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Abstract: Glucagon-like peptide-1 receptor (GLP-1R) agonist treatment has the potential to be a novel therapeutic treatment 

for Alzheimer’s disease (AD). We previously reported that exendin-4, a Gαs protein-coupled GLP-1R agonist, up-regulates the 

membrane AMPA receptor GluR1 subunit in the neocortex. However, it is uncertain whether GLP-1R agonists have an 

advantage as an AD treatment target compared with other Gαs protein-coupled receptors. Here we show that both the protein 

level of proglucagon, a precursor of GLP-1, and the immunoreactivity level of GLP-1 are significantly decreased in the medial 

prefrontal cortex (mPFC) of aged mice (14 months old) compared with young (3 weeks old) or adult (6 months old) mice, but not 

in area CA1, the dentate gyrus (DG) nor in the nucleus of the solitary tract. However, the protein and immunoreactivity levels of 

GLP-1R in the mPFC, DG and hippocampal CA1 and CA3 areas were preserved in the aged mice. We then confirmed whether 

the age-dependent decrease in GLP-1 in the mPFC was associated with the activity level or the number of microglial cells in the 

mPFC. Co-staining of CD11b and GLP-1 in the mPFC revealed that the number of CD11b-positive cells was increased in the 

aged mice. Moreover, lipopolysaccharide (LPS) injection increased the number of CD11b-positive cells in the mPFC, but the 

number of GLP-1-positive cells was unchanged. However, the number of CD11b-positive cells that co-localized with GLP-1R in 

the mPFC is increased by LPS and aging. Because the GLP-1R is preserved in aged mPFC, but the amount of GLP-1 produced in 

the brain region is diminished, and spatial cognitive memory was impaired in aged mice, we propose that treatment with GLP-1 

analogues has great promise for rescuing and ameliorating the age-related mPFC-dependent decline of cognitive functions.  
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1. Introduction 

Reduced glucose utilization and energy metabolism occurs 

early in the course of Alzheimer's disease (AD) and correlates 

with impaired cognition. Growing evidence supports the 

hypothesis that AD is fundamentally a metabolic disease in 

which brain glucose utilization and energy production are 

impaired and responsiveness to insulin and insulin-like 

growth factor (IGF) stimulation [1]. The desensitization of 

insulin receptors in the brain has been observed in AD patients 

with Type 2 diabetes (T2DM) [2, 3]. Consistent with these 

observations, the restoration of insulin responsiveness and the 

use of insulin therapy can lead to improved cognitive 

performance [4], although with variable effects on the brain 

Amyloid-β protein precursor (AβPP)-Aβ load [5]. However, 

experimental evidence indicates that the toxic effects of 

AβPP-Aβ can promote insulin resistance [4].  

Glucagon-like peptide-1 (GLP-1) stimulates insulin 

secretion and inhibits glucagon secretion in the pancreatic 

islets of Langerhans under hyperglycemic conditions. 

Liraglutide restores peripheral insulin sensitivity and reverse 

reduced basal levels of activated Akt and inhibited GSK-3β 

and tau hyperphosphorylation in brain of rats with T2DM [6]. 

Moreover, numerous preclinical studies targeting GLP-1 

signaling for neuroprotective effects [7], anti-apoptotic 

activity [8], and ameliorating learning and cognition 
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deficiencies [9, 10] have encouraged the re-purposing of 

anti-diabetics for the treatment of AD [11, 12]. The US 

FDA-approved anti-diabetic drugs exenatide and liraglutide 

are showing considerable promise in reducing AD pathology 

and in restoring normal brain insulin responsiveness and 

cognitive function in preclinical trials [13]. 

We previously reported that exendin-4, a potent agonist of 

the GLP-1 receptor (GLP-1R), promotes the up-regulation of 

the membrane AMPA receptor GluR1 subunit through the 

activation of cAMP response element-binding protein (CREB) 

and that this process occurs via Gαs protein activation 

signaling in the mouse neocortex. Similar results were 

obtained with the intracerebroventricular administration of Aβ 

oligomer [14]. Moreover, we have also demonstrated that 

GLP-1 analogue administration such as liraglutide 

consistently enhances long-term potentiation (LTP) and 

reverses the impairments of LTP that are induced by 

β-amyloid fragments in the CA1 area of the hippocampus [15]. 

It also reversed the loss of LTP observed in the APP/PS1 

mouse model of AD and reduces the amyloid plaque load [16]. 

Consistent with these properties of GLP-1 receptor agonist on 

the synaptic plasticity, we previously demonstrated that the 

GLP-1 receptor knockout (Glp1r(-/-)) mice were impaired in 

the acquisition phase of a water maze task [17]. Moreover, 

Glp1r gene transfer restored the learning deficit in 

GLP-1R-deficient mice [18]. Therefore, intrinsic signaling via 

GLP-1R in brain is important for maintaining the ability of 

spatial learning and supporting cognitive functions.  

G protein-coupled receptors (GPCRs), including the Gαs, 

directly influence the amyloid cascade through the modulation 

of the α-, β- and γ-secretases, the proteolysis of the amyloid 

precursor protein (APP), and the regulation of amyloid-β 

degradation [19]. Although it has been suggested that the 

GLP-1R is not only coupled to the Gαs but also to the 

Gαi/Gαo type of G proteins [20], our previous findings 

suggested that exendin-4 promotes the CREB 

phosphorylation-independent up-regulation of ADAM10 in 

the plasma membrane fraction of the mouse neocortex, 

resulting in the up-regulation of the protein level of the mature 

form of ADAM10, an α-secretase of amyloid precursor 

protein (APP), indicating that the GLP-1R promotes the 

signaling pathway under the Gαs protein in the mouse 

neocortex [14]. Additionally, the stimulation of Gαs 

protein-coupled serotonin receptor 5-HT4 or pituitary 

adenylate cyclase-activating polypeptide type I receptor 

induced α-secretase activation; the agonist of this receptor has 

been considered to be a therapeutic strategy for AD treatment 

[21, 22]. Therefore, GLP-1 has beneficial properties for 

promoting the degradation of APP in addition to the 

enhancement of synaptic plasticity and cognition, which could 

partially contribute to the amelioration of insulin resistance as 

a treatment for AD.  

