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Abstract: Changes in the electrical activities of visual and auditory thalamic-cortical regions account for the cross-
modal enhancement of auditory perception following visual deprivation, but the molecular regulatory factors me-
diating these changes remain elusive. In this study, we showed that the expression patterns of five glutamate 
receptor (GluR) subunits which involved in regulating the synaptic plasticity in mouse primary visual (V1) cortex and 
primary auditory (A1) cortex undergone elaborate modification with layer-specificity after visual deprivation using 
dark-exposure (DE). The expression levels of NR1 and NR2B were increased, and those of GluR1 and NR2B in the 
V1 cortex were decreased after DE. In the A1 cortex, the expression levels of NR1, NR2A and NR2B were increased, 
and the expression levels of GluR1 and GluR2 were decreased after DE. The altered expression levels of GluR sub-
units selectively happened in the different layers of V1 and A1 cortices. In addition, the expression level of GluR2 in 
lateral geniculate nucleus (LGN) was decreased. These results provide novel molecular clues for the plastic neural 
activity in visual and auditory centers in the absence of visual input, and hint the extensive refinement of intracorti-
cal circuits and thalamocortical feedback circuits underlying the multisensory cross-modal plasticity. 
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Introduction

Blind individuals often display better tactile 
acuity [1], sound localization [2, 3], pitch dis-
crimination [4] and odor identification [5, 6] 
than sighted individuals. There is a growing con- 
sensus that the central nervous system is able 
to adapt to the loss of one modality, including 
reorganization in the sensory-deprived cortex 
to process the spared senses and adaptive 
plasticity in the remaining sensory cortices, 
which is termed as the cross-modal plasticity 
[7-9]. Sensory cortices have a laminar architec-
ture (layer I, II/III, IV, V, and VI), each layer pres-
ents specific function in information processing 
[10]. Recent studies in rodents have revealed 
that dark-exposure (DE) can lead to the rein-
forcement of excitatory synapses in the layer II/
III of V1 cortex, the increased amplitude of min-
iature excitatory postsynaptic currents (mEP-
SCs) returns to normal level after re-exposure 
to light [11]. Monocular enucleation can reduce 

the neural activity in the deprived monocular 
zone of V1 cortex, while the decreased activity 
returns to normal levels after whisker stimula-
tion [12, 13]. In contrast, DE decreases the 
excitatory synaptic transmission in the layer II/
III of S1 (primary somatosensory cortex) and  
A1 cortices [8, 11]. DE also produces distinct 
changes of the thalamocortical connections in 
the spared and deprived sensory cortices, shift-
ing between feedforward and intracortical pro-
cessing to allow adaptation [14]. For example, 
DE strengthens thalamocortical synapses in 
layer IV of A1 but not in V1 cortex, whereas 
deafening potentiates thalamocortical synaps-
es in layer IV of V1, but not in A1 cortex [15]. 
These findings demonstrate the plastic adapta-
tion of neural activity in spared and deprived 
sensory thalamic-cortical areas in the absence 
of one sensory modality. 

It is well known that synapse transmission is 
the fundamental procedure of neural informa-
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tion conduction. The α-amino-3-hydroxy-5-me- 
thyl-4-isoxazole-propionic acid (AMPA) receptor 
and N-methyl-D-aspartic acid (NMDA) receptor 
at a majority of excitatory synapses in central 
system are important regulatory factors of syn-
aptic plasticity. Neurons regulate the synaptic 
activity and transmission efficiency by modify-
ing the number, distribution and composition of 
GluR subunits, which is called synaptic plastic-
ity [16]. However, little is known about the 
GluRs contributing to the cross-modal plastici-
ty. The goal of the present study was to inves- 
tigate how the expression patterns of GluRs 
change in mouse visual and auditory centers in 
the absence of vision input. 

Materials and methods

Animals and visual manipulation

Male C57BL6J mice were obtained from SLAC 
Laboratory Animal Co., Ltd (Shanghai, China) 
and maintained in a light-permeable cage (26.5 
cm * 16 cm * 14 cm) with standard food and 
water provided ad libitum. Visual deprivation 
model was created by exposing mice (postnatal 
day (P) 21) to complete darkness for 7 days 
(P28, the DE group). Control animals were mice 
of a same age and strain exposed to a normal 
visual experience with a 12/12 h light/dark 
cycle (P28, the NR group) [15]. The experimen-
tal procedures (Figure S1) described here were 
performed in accordance with the National 
Institutes of Health (NIH) guidelines for the 
Care and Use of Laboratory Animals and we- 
re approved by the Ethics Committee and  
the Committee of Animal Experimentation at 
Shanghai University. 

Local field potential (LFP) recording

NR and DE mice (P28) were anesthetized with 
chloral hydrate (10%, 4.5 mL/kg) and ethyl car-
bamate (20%, 2 mL/kg), placed in a stereotaxic 
frame and implanted with a 16-channel nickel-
chromium microelectrode array (impedance 
less than 1 MΩ). Electrodes were placed in the 
layer II/III of A1 cortex (3.2 mm posterior to 
bregma, 4.4 mm lateral to midline, 0.35 mm 
below the brain surface), and the layer II/III of 
V1 cortex respectively (3.1 mm posterior to 
bregma, 2.2 mm lateral to midline, 0.35 mm 
below the brain surface), according to brain 
topography. Recordings of LFP were performed 
in the absence of visual or acoustic stimuli in a 
dark and sound-attenuated cubicle (with back-

