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Abstract

The E4 allele of the Apolipoprotein E (APOE) gene is the strongest genetic risk factor for late-

onset Alzheimer's disease (AD), and affects clinical outcomes of chronic and acute brain damages.

The mechanisms by which apoE affect diverse diseases and disorders may involve modulation of

the glial response to various types of brain damages. We examined glial activation in a mouse

model where each of the human APOE alleles are expressed under the endogenous mouse APOE

promoter, as well as in APOE knock-out mice. APOE4 mice displayed increased glial activation

in response to intracerebroventricular lipopolysaccharide (LPS) compared to APOE2 and APOE3

mice by several measures. There were higher levels of microglia/macrophage, astrocytes, and

invading T-cells after LPS injection in APOE4 mice. APOE4 mice also displayed greater and

more prolonged increases of cytokines (IL-1β, IL-6, TNF-α) than APOE2 and APOE3 mice. We

found that APOE4 mice had greater synaptic protein loss after LPS injection, as measured by three

different markers: PSD-95, Drebin, and synaptophysin. In all assays, APOE knock-out mice

responded similar to APOE4 mice, suggesting that the apoE4 protein may lack anti-inflammatory

characteristics of apoE2 and apoE3. Together, these findings demonstrate that APOE4 predisposes

to inflammation, which could contribute to its association with Alzheimer's disease and other

disorders.
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INTRODUCTION

The E4 allele of the Apolipoprotein E (APOE) gene is the strongest genetic risk factor for

late-onset Alzheimer's disease (AD) (Genin et al. 2011; Strittmatter et al. 1993). The APOE-

ε4 allele reduces the age of onset of AD (Corder et al. 1993), such that the great majority of

individuals who develop Alzheimer's disease in their 60's are APOE4 positive (Rebeck et al.

1994). APOE genotype also affects recovery from traumatic brain injury, which is partially

characterized by amyloid-beta (Aβ) deposits similar to those seen in AD (Friedman et al.

1999; Smith et al. 2006). APOE4 increases amyloid levels by several types of measures in

animal models (Kim et al. 2009) and in humans (Castellano et al. 2011; Rebeck et al. 1993;
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Schmechel et al. 1993), and is found to associate with Aβ in vivo (Namba et al. 1991) and in

vitro (LaDu et al. 1994; Strittmatter et al. 1993). These studies are consistent with models

where apoE affects Aβ deposition and clearance (Kim et al. 2009; Wisniewski and

Frangione 1992).

The very high risk of AD associated with APOE genotype suggests that apoE may affect

more than one step in AD pathogenesis. In a study of AD brains, APOE genotype affected

microglial activation, controlling for other disease markers (Egensperger et al. 1998).

Genetic studies have also identified several risk factors related to glial activation (Jones et

al. 2010), specifically CR1 (a receptor for complement), and CD33 (a receptor on myeloid

cells) (Hollingworth et al. 2011; Naj et al. 2011). Gliosis is a common feature in

neurodegenerative diseases including AD. It is a response to AD-associated pathological

changes and may contribute to cell loss after the accumulation of the plaques and tangles

(Mrak and Griffin 2005). Reciprocally, chronic gliosis may also occur prior to AD

pathogenesis and actually promote the accumulation of plaques and tangles, and thus the

disease progression (Herrup 2010). Suppression of inflammatory responses has been shown

to reduce AD risk, especially in APOE4 carriers (McGeer and McGeer 2007; Szekely et al.

2008; Yip et al. 2005).

We hypothesized that APOE4 could augment the risk of AD by increasing chronic state of

glial activation or by increasing the glial response of the brain to insults throughout life. We

tested this latter hypothesis by injecting LPS in mice expressing each of the three human

APOE alleles as well as APOE knock-out mice. The human apoE mice express human

APOE alleles under the endogenous mouse APOE promoter (Sullivan et al. 1997), and thus

are an excellent mouse model for understanding the effect of APOE genotype on normal

brain function. Here we report that the APOE4 genotype was associated with increased glial

numbers, increased secretion of cytokines, and decreased synaptic markers.

