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Significance

Dysregulation of AMPA receptors 
(AMPARs) contributes to a 
number of neurological and 
psychiatric disorders, including 
AD. However, studying 
longitudinal AMPAR changes in 
AD animals has been a big 
challenge, to tackle this problem, 
we crossed fluorescently tagged 
AMPAR subunit GluA1 knockin 
mice with AD model mice, 5xFAD, 
and investigated endogenous 
GluA1 dynamics in a Go/No-go 
learning paradigm. Our results 
showed that impairments in 
AMPAR dynamics and microglia/
astrocytes overactivation 
surrounding Aβ plaques correlate 
with learning deficits in AD 
animals. Our study observed 
endogenous AMPAR dynamics in 
real time in AD mice during 
learning which provides hints for 
better understanding of AD 
pathogenesis.
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AMPA receptors (AMPARs) play a critical role in synaptic plasticity and learning and 
memory, and dysfunction or dysregulation of AMPARs could lead to various neurologi-
cal and psychiatric disorders, such as Alzheimer's disease (AD). However, the dynamics 
and/or longitudinal changes of AMPARs in vivo during AD pathogenesis remain elu-
sive. Here, employing 5xFAD SEP-GluA1 KI mice, we investigated endogenous AMPA 
receptor dynamics in a whisker deflection-associated Go/No-go learning paradigm. We 
found a significant increase in synaptosomal AMPA receptor subunits GluA1 in WT 
mice after learning, while no such changes were detected in 7-mo-old 5xFAD mice. Daily 
training led to an increase in endogenous spine surface GluA1 in Control mice, while 
this increase was absent in 5xFAD-KI mice which correlates with its learning defects 
in Go/No-go paradigm. Furthermore, we demonstrated that the onset of abnormal 
AMPAR dynamics corresponds temporally with microglia and astrocyte overactivation. 
Our results have shown that impairments in endogenous AMPA receptor dynamics play 
an important role in learning deficits in 5xFAD mice and AD pathogenesis.

AMPA receptor | synaptic plasticity | two-photon imaging | Alzheimer’s disease

α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptors (AMPARs) mediate 
the majority of excitatory neurotransmission in the brain and thus play a critical role in 
many aspects of brain function, including cognition, movement, learning, and memory. 
The insertion and removal of AMPARs from the postsynaptic site mediate long-term 
potentiation (LTP) and long-term depression, respectively (1–7). Dysregulation or impair-
ments of AMPA receptor function could lead to a variety of neurological and psychiatric 
disorders, such as Alzheimer’s disease (AD) (8, 9). AD is a neurodegenerative disorder 
characterized by memory deficits and cognitive decline. Three well-established pathological 
hallmarks of AD are amyloid-β (Aβ) plaques, neurofibrillary tangles (NFT), and neuronal 
loss (10–14). AD is a progressive disorder, where dementia symptoms gradually worsen 
over a number of years. Autopsy studies have shown that people with AD tend to develop 
far more plaques and tangles and in a predictable pattern, which begins in areas that affect 
learning and memory and then spreads to other regions as the disease progresses. 
Accumulating evidence has suggested that one of the earliest manifestations in AD is 
probably the decrease of synaptic AMPA receptors and abnormalities in synaptic plasticity 
(15–17). Multiple studies have demonstrated that abnormal AMPA receptor function is 
closely associated with cognitive impairments in AD (10, 17–21).

Previous in vitro studies have greatly advanced our knowledge of AMPA receptor traf-
ficking and regulation at the molecular level. Recently, utilizing two-photon microscopy, 
people have investigated AMPA receptor dynamics in vivo (22–26) and found that daily 
training leads to an increase in AMPA receptor level at a subset of spatially clustered den-
dritic spines in the motor cortex in a forelimb reaching task (24). However, exogenous 
overexpression of SEP-tagged AMPARs may result in protein mistargeting and dysregula-
tion. To overcome this caveat, the Huganir group has utilized novel genetic labeling strategy 
and created a SEP-GluA1 knockin mouse line, which enables longitudinal tracking of 
endogenous AMPAR dynamics in a manner that does not impair synaptic function (27). 
However, very few studies have been conducted to investigate AMPA receptor dynamics 
in real time in AD animals. More than 100 transgenic AD lines have been generated and 
display different phenotypes depending on the transgene, such as APPswe/PS1, 3xTg, 
5xFAD, and APPSwe, among which 5xFAD is most commonly used (28). 5xFAD mice 
express the Swedish (APPK670N/M671L), London (APPV717I), and Florida (APPI716V) 
mutations in APP and the PS1M146L and PS1L286V mutations in PSEN1 (29). Amyloid 
pathology starts at 2 mo of age in 5xFAD mice, including amyloid plaques (29). 
Age-dependent memory deficits, including spatial memory, stress-related memory and 
memory stabilization, are the major phenotypes in 5xFAD (29–33). Considering the time 
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until onset of phenotype, costs, and the consistency of pathology, 
we chose 5xFAD mice for our study.

To investigate endogenous AMPA receptor dynamics in AD ani-
mals, we crossed 5xFAD mice with SEP-GluA1 knockin mice to 
generate 5xFAD SEP-GluA1 hybrid mice (Materials and Methods) 
and employed whisker stimulation-associated Go/No-go behavioral 
paradigm to explore AMPA receptor changes longitudinally in real 
time during learning. We found that 7-mo-old 5xFAD mice dis-
played impaired learning ability, there were significant increases in 
synaptosomal AMPA receptor subunits GluA1 and GluA2 and 
N-methyl-D-aspartate receptor (NMDA receptor) subunits GluN2A 
and GluN2B in 7-mo-old wild type (WT) mice after learning, while 
no such increase was detected in age-matched 5xFAD mice. In vivo 
two-photon imaging results showed spine surface GluA1 (sGluA1) 
and spine size were all significantly increased in 7-mo-old Control 
mice during learning, while these changes were absent in age-matched 
5xFAD-KI mice. The changes of surface GluA1 in individual spines 
were highly heterogeneous. Furthermore, we found that the impair-
ments in GluA1 trafficking in 5xFAD mice during learning could 
be due to overactivation of microglia and astrocytes surrounding Aβ 
plaques. Our findings suggest that impairments in endogenous 
AMPAR dynamics play an important role in learning deficits in 
5xFAD mice.

