
etal., 2003). The disparity may be attribut-
able to the age of the animals used for the
experiments, the duration of the treat-
ment, or the background strain. We used
young mice (4 months old) that were
treated for a shorter duration and ob-
served only a slight increase in APP levels
in LPS-treated 3xTg-AD mice, indicating
that longer LPS exposure may cause a sig-
nificant increase in APP as described by
Sheng et al. (2003).

LPS-induced inflammation modulates
selective tau phosphorylation

Unlike the minimal effect on APP, we
found that the LPS treatment significantly
exacerbated the tau pathology in the
3xTg-AD mice. Although the steady-state
levels of total human tau protein as recog-
nized by the human-specific HT7 anti-
body on immunoblots were comparable
between the LPS- and PBS-treated groups
as measured by densitometric analysis, we
found that the steady-state levels of AT8
immunoreactivity, which recognizes tau
phosphorylated at Ser202 and Thr205,
were more than twofold higher in the LPS-
treated mice (Fig. 5A), and the change was
significant ( p < 0.05). The LPS-induced
effect on AT8 immunoreactivity was fur-
ther evident by immunohistochemistry
(Fig. 5B). In contrast, we found no evi-
dence of AT8 immunoreactivity in PBS-
treated 3xTg-AD mice (Fig. 5B). Typically,
we first observe AT8 immunoreactivity
when the mice are ~1 year of age. Never-
theless, although the LPS-treated mice
were only 6 months of age at the time they
were killed, AT8-positive pyramidal neu-
rons were clearly evident in the CA1 sub-
field of the hippocampus (Fig. 5B). The
effect was mainly limited to the hippocam-
pus because cortical AT8 immunoreactiv-
ity was not detected. The reason underly-
ing this region-specific effect is unknown,
although the hippocampus is the first re-
gion to develop tau pathology in the
3xTg-AD mice.

We next tested other phospho-
specific tau antibodies in PBS- and LPS-
treated 3xTg-AD mice brains. LPS treat-
ment did not alter tau phosphorylation
at Ser396/Ser404, which is recognized by
antibody PHF1 (Fig. 6 A, B). However, a

nearly twofold increase in the steady-state level of phosphor-
ylated tau recognized by AT180 was found in LPS-treated
3xTg-AD mice (Fig. 6 A, B). Additional immunohistochemical
staining with AT180 supported a marked accumulation of
AT180-positive neurons including cell bodies and neurites in
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Figure 4.  Effect of LPS-induced inflammation on APP processing in the 3xTg-AD mice. 4,

Immunoblotting of APP, (99, and (83 in PBS- or LPS-treated 3xTg-AD mice, with 3-actin used
as a protein loading control. B, Densitometric analysis of steady-state levels of full-length APP,
(99, or (83 between PBS- and LPS-treated 3xTg-AD mice. Data are presented as mean == SEM
(n=4eachgroup). (, Total AB40and A 342 from detergent-soluble and -insoluble fractions of
PBS- and LPS-treated 3xTg-AD mice were measured by ELISA. (], PBS-treated 3xTg-AD mice;
M, LPS-treated 3xTg-AD mice. Data are presented as mean == SEM (n = 8 each group). D,
Fluorescent intensity of 6E10-immunopositive neurons in the cortex and hippocampus was
quantitatively analyzed using Quantity One software. Data are presented as mean intensity =
SEM (n = 5 each group). E, Representative immunofluorescent staining of APP and A3 frag-
ments by 6E10in the neocortex and hippocampus of 3xTg-AD mice treated with PBS or LPS. a.u.,
Arbitrary units; HC, hippocampus; X, cortex.

the CA1 region of the hippocampus (Fig. 6C). Because AT180
antibody recognizes tau phosphorylated at residues Thr231/
Ser235, LPS-induced inflammation modulated selective phos-
phorylation sites of tau in the brain, indicative of the activa-
tion of a certain kinase(s).

