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ABSTRACT 

Amyloid-β (Aβ) is a prime suspect to cause cognitive deficits during the early 

phases of Alzheimer’s disease (AD). Experiments in AD-mouse models have 

shown that soluble oligomeric clusters of Aβ corrupt synapses and impair 

memory formation. We show that all Aβ-driven effects depend on AMPA-

receptor subunit GluA3. Hippocampal neurons that lack GluA3 were resistant 

against Aβ-mediated synaptic depression and spine loss. In addition, Aβ 

oligomers were only capable of blocking long-term synaptic potentiation in 

neurons that expressed GluA3. Furthermore, whereas Aβ-overproducing mice 

showed significant memory impairment, memories in GluA3-deficient 

congenics remained unaffected. These experiments suggest that the removal 

of GluA3-containing AMPA-receptors is a critical primary step in the 

expression of Aβ-mediated synaptic and cognitive deficits.  
 

INTRODUCTION 

At the early stages of Alzheimer's disease (AD), synaptic perturbations are strongly 

linked to cognitive decline and memory impairment in AD patients (Brown et al., 

1998; Scheff et al., 2006). The accumulation of soluble oligomeric clusters of 

amyloid-β (Aβ), a secreted proteolytic derivative of the amyloid precursor protein 

(APP), may be important for the early synaptic failure that is seen in AD 

pathogenesis (Lambert et al., 1998; Lesne et al., 2006; McLean et al., 1999; Shankar 

et al., 2008). Neurons that overexpress APP or are exposed to Aβ-oligomers show 

synaptic depression, a loss of dendritic spines and a reduced capacity for synaptic 

plasticity (Kamenetz et al,. 2003; Lacor et al., 2007; Walsh et al., 2002; Mucke and 

Selkoe, 2012). For all these effects to occur NMDA-receptor (NMDAR) activity is 

required (Kamenetz et al., 2003; Kessels et al., 2013; Shankar et al., 2007; Wei et 

al., 2010). Aβ-oligomers trigger an NMDAR-dependent signaling pathway that leads 

to synaptic depression through the removal of AMPA-receptors (AMPARs) and 

NMDARs from synapses (Kamenetz et al., 2003; Kessels et al., 2013; Snyder et al., 

2005). Interestingly, a blockade of AMPAR endocytosis prevents the depletion of 

NMDARs and a loss of spines (Hsieh et al., 2006; Miyamoto et al., 2016), suggesting 

that the removal of AMPARs from synapses is critical for this pathway to induce 

synaptic failure. 

Excitatory neurons of the mature hippocampus predominantly contain two types of 

AMPARs: those consisting of subunits GluA1 and GluA2 (GluA1/2s), and those 
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consisting of GluA2 and GluA3 (GluA2/3s) (Wenthold et al., 1996). GluA1-containing 

AMPARs are inserted into synapses upon the induction of long-term potentiation 

(LTP) in brain slices (Hayashi et al., 2000) or upon learning in vivo (Mitsushima et al., 

2011; Rumpel et al., 2005). Whereas GluA1/2 AMPARs have been intensively 

studied, the function of GluA2/3 AMPARs has remained largely unclear. In GluA3-

deficient neurons LTP and long-term depression (LTD) are intact, and mice that lack 

GluA3 create memories normally (Meng et al., 2003; Adamczyk et al., 2012; Humeau 

et al., 2007). GluA2/3s have been implicated to participate in homeostatic scaling of 

synapse strength (Makino and Malinow, 2011; Rial Verde et al., 2006). However, 

since GluA3 mRNA levels are 10-fold lower compared with those of GluA1 and 

GluA2 (Tsuzuki et al., 2001) and synaptic currents are only modestly reduced in 

GluA3-deficient neurons (Lu et al., 2009), GluA3s are considered to play a minor role 

in synapse physiology. We here demonstrate that the AMPAR subunit GluA3 plays a 

major role in AD pathology by showing that mice that lack GluA3s are protected 

against Aβ-driven synaptic deficits, spine loss and memory impairment.  
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RESULTS 

GluA3-deficient neurons are resistant to Aβ-mediated synaptic depression  

We assessed whether the removal of AMPARs from synapses by Aβ depends on 

AMPAR subunit composition in CA1 neurons from organotypic slice cultures, which 

we previously estimated to express GluA1/2s and GluA2/3s in approximately 

equivalent amounts (Kessels et al., 2009). Organotypic hippocampal slice cultures 

were prepared from GluA1-deficient or GluA3-deficient mice and their wild-type 

littermates, and CA1 neurons were sparsely (<10%) infected with Sindbis virus 

expressing APPCT100, the β-secretase product of APP and precursor to Aβ (Kessels 

et al., 2013; Alfonso et al., 2014; Shi et al., 2001). Sindbis-driven APPCT100 expression 

allowed for a rapid increase in the neuronal production of Aβ without affecting the 

neuron’s whole-cell electrophysiological properties (Figure S1a). To identify virally 

infected neurons, the viruses also expressed tdTomato under control of a second 

subgenomic promoter (Figure S1b). 20-30 hours after viral infection, synaptic 

currents evoked by electrical stimulation of Schaffer collateral inputs were measured 

on tdTomato-expressing and neighboring uninfected pyramidal CA1 neurons 

simultaneously. Wild-type neurons that expressed APPCT100 showed decreased 

AMPAR currents (p<0.01; Figure 1a) and reduced AMPA/NMDA ratios (p=0.03; 

Figure 1c,d), which we previously showed is caused by increased neuronal 

production of Aβ (Kamenetz et al., 2003; Kessels et al., 2013). In CA1 neurons that 

lack GluA3 APPCT100 expression failed to decrease synaptic AMPAR currents (p=0.6; 