Results

Seven-Month-Old 5xFAD Mice Displayed Impaired Learning 
Ability. The 5xFAD mice rapidly develop severe amyloid pathology, 
in which extracellular amyloid deposition begins around 2 mo, first 
in the subiculum and layer V of the cortex, and accumulates quickly 
with age. Plaques have been found throughout the hippocampus 
and cortex by 6 mo (29). Impaired spatial memory in Morris water 
maze test was reported in 6-mo-old mice, and impaired learning 
was evident in 9-mo-old mice (30, 34). Learning ability of 6-mo-
old 5xFAD mice was first accessed in a Go/No-go paradigm 
(Materials and Methods), mice were trained to perform the task in 
which they either lick or withhold licking depends on whether their 
whiskers received a brief deflection (Fig. 1A and Movie S1). There 
were four possible outcomes: successful detections (“Hits”) and 
failed detections (“Misses”) following the delivery of stimulus with 
big amplitude (16-degree radius) on Go trial, as well as “Correct 
Rejection” and “False Alarms” when stimulus with small amplitude 
was delivered (8-degree radius) on No-go trial (Fig.  1B). Mice 
performance (fraction correct) was assessed by the sum of hits and 
correct rejection trials divided by total number of trials. Mice were 
considered experts when performance reached ≥70% correct for 
two consecutive days and training would be stopped, and memory 
tests were performed a week after the last training session (Fig. 1C).

When 6-mo-old WT and 5xFAD mice were subjected to 
Go/No-go learning paradigm, on average, WT mice became 
experts of the task after 6 d of training, and 5xFAD mice also 
reached expert level on day 6 (Fig. 1 D and E). As shown in Fig. 1 
E and F, there were no significant differences in sensory-associated 
learning ability and memory performance between WT and 
5xFAD mice at 6 mo of age. We next subjected 7-mo-old animals 
to Go/No-go learning paradigm and found that WT mice reached 
expert level after 6 d of training, while it took ~9 d for 5xFAD 
mice to reach expert level (Fig. 1 G and H). When took a closer 
look, we found that 64.29% of the WT mice mastered the task 
on day 6, while only 18.75% of the 5xFAD mice mastered the 
task on day 6 (Fig. 1I). Interestingly, there were no significant 
differences between 7-mo-old WT and 5xFAD mice in memory 
test (Fig. 1J). These results suggest that 5xFAD mice displayed 
impaired learning ability at 7 mo of age.

Increases in Synaptosomal AMPA and NMDA Receptors after 
Learning Were Absent in 7-Mo-Old 5xFAD Mice. Abnormal changes 
in the number or function of AMPARs have been shown to be a 
core feature of age-related cognitive decline. To explore the changes 
of synaptic proteins in the Go/No-go paradigm after learning, we 
first measured levels of AMPARs in the primary somatosensory 
cortex (S1BF) via Western blot (Fig. 2 A and B and SI Appendix, 
Fig. S1 A and B). There were significant increases in the levels of 
the synaptosomal GluA1 and GluA2 in both 6- and 7-mo-old WT 
mice after training (Fig. 2 A and B). A significant increase in the 
synaptosomal GluA1 level was apparent in 6-mo-old 5xFAD mice 
after training, while no such increase was observed in 7-mo-old 
5xFAD mice (Fig. 2 A and B). Since NMDA receptors also play 
an important role in learning and memory, we next investigated 
changes of NMDA receptor subunits after Go/No-go training 
(Fig. 2 A and B and SI Appendix, Fig. S1 A and B). No differences 
were detected in synaptosomal GluN1, GluN2A, and GluN2B 
levels between 6-mo-old WT and 5xFAD mice after training 
(Fig. 2A). There was a significant increase in synaptosomal GluN2A 
and GluN2B levels in 7-mo-old WT mice after learning, while 
no such changes were found in 7-mo-old 5xFAD mice (Fig. 2B).

It has been well documented that phosphorylation of GluA1 
plays critical roles in AMPA receptor function and trafficking, so 
next we investigated the phosphorylation level of GluA1 (Fig. 2C 
and SI Appendix, Fig. S1C). Phosphorylation levels of synaptosomal 
GluA1 at both S831 and S845 were significantly increased in 
6-mo-old WT and 5xFAD mice after training but not in 7-mo-old 
WT or 5xFAD mice (Fig. 2C). Studies have shown that CaMKII 
regulates many synaptic proteins that modulate excitatory trans-
mission and synaptic function. PSD-95, a major component of the 
postsynaptic density (PSD), is involved in stabilization and traffick-
ing of AMPA and NMDA receptors to the postsynaptic membrane. 
When we took a look at changes of these molecules, we found that 
the phosphorylation level of synaptosomal CaMKII-α was signifi-
cantly increased in 6-mo-old WT and 5xFAD mice after training, 
while no such changes were detected between 7-mo-old WT and 
5xFAD mice (Fig. 2D and SI Appendix, Fig. S1D). There were no 
significant changes in the synaptosomal PSD-95 protein levels 
before and after training in both 6- and 7-mo-old WT and 5xFAD 
mice (Fig. 2E and SI Appendix, Fig. S1E). These results show that 
the postsynaptic GluA1 level correlates with the learning ability in 
whisker stimulation-related Go/No-go task.

Western blots results showed that learning induced increases in 
AMPAR phosphorylation and CaMKII phosphorylation were 
absent in both 7-mo-old WT and 5xFAD mice, which indicates 
no correlation between learning ability and phosphorylation sta-
tus. However, western blots could only assess changes of all neu-
rons in the hippocampus or barrel cortex, thus could not rule out 
the possibility that CaMKII and GluA1 phosphorylation might 
be different at spine/synapse level after training between 7-mo-old 
WT and 5xFAD mice. To have a better understanding of AMPAR 
dynamics at individual spine/synapse level after training, we next 
performed two-photon imaging to investigate real time changes 
in live animals.

