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Abstract	
  

We previously reported that the anti-inflammatory cytokine interleukin (IL)-4 induced 

selective clearance of oligomeric β-amyloid (Aβ1-42) in rat primary type 2 microglial 

cells. For the present study, we investigated whether IL-4 and IL-13 could activate 

microglial cells to induce Aβ clearance in vivo and improve cognitive deficits in APP23 

mice, which are amyloid precursor protein transgenic mice. We administered an 

intracerebral microinjection of a mixture of IL-4 and IL-13 or of saline vehicle into one 

hemisphere of APP23 mice and their wild-type littermates, 4.5 and 9 months old, after 

which we evaluated the effects of these treatments on spatial learning and memory by 

Morris Water Maze test and on accumulated amounts of Aβ. The cytokine injection 

significantly improved memory deficits of 4.5-month-old APP23 mice, but did not do so 

in 9-month-old APP23 mice, even though similar Aβ reductions were observed in both 

age groups of APP23 mice in the ipsilateral neocortex. The cytokine injection improved 

memory impairment of 9-month-old WT mice in the probe trial. Immunohistochemical 

analysis of the 4.5-month-old APP23 mice revealed the presence of increased numbers 

of microglial cells at 2 days after the cytokine injection. In addition to induced CD36 

expression in the activated microglia, increased expression of neprilysin, mainly in 

neurons, suggested that the cytokines improved the cognitive deficits via degradation 

and clearance of intra- and extraneuronal Aβ peptides, of buffer-extractable nonplaque 

form. Double immunostaining also revealed that most of the activated microglia had the 

M2-like phenotype. This unique mechanism of IL-4/IL-13-induced clearance of Aβ 

may provide an additional strategy to prevent and/or cure Alzheimer’s disease at early 
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stage.  	
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(Introduction) 

 

   Alzheimer’s disease (AD) is an age-related progressive neurodegenerative disorder 

characterized by memory loss and severe cognitive decline. Morphological 

manifestations of clinical features include excessive accumulation of extracellular 

aggregations of β-amyloid (Aβ) peptide in the form of amyloid plaques in brain 

parenchyma, particularly in the cerebral cortex and hippocampus, which leads to 

neuronal loss (Hardy and Selkoe, 2002; Hoshi et al., 2003; Kayed et al., 2003). 

Promising therapeutic strategies for AD include preventing, reversing, and reducing Aβ 

deposition. 

   The AD brain continues to demonstrate that innate immune responses remain active 

(Zelcer et al., 2007). For example, AD brains contain increased levels of inflammatory 

mediators, which are thought to participate in neuronal loss. Activated microglial cells 

and reactive astrocytes that surround senile plaques mediate local inflammatory 

responses (Akiyama et al., 2000). Microglial cells interact with fibrillar Aβ, which 

results in their activation and the release of various inflammatory mediators. Although 

microglial cells “decorate” amyloid plaques, in the AD brain these cells do not function 

well as phagocytes of amyloid in deposits. The reason for this finding has been 

suggested to be, in part, the inhibition of their phagocytic ability by a chronic 

inflammatory environment (Koenigsknecht-Talboo and Landreth, 2005; Hickman et al., 

2008).  

   Multiple forms of microglial activation exist, some of which are harmful and others of 
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which are beneficial in AD brains (Colton et al., 2006; Town et al., 2005a). In addition, 

Aβ “immunotherapy” promotes T-helper type 2 (Th2) immune responses associated 

with cerebral Aβ clearance (Town et al., 2002; Cao et al., 2009). Interleukin (IL)-4 and 

other anti-inflammatory cytokines promote the alternative activation of microglial cells 

to Th2-responsive cells (Goerdt and Orfanos, 1999; Mantovani et al., 2002; Duffield, 

2003). To better understand the mechanisms that are important to approaches to 

amyloid vaccines and alternatives to these approaches, a Th2-type response rather than 

a Th1-type response must be ensured. The current working hypothesis in AD research, 

especially of researchers who study amyloid vaccines, is that a shift to a Th2-type 

response may repair microglial dysfunction, decrease chronic inflammation, and 

improve Aβ clearance and neuroprotective mechanisms. Growing evidence indicates 

that alternatively activated microglial cells may serve a protective function in AD by 

mediating Aβ clearance. In fact, we recently demonstrated that IL-4 induced the 

clearance of oligomeric Aβ1-42 by one subtype (type 2) of primary rat microglial cells, 

but not type 1 microglia, via increased expression of scavenger receptor CD36 and the 

Aβ-degrading enzymes neprilysin (NEP) and insulin-degrading enzyme (Shimizu et al., 

2008). However, whether the anti-inflammatory cytokine IL-4 activates type 2 

microglia and induces Aβ clearance in vivo is not certain. Recent work in a model of 

AD showed that virus-mediated CNS expression of IL-4 results in a decrease in Aβ 

production (Kiyota et al., 2010), but the molecular mechanism of this process was not 

identified. With regard to the role of glial cells in particular, these researchers observed 

that IL-4 treatment suppressed the accumulation of microglial and astroglial cells in the 
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hippocampus of AD mice (Kiyota et al., 2010). However, the contribution of 

alternatively activated microglial cells in IL-4-induced Aβ clearance in vivo has not 

been clarified. 

   We report here that an intracerebral microinjection of a mixture of IL-4 and IL-13 into 

amyloid precursor protein (APP23) transgenic mice reduced the Aβ levels in the brain. 

This procedure also improved spatial learning and memory in 4.5-month-old APP23 

mice. Moreover, administration of IL-4/IL-13 induced expression of CD36 in M2-like 

(type 2) microglial cells and NEP in neurons. Consequently, stimulation of IL-4 

production in brain parenchyma or near the blood-brain barrier or blood-cerebrospinal 

fluid barrier may be a new therapeutic approach for AD. 
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1. EXPERIMENTAL PROCEDURES 

 

1.1 Animals 

  Hemizygous APP23 mice, which overexpress human-type APP and carry a double 

mutation (K670N/M671L), were generated and bred as previously described 

(Sturchler-Pierrat et al., 1997). Mice were housed in standard cages under conventional 

laboratory conditions (food and water available ad libitum, constant room temperature 

and humidity, 12/12-h light-dark cycle). The animal experiments were conducted 

according to the guidelines of the Kumamoto University Animal Committee. 

 

1.2 Intracerebral microinjection of a mixture of IL-4 and IL-13  

  APP23 mice start to form amyloid deposits at 6 months of age, but their memory 

deficits in the Morris water maze (MWM) test manifest quite early (<3 months) (Dam et 

al., 2003). In this study, we used two age groups (4.5 and 9 months old) of male APP23 

mice and their wild-type (WT) littermates (C57BL/6J). Four to six mice per cage were 

divided into two groups by stratified random sampling to equalize the mean body 

weight of the two study groups: mice given the IL-4/IL-13 microinjection and mice 

given the saline injection. Mice were anesthetized with Avertin [1.25% (w/v) 

2,2,2-tribromoethanol plus 2.5% (v/v) 2-methyl-2-butanol, given at 0.375 ml/25 g body 

weight] and were placed in a stereotaxic apparatus with a mouse adaptor (Narishige Co. 

