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Neurobiology of Disease

The Diabetes Drug Liraglutide Prevents Degenerative
Processes in a Mouse Model of Alzheimer’s Disease

Paula L. McClean, Vadivel Parthsarathy, Emilie Faivre, and Christian Holscher
School of Biomedical Sciences, Ulster University, Coleraine BT52 1SA, Northern Ireland, United Kingdom

Type 2 diabetes is a risk factor for Alzheimer’s disease, most likely linked to an impairment of insulin signaling in the brain. The incretin
hormone glucagon-like peptide-1 (GLP-1) facilitates insulin signaling, and novel long-lasting GLP-1 analogs, such as liraglutide, are on
the market as diabetes therapeutics. GLP-1 has been shown to have neuroprotective properties in vitro and in vivo. Here we tested the
effects of peripherally injected liraglutide in an Alzheimer mouse model, APP_,, /PS1 o (APP/PSI). Liraglutide was shown to cross the
blood- brain barrier in an acute study. Liraglutide was injected for 8 weeks at 25 nmol/kg body weight i.p. once daily in 7-month-old
APP/PS1 and wild-type littermate controls. In APP/PS1 mice, liraglutide prevented memory impairments in object recognition and water
maze tasks, and prevented synapse loss and deterioration of synaptic plasticity in the hippocampus, commonly observed in this model.
Overall B-amyloid plaque count in the cortex and dense-core plaque numbers were reduced by 40 -50%, while levels of soluble amyloid
oligomers were reduced by 25%. The inflammation response as measured by activated microglia numbers was halved in liraglutide-
treated APP/PS1 mice. Numbers of young neurons in the dentate gyrus were increased in APP/PS1 mice with treatment. Liraglutide
treatment had little effect on littermate control mice, whose behavior was comparable to wild-type saline controls; however, synaptic
plasticity was enhanced in the drug group. Our results show that liraglutide prevents key neurodegenerative developments found in

Alzheimer’s disease, suggesting that GLP-1 analogs represent a novel treatment strategy for Alzheimer’s disease.

Introduction

Type 2 diabetes mellitus (T2DM) has been identified as a risk
factor for Alzheimer’s disease (AD) (Hoyer, 2004; Holscher,
2005; Craft, 2007; Perry et al., 2007). Insulin receptors are desen-
sitized in the brains of AD patients (Craft, 2007). The impairment
of insulin signaling in the brain could play a role in the develop-
ment of neurodegenerative disorders, as it leaves neurons more
exposed to damaging influences (Hoyer, 2004; Hélscher, 2005;
Craft, 2007).

Glucagon-like peptide-1 (GLP-1) is an endogenous 30 aa in-
cretin hormone (Lovshin and Drucker, 2009). Currently, the
GLP-1 receptor agonists exendin-4 (Exenatide, Byetta) and lira-
glutide (Victoza) are approved for treatment of T2DM (Lovshin
and Drucker, 2009). These analogs are injected subcutaneously
and are well tolerated. Incretins do not affect blood glucose levels
in normoglycemic people and can be given to nondiabetic pa-
tients (Vella et al., 2002).

GLP-1 also acts as a growth factor in the brain, and has been
shown to induce neurite outgrowth and to protect against
oxidative injury in cultured neuronal cells (Perry et al., 2007).
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Furthermore, mice that overexpress GLP-1 receptors in the hip-
pocampus (a brain area that is involved in memory formation)
showed increased neurite growth and improved learning (During
etal,, 2003). The deletion of the GLP-1 receptor impairs learning
of new tasks and of developing long-term potentiation (LTP) of
synaptic transmission in the hippocampus (Abbas et al., 2009).
Moreover, GLP-1 and exendin-4 have been shown to reduce en-
dogenous levels of B-amyloid (AB) in the brain (Perry et al.,
2003). GLP-1 analogs induce the proliferation of neuronal pro-
genitor cells in the brains of mice (During et al., 2003). Increasing
cell proliferation has the potential to facilitate the repair of neu-
ronal networks in cortical tissue and could have beneficial effects
in patients with AD (Greenberg and Jin, 2006). We have previ-
ously shown that injection of Val(8) GLP-1 intraperitoneally for 3
weeks rescued LTP in the hippocampus of an APP,_, /PS1,g
(APP/PS1) mouse model of AD (Gengler et al., 2010b).