To further validate that LPS-induced tau phosphorylation is
not mediated by APP/AB-related pathological changes,
6-month-old NonTg mice were treated with LPS in the same
manner for 6 weeks. The hippocampus and cortex were isolated
after the completion of the treatment, and tau phosphorylation
was determined by immunoblotting. AT8-immunoreactive tau
was markedly elevated in these brains (Fig. 6 D). Densitometric
analysis of the steady-state levels of AT8 between PBS- and LPS-
treated NonTg mice showed a significant ( p < 0.01) increase in
AT8-positive tau in LPS-treated mice (n = 4; data not shown).
Because NonTg mice do not normally develop any tau pathology,
our study shows that LPS-induced inflammation has a profound
effect on tau phosphorylation even in NonTg mice; in contrast,
AP levels were unaffected.
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4

Inflammation-induced enhancement of tau phosphorylation. A, Inmunoblotting

Figure 5.
analysis of total tau (HT7) and phosphorylated tau (AT8) in PBS- and LPS-treated 3xTg-AD mice,
with B-actin used as a protein loading control. Data represent at least five mice per group. B,
Immunohistochemical staining of total human tau and phosphorylated tau in hippocampal
neurons of 3xTg-AD mice treated with PBS and LPS. The inset in the bottom right panel is a
magpnified view of AT8-immunopositive neurons in the hippocampus.

LPS-induced inflammation exacerbates tau pathology

via cdk5

To elucidate the molecular basis underlying the LPS-induced se-
lective phosphorylation of tau in the 3xTg-AD mice, we assayed
several putative tau kinases. Specially, we measured the activated
forms of cdk5, GSK-3, p38—-MAPK, and JNK because these ki-
nases are known to phosphorylate tau in vitro and in vivo (Atzori
et al., 2001; Savage et al., 2002; Sun et al., 2002; Liu et al., 2003).
Among them, the activities of GSK-33, p38—MAPK, and JNK are
all regulated via phosphorylation at specific amino acids. For
example, GSK-3 is activated through the phosphorylation at
Tyr216 or is inhibited when Ser9 is phosphorylated by Akt activ-
ity (Cohen and Frame, 2001). We found that LPS-induced in-
flammation did not alter the activation status of GSK-3f3, p38—
MAPK, or JNK, as determined by immunoblotting with selective
phospho-specific epitope antibodies (Fig. 7A).

We did find that LPS treatment affected cdk5. cdk5 is consid-
ered to be a major tau kinase, whereby its activation is accom-
plished by binding of activator proteins p35, p39, or p25, a
cleaved fragment of p35 (Humbert et al., 2000; Lee and Tsai,
2003). p35, a molecule with a short half-life, is localized to cell
membranes, whereas its proteolytic product, the p25 fragment, is
diffused throughout the cytosol and nucleus and has a longer
half-life (Lee and Tsai, 2003). Potent neurotoxicity of p25 has
been documented, and significantly increased p25 levels have
been reported in postmortem AD brain tissues (Patrick et al.,
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Figure 6. Site-specific phosphorylation of tau after LPS exposure. A, Immunoblotting of

AT180- and PHF1-positive phospho-tau in LPS- or PBS-treated 3xTg-AD mice brain, with
B-actin used as a protein loading control. B, Densitometric analysis of steady-state levels of
PHF1 or AT180 between PBS- and LPS-treated 3xTg-AD mice. Data are presented as mean ==
SEM (n = 5).**p << 0.01. C, Representative immunohistochemical staining of AT180-positive
tau in hippocampal neurons of 3xTg-AD mice treated with PBS and LPS. D, Six-month-old
NonTg mice were treated with 0.5 mg/kg LPS or PBS intraperitoneally twice per week for 6
weeks. After the treatment period, the hippocampus and cortex were isolated, and proteins
were analyzed by immunoblotting for AT8-positive phosphorylated tau. a.u., Arbitrary units.