Ltd., Tokyo, Japan). We injected the left cerebral cortex of each mouse with 0.5 µl of 

the mixture of recombinant murine IL-4 and murine IL-13 (each at 0.1 mg/ml: 50 ng of 
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IL-4 and 50 ng of IL-13 in 0.5 µl; PeproTech EC, London, UK) or saline, which we 

administered by applying pressure through a glass capillary pipette. The coordinates 

from bregma were −0.6 mm posterior, −1.6 mm lateral, and −0.8 mm ventral to the 

skull (Paxinos and Franklin, 2004). Injections were given over 10 min, and the pipettes 

were left in place for an additional 5 min to allow for diffusion. Mice were kept on a 

warming pad until they recovered from anesthesia and then were monitored daily until 

they were killed for tissue processing. We injected IL-4/IL-13 into the cerebral cortex, 

because accumulation of Aβ plaques is reported to start earlier in cerebral cortex than in 

hippocampus (Roder et al., 2003; Capetillo-Zarate et al., 2006). In addition, loss of 

basal forebrain cholinergic neurons reportedly plays a prominent role in cognitive 

deficits in AD patients (Cullen and Halliday, 1998), and the importance of neocortical 

cholinergic neurons in MWM performance is well established (Winkler et al., 1995). 

We left the right brain untreated (no injection) as an internal standard for Aβ 

quantification. We confirmed that an intracerebral injection of India ink (0.5 µl) into 

one hemisphere of two mice (with the injection site at −0.6 mm posterior, −1.6 mm 

lateral, and −0.8 mm ventral from the bregma) did not diffuse to the other hemisphere, 

although it did diffuse not only to the cerebral cortex but also to the lateral ventricle and 

corpus callosum of the ipsilateral side (data not shown). 

 

1.3 The MWM test  

  Spatial learning and memory were evaluated by means of the MWM test (Morris, 

1984). The test, performed during the dark cycle, utilized a circular, 150-cm-diameter 
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pool (height: 40 cm) that was filled with water kept at 23.0 ± 1 °C. A round platform 

(12 cm in diameter) was placed in one of the quadrants and was submerged 1 cm below 

the water surface. Acquisition training consisted of three to five trials per day for 4 

consecutive days (day 1: 3 trials, day 2: 3 trials, day 3: 5 trials, and day 4: 4 trials). The 

trials were started from three different positions in semirandom order with a 20-min 

intertrial interval. A mouse that failed to find the platform within 120 s was guided 

carefully to the platform and allowed to stay on it for 20 s. The acquisition phase was 

followed by a probe trial: the platform was removed from the maze, and animals were 

allowed to swim freely for 100 s. During both acquisition and probe trials, the 

trajectories of the animals were recorded by using a computerized video tracking system 

(CompACT VAS; Muromachi Kikai Co. Ltd., Tokyo, Japan). During training trials, the 

latency to find the escape platform was measured. Probe trials measured the percentage 

of time spent in each quadrant of the MWM. The number of crossing over the training 

annulus (22 cm in diameter), which was 3.1 × the size of the target platform, was also 

used for analysis of performance in the probe trial. In this study, probe trial was 

administered at 2 hours after the last training trial; therefore, it is considered that 

retention of spatial memory for the platform position reflects a short-term memory 

(Vorhees and Williams, 2006). During the MWM test, some APP23 mice showed low 

locomotive activity (swimming speed below the 0.06-m/s threshold). These mice were 

excluded from the analysis of the cytokine and saline groups (behavior). 

 

1.4 Immunohistochemical analysis 
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   After the behavioral study for 4 days (i.e., at 7 days after the microinjection), or 2 

days after the microinjection, for Aβ immunostaining or other immunostainings, 

respectively, mice were anesthetized with pentobarbital, and 4% paraformaldehyde in 

phosphate-buffered saline (PBS) was perfused through the left cardiac ventricle. Brains 

were removed and cryoprotected in sucrose. Frozen sections (10 µm thick, or 20 µm 

thick for Aβ staining) were cut with a cryostat and thaw-mounted on gelatin-coated 

slides. The coronal sections were immersed in 10 mM citrate buffer (pH 6.0) and were 

autoclaved (at 80 °C) for 5 min. For CD163 and Ym1 staining, sections were autoclaved 

at 120 °C for 5 min. For Aβ staining, sections were immersed in 70% formic acid [for 

biotin-conjugated mouse anti-Aβ17-24 monoclonal antibody (b4G8)] or 70% formic 

acid/trypsin (for BA27 and BC05) for 10 min. Slides were then cooled for 20 min at 

room temperature before they were washed in PBS. Fixed sections were incubated at 

room temperature for 1 h in buffer A (PBS containing 0.3% Triton X-100, 1% normal 

donkey serum, 0.02% NaN3, and 0.25% λ-carrageenan), followed by an overnight 

incubation in one of the following antibodies: b4G8, 1:500 dilution; Covance, Berkeley, 

CA), mouse anti-Aβx-40 monoclonal antibody (BA27, Wako Pure Chemical Industries, 

Osaka, Japan), mouse anti-Aβx-42 monoclonal antibody (BC05, Wako Pure Chemical 

Industries), mouse anti-synaptophysin monoclonal antibody (SY38, 1:50 dilution; 

Progen Biotechnik, Heidelberg, Germany), mouse anti-neuronal nuclei (NeuN) 

monoclonal antibody (MAB377, 1:200 dilution; Millipore, Billerica, MA), rat 

anti-CD68 monoclonal antibody (FA-11, 1:100 dilution; Serotec Ltd., Oxford, UK), 

rabbit anti-IL-4 receptor α chain (IL-4Rα) antibody (S-20, 1:200 dilution; Santa Cruz 
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Biotechnology, Santa Cruz, CA), rabbit anti-CD163 antibody (M-96, 1:50 dilution; 

Santa Cruz Biotechnology), rabbit anti-arginase I antibody (1:300 dilution; a generous 

gift from Prof. M. Gotoh, Kumamoto University, Kumamoto, Japan) (Sonoki et al., 

1997), goat anti-Ym1 antibody (AF2446, 4 µg/ml; R&D Systems, Inc., Minneapolis, 

MN), or rabbit anti-Iba1 polyclonal antibody (1:500 dilution; Wako Pure Chemical 

Industries). After excess antibody was washed out with PBS, sections were incubated 

for 2 h with the corresponding Alexa Fluor 488- or 594-labeled secondary antibodies 

(1:400 dilution; Molecular Probes, Eugene, OR). Thioflavin S staining to visualize 

amyloid fibrils was performed according to the manufacturer’s instructions 

(Sigma-Aldrich Inc., St. Louis, MO). Specimens were mounted with Dako fluorescent 

mounting medium (DakoCytomation, Kyoto, Japan) and were examined with a confocal 

laser-scanning microscope (FluoView; Olympus, Tokyo, Japan).  

   To visualize the label in some sections, the avidin-biotin peroxidase technique was 

used. After excess antibody was washed out with PBS, sections were incubated for 1 h 

with the corresponding biotinylated secondary antibody (1:200 dilution; Chemicon 

International, Inc., Temecula, CA). The sections were then incubated for 30 min at room 

temperature with avidin-peroxidase complex (Vector Laboratories, Inc., Burlingame, 

CA). The presence of peroxidase was revealed by incubation with a diaminobenzidine 

solution with nickel enhancement.  

   For immunohistochemical staining with CD36 and NEP, we used a highly sensitive 

tyramide signal amplification (TSA) system (Molecular Probes) according to the 

manufacturer’s recommendations. Endogenous peroxidase was blocked by treatment 
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with 1% H2O2 in methanol for 15 min. Sections were preincubated in buffer A for 30 

min, followed by overnight incubation at 4 °C with rat anti-mouse CD36 monoclonal 

antibody (MAB2519, 1:100 dilution; R&D Systems) or mouse anti-CD10/NEP 

monoclonal antibody (56C6, 1:200 dilution; Novocastra Laboratories, Newcastle upon 

Tyne, UK). Sections were then incubated for 30 min at room temperature with 

horseradish peroxidase-linked goat anti-rat or anti-mouse IgG (Nichirei, Tokyo, Japan). 