ground noise level at approximately 30 dB). To 
reduce various interferences of ambient elec-
tromagnetic fields, the recording chamber was 
placed in a Faraday cage. LFPs were acquired 
as broadband signals (0.1 Hz~5 kHz) using an 
OmniPlex System (Plexon Inc., Dallas, TX, USA). 
Then, the brains were sliced and stained using 
Nissl method to permit the localization of elec-
trodes. The following data analyses were per-
formed off-line with custom-written MATLAB 
scripts. The raw data were imported into the 
MATLAB environment, and a random 10 s 
epoch in each recording was selected and 
extracted to a single file. LFP recordings were 
low-pass filtered with a cutoff at 300 Hz. Line 
noise artifacts were removed using a 50 Hz 
Butterworth notch filter. Power spectral density 
(PSD) was computed using the Welch tech-
nique, with Hamming windowing and a fast 
Fourier transform segment length of 512 sam-
ples with a 256-sample overlap. Changes in the 
power of five frequency oscillations (δ: ~1-4 Hz, 
θ: ~4-8 Hz, α: ~8-13 Hz, β: ~13-30 Hz, γ: ~30-
90 Hz) were analyzed. Wavelet packet decom-
position was used to extract the five frequency 
bands. The power of each oscillation was com-
puted separately. The “n” represents the mouse 
number recorded successfully in each accurate 
area of two groups (one NR mice and three DE 
mice were excluded herein because of improp-
er placement). 

Real-time quantitative PCR (qPCR)

NR and DE mice (P28; n=14, n=15, respective-
ly) were anesthetized with chloral hydrate (10%, 
4.5 mL/kg) and decapitated. The brain blocks 
of NR and DE mice containing the V1, A1, LGN 
and MGB were removed respectively. Coronal 
slices (200 μm) were cut with a vibrating slicer 
(VT-1000S; Leica, Nussloch, Germany) in ice-
cold artificial cerebral spinal fluid (ACSF) con-
taining the following (in mmol/L): 124 NaCl, 5 
KCl, 2.4 CaCl2, 1.3 MgSO4, 1.2 KH2PO4, 26.2 
NaHCO3 and 10 glucose (pH 7.4, 308 mOsm/L, 
95% O2 saturated). The four samples (V1, A1, 
LGN, and MGB) were separated by syringe nee-
dle and gathered in liquid nitrogen. Total RNA 
was extracted using Trizol (Sangong Biotech, 
Shanghai, China) according to the manufactur-
er’s protocol. The synthesis of first-strand cDNA 
and qPCR was performed using PrimeScript 
RTase and SYBR Premix ExTaq Kit (Takara, 
Dalian, Hebei, China). Primers were synthesiz- 
ed by Genscript (Nanjing, Jiangsu, China) and 
the sequences of them were listed in Table S1. 
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The relative expression levels for the glutamate 
receptor transcripts were calculated by the 
2-ΔΔCT method. The expression levels of five glu-
tamate receptors (GluRs) were normalized us- 
ing β-actin as endogenous controls. Each ex- 
periment was repeated four to six times, with 
three independent cDNA samples. The “n” va- 
lue represents the number of normalized va- 
lues. 

Western blotting

The V1 and A1 samples of NR (n=30, 10 mice 
per independent sample) and DE (n=30, 10 
mice per independent sample) mice were se- 
parately collected. Homogenate protein extrac-
tion was performed using RIPA Lysis buffer ac- 
cording to the manufacturer’s protocol (Weiao 
Biotech, Shanghai, China). Protein concentra-
tions were measured using a BCA Protein Qu- 
antification Kit (Yeasen, Shanghai, China) with 
a microplate reader (Bio-Rad, Hercules, CA, 
USA). Protein fractions were separated by SDS-
PAGE and transferred to PVDF membranes 
(0.45 μm; Millipore, Billerica, MA, USA). Me- 
mbranes were blocked with blocking solution 
(5% non-fat dried skimmed milk powder, 0.01 
M phosphate buffer solution (PBS), 0.1% Twe- 
en-20) at temperature for 2 h, subsequently 
incubated with primary antibody overnight at 
4°C, and finally incubated with secondary anti-
body for 2 h at room temperature. Primary anti-
bodies: rabbit polyclonal to GluR1 (1:200; 
Santa Cruz, San Francisco, CA, USA), rabbit 
monoclonal to GluR2 (1:1000; Abcam, Cam- 
bridge, MA, USA), rabbit polyclonal to NR1 
(1:200; Santa Cruz), rabbit polyclonal to NR2A 
(1:200; Santa Cruz), rabbit polyclonal to NR2B 
(1:200; Abcam), mouse monoclonal to β-actin 
(1:1000; Abcam). Secondary antibodies: Goat 
anti-rabbit IgG-HRP (1:8000; Santa Cruz), Goat 
anti-mouse IgG-HRP (1:10000; Santa Cruz). 
The blots were visualized by incubating wi- 
th enhanced chemofluorescent reagent ECL 
(WBKLS0050; Millipore, Billerica, MA, USA) wi- 
th automatic chemiluminescence image an- 
alysis system (Tanon-5200; Tanon Science & 
Technology Co., Ltd, Shanghai, China). These 
experiments were performed at least three 
times, the gray value of protein bands were 
quantitatively analyzed using Image analysis 
software (Image-Pro plus 6.0; National Institu- 
tes of Health, Bethesda, MD, USA). The “n” 
value represents the number of blot band for 
data analysis. 