Learning-Associated Whisker Stimulation Induces an Increase 
in Spine Size in Control but not 5xFAD-KI Mice. To have a better 
understanding of the real-time changes of endogenous GluA1 
during learning, we crossed 5xFAD mice with SEP-GluA1 knockin 
mice (27) to generate hybrid mice (5xFAD-KI, Materials and 
Methods) and utilized two-photon in  vivo imaging to monitor 
AMPA receptor dynamics in Go/No-go paradigm. Since AMPA 
receptors express in almost all neurons in the brain, viruses carrying 
dsRed2 marker were injected into layer 2/3 of barrel cortex to 
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sparsely label a subpopulation of pyramidal neurons to increase 
contrast in our imaging study (SI Appendix, Fig. S2 A–D). Mice 
were trained for five consecutive days, and memory was tested on 
day 12, two-photon imaging was conducted on the day before 
training starts and on training day 1, day 3, day 5, and day 12 
(Fig.  3A). Consistent with our previous results, Control mice 
reached experts level on days 4 to 5 after training (70.87 ± 2.814%, 

84.03 ± 4.91%, respectively), while 5xFAD-KI mice failed to do 
so (61.63 ± 4.45%, 68.53 ± 8.221%, respectively) (Fig.  3B). 
There were no significant differences between these two groups 
in memory test (Fig. 3C). Spine dynamics provide a structural 
basis for information storage in the brain, and spine turnover 
plays an important role in synaptic plasticity (35–38). So, we first 
investigated spine turnover during Go/No-go learning paradigm 
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Fig. 1. Seven-month-old 5xFAD mice displayed impaired learning ability. (A) A side view of the Go/No-go task with the pole position and lickport. (B) Diagram 
of the sequence of events for a single trial (Materials and Methods). (C) Experimental timeline. (D) Learning curves of 6-mo-old mice in Go/No-go paradigm.  
n = 13 (WT Training group), n = 12 (5xFAD Training group). (E) Days needed for 6-mo-old mice to master the Go/No-go task. n = 13 (WT Training group), n = 12 
(5xFAD Training group). (F) Behavioral performance of 6-mo-old mice at memory test. n = 13 (WT Training group), n = 10 (5xFAD Training group, two mice were 
excluded due to health problems). (G) Learning curves of 7-mo-old mice in Go/No-go paradigm. n = 14 (WT Training group), n = 16 (5xFAD Training group). (H) Days 
needed for 7-mo-old mice to master the Go/No-go task. n = 14 (WT Training group), n = 16 (5xFAD Training group). (I) Correlation plot between the percentage 
and number of days required to master the task in 7-mo-old mice. n = 14 (WT Training group), n = 16 (5xFAD Training group). Data are plotted as a tick symbol 
(staircases) without error bars. (J) Behavioral performance of 7-mo-old mice at memory test. n = 13 (WT Training group, one mouse was excluded due to health 
problems), n = 13 (5xFAD Training group, three mice were excluded due to health problems). Data are presented as mean ± SEM. ns, not significant; *P < 0.05; 
**P < 0.01; Mann–Whitney U test (E); unpaired two-tailed t test (F, H, and J); Log-rank (Mantel-Cox) test (I).
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Fig. 2. Increases in synaptosomal AMPA and NMDA receptors after learning were absent in 7-mo-old 5xFAD mice. (A) Representative images of Western blots 
and quantification of synaptosomal AMPA and NMDA receptor levels in the S1BF of 6-mo-old mice before (n = 6 each, WT or 5xFAD group) and after training  
(n = 7 each, WT or 5xFAD Training group). (B) Representative images of Western blots and quantification of synaptosomal AMPA and NMDA receptor levels in 
the S1BF of 7-mo-old mice before (n = 6 each, WT or 5xFAD group) and after training (n = 6 each, WT or 5xFAD Training group). The number of mice in GluA1 is 
9 (n = 9) and GluN1 is 3 (n = 3). (C) Representative images of Western blots and quantification of phosphorylation levels of synaptosomal GluA1 in the S1BF of 
6- and 7-mo-old mice before (n = 3 each, 6-mo-old WT or 5xFAD group; n = 6 each, 7-mo-old WT or 5xFAD group) and after training (n = 4 each, 6-mo-old WT 
or 5xFAD Training group; n = 6 each, 7-mo-old WT or 5xFAD Training group). (D) Representative images of Western blots and quantification of phosphorylation 
levels of synaptosomal CaMKII-α in the S1BF of 6- and 7-mo-old mice before (n = 3 each, 6-mo-old WT or 5xFAD group; n = 6 each, 7-mo-old WT or 5xFAD group) 
and after training (n = 4 each, 6-mo-old WT or 5xFAD Training group; n = 6 each, 7-mo-old WT or 5xFAD Training group). (E) Representative images of Western 
blots and quantification of phosphorylation levels of synaptosomal PSD-95 levels in the S1BF of 6- and 7-mo-old mice before (n = 3 each, 6-mo-old WT or 5xFAD 
group; n = 6 each, 7-mo-old WT or 5xFAD group) and after training (n = 4 each, 6-mo-old WT or 5xFAD Training group; n = 6 each, 7-mo-old WT or 5xFAD Training 
group). Data are presented as mean ± SEM. **P < 0.01; ***P < 0.001; two-way ANOVA with Bonferroni's multiple comparisons test (A–E).
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Fig. 3. Whisker stimulation–associated learning induces an increase in spine size in control but not 5xFAD-KI Mice. (A) Experimental timeline with schematic 
drawing of in vivo two-photon imaging. (B) Learning curves of 7-mo-old mice in the Go/No-go paradigm. n = 6 (Control Training group), n = 5 (5xFAD-KI Training 
group). (C) Behavioral performance of 7-mo-old mice at memory test. n = 6 (Control Training group), n = 5 (5xFAD-KI Training group). (D) Representative images 
of spines on layer 2/3 apical dendrites in the barrel cortex of Control or 5xFAD-KI mice over the course of Go/No-go training. Red arrows indicate spines added; 
yellow arrows indicate spines subtracted. Images are single-plane median-filtered images that were upscaled and contrast enhanced. (E and F) Spine density and 
spine turnover for dendrites imaged in different groups of mice (Control Training group: n = 22 dendrites, five mice; Control Training group: n = 16 dendrites, 
five mice; 5xFAD-KI Training group: n = 19 dendrites, five mice; 5xFAD-KI group: n = 17 dendrites, four mice). (G) Representative images of spines on layer 2/3 
apical dendrites in the barrel cortex of Control or 5xFAD-KI Training mice over the course of Go/No-go training. Yellow and red arrows indicate the same spines 
across all imaging sessions. Images are single-plane median-filtered images that were upscaled and contrast enhanced. (H) Average spine structure intensity 
normalized to baseline over the course of Go/No-go training. *P < 0.05, **P < 0.01, ***P < 0.001, Control Training mice versus Control mice. (I–N) The percentages 
of spines showing increase, decrease, or being stable in spine structure intensity during the course of learning in different groups of mice. Data are presented as 
a 100% stacked column chart in panels I, J, K, and M. (H–N) 396 spines and 23 dendrites in five Control Training mice; 302 spines and 16 dendrites in five Control 
mice; 354 spines and 19 dendrites in five 5xFAD-KI Training mice; 305 spines and 17 dendrites in four 5xFAD-KI mice. Data are presented as mean ± SEM. ns, not 
significant; *P < 0.05; **P < 0.01; ***P < 0.001; two-way ANOVA with Bonferroni’s multiple comparisons test (B, E, and F); unpaired two-tailed t test (C); two-way 
ANOVA with Bonferroni's multiple comparisons test (H); chi-square test with Bonferroni correction (K–N).
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(Fig. 3D), and found no differences in dendritic spine density, 
percent added spine, percent subtracted spine, percent transient 
spine, or spine turnover ratio between 5xFAD-KI and Control 
mice during and after training (Fig. 3 D–F and SI Appendix, Fig. S2 
G–I). While there was a significant increase in spine structure 
intensity (spine size) in Control mice during training, which was 
absent in 5xFAD-KI mice (Fig. 3 G and H).