Sections were developed with the TSA Fluorescein System (Molecular Probes) or the 

diaminobenzidine-nickel substrate using TSA and the avidin-biotin-peroxidase method 

(Vector Laboratories).  

   Aβ quantification was performed as described previously (Oddo et al., 2004). Brains 

were excluded from the immunohistological analysis if they had high nonspecific 

background staining for b4G8 or BA27. Microphotographs were taken, with an 

Olympus digital camera, of the neocortical area (layer V) surrounding the site of 

injection and similar areas 10 sections away from that site (with each section being 20 

µm thick). The same process was used for the contralateral side. After the 

photomicrographs were imported into the National Institutes of Health (NIH) Scion 

Image system, they were quantified via the NIH Image-J software obtained from a 

public website (http://rsb.info.nih.gov/nih-image/). A manually set threshold intensity 

was kept constant, and the number of pixels in Aβ-immunostained sections in an area 

measuring 550 × 1100 µm2 (surrounding the injection site) was determined.  

 

1.5 Enzyme-linked immunosorbent assay (ELISA)  
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   Seven days after intracerebral injection of IL-4/IL-13 or saline, the ipsilateral 

neocortex and the contralateral area were dissected. For Aβ quantification, the cerebral 

cortex was homogenized in 10 volumes (w/v) of guanidine buffer (6.0 M guanidine 

hydrochloride/50 mM Tris-HCl, pH 8.0, containing 1 mM phenylmethylsulfonyl 

fluoride, 1 µg/ml leupeptin, 1 µg/ml pepstatin A, and 10 µg/ml soybean trypsin 

inhibitor). The sample was centrifuged at 200,000 g for 20 min at 4 °C; the supernatant 

was then diluted 12 times to reduce the guanidine hydrochloride concentration. The 

amounts of Aβ42 and Aβ40 were determined by means of sandwich ELISAs (290-62601 

and 294-64701, respectively; Wako Pure Chemical Industries), according to the 

manufacturer’s instructions. 

   To quantify the endogenous Aβ in WT mice, the cerebral cortex was homogenized in 

5 volumes (w/v) of TBS buffer (50 mM Tris-HCl, pH 8.0, containing 150 mM NaCl, 1 

mM phenylmethylsulfonyl fluoride, 1 µg/ml leupeptin, 1 µg/ml pepstatin A, and 10 

µg/ml soybean trypsin inhibitor). The sample was centrifuged at 20,000 g for 20 min at 

4 °C; the supernatant was then removed. The amounts of Aβ42 were determined 

according to the manufacturer’s instructions, by means of a sandwich ELISA 

(292-64501; Wako Pure Chemical Industries), which shows higher sensitivity than the 

ELISA kit 290-62601 (see above) used for APP23 mice.  

   To quantify tumor necrosis factor-α (TNF-α), the cerebral cortex was homogenized in 

10 volumes (w/v) of PBS buffer (PBS containing 1 mM phenylmethylsulfonyl fluoride, 

1 µg/ml leupeptin, 1 µg/ml pepstatin A, and 10 µg/ml soybean trypsin inhibitor). The 

sample was centrifuged at 10,000 g for 10 min at 4 °C; the supernatant was then 
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removed. The amounts of TNF-α were determined by means of a sandwich ELISA 

(KMC3011; BioSource International, Inc., Camarillo, CA), according to the 

manufacturer’s instructions. Protein concentrations were determined with the Bradford 

protein assay regent (Thermo Fisher Scientific Inc., Rockford, IL), with bovine serum 

albumin as the standard. 

 

1.6 Statistical analysis 

All data were expressed as means ± SEM. For statistical comparisons of the means 

between two groups, Student’s t-test was applied after equality between the variances of 

the groups was confirmed. In a factorial model analysis of variance (ANOVA), the 

cytokine treatment (IL-4/IL-13 vs. saline) was used as a between-subject factor and the 

training regimen (days or trials) was used as a within-subject (repeated measure) factor. 

For comparisons of three or more groups, Dunnett’s multiple comparison test was used 

after one-way ANOVA. To determine whether a correlation existed between variables, 

data were analyzed via scatterplot and Pearson correlation analyses. All statistical 

analyses were performed with GraphPad Prism (GraphPad Software, Inc., La Jolla, CA). 

Significance was defined as P values of less than 0.05.
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 2. RESULTS 

 

2.1 Intracerebral microinjection of IL-4/IL-13 reversed spatial learning and 

memory deficits in 4.5-month-old APP23 mice  

 

   APP23 mice reportedly showed an increase in Aβ deposition with age and displayed 

age-related deficits in learning and memory even at 3 months old (Dam et al., 2003). In 

our present study using APP23 mice of 4.5- and 9-month-old, we also observed that the 

age-related impairment of learning and memory and Aβ accumulation: Aβ was 

accumulated but no amyloid plaque was present at 4.5 months old, while deposition of 

amyloid plaque was abundant at 9 months-old (data not shown). We first investigated 

effect of IL-4/IL-13 microinjection on spatial learning and memory ability by the 

MWM test. We used a mixture of IL-4 and IL-13, because IL-13 shares a receptor with 

IL-4 and was expected to act similarly and/or additionally to IL-4, as shown in previous 

in vitro studies (Shimizu et al., 2008). 

   At the age of 4.5 months, saline-injected APP23 mice had already exhibited 

considerable impairment of acquisition of spatial learning (had a longer escape latency) 

in the MWM test, compared with WT littermates (Fig. 1A, and P<0.001 by two-way 

ANOVA). In contrast, injection of IL-4/IL-13 led to a significant improvement in this 

measurement, compared with saline-injected control APP23 mice (two-way ANOVA: 

P<0.001, Fig. 1A).  

   After the acquisition trials, mice were subjected to probe trials (Fig. 1B). On the 
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percentage of time spent searching in the quadrant where the hidden platform had been 

located, saline-injected APP23 mice showed a low score of time spent in the target 

quadrant (17 ± 3.5%) (Fig. 1Ba), as expected, compared with that of saline-injected WT 

mice (39 ± 6.1%) (Fig. 1Bb, and P<0.05 by post hoc Dunnett’s multiple comparison 

test). After the IL-4/IL-13 injection, however, APP23 mice spent significantly longer 

time in the target quadrant (29 ± 3.0%) than did the saline-injected APP23 mice (Fig. 

1Ba). For the number of crossings over the training annulus, a similar improvement was 

observed in IL-4/IL-13-injected APP23 mice (Fig. 1Ca).  In contrast, microinjection of 

IL-4/IL-13 had little effect on 4.5-month-old WT littermates, as expected (Fig. 1Bb, 

1Cb). These results indicate that memory deficits of 4.5-month-old APP23 mice were 

apparently reversed by intracerebral microinjection of IL-4/IL-13. 

   At the age of 9 months, APP23 mice (saline-injected) showed more impairment of 

acquisition of spatial learning than the 4.5-month-old mice, compared with the 

corresponding WT littermates (Fig. 2A, P<0.001 by two-way ANOVA). Even after the 

cytokine-injectedion, the 9-month-old APP23 mice showed no improvement in the 

behavioral tests: P=0.324 for the acquisition trials (Fig. 2A) by two-way ANOVA, and 

P=0.452 and P=0.284 for the probe trial (Fig. 2Ba, 2Ca). We mention that these data 

include larger statistic deviations than those of 4.5 month-old APP23 mice, and they 

hamper the positive judgment that the cytokine treatment is also effective to memory 

improvement in 9 month-old APP23 mice.   