Immumohistochemical staining

NR and DE mice (P28; n=9, n=9, respectively) 
were deeply anesthetized and perfused with 
sterile saline and 4% paraformaldehyde in 0.1 
M PBS (pH 7.4). Brains were removed and fixed 
using 4% paraformaldehyde for two days, and 
then were placed in 20% and 30% sucrose for 
dehydration. Serial coronal series sections  
(20 μm) were collected using a freezing micro-
tome (HM525; Microm, Walldorf, Germany) and 
mounted on glass slides. Brain sections were 
washed three times with PBS for 5 min each 
and incubated in 0.5% Triton X-100 including 
3% H2O2, for 30 min at room temperature. After 
washing with PBS, samples were antigen-
retrieved for 25 min with pepsin at 37°C. Next, 
samples were washed three times and blocked 
for 1 h with 5% goat albumin serum at room 
temperature. Primary antibodies against GluR1 
(1:50; Santa Cruz), GluR2 (1:500; Abcam), NR1 
(1:100; Santa Cruz), NR2A (1:50; Santa Cruz), 
and NR2B (1:200; Abcam) were diluted in 5% 
goat serum. After incubation at 4°C for 24 h, 
samples were washed three times in PBS and 
incubated with biotin-conjugated goat anti-rab-
bit immunoglobulin G (Weiao Biotech) at room 
temperature for 30 min. Samples were again 
washed, and developed using the chromagen 
3, 3’-diaminobenzidene, 5% diluted with PBS 
and 0.1% H2O2, for 8 minutes. Samples were 
dehydrated, cover-slipped and photographed 
using an upright microscope (Nikon, Sendai, 
Japan). The primary cortex (including layer I-VI, 
shown in Figure S2) of each slice was chosen 
according to the rat brain topography. The aver-
age optical density (Integrated Optical Density 
(IOD)/area) of three randomly selected, non-
overlapping fields was assessed using Image-
Pro Plus software. One or two slices of each 
cortex from each individual mouse were se- 
lected for one GluR subunit staining. The “n” 
described in the results represents the num- 
ber of V1 or A1 slices used for data collection in 
each experiment. 

Transcriptome

The LGN and MGB samples of NR and DE mice 
were separately collected. Four cDNA libraries 
of LGN samples respectively from NR (n=24, 12 
mice per independent LGN sample) and DE 
(n=22, 11 mice per independent LGN sample) 
mice (NR-LGN-1, NR-LGN-2, DE-LGN-1, DE-LGN- 
2) and four cDNA libraries of MGB samples 
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respectively from NR (n=20, 10 mice per inde-
pendent MGB sample) and DE (n=24, 12 mi- 
ce per independent MGB sample) mice (NR- 
MGB-1, NR-MGB-2, DE-MGB-1, DE-MGB-2) we- 
re constructed according to Illumina’s instruc-
tions (Shanghai Personalbio Co., China). The 
mRNA was isolated using magnetic oligo (dT) 
beads. Fragmentation buffer was added to cle- 
ave the mRNA into short fragments, and these 
fragments were used as templates. Random 
hexamer-primers were used to synthesize first-
strand cDNA. Buffer, dNTPs, RNase H, and DNA 
polymerase I were used to synthesize second-
strand cDNA. Then, the fragments were purified 
using a QiaQuick PCR extraction kit (Qiagen, 
Hilden, Germany) and resolved with elution buf-
fer for end repair and poly (A) addition. The 
resulting short fragments were then connected 
to sequencing adapters. Fragments with a suit-
able range of lengths were selected based on 
the results of agarose gel electrophoresis and 
were used as templates for library amplifica-
tion. Library quantification was performed us- 
ing Pico green and a fluorescence spectropho-
tometer (Quantifluor-ST fluorimeter, Promega; 
Quant-iT Pico Green dsDNA Assay Kit, Invitro- 
gen). These libraries were pair-end sequenced 
using Illumina NextSeq 500. Raw data gener-
ated by sequencing were stored in fastq for- 
mat and submitted to the National Center for 
Biotechnology Information Sequence Read Ar- 
chive SRA database (accession number: PR- 
JNA505943). 

Raw sequencing data were filtered to remove 
low-quality reads before subsequent analysis. 
Quality analysis by means of FastQC showed 
that the average quality of the filtered data was 
very high. Theoretical values coincided well 
with the measured values (Table S2). To anno-
tate all useful reads, the clean reads were 
mapped to the mouse genome database, and 
RPKM (reads per kilo base per million reads) 
values were used to measure the expression  
of each gene. The DESeq package was adopt- 
ed to estimate variance-mean dependence in 
the count data from the Illumina sequencing 
assays and to test for differential expression 
based on a model using the negative binomi- 
al distribution in accordance with equation (1):  
(1) ν=sμ+αs2μ2, where m is the expected nor-
malized count value (estimated by the avera- 
ge normalized count value), s is the size fa- 
ctor for the sample under consideration, and  
α is the dispersion value for the unigene. 

Differentially-expressed genes were detected 
in NR and DE samples based on average 
expression levels that differing at least a 1.5- 
foldchange and P-values < 0.05 when compar-
ing NR and DE samples. At the same time, 
RPKM >0.1 was set to the impersonal expres-
sion. The pathway assignments were carried 
out by sequence searches against Kyoto En- 
cyclopedia of Genes and Genomes (KEGG) 
database. 

Statistical analysis

Data are presented as the mean ± SEM and 
were analyzed using Graphpad Prism 7 (Gra- 
phPad Software, La Jolla, CA, USA). The differ-
ences between the two groups (NR and DE) 
were compared using an unpaired Student’s 
two-tailed t-test. P < 0.05 was considered to be 
statistically significant. The investigators who 
performed the data acquisition and quantifica-
tion were blind to the experimental conditions. 