1999; Lee et al., 2000). We detected no difference in the steady-
state levels of cdk5 between the LPS- and saline-treated mice, but
we did detect a significant elevation in the steady-state levels of
p25 in the LPS-treated 3xTg-AD mice (Fig. 7A), and densitomet-
ric analysis revealed that p25 levels were increased nearly twofold
(p < 0.05; data not shown). Likewise, enhanced p25 levels were
also found in LPS-treated NonTg mice (Fig. 7B), further support-
ing the fact that cdk5/p25 activation is mediated by
inflammation.

To further address the role of cdk5 in the LPS-induced in-
crease in tau phosphorylation, we directly measured cdk5 enzy-
matic activity. At least eight mouse brains per treatment were
analyzed for cdk5 activity. The cdk5 activity was nearly twofold
higher in the LPS-treated 3xTg-AD brain compared with sham-
treated 3xTg-AD mice, and the difference was statistically signif-
icant ( p < 0.01; data not shown). In contrast, the kinase activity
of GSK-3pB did not differ between the two groups (data not
shown), in agreement with the immunoblot data, which showed
no difference in steady-state levels of phosphorylated GSK-3. In
contrast, the higher steady-state levels of p25 is consistent with it
leading to a prolonged activation of cdk5, thereby resulting in
increased phosphorylation of tau at residues Ser202/Thr205 (rec-
ognized by AT8) and Ser235 (recognized by AT180) but not at
non-cdk5 sites such as Ser404 that (recognized by PHF1) (Ish-
iguro etal., 1991; Baumann et al., 1993; Patrick et al., 1998, 1999).
Overall, these findings are consistent with our immunohisto-
chemical observations in which we found marked increases in
AT8 and AT180 immunoreactivity in the brain of LPS-treated
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Figure 7.  LPS-induced inflammation causes increased p25 formation. 4, Immunoblotting for

p35/p25, cdkS, phosphorylated/total GSK-3 3, phosphorylated/total p38 —MAPK, and phosphorylat-
ed/total INK of PBS- and LPS-treated 3xTg-AD mice, with 3-actin used as a protein loading control.
Densitometricanalysis revealed asignificant ( p << 0.05) increasein p25 levelsin LPS-treated 3xTg-AD
mice (n = 5; data not shown). B, Inmunoblotting for p35/p25 and cdk5 of PBS- and LPS-treated
NonTg mice, with B-actin used as a protein loading control. Densitometric analysis revealed a signif-
icant ( p << 0.05) increase in p25 levels in LPS-treated NonTg mice (n = 4; data not shown).
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Figure 8.  Roscovitine inhibits the cdk5-dependent phosphorylation of tau in LPS-treated

3xTg-AD mice. 3xTg-AD mice were treated with roscovitine (300 nmol per day) or vehicle (50%
DMSO) through an intraventricular infusion during the last 2 weeks of the 6 week LPS treat-
ment. The hippocampus was isolated and tested for phosphorylation status of tau by immuno-
blotting. The steady-state levels of human APP and tau were not altered by roscovitine treat-
ment. Densitometric analysis revealed the steady-state levels of AT8- and AT180-positive tau
resulted in nearly a twofold and threefold reduction in roscovitine treatment, respectively,
whereas PHF1-positive tau levels were not affected by LPS (data not shown). Membranes were
reprobed with 3-actin to control the equal protein loading (n = 3 each group).

3xTg-AD mice, whereas PHF1 immunoreactivity was unaffected
by the LPS treatment.

To confirm that the LPS-induced phosphorylation of tau
was mediated by cdk5, we treated mice with roscovitine, a
cdk5-specific inhibitor (Zhang et al., 2004). Roscovitine was
chronically delivered during the final 2 weeks of LPS exposure.
We first determined whether roscovitine modulated APP and
tau steady-state levels in the LPS-treated mice by immuno-
blotting. As shown in Figure 8, total human APP (6E10) and
tau (HT7) did not differ between the treatments, consistent
with the data shown above. Notably, AT8- and AT180-positive
tau phosphorylation, however, were markedly decreased in
the roscovitine-treated mice (Fig. 8). As expected, PHFI-
positive tau remained unchanged. Therefore, based on these
findings, we conclude that the mechanism underlying the
LPS-induced inflammation and subsequent phosphorylation
of tau is specifically mediated by the activation of the cdk5/p25
pathway.

