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Abstract

Background—Apolipoprotein E (ApoE) is the major apolipoprotein present in the high-density
lipoprotein-like particles in the central nervous system (CNS). ApoE is involved in various
protective functions in CNS including cholesterol transport, anti-inflammatory, and antioxidant
effects. An ApoE peptide would be expected to exert protective effects on neuroinflammation.

Objective—To determine the effects of an ApoE mimetic peptide Ac-hE18A-NH, on amyloid-
pathology.

Method—Using human APP/PS1AE9 transgenic mice and in vitro studies, we have evaluated the
effect of an ApoE mimetic peptide, Ac-hE18A-NH,, on amyloid plaque deposition and
inflammation.

Results—Administration of Ac-hE18A-NH, to APP/PS1AE9 mice for 6 weeks (50 pg/mouse, 3
times a week) significantly improved cognition with a concomitant decrease in amyloid plaque
deposition and reduced activated microglia and astrocytes, and increased brain ApoE levels.
Oligomeric AB42 (0AB42) and oxidized PAPC (ox-PAPC) inhibited secretion of ApoE in U251
cells, a human astrocyte cell line, and this effect was ameliorated in the presence of peptide Ac-
hE18A-NH,. The peptide also increased APy, uptake in a cell line of human macrophages.

Conclusions—~Peptide Ac-hE18A-NH> attenuates the effects of oxidative stress on ApoE
secretion, inhibits amyloid plaque deposition, and thus could be beneficial in the treatment of
Alzheimer’s disease.
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INTRODUCTION

Alzheimer’s disease (AD) is a chronic neurodegenerative disorder characterized by the
deposition of amyloid-f (A-B) plaques and neurofibrillary tangles (NFTS) in the brain [1].
Increased levels of A-§ oligomers and synaptic impairment are thought to play a pivotal role
in AD pathogenesis [2]. Microglia participate in the innate immunity in the brain, and they
are also considered to be the major cell type responsible for inflammation-mediated
neurotoxicity [3]. Early microglial activation appears to delay progression of AD-like
pathology [4]. However, as AD progresses, microglia become dysfunctional and fail to
phagocytose and/or degrade A-B, further contributing to disease progression [5]. Recent
large scale genome wide association studies indicate that both inflammation and lipid
metabolism are involved in the development of sporadic, late-onset AD [6].

Apolipoprotein E (ApoE) is a protein consisting of 299 amino acids with a molecular mass
of 34 kDa. It has two domains, the N-terminal domain (residues 1-191) containing the
receptor binding region and the C-terminal domain (residues 223-299) containing the lipid
binding region [7]. As a component of lipoproteins, it is involved in cholesterol and lipid
transport and metabolism [8, 9]. Recently it has also been shown to possess anti-
inflammatory and antioxidant properties [10, 11]. The liver is the major site for synthesis
and secretion of peripheral ApoE [12]. ApoE in the central nervous system (CNS) is
synthesized and secreted by astrocytes and microglia, since it cannot cross the blood-brain
barrier (BBB) [13]. In humans ApoE has three major protein isoforms (ApoE2, ApoE3, and
ApoE4). The association of the &4 allele of ApoE as a genetic risk factor for AD has been
well established, accounting for between 50-60% of the genetic variation in the disease [14,
15]. Although the mechanisms by which ApoE isoforms affect risk of AD are not entirely
understood, there is strong evidence that ApoE isoforms differentially modulate AB
metabolism and accumulation. Since ApoE has a crucial role in AB-dependent and ApB-
independent AD pathogenic pathways, it is logical to consider strategies that regulate its
expression and function. The genotype-dependent decrease in CNS ApoE levels mirrors the
relative risk of developing AD, suggesting that low levels of total ApoE exhibited by £4
carriers [16, 17] and by human ApoE4 knock-in mice [18-20], may directly contribute to the
disease progression, perhaps due to reduced ApoE function in lipid metabolism, synaptic
repair, and AP clearance. Thus, increasing the expression of ApoE irrespective of genotype
might prevent or slow the progression of AD.