Next, we took advantage of the spatiotemporal resolution 
offered by in vivo imaging to look at changes/diversity in individ-
ual spines and found that individual spine size was quite dynamic 
across all four groups of mice (SI Appendix, Fig. S3 A and B). 
Spines were classified into increase, decrease, and stable categories 
based on their average change in spine size during learning (Fig. 3 
I and J and SI Appendix, Fig. S3C). The proportion of spines in 
the increase category went up significantly in Control mice after 
training on day 1, day 3, and day 5, while the proportion of spines 
in the decrease category went down significantly on day 1 and day 
3 (Fig. 3 K and L and SI Appendix, Fig.S3D). However, no signif-
icant changes were detected in 5xFAD-KI mice (Fig. 3 M and N 
and SI Appendix, Fig. S3E). These results indicate that the absence 
of spine size increase correlates with the learning deficits in 5xFAD 
mice in Go/No-go training.

Dynamic Changes of Spine Surface AMPA Receptors Were 
Impaired in 5xFAD-KI Mice during Learning. Next, we 
investigated the changes of AMPA receptor subunit GluA1 in 
Go/No-go paradigm via quantifying spine surface fluorescence 
intensity (Materials and Methods). There was a significant increase 
in spine surface GluA1 in Control mice during learning, while 
this increase was absent in 5xFAD-KI mice (Fig. 4 A and B). 
Next, we took a look at the diversity of AMPA receptor dynamics 
in individual spines and found that the distribution of spine 
sGluA1 changes was significantly shifted toward larger increases 
after training in Control mice, while no such changes were 
detected in 5xFAD-KI mice (Fig.  4 C–H). Spines were again 
classified into three categories: increase, decease, and stable (Fig. 4 
I and J and SI Appendix, Fig. S4A). We found a larger fraction of 
spines with increasing GluA1 levels as well as a smaller fraction 
of spines with decreasing GluA1 levels in Control mice after 
training, while no such changes were apparent in 5xFAD-KI mice 
(Fig. 4 K–N and SI Appendix, Fig. S4 B and C). We noticed that 
the increase in spine surface GluA1 was obvious one day after 
training due to a bigger fraction of spines in increase category 
in Control mice; interestingly, there was also a fraction of spines 
showing increase in surface GluA1 in 5xFAD-KI mice one day 
after training, while the learning outcome was very different 
between these two groups. To further understand the role of this 
small fraction of spines in the increase category during learning, 
we compared spine sGluA1 changes in the increase category on 
the first training session (day 1) with late training sessions (day 
3, day 5, and day 12) and found a strong positive correlation in 
Control mice (Fig. 4O and SI Appendix, Fig. S4 D and E), while 
no such correlation was found in 5xFAD-KI mice (Fig. 4P and 
SI Appendix, Fig. S4 F and G). Consistent with previous findings 
in motor cortex (24), our results show sensory-associated learning 
leads to an increase in spine surface GluA1 in Control mice, while 
this increase was absent in 5xFAD-KI mice. Furthermore, the 
stable increases in sGluA1 in a specific small fraction of spines 
(the increase category) in Control mice correlate with the learning 
performance, while no such fraction of spines was detected in 
5xFAD-KI mice.

Next, we investigated the correlation between changes in spine 
size and spine surface GluA1 during Go/No-go training and found 
a positive correlation between changes in spine surface GluA1 and 

changes in spine size in each of the imaging sessions in both 
Control and 5xFAD-KI mice (SI Appendix, Fig. S5 A–D), which 
indicates that the correlation between spine sGluA1 and spine size 
is not altered in 5xFAD mice. In addition to spine surface GluA1 
levels, we also analyzed surface GluA1 levels on the dendritic shaft 
adjacent to the spines (SI Appendix, Fig. S6A). There were no dif-
ferences in shaft surface GluA1 levels on day 1, day 3, and day 
5, other than a slight but statistically significant increase on day 
12 (memory test) in Control mice after training; similarly, no shaft 
surface GluA1 level changes were detected in 5xFAD-KI mice 
(SI Appendix, Fig. S6 A–M). These results suggest shaft sGluA1 
dynamics is not altered in 5xFAD mice.

