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Abstract

Prion protein (PrP) mutations are linked to genetic prion diseases, a class of phenotypically

heterogeneous neurodegenerative disorders with invariably fatal outcome. How mutant PrP

triggers neurodegeneration is not known. Synaptic dysfunction precedes neuronal loss but it

is not clear whether, and through which mechanisms, disruption of synaptic activity ulti-

mately leads to neuronal death. Here we show that mutant PrP impairs the secretory traffick-

ing of AMPA receptors (AMPARs). Specifically, intracellular retention of the GluA2 subunit

results in synaptic exposure of GluA2-lacking, calcium-permeable AMPARs, leading to

increased calcium permeability and enhanced sensitivity to excitotoxic cell death. Mutant

PrPs linked to different genetic prion diseases affect AMPAR trafficking and function in dif-

ferent ways. Our findings identify AMPARs as pathogenic targets in genetic prion diseases,

and support the involvement of excitotoxicity in neurodegeneration. They also suggest a

mechanistic explanation for how different mutant PrPs may cause distinct disease

phenotypes.

Author summary

Genetic prion diseases are degenerative brain disorders caused by mutations in the gene

encoding the prion protein (PrP). Different PrP mutations cause different diseases,

including Creutzfeldt-Jakob disease, fatal familial insomnia and Gerstmann-Sträussler-

Scheinker syndrome. How mutant PrP causes neuronal death and how different mutants

encode distinct disease phenotypes is not known. Here we show that mutant PrP alters

the subunit composition of glutamate AMPA receptors, promoting cell surface exposure

of GluA2-lacking, calcium-permeable receptors, ultimately increasing neuronal vulnera-

bility to excitotoxic cell death. We also demonstrate that the underlying molecular
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mechanism is the formation of a GluA2 subunit-PrP complex which is retained in the

neuronal secretory pathway. PrP mutants associated with clinically different genetic prion

diseases have distinct effects on GluA2 trafficking, depending on their tendency to misfold

and aggregate in different intracellular organelles, indicating a possible contribution of

this mechanism to the disease phenotype.

Introduction

Synaptic dysfunction is an early process in prion disease, preceding synapse loss and neuronal

death. Understanding the mechanisms of primary changes in synaptic function that lead to

irreversible neurodegeneration has important implications for therapy. We describe morpho-

logical and functional alterations in neurons expressing prion protein (PrP) mutations associ-

ated with genetic prion disease, indicating a neurotoxic mechanism involving α-amino-

3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors (AMPARs).

Genetic prion diseases are rare and currently untreatable neurodegenerative disorders

linked to mutations in the PRNP gene, encoding PrP, on chromosome 20 [1]. Approximately

70 pathogenic PRNP variants have been reported (see http://www.cureffi.org/2015/01/13/list-

of-reportedly-pathogenic-prnp-variants/ for an up-to-date list), including missense mutations,

expansions or deletions of a repeated sequence encoding an octapeptide motif in the N-termi-

nal region, and stop codon mutations resulting in premature protein truncations.

One striking feature of genetic prion diseases is their phenotypic heterogeneity. Different

PRNP mutations are associated with distinct disease subtypes, including genetic Creutzfeldt-

Jakob disease (gCJD), fatal familial insomnia (FFI) and Gerstmann-Sträussler-Scheinker (GSS)

syndrome [1]. The disease presentation can be influenced by PRNP polymorphism at codon

129, where either methionine (M) or valine (V) may be present. A noteworthy example is

prion disease linked to the substitution of asparagine (N) for aspartic acid (D) at codon 178

which, depending on the amino acid at codon 129 on the mutant allele, segregates with either

FFI (D178N/M129), primarily characterized by severe sleep disorders and autonomic dysfunc-

tion, or CJD178 (D178N/V129), clinically identified by global cortical dementia and motor

abnormalities [2].

How mutant PrP causes neuronal death and how sequence variants of PRNP encode the

information to specify distinct disease phenotypes is a central question in prion biology. PrP is

a cell membrane glycoprotein highly expressed by neurons in the CNS. PrP is located at both

pre- and post-synaptic sites, and there is ample evidence indicating a modulatory role in syn-

aptic transmission which may be negatively affected by pathogenic mutations [3,4]. We previ-

ously found that PrP interacts physically with the α2δ-1 subunit of voltage-gated calcium

channels (VGCCs) which govern depolarization-induced neurotransmitter release [5]. Mutant

PrP misfolding and intracellular retention of α2δ-1 impaired synaptic delivery of VGCCs, and

glutamatergic neurotransmission is disrupted in transgenic (Tg) mouse models of GSS and

CJD178 [5].

PrP engages functional interactions with glutamate receptors, including AMPARs [6,7].