Based on the observation that ApoE possesses dual domains, Ac-hE18A-NH,, a 28 amino
acid residue peptide, was designed in our laboratory. This ApoE mimetic peptide contains
the cationic putative receptor-binding region of human ApoE (hE; residues 141-150,
LRKLRKRLLR) covalently linked to the class A amphipathic helical model peptide 18A
(DWLKAFYDKVAEKLKEAF). Details of the design of this peptide have been previously
described [21, 22]. Peptide Ac-hE18A-NH, reduces plasma cholesterol levels in
dyslipidemic animal models and inhibits atherosclerotic plaque formation [23]. Analogous
to ApoE, this peptide has also been shown to possess anti-inflammatory and recycling
properties and capacity to efflux cellular cholesterol [24].
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As inflammation and cholesterol are linked to AD, we hypothesized that the dual-domain
anti-inflammatory peptide would exert protective effects in a mouse model of AD. Here we
show that Ac-hE18A-NH, inhibits amyloid deposition when administered to APP/PS1AE9
transgenic mice with a concomitant decrease in the number of activated microglia and
astrocytes. Using an in vitro system we have shown for the first time that soluble oligomeric
A4 as well as oxidative stress inhibits ApoE secretion by astrocytes, and that this is
ameliorated in the presence of peptide Ac-hE18A-NH,.

MATERIALS AND METHODS

Materials

Animals

Water maze

Peptide Ac-hE18A-NH, with the sequence Ac-
LRKLRKRLLRDWLKAFYDKVAEKLKEAF-NH, was synthesized by the solid phase
peptide synthesis method using fluorenylmethyloxycarbonyl (FMOC) amino acids and
suitable protected amino acids as described previously [24]. The peptides were purified by
preparative HPLC, and the purity and identity of the peptides were determined by analytical
HPLC and mass spectrometry. For obtaining 14C-labeled peptides, during the last step of the
synthesis 14C-labeled acetic acid (American Radiolabeled Chemicals, Inc. St. Louis, MO)
was used to acetylate the N-terminus of the peptide instead of normal acetic acid. Oxidized
lipids (ox-PAPC) were prepared by 72 h air oxidation of palmytoylarachadonyl phosphatidyl
choline (PAPC) purchased from Avanti Polar Lipids (Birmingham, AL). AB4, was
purchased from EZbiolab Inc, USA and soluble oligomeric AB4, was prepared as described
[25].

Male APP/PS1AE9 mice were purchased from Jackson Laboratories, Bar Harbor, ME
(Strain name B6C3-Tg [APPswe,PSEN1AE9]85Db0/J; stock number 004462) [26]. A
breeding colony was established by breeding male APP/PS1AE9-mice with female
B6C3F1/J (Jackson Laboratories, Bar Harbor, ME). The animals were genotyped for the
presence of trans-gene by PCR amplification of genomic DNA extracted from 1 mm tail
clippings. Two groups of 4 month old male APP/PS1AE9 were used for the study (n=8in
each group). One group received peptide Ac-hE18A-NH> by retro-orbital administration (50
ug/ mouse) 3 times a week for 6 weeks. The control group received an equal volume of
saline. Mice were housed under standard conditions in conventional cages and were given
standard rodent diet and water ad libitum. All animal procedures were approved by the
Institutional Animal Care and Use Committee of the University of Alabama at Birmingham.

Spatial memory was evaluated by the water maze test as described earlier [26]. Briefly, the
mice were tested in a water maze consisting of a round pool (diameter, 112 cm) filled with
water (22°C) to a height of 31 cm. An escape platform (8 cm diameter) was submerged 1/2
cm below the water surface in the Northeast (NE) quadrant. The acquisition of the spatial
task consisted of placing the mouse in the water next to and facing the wall successively in
south (S), north (N), east (E), and west (W) positions. In each trial, the mouse was allowed
to swim until it found the hidden platform or until 60 s had elapsed, at which point the
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mouse was guided to the platform. The time required to find the hidden platform is referred
to as escape latency. Shorter escape latency values represent improved cognitive function.
The movement of the mice was tracked by the Ethovision system (Noldus, Leesburg) for
four trials daily for 5 days. The day after completion of the acquisition phase, a “probe trial”
was also conducted by removing the platform and placing the mouse facing the south side.
The amount of time mice spent in the target quadrant, where the platform was present
earlier, was measured in a single one minute trial.

Brain tissue preparation

Mice were anesthetized with ketamine/xylazine, and blood was collected by cardiac
puncture. After whole-body perfusion with 0.9% saline, brains were harvested. The brains
were cut sagittally into left and right hemispheres. The right hemisphere was fixed in
buffered formaldehyde for histological analysis. The left hemisphere was snap frozen in
liquid nitrogen and stored at —80°C until biochemical analysis.

Plasma cholesterol

Plasma total cholesterol levels were determined colorimetrically using commercial reagents
(Infinity cholesterol reagent, Sigma, St. Louis, MO).