METHODS

Animals

Homozygous human APOE2, APOE3, and APOE4 knock-in (targeted-replacement) mice

were used (Sullivan et al. 1997); in these mice, exons 2-4 of the human APOE2, APOE3 and

APOE4 genes replaced the corresponding genomic DNA at the mouse APOE locus. These

three mice colonies as well as APOE knock-out mice were maintained at Taconic, Inc.

(Hudson, NY). Experiments were performed on age-matched male animals at 4 months of

age. Animal experiments were conducted in compliance with the rules and regulations of the

Institutional Animal Care and Use Committee at the University of Illinois at Chicago.

Intracerebroventricular (ICV) injection of LPS and animal sacrifice

Mice were anesthetized by intraperitoneal injection of 120 mg/kg ketamine (Abbott

Laboratories, Chicago, IL) and then received unilateral ICV injection of LPS (Sigma, St.

Louis, MO) or vehicle control. Mice were injected with 2.5 μl of 400ng/μl LPS or 2.5 μl of

saline at a rate of 0.5 μl/min, using a syringe pump at the following mouse brain coordinates:

anterior/posterior =-0.34 mm, medial/lateral= 1.0 mm, dorsal/ventral=-2.0 mm (n=4-5 per

treatment group). After each injection, the syringe was left for an additional 2 min to avoid

liquid reflux. These mice were anesthetized with 120mg/kg ketamine and euthanized by

transcardial perfusion with ice-cold phosphate-buffered saline (1x PBS) containing 1x

protease inhibitor cocktail (Calbiochem, Gibbstown, NJ). For immunohistochemistry, the

ipisilateral hemisphere was fixed in 4% paraformaldehyde in 1x PBS, pH7.4, for 48 h and

then stored in 30% sucrose, 1x PBS solution for 24 h at 4°C. The contralateral hemisphere

was immediately dissected on ice to obtain cerebral cortex, hippocampus, and cerebellum
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that were snap-frozen in liquid nitrogen and stored at -80°C for biochemical analyses.

Experiments were conducted on brains 24 or 72 hours after ICV injection of LPS. These

times were chosen to represent early and late responses to inflammation (Maezawa et al.

2006b; Ophir et al. 2003).

Immunohistochemistry and stereological analysis

The ipsilateral hemispheres were subsequently cut into 35 μm coronal sections on a Leica

SM 2000R microtome, and sections were stored at -20°C in 24-well plates with

cryoprotectant (30% glycerol, 30% ethylene glycol, 1x PBS). Every sixth section was

immunohistochemically processed for identification of glial cells using a rabbit antibody

against Glial Fibrillary Acidic Protein (GFAP) (1:500, Dako, Carpinteria, CA) for

astrocytes, and rat anti-F4/80 monoclonal antibody (1:500, Serotec, Raleigh, NC) for

microglia/macrophage. Sections were incubated with the primary antibodies at room

temperature overnight, washed with TBS-T (25 mM Tris-HCl, 137 mM NaCl, 2.7 mM KCl,

pH 7.4, 0.25% Triton X-100), and then incubated at room temperature for 1 h with the

corresponding biotinylated goat anti-rabbit and goat anti-rat IgG secondary antibodies.

Sections were then incubated in peroxidase-conjugated avidin-biotin complex for 1.5 h. A

chromogen solution containing 0.05% 3, 3'-diaminobenzidine and 0.003% H2O2 was used to

obtain a brown staining. The total numbers of F4/80-immunoreactive (F4/80-IR) microglia

and GFAP-IR astrocytes in the hippocampus were determined using the computerized

optical dissector method with Stereo Investigator software (Version 9.03, MBF Bioscience,

Williston, VT) with Zeiss Imager A1 microscope. Cells were manually designated by a

blinded investigator. The total numbers (N) of IR cells were calculated using the formula N

= NV × V, where NV is the numerical density and V is the volume of the hippocampus or

frontal cortex. The densities of the F4/80-IR and GFAP-IR cells in the hippocampus

ipsilateral to the LPS injection site were determined in three sections per animal, and the

average of the counts thus obtained was taken from four to five animals in each group.