Results

DE changes LFP oscillations in the V1 and A1 
cortices

LFP recordings in vivo showed that the raw LFP 
traces in the layer II/III of V1 and A1 cortices 
were altered in the DE group (Figure 1A and 
1E). After the raw traces were extracted into 
five frequency bands, the PSD was found to be 
embellished across different frequency bands 
after DE (Figure 1C, 1D, 1G and 1H). The total 
power of raw LFP oscillations in the V1 cortex 
was markedly increased (by 62.79%, P < 0.01) 
in the DE group compared to that in the NR 
group (NR, n=6 mice; DE, n=6 mice). The power 
of high-frequency γ oscillation in the V1 cortex 
was significantly enhanced after DE (by 45.83%, 
P < 0.01). The power of low-frequency δ oscilla-
tion in V1 were remarkable larger in the DE 
group than in the NR group (by 200.00%, P < 
0.001). The power of another low-frequency θ 
oscillation was decreased in V1 after DE (by 
51.52%, P < 0.001) (Figure 1B). In the A1 cor-
tex, the total power of raw LFP oscillations was 
obviously increased (by 76.73%, P < 0.001) in 
the DE group compared to that in the NR gr- 
oup (NR, n=6 mice; DE, n=6 mice). In contrast 
to V1 cortex, the power of γ oscillation was 
decreased after DE (by 56.10%, P < 0.05). In 
addition, the power of α oscillations was simi-
larly decreased (by 60.00%, P < 0.001), where-
as the θ power was significantly increased af- 
ter DE (by 343.96%, P < 0.001) (Figure 1F). 
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DE modifies expression patterns of GluRs in 
the V1 and A1 cortices

To pinpoint the molecular clues underlying the 
changed neural activity in the V1 and A1 corti-
ces following DE, the expression levels of five 
GluRs were analyzed. The qPCR experiments 
showed that the mRNA level of NR1 (P < 0.001; 
NR n=12, DE n=12) and NR2B (P < 0.01; NR 
n=12, DE n=12) were markedly increased in 
the V1 cortex of DE group, and the mRNA levels 

In the A1 cortex, the mRNA levels of GluR1 (P < 
0.01; NR n=18, DE n=18) and GluR2 (P < 0.01; 
NR n=18, DE n=18) were decreased, and the 
mRNA levels of NR1 (P < 0.01; NR n=12, DE 
n=12), NR2A (P < 0.01; NR n=12, DE n=12) and 
NR2B (P < 0.01; NR n=12, DE n=12) were 
increased after DE. The protein expression lev-
els of GluR1 (P < 0.05; NR n=6, DE n=6) and 
GluR2 (P < 0.05; NR n=7, DE n=7) were 
decreased, and the protein expression levels  
of NR1 (P < 0.01; NR n=6, DE n=6), NR2A  

Figure 1. Changes in LFP characteristics in the V1 and A1 cortices after 
DE. A. Random LFP segments recorded in the V1 cortices of NR and DE 
mice alone with β and γ oscillations extracted from these segments. B. The 
power of five oscillations of LFP from the V1 cortices is shown in the bar 
graph (mV2). C, D. Average PSD from the V1 cortices is shown after it was 
normalized and computed with fast Fourier transform (FFT). Each bar graph 
was painted into five areas in order to distinguish one oscillation from the 
others. E. Random LFP segments from the A1 cortices of NR and DE mice 
alone with β and γ oscillations extracted from these segments. F. The power 
of five oscillations from the A1 cortices is shown in the bar graph (mV2). G, 
H. Average PSD from the A1 cortices is shown after it was normalized and 
computed with FFT. Data are shown as the mean ± SEM. Asterisks indicate 
levels of significance determined by unpaired Student’s two-tailed t-test 
with statistical significance at *P < 0.05, **P < 0.01 and ***P < 0.001. 

were decreased for both GluR1 
(P < 0.001; NR n=18, DE n=18) 
and NR2A (P < 0.01; NR n=12, 
DE n=12) in the V1 cortex of  
DE group. Western blot experi-
ments showed that the protein 
levels of NR1 (P < 0.001; NR 
n=8, DE n=8) and NR2B (P < 
0.05; NR n=13, DE n=13) were 
significantly increased in the 
V1 cortex of DE group, where- 
as the protein levels of GluR1 
(P < 0.05; NR n=7, DE n=7) and 
NR2A (P < 0.01, NR n=6, DE 
n=6) were decreased in the  
V1 cortex of DE group. By im- 
munohistochemical staining, it 
was found that the expression 
level of NR1 was up-regulated 
in the layer II/III (P < 0.05) and 
layer IV (P < 0.05) of V1 cortex 
(NR n=9, DE n=9), while the 
expression level of NR2B was 
up-regulated in the layer IV (P < 
0.05), V (P < 0.01), and VI (P < 
0.01) of V1 cortex after DE (NR 
n=9, DE n=9). On the other 
hand, the expression level of 
GluR1 was down-regulated in 
the layer I (P < 0.05), IV (P < 
0.01) and V (P<0.01) of V1  
cortex (NR n=9, DE n=9), the 
expression level of NR2A was 
only down-regulated in the 
layer IV of V1 cortex (P < 0.05; 
NR n=9, DE n=9). Moreover, 
the expression level of GluR2 
was significantly increased in 
the layer V of V1 cortex (P < 
0.05; NR n=9, DE n=9), alth- 
ough the changes of GluR2 
mRNA and protein cannot be 
detected in the intact V1 cor-
tex after DE (Figure 2). 
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(P < 0.05; NR n=10, DE n=10) and NR2B (P < 
0.05; NR n=8, DE n=8) were increased in the 
A1 cortex of DE group. By layer-staining analy-
sis, it was found that the expression level of 

