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Abstract  
Optogenetics is a combination of optics and genetics technology that can be used to activate or inhibit specific cells in tissues. It has been 
used to treat Parkinson’s disease, epilepsy and neurological diseases, but rarely Alzheimer’s disease. Adeno-associated virus carrying the 
CaMK promoter driving the optogenetic channelrhodopsin-2 (CHR2) gene (or without the CHR2 gene, as control) was injected into the 
bilateral dentate gyri, followed by repeated intrahippocampal injections of soluble low-molecular-weight amyloid-β1–42 peptide (Aβ1–42). 
Subsequently, the region was stimulated with a 473 nm laser (1–3 ms, 10 Hz, 5 minutes). The novel object recognition test was conducted 
to test memory function in mice. Immunohistochemical staining was performed to analyze the numbers of NeuN and synapsin Ia/b-pos-
itive cells in the hippocampus. Western blot assay was carried out to analyze the expression levels of glial fibrillary acidic protein, NeuN, 
synapsin Ia/b, metabotropic glutamate receptor-1a (mGluR-1a), mGluR-5, N-methyl-D-aspartate receptor subunit NR1, glutamate recep-
tor 2, interleukin-1β, interleukin-6 and interleukin-10. Optogenetic stimulation improved working and short-term memory in mice with 
Alzheimer’s disease. This neuroprotective effect was associated with increased expression of NR1, glutamate receptor 2 and mGluR-5 in the 
hippocampus, and decreased expression of glial fibrillary acidic protein and interleukin-6. Our results show that optogenetics can be used 
to regulate the neuronal-glial network to ameliorate memory functions in mice with Alzheimer’s disease. The study was approved by the 
Animal Resources Committee of Jinan University, China (approval No. LL-KT-2011134) on February 28, 2011.
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Graphical Abstract   

Activation of glutamatergic neurons in the dentate gyrus of bilateral hippocampi induced by 
optogenetics improves object recognition memory consolidation in soluble Aβ1–42 injected mice
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Introduction 
Alzheimer’s disease (AD) is the most common progressive 
neurodegenerative disease that results in dementia. Substan-
tial synaptic and neuronal losses are observed in the early 
stage of AD (Gómez-Isla et al., 1996; Scheff et al., 2006; Ono 
et al., 2009; Crews and Masliah, 2010). Soluble low-molecu-
lar-weight amyloid-β1–42 peptide (Aβ1–42) has been shown 
to be the main neurotoxic culprit (Lambert et al., 1998; 
Lesné et al., 2006). Memory deficits and neurotoxicity have 
been shown to be directly caused by Aβ1–42 by Brouillette 
and colleagues using a novel animal model (Brouillette et al., 
2012). They demonstrated that repeated intrahippocampal 
injection of soluble Aβ1–42 causes Aβ deposition, tau hyper-
phosphorylation and neuronal loss, which are the key histo-
pathological changes in AD.

Glutamate is the main excitatory neurotransmitter in 
the brain, and is involved in regulating functions such as 
learning and memory (Ordaz et al., 2017). Dysregulated 
glutamatergic signaling has been implicated in neuronal 
and synaptic loss in AD (Piani et al., 1991, 1992; Albasanz 
et al., 2005). Glutamate has two main receptors: ionotropic 
and metabotropic glutamate receptors (iGluR and mGluR). 
Both types of receptors are involved in AD pathogenesis. 
The PrP(c)/Aβ1–42 peptide complex may contribute to AD 
pathogenesis via mGluR5 and N-methyl-D-aspartate recep-
tor (NMDAR) (Hamilton et al., 2015). NMDAR is involved 
in Aβ-induced synaptic loss in cultured hippocampal slices 
from arcAβ transgenic mice (Terry et al., 1991; McLean et 
al., 1999; Shankar et al., 2007).

Optogenetics combines both optical and genetic tech-
niques to activate or inhibit activity or expression in specific 
cells in vitro and in vivo (Deisseroth, 2015). It has been used 
to investigate neural network activity in behaviours and 
sleep/wakefulness, as well as in therapies for Parkinson’s dis-
ease, epilepsy and other neurological diseases. However, very 
few studies have reported on the use of optogenetics in AD.