An important aspect of developing new drug treatments for
neurodegenerative diseases of the brain is the permeability of the
novel compounds across the blood—brain barrier (BBB). Several
studies have shown that the GLP-1 and GLP-1 analogs such as
Val(8)GLP-1 cross the BBB (Kastin et al., 2002; Gengler et al.,
2010b). Peripheral injection of GLP-1 analogs intraperitoneally
increased neuronal progenitor proliferation in the brain (During
et al., 2003) and enhanced LTP and paired-pulse facilitation
(PPF) in the hippocampus (Gengler et al., 2010a). These results
suggest that treatment with GLP-1 analogs beneficially affects a
number of the therapeutic targets associated with AD, such as
impaired cognitive performance, reduced neuronal communica-
tion, neurodegenerative processes, and reduced neuronal regen-
eration (Holscher and Li, 2010). Here we show that liraglutide
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crosses the BBB, and show the effect of 8
weeks of liraglutide intraperitoneal ad-
ministration in an APP_, /PS1 5, mouse 100
model of AD (Jankowsky et al., 2001). We
analyzed impairments in memory forma-
tion, synaptic plasticity of the hippocam-
pus, synaptic density, levels of potentially
neurotoxic soluble oligomers in the brain
(Townsend et al., 2006), total brain amy-
loid precursor protein (APP) levels, the
formation of amyloid plaques, and the in-
flammation response in the cortex, as well
as the formation of new neurons as in-
duced by liraglutide.
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Materials and Methods

Animals
APP_,, /PS1 o mice with a C57BL/6 background
were obtained from The Jackson Laboratory
(http://research.jax.org/repository/alzheimers.
html). Heterozygous males were bred with
wild-type C57BL/6 females bought locally
(Harlan). Offspring were ear punched and
genotyped using PCR with primers specific for
the APP-sequence (forward: GAATTCCGA-
CATGACTCAGG, reverse: GTTCTGCTG-
CATCTTGGACA). For details, see Gengler et
al. (2010b). Mice not expressing the transgene
were used as wild-type controls. Male animals
were used in all studies. Animals were caged
individually and maintained on a 12 h light/
dark cycle (lights on at 8:00 A.M., off at 8:00
P.M.), in a temperature-controlled room (21.5 = 1°C). Food and water
were available ad libitum. Animals were handled daily for 2 weeks before
commencement of the study.

Mice were 7 months of age when treatment began. A baseline object
recognition task was conducted on days 1 and 2 of injection to determine
acute effects of intraperitoneal liraglutide [25 nm/kg body weight (bw)]
or saline (0.9% w/v) injection. Mice were then injected daily with lira-
glutide (25 nm/kg bw) or saline (0.9% w/v) for 8 weeks before further
behavioral tasks were conducted (n = 12 for each group). All experi-
ments were licensed by the UK Home Office in accordance with the
Animals (Scientific Procedures) Act of 1986.
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Figure 1.

0.01; all groups n = 12).

Peptides

Liraglutide was purchased from GL Biochem (Shanghai) Ltd. The purity of
the peptide was analyzed by reversed-phase HPLC and characterized using
matrix-assisted laser desorption/ionization time of flight (MALDI-TOF)
mass spectrometry.

Object recognition task

The object recognition task was conducted in a gray-colored aluminum
open-field arena (58 cm in diameter; 31-cm-high wall). The arena was
illuminated, from 2 m above, using a 60 W lamp. Objects for exploration
were red cubes (1.8 cm diameter) and white balls (2.6 cm diameter). The
arena and objects were cleaned with 70% ethanol between trials to pre-
vent the buildup of olfactory cues.

Mice received a session of 5 min in the empty open-field arena, 24 h
before exposure to objects, to habituate them to the apparatus and test
room. Motor activity was recorded by total path, number of lines crossed,
and speed. The number of rearing events (forepaws elevated from the
floor) was considered to be an index of exploratory behavior. The num-
ber of grooming sessions and the number of fecal pellets are common
measures of anxiety in mice.

Twenty-four hours after habituation, each mouse was subjected toa 10
min acquisition trial, during which they were placed in the open-field
arena in presence of two identical objects (cube or ball) situated at 15 cm
from the arena wall. After a 3 h retention interval, the mice were placed
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Effect of saline and liraglutide treatment on recognition memory in an object recognition task. In the object recog-
nition task, two identical objects were shown to mice for 10 min, after 56 d treatment with either 0.9% saline or liraglutide (25
nm/kg bw). After a 3 hinterval, mice were exposed to one novel and one familiar object. Shown is the recognition index, which is
the percentage of time spent exploring the novel object versus the overall exploration time. Liraglutide treatment made no
difference to the learning ability of wild-type (wt) mice (4, B), with overall difference scores comparable (C). In contrast, liraglutide
rescued the recognition memory of APP/PS1 mice (E), with controls unable to discriminate between novel and familiar objects (D).
Overall difference scores were significantly increased in APP/PS1 liraglutide-treated mice (F) (Student's t test, *p << 0.05, **p <

back into the arena and exposed to the familiar object and to a novel
object for a further 10 min. Object location and novel and familiar ob-
jects were randomized throughout the trial.