GluR1 was down-regulated in the layer II/III (P < 
0.05) and layer IV (P < 0.05) of A1 cortex (NR 
n=9, DE n=9), and the expression level of GluR2 
was down-regulated in the layer II/III (P < 0.05) 

Figure 2. Dynamic expression patterns of GluRs in the V1 cortex after DE. A. GluR1 expression in the V1 cortices 
from NR and DE mice. Bar graph (Left upper-left) shows the mRNA level of GluR1 by normalizing against the mean 
of β-actin. Bar graph (Left upper-right) shows the protein level of GluR1, data are presented with IOD/area and are 
normalized to NR control. Bar graph (Left-bottom) shows the IOD/area quantification of GluR1 in five layers (I, II/III, 
IV, V, and VI) of the V1 cortex. The representative immunohistochemical labeling (Right) shows the GluR1 protein 
expression profiles in the V1 cortices from NR and DE mice. B-E. They show the expression patterns of other four 
subunits (GluR2, NR1, NR2A, and NR2B), with the same arrangement mode. Data are shown as the mean ± SEM. 
Asterisks indicate levels of significance by unpaired Student’s two-tailed t-test with statistical significance at *P < 
0.05, **P < 0.01 and ***P < 0.001. 
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and layer V (P < 0.05) of A1 cortex after DE (NR 
n=9, DE n=9). On the other hand, the expres-
sion level of NR1 was increased in the layer II/
III (P < 0.05) and layer IV (P < 0.05) of A1 cortex 
(NR n=9, DE n=9), the expression level of NR2A 
was only increased in the layer II/III of A1 cortex 

after DE (P < 0.05; NR n=9, DE n=9). The 
expression level of NR2B presented with widely 
rising tendency in four different layers of the A1 
cortex after DE, except layer I (P < 0.05, P < 
0.05, P < 0.01, P < 0.05 respectively; NR n=9, 
DE n=9) (Figure 3). 

Figure 3. Dynamic expression patterns of GluRs in the A1 cortex after DE. A. GluR1 expression in the A1 cortices 
from NR and DE mice. Bar graph (Left upper-left) shows the mRNA level of GluR1 in A1 by normalizing against the 
mean of β-actin. Bar graph (Left upper-right) shows the protein level of GluR1, data are normalized to NR control. 
Bar graph (Left-bottom) shows the IOD/area quantification of GluR1 in five layers (I, II/III, IV, V, and VI) of the A1 
cortex. The representative immunohistochemical labeling (Right) shows the GluR1 protein expression profiles in 
the A1 cortices from NR and DE mice. B-E. They show the expression patterns of other four subunits (GluR2, NR1, 
NR2A, and NR2B), with the same arrangement mode. Data are shown as the mean ± SEM. Asterisks indicate levels 
of significance by unpaired Student’s two-tailed t-test with statistical significance at *P < 0.05, **P < 0.01 and 
***P < 0.001. 
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DE alters gene expression patterns in the LGN 
and MGB

Our previous study has revealed that oscillatory 
activities in thalamic LGN and MGB were pro-
foundly modified in the absence of visual input 
[17]. Here, transcription expression profile was 
employed to detect the differentially-expressed 
gene which may be involved in the altered neu-
ral electrical activity in LGN and MGB following 
DE. It was found that 380 differential expres-
sion genes were detected in the LGN of DE 
group, among them, the expression levels of 
203 genes were up-regulated and those of 177 
genes were shown as down-regulated tendency 

rebral area and deemed to have a common 
mechanism underlying neuronal assembly for-
mation [18]. The present study found that oscil-
lations in the layer II/III of mice V1 cortex under-
gone remarkable amendment in the absence 
of visual input. The enhancement of raw LFP 
oscillations and high-frequency γ oscillation 
suggests that neural excitability in the layer  
II/III of V1 cortex was increased after DE. This 
result is consistent with a previous report 
showing the increased amplitude of mEPSCs  
of pyramidal neurons in the layer II/III of V1 cor-
tex after DE [11]. In addition, the high-frequen-
cy β and γ oscillations in the layer IV of V1 cor-
tex were also enhanced after visual deprivation 

Figure 4. Changed expression levels of GluRs in the LGN and MGB after DE. 
A. Volcano plot of the expression levels of genes in NR-LGN and DE-LGN. B. 
Volcano plot of the expression levels of genes in NR-MGB and DE-MGB (y-
axis, log10 P-value of difference; x-axis, log2 fold-changes; fold-change ≥1.5, 
P-value < 0.05 and RPKM value >0.1 were set as threshold to identify dif-
ferentially-expressed genes). C. Average RPKM values of five GluRs in LGN 
(the numerical value in blue and red respectively signify the P-value and 
fold-change value). D. The expression levels of five GluRs in LGN were veri-
fied by qPCR. Data are shown as the mean ± SEM. Asterisks indicate levels 
of significance by unpaired Student’s two-tailed t-test with statistical signifi-
cance at **P < 0.01. E. The average RPKM values of five GluRs in MGB. F. 
The expression levels of five GluRs in MGB were verified by qPCR. 