In this study, we used an adeno-associated virus (AAV) 
carrying the Ca2+/calmodulin-dependent protein kinase 
(CaMK) promoter (Aravanis et al., 2007), optogenetic chan-
nelrhodopsin-2 (CHR2) and fluorescein-mCherry (AAV5-
CaMK-CHR2-mCherry) for expression in glutamatergic 
neurons. Light stimulation of cells carrying AAV5-CaMK-
CHR2-mCherry results in the activation of glutamatergic 

neurons. In the present study, we used this method to inves-
tigate the therapeutic potential of optogenetic neuromodula-
tion in a mouse model of AD.
  
Materials and Methods 
Animals
A total of 36 female C57BL/6 mice, 8 months old, were 
bought from Guangdong Medical Laboratory Animal Cen-
ter, China (license No. SCXK(Yue)2008-0002). All exper-
iments were performed following the Guide for the Care 
and Use of Laboratory Animals (NIH publication No. 85-
23, revised 1985), with the approval of the Animal Resourc-
es Committee, Jinan University, China (approval No. LL-
KT-2011134) on February 28, 2011. The mice were housed 
in groups of 10 per cage (470 mm × 350 mm × 200 mm), 
with free access to food and water, under a 12/12-hour light/
dark cycle, with lights on from 7:00 a.m. to 7:00 p.m., in a 
room with controlled temperature (20 ± 2°C) and humidity 
(55 ± 5%).

Experimental procedures
A flow chart of the experimental protocol is shown in Fig-
ure 1. Mice were randomly divided into the following three 
groups: Aβ group (n = 12), Aβ-non-CHR2 group (n = 12) 
and Aβ-CHR2 group (n = 12). AAV5-CaMK-CHR2-mCher-
ry and AAV5-CaMK-mCherry were injected bilaterally into 
the dentate gyrus of the hippocampus. Then, 14 days later, 
0.2 μg soluble low-molecular-weight Aβ1–42 was injected into 
the same site. Afterwards, light stimulation was performed 
for 5 minutes with an optical fiber at the same site in the 
dentate gyrus. Aβ1–42 injection and light stimulation were 
performed from day 0 to day 6. The object recognition task 
was conducted from day 0 to day 7 after Aβ injection (n = 8). 
Thereafter, the mice were sacrificed for western blot assay (n 
= 6) or immunohistochemical staining (n = 6).

Aβ preparation
Aβ1–42 peptide solution was prepared as described before 
(Kuperstein et al., 2010; Brouillette et al., 2012). In short, 
Aβ1–42 peptide (A9810, Sigma-Aldrich, Shanghai, China) 
was dissolved in 99% hexafluoroisopropanol (Sigma-Al-
drich) at 1 mg/mL. A gentle stream of N2 gas was used for 
evaporation. The peptide film was dissolved to a 1 mg/mL 

Figure  1 Flow chart of the experimental protocol.
AAV: Adeno-associated virus;  CaMK: Ca2+/calmodulin-dependent protein kinase; CHR2: channelrhodopsin-2; Aβ: amyloid-β; D: day(s).
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final concentration in dimethyl sulfoxide (Sigma-Aldrich), 
and then eluted with 50 mM Tris/1 mM EDTA buffer (pH 
7.5) on a 5 mL HiTrap desalting column (GE Healthcare). A 
BCA protein assay kit (Pierce, Rockford, IL, USA) was used 
to measure the Aβ1–42 concentration. The Aβ1–42 peptide solu-
tion was kept on ice until the experiments started, and the 
maximum lag time was 30 minutes.

AAv infection and optical fiber implant
All surgical procedures were performed stereotactically. 
Avertin (500 mg/kg; Jiangsu Changjili New Energy Technol-
ogy Co., Ltd., Yixing, China) was used as anesthetic. Bilateral 
cannulae (328OPD-2.8/Spc, plus a removable dummy wire; 
Plastics One) were implanted into the hippocampal dentate 
gyrus ((from the bregma) 2.2 mm anteroposterior, ± 1.4 mm 
mediolateral, 2.1 mm dorsoventral) (Paxinos and Watson, 
2005).

AAV5-CaMK-CHR2-mCherry (1 × 1013 genome copies/mL) 
and AAV5-CaMK-mCherry (1 × 1013 genome copies/mL) 
were injected with a glass micropipette connected to a 10 μL 
Hamilton microsyringe (701LT; Hamilton, Beijing, China) 
fixed to a microelectrode holder (MPH6S; WPI, Shanghai, 
China). The injection speed was set at 100 nL/min for 10 
minutes, for a total volume of 1 μL, which was controlled by 
a microsyringe pump (UMP3; WPI) and a controller (Mi-
cro4; WPI). After the injection, the needle was kept in place 
for an additional 5 minutes and then withdrawn slowly.