The GLP-1 acts as a growth factor in brain, and has been 

shown to induce neurite outgrowth and to protect against 

oxidative injury in cultured neuronal cells [23]. Because the 

nerve growth factor (NGF), leptin, brain-derived neurotrophic 

factor (BDNF) and insulin growth factor (IGF) are also 

neuroprotective [24-27], they have been investigated as 

possible AD treatments. Therefore, GLP-1 analogue also 

appear to be the choice for activating a Gαs protein-coupled 

receptor and activating the second messenger growth factor 

signaling that may be useful in treating AD. However, it has 

not been reported that the expression levels of both GLP-1 and 

GLP-1R are affected by the aging regardless the Aβ toxicity. 

Particularly, it is because that the age-related cognitive decline 

is induced in normal elderly persons in the absence of Aβ 

toxicity in the brain [28, 29], therefore, in the present study, 

we aimed to clarify the age-dependent expression profiles of 

GLP-1 and GLP-1R in brain for elucidate the maximum 

benefit of GLP-1R agonist in brain functions.  

2. Materials and Methods 

2.1. Chemicals and Antibodies 

Mouse monoclonal antibody, HYB 147-06 (sc-57166, 

1:200) which was used for detecting the GLP-1 and 

proglucagon and rabbit polyclonal antibody against GLP-1R 

(H-55; sc-66911 1:50) were purchased from Santa Cruz 

Biotechnology, Inc. (Dallas, TX, USA) which qualities of 

these antibodies have already demonstrated [30-32]. Rabbit 

polyclonal antibody against GLP-1R (ab39071, 1:1,000) for 

Western blotting was purchased from Abcam plc (Cambridge, 

UK) which quality has previously demonstrated [33]. Rabbit 

polyclonal antibody against CD11b (NB110-89474, 1:100) 

was purchased from Novus Biologicals (Littleton, CO, USA). 

Lipopolysaccharide (L3129, serotype 0127:B8) was 

purchased from Sigma-Aldrich (St. Louis, MO, USA). 

2.2. Animal Ethics and Drug Applications 

This study was approved by the Animal Care Committee of 

Ohu University (No. 13-45). All animal procedures were 

performed in accordance with the guidelines of the Animal 

Care Committee of Ohu University. Special care was taken to 

reduce animal suffering and to use the minimum number of 

animals for all of the studies. Young CD1 mice (3-week-old 

males) were supplied by Charles River Laboratories Japan, 

Inc. (Yokohama, Japan). The adult and aged mice were grown 

to 6 and 14 months old respectively in the same environment 

with the young mice. All animals were housed at 25 ± 2°C on 

a 12-h:12-h light-dark schedule with ad libitum access to food 

and water. For the activation of the microglia cells in the 

mPFC, lipopolysaccharide (LPS; 1.0 mg/kg) was 

administered via intraperitoneal injection (i.p.).  

2.3. Tissue Extraction and Western Blotting 

The mouse medial prefrontal cortex (mPFC), whole 

hippocampus and nucleus tractus solitarius (NTS) tissues 

section were quickly removed and Dounce-homogenized in 

RIPA buffer on ice. The RIPA buffer contained 50 mM 

Tris-HCl (pH 7.0), 0.5 mM PMSF, 2.5 mM EDTA, 2.5 mM 

EGTA, 2.0 mM Na3VO4,100 mM NaF, and 1:1,000 protease 

inhibitor cocktail (BioVision, Inc., Milpitas, CA, USA). Each 

extract was mixed with sample buffer containing 50 mM 
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Tris-HCl (pH 7.6), 2% SDS, 10% glycerol, 10 mM 

dithiothreitol, and 0.2% bromophenol blue and boiled at 94°C 

for 5 min. The boiled samples were electrophoresed in 8–14% 

SDS-polyacrylamide gels, and the separated proteins were 

transferred onto PVDF membranes. The membranes were 

then incubated with primary antibodies that were detected 

using anti-rabbit or anti-mouse IgG conjugated to Western 

Lightning ECL (PerkinElmer, Inc., Waltham, MA, USA) for 1 

h at room temperature and visualized using the VersaDoc 

imaging system (Model 5000; BioRad, Hercules, CA, USA). 

The protein bands were quantitatively analyzed using the 

ImageJ software (Version 1.48a, Wayne Rasband (NIH), 

Bethesda, MD, USA). 

2.4. Immunofluorescence 

The mice were transcardially perfused with ice-cold 0.1 M 

phosphate-buffered saline (PBS) followed by filtered 4% 

paraformaldehyde in 0.1 M PBS. For detecting the activating 

microglial cells, transcardial perfusion with ice-cold 0.1 M 

PBS was performed at 2 h after the LPS injection. The brains 

were removed and post-fixed in 4% paraformaldehyde for 24 

h, followed by 30% sucrose at 4°C for at least 48 h. 

Immunofluorescence was performed on 15-µm coronal 

sections, and standard immunostaining techniques were 

employed. Each section was incubated for 30 min at 70°C 

using Histo VT ONE (Nacalai Tesque, Kyoto, Japan), which 

enhances the antigen reaction. The sections were incubated 

with the primary antibody overnight at 4°C for histological 

analysis. TO-PRO-3 was used as a nucleus marker for cell 

counting and to confirm that the immunoflorescent objects 

seen were cell bodies. Anti-CD11b antibodies were used to 

detect the steady states of the microglia or activated microglia. 

A confocal scanning laser microscope (LSM 510, Carl Zeiss, 

Oberkochen, Germany) was used to detect and correct the 

fluorescence imaging data. Immunofluorescence was 

quantified using the Image Pro Plus (Media Cybernetics, 

Silver Spring, MD) imaging software. Positively labeled 

GLP-1- and CD11b-positive neurons were segmented using 

RGB intensity. Each brain section was imaged at 20× 

magnification for GLP-1 or GLP-1R with To-pro-3 in the CA1 

or CA3 region of the hippocampus or the mPFC or NTS and 

40× magnification for GLP-1 or GLP-1R and CD11b with 

TO-PRO-3 in mPFC. The data were analyzed using the Image 

J software to count the percentage of the GLP-1 or GLP-1R- 

and CD11b-positive cells relative to the number of TO-PRO-3 

signals. We used three mice and obtained the three specimens 

from each mouse brain and acquired the triplicate images in 

individual area for representing the value as the total average 

of 9 images.  