Enzyme-linked immunosorbent assay

The cortex and hippocampus was homogenized with 15 volumes of ice-cold tris-buffered
saline (TBS; pH 7.4) with protease inhibitors (Sigmafast protease inhibitor tablets, Sigma).
The sample was centrifuged at 20,0009 for 20 min at 4°C. Supernatant (TBS extract) was
transferred to a new tube and stored at — 80°C until analyzed. The pellet was washed with 50
ul of cold TBS. 400 pl of 5 M guanidine hydrochloride (GuHCI) containing complete
protease inhibitor was added to the pellet. The sample was vortexed and incubated at room
temperature for 4 h. Homogenate was spun at 20,000 rpm for 20 min at 4°C. The
supernatant (guanidine extract) was transferred to new tubes and stored at —80°C until
analyzed. Total protein levels in soluble and insoluble fractions were assayed using the BCA
(bicinchoninic acid) protein assay reagent method (Pierce). Interleukin-6 (IL-6) and tumor
necrosis factor-a (TNF-a) in the TBS soluble fractions were measured using commercially
available ELISA kits (R&D systems, Minneapolis, MN) according to manufacturer’s
protocol. ApoE levels in the soluble fractions of brain homogenates were determined by
commercially available mouse ApoE ELISA kit (TSZ ELISA, Framingham, MA) according
to manufacturer’s protocol. No co-reaction with the peptide was detected by adding peptide
in increasing levels to the ELISA plate in the absence of brain materials (data not shown).
All values were expressed as amount per total protein.

Immunohistochemistry

Free floating sections were cut using a sliding, freezing microtome at 30 pm and the sections
were used for immunohistochemical analysis. The primary antibody used for assessing
amyloid load was 6E10 (a mono-clonal antibody raised against peptides 1-16 of Ap,
Covance, Dedham, MA) and visualized using Vectastain ABC kit (VVector laboratories,
Burlingame, CA). Activated microglia were detected with rabbit polyclonal antibody to
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ionized calcium binding adaptor molecule-1 (Iba-1; Wako, 1:250). Activated astrocytes
were detected using rabbit polyclonal antibody to glial fibrillary acidic protein (GFAP;
Sigma, 1:100). Microglia and astrocytes were visualized using Vectastain rabbit 1gG kit
(Vector laboratories, Burlingame, CA) and Extra avidin Peroxidase kit (Sigma, St.Louis,
MO) respectively.

Microscopic image analysis

Image analysis was performed on four coronal sections per brain. The sections were
digitalized using a Nikon Eclipse E600 microscope with camera, and the images were
converted to grayscale using the Paint Shop Pro 7 program. To analyze amyloid depositions
and activated microglial and astrocyte burden, the area covered by A (i.e., amyloid burden),
Iba-1 positive area (i.e., activated microglia), and GFAP positive area (i.e., reactive
astrocytes) were measured through the cortex and hippocampus using the Scion Image
(NIH) program. Burden was defined as the percentage of stained surface of total area.

Tissue bioavailability

Cell culture

AB42 uptake

APP/PS1AE9 mice (n = 3) were injected with 14C-labeled Ac-hE18A-NH,. The injected
volume was 200 pl at a concentration of 2.2 mg/ml with a specific activity of 148227
cpm/mg via tail vein. 6 h post administration, mice were perfused with 30 ml saline, brain
harvested, homogenized and 14C radioactivity was counted.

The U251-MG astroglioma cell line (kind gift from Dr. Etty Benveniste) was grown in
DMEM/Ham’s F-12 medium supplemented with 10 mM HEPES, 2 mM I-glutamine, 100
U/ml penicillin, 10 ug/ml streptomycin, and 10% FBS as described previously [27, 28].
Cells were treated with Ac-hE18A-NH> at different concentrations for 24 h. The cell
viability was assessed by commercially available TOX-1 kit (MTT assay, Sigma). THP-1
monocytes obtained from American Tissue Culture Collection (ATCC) were maintained in
RPMI-1640 medium (ATCC, USA) containing 10% FBS, 2 mM HEPES, 1.5 g/L sodium
bicarbonate, 50 U/ml penicillin, 50 pg/ml streptomycin, and 50 pM p-mercaptoethanol at
37°C in 5% CO,. The monocytes were differentiated into macrophages by the addition of
phorbol myristate acetate.