Figure 1a,b) or AMPA/NMDA ratios (p=0.6; Figure 1c,d). The AMPA/NMDA ratios in 

GluA3-deficient CA1 neurons were on average 35% reduced compared with wild-

type neurons CA1 neurons. However, GluA1-deficient neurons had a more reduced 

AMPA/NMDA ratio (55%; Figure 1c), yet still show APPCT100-induced synaptic 

AMPAR depression (p=0.01; Figure 1a) that was similar in size as in wild-type 

neurons (p=0.2; Figure 1b). These data indicate that the presence of GluA3-

containing AMPARs, but not of those containing GluA1, is crucial for Aβ to trigger 

synaptic AMPAR depression.  
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Figure 1: GluA3-deficient neurons are resistant against Aβ-mediated synaptic AMPAR 
depression.  
(a-d) Dual whole-cell recordings of APPCT100 infected and neighboring uninfected CA1 
neurons from organotypic slices from wt mice (black), GluA3-KO littermate mice (blue), or 
GluA1-KO littermate mice (red). (a) Example traces (top) and dot plots (bottom) of paired 
EPSC recordings (open dots) with averages denoted as filled dots (wt: n=27; GluA3-KO: 
n=27; GluA1-KO: n=31). Scale bars: 50 ms and 30pA. (b) Fold change in AMPAR EPSCs 
upon APPCT100 expression. (c) AMPA/NMDA ratios of uninfected and APPCT100 infected 
neurons (wt: n=18; GluA3-KO: n=18; GluA1-KO: n=20) and (d) fold change in AMPA/NMDA 
ratios upon APPCT100 expression. Data are mean ±SEM. * indicates p<0.05, determined with 
2-tailed paired (a) or unpaired (b-d) t test. 

 

GluA3-deficient neurons are resistant to Aβ-mediated loss of NMDAR currents 

To assess the effect of Aβ on NMDARs, we compared synaptic NMDAR currents 

between pairs of APPCT100 infected and nearby uninfected neurons (Figure 2).  
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Figure 2: GluA3-deficient neurons are resistant against Aβ-mediated synaptic NMDAR 
depression.  
(a-e) Dual whole-cell recordings of APPCT100 infected and neighboring uninfected CA1 
neurons from organotypic slices of wt mice (black), GluA3-KO littermate mice (blue), or 
GluA1-KO littermate mice (red). (a) Example traces (top) and dot plots (bottom) of paired 
NMDAR EPSC recordings (open dots) with average denoted as filled dot (wt: n=17; GluA3-
KO: n=16; GluA1-KO: n=17). Scale bars: 50 ms and 50pA. (b) Example traces (top) and 
average EPSC currents normalized to uninfected (bottom) before and after Ro 25-6981 wash-
in to reveal GluN2A and GluN2B contributing NMDAR currents. Scale bars: 50 ms and 50pA. 
(c) Fold change in NMDAR EPSCs, (d) GluN2A EPSCs and (e) GluN2B EPSCs upon 
APPCT100 expression. Data are mean ±SEM. * indicates p<0.05, determined with 2-tailed 
paired (a,b) or unpaired (c-e) t test. 
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APPCT100 expression led to a significant decrease in synaptic NMDAR currents in 

wild-type CA1 neurons (p<0.01; Figure 2a) and in GluA1-deficient CA1 neurons 

(p=0.02), but not in those lacking GluA3 (p>0.9; Figure 2a,c). These data indicate 

that neurons are only susceptible to Aβ-mediated NMDAR depression when they 

express AMPAR subunit GluA3. Digital subtraction of currents before and after wash-

in of the specific GluN2B blocker Ro 25-6981 permitted measurement of the relative 

contribution of GluN2A and GluN2B to the NMDAR currents. The relative contribution 

of GluN2A and GluN2B to total NMDAR currents was not altered by the absence of 

GluA1 or GluA3 (Figure 2b). As previously shown (Kessels et al., 2013), APPCT100 

expression in wild-type neurons selectively affected NMDAR currents mediated by 

GluN2B (p=0.01; Figure 2b,e) and not those mediated by GluN2A (p=0.4; Figure 

2b,d). APPCT100 expression in GluA3-deficient neurons failed to reduce NMDAR 

currents independently of whether they contained GluN2A (p=0.6; Figure 2b,d) or 

GluN2B (p=0.3; Figure 2b,e). In GluA1-deficient neurons both GluN2A (p=0.02) and 

GluN2B (p=0.03) NMDAR currents were significantly reduced upon APPCT100-

expression (Figure 2b-e), suggesting that the presence of GluA1 protects neurons 

against an Aβ-mediated reduction in synaptic GluN2A currents. A proportional 

decrease in AMPAR (Figure 1b) and NMDAR (Figure 2c) currents in APPCT100-

expressing GluA1-deficient neurons corresponds with their unchanged AMPA/NMDA 

ratio (Figure 1d). 

 

Aβ-mediated synapse loss depends on the presence of GluA3  

The number of AMPARs at a synapse correlates well with the synapse size and the 

spine size (Matsuzaki et al., 2001). To examine whether Aβ selectively targets a 

specific subtype of synapses harboring GluA3-containing AMPARs, we analyzed 

spine densities, spine size and miniature EPSC (mEPSC) events in Aβ-

overproducing neurons. We assessed Aβ-induced spine loss by expressing APPCT100 

together with the cytosolic marker tdTomato in CA1 neurons of organotypic slices. As 

a control we expressed APPCT84, the α-secretase product of APP, which does not 

affect synapse strength (Kessels et al., 2013) or spine density (Figure S2). The spine 

density at apical dendrites was significantly lower in APPCT100-expressing wild-type 

CA1 neurons compared to APPCT84 infected ones (p=0.01; Figure 3a). The loss of 

spines in APPCT100-expressing CA1 neurons occurred without a change in the 

average spine head diameter (p=0.6; Figure 3a) or in the distribution of spine head 

sizes (Figure 3b). These data suggest that Aβ eradicates spines from CA1 neurons 



RELATION BETWEEN GLUA3 AND AMYLOID Β 

	  133 

in organotypic slices without inflicting morphological changes in the remaining 

population of spines. Correspondingly, CA1 neurons expressing APPCT100 showed a 

decrease in mEPSC frequency (p<0.01; Figure 3c) but not in average mEPSC 

amplitude (p=0.9; Figure 3c). A minor change in the distribution of mEPSC 

amplitudes (p=0.02, Figure 3d) indicates that APPCT100-expressing neurons have a 

slightly smaller proportion of synapses with large AMPAR current amplitudes.  