Total time spent exploring each of the two objects (when the animal’s
snout was directly toward the object at a distance =2 cm) was recorded.
Recognition index was defined as the amount of time exploring the fa-
miliar object or the novel object over the total time spent exploring both
objects multiplied by 100, and was used to measure recognition memory
(TA or TB/(TA + TB))*100, where A represents familiar object and B,
novel object (n = 12 per group).

Morris water maze task

The maze was made of white opaque plastic with a diameter of 120 cm
and 40-cm-high walls, and was filled with water at 25°C to avoid hypo-
thermia. A small escape platform (10 X 6.5 X 21.5 cm) was placed at a
fixed position in the center of one quadrant, 25 cm from the perimeter,
and was hidden 1 cm beneath the water surface. The room contained a
number of fixed visual cues on the walls.

Acquisition phase. The acquisition trial phase consisted of 4 training
days (day 1-4) and four trials per day with a 15 min intertrial interval.
Four points equally spaced along the circumference of the pool (north,
south, east, west) served as the starting position, which was randomized
across the four trials each day. If an animal did not reach the platform
within 90 s, it was guided to the platform, where it had to remain for 30s,
before being returned to its home cage. Mice were kept dry, between
trials, in a plastic holding cage filled with paper towels. The path length
and escape latencies were recorded (n = 12 per group).

Probe trial. One day after finishing the acquisition task (day 5), a probe
trial was performed to assess the spatial memory (after a 24 h delay). The
platform was removed from the maze and animals were allowed to swim
freely for 60 s. Spatial acuity was expressed as the amount of time spent in
the exact area where the escape platform was located.

Reversal Morris water maze task
One day after completion of the Morris water maze task, a reversal train-
ing program was commenced. This involved changing the location of the
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Figure 2.
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Liraglutide-treated APP/PST mice demonstrate improved memory in Morris water maze learning task. After 56 d treatment with 0.9% saline or liraglutide (25 nm/kg bw), mice were

exposed to a Morris water maze learning paradigm involving 4 d acquisition, followed by a probe trial. Mice then received 4 d reversal training (with platform location moved) followed by a reversal
probe trial. No appreciable differences were observed in the learning behavior of wild-type mice in normal (4, B) and reversal (€, D) water maze training and probe trials, despite a reduced escape
latency on day 1 of reversal training (C). Liraglutide-treated APP/PST group learned the task faster in the acquisition phase, on days 3 and 4 (), and remembered the location of the platform after
the reversal probe trial (F, inset), showed no difference in the reversal acquisition phase (G), but showed good memory in the probe task (H, inset) (Student’s t test, p = 0.0465), while the saline

APP/PST group did not. *p << 0.05, **p << 0.01, ***p < 0.001, all groups n = 12.

escape platform and a 4 d acquisition phase, followed by a probe trial on
day 5 (as outlined above; n = 12 per group).

Analysis of transport across the BBB

Female wild-type (C57BL/6 background) mice were used, 5 per group.
Mice were injected intraperitoneally with 2.5, 25, or 250 nmol/kg bw
liraglutide or saline (0.9% w/v) as control. At 30 min postinjection, mice
were anesthetized and immediately perfused with PBS. The brains were
removed, weighed, and snap frozen in liquid nitrogen, and then stored at
—80°C until processed and analyzed.

Tissue extraction of peptide

Each brain was extracted using acid ethanol. Then, 2.5 ml of acid ethanol
per g of tissue was added, and samples were sonicated, then agitated
overnight at 4°C. Next, samples were centrifuged at 5000 rpm for 30 min
at 4°C, and the supernatant was poured off. The supernatant was dried
for 1 h 30 min in a SpeedVac. The dried samples were reconstituted in the
appropriate assay buffer, and necessary dilutions were made for analysis
by a fluorescent GLP-1 (active) ELISA kit (Millipore). Values were normal-
ized according to the protein content of samples as estimated by the Bradford
method (see also Gengler et al., 2010, for more technical details).