THP-1 monocyte derived macrophages were washed twice with serum free media (SFM)
and fresh SFM was added to the cells. Soluble AB4> was added to the media at concentration
of 2 pg/ml along with peptide Ac-hE18A-NH> at various concentrations. Cells treated with
Ap4, alone were considered as control. The cells were incubated at 37°C for 3 h. The
medium was then removed and the cells were washed twice with PBS. To remove cell
surface-bound AP, the cells were incubated with 0.05% trypsin/EDTA for 20 min. The cells
were then pelleted by centrifugation and the pellet was washed twice with PBS. Following
centrifugation, the cells were lysed in lysis buffer (containing Complete protease inhibitor,
Roche) and incubated at 4°C for 30 min. The cell lysates were then cleared by centrifugation
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at 14,000x g. Protein content was measured using a BCA protein assay (Thermo Scientific).
A4, was quantitated using commercially available ELISA kit (Life Technologies).

Secretion of ApoE

To measure the ability of peptide to overcome the oxidized lipid-mediated inhibition of
APpOE secretion, U251 astrocytes were incubated overnight with and without peptide (5
pg/ml) following pretreatment with or without different amounts of ox-PAPC or 0AB,, for 6
h. Amounts of ApoE secreted into the media were determined by human ApoE ELISA
(Mabtech Inc., Cincinnati, OH). To determine whether the ELISA assay detects ApoE
mimetic peptide, a control experiment was carried out using various concentrations of Ac-
hE18A-NH,, and performing ELISA. The ApoE ELISA assay was specific for hApoE as it
did not detect peptide (data not shown).

Statistical analysis

RESULTS

Data were expressed as mean + SEM. Comparison of treatment groups were performed by
student’s t-test. SigmaStat software (Systat Software Inc.) was used for all statistical
analysis. p < 0.05 was considered statistically significant.

Administration of peptide Ac-hE18A-NH> did not decrease plasma cholesterol levels

We chose the dose, frequency, and duration of peptide treatment (50 pug/mouse, 3 times per
week for 6 weeks), based on the observation that in earlier experiments with the same
parameters the peptide was able to inhibit atherosclerotic plaque formation in
hyperlipidemic mouse models [23, 29]. Peptide Ac-hE18A-NH, has been shown to lower
plasma cholesterol dramatically in hyperlipidemic mouse models but not in C57BL/6J mice
on normal diet [30]. Thus we analyzed plasma cholesterol levels in saline and peptide
administered mice at baseline and after 6 weeks of treatment. These mice are
normolipidemic with high-density lipoprotein being the major component. In agreement
with our earlier observations [30], we did not find differences between plasma cholesterol
values in saline (from 141.3 + 8.0 mg/dl at baseline to 156.2 + 12.5 mg/dl at euthanasia)
versus peptide administered mice (from 165.3 £ 10.3 mg/dl to 170.9 £+ 13.8 mg/dl). Retro-
orbital (RO) administration is one way of administering the peptide intravenously, and this
mode of administration has a distinct advantage over tail vein administration that it allows
multiple administrations. We compared the known effect of peptide Ac-hE18A-NH, on
plasma cholesterol by injecting ApoE null mice with same dose of the peptide either via tail
vein or RO. The 5 min and 5 h change in plasma cholesterol levels were identical compared
to baseline in both route of administration [tail vein: 52 + 4% (5 min) and 14 + 1% (5 h) and
RO: 52 + 3% (5 min) and 17.2 £ 2% (5 h)]. Thus we have administered peptide Ac-hE18A-
NH, via RO in studies using multiple injections.

Administration of peptide improves cognitive function

One week prior to the end of the experiment, the mice were assessed for their spatial
memory and retention in the water maze. This test is widely used to evaluate spatial learning
and memory ability in rats and mice [31]. As shown in Fig. 1A, mice treated for 6 weeks
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with the ApoE mimetic peptide Ac-hE18A-NH, showed improvement in their spatial
memory by day 5 of the test period by finding the hidden platform significantly faster than
saline treated mice (p < 0.05). Retention of the memory for the location of the platform was
tested in a probe trial in which on the 6th day after starting the training, the platform was
removed and mice were allowed to swim in the pool for 60 s. The amount of time mice
spent in the target quadrant was noted. The peptide treated mice spent more time than saline
treated mice in the target quadrant, showing a trend for improved memory retention (Fig.
1B), suggesting that the ApoE mimetic peptide improved memory acquisition with a trend
toward improved memory retention.