Overactivation of Astrocytes and Microglia Corresponds to the 
Onset of Learning Deficits in 7-mo-old 5xFAD Mice. Western blot 
results showed that training-induced changes of synaptosomal 
GluA1, GluN2A, and GluN2B levels in WT mice were absent in 
7-mo-old 5xFAD mice (Fig. 2 A and B). In addition, two-photon 
imaging results demonstrated that spine sGluA1 was significantly 
increased in 7-mo-old Control mice during learning, while no 
such changes were detected in 7-mo-old 5xFAD-KI mice (Fig. 4 
A and B). To explore the mechanisms underlying the abnormal 
changes of AMPA receptors in 5xFAD mice, we first investigated 
the distribution of Aβ plaques in the S1BF in these four groups of 
mice (Fig. 5A). As expected, there was an increase in the number 
and area of Aβ plaques in 6-mo-old 5xFAD mice compared to WT, 
and there were significantly more Aβ plaques in 7-mo-old 5xFAD 
mice compared to 6-mo-old 5xFAD mice (Fig.  5B). Previous 
studies have shown that Aβ plaque deposits could affect spine 
density within a 50-μm radius of the plaque (39), we next explored 
whether Aβ plaques would also lead to changes in AMPA receptors 
in mouse brain slices using immunofluorescence staining (Fig. 5C 
and Materials and Methods). Notably, there were no significant 
differences in the average GluA1 fluorescence intensity within 
a 50-μm radius of Aβ plaques between 6-mo-old 5xFAD mice 
and WT mice, while the average GluA1 fluorescence intensity 
surrounding Aβ plaques was significantly reduced in 7-mo-old 
5xFAD mice (Fig. 5D).

Mature astrocytes are involved in multiple processes in the cen-
tral nervous system, such as neurotransmitter recycling, synapse 
formation, and synaptic plasticity (40–44). Excessive release of 
γ-aminobutyric acid (GABA) and adenosine triphosphate (ATP) 
by active astrocytes is related to AD pathogenesis, and activation 
of microglia has been observed in neurodegeneration, which could 
lead to the production of a large number of neuroimmune inflam-
matory factors (45–47). Microglia-associated inflammasomes have 
also been found to contribute to Aβ clearance and synaptic prun-
ing and remodeling (48–50). Thus, we took a look at the status 
of astrocytes and microglia in these groups and found that the 
area coverage of activated astrocytes and IBA1+ microglia in S1BF 
were significantly increased in 7-mo-old 5xFAD mice compared 
to 6-mo-old 5xFAD mice, while no such differences were observed 
between 6-mo-old 5xFAD mice and WT mice (Fig. 5 E–G). 
Similarly, there was significantly more IBA1+ microglia in 
7-mo-old 5xFAD mice compared to 6-mo-old 5xFAD mice 
(Fig. 5H). We also observed a significant increase in the number 
of IBA1+ microglia surrounding Aβ plaques and colocalization 
with Aβ plaques in 7-mo-old 5xFAD mice compared to 6-mo-old 
5xFAD mice (Fig. 5 I–K). Additionally, there was a notable 
increase in the percentage of the total imaging field covered by 
colocalized plaque and IBA1 staining in 7-mo-old 5xFAD mice 
compared to 6-mo-old 5xFAD mice (Fig. 5L). At the same time, 
the percentage of activated microglia (deramified microglia, hyper-
trophy of the cell body, and shortened processes) increased 

http://www.pnas.org/lookup/doi/10.1073/pnas.2303878120#supplementary-materials
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Fig. 4. Dynamic changes of spine surface AMPA receptors were impaired in 5xFAD-KI mice during learning. (A) Representative images of spines on layer 2/3 
apical dendrites in the barrel cortex of Control and 5xFAD-KI mice over the course of Go/No-go training. Yellow and red arrows indicate the same spines across 
all imaging sessions. Images are single-plane median-filtered images that were upscaled and contrast enhanced. (B) Average spine surface GluA1 intensity 
normalized to baseline over the course of Go/No-go training. ***P < 0.001, Control Training mice versus Control mice. (C and D) Heatmap showing amount of 
spine surface GluA1 in individual spines of different groups of mice. Each column represents a single spine. The surface GluA1 level of each spine is normalized 
to its baseline and columns are sorted by average surface GluA1 change during training. (E) Distribution histogram of average spine surface GluA1 change in 
Control Training and Control mice. (F) Cumulative distribution of average spine surface GluA1 change in Control Training and Control mice. (G) Distribution 
histogram of average spine surface GluA1 change in 5xFAD-KI Training and 5xFAD-KI mice. (H) Cumulative distribution of average spine surface GluA1 change in 
5xFAD-KI Training and 5xFAD-KI mice. (I–N) Percentages of spines showing increase, decrease, or being stable in spine surface GluA1 intensity at different time 
points in different groups of mice. Data are presented as a 100% stacked column chart in panels I–L. (B–N) 391 spines and 23 dendrites in five Control Training 
mice; 298 spines and 16 dendrites in five Control mice; 354 spines and 19 dendrites in five 5xFAD-KI Training mice; 304 spines and 17 dendrites in four 5xFAD-KI 
mice. (O) Comparison of spine surface GluA1 change in spines showing increase on the first training session (day 1) with late training session (day 12) in Control 
mice with linear fits (r = 0.6228, P < 0.0001). In addition, 104 spines and 23 dendrites in five Control Training mice; r, Pearson’s linear correlation coefficient; p, 
Pearson’s correlation. (P) Comparison of spine surface GluA1 change in spines showing increase on the first training session (day 1) with late training session 
(day 12) in 5xFAD-KI mice with linear fits (r = 0.3006, P = 0.0667). Thirty-eight spines and 19 dendrites in five 5xFAD-KI Training mice; r, Pearson’s linear correlation 
coefficient; p, Pearson’s correlation. Data are presented as mean ± SEM. ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; two-way ANOVA with Bonferroni's 
multiple comparisons test (B); two-sample Kolmogorov–Smirnov test (F and H); chi-square test with Bonferroni correction (K–N).
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significantly in 7-mo-old 5xFAD mice compared to 6-mo-old 
5xFAD mice (Fig. 5M). These findings indicate that overactivation 
of astrocytes and microglia corresponds to the onset of learning 

deficits in 7-mo-old 5xFAD mice. Although whether the differ-
ences of GluA1 changes surrounding Aβ plaques are mainly due 
to overactivation of microglia and astrocytes remains unclear, these 