Surgery and electrophysiological recording in the hippocampus
area CAl

The technique used for testing LTP in the hippocampus was exactly as
described by Gengler et al. (2010b). Mice were anesthetized with ure-
thane (ethyl carbamate, 1.8 g/kg, i.p.) for the duration of all experiments.
Electrodes (tungsten with Teflon coating; Bilaney) were implanted at
coordinates 1.5 mm posterior and 1.0 mm lateral for the recording elec-
trode, and for the stimulating electrode, 2.0 mm posterior to bregma and
1.5 mm lateral to the midline. The electrodes were lowered through the
cortex and the upper layers of the hippocampus and into the CA1 region
until the appearance of a negative-deflecting EPSP that had a latency of

~10 ms. Field EPSPs (fEPSPs) were recorded on a computerized stimu-
lating and recording unit (PowerLab, ADInstruments). The program
activated a constant current stimulus isolation unit (NeuroLog System).
The high-frequency stimulation protocol for inducing LTP consisted of 3
trains of 100 stimuli at 200 Hz. LTP was measured as percentage of
baseline fEPSP (n = 8 per group). For paired-pulse facilitation recording,
two identical stimuli were given, and the amplitudes of the fEPSPs were
compared. The interstimuli interval was increased stepwise to test differ-
ent facilitating mechanisms (Gengler et al., 2010b).

Histology

After the LTP studies, animals were perfused transcardially with PBS
buffer followed by ice-cold 4% paraformaldehyde in PBS. Brains were
removed and fixed in 4% paraformaldehyde for at least 24 h before being
transferred to 30% sucrose solution overnight. Brains were then snap
frozen using Envirofreez, and coronal sections of 40 wm thickness were
cut at a depth of —2 to —3 bregma using a Leica cryostat. Sections were
chosen according to stereological rules (Bondolfi et al., 2002), with the
first section taken at random and every fifth section afterward. Between 7
and 13 sections were analyzed per brain.

Staining was performed for Ibal (ionized calcium binding adaptor
molecule 1), a marker for activated microglia, to measure the inflamma-
tion response (Paresce et al., 1997), B-amyloid plaques, congophilic
plaques, synaptophysin, and doublecortin, a marker for immature neu-
rons. All sections were incubated in 3% H,0, to quench endogenous perox-
idase activity. For Ibal staining, sections were incubated in 0.05 M trisodium
citrate, pH 9, at 90°C for 30 min to enhance antigen recognition. After
blocking the sections in 5% normal serum to avoid nonspecific antibody
binding, they were incubated with rabbit polyclonal anti-Ibal (1:2000,
Wako Pure Chemical Industries, catalog #016-20001), goat polyclonal
anti-doublecortin (1:200, Santa Cruz Biotechnology, sc-710), or rabbit
polyclonal anti-amyloid 8 peptide (1:250, Invitrogen, catalog #71-5800)
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as shown by Radde et al. (2006), or rabbit anti-
synaptophysin (1:200, Abcam, catalog #7837-
500). After overnight incubation at 4°C, the
sections were incubated in the respective second-
ary antibodies. For visualization, Vectastain Elite
and SG substrate (Vector Laboratories) were
used. Congo red staining for congophilic plaques
was performed as described by Wilcock et al.
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(2006). All staining was visualized by Axio Scope
1 (Zeiss) and analyzed using a multithreshold pl-
ugin with NIH Image].

ELISA for total soluble B-amyloid levels
Human soluble B-amyloid oligomer levels
were measured using a kit purchased from
Invitrogen according to the manufacturer’s in-
structions. Briefly, right hemispheres of con-
trol and liraglutide-treated APP/PS1 mouse
brains were homogenized in Tris-buffered sa-
line (25 mm Tris-HCI, pH 7.4, 150 mm NaCl)
supplemented with Protease Inhibitor Cocktail
(Sigma, 250 ul per 5 ml of buffer). Brain ho-
mogenates were centrifuged at 100,000 X gand
4°C for 1 h. The supernatant was then diluted
1:10 before carrying out the ELISA, which only
measures the soluble B-amyloid oligomer lev-
els but not amyloid monomers, as detailed in
the manufacturer’s protocol. Protein was
quantified using the Bradford protein assay.
The final AB values were determined following normalization to total
protein levels (n = 6 per group).

Figure3.