ApoE mimetic peptide inhibits amyloid plaque deposition

We next evaluated AB immunoreactivity in brain sections from control and peptide-treated
mice using antibody 6E10 which recognizes amino acids 1-17 of human Af [32]. As shown
in Fig. 2A and B, Ac-hE18A-NH, administered mice have fewer plaques in the dorsal
cortex and hippocampus compared to control mice treated with saline. Quantitative analysis
of the amyloid burden, defined as the percentage of area occupied by immunoreactive stain
in the measurement field (Fig. 2C), showed statistically significant differences between the
control and peptide treated groups (p < 0.05) in both the cortex and hippocampus.

Gliosis is inhibited by Ac-hE18A-NH,»
Ac-hE18A-NH, has been shown to possess anti-inflammatory properties [23, 24]. Thus, in
addition to the analysis of Apburden, we evaluated the treatment effect of peptide Ac-
hE18A-NH, on inflammatory responses, characterized by activated microglia and reactive
astrocytes which has been shown to be associated with AD [33]. Brain sections were
immunostained with Iba-1 (for activated microglia) and GFAP (for reactive astrocytes). As
shown in Fig. 3A, transgenic mice treated with saline exhibited GFAP-positive astrocytes in
the entire cortex and hippocampus. However, treatment with peptide for 6 week (Fig. 3B)
was able to significantly inhibit reactive astrocytes by about 22% (p < 0.05). Similarly,
compared with saline-treated mice, the number of Iba-1 immunopositive activated microglia
in the peptide Ac-hE18A-NH, treated mice were significantly reduced (Fig. 4, p < 0.05).
Together, these results indicate that the peptide Ac-hE18A-NH, can reduce the number of
activated microglia and reactive astrocytes, corroborating the anti-inflammatory properties
of this peptide as have been previously established [24].

Suppression of neuroinflammatory mediators by ApoE mimetic peptide

Neuroinflammation is a process resulting from an abnormally high or chronic activation of
glia (microglia and astrocytes). “Overactive” states of glia result in increased secretion of
pro-inflammatory and oxidative stress molecules such as interleukin 18 (IL-18), IL-6, and
tumor necrosis factor a (TNF-a), which can lead to neuronal damage and death. Neuronal
damage or death can also induce glial activation, thereby resulting in a detrimental cycle of
neuroinflammation. Thus we analyzed whether the protective effects exhibited by peptide
administration on gliosis would translate to the inhibition of pro-inflammatory cytokines
released by activated glial cells. For this we determined the levels of IL-6 and TNF-a in the
TBS soluble fraction of the brain homogenates of control and peptide treated mice by
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ELISA. As shown in Fig. 5, both cytokines were decreased significantly in the peptide-
treated group, indicating that the mechanism by which the peptide inhibits amyloid
deposition may be due to its anti-inflammatory properties.

Ac-hE18A-NH, increases AB4» uptake in THP-1 monocyte derived macrophages

THP-1 human monocytes have been extensively used to investigate the AB-induced
proinflammatory response and display a similar pattern of activation to that of microglial
cells [34, 35]. It has been shown that aggregated A4, induces TNF-a production from a
human monocyte cell line via toll-like receptors [36]. As we have seen that peptide Ac-
hE18A-NH> inhibits TNF-a secretion, we wanted to determine the effect of peptide on ABs,
uptake. For this we utilized THP-1 monocyte-derived macrophages. The cells were treated
with Ay, at a concentration of 2 pg/ml in the presence and absence of various
concentrations of peptide Ac-hE18A-NH, As shown in Fig. 6, peptide Ac-hE18A-NH,
enhanced A4, uptake significantly in a dose dependent manner compared to control. Even
the lowest concentration of the peptide (1 pug/ml) enhanced AB4, uptake more than 2-fold
compared to cells without Ac-hE18A-NH,.

ApoE mimetic peptide crosses BBB

Half-life of the peptide in plasma is 0.0266 h in rapid phase and 1.61 h in slow phase [30].
To analyze if the peptide can cross BBB and to quantitate the amount of peptide in

brain, 14C- labeled Ac-hE18A-NH, was used. 200 pl (2.2 mg/ml) of 14C- Ac-hE18A-NH,
with a specific activity of 148227 cpm/mg was injected into hAPP/PS1AE9 mice (n = 3) via
tail vein, as we did not want to compromise the BBB. 6 h after administration, mice were
anesthetized and perfused with saline and brain was harvested. Brain was immediately
homogenized in a Dounce homogenizer with 60% acetonitrile/water, spun at 14,000 rpm for
30 min and the radioactivity in the supernatant was counted. A 6-h time point was used since
we know from previous work that blood levels of peptide at this time point is negligible and
would thus help avoid false positive results due to blood contamination [30]. We found
0.163 £ 0.011 uM peptide in the brain.