Immunofluorescence staining and image analysis

Expression of the T-cell marker CD3 (1:250, Abcam, Cambridge MA), presynaptic marker

synaptophysin (1:1000, Chemicon), and postsynaptic markers PSD-95 (1:500, Abcam,

Cambridge MA) and drebrin (1:2000, Abcam, Cambridge MA), were evaluated by single

immunofluorescence staining. Brain sections (35um) were first blocked by incubation with

TBS-T solution containing 5% bovine serum albumin (BSA) for 1 h at room temperature.

For PSD-95 staining, the brain sections were pretreated with 100 mg/ml of pepsin (DAKO)

at 37°C in a water bath for 5 min prior to blocking (Fukaya and Watanabe 2000). The

sections were then incubated with primary antibodies dissolved in TBST solution containing

0.1% Triton X-100 and 2% BSA for 16 h at room temperature. The bound primary

antibodies were visualized by incubating the sections for 1 h at room temperature with

Alexa 488- or 594-conjugated donkey anti-rabbit IgG (1:1000, Invitrogen). The sections

were then mounted on slides, and fluorescence images were captured using a confocal

scanning laser microscope (LSM 510; Zeiss, Oberkochen, Germany) with a 40X or 63X oil-

immersion lens. Images of CD3, synaptophysin, PSD-95 and drebrin were taken in the CA3

region of the hippocampus or the layer 3-4 of frontal cortex. The numbers of CD3 IR-

positive cells in the CA3 region were evaluated by Image J and expressed as numbers per

mm2.

Preparation of brain homogenates

The cerebral cortex, hippocampus and cerebellum were homogenized with a polytron

homogenizer (Brinkmann Instruments, Rexdale, Ontario, Canada) using 12 rapid pulses in

ten volume of ice-cold lysis buffer (150-350 μl, 50mM Tris-HCl, 150mM NaCl, pH7.4, 1%

Triton X-100, 1x protease inhibitor cocktail). Homogenates were centrifuged at 14,000 g for
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30 min at 4°C and the supernatants were collected for biochemical analyses. Total protein

concentration was determined by BCA protein assay kit (Pierce, Rockford, IL).

Determination of cytokine levels

Pro-inflammatory cytokines (IL-1β, IL-6 and TNF-α) in the brain homogenates were

determined using commercial cytokine ELISA kits following the manufacturer's instructions

(R&D, Minneapolis, MN). Briefly, cytokine standards, samples, diluent buffers, and

biotinylated anti- IL-1β, IL-6 or TNF-α solutions were pipetted into each well. After 2 h

incubation at room temperature, standards and samples were washed and incubated in

streptavidin-HRP working solution for 1 h at room temperature. Absorbance was measured

at 450 nm using a Molecular Devices microplate reader (Molecular Devices, Sunnydale,

CA). The concentration of the IL-1β, IL-6 and TNF-α was determined against a seven-point

standard curve. The quantity of IL-1β, IL-6 and TNF-α was expressed as pg/mg total

protein.

Immunoblot analysis

For each hippocampal homogenate, 30-50 μg of total protein was separated by 4-12% Bis-

Tris gel (Invitrogen). Separated proteins were transferred onto PVDF membranes and

analyzed by western blotting. The following primary antibodies from Abcam were used:

Rabbit anti-PSD-95 (1:3000), Rabbit anti-synaptophysin (1: 2000), mouse anti-α-tubulin

(1:8000), and mouse anti-drebrin antibody (1:1000), respectively. After incubation with the

appropriate HRP-conjugated secondary antibody, membranes were developed using ECL-

enhanced chemiluminescence (Amersham, Piscataway, NJ). The X-ray film was scanned

and the density of bands was quantified using Image J software. The amount of protein was

expressed as a relative value to the levels of α-tubulin.

Statistical analysis

Data are expressed as mean ± SD. Statistical analysis was performed using the SPSS 10.0

software package (Graphpad, San Diego, CA). Two-way analyses of variance (ANOVA)

were used to analyze interaction of APOE genotype, LPS or saline injection and treatment

time. Tukey'spost-hoc analyses were used to detect statistical differences among the groups

using P< 0.05 as significance values.