ELISA for APP levels

Human APP levels were measured using a kit purchased from Invitrogen
according to the manufacturer’s instructions. Briefly, right hemispheres
of control and liraglutide-treated APP/PS1 mouse brains were homoge-
nized in cell extraction buffer (Invitrogen) supplemented with Protease
Inhibitor Cocktail (Sigma, 250 ul per 5 ml of buffer). Brain homogenates
were centrifuged at 13,000 rpm and 4°C for 10 min. The supernatant was
then diluted 1:10 before carrying out the ELISA, as detailed in the man-
ufacturer’s protocol. Protein was quantified using the Bradford protein
assay. The final APP levels were determined following normalization of
total protein levels (n = 6 per group).

Statistics

Data were analyzed using the program Prism (GraphPad); results are
expressed as means * SEM. Data were analyzed by one-way or two-way
ANOVA, followed by post hoc tests, or Student’s ¢ tests.

Results

Effect of acute saline and liraglutide injection on open-field
behavior and object recognition

After a single injection, 30 min before introduction to the arena,
pathlength and number ofline crosses were greater in liraglutide-
treated than in saline-treated APP/PS1 animals (Student’s t test,
P <0.05,p <0.01, respectively). Exploratory activity, as shown in
number of rearings, increased in liraglutide-treated APP/PS1 and
wild-type mice, compared with respective saline controls. Anxi-
ety levels were comparable in all groups. Neither the saline- nor
the liraglutide-treated APP/PS1 mice remembered a familiar ob-
ject after acute administration, while both saline- and liraglutide-
treated wild-type mice learned the task well (data not shown).

Object recognition memory is improved after chronic
liraglutide administration

After 8 weeks of treatment with 0.9% saline or liraglutide (25
nm/kg bw, i.p.), open-field behavior in APP/PS1 and wild-type
mice was similar after chronic drug administration, with explor-
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Liraglutide protects LTP in APP/PS1and wild-type mice. 4, B, Liraglutide injected chronically for 56 d clearly protected
LTP in area CA1 of the hippocampus in both wild-type (A) and APP/PS1 mice (B) (two-way ANOVA, p << 0.001). €, Paired-pulse
facilitation demonstrates that liraglutide-treated mice have increased facilitation at 50, 80, 160, and 200 ms, compared with
control; *p << 0.05, **p << 0.01 versus control, n = 7. HFS, High-frequency stimulus.

atory behavior enhanced in liraglutide-treated APP/PS1 mice
(Student’s ¢ test, p = 0.0351), and number of line crosses in-
creased in wild-type liraglutide-treated mice (Student’s t test, p =
0.043). In both saline- and liraglutide-treated wild-type animals,
recognition memory was intact (Fig. 1 A, B, Student’s ¢ test, p =
0.039, p = 0.0077, respectively). Liraglutide-treated APP/PS1 an-
imals’ recognition memory was restored (Fig. 1 E, novel vs famil-
iar, Student’s ¢ test, p = 0.0013), while saline-treated APP/PS1
mice failed to discriminate between novel and familiar objects
(Fig. 1D, Student’s t test, p = 0.7964, NS). A significant increase
was observed in the difference score between novel and familiar
objects, and between liraglutide- and saline-treated APP/PS1
mice (Fig. 1F, Student’s t test, p = 0.0495), but not wild-type
mice (Fig. 1C).

Spatial memory in the water maze is improved after chronic
liraglutide administration

Escape latency in liraglutide- and saline-treated wild-type mice
was comparable in the normal (Fig. 2A) and reversal (Fig. 2B)
water maze training paradigms, with escape times reducing
across trials, as expected. Escape latency of wild-type liraglutide-
treated animals was significantly reduced on day 1 of reversal
training (Fig. 2C), compared with saline-treated wild-type ani-
mals (two-way ANOVA, p < 0.01). Both groups spent signifi-
cantly more time in the target quadrant during the probe trial
conducted 24 h after the last training session in both normal (Fig.
2 B) and reversal (Fig. 2 D) trials.

Liraglutide-treated APP/PS1 mice learned the task faster with
significantly reduced escape latencies observed on days 3 and 4 of
training (Fig. 2 E, two-way ANOVA; p < 0.001, p < 0.01, respec-
tively) compared with saline-treated controls. Liraglutide-treated
mice also remembered the exact location of the platform after the
reversal task, while the saline-treated APP/PS1 group did not
(Fig. 2 H, inset; Student’s ¢ test, *p = 0.0465,).