Peptide Ac-hE18A-NH; is not toxic to glial cells

Administration of peptide for 6 weeks to APP/ PS1AE9 mice resulted in inhibition of
amyloid plaque deposition with a concomitant decrease in number of activated glial cells
and pro-inflammatory cytokines. Thus we wanted to further explore the anti-inflammatory
properties of this peptide. To achieve this, we used U251 astrocytes, a human astrocytic cell
line. We tested the toxicity of the peptide by treating U251 cells with different
concentrations of peptide Ac-hE18A-NH, (0 to 10 pg/ml) for 24 h and conducted an MTT
assay to evaluate cell viability. The results indicated that there was no toxicity of the peptide
compared to control at any of the tested concentrations (Fig. 7).

Peptide Ac-hE18A-NH; increases ApoE levels

In the CNS, astrocytes are the major source of ApoE, which is lipidated by the transporter
protein ABCA-1 and is involved in the transport of cholesterol, lipids, and A peptide. As
the peptide can cross the BBB, we wanted to analyze its effect on ApoE levels in CNS.
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ApOE levels in TBS soluble brain homogenates were determined by ELISA. As shown in
Fig. 8, compared to mice that were treated with saline, ApoE levels were significantly
increased in mice treated with peptide Ac-hE18A-NH,.

Oxidative stress inhibits ApoE secretion which is ameliorated by peptide Ac-hE18A-NH,.
Recently we have shown that treating HepG2 cells or human THP-1 monocyte-derived
macrophages with ox-PAPC resulted in inhibition of ApoE secretion, and that this was
ameliorated by the addition of peptide Ac-hE18A-NH, in a dose dependent manner [29]. As
oxidative stress has been shown to be a component of AD, we speculated that the anti-
inflammatory effects seen in mice treated with Ac-hE18A-NH, could partly be due to
enhanced ApoE secretion, which by itself has been shown to be anti-inflammatory [11].
Human U251 astrocytes were treated with different concentrations of either ox-PAPC (Fig.
9A) or 0AB42 (Fig. 9B) for 24 h and ApoE secreted into media was analyzed by ELISA. In
agreement with our earlier observation in macrophages, secretion of ApoE was inhibited by
ox-PAPC as well as 0AB4, treatments. However, the inhibitory effect on ApoE secretion
was overcome when peptide Ac-hE18A-NH, was added to the media for 18 h in a dose
dependent manner after pre-incubation with ox- PAPC or 0AB,,. Furthermore, treatment by
Ac-hE18A-NH, by itself was able to enhance ApoE secretion by about 25%.

DISCUSSION

Previous work from our laboratory has shown that the ApoE mimetic peptide Ac-hE18A-
NH, possesses cholesterol-lowering and anti-inflammatory properties and is effective in
inhibiting atherosclerotic plaque formation in dyslipidemic animal models [23, 24, 29]. In
this study, we show that this peptide is also capable of inhibiting cognitive deficits observed
in APP/PS1AE9 transgenic mice with a concomitant decrease in amyloid plaque deposition.
Impaired acquisition and retention of spatial memory in APP/PS1AE9 transgenic mice is
consistent with previous reports [37]. Administration of Ac-hE18A-NH, reduced the escape
latency significantly by day 5 of the water maze test (Fig. 1A) and showed a trend toward
improved spatial memory retention (i.e., probe trial; Fig. 1B) compared to saline-treated
APP/PS1AE9 transgenic mice, indicating improvement in spatial memory capability.
Treatment with peptide also significantly reduced amyloid load, a neuropathological
hallmark of AD (Fig. 2). This was accompanied by reduced pro-inflammatory cytokine
levels, which are released by activated microglia (Fig. 5). Glial activation contributes to
release of pro-inflammatory molecules which may at least in part cause neuronal toxicity
observed in the disease [38]. We found that treatment with Ac-hE18A-NH, resulted in a
13% reduction in the amount of activated microglia detected by staining for Iba-1 (Fig. 4)
and a 22% decrease in reactive astrocytes detected by staining for GFAP (Fig. 3). Also,
peptide Ac-hE18A-NH, was able to significantly dampen the microglial release of pro-
inflammatory factors IL-6 and TNF-a (Fig. 5) in accordance with earlier work by Datta et
al. [24], which showed that peptide Ac-hE18A-NHs> inhibits LPS-induced VCAM-1, IL-6,
and MCP-1 expression in human umbilical vein endothelial cells and THP-1 monocyte-
derived macrophages. Thus, the protective effects we have observed could partly be due to
the direct anti-inflammatory effects of the ApoE mimetic peptide. One drawback in our
study is that we do not have a peptide control. However, earlier work in our lab has shown
that a control peptide Ac-nhE18A-NH, (with residues 151-160 of hApoE covalently linked
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to peptide 18A) had no effect on plasma cholesterol but enhanced aortic sinus lesion
compared to Ac-hE18A-NH> treated ApoE null mice [23].