Discussion

In this study, we characterized the inflammatory response that
develops in the CNS of the 3xTg-AD mice and discerned its rela-
tionship to the plaque and tangle pathology. We found that mi-
croglia become activated in an age-dependent manner and are
highly localized to AB-affected brain regions including the neo-
cortex, amygdala, and the subiculum and CA1 subfields of the
hippocampus. Marked activation of microglia was first evident at
~11-12 months of age, which corresponds to the time when A3
plaque numbers start to increase in these brain regions and to the
onset of fibrillar plaques. Many activated microglia could be
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found adjacent to or surrounding Af plaques, and similar tem-
poral and spatial patterns have been documented previously in
other APP transgenic mouse models (Frautschy et al., 1998;
Stalder et al., 1999; Gordon et al., 2002) as well as in human AD
(Perlmutter et al., 1990). Collectively, these data support a role
for extraneuronal A serving as a major trigger for the onset of
inflammation.

Inflammation, and in particular microglia, appears to play a
dichotomous role in the pathogenesis of AD. On one hand, these
reactive cells clearly play a beneficial role by surrounding amyloid

laques, presumably isolating it from the neighboring neuropil
(Akiyama et al., 2000). Activated microglia can phagocytose
amyloid, thereby facilitating its clearance from the brain
(Frautschy et al., 1992; Funato et al., 1998; Weldon et al.,
1998). Immunotherapeutic-based strategies also seem to de-
pend on microglial activation to clear amyloid deposits
(Schenk et al., 1999; Bard et al., 2000, 2003; Morgan et al.,
2000). On the other hand, epidemiological evidence suggests
that use of a subset of nonsteroidal anti-inflammatory drugs
can reduce the risk for AD, presumably by lessening the in-
flammatory component (Stewart et al., 1997; Anthony et al.,
2000; Broe et al., 2000; Lim et al., 2000; Weggen et al., 2001;
Zhou etal., 2003). Furthermore, as our studies clearly demon-
strate, inflammation may also have a detrimental effect on the
onset and development of the tau pathology.

After administering LPS to the 3xTg-AD mice for 6 weeks, the
expression of IL-183 was significantly increased in these brains,
whereas the expression levels of IL-6 or TNFa were not altered.
This finding is consistent with a previous in vitro study showing
that LPS caused a marked elevation of IL-18 mRNA in microglial
cells isolated from mouse brain (Hetier et al., 1988). Although the
levels of all of these cytokines are found to be elevated in post-
mortem AD brains (Griffin et al., 1989; Dickson et al., 1993; Huell
et al., 1995), IL-1 may be an early component during disease
development and progression and potentially modulate tau pa-
thology, as our data and others have suggested (Griffin et al.,
1995; Apelt and Schliebs, 2001; Bellucci et al., 2004). Work in
other transgenic models further supports this hypothesis. For
example, in Tg2576 mice, astrocytes immunoreactive for IL-13
are found in and around early-stage plaques, whereas increased
levels of IL-6 are not found until later ages (Apelt and Schliebs,
2001). Elevation of IL-6 expression was followed by the treatment
of IL-18 and AP peptides in a cell-culture model (Holmlund et
al., 2002). Finally, high levels of IL- 13 in both the spinal cord and
brain were reported in a tau transgenic model, with the elevated
IL-1 levels correlating with the tau pathology (Bellucci et al.,
2004).