(Figures 4A, 5 and 6). By KEGG 
pathway analysis, it was re- 
vealed that the differential ex- 
pression genes were mainly in- 
volved in the process of pro-
tein synthesis and oxidative 
phosphorylation (Figure 8). On 
the other hand, 46 differential 
expression genes were dete- 
cted in the MGB after DE, in- 
cluding 22 up-regulated genes 
and 24 down-regulated genes 
(Figures 4B and 7). Further- 
more, these differential expre- 
ssion genes were mainly relat-
ed to signal transduction path-
ways, such as PI3K-Akt, Wnt 
and TNF (Figure 8). Focusing 
on GluRs expression, it was 
showed that the expression 
level of GluR2 in LGN of DE 
group was significantly down-
regulated, which was verified 
by qPCR (P < 0.01) (Figure 4C 
and 4D). The expression levels 
of five GluR subunits were no 
detectable change in the MGB 
of DE group (Figure 4E and 
4F). 

Discussion

Refinement of intracortical 
and thalamocotical circuits 
following DE

LFP oscillations are often ac- 
companied by synchronization 
of activity in a widespread ce- 



Changes in GluRs expression induced by visual deprivation

7531	 Am J Transl Res 2019;11(12):7523-7537

Figure 5. Differentially-expressed genes (RPKM value >0.5) in the NR-LGN and DE-LGN. Average RPKM values of differentially-expressed genes from NR and DE 
mice were shown with blue column/red line (182 genes, up-regulation) and red column/blue line (73 genes, down-regulation), respectively. The numerical value in 
blue on the right represent the fold-change value (DE versus NR), the numerical value in red on the right signify the P-value. 
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[17]. These data indicate that the cellular exci-
tation in the V1 cortex is globally strengthened 
for processing other remaining senses when 
visual input is lacking. On the other hand, the 
present study showed that the power of high-
frequency γ oscillation was reduced, which sug-
gests that neural excitability in the layer II/III of 
A1 cortex was decreased after DE. The weak-
ened neural electrical activity could be attrib-
uted to the decreased amplitude of mEPSCs of 
pyramidal neurons in the layer II/III of A1 cortex 
after DE [11]. It is noted that LFP oscillations in 
the layer IV of A1 cortex was markedly enhanced 
[17], the strength of thalamocortical synapses 
projecting from MGB to the layer IV of A1 cortex 
was increased after DE [15]. These results sug-
gest that the A1 cortex is undergone plastic 
regulation following DE, in addition to the adap-
tation of the V1 cortex. Besides, the low-fre-
quency rhythms (δ, θ and α oscillation) in the V1 

and A1 cortices were also varied after DE. 
However, the roles of low-frequency rhythms in 
cortices involved in sensory perception need  
to be further defined [19, 20]. Taken together, 
the extensive and distinct variation of neural 
activities in the layer II/III and IV of V1 and A1 
cortices during the absence of visual input sug-
gest that, the elaborate refinement of intracor-
tical circuits and the fine adjustment of thala-
mocortical connections maybe the basis of the 
cross-modal plasticity. 

Dynamic expression of GluRs in the V1 and A1 
cortices after DE

The AMPARs and NMDARs are major ionotropic 
glutamate receptors that respond to physiologi-
cal glutamate, the combined accumulation and 
dynamic expression of GluRs within synapses 
is important for induction and maintainence  

Figure 6. Differentially-expressed genes (0.1 < RPKM value < 0.5) in NR-LGN and DE-LGN. Average RPKM values 
of differential expression genes from NR group and DE group were shown with blue line/column (21 genes, up-
regulation) and red line/column (104 genes, down-regulation), respectively. The numerical value in blue on the right 
represent the fold-change value (DE versus NR), the numerical value in red on the right signify the P-value. 
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of synaptic plasticity [21, 22]. AMPA receptors 
include four subunits (GluR1-GluR4), and the 
combination of each subunit forms a distinct 
receptor complex in the mammalian central 
nervous system, mature neurons usually ex- 
press GluR1/GluR2 heterotetrameric recep- 
tors [23]. The present study found that the ex- 
pression level of GluR1 were down-regulated in 
total homogenate of the V1 cortex after DE 
(from P21 to P28), but not in the case of GluR2. 
The down-regulation of GluR1 in the V1 cortex 
herein seems to be inconsistent with a previous 
study [11], the discrepant results may be attrib-
uted to the different DE time-window in the two 
studies. The expression levels of GluR1 and 
GluR2 in total homogenate of the A1 cortex 
were both down-regulated after DE found in the 
present study, which hint the diverse of synap-
tic plasticity between the V1 and A1 cortices in 
the absence of visual input. NMDA receptor is  
a heteromer that contains an obligatory NR1 
subunit and a mixture of NR2A-D subunits [24, 
25]. The present study revealed that the expres-

each layer are diverse [28, 29]. Sensory infor-
mation is believed to propagate through the 
cortical column along the layer IV→II/III→V/VI 
pathway. Layer V neurons comprise a major 
output of the cortex with the most substantial 
axonal innervation of subcortical and cortical 
structures, layer VI neurons transmit feedback 
to thalamus and cortex [30]. As shown in  
Figure 9, the expression patterns of AMPARs 
and NMDARs in the different layers of the pri-
mary cortices were found to be delicately modi-
fied in the present study. 