Histology showed that 14 days after injection, AAV5-
CaMK-CHR2-mCherry and AAV5-CaMK-mCherry were 
expressed adequately (Figure 2). Bilateral cannulae were 
screwed into the skull around the dentate gyrus of the hip-
pocampus. Aβ1–42 peptide solution (0.2 μg/μL) was injected 
into the same site of the dentate gyrus as described above. A 
patchcord optical fiber (200 mm core diameter; Doric Lens-
es, Quebec, Canada) was implanted at the site of Aβ1–42 injec-
tion. Optical stimulation was generated by a laser (473 nm, 
1–3 ms, 10 Hz) (Changchun New Industries, Changchun, 
China) for 5 minutes. The mice were left on the heating pad 
until they fully recovered from anesthesia.

Novel object recognition test
The novel object recognition test was conducted as described 
previously (Fortress et al., 2013; Ruby et al., 2013). In the 
pre-training phase, the mice were given one habituation ses-
sion for 6 days (day 0 to day 5 after Aβ injection), in which 
they were allowed 5 minutes to explore the empty space 
without objects. In the training (acquisition) phase, on day 6 
after Aβ injection, the mice were placed in the testing zone 
facing the center of the other side, in which two identical ob-
jects (A1 and A2) were each placed 100 mm from the neigh-
boring wall. The mice were allowed to explore the objects for 
3 minutes, and the time exploring each object was measured. 
Afterwards, the mice were returned to their home cage. In 
the test (consolidation) phase, working, short-term and 
long-term memory were assessed. The same procedures were 
repeated 5 minutes, 2 hours or 1 day after the training stage. 
The mice were placed again in the testing zone, in which two 

objects were placed in the same location: one object (A1) was 
the same as before, and the other object was novel (B). In the 
training phase, the memory index was calculated using the 
following formula: memory index (%) = (exploring time for 
object A2 / total exploring time for object A1 and object A2) 
× 100%. In the test phase, memory index (%) = (exploring 
time for novel object B / total exploring time for object A1 
and object B) × 100% (Leger et al., 2013). M0, M1, M2 and 
M3 represent the memory index in the training stage, and 
5 minutes, 2 hours and 1 day after the training stage (in the 
testing phase), respectively.

Immunohistochemistry
Immunohistochemical analysis (Fachim et al., 2016) was 
performed using paraffin brain sections. The mice were 
anesthetized by intraperitoneal injection of sodium pento-
barbital, and the brains were collected after cardiac perfu-
sion. A graded ethanol series, 70–100%, was used for dehy-
dration. Sections were blocked, and then incubated in 0.3% 
Triton X-100/phosphate-buffered saline with primary anti-
body overnight at 4°C. Primary antibodies included mono-
clonal mouse anti-NeuN (1:500; Cat# MAB377; Millipore, 
Darmstadt, Germany) and monoclonal mouse anti-synapsin 
Ia/b(A-1) (1:100; Cat# sc-398849; Santa Cruz Biotechnology, 
Santa Cruz, CA, USA). Goat anti-mouse IgG (H&L) (1:2000; 
Cat# ab7067; Abcam, Shanghai, China) was incubated at 
ambient temperature in the dark for 1 hour. Using a light 
microscope (DMI 3000 B; Leica, Buffalo Grove, IL, USA), 
images were taken of the CA1, CA3, dentate gyrus and sub-
ventricular zone. The number of immunostained cells was 
counted using ImageJ software (NIH, Bethesda, MD, USA) 
in a double blind manner, and expressed as a percentage of 
the Aβ group.

western blot assay
Western blot assay was performed as previously described 
(Brouillette et al., 2012). In brief, hippocampal tissue, ex-
tending 2 mm on one side of the injection site, was immedi-
ately dissected on ice and homogenized in cold radioimmu-
noprecipitation assay solution. Samples were gently agitated 
for 45 minutes at 4°C, and then centrifuged at 11,500 ×g for 
20 minutes at 4°C. The total protein content in the superna-
tant was determined with a BCA kit.