 In the non-transgenic 9-month-old WT littermates, however, microinjection of 

IL-4/IL-13 resulted in a significantly improved spatial memory in the probe trial, 
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compared with the saline-treated control (P<0.001, in Fig. 2Bb, 2Cb), but this effect 

was not apparent in the escape latency of training trial (Fig. 2A). This result suggests 

that memory formation process of 9-month-old WT mice (measured by training trials) is 

normal, but their retention of spatial memory for the platform position (measured by 

probe trial) is impaired, until the IL-4/IL-13-injection improves it. 

 

2.2 Memory improvement of IL-4/IL-13-injected 4.5-month-old APP23 mice was 

correlated with reduced Aβ  peptide levels in brain  

 

   In view of the memory improvement obtained by IL-4/IL-13 microinjection, sections 

of the brain from 4.5-month-old APP23 mice were studied to determine whether the 

cytokine microinjection could reduce the amount of Aβ in the brain. Coronal slices of 

brain from cytokine-injected and saline-injected mice were immunostained with the 

b4G8, which reacts with almost all Aβ forms including Aβ1–42, Aβ1–40, and full-length 

APP (data sheet no. SIG-39240, Covance). The intensity of immunostaining in the 

neocortical area surrounding the injection site (ipsilateral side) was compared with that 

in the contralateral side. We found a decrease of the b4G8+ Aβ level in the ipsilateral 

neocortex of IL-4/IL-13-injected mice compared with the contralateral side (Fig. 3A). 

Quantitative analysis also showed significantly reduced b4G8 immunoreactivity in the 

ipsilateral neocortex of the cytokine-injected group compared with the saline-injected 

group (P=0.001, Fig. 3Ba). In addition, a post hoc comparison indicated that a 

significant decrease was observed only in the ipsilateral side of the cytokine-injected 



 19 

group (P<0.05, Fig. 3Ca). The 9-month-old IL-4/IL-13-injected APP23 mice also had a 

significant reduction in b4G8 immunoreactivity in the neocortex compared with the 

saline-injected group (P=0.012, Fig. 3Bb). A post hoc comparison, however, showed a 

statistically insignificant change because of a large variation in values (Fig. 3Cb). 

To further investigate the effect of IL-4/IL-13 microinjection on different species of 

Aβ peptides, we subjected the continuous coronal sections that were shown in Fig. 3 to 

immunostaining with the antibodies BA27 and BC05, which specifically recognize Aβ40 

and Aβ42 (Iwatsubo et al., 1994), respectively. The BA27+ Αβ40 level in the neocortex 

of 4.5-month-old APP23 mice, like the total Aβ level immunostained with 4G8, was 

significantly reduced by the IL-4/IL-13 injection, compared with that in the 

saline-injected group (Fig. 4A, 4B). In 9-month-old APP23 mice, the IL-4/IL-13 

injection significantly reduced BA27 immunoreactivity in the ipsilateral neocortex 

compared with the saline injection (Fig. 4C, 4D).  

   With regard to Aβ42 immunostaining in 4.5-month-old APP23 mice, the level was 

below the detection limit for BC05 immunostaining (data not shown). Therefore, we 

quantified the amounts of Aβ42 and Aβ40 by means of sandwich ELISA for both 

ipsilateral and contralateral sides of the neocortex of 4.5-month-old APP23 mice and 

compared the results for the IL-4/IL-13-injected and saline-injected groups. Figures 5A 

and 5B show that the cytokine injection significantly reduced the amounts of both Aβ42 

and Aβ40 peptides to a similar extent (74 ± 4.3% and 76 ± 7.0%, respectively) and only 

in the ipsilateral neocortex. In addition, relationship between the Aβ42 level in the 

ipsilateral side of IL-4/IL-13-injected mice and performance in the MWM showed a 
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significant correlation (P=0.007) with a negative slope (r= − 0.817), while no apparent 

correlation was observed in the saline-injected groups (P=0.817, r=−0.090), as shown in 

Fig. 5C. The ELISA method also demonstrated that the amount of endogenous Aβ42 that 

accumulated at low level (~2 fmol/mg) in the neocortex of 9-month-old WT mice was 

reduced significantly (P=0.038) by the IL-4/IL-13 injection, compared with the saline 

injection (Fig. 5D). 

 

2.3 IL-4/IL-13 microinjection activated microglial cells and induced CD36 and 

NEP in 4.5-month-old APP23 mice 

 

  We previously reported that CD36 and NEP contributed to IL-4-induced degradation 

of oligomeric Aβ1-42 in rat type 2 microglial cells in vitro (Shimizu et al., 2008). To 

determine whether microglia and these molecules are also involved in the observed 

reduction in Aβ in vivo, we inspected the change in the microglial/macrophage marker 

Iba1, and then the expression and distribution of CD36 and NEP, by means of 

immunohistochemical staining of brain slices at various time points after IL-4/IL-13 

microinjection. Iba1 staining (Fig. 6) showed that the cytokine microinjection caused 

microglial cells in the ipsilateral side to change morphology, to an activated phenotype 

with thick processes, although cell numbers showed no change at day 1. Two days after 

the injection, number of the activated microglial cells increased in the ipsilateral side. 

The change in morphology and the increased number of microglial cells returned to 

basal levels at 4 days after the injection. The saline-injected group did not show these 
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changes in Iba1+ cells (Fig. 6B). In addition, the increased number of microglial cells at 

2 days after the cytokine injection was statistically significant compared with the 

number of microglial cells in the saline-injected group (P<0.001), as Fig. 6C shows.  

Immunoreactivity of CD36 and NEP also increased at 2 days after the IL-4/IL-13 

injection (Fig. 7A, 7B). To determine whether microglial cells actually expressed CD36 

and NEP, we used double immunostaining of brain slices at 2 days after the cytokine 

injection. As seen in Fig. 8A, CD36+ cells colocalized with several Iba1+ microglial 

cells. NEP+ cells were also observed in the cortical slices, and some NEP+ cells 

colocalized with Iba1+ cells (Fig. 8B). Therefore, some Iba1+ microglial cells expressed 

NEP. However, the population of NEP+ cells was apparently larger than the Iba1+ cell 

population, which suggests that cells other than microglial cells express the majority of 

NEP. Because most NEP+ cells colocalized with the neuronal presynaptic marker 

synaptophysin in the cortical slices (Fig. 9A), the majority of NEP+ cells were identified 

as neurons. In addition, we found that IL-4Rα, a co-receptor for IL-4 and IL-13, was 

mainly induced in the CD68+ microglial cells of the ipsilateral side at 2 days after 

IL-4/IL-13 injection (Fig. 9B).  

Together, these results strongly suggest that microinjection of IL-4/IL-13 activates 

IL-4R+ microglial cells to induce expression of both CD36 and NEP.  IL-4 and IL-13 are 

also thought to affect neurons indirectly and enhance NEP expression (this point is 

discussed in more detail later). 

 

2.4 IL-4/IL-13 microinjection induced alternative microglial activation  
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In this study, we also identified that the anti-inflammatory phenotype of microglial cells 

was activated by IL-4/IL-13 microinjection. Arginase I, CD163, and Ym1, all of which 

are markers for the anti-inflammatory, alternatively activated phenotype (M2-like 

microglia), were induced in the ipsilateral neocortex at 2 days after the cytokine 

microinjection (Fig. 10A-10C), but they were undetectable after injection of vehicle. 