GluA3-deficient CA1 neurons showed a significantly lower mEPSC frequency than 

wild-type neurons (p<0.01; Figure 3c). Despite these reduced synaptic AMPAR 

currents, GluA3-deficient neurons have a similar spine density as wild-type neurons 

(p=0.6) with on average even slightly larger spine heads (p=0.02; Figure 3a; Figure 

S6a). APPCT100 expression in GluA3-deficient neurons did not lead to a reduced spine 

density (p>0.9; Figure 3a), head size (p>0.9; Figure 3a), mEPSC frequency (p=0.6; 

Figure  3c), or an altered  mEPSC  amplitude  distribution  (p=0.6; Figure 3d).  These  

 

Figure 3: GluA3-deficient neurons are resistant to Aβ-mediated spine loss.  

(a-d) Spine and mEPSC analysis of CA1 neurons in organotypic slices from wild-type (black) 
or GluA3-KO mice (blue). (a top) Example images of wt and GluA3-KO dendrites expressing 
APPCT84 or APPCT100. (a bottom) APPCT100 expression reduced spine density in wild-type but 
not GluA3-KO neurons without changing the average spine head diameter. (wt, APPCT84: 
n=20 and APPCT100: n=13; GluA3-KO, APPCT84: n=26; APPCT100: n=19). Scale bar: 5 µm. (b) 
Distribution of spine head diameters in APPCT100 versus APPCT84 expressing wt or GluA3-KO 
neurons. (c top) Example mEPSC traces of wt and GluA3-KO dendrites with or without 



CHAPTER 4 

 134 

APPCT100-expression. (c bottom) APPCT100 expression reduced mEPSC frequency in wild-type 
but not GluA3-KO neurons without changing average mEPSC amplitude. (wt, APPCT100: n=24 
and uninf: n=25; GluA3-KO, APPCT100: n=21 and uninf: n=22). Scale bar: 3 sec, 10 pA. (d) 
APPCT100 changed the distribution of mEPSC amplitudes of wt but not of GluA3-KO neurons. 
Data are mean ±SEM. * indicates p < 0.05 determined by 2-tailed unpaired t test (a,b) or K-S 
test (c,d). 

findings indicate that GluA3-deficient neurons are resistant to the Aβ-mediated spine 

loss. To assess whether the acute introduction of GluA3 in GluA3-deficient neurons 

can reinstate their sensitivity for Aβ, we co-expressed GFP-tagged GluA3 with or 

without APPCT100 in GluA3-deficient CA1 neurons using the Sindbis virus expression 

system. To allow sufficient amounts of GFP-GluA3 to be produced, constructs were 

expressed for 48 hours. APPCT100 expression for 48 hours in GluA3-deficient CA1 

neurons still did not affect spine density (p=0.06; Figure 4a), average mEPSC 

frequency (p>0.9; Figure 4b), or mEPSC amplitude (Figure S3). The reintroduction of 

GFP-GluA3 in GluA3-deficient neurons did not change synaptic transmission (p=0.7; 

Figure 4b) or spine density (p=0.4; Figure 4a). However, GFP-GluA3 expression did 

render GluA3-deficient neurons sensitive to APPCT100-induced spine loss (p=0.03; 

Figure 4a) and mEPSC frequency decrease (APPCT100 vs. GFP-GluA3+APPCT100: 

p<0.01; GFP-GluA3 vs. GFP-GluA3+APPCT100: p=0.04; Figure 4b). These data 

indicate that the resistance of GluA3-deficient neurons to Aβ-driven spine loss is 

directly dependent on the presence of AMPAR subunit GluA3.  

 

Figure 4: GluA3-expression in GluA3-deficient neurons reinstates their sensitivity to 
Aβ. 
(a,b) Spine density and mEPSC analysis of CA1 neurons in organotypic slices from GluA3-
KO mice. (a) Example images of CA1 dendrites (left) and average spine densities (right) 
expressing GFP (dark blue; n=10), GFP+APPCT100 (light blue; n=15), GFP-GluA3 (dark blue 
striped; n=24) or GFP-GluA3+APPCT100 (light blue striped; n=28). Scale bar: 5 µm (b) Example 
mEPSC recording traces (left) and average mEPSC frequencies (right) of CA1 neurons 48 
hrs after infection with GFP+APPCT100 (light blue; n=28) and uninfected neighbors (dark blue; 
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n=29), with GFP-GluA3 (dark blue striped; n=39) and uninfected neighbors (dark blue; n=38), 
and with GFP-GluA3+APPCT100 (light blue striped; n=36) and uninfected neighbors (dark blue; 
n=35). Scale bar: 3 sec and 10 pA. Data are mean ±SEM. * indicates p < 0.05, determined 
with 2-tailed unpaired t test. 

 

GluA3-deficient neurons are insensitive to the Aβ-mediated blockade of LTP 

Aβ-oligomers are capable of blocking NMDAR-dependent LTP (Walsh et al., 2002). 

To assess whether GluA3-deficient neurons are susceptible to the Aβ-mediated 

blockade of LTP, we performed extracellular local field potential recordings in brain 

slices acutely isolated from wild-type mice and GluA3-deficient littermates. In line 

with previous studies that showed LTP is unaffected in the absence of GluA3 (Meng 

et al., 2003; Humeau et al., 2007), a theta-burst stimulation onto CA3-CA1 synapses 

produced stable, pathway-specific LTP of similar magnitude in wild-type and GluA3-

deficient slices (Figure S4). This experiment was repeated in slices incubated with 

cell  culture  medium  from  a  cell  line that  produces  Aβ in  oligomeric form, or  with  

 

Figure 5: GluA3-deficient neurons are resistant against the Aβ-mediated block in LTP. 
 (a,b) Example traces (top) and (a-d) average peak field potential responses recorded at the 
CA1 stratum radiatum before and after theta burst stimulation (TBS). (a) LTP was inhibited in 
wild-type neurons by Aβ-containing medium (gray: n=11) compared with control medium 
(black; n=6). Scale bar: 10 ms, 0.2 mV. Scale bar: 10 ms, 0.2 mV. (b) In GluA3-KO slices LTP 
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was not inhibited by Aβ-medium (light blue; n=8) in comparison to control medium (dark blue; 
n=8). Scale bar: 10 ms, 0.2 mV. (c) In control conditions LTP was similar in wt (black) versus 
GluA3-KO (dark blue) slices. (d) In Aβ-medium LTP was reduced in wt slices (gray) compared 
with GluA3-KO (light blue) slices. Data are mean ±SEM. * indicates p < 0.05, determined with 
2-tailed unpaired t test over the last 10 minutes of the recording. 
 

control medium (Podlisny et al., 1995). The incubation of slices with 1 nM of 

oligomeric Aβ blocked LTP in wild-type slices (p=0.03; Figure 5a), but failed to block 

LTP in GluA3-deficient slices (p=0.8; Figure 5b). Whereas GluA3-deficient and wild-

type slices showed LTP with a similar magnitude in control conditions (p=0.7; Figure 

5c), in the presence of Aβ-oligomers LTP was significantly smaller in wild-type 

neurons (p=0.01; Figure 5d). These experiments indicate that GluA3-expression is 

critical for Aβ-oligomers to block LTP. 