There are several studies which suggest that reduced ApoE levels, observed in human g4
carriers and in ApoE4 knock-in mouse models, might contribute to AD [16, 20]. Thus, the
effect of peptide in enhancing neural levels of ApoE may be an additional mechanism by
which the peptide may prevent or slow the progression of AD. To exert such an effect in the
brain, it is important that some peptide crosses the BBB. We have shown that indeed the
peptide Ac-hE18A-NH, can cross BBB (0.13% of the injected dose). As this peptide has
been shown to possess recycling properties, we speculate that the amount of peptide that
enters the CNS is capable of exerting the beneficial effects. The observed increase in neural
ApoE levels (Fig. 8) may reflect this.

Several studies have shown beneficial effects of LXR agonists [39, 40] and ApoE based
therapies [41] in mouse models of AD, wherein treatment upregulates ApoE and ABCA-1
thereby inhibiting amyloid pathology. In these studies, total mouse ApoE levels were
increased in the CNS and it is known that ApoE in mice and other species behaves
functionally like human ApoE3, which is protective [42]. It is also possible that increased
levels of ApoE4 may generate deleterious effects such as slowing AB clearance through the
BBB [43], augmenting AB neurotoxicity [44]. Thus there is debate in the field as to whether
it is better to increase [40, 41] or decrease [45, 46] human ApoE levels (regardless of
isoform) to reduce AP level and improve AD pathology. However, in our studies peptide
Ac-hE18A-NH, has been shown to increase ApoE levels and improve amyloid pathology in
a mouse model of AD.

Both Ap and oxidative stress have been shown to play a significant role in the development
and progression of AD. The appearance of oxidative stress markers are one of the earliest
changes in AD brain [47]. Ap induces oxidative stress in vivo and in vitro [48-50] and
oxidative stress is itself is able to induce the increased production of Ap [51-53]. Our
studies show that peptide Ac-hE18A-NH, enhances the uptake of A 4o by THP-1 monocyte
derived macrophages in a dose dependent manner (Fig. 6). In this study we have shown for
the first time that ApoE secretion by astrocytes in cell culture is inhibited in the presence of
oxidized lipids or in the presence of oligomeric AP 42 and treatment with the ApoE mimetic
peptide overcomes this inhibitory effect (Fig. 9). Thus, the peptide-mediated enhanced
secretion of ApoE may partly contribute to its anti-inflammatory property. Even though we
have observed increased ApoE levels and concomitant improvement in amyloid pathology
in mice treated with peptide Ac-hE18A-NH,, at present we do not know the direct
contribution of peptide versus the beneficial effects of enhanced ApoE levels. Similarly, to
better understand the role of ApoE levels per sein amyloid pathology, further studies are
required wherein peptide is administered to AD model mice expressing different human
ApoE isoforms and assess the resulting effect on amyloid pathology.

CONCLUSIONS

Administration of ApoE mimetic peptide Ac-hE18A-NH, improves spatial memory and
inhibits amyloid plaque deposition in a mouse model of AD. The ApoE mimetic peptide is
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also effective in reducing gliosis with a concomitant decrease in the levels of pro-
inflammatory cytokines IL-6 and TNF-a and an increase in brain ApoE levels. These anti-
inflammatory effects of peptide Ac-hE18A-NH, may perhaps in part be due to its ability to

en

hance ApoE secretion which is known to be anti-inflammatory, or due to direct anti-

inflammatory properties.
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Fig 1.

ApoE mimetic peptide improves behavioral deficits in APP/PS1AE9 mice. Mice were
treated with either saline (n = 8) or Ac-hE18A-NH, (n = 8) (50 pg/day), 3 times a week for 6
weeks via retro-orbital sinus (RO). A) Mice treated with peptide (open circle) found the
hidden platform in the water maze test significantly faster than control mice (closed circle)
(p < 0.05) by day 5. Each point represents the average of four daily trials. B) During the
probe trial, where the mice were allowed to swim for 60 s without the hidden platform,
peptide treated mice (grey bar) spent more time in the quadrant where the platform was
previously hidden, compared to control mice (dark bar). The line indicates the chance level
(25%) of performance. Values are mean = SEM. “p < 0.05.
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Fig 2.