The present study found that the expression 
level of GluR1 in the layer IV of V1 cortex was 
decreased, accompanied by constant expres-
sion level of GluR2 after DE. However, this 
result seems to be hard to explain the constant 
amplitude of AMPA-mediated mEPSCs in the 
layer IV of V1 cortex after visual deprivation 
[15]. It is well known that phosphorylation can 
regulate the function of glutamate receptors by 
trafficking from the ER, insertion into the plas-

Figure 7. Differentially-expressed genes in NR-MGB and DE-MGB. The ex-
pression value of differential expression genes from NR group and DE group 
were shown with blue column and red column, respectively. Numbers in 
blue signify the fold-change value, numbers in red signify the P-value. 9 
genes (RPKM >0.5) and 13 genes (0.1 < RPKM < 0.5) were presented with 
higher expression levels in DE-MGB samples. 9 genes (RPKM >0.5) and 15 
genes (0.1 < RPKM < 0.5) were presented with higher expression levels in 
DE-MGB samples. 

sion levels of NR1 and NR2B 
were up-regulated, in contrast, 
that of NR2A was down-regu-
lated in total homogenate of 
the V1 cortex after DE. The 
result is in accordance with 
previous reports (the lower 
NR2A/2B ratio in the V1 cortex 
by visual deprivation attribut-
ing to a reduction in NR2A and 
an elevation of NR2B level) 
[26, 27]. Interestingly, the ex- 
pression levels of NR1, NR2B 
and NR2A in total homogenate 
of the A1 cortex were both 
increased after DE found in the 
present study, which strongly 
suggest that NMDARs may be 
the indispensable molecular re- 
gulatory factors accounting for 
the enhanced electrical activi-
ty in the A1 cortex. 

Layer-specific variation of 
GluRs expression in the V1 
and A1 cortices after DE

Sensory cortices have a lami-
nar architecture including six 
layers (Layer I, II/III, IV, V, VI), 
the structural characteristics 
and physiological functions of 
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ma membrane, endocytosis, synaptic localiza-
tion, and binding to other proteins [31]. Previ- 
ous study has shown that GluR1 expression  
at the synapse is constant, but the Serine845 
phosphorylation of GluR1 is able to increase 
the mEPSCs amplitude in the V1 cortex after 
visual deprivation [11]. These data strongly 
imply that the dynamic expression of GluRs  
and their post-translational phosphorylation 
are involved in regulating the synaptic plasticity 
in the primary cortices in the absence of sen-
sory input. In addition, the expression level of 
NR2B was increased, but that of NR2A in the 
layer IV of V1 cortex was decreased after DE. 
The switch from predominantly NR2B to NR2A 
subtypes is experience-dependent, and visual 
deprivation can delay the rising tendency of 
NR2A in the layer IV of V1 cortex [32, 33]. The- 
se data provide the underlying molecular com-
ponent accounting for the increased neural 

electrical activity in the layer IV of V1 cortex 
after visual deprivation [17]. In the layer II/III of 
V1 cortex, the expression levels of GluR1 and 
GluR2 were constant after DE found in the 
present study, it is speculated that the above 
mentioned phosphorylation maybe account for 
the increased amplitude of AMPA-mediated 
mEPSCs in the layer II/III of V1 cortex after visu-
al deprivation [11, 15]. The expression level of 
NR1 in the layer II/III of V1 cortex was obviously 
increased after DE, which may indicate a novel 
molecular regulatory element for mediating the 
enhanced LFP oscillation in the layer II/III of V1 
cortex. Furthermore, the present study reveal- 
ed that the expression levels of GluR1, GluR2, 
and NR2B were either up- or down-regulated in 
the layer V and layer VI of V1 cortex after DE, 
indicating the efferent pathway as well as the 
intracortical circuit of V1 cortex undergo more 
extensively embellished after visual depriva- 
tion. 

Figure 8. KEGG pathway enrichment analyses of differentially-expressed genes. Left shows the differential expres-
sion genes from LGN, right shows the differential expression genes from MGB. 
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In the layer IV of A1 cortex, the expression le- 
vel of GluR1, but not that of GluR2 was de- 
creased after DE observed in the present stu- 
dy. It seems to be incorrelate with the increas- 
ed amplitude of AMPA-mediated mEPSCs in 
layer IV of the A1 cortex [15], which thus clear- 
ly hints the indispensable role of posttransla-
tional modification in shaping GluRs function. 
In addition, the expression levels of NR1 and 
NR2B were increased in the layer IV of A1 cor-
tex after DE, which was considered to be the 
pivotal regulatory factor for the intensive neural 
electrical activity in the layer IV of A1 cortex 
induced by visual deprivation [17]. In the layer 
II/III of A1 cortex, the expression levels of GluR1 
and GluR2 were down-regulated after DE. This 
result is correlated with a decrease in AMPA-
mediated mEPSCs amplitude in the layer II/III 
of A1 cortex after visual deprivation [11]. It  
was unexpected that the expression levels of 
NMDAR subunits (NR1, NR2A and NR2B) were 

privation [15]. Our previous study observed 
that LFP activity in the LGN was weakened, 
which may be attributed to the shirking of the 
responsibility for processing visual information 
in the absence of visual input [17]. The present 
study revealed that 380 genes were either up- 
or down-regulated, which manifests that tran-
scriptional processes in the LGN remain acti- 
ve, possibly ascribing to the stress reaction 
induced by lacking of visual input. There is no 
doubt that MGB is involved in the cross-mo- 
dal plasticity following visual deprivation [17]. 
However, only 46 genes involving in PI3K-Akt, 
Wnt and TNF signal pathways were found to be 
either up- or down-regulated in the MGB after 
DE in the present study. These results suggest 
that signal pathway integration is worthwhile  
to be approached for deciphering the cross-
modal plasticity. In addition, GluR2 was detect-
ed to be down-regulated in the LGN after DE, 
which indicated that GluR2 may be an elicitor 