Using SDS-NuPAGE Novex 4–12% Bis-Tris gels (Invitro-
gen), 30 µg of total protein was separated by electrophoresis 
and transferred to Hybond-ECL membranes (GE Health-
care) by electroblotting. Membranes were incubated in 5% 
fat-free milk containing blotting buffer for 1 hour at am-
bient temperature, and then with the primary antibody at 
4°C overnight. Primary antibodies included the following: 
monoclonal mouse anti-glial fibrillary acidic protein (GFAP) 
(1:500; Cat# MAB3402; Millipore), monoclonal mouse 
anti-NeuN (1:100; Cat# MAB377; Millipore), monoclonal 
mouse anti-synapsin Ia/b (A-1) (1:100; Cat# sc-398849; Santa 
Cruz Biotechnology), polyclonal goat anti-mGluR-1a (C-20) 
(1:200; Cat# sc-47128; Santa Cruz Biotechnology), polyclonal 
goat anti-mGluR-5 (N-14) (1:200; Cat# sc-47147; Santa Cruz 
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Biotechnology), polyclonal goat anti-NMDAR1 (C-20) (1:200; 
Cat# sc-1467; Santa Cruz Biotechnology), polyclonal rabbit 
anti-GluR-2 (1:4000; Cat# AB1768-I; Millipore), polyclonal 
goat anti-interleukin (IL)-1β (M-20) (1:200; Cat# sc-1251; 
Santa Cruz Biotechnology), polyclonal goat anti-IL-6 (M-
19) (1:200; Cat# sc-1265; Santa Cruz Biotechnology), and 
monoclonal mouse anti-IL-10 (A-2) (1:100; Cat# sc-365858; 
Santa Cruz Biotechnology). Expression was normalized to 
β-actin (1:5000; Cat# ab6276; Abcam) as the loading control. 
The membranes were washed and then incubated with horse-
radish peroxidase-labeled goat anti-mouse, goat anti-rabbit 
or horse anti-goat IgG secondary antibody (1:500; Cat# BA-
9200, PI-1000, PI-9500; Vector Laboratories, Burlingame, 
CA, USA) for 1 hour. After washing, an enhanced chemi-
luminescence kit (GE Healthcare, Chicago, IL, USA) and 
the Image Reader LAS-3000 system (Fujifilm; Tokyo, Japan) 
were used for visualization. Quantitative densitometric anal-
ysis was performed using ImageJ software (NIH, Bethesda, 
MD, USA). Results were expressed as a percentage of the Aβ 
group.

statistical analysis
Data are shown as the mean ± SEM. A significance level of P 
< 0.05 was set for two-tailed, one-way and two-way analysis 
of variance using Prism 6 (GraphPad, San Diego, CA, USA).

Results
Effect of AAv5-CaMK-CHR2-mCherry on memory 
function in mice
Using the novel object recognition test, working and short- 
and long-term memory were assessed during the test phase 
(consolidation) 5 minutes, 2 hours and 1 day after the train-
ing stage (M1, M2 and M3, respectively). Figure 3 shows 
the effect of stimulating CaMK-CHR2-expressing neurons 
in the dentate gyrus of the bilateral hippocampi on memory 
functions. M1 and M2 were significantly higher in the Aβ-
CHR2 group than in the Aβ-non-CHR2 and Aβ groups (F = 
53.93, P < 0.001 for M1; F = 18.31, P < 0.001 for M2). There 
were no differences in M3 among the three groups (F = 2.002, 
P > 0.05 for M3), suggesting that working and short-term 
memories were rescued by the treatment. There were no sig-
nificant differences among M0, M1, M2 and M3 in the Aβ-

non-CHR2 and Aβ groups (F = 1.099, P > 0.05, for the Aβ1–42 
group; F = 1.524, P > 0.05, for the Aβ-non-CHR2 group). 
However, in the Aβ-CHR2 group, compared with M0, M1 
and M2 were increased significantly (F = 25.12, P < 0.0001). 
Furthermore, there was no significantly difference between 
M0 and M3 (P > 0.05), implying that CHR2 did not affect 
long-term memory.

Effect of AAv5-CaMK-CHR2-mCherry on neuronal cells 
and synaptic vesicles in the hippocampus
Immunohistochemistry revealed expression of NeuN and 
synapsin in the CA1, CA3, dentate gyrus and subventricular 
zone (Figure 4A & B). Compared with the Aβ-non-CHR2 
and Aβ groups, the percentages of NeuN-positive and syn-
apsin-positive cells were increased in the dentate gyrus in the 
Aβ-CHR2 group (F = 29.89, P < 0.01 for NeuN; F = 67.22, 