RESULTS

Although apoE is predominantly expressed in glial cells, in some instances of neuronal

toxicity, apoE expression is observed in injured neurons (Xu et al. 2006). Therefore, in our

first set of experiments, we examined which cells expressed apoE in the presence and

absence of LPS stimulation in vivo. LPS or vehicle was injected into the ventricles of the

different lines of human APOE knock-in and mouse apoE knock-out mice, and brain

sections were examined 72 hours later. ApoE is normally expressed by astrocytes and

microglia, and indeed, we observed apoE immunoreactivity in GFAP- and F4/80-positive

cells (Figure 1A-B, top panels), but not in neurons in our condition (Figure 1C, top panel).

Three days after LPS injection, apoE immunoreactivity was increased in both astrocytes and

microglia, but was still not observed in neurons (Figure 1A-C, bottom panels).

Chronic inflammation may predispose to Alzheimer's disease (Herrup 2010). We

hypothesized that APOE genotype may differentially affect inflammation, thus we examined

glial activation in human APOE knock-in mice and mouse APOE knock-out mice.

Immunostaining of microglia/macrophages (F4/80) and astrocytes (GFAP) from untreated

brains did not demonstrate differences in glial numbers or morphology across genotype

(data not shown). Therefore, we hypothesized that APOE genotype may affect glial
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activation after an inflammatory stimulus. In order to specifically examine the effect of

APOE genotype on glial activation, we injected LPS or vehicle into the ventricles of the

different lines of APOE knock-in mice and examined brain sections and homogenates 24 or

72 hours later.

We tested the effect of LPS on the number of hippocampal F4/80 positive cells. As

expected, in LPS-injected mice, the F4/80 positive cells displayed an “activated”

morphology, with larger cell bodies and thicker processes (Figure 2A). After 24 hours, there

were significant increases in the numbers of F4/80 positive cells in all mouse lines compared

to mice injected with saline. In APOE2 and APOE3 mice, the increases in microglia/

macrophage numbers were 70% and 46%, respectively (Figure 2B). However APOE4 mice

showed a significantly higher increase, at 133% over control levels (p<0.01 compared to

APOE2 or APOE3). The APOE knock-out mice showed an even greater increase (213%,

p<0.01) compared to the APOE knock-in mice.

When hippocampi were analyzed three days after LPS exposure, there was a further increase

in F4/80 positive cell numbers, and the APOE4 and APOE knock-out mice had the highest

levels. APOE4 mice averaged 18% more microglia/macrophages, and APOE knock-out

mice averaged 26% more than the APOE3 mice (p<0.01) (Figure 2B). There were no

significant differences in the numbers of F4/80 positive cells 72 hours after saline injection

in any of the strains of mice. These data demonstrate that APOE4 and APOE knock-outs are

predisposed to a stronger inflammatory response to LPS in vivo.

We tested whether the effects of APOE genotype on glial activation were limited to the

hippocampus, or whether the cortex showed similar effects. ICV injection of LPS induced

activation of cortical microglia/macrophage in all APOE lines with significant differences

seen after three days (Figure 3A). No significant changes were observed after 24hrs (data

not shown). Quantification of these cells showed significantly greater increases in the

APOE4 and APOE knock-out mice (Figure 3B), consistent with what we observed in the

hippocampi.

We further tested whether the effect of APOE genotype on glial activation was limited to

F4/80 positive cells, or whether it also affected activation of astrocytes. We analyzed the

same brains for astrocyte numbers in the hippocampus by immunostaining for GFAP

(Figure 4A). The increase in astrocyte numbers after LPS stimulation was consistently less

dramatic than the effects on microglia. None of the mice displayed statistically significant

increases in astrocytes 24 hours after LPS. The APOE2 and APOE3 mice also showed no

changes in astrocyte numbers at 72 hours, but the APOE4 and APOE knock-out mice

displayed significant increases in astrocyte numbers at 72 hours (27% and 33%,

respectively, p<0.01) compared to saline-injected controls or to the APOE2 and APOE3

mice (Figure 4B).