2.5. Morris Water Maze Task 

The maze was made of white opaque plastic with a diameter 

of 120cm and 40cm high walls, and was filled with water at 

25ºC to avoid hypothermia. A small escape platform (10 x 6.5 

x 21.5cm) was placed at a fixed position in the centre of one 

quadrant, 25cm from the perimeter, and was hidden 1cm 

beneath the water surface. The room contained a number of 

fixed visual cued on the walls. 

2.5.1. Acquisition phase: The acquisition trial phase 

consisted of 5 training days (Day 1-6) and four trials per day 

with a 15min inter-trial interval. Four points equally spaced 

along the circumference of the pool (North, South, East, West) 

served as the starting position, which was randomised across 

the four trials each day. If an animal did not reach the platform 

within 90s, 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. Acquisition data, such as time taken to reach the 

escape platform and path length were analyzed by two-way 

repeated measures ANOVA. 

2.5.2. Probe Trial: One day after finishing the acquisition 

task (Day 7), a probe trial was performed in order to assess the 

spatial memory (after a 24h delay). The platform was removed 

from the maze and animals were allowed to swim freely for 

60s. Spatial acuity was expressed as the amount of time spent 

in the exact area where the escape platform was located. The 

probe trial data was analyzed by one-way ANOVA, followed 

by Bonferroni’s multiple comparison test. All groups were 

n=10. 

2.6. Statistical Analysis 

Inter-group statistical comparisons were performed by a 

paired Student’s or an unpaired t-test for pairwise comparisons 

of the means of two independent groups (control vs. 

exendin-4). For multiple comparisons, a one-way analysis of 

variance (ANOVA) was used with Bonferroni’s correction as 

the post-hoc test. All statistical analyses were performed with 

StatView (Version 5.0, SAS Institute Inc., San Francisco, CA, 

USA) and ystat2002.xls (Igaku-Tosho, Tokyo, Japan) as 

appropriate. Behavioral data were analyzed by repeated 

measure two-way ANOVAS using PRISM (Graphpad 

software). All data in the bar graphs indicate the mean ± the 

SEM. The levels of significance for all analyses were set at p < 

0.05 (*). N.S indicates that no significant difference was found 

between groups. 

3. Results 

3.1. Age-Related Decreases in GLP-1 and Proglucagon in 

Aged mPFC but in Neither the Hippocampus nor NTS  

Proglucagon neurons that produce brain GLP-1 are located 

in the NTS. These neurons project widely to various regions in 

the brain and activate the central GLP-1 receptors [34]. 

However, outside of the NTS, microglial cells are the main 

source of GLP-1 in the cerebral cortex and the hippocampus, 

and proglucagon mRNA expression in these areas is 

significantly reduced in an obese insulin-resistant mouse 

model (Kappe et al., 2012). Because the activity of microglial 

cells is increased in aged mice (Perry et al., 1993), we 

investigated potential changes in the GLP-1 protein levels in 

the mPFC, the hippocampus and the NTS of adults (6 months 
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old) and aged mice. One-way ANOVA with the factor ‘age’ 

revealed that aging affected the protein level of the 

proglucagon, a precursor protein of GLP-1 in the mPFC, (Fig 

1A and B, F (2, 9) = 10.964, p = 0.0039, aged: 42.0 ± 10.6 % 

and adult: 97.0 ± 10.4 % that of young mPFC, n = 4, 

respectively). Bonferroni post hoc test between individual 

groups indicated that there were significant differences 

between the young and the aged mice (p < 0.0057, n = 4). 

Consistent with this result, The GLP-1 protein signals in the 

mouse mPFC were detected via immunofluorescence analysis 

in both young and aged mice. However, the immunoreactivity 

of GLP-1 was significantly decreased in the aged mouse 

mPFC compared with the young mouse mPFC (Fig. 1C and D, 

young: 40.4 ± 5.3 GLP-1-positive cells per 100 nuclei; aged: 

15.1 ± 3.6 GLP-1 positive cells per 100 nuclei, p = 0.0055, n = 

9 images from 3 mice, respectively). 

 

Figure 1. Age-related decrease in GLP-1 in the aged mouse mPFC.  

A and B, Western blotting (A) and quantitative analysis (B) from the mPFC of young (3-week-old, open bars, n = 4), adults (6-month-old, gray bars, n = 4) and 

aged mice (14-month-old, closed bars, n = 4) revealed a significant decrease in the GLP-1 protein levels in the aged mice compared with the young and adults 

mice (B). The data are expressed as the percentage of young mice. Quantitative values from each band for proglucagon were normalized using the β-actin 

expression level. C, Representative confocal images from the mPFC of young (3-week-old, a-d) and aged mice (14-month-old, e-h) show the GLP-1- positive 

cells (green, a and e) and nuclear counterstaining with To-pro-3 (red, b and f). The merged image shows that GLP-1 was expressed around the nucleus (indicated 

via red To-pro-3 staining, c and g). The thick bar in each panel represents 100 µm (a-c and e-g). The right panels show the enlarged images from the middle right 

panel as merged images (d and h, scale bar: 40 µm). D, The bar graph indicates the proportion of GLP-1-positive cells out of 100 nuclei. The number of 

GLP-1-positive cells in the mPFC of the aged mice is markedly lower than that in the young mice. The bars represent the means ± SEM (n = 9 images from 3 

mice). **, p < 0.01 aged vs. young mice. 
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In contrast, GLP-1 immunoreactivity in the CA1 region of 

the hippocampus was preserved in aged mice compared with 

young mice (Fig. 2A and C, young: 23.0 ± 2.8 GLP-1 positive 

cells per 100 nuclei; aged: 26.4 ± 5.6 GLP-1 positive cells per 

100 nuclei, p = 0.597, n = 9 images from 3 mice, respectively). 

In the dentate gyrus (DG) of the hippocampus, GLP-1 

immunoreactivity was also preserved in aged mice compared 

with young mice (Fig. 2B and C, young: 29.0 ± 3.7 GLP-1 

positive cells per 100 nuclei; aged: 32.2 ± 2.7 GLP-1-positive 

cells per 100 nuclei, p = 0.513, n = 9 images from 3 mice, 

respectively). The protein level of proglucagon, a precursor 

protein of GLP-1 in the hippocampus, was consistently 

preserved in aged mice compared with young mice (Fig. 2D 

and E, aged: 106.5 ± 4.1 % that of the young mPFC, p = 0.235, 

n = 4).  

 

Figure 2. The immunoreactivity and protein levels of GLP-1 in both the CA1 region and DG of the hippocampus were preserved in aged mice. 