Figure 2 Fluorescence staining in mice injected with AAv5-CaMKII-CHR2-mCherry.
Labeled cells are stained red when carrying AAV5-CaMK-CHR2-mCherry or AAV5-CaMK-mCherry. (A) Hippocampus (original magnification, 
40×); (B) CA1 region (original magnification, 200×); (C) dentate gyrus (original magnification, 200×). AAV: Adeno-associated virus; CaMK: Ca2+/
calmodulin-dependent protein kinase; CHR2: channelrhodopsin-2.
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Figure 3 Effect of AAv5-CaMKII-CHR2-mCherry on memory in 
mice.
Using the novel object recognition test, working, and short-term and 
long-term memories were assessed with the memory index during the 
test phase (consolidation), 5 minutes, 2 hours and 24 hours after the 
training phase (M1, M2 or M3). Data are expressed as the mean ± SEM 
(n = 8). **P < 0.001, vs. Aβ-CHR2 group; ##P < 0.001, vs. M0 (one-way 
analysis of variance). Aβ: Repeated Aβ1–42 injection into the bilateral 
dentate gyrus; Aβ-non-CHR2: Repeated Aβ1–42 injection into the bilat-
eral dentate gyrus together with AAV5-CaMK-mCherry injection and 
light stimulation; Aβ-CHR2: repeated Aβ1–42 injection into the bilateral 
dentate gyrus together with AAV5-CaMK-CHR2-mCherry injection 
and light stimulation. Memory index (%) = (exploring time for novel 
object B/total exploring time for object A1 and object B) × 100%. AAV: 
Adeno-associated virus; CaMK: Ca2+/calmodulin-dependent protein 
kinase; CHR2: channelrhodopsin-2.
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Figure 4 Effect of AAv5-CaMKII-CHR2-mCherry on neuronal cells and synaptic vesicles in the hippocampus of mice.
(A, B) Effect of CHR2 on NeuN (A) and synapsin (B) in the CA1, CA3, DG and SVZ (original magnification, 400×): Expression of NeuN in the 
CA1, CA3, DG and SVZ is demonstrated. Scale bars: 100 μm. (C) Quantification of neuronal cells and synaptic vesicles in the hippocampus was 
assessed by measuring the protein expression levels of NeuN (46 kDa) and synapsin (86 kDa) using western blot assay. Data are expressed as a per-
centage of the Aβ group and are shown as the mean ± SEM (n = 6). *P < 0.05, **P < 0.01, vs. Aβ-CHR2 group (one-way analysis of variance). Aβ: 
Mice with repeated Aβ1–42 injection into the bilateral DG; Aβ-non-CHR2: mice with repeated Aβ1–42 injection into the bilateral DG together with 
AAV5-CaMK-mCherry injection and light stimulation; Aβ-CHR2: mice with repeated Aβ1–42 injection into the bilateral DG together with AAV5-
CaMK-CHR2-mCherry injection and light stimulation; DG: dentate gyrus; NeuN: neuronal nuclei; SVZ: subventricular zone; AAV: adeno-associ-
ated virus; CaMK: Ca2+/calmodulin-dependent protein kinase; CHR2: channelrhodopsin-2.

P < 0.01 for synapsin). There were no significant differences 
in the percentage of NeuN or synapsin-positive cells in the 
CA1, CA3 or subventricular zone among the Aβ-CHR2, Aβ-
non-CHR2 and Aβ groups (P > 0.05).

Neurons and synaptic vesicles in the hippocampus were 
assessed by measuring protein levels of NeuN and synapsin 
by western blot assay (Figure 4C). There was no significant 
difference in NeuN or synapsin expression among the Aβ-
CHR2, Aβ-non-CHR2 and Aβ groups (F = 0.553, P > 0.05 
for NeuN; F = 1.156, P > 0.05 for synapsin). Neither AAV5-
CaMK-CHR2-mCherry nor AAV5-CaMK-mCherry affect-
ed neuronal cells or synaptic vesicles in the hippocampus.