A

B C D

E

F G H

KJ

ML

I

Fig. 5. Overactivation of astrocytes and microglia corresponds to the onset of learning deficits in 7-mo-old 5xFAD mice. (A) Representative immunofluorescence 
images of Aβ (Methoxy-X04, X-04, blue), GluA1 (green), and NeuN (red) in the S1BF of different groups of mice. Bar, 100 μm. (B) Quantitative analysis of Aβ staining 
from A. (C) Schematic illustration of GluA1 fluorescence intensity quantification in the S1BF (Materials and Methods). Aβ (blue), GluA1 (green). Bar, 20 μm. (D) 
Fractional changes of the average GluA1 fluorescence intensity in the vicinity (<50 μm) of Aβ amyloid plaques. (E) Representative immunofluorescence images 
of Aβ (X-04, blue), GFAP (red), and IBA1 (yellow) in the S1BF of different groups of mice. Bar, 100 μm. (F) Quantitative analysis of the covered area of astrocytes in 
the S1BF from E. (G and H) Quantitative analysis of the covered area and number of IBA1+ microglia in the S1BF from E. (I) Representative immunofluorescence 
images of Aβ (X-04, blue) and IBA1 (yellow) in the S1BF of 7-mo-old mice. Red arrow in box1 enlarged image indicates the colocalization of microglia with Aβ 
plaques. Representative immunofluorescence images of ramified (white arrow in box2 enlarged) or deramified (green arrow in box3 enlarged) IBA1 positive 
microglia. Top, bar, 100 μm; bottom, bar, 20 μm. (J) Quantitative analysis of the number of IBA1+ microglia around Aβ plaques in the S1BF of 6- and 7-mo-old 
5xFAD mice from I. 672 plaques in three 6-mo-old 5xFAD mice; 2,038 plaques in three 7-mo-old 5xFAD mice. (K) Quantitative analysis of the number of microglia 
colocalized with plaque in the S1BF of 6- and 7-mo-old 5xFAD mice from I. 672 plaques in three 6-mo-old 5xFAD mice; 2,038 plaques in three 7-mo-old 5xFAD 
mice. (L) Quantitative analysis of the percentage of the total imaging field covered by colocalized plaque and IBA1 staining in the S1BF of 6- and 7-mo-old 5xFAD 
mice from I. Thirty-two imaging fields in three 6-mo-old 5xFAD mice; 37 imaging fields in three 7-mo-old 5xFAD mice. (M) Quantitative analysis of the percentage 
of deramified IBA1+ microglia in the S1BF from I. Data are presented as mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001; n = 3 per group. Two-way ANOVA with 
Bonferroni's multiple comparisons test (B, D, F–H, and M); Mann–Whitney U test (J–L).
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differences very likely play an important role in the learning defi-
cits in 7-mo-old 5xFAD mice.

Discussion

In our study, utilizing the SEP-GluA1 knockin line, we investi-
gated endogenous AMPA receptor dynamics in real time in 5xFAD 
mice. We found that there were learning deficits in 7-mo-old 
5xFAD mice in a whisker-associated Go/No-go paradigm but not 
in 6-mo-old 5xFAD mice (Fig. 1 H and I). Significant increases 
were detected in the synaptosomal protein levels of GluA1, GluA2, 
GluN2A, and GluN2B in WT mice after training, while no such 
changes were detected in 7-mo-old 5xFAD mice (Fig. 2 A and B). 
AMPA receptor dynamics in individual spines were monitored via 
two-photon imaging, and there was a significant increase in spine 
sGluA1 levels in Control mice during training, but not in 
5xFAD-KI mice (Fig. 4 A and B). In addition, there was a signif-
icant increase in astrocytes and microglia activation in the S1BF 
in 7-mo-old 5xFAD mice compared to 6-mo-old 5xFAD mice 
(Fig. 5 F–M). These findings suggest that abnormal spine surface 
GluA1 dynamics, which could be partially caused by astrocytes 
and microglia overactivation, correlates well with learning deficits 
in 7-mo-old 5xFAD mice.

There were significant increases in the protein levels of GluA1 
and GluA2 in WT mice after whisker-associated learning, while 
no changes were detected in 7-mo-old 5xFAD mice (Fig. 2 A and 
B). Our results are consistent with previous findings in motor 
cortex that spine surface GluA1 levels increased during motor 
learning and correlated well with task performance. Our results 
show that training-induced increase in synaptosomal GluA2 is 
absent in both 6-mo-old and 7-mo-old 5xFAD mice, and it is 
known that AMPA receptors are tetrameric complex composed of 
four subunits, GluA1, GluA2, GluA3, and GluA4. GluA1 and 
GluA4 have long tails, while GluA2 and GluA3 have relatively 
short tails, long-tailed and short-tailed AMPARs show different 
trafficking patterns (1, 6, 7). GluA1/GluA2, GluA2/GluA3 sub-
types are the major types of AMPARs in the cerebral cortex and 
hippocampus, even though only accounts for a small fraction, 
GluA1/GluA1 subtype still plays an important role in cognitive 
function due to its calcium permeability (1, 3, 6, 7, 51). Previous 
studies have shown that trafficking of GluA1/GluA2 type of AMPA 
receptors is neuronal activity dependent, while trafficking of 
GluA2/GluA3 subtype of AMPA receptors is nonactivity depend-
ent. In addition, studies have shown that GluA1 is more selective 
for synaptic plasticity while GluA2 is more selective for homeo-
static plasticity (6, 52). We suspect that both GluA1 and GluA2 
are contributing to learning deficits in AD animals, in other words, 
both synaptic plasticity and homeostatic plasticity might be 
impaired. Overall, GluA1 and GluA2 posttranslational modifica-
tions and/or binding partners can regulate distinct forms of plas-
ticity, and it is reasonable to speculate that plasticity predominantly 
regulated by GluA1 may be more important for the learning task 
in our study.

In addition, we also assessed the changes in synaptosomal GluA3 
protein levels. There were no significant differences in the homoge-
nate GluA3 level between 5xFAD and WT groups both at the age 
of 6 and 7 mo. Similarly, synaptosomal GluA3 level between 
6-mo-old 5xFAD and WT groups was not significantly different. 
Surprisingly, there was an increase in synaptosomal GluA3 protein 
level in 7-mo-old 5xFAD mice after training (SI Appendix, Fig. S7B). 
We speculate that this could be due to defects in AMPA receptor 
equilibrium or subunits switch in 5xFAD mice. It will be interesting 
to further investigate the role of AMPA receptor subunits switch, or 
the lack thereof in AD models, during learning.