We next tested whether, in addition to affected glial numbers, APOE genotype also affected

release of pro-inflammatory cytokines. We measured three important pro-inflammatory

cytokines, IL-1β, IL-6, and TNF-α, at 24 and 72 hours after LPS injection, using ELISAs on

hippocampal brain extracts. Consistent with their roles as transient mediators of damage,

levels of each of these cytokines were increased dramatically 24 hours after LPS, and then

returned toward baseline levels by 72 hours. At 24 hours, levels of IL-1β were increased

from approximately 1.3 pg/mg protein in all lines to 17.0 pg/mg protein in APOE2 mice,

18.4 pg/mg protein in APOE3 mice, 24.5 pg/mg protein in APOE4 mice and 34.6 pg/mg

protein in APOE knock-out mice (Figure 5A). The increases observed in both APOE4 and

APOE knock-out mice were significantly greater than those observed in APOE2 and

APOE3 mice (P<0.01). After 72 hours, the levels of IL-1β returned to baseline levels in the
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APOE2 and APOE3 mice, but were still significantly elevated in the APOE4 (7.9 pg/mg

protein, p<0.01) and the APOE knock-out (8.4 pg/mg protein, p<0.01) mice (Figure 5A).

Similar patterns were also seen for both IL-6 and TNF-α. For IL-6, at 24 hours after LPS,

levels increased from a baseline of approximately 2.4 pg/mg protein to 13.2 pg/mg protein

(APOE2), 19.1 pg/mg protein (APOE3), 31.1 pg/mg protein (APOE4) and 33.5 pg/mg

protein (APOE knock-out) (Figure 5B). The increases in APOE4 knock-in and APOE

knock-out mice were significantly greater than those in APOE2 and APOE3 mice (p<0.01).

At 72 hours, levels of IL-6 in APOE2 and APOE3 mice were similar to untreated mice, but

remained significantly elevated for APOE4 and APOE knock-out mice (8.2 and 8.9 pg/mg

protein, respectively) (Figure 5B).

At 24 hours after LPS treatment, TNF-α levels increased from a baseline of approximately

0.3 pg/mg protein to 2.7 pg/mg protein for APOE2 and APOE3 mice, and to significantly

greater levels in APOE4 (5.7 pg/mg protein) and APOE knock-out (8.0 pg/mg protein) mice

(Figure 5C). The increases observed in APOE4 and APOE knock-out mice again were

significantly greater than those observed in APOE2 and APOE3 mice (p<0.01). At 72 hours

after LPS, levels of TNF-α in APOE2 and APOE3 mice were not significantly different than

untreated mice, but were significantly elevated for APOE4 and APOE knock-out mice (1.5

and 1.7 pg/mg protein, respectively, p<0.01) (Figure 5C). Thus, for all three cytokines,

APOE4 and APOE knock-out mice were associated with a greater induction and a longer

increase in cytokine levels.

These data indicate that APOE4 compared to the other alleles increases the endogenous

inflammatory response of the brain. We next tested whether it also increased the influx of T-

cells from the periphery by measuring CD3-positive cells in the brain 72 hours after LPS

injection. Very few CD-3 positive cells were observed in the brains of animals injected with

saline. However, after LPS, numbers of CD3-positive cells increased significantly in all

lines of mice (Figure 6), demonstrating the large influx of T-cells after brain LPS injection.

Again, APOE2 and APOE3 mice showed the lowest levels of CD3 cells (28 and 42 times

the levels in the control APOE3 brains, respectively). APOE4 mice (64 times) and APOE

knock-out mice (68 times) showed significantly higher levels than the APOE2 and APOE3

mice (p<0.01) (Figure 6).

Finally, we tested whether these increases in glial activation correlated with neuronal

changes. We did not observe any difference in the density of NeuN-positive cells between

saline and LPS-treated brains (data not shown). We analyzed changes in synaptic proteins as

markers of neurotoxicity. Three synaptic proteins, PSD-95, drebin, and synaptophysin, were

analyzed 72 hours after LPS and vehicle exposure by both immunohistochemistry and

immunoblotting. Hippocampal staining for each of these synaptic markers showed the

expected distributions on cell bodies and processes (Figure 7A-C). From the

immunostainings, each synaptic marker seemed decreased in the CA3 region of mice treated

with LPS, when compared with saline treatment (Figure 7A-C). To accurately quantify

levels of each synaptic marker, we used total hippocampal lysates for immunoblotting. In

the vehicle treatments, there were no significant differences of synaptophysin levels across

groups. However, levels of PSD95 and Drebin were significantly less in the APOE4 (15%

and16%, respectively) and APOE knock-out (24% and 13%, respectively) mice compared to