Effect of AAv5-CaMK-CHR2-mCherry on glutamate 
receptors in the hippocampus of mice
Glutamate receptors can be divided into two groups: iGluR 
and mGluR (Reiner and Levitz, 2018). AAV5-CaMK-CHR2-
mCherry had no effect on mGluR1; there was no significant 
difference in mGluR1 expression among the Aβ-CHR2, Aβ-
non-CHR2 and Aβ groups (F = 1.521, P > 0.05; Figure 5). 
mGluR5, NMDAR1 and GluR2 expression levels were in-
creased in the Aβ-CHR2 group compared with the Aβ-non-
CHR2 and Aβ groups (F = 6.723, P < 0.05 for mGluR5; F = 
4.234, P < 0.05 for NMDAR1; F = 4.714, P < 0.05 for GluR2) 
(Figure 5).
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Effect of AAv5-CaMK-CHR2-mCherry on 
neuroinflammation in the hippocampus
GFAP is a cell-specific biomarker of astrocytes that is as-
sociated with neuroinflammation (Yang and Wang, 2015). 
Compared with the Aβ-non-CHR2 and Aβ groups, AAV5-
CaMK-CHR2-mCherry markedly inhibited GFAP expres-
sion in the Aβ-CHR2 group (F = 14.03, P < 0.01; Figure 6). 
Interleukins are a group of cytokines on which the function 
of the immune system depends greatly (Brocker et al., 2010). 
IL-6 expression was decreased in the Aβ-CHR2 group com-
pared with the Aβ-non-CHR2 and Aβ groups (F = 48.05, P < 
0.01). No significant differences in IL-1β or IL-10 expression 
were observed among the three groups (F = 0.665, P > 0.05 
for IL-1β; F = 0.296, P > 0.05 for IL-10; Figure 6).

Discussion
In the present study, we investigated the effect of stimulating 
CaMK-CHR2-expressing neurons in the dentate gyrus of 
the bilateral hippocampus on memory function. The main 
findings are as follows: (1) optogenetics improved working 
memory and short-term memory in the test phase. (2) Op-
togenetics upregulated GluR2, NMDAR1 and mGluR5, and 
inhibited neuroinflammation, thereby decreasing neuronal 
and synaptic loss in the dentate gyrus caused by Aβ1–42.

The incidence of AD is increasing. However, current ther-
apeutic strategies for AD have limited efficacy (Alzheimer’s 
Association, 2013). Individuals with AD have difficulty 
recognizing objects because of semantic memory deficits 
(Laatu et al., 2003). In the present study, stimulation of 
CaMK-CHR2-expressing neurons in the dentate gyrus of the 
hippocampus improved object recognition memory consol-
idation in Aβ1–42-injected mice. The novel object recognition 

test was first proposed by Ennaceur and Delacour (1988) 
as a method to evaluate the ability of mice to recognize a 
novel object in familiar surroundings. In 2004, the method 
was further developed by Hammond et al. (2004) for testing 
object recognition memory and the influence of amnesic 
medicine on exploratory activity. This simple reliable test 
provides information on working, short-term and long-term 
memory. A higher memory index for the novel object in the 
testing stage implies a better ability for familiar object rec-
ognition. Aβ mice and Aβ-non-CHR2 mice spent < 50% of 
the total time exploring the novel object 5 minutes, 2 hours 
and 24 hours after the training phase, while Aβ-CHR2 mice 
spent a significantly greater proportion of time exploring the 
novel object 5 minutes and 2 hours after the training phase, 
implying that working memory and short-term memory 
were improved by AAV5-CaMK-CHR2-mCherry expression 
combined with light stimulation. Thus, CHR2 activation 
improved memory consolidation. It is worth noting that the 
memory index in the testing phase, 24 hours after the train-
ing phase, was markedly decreased compared with 5 minutes 
after the training phase in the Aβ-CHR2 group. The substan-
tial elapsed time may be the reason why there was no effect 
of optogenetics on long-term memory.

Optogenetics combines both optical and genetic tech-
niques to activate or inhibit the activity of specific cells or 
tissues, in vitro as well as in vivo (Deisseroth, 2011). Opto-
genetics can be used to selectively control neuronal activity 
with a temporal precision of a millisecond, and can be ap-
plied to examine the effect of neuronal activity on behavior 
(Gradinaru et al., 2009; Tye et al., 2011). Huff et al. (2013) 
demonstrated that activation of ChR2(E123A)-expressing 
neurons in the basolateral amygdala using trains of 40-Hz 