Liraglutide crosses the BBB to enter the brain
When measuring total GLP-1 levels in the brain after intraperi-
toneal injection of 2.5, 25, or 250 nmol/kg bw liraglutide, a sig-
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hippocampus of liraglutide-treated APP/PS1 mice was halved. D—F, The number of Congo red-positive dense core plaques was reduced to 25%. G/, The inflammatory response, as shown by
activated glia (Iba1 stain), was also halved. J-L, Mice treated with liraglutide also had a significant increase in young neurons (doublecortin-positive cells) compared with saline-treated animals.
Sample micrographs show saline-treated (top), liraglutide-treated (middle), and overall (bottom) quantification. ***p << 0.001 (Student's t test), n = 6).

nificant increase of total GLP-1 signal was found in the ELISA
assay 30 min postinjection for the two higher concentrations. An
ANOVA showed an overall significant difference ( p < 0.001),
and post hoc t tests showed the following values (mean *+ SEM):
saline control, 195 * 17 pmol; 250 nmol liraglutide, 284 * 6
pmol ( p <0.01); 25 nmol liraglutide, 247 = 13 pmol ( p < 0.05);
and 2.5 nmol liraglutide, 235 = 12 pmol (NS).

Liraglutide enhances induction and maintenance of LTP and
PPF in APP/PS1 and wild-type mice

When testing the inducibility of LTP in the hippocampus in vivo,
using a weak stimulation protocol, control APP/PS1 animals
were unable to induce LTP, while the liraglutide group showed
enhanced LTP (Fig. 3B) (comparing saline and liraglutide, a dif-
ference was found between drug group DF, |, F = 5.05, p =
0.0461; and over time, DF, | o, F = 2.32, p < 0.0001). Despite
having behavior similar to that of saline-treated wild-type mice,
liraglutide-treated wild-type mice demonstrated significantly
improved LTP (Fig. 3A; drug effect, F = 19.8, DF, |, p = 0.0010;
change in LTP over time, DF, 4, F = 2.43, p < 0.0001). PPF was
also increased in liraglutide-treated APP/PS1 mice at 50, 80, 160,
and 200 ms compared with littermate controls, while no differ-
ences were observed in PPF in wild-type animals (Fig. 3C).

Histological hallmarks of Alzheimer’s disease are
dramatically reduced in liraglutide-treated APP/PS1 mice
B-Amyloid plaque formation, in cortex, was reduced to 50% (Fig.
4C, Student’s ¢ test, p < 0.001) in liraglutide-treated APP/PS1

mice (Fig. 4A) compared with saline controls (Fig. 4 B). Further-
more, the number of dense-core Congo red plaques was reduced
to 25% (Fig. 4 D-F, Student’s t test, p < 0.001). The inflammatory
response, in cortex, as measured by number of activated micro-
glia, was reduced by 50% in the liraglutide group (Fig. 4G-I,
Student’s t test, p < 0.001). Additionally, the number of young
neurons in the dentate gyrus was increased by 65% (Fig. 4J-L,
Student’s ¢ test, p < 0.001).

Synaptophysin levels are increased in liraglutide-treated
APP/PS1 mice

Representative micrographs of synaptophysin staining in both
wild-type (Fig. 5A, B) and APP/PS1 (Fig. 5C,D) mice are shown
in Figure 5. Quantification of levels of expression of synaptophy-
sin demonstrates that wild-type liraglutide- and saline-treated
animals had significantly higher expression levels than both
saline- and liraglutide-treated APP/PS1 mice in the polymorph
layer of hippocampus (Fig. 5E), molecular layer (Fig. 5G), stra-
tum radiatum (Fig. 5H ), stratum pyramidale (Fig. 5I), and stra-
tum oriens (Fig. 5], one-way ANOVA, p < 0.001 for all regions).
Levels in the granular cell layer were also increased in wild-type
versus transgenic mice, but to a lesser extent (Fig. 5F, one-way
ANOVA, p < 0.01). Liraglutide treatment had no effect on syn-
aptophysin levels between wild-type liraglutide- and saline-
treated mice, but increased synaptophysin levels in APP/PS1
mice, to varying degrees, in all regions of the hippocampus (Fig.
5E-], one-way ANOVA, p < 0.05 and p < 0.001), when com-
pared with saline-treated APP/PS1 mice. Liraglutide treatment
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Figure 5.