A and B, Representative confocal images from the CA1 region (A) and DG area (B) of young (3-week-old, a-d) and aged mice (14-month-old, e-h) show the 

GLP-1-positive cells (green, a and e) and nuclear counterstaining with To-pro-3 (red, b and f). The merged image shows that GLP-1 is mainly expressed in the 

stratum radiatum (s.r.) (A) and in the molecular layer (M.L.) (B). The thick bar in each panel represents 100 µm (a-c and e-g). The right panels show the enlarged 

images from the middle right panel as merged images (d and h, scale bar: 40 µm). C, The bar graph indicates the rate of the number of GLP-1-positive cells 

against 100 nuclei. The numbers of GLP-1-positive cells in the CA1 region (left) and the DG area (right) of aged mice were not significantly different from those 

of young mice. The bars represent the means ± SEM (n = 9 images from 3 mice). D and E, Western blotting (D) and quantitative analysis (E) from the whole 

hippocampal extraction of young (open bars, n = 4) and aged mice (closed bars, n = 4) revealed that the total protein levels of GLP-1 in the hippocampus of the 

aged mice were preserved compared with those of the young mice (D). The data are expressed as the percentage of young mice. Quantitative values from each 

band for pro-GLP-1 were normalized using the β-actin expression level.  
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Moreover, immunofluorescence images revealed that 

GLP-1 in the NTS was also preserved in aged mice compared 

with young mice (Fig. 3A and B, young: 18.6 ± 3.0 GLP-1 

positive cells per 100 nuclei; aged; 21.4 ± 1.6 GLP-1 positive 

cells per 100 nuclei, p = 0.4317, n = 9 images from 3 mice, 

respectively). The protein levels of proglucagon, a precursor 

protein of GLP-1 in the NTS, were also consistently preserved 

in aged mice compared with young mice (Fig. 3C and D, aged: 

91.5 ± 4.9 % that of the young mPFC, p = 0.4619, n = 4). From 

these results, it is evident that GLP-1 is poorly functional in 

the mPFC of aged mice, but in the hippocampus and the NTS, 

GLP-1 remains functional even in aged mice. 

 

Figure 3. The protein level and immunoreactivity of GLP-1 were normal in the aged NTS. 

A, Representative confocal images from the NTS of young mice (3 weeks old, a-d) and aged mice (14 months old, e-h) show the GLP-1-positive cells (green, a 

and e) and nuclear counterstaining with To-pro-3 (red, b and f). The merged image shows that GLP-1 was expressed around the nucleus (c and g). The thick bar 

in each panel represents 100 µm (a-c and e-g). The panels showing in d and h, indicating the enlarged images from the images showing in c and g as merged 

images (Scale bar: 40 µm). B, The bar graph indicates the proportion of GLP-1-positive cells out of 100 nuclei. The number of GLP-1-positive cells in the NTS 

of aged mice was not significantly different from that of the young mice. The bars represent the means ± SEM (n = 9 images from 3 mice). C and D, Western 

blotting (C) and quantitative analysis (D) from the NTS of young (open bars, n = 4) and aged mice (closed bars, n = 4) revealed that the protein level of GLP-1 in 

the NTS was preserved in the aged mice compared with the young mice (D). The data are expressed as the percentage of young mice. Quantitative values from 

each band for pro-GLP-1 were normalized using the β-actin expression level.  

3.2. GLP-1R in Aged Mice is Preserved in the mPFC and 

Hippocampus 

Before implementing a GLP-1 analogue in the treatment of 

AD, it is important to determine whether the normal protein 

level of GLP-1R in the mPFC is preserved in aged mice. 

Therefore, we performed immunofluorescence and western 

blotting to detect GLP-1R in the mPFC and the hippocampus. 

Although the GLP-1 in the aged mice was significantly 

decreased in the mPFC, the GLP-1R immunoreactivity in the 

mPFC was at normal levels in the aged mice compared with 

the young mice (Fig. 4A and B, young: 31.7 ± 6.9 

GLP-1R-positive cells per 100 nuclei; aged: 33.8 ± 6.5 

GLP-1R-positive cells per 100 nuclei, p = 0.8286, n = 9 

images from 3 mice, respectively). Additionally, western 

blotting analysis revealed that normal protein levels of 

GLP-1R in the mPFC were also preserved in the aged mice 

compared with the young mice (Fig. 4C and D, aged: 103.5 ± 
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3.0 % that of the young mPFC, p = 0.1997, n = 4).  

 

Figure 4. The protein level and immunoreactivity of GLP-1R were normal in the aged mPFC. 

A, Representative confocal images from the mPFC of young (3-week-old, top) and aged (14-month-old, bottom) mice show the GLP-1R-positive cells (green, 

left panel) and nuclear counterstaining with To-pro-3 (red, middle left panel). A merged image shows that GLP-1R is expressed around the nucleus (indicated 

with red To-pro-3 staining, middle right panel). The thick bar in each panel represents 100 µm (left, middle left, and middle right panels). The panels showing in 

d and h, indicating the enlarged images from the images showing in c and g as merged images (Scale bar: 40 µm). B, The bar graph indicates the proportion of 

GLP-1R-positive cells out of 100 nuclei. The number of GLP-1R-positive cells in the mPFC of the aged mice was not significantly different from that of the 

young mice. The bars represent the means ± SEM (n = 9 images from 3 mice). C and D, Western blotting (C) and quantitative analysis (D) from the mPFC of 

young (open bars, n = 4) and aged mice (closed bars, n = 4) revealed that the protein level of GLP-1R in the mPFC was preserved in the aged mice compared with 

the young mice (D). The data are expressed as the percentage of young mice. The quantitative value from each band for GLP-1R was normalized using the β-actin 

expression level.  