We confirmed that the M2-related protein Ym1 was induced in Iba1+ microglial cells of 

the ipsilateral side at 2 days after the cytokine injection (data not shown). In addition, 

cytokine-induced CD36 expression was observed in the arginase I-positive and Ym1+ 

cells, which indicates that CD36+ microglial cells are M2-like cells (Fig. 10D, 10E). 

Furthermore, the IL-4/IL-13 injection reduced the TNF-α level in the ipsilateral 

neocortex of 4.5-month-old APP23 mice, compared with saline-injected mice (Fig. 

11A). The TNF-α levels in the ipsilateral side and the performance in MWM (the 

percentage of time spent in target quadrant) showed a significant relationship (P=0.031) 

with a negative correlation (r=−0.969) in the IL-4/IL-13-injected mice (Fig. 11B), while 

no such correlation was observed in the saline-injected groups (P=0.428, r=0.572, Fig. 

11B). These results indicate that IL-4/IL-13 suppressed TNF-α production and 

promoted anti-inflammatory action in microglial cells in 4.5-month-old APP23 mice. 
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3. DISCUSSION 

 

Previous in vitro observations, in which treatment with the anti-inflammatory 

cytokine IL-4 induced selective clearance of oligomeric Aβ42 in type 2 microglial cells 

(Shimizu et al., 2008), led us to undertake this study, in which we examined whether Aβ 

clearance actually reduced learning and memory deficits in vivo in APP23 mice, which 

are APP transgenic mice. A single microinjection of IL-4/IL-13 did indeed reduce the 

total Aβ levels in the cerebral cortex (Fig. 3B) of APP23 mice of both tested ages (4.5 

and 9 months). However, a significant improvement in memory deficits was observed 

only in 4.5-month-old mice, not in 9-month-old mice. 

 

3.1 Different effects of IL-4/IL-13 on memory improvement in APP23 mice of 

different ages and possible relations to Aβ  forms reduced 

Aβ deposition in the brain of APP23 mice reportedly increases with age, and mice 

manifest age-related learning and memory deficits (Dam et al., 2003). In our study 

using APP23 mice here, we observed that considerable amount of the total Aβ (b4G8+) 

accumulated in the 4.5-month-old mice and it increased even more in the 9-month-old 

mice (1.5-fold relative to the 4.5-month-old mice) (Fig. 3B). Learning and memory 

were already consistently impaired in the 4.5-month-old mice (Fig. 1A), and the 

9-month-old mice showed somewhat greater impairment (Fig. 2A). A notable 

observation is that Aβ plaques, which were not seen in 4.5-month-old mice, but were 

obvious in 9-month-old mice (Fig. 4C, 4D).  However, microinjection of IL-4/IL-13 
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apparently reduced total Aβ levels in the ipsilateral neocortex to a similar extent in both 

ages of APP23 mice (Figs. 3 and 4), although the cytokine treatment improved spatial 

memory only in the 4.5-month-old mice. Consequently, we inspected the Aβ forms 

reduced, and found that they were nonplaque Aβ, but not Aβ plaques, as shown in Fig. 

4A and 4C.  

Therefore, the behavioral improvements by cytokine injection may reflect the 

efficient removal of soluble or intra- and extraneuronal Aβs, which are thought to 

contribute to pathological dysfunction of learning and memory in 4.5-month-old mice, 

whereas in 9-month-old mice, the accumulated insoluble plaques may play a dominant 

pathological role in chronic memory deficits. With regard to the Aβ form that was 

reduced in 9-month-old APP23 mice by the cytokine microinjection, the belief is that 

this Aβ did not consist of insoluble plaques but rather was a smaller species (Fig. 4C, 

4D), possibly soluble Aβ, because similar degrees of Aβ reduction were observed in the 

cytokine-treated 4.5-month-old APP23 mice (an age before Aβ plaque formation 

occurs) by means of the immunostaining (Fig. 4A, 4B) and the ELISA of 

buffer-extracted Aβ fractions (Fig. 5). It is of notice that the reduction of 

buffer-extractable Aβ42 is well correlated with the memory improvement in 4.5 

month-old APP23 mice (Fig. 5C). Consequently, this microinjection was more effective 

for 4.5-month-old APP23 mice, in which nonplaque, soluble Aβ species are dominant, 

than for 9-month-old APP23 mice, in which insoluble Aβ plaques are abundant. We 

previously demonstrated that IL-4-induced Aβ clearance by type 2 microglial cells was 

selective for the oligomeric Aβ form (Shimizu et al., 2008), and we attempted to 
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determine the content of oligomeric Aβ in brain slices from APP mice of both ages by 

using an oligomer-specific antibody (Kayed et al., 2003). However, this attempt was 

unsuccessful, possibly because the Aβ oligomers in the samples were present at a level 

lower than the detection limit of the antibody.  Therefore, further study is needed to 

verify whether oligomeric Aβ is responsible for the memory deficiency and its 

improvement via cytokine treatment in vivo. 

    With regard to the location of Aβ, which was accumulated in 4.5-month-old APP23 

mice and reduced by the cytokine injection, we observed that a considerable amount of 

Aβ was located in neurons (data not shown). That no extraneuronal Aβ was observed in 

4.5-month-old APP23 mice may reflect the results that glial cells such as microglia are 

highly efficient in degrading it (Matsunaga et al., 2003) and that neurons internalize Aβ 

from the extracellular milieu (Mohamed and Posse de Chaves, 2011). In 9-month-old 

APP23 mice, Aβ was mainly accumulated in the extracellular space as Aβ plaques, and 

insoluble Aβ plaques rather than soluble Aβ are thought to be critically involved in 

chronic memory deficits. Continuous administration of IL-4/IL-13 by means of the 

virus-mediated transduction reported by Kiyota et al. (Kiyota et al., 2010), rather than 

the single injection that we employed, may reduce Aβ plaque levels enough to improve 

memory impairment even in 9-month-old APP23 mice. Additional studies of this issue 

are required. 

In our study here, the IL-4/IL-13 microinjection also significantly enhanced spatial 

memory retention in 9-month-old WT mice in a probe trial but produced no significant 

improvement in escape latency (Fig. 2A, 2B). This improvement was not observed in 
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the younger, 4.5-month-old WT mice (Fig. 1B). We also observed that the amount of 

endogenous Aβ42 that accumulated in the neocortex of 9-month-old WT mice was 

reduced by the IL-4/IL-13 injection (Fig. 5D), although the amount of accumulated Aβ42 

(~2 fmol/mg) was much lower than that of 4.5-month-old APP23 mice (~ 0.1 pmol/mg). 

All these results suggest that 9-month-old WT mice may be at an early 

neuropathological stage, but they may not show the AD pathology as observed in the 

APP23 mice, because the accumulation level of Aβ was very low.	
   

At the early pathological stage of 9 month-old WT mice, we consider that age-related 

inflammatory changes in hippocampus may be participated. Reportedly, the brain 

inflammation causes deficits in synaptic function to lead impairments of cognitive 

function. For example, peripheral administration of lipopolysaccharide (LPS) increased 

pro-inflammatory cytokine interleukin-1β (IL-1β) concentration in the brain, and led to 

the impairment of hippocampal-dependent learning and memory (Shaw et al., 2001). 