 

GluA3-deficient APP/PS1 transgenic mice do not display spine loss  

Mice that express human APP (APPswe) and mutant presenilin 1 (PS1dE9) 

transgenes produce high levels of Aβ42 and are used as a mouse model for familial 

AD (Savonenko et al., 2005). An immunostaining for Aβ shows that APP/PS1-

transgenic mice started to develop plaques in the CA1 region of the hippocampus at 

the age of 6 months, with more plaques situated in the stratum lacunosum-

moleculare (SLM) than in the stratum radiatum (SR) (Figure 6a; Figure S5a). To 

assess whether these local difference in Aβ-load correspond with location-specific 

patterns of spine loss (Siskova et al., 2014), spine analysis was performed on 

oblique CA1 dendrites in both SR and SLM. Indeed, whereas the spine density 

remained unaffected in the SR (p=0.6; Figure 6c,d), we did observe a reduced spine 

density in the SLM (p<0.01; Figure 6e,f). Although in 12-month old mice the plaque 

load had approximately quadrupled in both the SR and the SLM (Figure 6b), the 

spine loss in the CA1 had not aggravated (Figure 6d,f). The observed spine loss in 

the SLM of APP/PS1-transgenic mice was not accompanied by a change in the 

average diameter of spine heads (Figure 6g,h) or the distribution of spine head sizes 

(Figure 6i,j).  

We next examined whether spine loss in APP/PS1 mice is maintained in the absence 

of GluA3 expression. In APP/PS1 mice that were GluA3-deficient the development of 

plaque formation was similar compared to GluA3-expressing APP/PS1 littermates 

(p>0.9; Figure 6a,b), suggesting that the level of Aβ accumulation was unaffected in 

the absence of GluA3. As we observed in organotypic slice cultures,  GluA3-deficient 
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Figure 6: APP/PS1 mice that lack GluA3 develop Aβ plaques but do not show spine 
loss. 

(a,b) Examples of 6E10 staining (left) and average mean plaque load of 6 month (a) and 12 
month (b) APP/PS1 mice (n=4 mice for all groups) demonstrate that more Aβ plaques were 
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formed in the stratum lacunosum-moleculare (SLM) than in the stratum radiatum (SR). PCL, 
pyramidal cell layer; MO, molecular layer of the dentate gyrus. (c,d) Example images (left) 
and average spine density (right) of CA1 dendrites in the SR was similar in dendrites of 6 
month (c, wt=18; APP/PS1=24; GluA3-KO=18; APP/PS1/GluA3-KO=18) and 12 month old 
APP/PS1 mice (d, wt=24; APP/PS1=24; GluA3-KO=12; APP/PS1/GluA3-KO=18) Scale bar: 2 
µm. (e,f) Example images (left) and average spine density (right) was lower in APP/PS1-
expressing SLM dendrites provided that they expressed GluA3 for both 6 month (e, wt=18; 
APP/PS1=24; GluA3-KO=18; APP/PS1/GluA3-KO=18) and 12 month (f, wt=24; APP/PS1=24; 
GluA3-KO=12; APP/PS1/GluA3-KO=18) old mice. Scale bar: 2 µm. (g,h) Mean spine head 
diameter was unaffected in 6 month (g) and 12 month (h) old APP/PS1 mice. (i,j) Spine head 
size distribution was unaffected in 6 month (i) and 12 month (j) old APP/PS1 mice. Data are 
mean ±SEM. Statistics: * indicates p < 0.05 determined by two-way ANOVA (a,b), one-way 
ANOVA with post-hoc Tukey test and unpaired t test for comparison of fold effect of APP/PS1 
transgenes between wt and GluA3-KO (c-h), or K-S test (i,j). 

 

CA1 neurons have on average a similar spine density (Figure 6c-f) and larger spine 

heads (Figure 6g,h; Figure S6) compared with age-matched wild-type littermates. 

Notably, in GluA3-deficient mice the APP/PS1 transgenes did not cause a reduced 

spine density or size in the SLM at both 6 and 12 months of age (Figure 6e,f), 

indicating that mice are only susceptible to Aβ-mediated spine loss when they 

express AMPAR subunit GluA3.  

 

GluA3-deficient APP/PS1 transgenic mice do not exhibit memory impairment 

Besides Aβ plaque and spine pathology, APP/PS1 mice show cognitive deficits and 

premature mortality. In our colony the survival rate of APP/PS1 mice was reduced 

compared with wild-type littermates (p<0.01). APP/PS1 mice did not show premature 

mortality when they were GluA3-deficient (p=0.2, Figure 7a). We tested the ability to 

form hippocampus- and amygdala-dependent memories by submitting either 6 or 12-

month old mice to a contextual fear-conditioning paradigm. Upon exposure to the 

shock cage, the mice with different genotypes displayed a similar locomotor activity 

in a novel environment and a similar startle response to a mild foot shock (Figure 

7b,c). When re-exposed to the shock cage 24 hours after conditioning, APP/PS1 

mice showed impaired fear memories as expressed by a lower level of freezing 

behavior compared with wild-type littermates (Figure 7d,e). For GluA3-deficient mice 

the freezing response to the fearful context were equal irrespectively of having 

APP/PS1 transgenes (Figure 7d,e). Similar results were obtained when another 

group of 6-month old mice was tested 7 days after conditioning (Figure 7f,g), 

indicating that also the long-term stability of contextual fear memories remained 
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unaffected by APP/PS1 transgenes in the absence of GluA3. These findings suggest 

that GluA3 renders mice susceptible to Aβ-mediated memory impairment.  