To further confirm the detailed localization and the protein 

levels of GLP-1R in the hippocampus, we performed 

immunofluorescence analysis on three areas within the 

hippocampus. In the CA1 region, GLP-1R was highly 

expressed on the pyramidal neuron and somewhat expressed 

on the non-pyramidal cells around the pyramidal layer. The 

GLP-1R immunoreactivity in the CA1 region of the aged mice 

remained at normal levels compared with the young mice 

(Pyramidal neurons: Fig. 5A and 6A, young: 88.1 ± 3.5 

GLP-1R-positive cells per 100 nuclei; aged: 89.1 ± 3.1 

GLP-1R positive cells per 100 nuclei, p = 0.8288, n = 9 images 

from 3 mice, respectively. Non-pyramidal cells: Fig. 5A and 

6B, young: 18.3 ± 1.7 GLP-1R-positive cells per 100 nuclei; 

aged: 16.7 ± 1.3 GLP-1R-positive cells per 100 nuclei, p = 

0.4661, n = 9 images from 3 mice, respectively). In the DG of 

the hippocampus, GLP-1R was mainly expressed on the 

granule cells but at lower levels than in CA1. The GLP-1R 

immunoreactivity in the DG of aged mice also remained at a 

normal level compared with the young mice (Fig. 5B and 6C, 

young: 28.1 ± 6.5 GLP-1R-positive cells per 100 nuclei; aged: 

26.2 ± 5.1 GLP-1R-positive cells per 100 nuclei, p = 0.7488, n 

= 9 images from 3 mice, respectively). Furthermore, as 

observed in the CA1 region, GLP-1R was highly expressed on 

the pyramidal neurons in the CA3 region; the GLP-1R 

immunoreactivity in the CA3 region of the aged mice also 

remained at normal levels compared with the young mice (Fig. 

5C and 6D, young: 87.9 ± 2.5 GLP-1R-positive cells per 100 

nuclei; aged: 89.0 ± 2.0 GLP-1R-positive cells per 100 nuclei, 
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p = 0.7325, n = 9 images from 3 mice, respectively).  

 

Figure 5. Protein level and immunoreactivity of GLP-1R in the aged hippocampus.  

A-C, Representative confocal images from the CA1 region (A), the DG area (B) and the CA3 region (C) of young (3-week-old, a-d) and aged mice (14-month-old, 

e-h) show GLP-1R-positive cells (green, a and e) and nuclear counterstaining with To-pro-3 (red, b and f). Merged images show that GLP-1R was primarily 

expressed near the pyramidal neurons (Pyr.) (A), granule cells (G.C.) (B) and pyramidal neurons (C). The thick bar in each panel represents 100 µm (a-c and e-g). 

The panels showing in d and h, indicating the enlarged images from the images showing in c and g as merged images (Scale bar: 40 µm). 

Additionally, western blotting analysis revealed that normal 

protein levels of GLP-1R in the hippocampus were also 

preserved in the aged mice compared with the young mice 

(Fig. 6E and F, aged: 108.5 ± 3.0 % that of the young 

hippocampus, p = 0.0908, n = 4). These data demonstrate that 

the protein levels of both GLP-1 and GLP-1R are preserved in 
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the hippocampus of aged mice.  

 

Figure 6. Analysis of the protein level and immunoreactivity of GLP-1R in the aged hippocampus. 

A-D, The bar graphs indicate the rate of the number of GLP-1R-positive cells against 100 nuclei. The number of GLP-1R-positive pyramidal neurons in the CA1 

region (A), non-pyramidal neurons in the CA1 region (B), granule cells in the DG area (C) and pyramidal neurons in the CA3 region of the aged mice 

(14-month-old) were not significantly different from the young (3-week-old) mice, respectively. The immunoreactivity levels of GLP-1R in the DG area of both 

the young and aged mice were lower than those in the CA1 and CA3 regions. The bars represent the means ± SEM (n = 9 images from 3 mice). E and F, Western 

blotting (E) and quantitative analysis (F) from the hippocampus of young (open bars, n = 4) and aged mice (closed bars, n = 4) revealed that the protein levels of 

GLP-1R in hippocampus were preserved in the aged mice compared with the young mice (F). The data are expressed as the percentage of young mice. 

Quantitative values from each band for GLP-1R were normalized using the β-actin expression level.  

3.3. Decreased GLP-1 Levels in the Aged mPFC is not 

Associated with the Number of Activated Microglial 

Cells 

GLP-1 is produced in the NTS and activates the 

dorsomedial hypothalamic neurons [32]. However, because 

GLP-1 is co-localized with cluster of differentiation molecule 

11B (CD11b), a microglial marker [35, 36], and is lacking in 

neurons outside the NTS [37], the main source of GLP-1 in the 

cerebral cortex is microglial cells. Microglial cells provide 

several macrophage-related activities and play a pivotal role in 

the immune system in the brain [38]. CD11b is known to be 

age-dependently increased [39]. In the present study, the 

GLP-1 in the aged mPFC was significantly decreased 

compared with that in the young mice. Therefore, we 

confirmed the localization of GLP-1 and CD11b in the mPFC. 

This confirmation was required for us to investigate whether 

the GLP-1 expression level in the mPFC was associated with 

the number of activated microglial cells. The number of 

GLP-1-positive cells was 38.3 ± 5.8 in the young mice and 

12.0 ± 1.6 in the aged mice (Fig. 7A, B and C, p = 0.00838, n = 

9 images from 3 mice, respectively). However, the number of 

CD11b-positive cells in the aged mice was significantly larger 

than in the young mice (Fig. 7A, B and D, young: 51.8 ± 2.7; 

aged: 74.8 ± 6.1, p = 0.0152, n = 9 images from 3 mice, 

respectively). Although there were many more 

CD11b-positive cells than GLP-1-positive cells in the young 

mice, most of the GLP-1-positive cells co-expressed CD11b in 

both the young and aged mice under normal conditions (Fig. 

7F, young: 87.0 ± 16.7 %; aged: 95.8 ± 16.8 %, n = 9 images 

from 3 mice, respectively). To investigate whether GLP-1 

expression was associated with the activity level of the 

microglial cells in the mPFC, we injected both young and aged 

mice with 1 mg/kg of LPS (i.p.). The LPS injection 

significantly increased the number of CD11b-positive cells in 
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the young mice (Fig. 7A and D, naïve: 51.8 ± 2; LPS: 74.6 ± 

5.0, p = 0.0065, n = 9 images from 3 mice, respectively). 