Nolan et al (2005) further showed that intracerebroventricular injection of IL-4 restored 

synaptic functions in aged rats and in LPS-treated rats, in both of which IL-1β 

concentrations had been enhanced. Derecki et al (2010) recently reported that IL-4 

knock-out mice showed higher levels of TNF-α in hippocampus and cognitive 

impairment in MWM test when compared with their WT controls, but these changes 

were reversed by adaptive transfer of T cells from WT mice. Therefore, the mechanism 

that the inflammation-related memory impairment was reversed by IL-4, may 

participate in the present memory improvement of 9-month-old WT mice after 

IL-4/IL-13 injection. It will be necessary, however, to examine them in future. 
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3.2 Proposed mechanisms of Aβ  clearance  

 Our work described herein partly elucidates the possible mechanisms by which 

IL-4/IL-13 reduced the Aβ level in vivo, inasmuch as microglial activation including 

enhanced expression of CD36, and elevated NEP primarily in neurons were detected 

only in the ipsilateral side of the neocortex given the IL-4/IL-13 microinjection.  

We previously showed that CD36 and NEP contributed to IL-4-induced degradation 

of Aβ in rat primary type 2 microglial cells in vitro (Shimizu et al., 2008). In the present 

study, we also detected transient activation of these cells at 2 days after an IL-4/IL-13 

microinjection, with enhanced expression of CD36 and NEP in the ipsilateral side of the 

neocortex. Double-immunostaining experiments revealed obvious induction of CD36 in 

the activated microglial cells (Fig. 8A), whereas greater NEP expression was observed 

in synaptophysin-positive neurons than in activated microglial cells (Fig. 8B and Fig. 

9A). The extra- and intracellular pools of Aβ are related and affect each other via 

intracellular and extracellular equilibria of Aβ peptides (Yang et al., 1999; Oddo et al., 

2006; Tampellini et al., 2009). A decrease in extracellular Aβ via microglial clearance 

reportedly led to a reduction in the intracellular Aβ pool (Schenk et al., 1999; Butovsky 

et al., 2007; El Khoury et al., 2007). Therefore, our results suggest that CD36, which is 

enhanced in activated microglial cells, effects Aβ clearance, which leads to 

intraneuronal Aβ reduction via possible wide-range equilibria between extra- and 

intraneuronal Aβ peptides, whereas NEP, which is enhanced mainly in neurons and 

partly in microglial cells, contributes to degradation of accumulated Aβ. 
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IL-4 receptors were reportedly expressed in granule cells of the dentate gyrus 

(Nolan et al., 2005), but IL-4 had no effect on NEP expression in primary cortical 

neurons (Saito et al., 2005). In our study here, we determined that IL-4Rα, which is a 

co-receptor for IL-4 and IL-13, was mostly induced in CD68+ microglia/macrophages in 

the ipsilateral neocortex at 2 days after IL-4/IL-13 injection (Fig. 9B). This result 

suggests that microglial CD36 and NEP are induced in IL-4Rα+ microglial cells via an 

IL-4R-mediated process. For the NEP that is enhanced in neurons, however, we believe 

that its expression may be stimulated by a microglia-neuron interaction, because most 

of the IL-4Rα was expressed in activated microglia and no obvious IL-4Rα expression 

was observed in neurons (Fig. 9). The possibility of such a microglia-neuron interaction 

warrants further study, however.  

 

3.3 Anti-inflammatory roles of IL-4/IL-13 in the CNS 

Local microenvironments favor an association of Aβ with macromolecules, such as 

apolipoproteins and extracellular matrix components, which leads to formation of 

compact plaques (Bales et al., 1999; Kim et al., 2009). Inflammatory conditions in brain 

also lead to the formation of densely compacted senile plaques (McGeer and McGeer, 

2001). Conversely, anti-inflammatory IL-4 and IL-13 induce Aβ clearance in microglial 

cells (Shimizu et al., 2008; Yamamoto et al., 2008), whereas pro-inflammatory 

cytokines reduce such clearance (Koenigsknecht-Talboo and Landreth 2005; Hickman 

et al., 2008). IL-4 suppressed in vitro microglial production of interferon-γ-induced 

TNF-α (Colton et al., 2006), MHC class II molecules (Suzumura et al., 1994), nitric 
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oxide (Chao et al., 1993), and IL-6 (Szczepanik et al., 2001). In this study, we 

demonstrated that IL-4/IL-13 reduced Aβ levels in APP23 mice. In addition, we showed 

that CD36 and IL-4Rα, which are markers for the alternatively activated microglial 

cells (M2-like microglia) having anti-inflammatory action, were induced in Iba1+CD68+ 

microglial cells by IL-4/IL-13 microinjection (Fig. 8 and Fig. 9B). Arginase I, Ym1, 

and CD163, which are additional markers for M2-like microglia, were also induced by 

the IL-4/IL-13 microinjection (Fig. 10). Furthermore, we demonstrated that IL-4/IL-13 

microinjection significantly reduced the level of TNF-α, a marker for the 

pro-inflammatory phenotype of microglial cells (M1-like microglia), in the ipsilateral 

neocortex of APP23 mice (Fig. 11). All these results strongly suggest that IL-4/IL-13 

reduce chronic inflammation caused by M1-like microglia, and induction of M2-like 

microglia contribute to the repair of microglial dysfunction, and consequently 

participate in Aβ clearance. 

 

3.4 Scope and limitation of single microinjections of IL-4/IL-13 in vivo and possible 

approaches to improve it 

In the present study, we used a single microinjection of IL-4/IL-13 into one 

hemisphere, which allowed direct comparison of the effect on the contralateral side as a 

control. It is worth noting that this injection actually induced microglial activation in 

only the ipsilateral side, in which it reduced accumulated Aβ and consequently 

improved cognitive deficits in young (4.5-month-old) APP23 mice. In addition, 

increased expressions of both CD36 and NEP in only the ipsilateral side strongly 
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suggest that the mechanism that we previously proposed for in vitro IL-4-induced Aβ 

clearance (Shimizu et al., 2008) operates similarly in vivo. Either microinjection of 

cytokines into both hemispheres or repeating injections may improve cognitive deficits 

even in older mice, such as those 9 months old, although we have not tested these 

methods as yet. However, the present method utilizing a surgical microinjection into the 

brain is difficult to apply as a therapeutic technique, and therefore more sophisticated 

tactics, such as introduction of agents that stimulate production of IL-4 and IL-13, or 

microglial activation by either neuronal/glial cells (Nolan et al., 2005) or Th2 cells 

(Town et al., 2005b) in the brain, may be required.  

We previously reported that oral administration of the synthetic retinoid Am80, 

which increased IL-4 production in the T-cell system (Iwata et al., 2003), reduced brain 

Aβ42 peptides in APP23 mice (Kawahara et al., 2009). Other compounds such as 

morphine (Roy et al., 2001), tetrahydrocannabinol (Newton et al., 2009), 

1α,25-dihydroxyvitamin D3 (Boonstra et al., 2001), atorvastatin (Youssef et al., 2002; 

Clarke et al., 2008), and glatiramer acetate (Butovsky et al., 2006) also reportedly 

increase IL-4 production in the T-cell system, and testing them as possible AD 

therapeutic agents may be worthwhile. However, IL-4 may be involved in the 

pathogenesis of allergies and brain tumors, such as asthma (Steinke et al., 2001) and 

gliomas (Rand et al., 2000), respectively, and these possibilities should be remembered 

during development of IL-4 agonists. Very recently, two papers reported that IL-4, 

which was expressed by means of adoptive transfer of T cells into IL-4-knockout mice 

(Derecki et al., 2010) or adenovirus-mediated local delivery in the CNS (Kiyota et al., 
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2010), played a critical role in recovery of cognitive impairment and/or attenuation of 

AD-like pathogenesis, respectively, although their mechanisms differ from ours. 