APOE3 mice, suggesting that there may be underlying basal differences in post synaptic

densities among the genotypes. When comparing LPS to vehicle, for PSD-95 (Fig 7A), we

observed a 33% decrease in the APOE4 mice and a 39% decrease in the APOE knock-out

mice, significantly greater reductions than seen in APOE2 (10%) and APOE3 (16%) mice at

72 hours. Similarly, for drebin (Fig 7B), we found that LPS compared to vehicle resulted in

a 26% decrease in the APOE4 mice and a 35% decrease in the APOE knock-out mice,
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greater reductions than seen in APOE2 (25%) and APOE3 (22%) mice. Finally, for

synaptophysin (Fig 7C), we found that LPS resulted in an 11% decrease in the APOE4 mice

and a 15% decrease in the APOE knock-out mice, whereas APOE2 mice showed no

decrease and APOE3 mice showed a 9% decrease. The levels of each of these synaptic

markers in APOE4 and APOE knock-out mice were significantly less after LPS treatment

than the levels seen in APOE2 or APOE3 mice (PSD-95, p<0.01; Drebin, p<0.01;

synaptophysin, p<0.05). Thus, LPS caused a greater loss of synaptic proteins in APOE4 and

APOE-knock-out mice.

DISCUSSION

We found that APOE genotype affected glial activation in mice such that those expressing

the APOE4 allele responded to an acute, brain inflammatory challenge (ICV injection of

LPS) more strongly than those expressing APOE2 and APOE3, and that APOE2 mice

responded similarly as APOE3 mice. The heightened levels of glial activation in APOE4

mice were also evidenced by increased levels of three cytokines (IL-1β, IL-6, and TNF-α),

and increased numbers of F4/80 positive cells and infiltrating T-cells. The APOE4 mice also

showed the greatest reductions in synaptic markers after the inflammatory challenge, which

was not great enough to result in observable neuron loss. Acute injection of LPS does not

model the chronic effects of discrete amyloid deposits, neurofibillary tangles, and cell death

seen in AD. However, our data importantly show that the effects of APOE4 on inflammation

may occur in conditions beyond AD. We are currently using mouse models of amyloid

deposition to test whether APOE genotype affects glial responses to Aβ deposits.

These data provide in vivo evidence consistent with other findings that define apoE as an

anti-inflammatory agent, with the apoE4 protein being less efficacious than apoE2 and

apoE3. In vitro, LPS-induced inflammation was greatest in the presence of apoE4-

expressing glia, compared to apoE2 or apoE3-expressing glia (Maezawa et al. 2006b). In

vivo, APOE4 genotype also increased susceptibility to central and peripheral inflammation,

and depended on gene dosage (Vitek et al. 2009). APOE4 knock-in mice showed increased

LPS-induced inflammation compared to APOE3 knock-in mice (Lynch et al. 2003) and

decreased dendritic lengths (Maezawa et al. 2006a). APOE knockout mice and cells are

more susceptible to induction of inflammatory cytokines after LPS treatment (Laskowitz et

al. 1998; Lynch et al. 2001). Similar to the APOE knock-out mice, APOE4 knock-in mice

showed increased brain inflammation in response to LPS, suggesting that apoE4 is impaired

at blocking inflammation.

The mechanism of the anti-inflammatory effect of apoE is being elucidated. ApoE interacts

with its receptor LRP1 and inhibits downstream JNK activation (Pocivavsek et al. 2009a;

Pocivavsek et al. 2009b; Pocivavsek and Rebeck 2009). Gene expression studies found that

LPS induced stronger inflammatory responses in APOE4 mice through greater activation of

the NF-kB signaling cascade (Ophir et al. 2005). ApoE also reduces activation of

macrophage, again through interactions with apoE receptors (Baitsch et al. 2011). Some of

the observed effects in APOE4 mice may be due to lower levels of apoE protein present in

the brains of these mice. Total brain apoE levels were found to be reduced by various

assays, including immunoblots (Vitek et al. 2009), ELISA (Riddell et al. 2008) and mass

spectrometry (Sullivan et al. 2011).