However, the number of GLP-1-positive cells in the young 

mPFC was not changed by the LPS injection (Fig. 7A and C, 

naïve: 38.3 ± 5.8; LPS: 36.3 ± 3.2, p = 0.7674, n = 9 images 

from 3 mice, respectively). Although the number of 

CD11b-positive cells in the young mice was increased via LPS 

treatment, the number of cells that co-expressed GLP-1 and 

CD11b was not changed by the LPS injection (Fig. 7E, naïve: 

30.5 ± 3.3; LPS: 25.3 ± 0.9, p = 0.1989, n = 9 images from 3 

mice, respectively), indicating that only the number of 

CD11b-positive cells that did not express GLP-1 was 

increased by the LPS injection, and the GLP-1 expression 

level was not associated with the activity level in the 

microglial cells. However, the number of CD11b-positive 

cells was already increased in the naive aged mPFC compared 

with the young mPFC; thus, the LPS injection did not affect 

the number of CD11b-positive cells in the aged mPFC (Fig. 

7B and F, naïve: 74.8 ± 6.1; LPS: 80.3 ± 4.4, p = 0.4850, n = 9 

images from 3 mice, respectively). Additionally, the number 

of cells that co-expressed GLP-1 and CD11b in the aged 

mPFC was not changed by LPS treatment (Fig. 7E, naïve: 10.5 

± 0.9; LPS: 8.7 ± 1.5, p = 0.3575, n = 9 images from 3 mice, 

respectively). These results suggest that the age-related 

decrease in GLP-1 expression in the mPFC depends on neither 

the number nor the activity level of the microglial cells.  

 

Figure 7. GLP-1 is co-localized with CD11b in the aged mPFC.  

A and B, Representative confocal images from the mPFC of young (3-week-old) and aged (14-month-old) naïve (a-e) and LPS-treated mice (f-j) showing 

GLP-1-positive cells (green, a and f), CD11b-positive cells (red, b and g) and nuclear counterstaining with To-pro-3 (blue, c and h). The thick bar in each panel 

represents 50 µm. C, The bar graphs indicate the rate of the number of GLP-1-positive cells against 100 nuclei in the mPFC of naïve (open bar) and LPS-treated 

(closed bar) young and aged mice. The number of GLP1-positive cells in the mPFC of both the young and aged mice was not changed by LPS. D, The bar graphs 

indicate the proportion of CD11b-positive cells out of 100 nuclei in the mPFC of naïve (open bar) and LPS-treated (closed bar) young and aged mice. The number 

of CD11b-positive cells in the young mPFC was increased by LPS; this effect did not occur in the aged mice. E, The bar graphs indicate the number of 

CD11b-positive cells that co-localized with GLP-1 in the mPFC of naïve (open bars) and LPS-treated (closed bars) young and aged mice. The bars represent the 

means ± SEM (n = 9 images from 3 mice).  
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Figure 8. The number of double-labelled GLP-1R and CD11b cells are increased by LPS in the mPFC.  

A and B, Representative confocal images from the mPFC of young (3-week-old) and aged (14-month-old) naïve (a-e) and LPS-treated mice (f-j) showing 

GLP-1-positive cells (green, a and f), CD11b-positive cells (red, b and g) and nuclear counterstaining with To-pro-3 (blue, c and h). The thick bar in each panel 

represents 50 µm. C, The bar graphs indicate the rate of the number of GLP-1R-positive cells against 100 nuclei in the mPFC of naïve (open bar) and LPS-treated 

(closed bar) young and aged mice. The number of GLP1R-positive cells in the mPFC of both the young and aged mice was not changed by LPS. D, The bar 

graphs indicate the proportion of CD11b-positive cells out of 100 nuclei in the mPFC of naïve (open bar) and LPS-treated (closed bar) young and aged mice. The 

number of CD11b-positive cells in the young mPFC was increased by LPS; this effect did not occur in the aged mice. E, The bar graphs indicate the number of 

CD11b-positive cells that co-localized with GLP-1R in the mPFC of naïve (open bars) and LPS-treated (closed bars) young and aged mice. The bars represent the 

means ± SEM (n = 9 images from 3 mice). 

3.4. The Number of Double-Labelled CD11b and GLP-1R 

Positive Cell is Increased in the mPFC of Aged Mice 

In the present study, we found that GLP-1R is mainly 

expressed in pyramidal neurons in the CA1 region of the 

hippocampus. However, non-pyramidal neurons also highly 

express GLP-1R (Fig. 6B). Because it is unclear whether 

microglial cells express GLP-1R, we confirmed the 

immunoreactivity of GLP-1R and CD11b in the mPFC. The 

number of GLP-1R-positive cells in young mPFC was same 

level with aged mPFC (Fig. 8A, young naive: 34.9 ± 4.5, old 

naïve: 37.5 ± 1.4, p = 0.3141, n = 9 images from 3 mice, 

respectively). The number of CD11b-positive cells in the aged 

mice was significantly larger than in the young mice (Fig. 8A, 

B and D, young: 50.3 ± 7.4; aged: 71.7 ± 5.9, p = 0.0386, n = 9 

images from 3 mice, respectively). In the LPS treated young 

mPFC, the immunoreactivity of GLP-1R in mPFC was not 

altered by LPS (Fig. 8A, B and C, naive: 50.3 ± 7.4; LPS: 37.9 

± 6.2, p = 0.3671, n = 9 images from 3 mice, respectively), 

although CD11b positive cell levels in the mPFC were 
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significantly increased by LPS (Fig. 8A, B and D, naive: 50.3 

± 7.4; LPS: 73.0 ± 7.6, p = 0.3671, n = 9 images from 3 mice, 

respectively). Interestingly, we found that the GLP-1R was 

also highly expressed in CD11b positive cells in mPFC of both 

young and old mice and not only expressed in neurons (Fig. 

8A and B). Moreover, we found that the number of 

CD11b-positive cells that co-localized with GLP-1R in the 

mPFC is increased by LPS. (Fig. 8A, B and E, naive: 11.6 ± 

1.6; LPS: 31.1 ± 8.5, p = 0.0389, n = 9 images from 3 mice, 

respectively). As shown in Fig. 7, the expression level of 

CD11b in aged mPFC were already reached and LPS did not 

altered the number of CD11b positive cells (Fig. 8A, B and D, 

naïve old: 71.8 ± 5.9; LPS: 70.5 ± 4.8, p = 0.4442, n = 9 

images from 3 mice, respectively). In the aged mPFC, the 

number of CD11b positive cell co-localized with GLP-1R was 

also not altered by LPS (Fig. 8A, B and E, naïve old: 25.2 ± 

2.6; LPS: 29.2 ± 6.2, p = 0.3058, n = 9 images from 3 mice, 

respectively). These results indicate that the GLP-1R is also 

highly expressed in activated microglial cells and not only in 

the neurons in aged mPFC and the number of many increased 

CD11b-positive cells co-localized the GLP-1R in either 

immuno-activation and aging in the mPFC. 