These inflammatory responses may lead to a marked increase
in AT8- and AT180-immunoreactive neurons in the CA1l sub-
field of the hippocampus but not in the steady-state levels of
PHF1-positive tau. This selective phosphorylation of tau was me-
diated by an activation of cdk5. Based on our results, three critical
findings support a central role for cdk5 in the inflammation-
mediated phosphorylation of tau. First, the steady-state levels of
p25 were markedly higher in the LPS-treated mice, which is sig-
nificant because elevated levels of p25 cause a prolonged activa-
tion of cdk5 (Tsaietal., 1994; Alvarez et al., 1999; Ahlijanian etal.,
2000; Lee et al., 2000). Second, the enhancement of p25 levels in
the LPS-treated group resulted in the activation of cdk5 as evi-
denced by directly monitoring its kinase activity. Finally, rosco-
vitine abolished the LPS-mediated effects on tau phosphorylation
at the cdk5-specific sites (i.e., Ser202 and Ser235) in the 3xTg-AD
mice. Notably, cdk5 activation appears to be one of the earliest
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tau-associated pathological changes documented in postmortem
studies, because activation of cdk5 and the presence of AT8 im-
munoreactivity occurs in neurons with early stages of AD neuro-
fibrillary degeneration, but the colocalization of cdk5 and AT8
immunoreactivity in neurons is not apparent in late stages (Pei et
al., 1998; Augustinack et al., 2002).

In our model, the levels of PHF1-positive tau did not signifi-
cantly change in LPS-treated mice, although several in vivo and in
vitro studies reported that cdk5 activation increased PHFI1-
positive tau phosphorylation (Evans et al., 2000; Lund et al., 2001;
Cruz et al., 2003; Shelton et al., 2004). The inability of LPS to
increase PHF1 immunoreactivity may be explained by the age of
mice used in these experiments. In the 3xTg-AD mice, PHF1-
positive tau is evident at older ages (at least 12 months or older)
(Oddo et al., 2003). Because PHF1-tau is considered to be a late
component of tau pathology, it is possible that higher levels or a
longer duration of cdk5/p25 activation may be required to alter
PHF1 immunoreactivity.

Previously, Li et al. (2003) reported that IL-1-induced tau
hyperphosphorylation is mediated by the activation of p38—
MAPK and the application of an IL-1 receptor antagonist signif-
icantly reduced phosphorylated tau, activated p38—-MAPK, and
neuronal loss in rat primary cortical neurons. Furthermore, IL-
1-treated rats exhibited significantly increased numbers of phos-
phorylated tau-containing neurons, and these neurons were also
immunoreactive with phosphorylated p38—MAPK (Sheng et al.,
2001). It was also reported that JNK was markedly activated
within 3 h of LPS injection in rats, and the activation of JNK was
mediated by IL-18 (Lynch et al., 2004). These data implicate
other kinases in the inflammation-mediated tau phosphoryla-
tion, yet interestingly, we did not find any significant activation of
these kinases after 6 week LPS exposure in young 3xTg-AD mice,
although we cannot exclude that they played an early transient
role.

In conclusion, we report the temporal profile of microglia and
astrocyte activation in the brains of the 3xTg-AD mice and show
that it appears to be best associated with the development of
fibrillar AB deposits in the brain. The effect of LPS-induced in-
flammation on tau pathology is particularly intriguing because it
provides strong experimental evidence showing that brain in-
flammation can induce a pathological outcome in the brain. Our
studies suggest that the mechanism underlying the
inflammation-induced effect on tau is mediated by the cdk5 ki-
nase, because administering roscovitine to these mice specifically
blocked this effect. To our knowledge, this study represents one
of the first reports to show that inflammation specifically targets
this kinase and leads to an event that many consider to be an
adverse effect (i.e., tau hyperphosphorylation) in tauopathies
such as AD. Finally, because the inflammatory response that nat-
urally develops in the 3xTg-AD brains best correlates with the
buildup of fibrillar AB plaques, it is plausible that AB-induced
inflammation likewise leads to a similar effect, targeting cdk5
kinase and resulting in tau hyperphosphorylation. Therefore,
these data suggest a novel pathway by which the A and tau
pathology may be linked further.
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