The anti-inflammatory nature of apoE is supported by the observations that APOE knockout

mice and APOE4 mice have worse responses to brain injuries accompanied by strong

components of glial activation, such as ischemia (Sheng et al. 1999), experimental

autoimmune encephalomyelitis (Li et al. 2006), traumatic brain injury (Lynch et al. 2002),

and induced neuroinflammation (Laskowitz et al. 1998; Lynch et al. 2001; Lynch et al.
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2003). Treatments with peptides that activate apoE receptors have proven therapeutic for

mouse models of brain damages. For example, peptides based on the apoE receptor-binding

domain decrease glial activation and reduce damage in traumatic brain injury (Laskowitz et

al. 2010), promote axon regeneration after peripheral nerve injury (Li et al. 2010), and

decrease lesion volume after focal brain ischemia (Tukhovskaya et al. 2009). These

protective effects of apoE-based therapeutics may depend on their roles in reducing

inflammation.

Even in the absence of induced inflammation, APOE4 mice have neuronal and cognitive

deficits. APOE4 knock-in mice have reduced neuronal complexity in the amygdala and the

cortex (Dumanis et al. 2009; Wang et al. 2005), as well as a reduced density of cortical

dendritic spines (Dumanis et al. 2009). Our findings showing reduced PSD95 and drebin

staining under control conditions (Fig 7A,B) are consistent with these results. Moreover,

APOE4 mice have behavioral differences in retention of spatial memory (Bour et al. 2008)

and avoidance behavior (Grootendorst et al. 2005). APOE4 mice also show reduced LTP in

the dentate gyrus of the hippocampus (Trommer et al. 2004), although enhanced LTP in the

CA1 region has been reported (Korwek et al. 2009). Thus, normal expression of APOE4 is

associated with structural and functional alterations in various regions of the brain. We

hypothesize that these changes may result from chronic induction of low levels of

inflammation throughout life, and may predispose to brain damages that accumulate with

aging.

The importance of inflammation in AD is emphasized by epidemiological and clinical

studies. The use of non-steroidal anti-inflammatory drugs (NSAIDs) decreases the risk of

AD (McGeer and McGeer 2007). Several studies have specifically addressed whether this

risk depended on APOE genotype and found the reduced risk was largely attributable to the

APOE4-positive individuals (Szekely et al. 2008; Yip et al. 2005). If NSAIDs can act by

inhibiting inflammatory processes in the CNS, they may be particularly effective in

individuals with the apoE4 proinflammatory phenotype. Determining the roles of apoE

isoforms in modulating the effects of NSAIDs on measures of neurotoxicity may help

elucidate how NSAIDs could be protective (Varvel et al. 2009). Clinical trials of Aβ
immunotherapies have found that some participants have adverse neuroinflammatory side

effects, for example, vasogenic edema (Salloway et al. 2009). Interestingly, almost all the

adverse side effects reported were in APOE4 carriers, prompting segregation of E4 positive

and E4 negative carriers in future clinical studies. These findings are consistent with our

reports here of APOE4 carriers having an enhanced neuroinflammatory response compared

to the other APOE genotypes.

Our work demonstrates that APOE genotype affects several aspects of the inflammatory

response in mouse brains, leading to increased neuronal damages in APOE4 mice. These

studies support the model where apoE4 increases susceptibility to inflammation brought

about by various types of brain damages, such as stroke, AD and TBI. The model of LPS

injection was chosen for these studies to avoid effects of APOE genotype on other aspects of

AD pathology, such as plaques and tangles. It would be interesting to investigate whether

the susceptibility of the APOE4 brain to inflammation was observed in areas not vulnerable

to AD pathogenesis, such as the cerebellum or striatum. Together, these data suggest that

strategies to reduce inflammatory processes may be particularly effective in APOE4

individuals.
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Figure 1. ApoE protein expression in the hippocampus of apoE-TR mice after treatment

APOE2, APOE3 and APOE4 mice were sacrificed 24 h and 72 h after treatment. ApoE

expression in the hippocampus was determined by immunofluorescence staining.