3.5. Aged Mice are Impaired in Spatial Learning in the 

Water Maze 

We previously demonstrated that the GLP-1 receptor 

knockout (Glp1r(-/-)) mice were impaired in the acquisition 

phase of a water maze task [17]. Moreover, Glp1r gene 

transfer restored the learning deficit in GLP-1R-deficient mice 

[18]. Therefore, there is a possibility that the age-related 

decline of GLP-1 production in mPFC which lack the GLP-1R 

stimulation is contributing to the age-related cognitive decline. 

However, although there are many studies demonstrating that 

show age-related cognitive decline using aged mice [40-44], 

many of aged tested mice were over the 18 months old. In 

contrast to these, in the present study, we found that the GLP-1 

expression level in mPFC of 14 month old mice was already 

significantly down-regulated compared with 6 months old 

mice. Therefore, we tested whether the 14 months old mice 

show an impairment in cognitive performance using a 

memory task in which mPFC function is involved [45, 46]. As 

we expected, 6 months old mice learned the water maze task 

faster in the acquisition phase compared to 14 month old mice 

(two-way ANOVA: group (14 months old) effect p < 0.005, 

and time effect, p < 0.01, Fig. 9A). In the recall probe test 

without the platform, 6 months old mice remembered the 

location of the platform significantly better and spent more 

time in the pool quadrant that used to contain the platform 

which is compared with 14 months old mice (Fig. 9B, p<0.05), 

indicating that the age-related cognitive decline has already 

occurred in 14 months old mice.  

 

Figure 9. Aged mice are impaired in spatial learning in the water maze  

A, Six months old mice learned the water maze task faster in the acquisition phase compared to 16 month old mice (p<0.005, and time effect p<0.01). B, In the 

recall probe test without the platform, young mice remembered the location of the platform better and spent more time in the pool quadrant that used to contain 

the platform (p<0.05), see  C, Sample swim tracks of animals are shown in 1C. All groups n=10. 
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4. Discussion 

In the present study, we demonstrated that GLP-1 is 

decreased in the aged mPFC but not in the hippocampus or 

NTS. However, the normal protein level of GLP-1R is 

preserved in the mPFC as well as in the hippocampus of aged 

mice. The principal finding in this study is that the protein 

levels of GLP-1 and proglucagon in the mPFC are decreased 

in aged mice even in the absence of Aβ toxicity. We previously 

suggested that exendin-4 promotes the up-regulation of the 

membrane GluR1 subunit in both normal and Aβ 

oligomer-treated mice; thus, treatment with a GLP-1 analogue 

could carry a specific benefit for rescuing and ameliorating the 

age-related mPFC-dependent decline of cognitive functions.  

Age-related changes in cognition, motivation, motor 

performance, and prefrontal immune gene expression were 

highly correlated [47]. In particular, CD11b-positive cells in 

the mPFC of aged mice show many changes in 

immunity-related characteristics [47]. In the present study, in 

contrast to the decrease in GLP-1 immunoreactivity observed 

in the mPFC of aged mice, the immunoreactivity rate of 

CD11b was higher in the mPFC of aged mice. Interestingly, in 

normal older adults, the aging-specific atrophy of certain 

cortical regions relates to cognitive performance, while in AD 

patients, atrophy in AD-specific regions relates to cognitive 

performance [29]. Therefore, age-related cognitive decline is 

associated with microglial cell activity in the mPFC. 

Additionally, aging in mammals is characterized by a 

metabolic decline associated with obesity, altered body fat 

distribution, and insulin resistance [48]. In particular, 

increases in insulin resistance are associated with cognitive 

decline and an increased risk of AD [49]. It has been suggested 

that insulin-resistant conditions reduce the central mRNA 

expression of proglucagon [35]. GLP-1 signaling in the 

central nervous system (CNS) is an essential component of 

metabolic responses to hyperglycemia [50] and improves 

femoral artery blood flow and insulin sensitivity [51]. 

Moreover, liraglutide, a novel glucagon-like peptide 1 

(GLP-1) analogue, ameliorates aberrant insulin receptor 

localization [52]. Exendin-4 and liraglutide also ameliorate 

Alzheimer's disease pathology and aid in restoring normal 

brain insulin responsiveness and cognitive function in 

preclinical tests [13, 53].  

The increased inflammatory profile of the CNS with age is 

associated with microglial priming. This effect results in the 

increased expression of inflammatory markers including 

major histocompatibility complex (MHC) II and complement 

receptor 3 (CD11b) in the aged brain [54]. Many of these 

markers are present specifically on the microglia of the aged 

brain [55]. Interestingly, food restriction reduces the 

age-associated microglial activation in most subregions [56]. 

In the present study, the LPS-increased immunoreactivity of 

CD11b was heightened in young mice. However, CD11b 

immunoreactivity was higher in the mPFC of the aged mice, 

which did not show a significant sensitivity to LPS. Moreover, 

most of the GLP-1 immunoreactivity in the mPFC was 

co-localized with CD11b in both young and aged mice. 