 

Figure 7: APP/PS1 mice do not show increased mortality or memory deficits when they 
lack GluA3.  

(a) Kaplan Meier curves demonstrating that APP/PS1 but not APP/PS1/GluA3-KO mice have 
increased mortality rates (n=780 at 1 month, n=127 at 12 months). (b,c) Locomotion is similar 
before and during (startle response) the foot-shock in the conditioning trial, in both 6 month 
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old (b) and 12 month old (c) animals. Automated quantification of motion as the number of 
Significant Motion Pixels (SMP) as described previously45. (d,e) Freezing levels during fear-
memory retrieval 24 hrs after conditioning in 6-month old littermates (d, wt n=13; APP/PS1 
n=13; GluA3-KO n=11; APP/PS1/GluA3-KO n=15) and 12-month old littermates (e, wt n=13; 
APP/PS1 n=20; GluA3-KO n=12; APP/PS1/GluA3-KO n=19). (f) Freezing responses to the 
fear context at 24 hrs (same as in d) and a different group of mice tested 7 days after 
conditioning (wt n=14; APP/PS1 n=13; GluA3-KO n=16; APP/PS1/GluA3-KO n=19) showed 
that long-term stability of contextual fear memories is unaffected in APP/PS1/GluA3-KO mice. 
Data are mean ±SEM. * indicates p<0.05 determined by Mantel-Cox test with Bonferroni 
correction (a), one-way ANOVA with post-hoc Tukey test, and unpaired t test when 
comparing fold effect of APP/PS1 between wt and GluA3-KO (d-g).  
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DISCUSSION 

We studied the influence of AMPAR subunit composition on Aβ-mediated synapto-

toxicity in three different model systems. Firstly we showed that synaptic depression 

and spine loss in APPCT100-overexpressing CA1 neurons of organotypic slices require 

GluA3 expression. Secondly, exogenously added Aβ-oligomers block LTP in acutely 

isolated brain slices of wild-type mice, but not of GluA3-deficient mice. Finally, 

increased mortality, contextual fear memory deficits and spine loss in APP/PS1-

transgenic mice are absent when they lack GluA3. Our data therefore show that 

GluA3-containing AMPARs play a central role in Aβ-mediated synaptotoxicity.  

How Aβ-oligomers initiate synaptic deficits remains largely unclear. Aβ-oligomers 

have a broad range of binding partners at the surface of neurons (Rahman et al., 

2015), and a number of these partners have been proposed to be necessary for 

inducing pathological effects (Mucke and Selkoe, 2012; Benilova et al., 2012). 

Although GluA3 may be another candidate Aβ receptor, we consider the possibility 

that GluA3 is not so much responsible for the induction, but rather for the expression 

of Aβ-driven synaptic deficits. For instance, oligomeric Aβ may ignite a signaling 

pathway that ultimately leads to selective removal of GluA2/3 AMPARs from 

synapses. A factor that potentially mediates the depletion of GluA2/3 AMPAR from 

synapses is PICK1. PICK1 is an adaptor protein that selectively interacts with GluA2 

and GluA3 and is involved in AMPAR endocytosis (Kim et al., 2001; Terashima et al., 

2008). Notably, PICK1-deficient neurons were shown to be insensitive to Aβ-

mediated synaptic depression (Alfonso et al., 2014). We propose a model where Aβ-

oligomers bind one (or a combination) of surface receptors, thereby hijacking or 

facilitating an endogenous NMDAR-dependent LTD-like signaling cascade that 

involves the recruitment of PICK1 (Kim et al., 2001; Terashima et al., 2008), 

ultimately leading to the selective removal of GluA3-containing AMPARs from 

synapses. The removal of GluA3-containing receptors by Aβ as a mechanism of 

action is further supported by the finding that mice lacking GluA3 mimic many of the 

effects of Aβ. For instance, the AMPA/NMDA ratio and mEPSC frequency are 

similarly reduced in wild-type neurons expressing APPCT100 as in uninfected neurons 

from mice lacking GluA3 (Figure 1c and 3b). A similar partial overlapping effect of Aβ 

and loss of GluA3 is seen in spine loss and memory impairment of APP/PS1 mice 

(Figure 6c,d and 7d,e). In some cases the effect of Aβ may be more pronounced 

than genetic loss of GluA3 since the latter is chronic and could allow compensatory 

mechanisms to ameliorate some of the deficits. 
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GluA3-containing AMPARs have been proposed to be involved in the homeostatic 

scaling of synapse strength (Makino and Malinow, 2011; Rial Verde et al., 2006). In 

such a scenario, neurons that are deprived of synaptic input increase their synaptic 

GluA2/3 levels, and vice versa neurons that are hyperactive counteract by lowering 

the number of GluA2/3s at synapses. It has recently been suggested that AD-related 

synaptic and memory deficits may arise from defects in homeostatic plasticity (Megill 

et al., 2015; Jand and Chung, 2016). Possibly Aβ-oligomers mediate a persistent 

synaptic downscaling by reducing the levels of GluA2/3s at synapses irrespective of 

the history of neuronal activity. Alternatively, Aβ-oligomers may trigger an increased 

neuronal network activity (Verret et al., 2012) to which neurons respond by lowering 

synaptic GluA2/3 levels. However, the consequences of an excess deposition of Aβ 

are not limited to the loss of synaptic AMPARs, but also include synaptic NMDAR 

depression, a loss of spines, a block in LTP, memory impairment and premature 

mortality. Importantly, our observation that all these Aβ-driven effects are not 

observed in GluA3-deficient mice are consistent with the notion that the removal of 

AMPARs from synapses is one of the first critical steps in Aβ pathogenesis (Hsieh et 

al., 2006; Miyamoto et al., 2016), followed or accompanied by the removal of 

GluN2B-containing NMDARs and disintegration of the synapse. We therefore 

propose that an intervention in the signaling pathway that is used by Aβ to remove 

GluA2/3s from synapses may be an attractive approach to prevent all Aβ-driven 

synaptic and memory deficits. 