Representative images of (A) F4/80 (green) and apoE (red); (B) GFAP (green) and apoE

(red); and (C) NeuN (green) and apoE (red) staining in the CA3 region of the hippocampus

in saline- and LPS-treated APOE4 mice at 72h. Yellow color in merged image shows apoE-

expressing cells. Scale bar is 50 μm.
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Figure 2. LPS induces F4/80 positive cell activation in an APOE genotype dependent manner in
the hippocampus

APOE2, APOE3, APOE4 and APOE knock-out mice were sacrificed 24h and 72h after ICV

injection of LPS (1000ng) or saline. (A) Representative IHC images of F4/80-positive

microglia in the hippocampus under 5X and 63X lens (Inset). The scale bar is 100μm and

10μm, respectively. (B) Quantification of F4/80- positive cells in the hippocampus. The

numbers of F4/80-positive microglia are expressed as mean ± SD (n=4-5/group). **P<0.01,

compared with saline treatment at the same time point. ##P<0.01, compared with APOE2 or

APOE3 at the same LPS treatment time point.
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Figure 3. LPS induces F4/80 positive cell activation in an APOE genotype dependent manner in
the cortex

APOE2, APOE3, APOE4 and APOE knock-out mice were sacrificed 24h and 72h after ICV

injection of LPS (1000ng) or saline. (A) Representative IHC images of F4/80-positive

microglia in the cortex under 5X lens. The scale bar is 100μm. (B) Quantification of F4/80-

positive cells in the cortex. The numbers of F4/80-positive microglia are expressed as mean

± SD (n=4-5/group). **P<0.01, compared with saline treatment at the same time point.

#P<0.05, ##P<0.01, compared with APOE2 or APOE3 at the same LPS treatment time

point.
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Figure 4. LPS effect on hippocampal astrocyte activation

APOE2, APOE3, APOE4 and APOE knock-out were sacrificed 24h and 72h after ICV

injection of LPS (1000ng) or saline. (A) Representative IHC images of GFAP-positive

astrocyte in the hippocampus under 5X and 63X lens (Inset). The scale bar is 100 μm and

10μm, respectively. (B) Quantification of GFAP-positive astrocyte numbers in the

hippocampus. Data are expressed as mean ± SD (n=4-5/group). **P<0.01, compared with

saline treatment at the same time point. #P<0.05, compared with APOE2 or APOE3 with

LPS treatment at 72 hours.
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Figure 5. LPS induces pro-inflammatory cytokine release in an APOE genotype dependent
manner in the hippocampus

APOE2, APOE3, APOE4 and APOE knock-out were sacrificed 24h and 72h after treatment.

The hippocampus was dissected out and homogenates were prepared for TNF-α (A), IL-1β
(B), and IL-6 (C) ELISA. Cytokine levels are expressed as mean ± SD (n=4-5/group).

*P<0.05, **P<0.01, compared with saline treatment at the same time point. ##P<0.01,

compared with APOE2 or APOE3 at the same LPS treatment condition.
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Figure 6. LPS leads to peripheral T cell migration into the brain

APOE2, APOE3, APOE4 and APOE knock-out were sacrificed 72h after treatment and

CD3-positive T cells in the CA3 area of the hippocampi were quantified. Data are expressed

as mean ± SD (n=4-5/group). **P<0.01, compared with saline treatment. ##P<0.01,

compared with APOE2 or APOE3 mice with LPS treatment at 72 hours.
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Figure 7. APOE genotype dependent effects on synaptic proteins

APOE2, APOE3, APOE4 and APOE knock-out were sacrificed 72h after treatment. Shown

on the left are representative immunohistochemistry images of the CA3 region of the

hippocampus. Scale bar is 25μm. Levels of PSD-95 (A), Drebrin (B), and synaptophysin (C)

were determined by western blot. α-tubulin was used as a protein loading control. Western

blot data are expressed as mean ± SD (n=3-4/group). *P<0.05, **P<0.01, compared with

saline treatment at 72 hours. #P<0.05, ##P<0.01, compared with APOE2 or APOE3 with

LPS treatment at 72 hours.
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