Agministration of peptide Ac-hE18A-NHs> inhibits deposition of amyloid plaque. Brain
coronal sections were immunostained with 6E10 antibody for amyloid load. A, B:
Representative photomicrographs of saline and peptide treated mice respectively. C:
Quantification of percent amyloid load, showing significant improvement in the peptide

treated group (n = 8) compared to saline treated group (n = 8). Values expressed as mean +
SEM. *p < 0.05.
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Fig 3.

GIgAP reactive astrocytes are reduced when mice are administered with apoE mimetic
peptide. Reactive astrocytes were analyzed by staining with GFAP antibody.
Photomicrographs of representative sections are shown (A: saline treatment; B: Ac-hE18A-
NH, treatment). Percentage GFAP staining demonstrated significant attenuation of activated
gliosis by treatment with Ac-hE18A-NH, (grey bar, n = 8) versus control (dark bar, n=8)
(C) ("p < 0.05). Error bars indicate SEM.
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Fig 4.

Pe%tide Ac-hE18A-NH; inhibits number of activated microglia. Iba-1 antibody was used to
immunostain activated microglial cells. Representative photomicrographs (A: saline; B:
peptide treatment) and quantitation of percent of activated microglial cells (Iba-1) (C)
demonstrate a significant reduction in peptide treated mice (grey bar, n = 8) compared to
control mice (dark bar, n = 8). Values are expressed as mean + SEM. “p < 0.05.
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IL-6 and TNF-a levels are decreased in presence of the ApoE mimetic peptide. TBS soluble
fractions of brain homogenates were analyzed for levels of IL-6 (A) and TNF-a (B) using
ELISA. Treatment with Ac-hE18A-NH, inhibited the secretion of both IL-6 and TNF-a
significantly compared to control mice. Values are expressed as mean + SEM. *p < 0.05.
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Fig 6.

Pe%tide Ac-hE18A-NH, enhances A4, uptake by THP-1 monocyte derived macrophages.
THP-1 monocyte derived macrophages were incubated with AB4» (2 ug/ml) in the presence
and absence of various concentrations of peptide Ac-hE18A-NH, for 3 h at 37°C. The cells
were washed with PBS, incubated with trypsin to remove cell surface bound AB,,, and lysed
in lysis buffer. The cell-internalized AB,4, was then assessed by ELISA. Values were
calculated per mg protein of cell pellet and expressed relative to control cells. Mean + SEM.
N = 6 for each condition. ***p < 0.001.

J Alzheimers Dis. Author manuscript; available in PMC 2014 August 04.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Handattu et al. Page 21

120
100- %
>
= 80
-
©
> 601
©
9 40-
2
20+
0 : , : : : :
0 2 4 6 8 10 12
Ac-hE18A-NH, (ug/mL)
Fig 7.

Ac-hE18A-NH, is not toxic to astrocytes. Human astroglioma cell line U251 was treated
with Ac-hE18A-NH, at the indicated concentration for 24 h. The cell viability was assessed
by MTT reduction assay (Sigma). The tested dose (up to 10 pg/ml) was not toxic to
astrocytes. Values expressed as mean = SD. n =4 from at least 3 different experiments.
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Ac-hE18A-NH, increases ApoE levels. TBS soluble brain homogenate was analyzed for the
amount of ApoE by ELISA. Mice treated with peptide Ac-hE18-NH> had significantly
higher levels of ApoE, compared to saline treated mice. VValues are calculated per mg
protein in brain homogenate and expressed as relative to saline treatment. n = 6 per
condition. Values are expressed as mean = SEM. *p < 0.05.
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ApoE mimetic peptide Ac-hE18A-NH, ameliorates the inhibitory effect of 0AB4, and Ox-

PAPC on apoE secretion in astrocytes. U251 cells were treated with OXPAPC (A) or

oligomeric AB4o (B) for 6 h at the indicated concentration. Cells were then treated with Ac-
hE18A-NH, at the indicated concentration for a further 18 h. At the end of 24 h, ApoE

secreted into media was analyzed by ELISA. Cells without any treatment served as controls.
Data were expressed as percentage of control. Values are mean = SEM. n = 6 per treatment.
Like letters (a, b, ¢, d) represents the groups that are NOT statistically significant from each

other.
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