Figure 5 Effect of AAv5-CaMKII-CHR2-mCherry on glutamate 
receptors in the hippocampus of mice.
Glutamate receptors, including mGluR1 (145 kDa), mGluR5 (145 kDa), 
NMDAR1 (115 kDa) and GluR2 (110 kDa), were measured with west-
ern blot assay. Data are expressed as a percentage of the Aβ group and 
are shown as the mean ± SEM (n = 6). *P < 0.05, vs. Aβ-CHR2 group 
(one-way analysis of variance). Aβ: Repeated Aβ1–42 injection into the 
bilateral dentate gyrus; Aβ-non-CHR2: repeated Aβ1–42 injection into 
the bilateral dentate gyrus together with AAV5-CaMK-mCherry injec-
tion and light stimulation; Aβ-CHR2: repeated Aβ1–42 injection into the 
bilateral dentate gyrus together with AAV5-CaMK-CHR2-mCherry in-
jection and light stimulation. mGluR1: Metabotropic glutamate recep-
tor 1; mGluR5: metabotropic glutamate receptor 5; NMDA: N-meth-
yl-D-aspartic acid receptor; AAV: adeno-associated virus; CaMK: Ca2+/
calmodulin-dependent protein kinase; CHR2: channelrhodopsin-2.

Figure  6 Effect of AAv5-CaMKII-CHR2-mCherry on 
neuroinflammation in the hippocampus of mice.
Neuroinflammation was measured by the amount of GFAP (50 kDa), 
IL-1β (29 kDa), IL-6 (29 kDa) and IL-10 (20 kDa). Data are expressed 
as a percentage of the Aβ group and are shown as the mean ± SEM (n 
= 6). **P < 0.01, vs. Aβ-CHR2 group (one-way analysis of variance). 
Aβ: Repeated Aβ1–42 injection into the bilateral dentate gyrus; Aβ-
non-CHR2: repeated Aβ1–42 injection into the bilateral dentate gyrus 
together with AAV5-CaMK-mCherry injection and light stimulation; 
Aβ-CHR2: repeated Aβ1–42 injection into the bilateral dentate gyrus 
together with AAV5-CaMK-CHR2-mCherry injection and light stim-
ulation; GFAP: glial fibrillary acidic protein; IL: interleukin; AAV: 
adeno-associated virus; CaMK: Ca2+/calmodulin-dependent protein 
kinase; CHR2: channelrhodopsin-2.
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light pulses consolidated retention, whereas inhibition of 
ArchT-expressing neurons in the basolateral amygdala for 
15 minutes impaired retention. Van den Oever et al. (2013) 
found that optical stimulation of pyramidal cells did not 
influence recent memory, but facilitated extinction of re-
mote memory. Furthermore, while inhibition of pyramidal 
cells affected the recall of recent cocaine memory, it did not 
affect recall of remote memory. Their study was the first to 
demonstrate that working and short-term memories can be 
rescued by optogenetics in a model of AD. Pathophysiologi-
cally, because of the severe loss of synapses and neurons, the 
AD brain shrinks dramatically (Dubois et al., 2014), which is 
considered a main cause of memory impairment (Masliah et 
al., 2001; Monacelli et al., 2003; Pai and Jacobs, 2004).

In the present study, working and short-term memories 
were rescued by optogenetics. Additionally, expression levels 
of NeuN and synapsin in the dentate gyrus in the Aβ-CHR2 
group were increased compared with the Aβ-non-CHR2 
and Aβ groups. These changes might underlie the improve-
ment in working and short-term memories in the Aβ-CHR2 
group. Two key characteristics of optogenetics are accuracy 
of timing and location. Therefore, the neuroprotective effect 
in the dentate gyrus, the core area of CHR2 expression, did 
not extend to other areas. As a result, when synaptic and 
neuronal losses were measured with western blot assay, there 
were no significant differences in hippocampal area among 
the three groups.

Optogenetics is used to manipulate the activity of neu-
rons (Deisseroth, 2015; Rosen et al., 2015; Lux et al., 2017). 
ChR2 is a light-activated cation channel engineered for sta-
ble membrane expression (Boyden et al., 2005). Under blue 
light (470 nm), ChR2-expressing neurons are depolarized 
by a strong and ultrafast current sufficient to induce single 
or multiple action potentials (Boyden et al., 2005). AAV5-
CaMKII-CHR2-mCherry is expressed in glutamatergic 
neurons and can be activated by laser (473 nm, 1–3 ms, 10 
Hz), which results in the release of glutamate. Glutamate is 
the main excitatory neurotransmitter in the brain, and is in-
volved in regulating functions such as learning and memory. 
The role of glutamate in memory loss and neurodegenera-
tion in AD is still unclear in humans. However, cholinergic 
dysfunction is strongly associated with memory loss (Es-
posito et al., 2013), which may in turn perturb glutamatergic 
transmission in AD (Esposito et al., 2013). Therefore, acti-
vation of glutamatergic neurons and the release of glutamate 
may be one of the mechanisms contributing to the improved 
memory consolidation produced by optogenetic stimulation.