Therefore, IL-4 has been accepted as having anti-inflammatory or protective activity in 

the CNS, in addition to its conventional pathogenic action described above. 

 

   In conclusion, IL-4/IL-13-induced clearance of Aβ, possibly soluble and/or 

oligomeric Αβ, via CD36 expression in activated M2-like microglial cells and NEP 

expression in microglial cells and primarily in neurons, has potential value in 

therapeutic strategies for AD at early stages. The unique Aβ clearance mechanisms that 

we demonstrated here in vivo should stimulate additional investigations to discover 

agents that induce IL-4/IL-13 production in the brain parenchyma or near the 

blood-brain barrier or blood-cerebrospinal fluid barrier and may encourage development 

of new anti-inflammatory strategies for the treatment of AD, as well as innovative 

techniques of mucosal Aβ vaccination (Weiner et al., 2000). 
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(FIGURE LEGENDS) 

 

Fig. 1.  Intracerebral microinjection of IL-4/IL-13 reversed deficits in spatial learning 

and memory in 4.5-month-old APP23 mice. Spatial learning and memory were 

evaluated by means of the MWM test from day 4 to day 7 after microinjection of 

IL-4/IL-13 or saline into the left neocortex. (A) Mice were trained to swim to the hidden 

platform for 4 consecutive days. Each point represents the mean latency to find the 

escape platform of three to five trials per day ± SEM for the indicated group. Statistical 

differences were calculated by using the two-way ANOVA. ***P<0.001, for the 

difference between IL-4/IL-13-injected APP23 mice and saline-injected mice. (B, C) 

Test of memory in the MWM probe trial without the use of the platform. (a) APP23 

mice. (b) WT mice. Measures included (B) the percent time searching each quadrant 

and (C) the number of crossings over the training annulus, which was 3.1 × the size of 

the target platform, during a probe trial (a 100-s session). Error bars represent means ± 

SEM. Statistical differences were calculated by means of Student’s t-test and one-way 

ANOVA, followed by post hoc Dunnett’s multiple comparison test. **P<0.01 by 

Student’s t-test. ###P<0.001 and #P<0.05 by Dunnett’s multiple comparison test, relative 

to other quadrants. 

 

Fig. 2.  Intracerebral microinjection of IL-4/IL-13 had no effect on deficits in spatial 

learning and memory in 9-month-old APP23 mice. (A) Acquisition of spatial learning 

in the MWM hidden-platform task. Ordinate shows the latency to find a hidden escape 
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platform. Error bars represent means ± SEM. (B, C) Test of memory in the MWM 

probe trial without the use of the platform. (a) APP23 mice. (b) WT mice. Measures 

included (B) the percent time searching each quadrant and (C) the number of crossings 

over the training annulus during a probe trial (a 100-s session). Error bars represent 

means ± SEM. Statistical differences were calculated by using Student’s t-test and 

one-way ANOVA, followed by post hoc Dunnett’s multiple comparison test. 

***P<0.001 and **P<0.01 by Student’s t-test. ###P<0.001 by Dunnett’s multiple 

comparison test, relative to other quadrants. 

 

Fig. 3.  Intracerebral microinjection of IL-4/IL-13 reduced total Aβ levels in the brain. 

After the behavioral study for 4 days (therefore, at 7 days after the microinjection), 

brains were harvested and immunohistochemistry was used to analyze the total Aβ 

levels in each brain. (A) Coronal sections of neocortex from IL-4/IL-13-injected or 

saline-injected 4.5-month-old APP23 mice were stained with b4G8 antibody (i.e., 

anti-Aβ17-24 antibody reactive to any Aβ form, including Aβ1–42, Aβ1–40, and full-length 

APP). Scale bar=200 µm. (B, C) Quantitative assessment of the change [given as an 

ipsilateral/contralateral ratio (in B), or as an immunostaining value (in C)] in b4G8+ Aβ 

levels in the neocortex of IL-4/IL-13- or saline-injected APP23 mice at ages of 4.5 

months (a) and 9 months (b). Error bars represent means ± SEM (n=14 in a, n=7 in b). 

**P<0.01 and *P<0.05 by Student’s t-test. #P<0.05 for the ipsilateral side of 

IL-4/IL-13-injected mice vs. that of other groups.   
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Fig. 4. Improvement in the memory of IL-4/IL-13-injected APP23 mice was correlated 

with decreased intraneuronal Aβ40 peptide levels in the brain. After the behavioral study 

(brains harvested 7 days after the microinjection), immunohistochemistry was used to 

analyze the Aβ40 levels in each brain. (A, C) Continuous coronal sections shown in Fig. 

3 were stained with BA27 antibody (anti-Aβx-40). (A) Results for 4.5-month-old APP23 

mice. (C) Results for 9-month-old APP23 mice. Scale bars=50 µm. (B, D) Quantitative 

assessment of the change in BA27+ Aβ40 levels in the neocortex of IL-4/IL-13-injected 

or saline-injected APP23 mice at ages of 4.5 months (B) and 9 months (D). Error bars 

represent means ± SEM (n=14-18 (B) and n=5-6 (D) for each group). #P<0.05 for the 

ipsilateral side of IL-4/IL-13-injected mice vs. that of other groups. 

 

Fig. 5. Aβ42 and Aβ40 levels were significantly decreased in the brains of APP23 mice 

injected with IL-4/IL-13 compared with the saline-injected group. Seven days after 

intracerebral injection of IL-4/IL-13 into 4.5-month-old APP23 mice, the ipsilateral and 

contralateral cerebral cortices were dissected. Guanidine-soluble Aβ42 (A) and Aβ40 (B) 

levels were determined by using sandwich ELISA. Error bars represent means ± SEM 

(n=15 (A) and n=6 (B) for the IL-4/IL-13-injected group, n=16 (A) and n=7 (B)). 

#P<0.05 for the ipsilateral side of IL-4/IL-13-injected mice vs. that of other groups.  (C) 

Scatterplot and Pearson correlation analyses were used to determine the relationship 

between the Aβ42 values in the ipsilateral side and the percentage of time spent in the 

target quadrant, for IL-4/IL-13- or saline-injected APP23 mice of 4.5-month-old. (D) 
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Endogenous Aβ42 levels decreased significantly in the brains of 9-month-old WT mice 

by injection of IL-4/IL-13 compared with the saline-injected group. Seven days after 

intracerebral injection of IL-4/IL-13, the ipsilateral and contralateral cerebral cortices 

were dissected. TBS-soluble Aβ42 levels were determined by using a highly sensitive 

sandwich ELISA. Error bars represent means ± SEM (n=3 for the IL-4/IL-13-injected 

group, and n=4 for the saline-injected group). *P=0.038 by Student’s t-test. ##P<0.01 by 

Dunnett’s multiple comparison test vs. the IL-4/IL-13-injected ipsilateral side. 

 

Fig. 6. IL-4/IL-13 microinjection activated microglial cells. (A) Immunoreactivity for 

Iba1 in the ipsilateral neocortex (Ipsi) surrounding the injection site is compared with 

that in the contralateral side (Contra) at various times after the IL-4/IL-13 

microinjection. Scale bars=50 µm. (B) Immunoreactivity for Iba1 in the ipsilateral 

neocortex surrounding the injection site is compared with that in the contralateral side at 

2 days after the microinjection of IL-4/IL-13 or saline. Scale bar=50 µm. (C) The 

number of Iba1+ microglial cells was counted in an area of 390 × 510 µm2 (around the 

injection site). Data are means ± SEM (n=4–8 for each group). ###P<0.001 for the 

ipsilateral neocortex at 2 days after the IL-4/IL-13 injection vs. that of all other groups. 