Lowering the neuronal or synaptic levels of GluA3-containing AMPARs may reduce 

the vulnerability of neurons for the detrimental effects of oligomeric Aβ. Interestingly, 

a recent study that screened for gene expression profiles associated with mild 

cognitive impairment (MCI), a clinical transition stage between aging and AD 

dementia (Boyle et al., 2006), found that among the genes that showed a strong 

negative correlation with cognitive performance were genes encoding glutamate 

receptors GluA3 and GluN2B (Berchtold et al., 2014). It is tempting to speculate that 

people with relatively low levels of GluA3 and GluN2B expression are less likely to 

develop MCI despite the presence of Aβ-oligomers. Along these lines, a mentally 

active brain would theoretically provide a reduced susceptibility for MCI, since 

learning behavior and sensory experiences trigger the delivery of GluA1-containing 

AMPARs to synapses (Mitsushima et al., 2011; Rumpel et al., 2005) and the 

subsequent homeostatic removal of synaptic GluA2/3s (Makino and Malinow, 2011; 

Rial Verde et al., 2006). Future experiments may reveal under which physiological 
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conditions the levels of GluA3 change in neurons, and whether differences in the 

expression levels of GluA3 determine the severity of AD-symptoms.  
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SUPPLEMENTARY FIGURES 

 

Figure S1: Sindbis virus expression does not affect membrane resistance of neurons 
and allows for dual APPCT100/tdTomato expression. (a) Average membrane (Rm) and 
series (Rs) resistance of whole-cell patch clamped CA1 neurons expressing 
tdTomato+APPCT100 (gray; n=24) and uninfected (black; n=24) wild-type neurons 24 hrs after 
infection, GFP+APPCT100 expressing (light blue; n=13) and uninfected (dark blue; n=15) 
GluA3-KO neurons 24 hrs after infection, and GFP+APPCT100 expressing  (light blue; n=25) 
and uninfected (dark blue; n=11) neurons 48 hrs after infection. Mean Rm indicates that 
Sindbis-driven APPCT100 expression did not compromise neuronal health. Data are mean 
±SEM. Statistics: 2-tailed unpaired t test. (b) Example images of an individual neuron (left 
panel; scale bar: 20µm) and a population of CA1 neurons in an organotypic slice (right panel; 
scale bar: 100µm) infected with Sindbis virus expressing APPCT100/tdTomato and 
immunostained for Aβ (6E10 antibody). The majority of tdTomato-expressing CA1 neurons 
(total: n=144) showed positive staining for Aβ. 
 

 
Figure S2:  Expression of APPct84 does not affect spine density. (left) Example of 2-
photon images of apical CA1 dendrites infected with tdTomato or tdTomato+APPct84. Scale 
bar: 3µm. (right) The average spine density was not different between tdTomato (n=11) and 
tdTomato+APPct84 (n=11) expressing CA1 pyramidal neurons. Data are mean ±SEM. 
Statistics: 2-tailed unpaired t test. 
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Figure S3: GFP-GluA3 or APPCT100 expression in GluA3-deficient neurons does not 
affect mEPSC amplitudes. The mean mEPSC amplitudes of the neurons in Fig. 4b 
demonstrate that 48 hours of Sindbis induced expression of GFP+APPCT100 (light blue; n=28), 
GFP-GluA3 (dark blue striped; n=39) or GFP-GluA3+APPCT100 (light blue striped; n=28) does 
not change mEPSC amplitudes. Statistics: 2-tailed unpaired t test. Data are mean ±SEM.  
 

 
 

Figure S4:  GluA3-KO slices show normal pathway-specific LTP. (a) LFP example traces 
(top left; scale bar: 10 ms, 0.2 mV) and peak LFP responses (bottom left and right) show LTP 
with similar magnitude in wt (n=11) and GluA3-KO (n=6) slices in the stimulation pathway that 
was used to induce a TBS (left) but not in the control pathway (right; wt n=6, GluA3-KO n=6). 
(b,c) Control pathways of LTP experiments in main Fig. 3 (wt control n=3, Aβ n=5; GluA3-KO 
control n=3, Aβ n=8) remained stable over time. Data are mean ±SEM. Statistics: 2-tailed 
unpaired t test on the last 10 minutes of the recording (i.e. 70-80 min). 
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Figure S5: Control experiments for plaque load analysis and spine size analysis in the 
CA1 of aged mice. (a) 6E10 staining in 6 and 12 month old wt and GluA3-KO mice without 
the APP/PS1 transgenes confirmed an absence of plaque formation. (b) Confocal image of a 
hippocampal slice of a Thy1-eYFP mouse, depicting the regions where spine density was 
quantified. SR, stratum radiatum; SLM, stratum lacunosum-moleculare. (c) Comparison of 
two different spine size analyses showed that the average spine head diameter was less 
sensitive to variation in fluorescence intensity than spine volume reflected as the spine 
brightness (background-subtracted and corrected for fluorescence levels in dendritic shaft). 
Left: Confocal images of a CA1 dendrite obtained with different levels of laser intensity. 
Triangles indicate the spines analyzed. Scale bar: 2µm. Right: Spine head diameter en spine 
fluorescence (after background fluorescence subtraction) normalized to value at 6% laser 
intensity plotted against laser intensity (n=5 spines). Data are mean ±SEM. 
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Figure S6: GluA3–deficient CA1 neurons have increased spine head size. (a-c) Average 
spine head diameter (top) and the distribution of spine head sizes (bottom) of CA1 pyramidal 
neurons at wt (black) and GluA3-KO (blue) littermate mice. (a) SR dendrites in organotypic 
hippocampal slices as in Fig. 3a, (b) SLM dendrites in 6-month old mice as in Fig. 6g, and (c) 
12-month old mice as in Fig. 6h. Data are mean ±SEM. * indicates p < 0.05 determined by 2-
tailed unpaired t tests for spine diameter and K-S test on spine size distributions. 
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EXPERIMENTAL PROCEDURES 
 

Mice 

GluA3-deficient (Gria3tm1Dgen/Mmnc; MMRRC, Davis, CA), APPswe/PS1dE9 mice 

(Savonenko et al., 2005) (kindly provided by Dr. Elly Hol), and Thy1-eYFP mice 

(B6.Cg-Tg(Thy1-YFP)HJrs/J; Jackson, Bar Harbor, USA) were at least 6 times 

backcrossed to c57bl6 mice. GluA1-deficient mice were in a c57bl6/129 hybrid 

background and were a kind gift from Dr. R. Huganir (Kim et al., 2005). Both male 

and female mice were used as a source for organotypic slices, for all other 

experiments only male mice were used. The mice were group-housed (2-5) and kept 

on a 12-hours day-night cycle and had ad libitum access to food and water. All 

experiments were conducted in line with the European guidelines for the care and 

use of laboratory animals (Council Directive 86/6009/EEC). All experimental 

protocols were approved by the Institutional Animal Care and Use Committee of the 

Royal Netherlands Academy of Arts and Sciences (KNAW) or the University of San 

Diego, California. 