Another mechanism contributing to the improved memo-
ry consolidation by optogenetics may be activation of GluR2, 
NMDAR1 and mGluR5 by AAV5-CaMKII-CHR2-mCherry. 
The two families of glutamate receptors-iGluR and mGluR-
are located in the plasmalemma of neurons. Although ChR2 
is a photo-sensitive cation channel, and action potentials are 
induced in ChR2-expressing neurons under light stimula-
tion, it is unknown which glutamate receptors are activated 
after light stimulation. mGluR5 is a metabotropic receptor 
(Esposito et al., 2013) that is mainly expressed in CA3 pyra-

midal neurons, the dentate gyrus granule cell layer, as well as 
the lateral hippocampus (Ferraguti et al., 1998). Therefore, 
implantation of AAV5-CaMKII-CHR2-mCherry in the den-
tate gyrus of the bilateral hippocampus activated mGluR5 
in the present study. A major role for group 1 mGluRs has 
been suggested in several types of hippocampal synaptic 
plasticity, such as slow-onset and long-term potentiation, 
chemical depression, and protein expression-dependent 
and -independent forms of long-term depression (Naie 
and Manahan-Vaughan, 2005; Moult et al., 2006). mGlu5 
positive allosteric modulators strengthen both long-term 
potentiation and long-term depression in the hippocampus, 
and strengthen spatial learning in the water maze (Ayala et 
al., 2009). These studies support our current findings that 
optogenetics improves memory consolidation via activation 
of mGluR5.

GluR2 and NMDAR1 are ionotropic receptors that are ac-
tivated in ChR2-expressing neurons exposed to 470 nm blue 
light. NMDAR has a critical role in long-term potentiation 
and long-term depression (Esposito et al., 2013). Moreover, 
NMDAR is involved in the Aβ-induced perturbation in syn-
aptic plasticity (Birnbaum et al., 2015; Lei et al., 2016). Aβ 
may downregulate the levels of GluR1 and GluR2 on the cell 
surface and alter AMPA receptor activity, thereby disrupting 
synaptic activity and contributing to the decline in cognitive 
function in AD (Hsieh et al., 2006; Liu et al., 2010).

Aβ1–42 injection upregulates pro-inflammatory cytokines, 
such as IL-1β and IL-6, and GFAP in the brain, which are 
associated with astrocytosis (Meunier et al., 2015). Neuroin-
flammation is a major cause of neuronal and synaptic loss in 
AD (Doost Mohammadpour et al., 2015).

In the present study, inhibition of neuroinflammation was 
demonstrated by decreased GFAP and IL-6 immunostain-
ing after optogenetic activation. Glutamate released from 
activated glutamatergic neurons is taken up by glial cells, 
which convert it into glutamine for uptake by presynap-
tic terminals (Esposito et al., 2013). Glutamate uptake by 
astrocytes is influenced by adjacent cells and by diffusable 
factors, including glutamate itself (Vermeiren et al., 2006). 
For example, glutamate uptake is affected by inflammatory 
changes. In the present study, activation of glutamatergic 
neurons resulted in the release of glutamate and the acti-
vation of glutamate receptors, including GluR2, NMDAR1 
and mGluR5. This suppressed neuroinflammation and 
decreased GFAP and IL-6 expression, thereby protecting 
against neuronal and synaptic losses after Aβ1–42 injection 
in the dentate gyrus. Further study is needed to clarify how 
activation of glutamate receptors impacts glutamate homeo-
stasis and attenuates neuroinflammation.

In conclusion, the activation of glutamatergic neurons 
in the bilateral dentate gyri of the hippocampus, induced 
by optogenetic stimulation, improves object recognition 
memory consolidation in soluble Aβ1–42-injected mice. The 
laser-induced activation of CHR2 regulates glutamate recep-
tors, inhibits neuroinflammation, and reduces neuronal and 
synaptic losses caused by Aβ1–42 injection.

The neuronal-glial network is considered a promising in-
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tervention target for AD; however, progress has been limit-
ed. In the present study, the optogenetic technique improved 
memory in the mouse model of AD by modulating the neu-
ronal-glial network, and this effect was likely mediated, at 
least in part, by activation of glutamate receptors. However, 
the technique is invasive and neuronal damage could not 
be avoided during the surgical procedures. Therefore, there 
is an urgent need to improve optogenetic techniques before 
clinical application.
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