 

Fig. 7. IL-4/IL-13 microinjection induced CD36 and NEP. Immunoreactivity for CD36 

(A) and NEP (B) in the ipsilateral neocortex surrounding the injection site and in the 

contralateral side at 2 days after the IL-4/IL-13 microinjection is shown. Scale bars=50 

µm. 



 46 

 

Fig. 8. Activated microglial cells manifested an increased expression of CD36 and a 

slight increase of NEP after microinjection of IL-4/IL-13. Double immunofluorescent 

staining with anti-CD36 and anti-Iba1 (A) and with anti-NEP and anti-Iba1 (B) was 

performed at 2 days after IL-4/IL-13 injection, and the results of the ipsilateral 

neocortex surrounding the injection site and those of the contralateral side are shown. 

The arrows point to CD36+ cells (A) and NEP+ cells (B). Scale bars=100 µm. 

 

Fig. 9. NEP and IL-4Rα were mainly induced in synaptophysin-positive neurons and 

CD68+ microglial cells, respectively, in the ipsilateral side after IL-4/IL-13 injection. 

(A) Double immunofluorescent staining with anti-NEP and anti-synaptophysin was 

performed at 2 days after IL-4/IL-13 injection, and results of the ipsilateral neocortex 

surrounding the injection site and those of the contralateral side are shown. Scale 

bar=50 µm. (B) Double immunofluorescent staining with anti-IL-4Rα and anti-CD68 

was performed at 2 days after IL-4/IL-13 injection, and results of the ipsilateral 

neocortex surrounding the injection site and those of the contralateral side are shown. 

Scale bar=50 µm.  

 

Fig. 10. IL-4/IL-13 microinjection induced alternative microglial activation. Two days 

after IL-4/IL-13 injection, immunoreactivity for arginase I (A), Ym1 (B), and CD163 

(C) in the ipsilateral neocortex surrounding the injection site and in the contralateral 

side is shown. Double immunofluorescent staining with anti-CD36 and anti-arginase I 
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(D) and with anti-CD36 and anti-Ym1 (E) was also performed using similar sections of 

the ipsilateral neocortex. Scale bars=50 µm.  

 

Fig. 11. IL-4/IL-13 microinjection reduced the TNF-α level in the ipsilateral neocortex 

of APP23 mice. (A) Seven days after intracerebral injection of IL-4/IL-13 into 

4.5-month-old APP23 mice, the ipsilateral and contralateral cerebral cortices were 

dissected. PBS-soluble fractions were determined by using sandwich ELISA. Error bars 

represent means ± SEM (n=4 for each group). #P<0.05 by Dunnett’s multiple 

comparison test versus the IL-4/IL-13-injected ipsilateral side. (B) Scatterplot and 

Pearson correlation analyses were used to determine the relationship between the 

TNF-α values in the ipsilateral side and the percentage of time spent in the target 

quadrant, for IL-4/IL-13-injected or saline-injected APP23 mice. 

 



Fig. 1 

APP23, saline
APP23, IL-4/IL-13

A

Ba

E
sc

ap
e 

la
te

nc
y 

(s
) 

Trial (days) 

WT, saline
WT, IL-4/IL-13

Bb
P=0.405 

**

Ca

P=0.965 Cb

*

***

Opposite Left Right Trained

Opposite Left Right Trained

Saline IL-4/IL-13

Saline IL-4/IL-13

%
 s

ea
rc

h 
tim

e 
%

 s
ea

rc
h 

tim
e 

# 
of

 c
ro

ss
in

gs
 

####

APP23, saline       (n=16) 
APP23, IL-4/IL-13 (n=18) 
WT, saline             (n=12) 
WT, IL-4/IL-13       (n=13) 

# 
of

 c
ro

ss
in

gs
 



Fig. 2 

APP23, saline

APP23, saline       (n=7) 
APP23, IL-4/IL-13 (n=5) 
WT, saline             (n=8) 
WT, IL-4/IL-13       (n=8) 

A

Ba

E
sc

ap
e 

la
te

nc
y 

(s
) 

Trial (days) 

APP23, IL-4/IL-13

WT, saline
WT, IL-4/IL-13

Bb

P=0.324

P=0.452

***

Cb

P=0.284

***

Ca

Opposite Left Right Trained

Opposite Left Right Trained

%
 s

ea
rc

h 
tim

e 
%

 s
ea

rc
h 

tim
e 

###

Saline IL-4/IL-13

# 
of

 c
ro

ss
in

gs
 

Saline IL-4/IL-13

# 
of

 c
ro

ss
in

gs
 



A Fig. 3 
Ip

si
 

C
on

tr
a 

Saline IL-4/IL-13 

P>0.05

Ba Ca 

Bb Cb 



Fig. 4 

Ip
si

 
C

on
tr

a 

Saline IL-4/IL-13 

Ip
si

 
C

on
tr

a 

Saline IL-4/IL-13 A C 

D 
4.5 mo (BA27) 9 mo (BA27) B 



Fig. 5 

B

A
40

 (p
m

ol
/m

g 
pr

ot
ei

n)

A

A
42

 (p
m

ol
/m

g 
pr

ot
ei

n)

Saline IL-4/IL-13

Contra ContraIpsi Ipsi

0.15

0.10

0.05

0

0.8

0.6

0.4

0.2

0

# 

# 

Saline IL-4/IL-13

Contra ContraIpsi Ipsi

D

C

0

1

2

3

## 
## 

A
42

 (f
m

ol
/m

g 
pr

ot
ei

n)

Saline IL-4/IL-13

Contra ContraIpsi Ipsi

* 



Fig. 6 
A B 

C 

Day 1 Day 2

Ip
si

 
C

on
tr

a 

Day 4 Day 7

Ip
si

 
C

on
tr

a 

Saline IL-4/IL-13

Ip
si

 
C

on
tr

a 



A 

B 

Ip
si

C
on

tr
a

IL-4/IL-13Saline

IL-4/IL-13Saline

Ip
si

C
on

tr
a

Fig. 7 





N
EP

 
Sy

na
pt

op
hy

si
n 

M
er

ge
 

Ipsi Contra 

IL
-4

R
 

C
D

68
 

M
er

ge
 

Ipsi Contra 
A B

Fig. 9 



C
on

tr
a 

IL-4/IL-13 Saline 

Ip
si

 
C

on
tr

a 

IL-4/IL-13 Saline 

Ip
si

 
C

on
tr

a 

IL-4/IL-13 Saline 

Ip
si

 

A 

B 

C 

C
D

36
 

M
er

ge
 

A
rg

in
as

e 
I 

Ipsi Contra D 

E 

C
D

36
 

M
er

ge
 

Ym
1 

Ipsi Contra 

Fig. 10 



B

A

Saline IL-4/IL-13

TN
F-

 (p
m

ol
/m

g 
pr

ot
ei

n)

Contra ContraIpsi Ipsi

0

100

200

300

Fig. 11

#

*P=0.031 
   r=-0.969

#

Ta
rg

et
 q

ua
dr

an
t (

%
)

TNF-  level in the ipsilateral side (pg/mg)

Saline
IL-4/IL-13

20

60

40

0
100 200 3000