AMPA receptors mediate the majority of fast excitatory synaptic 
transmission in the central nervous system. Previous in vivo studies 
have provided and will continue to provide valuable insights in 
the molecular mechanisms underlying synaptic plasticity in animal 
behavior (22–26, 53–55), but these methods used exogenous 
overexpression of SEP-tagged AMPARs which could result in 
protein mistargeting. The SEP-GluA1 knockin mice generated by 
the Huganir group have enabled tracking of endogenous AMPAR 
dynamics in awake-behaving animals. It has been well known that 
AD animal models have learning deficits; however, whether or 
how endogenous AMPA receptors change in AD models has not 
been investigated. In this study, we employed 5xFAD-KI mice 
and monitored endogenous AMPA receptor dynamics during a 
whisker-associated Go/No-go learning paradigm. Our results 
showed that Go/No-go training induced an increase in endoge-
nous spine surface GluA1 level over the course of learning in the 
barrel cortex of Control mice (Fig. 4 A and B), which is consistent 
with previous findings with overexpressed SEP-GluA1 in motor 
learning. However, Go/No-go training did not result in dramatic 
changes in shaft surface GluA1 level (SI Appendix, Fig. S6A), 
which is different from previous findings that an increase was 
detected in shaft surface GluA1 level after acute whisker deflection 
or motor learning. This discrepancy in shaft surface GluA1 could 
result from overexpressed versus endogenous SEP-GluA1, it could 
also be due to the different property of barrel cortex versus motor 
cortex, or acute deflection versus whisker-associated learning. In 
any case, it would be interesting to further decipher AMPA recep-
tor dynamics during learning and memory at brain-wide scale by 
utilizing this SEP-GluA1 knockin line in both health and disease 
conditions.

The observation of dynamic changes in synaptic strength after 
learning is consistent with the Hebbian theory of activity-dependent 
synaptic plasticity to strengthen task-relevant neuronal circuits. 
At the level of individual spines, the frequency distribution of 
spine sGluA1 changes was significantly shifted to the right in 
Control mice after training (Fig. 4 E and F), and a larger fraction 
(~27%) of the spines showed increased surface GluA1 (Fig. 4M). 
A fraction of spines also showed increases in spine sGluA1 in 
5xFAD-KI mice; however, there was a significant positive corre-
lation in the fraction of spines with increased surface GluA1 
among day 1, day 3, day 5, and day 12 in Control mice (Fig. 4O 
and SI Appendix, Fig. S4 D and E), while no such correlation was 
detected in 5xFAD-KI mice with learning deficits (Fig. 4P and 
SI Appendix, Fig. S4 F and G). Our results also indicated that 
stable increase in spine surface GluA1 correlated well with 
whisker-associated learning, while no such correlation was found 
in 5xFAD-KI mice; in the meantime, no differences were detected 
in spine turnover/dynamics between these two groups of mice, 
which indicates that the absence of a correlated increase in spine 
surface GluA1 in a small fraction of spines plays an important role 
in learning deficits in AD animals. These results suggest that 
AMPA receptor plasticity and structural plasticity (via spine size 
changes) play complementary roles during learning, with corre-
lated changes in a small fraction of stable spines being more rele-
vant, at least in this whisker-associated learning paradigm, which 
is consistent with previous findings that new born spines that 
stayed stable might be more relevant to learning than transient 
spines (56).

Although there were statistically more Aβ plaques deposits in 
7-mo-old 5xFAD mice compared to 6-mo-old 5xFAD mice 
(Fig. 5B), both were significantly more than WT animals, and it 
was extremely puzzling when we first observed that 7-mo-old 
5xFAD mice showed learning deficits but 6-mo-old 5xFAD mice 
did not. Next, we turned our focuses onto neuroinflammation and 
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found that there were much more astrocytes and microglia activa-
tion in 7-mo-old 5xFAD mice, which could lead to the decreases 
in AMPA receptor distribution surrounding Aβ plaques and sub-
sequently learning deficits (Fig. 5 C–H). It has been shown that 
Aβ plaques can drive endocytosis of synaptic AMPA receptors and 
lead to loss of surface AMPA and NMDA receptors (57). AMPA 
receptors play an essential role in Aβ-induced disruption of synaptic 
structure and function; synaptic removal of AMPA receptors is 
necessary and sufficient to produce loss of dendritic spines. Previous 
studies have shown that synapse loss in AD correlates with cognitive 
decline (58). Due to neuroinflammation, microglia activation could 
mediate synaptic loss in AD, which is related to age and/or stage 
of the disease. Aβ plaque deposition shows toxic effects on synapses 
and hippocampal LTP. Activated microglia and astrocytes could 
engulf synaptic material exposed to Aβ plaques, excessive pruning 
or engulfment of synapses might mediate the decrease of AMPA 
receptor levels in the vicinity of Aβ plaques. Neuroinflammation 
defects have been documented in AD patients and animal models 
(59, 60); our results further suggest neuroinflammation-related 
changes, especially neuroinflammation-related AMPA receptor 
changes would be an interesting direction to better understand AD 
pathology.

In conclusion, monitoring the dynamic changes of AMPA 
receptors in vivo provides valuable insight to better understand 
learning and memory. Our study achieves direct observation of 
endogenous AMPA receptor dynamics in vivo in AD animal mod-
els during learning. Our findings have advanced our understand-
ing of synaptic basis for the learning deficits in 5xFAD mice and 
paved the way for studying endogenous AMPA receptor dynamics 
in disease animal models.

Materials and Methods

Animals. All animal experimental procedures and studies were approved by 
the animal care and use committee of the animal facility at Peking University 
Health Science Center.

The SEP-GluA1 KI mice (C57BL/6J) were a gift from Richard Huganir’s lab at 
the Johns Hopkins University School of Medicine (Baltimore, USA). The 5xFAD 
mice (B6SJL) (MMRRC Strain #034840-JAX) were a gift from Chen Zhang’s lab 
at Capital Medical University (Beijing, China). The SEP-GluA1 KI mice (B6SJL) 
were generated by crossing SEP-GluA1 KI mice (C57BL/6J) with WT mice (SJL). 
Six- or 7-mo-old male 5xFAD mice (B6SJL) were used for early Go/No-go para-
digm exploration, western blot, and immunostaining. 5xFAD mice (B6SJL) and 
SEP-GluA1 KI mice (B6SJL) were crossed to generate 5xFAD SEP-GluA1 KI (Het); 
5xFAD SEP-GluA1 KI (Het) were crossed with SEP-GluA1 KI mice (B6SJL) to gen-
erate 5xFAD SEP-GluA1 KI (Hom) and SEP-GluA1 KI (Hom). 5xFAD SEP-GluA1 KI 
(Hom) (named as 5xFAD-KI) and SEP-GluA1 KI (Hom) (named as Control) mice 
were used for two-photon imaging and Go/No-go training.