Sindbis virus expression in organotypic hippocampal slices 

Organotypic hippocampal slices were prepared from P7-8 mice as described 

previously (Stoppini et al., 1991) and used after 7-12 days in culture for 

electrophysiology or after 13-15 days in culture for spine analysis. Constructs of 

APP-CT100+tdTomato, APP-CT84+tdTomato, GFP-GluA3(o) and GFP-

GluA3(o)+APP-CT100 were cloned into a pSinRep5 shuttle vector and infective 

Sindbis pseudo viruses were produced according to the manufacturer’s protocol 

(Invitrogen BV, Leek, Netherlands) and used to induce expression in CA1 neurons. 

Whole-cell electrophysiology recordings  

Organotypic hippocampal slices were perfused with artificial CSF (ACSF, in mM: 118 

NaCl, 2.5 KCl, 26 NaHCO3, 1 NaH2PO4, 4 MgCl2, 4 CaCl2, 20 glucose) gassed with 

95%O2/5%CO2). Whole-cell recordings were made with 3 - 5 MΩ pipettes, (Raccess < 

20 MΩ, and Rinput > 10 x Raccess) filled with internal solution containing (in mM): 115 

CsMeSO3, 20 CsCl, 10 HEPES, 2.5 MgCl2, 4 Na2-ATP, 0.4 Na-GTP, 10 Na-

Phosphocreatine, 0.6 EGTA. Miniature EPSCs were recorded at -60 mV with TTX (1 

µM) and picrotoxin (50 µM) added to the bath. For evoked recordings, a cut was 

made between CA1 and CA3, and picrotoxin (50 µM) and 2-chloroadenosine (4 µM; 

Tocris) were added to the bath. Two stimulating electrodes, two-contact Pt/Ir cluster 

electrode (Frederick Haer, Bowdoin, USA), were placed between 100 and 300 µm 

down the apical dendrite, 100 µm apart, and 200 µm laterally in opposite directions. 
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AMPAR-mediated EPSCs were measured as the peak inward current at -60 mV. 

NMDAR-mediated EPSCs were measured as the mean outward current between 40 

and 90 ms after the stimulation at +40 mV, corrected by the current at 0 mV. EPSC 

amplitudes were obtained from an average of at least 40 sweeps at each holding 

potential. Data was acquired using a Multiclamp 700B amplifier (Molecular Devices, 

Sunnyvale, USA). Evoked recording were analyzed using custom software written in 

Igor Pro (Wavemetrics, Tigard, USA). Miniature EPSC recordings were analyzed with 

MiniAnalysis (Synaptosoft, Decatur, USA) with an amplitude threshold of 5 pA. 

Experiments were conducted blind to experimental conditions. 

Dendritic spine analysis in organotypic hippocampal slices 

Three-dimensional images were collected by two-photon laser scanning microscopy 

(Femtonics Ltd. Hungary). The light source was a mode-locked Ti:sapphire laser 

(Chameleon, Coherent, Santa Clara, USA) tuned at 910 nm using a 20x objective. 

Optical sections were captured every 0.75 µm (z-resolution) of apical dendrites from 

infected CA1 pyramidal neurons, approximately 180 µm from the cell body (pixel size 

0.05 micron). The density and diameter of spines protruding in the horizontal (x/y) 

plane were manually quantified from projections of stacked 3D images by an 

experimenter blind to experimental conditions and genotype using ImageJ software 

(http://fiji.sc).  

Preparation of Aβ oligomers  

Chinese hamster ovary (CHO) cells stably transfected with APP751(V717F) 

mutation, referred to as 7PA2 cells (Podlisny et al., 1995), were a gift from Dr. 

Edward Koo. 7PA2 cells were cultured in Dulbecco’s modified Eagle’s medium 

(DMEM) containing 10% bovine fetal calf serum as described. Cells are grown to 

near confluence and then cultured in plain DMEM for 16 hr. The Aβ medium is 

collected, centrifuged at 200 g for 10 min and concentrated 10 fold using an Amicon 

Ultra 3k filtration device at 4000 x g for 30 min at 4°C. CHO cells were also cultured 

in plain DMEM and concentrated to use as a control medium for electrophysiology. 

Levels of Aβ40 and Aβ42 oligomers were measured by enzyme-linked immunosorbent 

assay (ELISA) in the laboratory of Dr. Edward Koo. 7PA2 conditioned medium was 

diluted to 1 nM total Abeta, and CHO conditioned medium from the same batch was 

diluted similarly. Western Blots were used to confirm the presence of Aβ oligomers. 