Figure 9. Schema graph illustrating the underlying mechanisms of cross-
modal plasticity. Geol et al. (2006) reported that the mESPC amplitude of 
pyramidal neuron in the layer II/III of V1 cortex was increased and that in 
the layer II/III of A1 cortex was decreased after DE (black arrow). Petrus 
et al. (2014) reported that DE strengthened thalamocortical (TC) synapses 
(projection from MGB to layer IV) in the A1 cortex, but not in the V1 cortex 
(black arrow). Pan et al. (2018) observed that LFP activities in the layer IV 
of V1 and A1 cortices and MGB were enhanced, and that in LGN was de-
creased after DE. The present study verified that LFP activities in the layer 
II/III of V1 and A1 cortices were enhanced, and the expression levels of five 
GluR subunits were up-/down-regulated in V1 and A1 cortices with layer-
specificity after DE (red symbol signify up-regulation, blue symbol signify 
down-regulation). 

both increased in the layer II/III 
of A1 cortex after DE. Thus, 
NMDR subunits may be in- 
volved in shaping the synaptic 
plasticity in the layer II/III of A1 
cortex by losing of vision mo- 
dality we regarded. It is note-
worthy that the GluR subuni- 
ts including GluR2 and NR2B 
were likewise presented with 
subtle expression changes in 
layer V or/and layer VI of the  
A1 cortex after DE. These re- 
sults indicate the possibility of 
the refined A1 intracircuit and 
efferent thalamocortical path-
way contributed to the enhan- 
cement of auditory perception 
in the absence of visual input. 

The role of thalamic LGN and 
MGB in the cross-modal plas-
ticity following DE

A growing body of work has 
shown that subcortical struc-
tures (such as the thalamus) 
may account for the cortical 
reorganization following the la- 
cking of sensory input [34]. 
Thalamocortical projections fr- 
om MGB to A1 cortex but not 
from LGN to V1 cortex are 
strengthened after visual de- 
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for down-regulated neural activity in the LGN. 
There was no detected adjustment of GluRs 
expression in MGB after DE, it was speculat- 
ed that the posttranslational modification such 
as phosphorylation of GluRs may be involved  
in mediating the synaptic plasticity in MGB 
after DE. 

Conclusions

The present study demonstrated the layer-spe-
cific expression variation of five GluR subunits 
in visual and auditory primary cortices following 
visual deprivation. The fruits made in the study 
may allow us to reach a conclusion that the 
GluRs regulation is a common downstream 
mechanism for global homeostatic plasticity  
in sensory primary cortices in the absence of 
visual input. 
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Materials and methods

Nissl staining

Laminar architecture of the mouse primary cortex was performed using Nissl staining in the present 
study. The mouse brain coronal sections (16 μm) from NR group (this procedure is same to that of immu-
mohistochemical staining) were placed in the Cresyl violet Stain (G1430; Solarbio, Beijing, China) at 
56°C for 1 h. Then, the sections were rinsed with distilled water and placed in the Nissl Differentiation 
(G1430; Solarbio) for 2 min. Finally, the sections were soaked in absolute ethyl alcohol, immersed in 
xylene, sealed with neutral balsam, and photographed using an upright microscope (Nikon, Sendai, 
Japan). 

Figure S1. Schematic outline of the experimental protocol used in this study. 

Table S1. The primers of mouse GluR subunits for quantitative qPCR
Name Direction Sequence (5’-3’) Length (bp)
GluR1 S TCTAACAACCACGGAGGAAGGAT 158

A AGGATGTAGTGGTACCCGATGC
GluR2 S TGGAGCACACACAGCGACAAT 182

A GCCCTTTCTATTTCCACGCCT
NR1 S GCAGATGGCAAGTTTGGCAC 169

A TGGTACTTGAAGGGCTTGGAGA
NR2A S CTCTTCTCCATCAGCAGGGG 180

A TTTTGGGTGAGTCCATTCGC
NR2B S CTCCACCACCAAGTATCCTCAA 153

A CTTGTCTTTCAGGCTCACGCT
β-actin S GGCTGTATTCCCCTCCATCG 154

A CCAGTTGGTAACAATGCCATGT
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Table S2. The summary of transcriptome sequence analysis
Sample Sequencing Mode Clean Data (bp) Clean Reads Q20 (%) Q30 (%)
NR-LGN-1 6,209,657,674 42,304,430 98.47 95.70
NR-LGN-2 6,008,255,906 40,943,828 98.44 95.60
DE-LGN-1 6,128,505,984 41,739,998 98.40 95.60
DE-LGN-2 Paired-end 6,487,895,438 44,208,720 98.50 95.80
NR-MGB-1 2 × 150 bp 6,762,340,116 45,413,076 97.67 94.34
NR-MGB-2 6,562,437,128 44,065,356 97.78 94.56
DE-MGB-1 6,693,542,434 44,938,156 97.69 94.35
DE-MGB-2 6,658,351,348 44,705,950 97.49 93.90
NR-LGN-1 and NR-LGN-2: the LGN samples of NR group (two independent biological replicates). DE-LGN-1 and DE-LGN-2: the 
LGN samples of DE group. NR-MGB-1 and NR-MGB-2: the MGB samples of NR group. DE-MGB-1 and DE-MGB-2: the MGB 
samples of DE group. Q20: The percentage of bases with a Phred value >20. Q30: The percentage of bases with a Phred value 
>30. 

Figure S2. Nissl staining of the mouse V1 and A1 cortices. The V1 and A1 regions can be divided into five layers 
(Layer I, II/III, IV, V, and VI) according to the laminar architecture in the neocortex. Scale bar: 50 μm.