Animals with high-fat diet-induced obesity (DIO) and insulin 

resistance have a significantly increased IgG accumulation in 

hypothalamic microglia [57]. The db/db mice with insulin 

resistance have a lower threshold for the release of 

pro-inflammatory cytokines in response to LPS. Taken 

together, the combined effects of lower GLP-1 and the 

hyperactivity of microglia (resulting from higher insulin 

resistance in the brain) could be associated with cognitive 

decline. Aβ itself is pro-inflammatory and activates microglia 

[58]. In the present study, we found that the GLP-1R is highly 

expressed in pyramidal neurons of areas CA1 and CA3 and in 

granule cells in dentate gyrus of the hippocampus. However, 

the GLP-1R is also highly expressed in microglial cells which 

are CD11b positive. Although the expression level of GLP-1R 

is not altered in the aged mPFC compared with young mPFC, 

the number of CD11b-positive cells that co-localized with 

GLP-1R in the mPFC is increased in either immune-activation 

and aging. It has been reported that the autocrine action of 

GLP-1 in gut L cells, a GLP-1 producing cell enhanced GLP-1 

secretion [59]. Therefore, reduced in GLP-1 production in 

aged mPFC could be negatively regulated by the autocrine 

system in microglial cells. Moreover, because GLP-1 receptor 

stimulation reduces amyloid-β peptide accumulation and 

cytotoxicity [60], not only the normal aging but mPFC in AD 

patients could also be affected by the age-related decline of 

GLP-1 production. Indeed, a higher level of CD11b positive 

cells is observed in AD brains, and anti-inflammatory 

responses can reduce brain Aβ levels, amyloid plaque burden, 

and microglial activation in an animal model of Alzheimer's 

disease [61-63]. However, because the protein and 

immunoreactivity level of GLP-1 in hippocampus was 

preserved in aged mice, it is not unlikely that the increased 

CD11b cause the negative regulation of the GLP-1 production 

in microglial cells in brain. Activated microglia release 

pro-inflammatory cytokines such as TNF-α, which 

downregulate GLP-1 signaling and gene expression [53]. In 

addition to these properties of GLP-1, we had demonstrated in 

a previous study that the expression of mature ADAM10, an 

α-secretase of APP on the plasma membrane, was increased in 

exendin-4-treated mice [14]. Increased secretion at the α-site 

of APP inhibits the accumulation of Aβ. Therefore, because 

the GLP-1R expression level is preserved even in aged mPFC, 

treatment with GLP-1 analogues and GLP-1R stimulation 

may enhance GLP-1 expression and could rescue from the 

accumulation of Aβ and microglial activation which are 

observed in AD patients [63, 64].  

In the present study, an age-related decrease in GLP-1 was 

observed in the mPFC but neither in the hippocampus nor 

NTS. A previous study demonstrated that both older and 

younger adults showed a hippocampal blood flow increase in 

association with the recollection of memorized words. In 

contrast, younger but not older adults showed a bilateral blood 

flow increase in the anterior prefrontal cortex during retrieval 

attempts [65]. Additionally, a certain synaptic aging effect in 
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the mPFC is different from that in the hippocampus. 

Particularly, this difference is associated with the extensive 

loss of axospinous synapses in the mPFC or the synaptic 

stability level in the hippocampus [66]. These differences in 

processes such as blood flow levels or the synaptic loss 

between the mPFC and the hippocampus could affect the 

activity of GLP-1 produced in aged mPFC. However, it 

remains unclear why the hippocampus and the PFC of young 

and aged subjects have differing GLP-1 production rates.  

In a previous report, reduced choline acetyltransferase in 

several brain areas was observed in patients with AD. This 

effect was due to the action of current AD therapies that 

mainly targeted the increase in acetyl cholinesterase (AChE) 

in the brain. Memantine, a well-tolerated 

N-methyl-D-aspartate glutamate receptor antagonist, has 

recently been widely used for protecting against neuronal 

death from Aβ toxicity. In particular, combined treatment with 

memantine and donepezil is effective to some degree in AD 

patients [67]. However, the drugs only mask the symptoms 

and do not prevent further degeneration, and 

neurodegeneration in AD patients is in reality not limited to a 

specific neurotransmitter system. Many laboratories have 

demonstrated that the use of growth factors and GPCR 

stimulation has some effectiveness in different stages of AD 

[19, 68]. Interestingly, the sequential cleavage of APP by the α, 

β and γ-secretases, which are regulated by GPCRs, determines 

the extent of Aβ peptide generation [19]. Activating a different 

Gαs protein-coupled receptor as a potential AD treatment has 

also been reported [21, 22]. The GLP-1R is also a Gαs 

protein-coupled receptor. The growth factor Pituitary 

Adenylate Cyclase Activating Polypeptide (PACAP) is also 

decreased in an age-dependent manner in brain microvessels 

[69]. In comparison with other growth factors, a main 

advantage of the GLP-1 analogues liraglutide, lixisenatide and 

exenatide is that they can cross the blood-brain barrier and can 

be injected peripherally [70, 71] and they are already on the 

market as a T2DM treatment (trade names Victoza and Byetta). 

It has been shown that they improve memory and synaptic 

plasticity, and have a neuroprotective effect against amyloid 

oligomers, reduce the numbers of amyloid plaques and 

inflammation response, and increase neurogenesis translate in 

animals, if these effects are exerted in human, GLP-1 analogs 

are a promising new treatment modality for Alzheimer's 

disease [72]. 

We have shown that 14 months old mice are impaired in 

spatial cognitive learning. Of course, from our result, we 

cannot exclude the possibility that other factors contribute to 

the impairment of cognitive performance in 14 months old 

mice, because there are numerous factors and signaling 

pathways being altered in aging and are most likely involved 

in the deficient of cognitive learning are reported. However, as 

we have also suggested in the previous study, liraglutide, a 

long-lasting GLP-1 analog prevented memory impairments in 

object recognition and water maze tasks and synaptic 

plasticity in both early phase and aged (14 months old) mice 

that are an APP/PS1 Alzheimer mouse model [73, 74]. 

Therefore, the decline of GLP-1 expression in mPFC of 14 

months old mice could contribute to the impairment of 

cognitive performance, because the decline of GLP-1 

production cannot maintain the normal level of GLP-1R 

stimulation in aged mice and could results in the induction of 

cognitive impairment as shown in Glp1r(-/-)) mice which 

were impaired in the cognitive memory task [17]. Taken 

together, in view of the age-related decline of GLP-1 

expression in mPFC and the protective effects of GLP-1R 

activation, the use of GLP-1 analogues is a promising 

approach for people with age-related cognitive decline in 

normal aging and in AD patients. 

5. Conclusion 

In conclusion, GLP-1 is significantly decreased in the aged 

mPFC, but GLP-1R is preserved, indicating that the treatment 

with a GLP-1 analogue is beneficial for ameliorating the 

decrease in age-related mPFC-dependent decline of cognitive 

functions. Moreover, exendin-4 promotes the up-regulation of 

the membrane GluR1 subunit in the neocortex [14], indicating 

that exendin-4 may facilitate neuronal synaptic plasticity in 

the neocortex. Moreover, we previously demonstrated that 

exendin-4 also promotes the up-regulation of the mature form 

of ADAM10 at the plasma membrane. GLP-1 receptor 

stimulation has precipitated the reduction in amyloid-β 

peptide accumulation and cytotoxicity [60]. These properties 

of GLP-1R indicate that the use of GLP-1 analogues as a 

treatment for AD patients is potentially one of the most 

beneficial approaches among current candidates under 

development. 
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