Local field potential electrophysiology recordings 

Acute hippocampal slices were prepared from 3- to 4-week-old mice. Slices were cut 

coronally in cold sucrose cutting buffer (72 mM sucrose, 22 mM glucose, 2.6 mM 
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NaHCO3, 83 mM NaCl, 2.5 mM KCl, 3.3 mM MgSO4, and 0.5 mM CaCl2) at a 

thickness of 350 µm and transferred to a recovery chamber containing oxygenated 

artificial cerebrospinal fluid (ACSF) containing 11 mM glucose, 1 mM MgCl2, and 2 

mM CaCl2. Slices were maintained at 34°C for 45 min and then at room temperature 

for 45 min. During field potential recordings, a slice was transferred to a recording 

chamber, where it was submerged and received a continuous flow of ACSF 

supplemented with 11 mM glucose, 1 mM MgCl2, 2 mM CaCl2, and 100 µM of 

picrotoxin (pH 7.4). Extracellular field potential was recorded in the SR with glass 

electrodes (1.5-2.5 MΩ) containing the perfusion solution. Field excitatory 

postsynaptic potentials (fEPSPs) were evoked by stimulating independent afferents 

by placing bipolar stimulation electrodes 150 µm down the apical dendrites, and 150-

200 µm laterally in opposite directions. Aβ or control medium was added to the 

perfusion for 20 minutes during the acquisition of a stable baseline prior to LTP 

induction. LTP was induced by applying 4 trains electrical stimulation at 100 Hz, 

lasting 100 ms each, every 20 s. After LTP induction, fEPSPs were recorded for an 

additional 60 min. Averaged normalized fEPSP for the last 10 minutes (50-60 

minutes after LTP induction) of each recording was used to quantify the potentiation 

value. Experiments were conducted blind to experimental conditions. 

Aβ plaque load analysis in APP/PS1 mice 

Mice were anesthetized with pentobarbital and perfused with 20 ml 0.1 M PBS 

followed by 80 ml of fixative (4% paraformaldehyde in 0.1 M PBS pH 7.2). Brains 

were removed, post-fixed for 1 hour in fixative, washed in PBS for 2-3 hours followed 

by 20% sucrose overnight and snap-frozen in dry ice to be stored at -80oC. The 

brains were sliced into sections of 10 µm on a Leica CM3050S cryostat and thaw-

mounted onto microscope slides. The sections were allowed to dry for 1.5 hours and 

stored at -20 °C. Before the staining the slides were brought to room temperature 

and put in 4% PFA-PBS solution for 10 minutes and washed twice in PBS for 10 

minutes. Epitope retrieval was achieved by incubating the slides in a sodium citrate 

buffer (10mM sodium citrate, 0.05% Tween-20, pH 6.0) at 95°C and then at room 

temperature for 20 minutes. The sections were washed in PBS for 10 minutes and 

incubated in blocking solution (10% normal donkey serum (NDS), 0.4% Triton X-100 

in PBS) for 1 hour and subsequently incubated with primary antibody against Aβ 

(6E10, 1:15000 dilution, in 3% NDS, 0.4% Triton X-100 in PBS; SIG-39320, 

Covance, Princeton, NJ, USA) overnight at room temperature. The next day, the 

sections were washed for 10 minutes in PBS four times and incubated with Cy3-

conjugated donkey anti-mouse IgG (1:1400, in PBS; Jackson ImmunoResearch, 
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West Grove, PA, USA) for 2 hours at room temperature. Sections were subsequently 

washed for 10 minutes in PBS four times and covered with VectaShield mounting 

medium with DAPI (Vector Labs, Burlingame, CA, USA) and sealed with a cover 

glass. Images of the CA1 (10x magnified, 1392x1040, pixel size 0.65µm2) were 

obtained using a Leica DM-RE fluorescence microscope (Leica Microsystems, 

Wetzlar, Germany) equipped with a Leica DFC360 FX CCD camera and Leica 

Application Suite Advanced Fluorescence (LAS AF) software. Eight images per 

animals were acquired blind to experimental conditions. Pictures were analyzed with 

Image-Pro Plus software script (Media Cybernetics, Rockville, MD, USA). The level 

of plaque area was expressed as the percentage of positive pixels. Slices from wt 

and GluA3-KO mice were included as negative controls (Figure S4a). 

Dendritic spine analysis in APP/PS1 mice  

Thy1-eYFP mice were perfused with 4% PFA similarly as for Aβ plaque load 

analysis. Brains were removed and post-fixed for 1 hour in fixative, washed and 

stored in PBS at 4°C. Coronal 50 µm-thick slices were prepared with a vibratome 

(Leica, Rijswijk, Netherlands), mounted and covered with Vectashield mounting 

medium (Vector Labs, Peterborough UK). Image acquisition was performed with a 

Leica SP5 II confocal microscope using a ×63 oil immersion objective and LAS-AF 

software. Z-stack images (512 x 512 pixels, pixel size: 68.78 nm x 68.78 nm x 0.13 

µm) of oblique apical dendrites in the stratum lacunosum-moleculare (SLM) and 

stratum radiatum (SR) (Figure S5b) were obtained. Laser power was adjusted to 

achieve similar fluorescence levels across images. Spine density and spine size 

were manually quantified by an experimenter blind to experimental conditions and 

genotype using ImageJ software (‘http://fiji.sc’). Spine size was determined by 

measuring spine head diameters, since diameter measurements were largely 

independent on fluorescence intensity levels (Figure S5c).  

Contextual Fear Conditioning Behavioral Essay 

For fear conditioning experiments, a box (29 cm high, 31.5 cm wide, 23 cm deep; 

Med Associates Inc., Georgia, VT) was used with two metal walls, two transparent 

Plexiglas walls and grid floor with stainless steel bars through which the foot shock 

was delivered. The box was placed inside a sound-attenuating chamber with a 

camera (PCTV, Luxembourg city, Luxembourg) mounted on the ceiling of the cage. 

Each trial took place between 1:00 and 4:00 p.m. during the light cycle. The box was 

cleaned with 70% ethanol before each trial. During the conditioning session, male 

mice were placed in the box for 4 min, in which they received 1 shock (0.45 mA, 2 s) 

after 2 min. 24 hours or 7 days after training the mice were re-introduced to the box. 
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Freezing behavior and locomotion were quantified using custom-made Matlab script 

(Kopec et al., 2007).  Absence of movement for at least 1 second was considered as 

freezing. Experiments were conducted blind to the genotype of the mice. 

Statistics 

Significance was determined using two-tailed Student t tests to compare 2 groups or 

ANOVAs followed by post-hoc Tukey comparisons for comparing more than 2 

groups. The Kolmogorov-Smirnov test (K-S) was used to test whether data sets were 

normally distributed. The F-test was used to test equal variance. Where necessary, 

data was log- or square root-transformed to obtain normal distributions and 

homogeneity of variance. To compare cumulative distributions, the (K-S) test was 

performed on data normalized to the mean. Mantel-Cox test with Bonferroni 

correction was used to compare mortality rates. P values below 0.05 were 

considered statistically significant.  
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