Go/No-go Paradigm. Mice were anesthetized with 1.25% Avertin (0.2 mL/10 
g) intraperitoneal (i.p.) injection and implanted with a head plate to the skull 
using dental cement (C&B Metabond, Parkell). Mice were given at least 1 wk 
to recover from surgery before water restriction. The Go/No-go procedure was 
adopted and modified from a previous study (61). There was 7 to 10 d of water 
restriction period before start of training. Training began with three or four 
daily sessions (~10 min for each mouse), during which mice were rewarded 
with a drop of water for licking the lickport with no stimulation or task. Mice 
were then trained daily with whisker stimulation. In Go/No-go paradigm, the 
deflection pole was placed near the C2 whisker. With a large amplitude stimulus 
(Go trail), almost all the whiskers on the stimulated side of the mouse would 
be deflected, whereas with a small amplitude stimulus (No-go trail), only C2 
or a few whiskers would be deflected. The sequence of each trial was as fol-
lows (Fig. 1B). The type of trial (Go or No-go) was chosen randomly, while no 
more than three consecutive trials of the same type. To minimize the possible 
auditory cues caused by the movement of the pole, white noise was played 
simultaneously during Go/No-go training. Mice had a 2-s window from the 

start of the pole stimulation to either lick (“Go” response) or withhold a lick 
(“No-go” response). Lick was only counted as a response if mice licked in the 
“response period.” Correct No-go response (correct rejection) was not rewarded, 
and incorrect Go response (miss) was not punished. Correct Go response (hit) 
was rewarded with a drop of water (∼6 μL). An incorrect No-go response (“false 
alarm”) triggered a “timeout” period in which the trial was paused for 3 s. If the 
mouse licked during this timeout, the timeout period would restart. If a mouse 
stopped making any response for at least 10 trials in a training session, these 
trials were excluded from the analysis. Mice performance (fraction correct) was 
assessed by the sum of hits and correct rejection trials divided by total number 
of trials. The formula used is as follows.

Fraction Correct (100% ) =
#Hits + #Correct rejection

# Trials
.

The Go/No-go task is a widely used training task for assessing function of soma-
tosensory cortex (61–63). The definition of “expert level” utilizes the same formula 
but the value varies between 65 to 80%, based on the WT mice cohort and the 
learning curve, we choose 70% as the cut-off threshold for expert. Mice were 
considered experts when performance reached ≥70% correct for two consecutive 
days and training would be stopped. Memory tests were performed a week after 
the last training session.

Craniotomy and Virus Injection. Viruses used in our study were ordered from 
BrainCase Technology: AAV2/9-CaMKII-α-CCSP-dsRed2-2E4 [5.28 × 1012 viral 
genomes per mL (V.G./mL)]. Control and 5xFAD-KI mice were anesthetized with 
Avertin and implanted with a 3 × 3-mm cranial window over the barrel cortex 
region at the age of 6 mo as previously described (26). Viruses were injected 
(100 nL per site, 2 to 3 sites per animal; depth ∼300 μm) into the barrel cortex 
as previously described (64). After injection, the window and skull were sealed 
with dental cement (C&B Metabond, Parkell). A custom-made metal head plate 
was attached to the skull to fix the mice for Go/No-go and two-photon imaging. 
The antibiotics trimethoprim and sulfamethoxazole were chronically adminis-
tered in the drinking water. Mice were housed individually after surgery and 
allowed to recover and virus expression for 3 to 4 wk before Go/No-go training 
and imaging.

Optical Intrinsic Signal Imaging. Optical intrinsic signal imaging was per-
formed 2 to 3 wk after the cranial window surgery as described previously (26, 
65). Mice were anesthetized and maintained with 0.5% isoflurane on a heating 
pad supplemented by xylazine (13 mg/kg).

Two-Photon Imaging. After the completion of the Go/No-Go training, Control 
and 5xFAD-KI mice were taken for two-photon imaging of the S1BF region within 
2 h after training. SEP-GluA1 and dsRed2 were excited at 910 nm with 10 to 100 
mW of power delivered to the back-aperture of the objective. Green and red fluo-
rescence signals were separated by dichroic mirrors and filters (ET525/50m for the 
green channel, ET605/70m for the red channel). To exclude the possibility of any 
cross-channel signal bleed-through from the red (dsRed2) channel into the green 
(SEP-GluA1) channel, we imaged animals expressing SEP-GluA1 only or express-
ing dsRed2 only under the same imaging setting, as shown in SI Appendix, Fig. S2 
E and F, no signals in the green channel were detected in animals expressing only 
dsRed2, and no signals in the red channel were detected in animals expressing 
SEP-GluA1 only, which demonstrates that no bleed through between red and 
green channels under our imaging conditions. Representative images shown in 
the figures were median or GaussianBlur-filtered and contrast enhanced.

Analysis of In Vivo Two-Photon Imaging Data. The same dendritic tracing and 
spine labeling were used to analyze both spine turnover and intensity. Spines 
were classified into increase, decrease, or stable categories based on their average 
change in spine size/sGluA1 levels compared to baseline. The threshold for these 
categories was set based on the variability in nontrained control mice and was 
defined at baseline ± one SD. Spines increasing more than one SD during training 
were classified as increase, spines decreasing more than one SD were classified 
as decrease, and remaining spines were defined as stable.

Statistical Analysis. Unless otherwise stated, all data were presented as mean 
± SEM. Corresponding types of statistical tests used, n numbers, and statistical 
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significance were indicated in the figure legends. Statistical analysis was con-
ducted with SPSS (Version 27) or GraphPad Prism (Version 9.0) software.

Additional methods are included in SI Appendix.

Data, Materials, and Software Availability. All study data are included in the 
article and/or supporting information.
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