Synaptophysin levels are partially restored by liraglutide treatment in APP/PST mice. A-D, Representative hippocampal images of synaptophysin-stained brains of both wild-type (4,

B) and APP/PS1 (C, D) mice are shown. E-J, Quantification of levels of expression of synaptophysin demonstrates that wild-type liraglutide- and saline-treated animals had significantly higher
expression levels in all hippocampal regions analyzed than both saline- and liraglutide-treated APP/PST mice (one-way ANOVA, p < 0.01and p < 0.001). Liraglutide treatment had no effect on
synaptophysin levels in wild-type mice, but increased hippocampal synaptophysin levels in APP/PS1 mice, to varying degrees, in all regions (one-way ANOVA, p << 0.05 and p << 0.001), when
compared with saline-treated APP/PS1 mice. K, L, Liraglutide treatment also increased synaptophysin levels in the interior (K), but not the exterior (L) cortex in liraglutide-treated APP/PS1 mice
versus APP/PS1 saline controls. Synaptophysin levels in both exterior and interior cortex were much higher in wild-type mice than in APP/PS1 animals ( p < 0.0001); however, liraglutide treatment
did not change synaptophysin expression in liraglutide-treated wild-type versus saline-treated wild-type mice. *p << 0.05, **p << 0.01, ***p < 0.001, n = 6 per group.

for 56 d increased synaptophysin levels in the interior (Fig. 5K,
one-way ANOVA, p < 0.05), but not the exterior cortex (Fig. 5L)
in liraglutide-treated APP/PS1 mice versus APP/PS1 saline
controls. Synaptophysin levels in both exterior and interior
cortex were much greater in wild-type mice than in APP/PS1
animals (Fig. 5K, L, one-way ANOVA, p < 0.0001); however,
liraglutide treatment did not change synaptophysin expres-
sion in liraglutide-treated wild-type versus saline-treated
wild-type mice (Fig. 5K,L, n = 6 per group).

Soluble A oligomer and total APP levels are significantly
reduced by liraglutide treatment

Liraglutide treatment significantly reduced aggregated B-amy-
loid levels compared with saline-treated controls, 0.13 * 0.0049
versus 0.0995 = 0.0105 ng/mg protein (Fig. 6 A, Student’s ¢ test,
p = 0.0109). Brain APP levels were also significantly reduced by
liraglutide treatment, 21.13 * 3.59 versus 11.67 * 1.754 ng/mg
protein (Fig. 6 B, Student’s ¢ test, p = 0.0272).

Discussion
This study demonstrates that liraglutide, a drug that is on the
market as a treatment for T2DM, has a range of beneficial pro-

tective properties in an APP/PS1 mouse model of AD not previ-
ously encountered. The GLP-1 receptor agonist crosses the BBB
and can prevent the deterioration of learning in object recogni-
tion and water maze tasks. The levels of performance in the drug-
treated group are on the same level as in wild-type controls. These
behavioral improvements were supported by a significant protec-
tion of LTP and paired-pulse facilitation in the liraglutide-treated
APP/PS1 mice. The reduction of synaptic numbers in this APP/
PS1 mouse model was partly prevented by liraglutide. This indi-
cates that synaptic number and function are protected, which
also prevents cognitive impairments. Impressively, the overall
number of plaques in the cortex of the mice was halved, and the
number of dense-core Congo red-positive plaques was reduced
even further. Also, the amount of soluble amyloid oligomers was
reduced. Aggregated amyloid species are considered to be toxic
and more detrimental to neuronal development than plaques
(Townsend et al., 2006). As plaque load and soluble oligomer
levels were reduced, we analyzed the levels of the amyloid precur-
sor protein in the brain to identify whether the reduction is the
result of reduced synthesis or of increased clearance of amyloid.
We found that APP levels were indeed reduced in the brain,
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Figure 6.  Soluble A oligomer and APP levels are reduced in liraglutide-treated APP/PS1
mice. Oligomer 3-amyloid levels and APP levels were measured by ELISA. Liraglutide signifi-
cantly reduced both oligomer (3-amyloid levels (4) (Student's t test, p = 0.0109) and brain APP
levels (B) (Student's t test, p = 0.0272).

showing that synthesis of amyloid is most likely reduced. How-
ever, this does not exclude the possibility that clearance of amy-
loid is also increased. Further studies will be needed to address
this aspect. Importantly, the inflammation response in the
brain was much reduced, as evaluated by the number of acti-
vated microglia. Additionally, the number of new neurons in
the dentate gyrus was normalized to wild-type control levels in
the liraglutide-treated APP/PS1 mice. This confirms previous
findings that show that peripheral injection of liraglutide in-
creases neuronal progenitor cell proliferation and neurogenesis
in the brain (Hamilton et al.,, 2011). The fact that neuro-
neogenesis is normalized in these mice is most interesting. While
it is not completely understood what role the replacement of
neurons plays in the brain, and whether or not these neurons are
actually functionally integrated into the cortical networks, it has
been suggested that the activation of stem cells and the replace-
ment of lost neurons may be of benefit and could potentially
repair some of the damage caused by AD (Korecka et al., 2007).

The results confirm previous findings testing the GLP-1 ana-
log Val(8)GLP-1, which showed a protection of LTP and PPF in
the hippocampus in 9- and 18-month-old APP/PS1-21 mice af-
ter 3 weeks of chronic intraperitoneal injection. However, the
total plaque load and the inflammation response were not
changed (Gengler et al., 2010b). These differences may be attrib-
utable to the increased duration of injection in the current study
and the difference in age at commencement of study.

Clearly, the removal of plaques and the reduction of amyloid
levels in the brain is a very desirable result. Furthermore, the
reduction of the inflammation response is an important aspect in
this context. Inflammation and the detrimental long-term effects
are one of the important underlying mechanisms of neurodegen-
eration found in AD (Aisen, 2002). In vitro studies have shown
that GLP-1 reduces cytokine release after stimulation with lipo-
polysaccharide (Iwai et al., 2006), suggesting that GLP-1 directly
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reduces cytokine release. However, it may be that the reduced cell
count in activated microglia in the present study is caused by the
reduction of plaques in the brain, which also reduces the inflam-
mation response. Further research will have to investigate what
the exact action of liraglutide is.

What could be the basis for the improvements of LTP and
memory formation? Synaptic numbers in the brains of APP/PS1
mice are reduced, as they are in the brains of AD (LaFerla and
Oddo, 2005; Radde et al., 2006). This loss can explain cognitive
impairment and reductions in LTP and paired-pulse facilitation.
Since the reduction in numbers of synapses is less in the
liraglutide-treated APP/PS1 mice, it seems that liraglutide pro-
tects synapses or induces synaptogenesis, and prevents cognitive
impairment and loss of LTP and paired-pulse facilitation.

The described effects on cognition, synapse formation, and
LTP mirror other studies that demonstrate the neuroprotective
effects of growth factors in mouse models of AD. In one study,
brain-derived neurotrophic factor (BDNF) injected intracere-
broventricularly led to an enhancement in hippocampal synaptic
density (Blurton-Jones et al., 2009), while gene delivery of BDNF
in rodents and primates improved cognition and synaptic signal-
ing (Nagahara et al., 2009), without altering plaque load. Growth
factors also enhance stem cell division and cellular repair pro-
cesses (Holscher, 2010). It is therefore to be assumed that GLP-1
receptors activate a similar growth factor-like signaling cas-
cade (see Holscher, 2010, for a detailed discussion). Liraglu-
tide treatment has many advantages over these and other
growth factors, given the level of reduction of B-amyloid, dense
Congo red-positive plaques, and inflammation, and the increase
in neurogenesis observed in the current study. Another major
disadvantage of these growth factors is that they do not cross the
BBB and need to be injected intracerebroventricularly or deliv-
ered by gene delivery systems, which are not suitable for the treat-
ment of large numbers of patients. A different growth factor that
has shown great promise as a treatment for neurodegenerative
disorders is nerve growth factor (NGF). Again, NGF was found to
protect synapses, LTP, and learning abilities in AD mouse models
and non-primate monkeys, though amyloid plaque load was not
affected (Clarris et al., 1994; Kordower et al., 1997; Bradbury,
2005; Covaceuszach et al., 2009). However, NGF does not cross
the BBB either, and therefore, gene delivery systems have been
developed to be able to use NGF as a treatment of CNS disorders.
Such attempts to increase the amount of NGF production in the
CNS have not been successful so far (Clarris et al., 1994; Kor-
dower et al., 1997; Bradbury, 2005; Heese et al., 2006; Schulte-
Herbriiggen et al., 2007).

In comparison, liraglutide can be injected peripherally once
daily and can be taken by nondiabetic people (Vella et al., 2002).
It is already on the market as a T2DM treatment (Victoza) and is
well tolerated. If the improvements in memory and synaptic plas-
ticity, reduction in neurotoxic amyloid oligomer levels, numbers
of amyloid plaques, and inflammation response, and increased
neurogenesis translate to humans, GLP-1 analogs such as liraglu-
tide are a promising new treatment for Alzheimer’s disease. Clin-
ical trials would be needed to verify the effects in humans.
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