AMPARs are tetrameric, cation-permeable ionotropic receptors, which mediate the largest

part of fast excitatory neurotransmission in the brain. Upon binding of glutamate, the pore

opening allows the influx of Na+ ions and the efflux of K+ ions to depolarize the postsynaptic

compartment. Depending on the subunit composition, AMPARs also allow influx of Ca2+. In

the adult brain, the majority of GluA2-containing AMPARs are largely Ca2+-impermeable,

due to a RNA editing that replaces a glutamine with a positively charged arginine in the pore-
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forming region of the assembled channel, thus preventing Ca2+ influx [8]. In contrast,

GluA2-lacking AMPARs are Ca2+-permeable, and have higher single-channel conductance

[9]. The Ca2+ permeability of AMPARs is thought to have important consequences for plas-

ticity as well as cell viability (reviewed in [10]).

We explored the contribution of AMPAR dysfunction in genetic prion diseases by morpho-

logical and functional analyses in primary neurons from Tg mice expressing mouse homologs

of the CJD178 and FFI mutations (moPrP D177N/V128 and moPrP D177N/M128), and of a

nine-octapeptide repeat insertion (moPrP PG14) associated with GSS [11–14]. Membrane

delivery of the GluA2 subunit of AMPARs was impaired in a PrP mutation-specific manner,

with alterations in the structure, function and plasticity of the excitatory synapses. In addition,

intracellular retention of GluA2 modified the subunit composition of AMPARs in the mutant

neurons, increasing the number of GluA2-lacking, calcium-permeable AMPARs and resulting

in greater calcium permeability and more vulnerability to excitotoxic cell death. These results

cast fresh light on the mechanisms of neurodegeneration and phenotypic variability in genetic

prion diseases.

Results

Synaptic structure and function are altered in hippocampal neurons

expressing the FFI and CJD178 mutations

Dendritic spine loss has been described in prion-infected mice and organotypic cerebellar cul-

tures, and in cultured hippocampal neurons exposed to PrPSc, the infectious isoform of PrP

[15–18]. We investigated whether synaptic alterations were also detectable in neurons express-

ing FFI or CJD178 PrP. We analyzed the morphology of excitatory synapses in primary cultures

of hippocampal neurons from wild-type (WT), FFI and CJD mice at 13–15 days in vitro (DIV)

after transfection with a plasmid encoding EGFP to allow visualization of dendritic spines.

Both FFI and CJD neurons had less spine density than WT cells (Fig 1A and 1C). Consistent

with this, the co-localization between the pre- and post-synaptic markers Bassoon and Shank2

was significantly lower in the mutant neurons (Fig 1B and 1D). The number of Bassoon puncta

per μm was not altered in the mutant neurons, indicating that the defect involves mainly the

post-synaptic compartment (Fig 1E and 1F).

To assess whether these structural alterations had functional consequences, we measured

AMPAR-mediated activity by patch-clamp recordings. Despite the change in spine density

(Fig 1A and 1C), FFI neurons displayed miniature excitatory postsynaptic currents (mEPSCs)

comparable to those of WT cells (Fig 1H–1K) and similar density of surface AMPARs (Fig 1E

and 1G). Conversely, CJD neurons had reduced amounts of plasma membrane AMPARs (Fig

1E and 1G) and a significantly lower frequency of mEPSCs (Fig 1H and 1I) with higher ampli-

tude than controls (Fig 1H, 1J and 1K).

Mutant PrP impairs membrane delivery of the GluA2 subunit of AMPA

receptors

PrP interacts physically with AMPARs [6,7]. To assess whether pathogenic PrP mutations

influenced this interaction, we immunoprecipitated PrP from hippocampal homogenates of

WT, FFI and CJD mice and immunoblotted the precipitated proteins with antibodies against

GluA1 and GluA2, the two main AMPAR subunits expressed at hippocampal synapses. The

WT and mutant PrPs co-immunoprecipitated with GluA2 but not with GluA1 (Fig 2A).

CJD and FFI PrPs misfold and aggregate in the secretory pathway and are partly retained in

the endoplasmic reticulum (ER) and Golgi [11,14,19–21]. To see whether GluA2 was retained
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intracellularly with these mutant PrPs, we co-transfected HeLa cells with plasmids encoding

GluA2 and EGFP-tagged WT or mutant PrP. After 48h, cells were immunostained with anti-

bodies against GluA2, and analyzed by fluorescence confocal microscopy. The majority of WT

PrP localized on the cell surface, while large fractions of the mutant PrPs were found in intra-

cellular compartments (Fig 2B and 2C). In line with previous results [11,14,21,22], FFI PrP

showed an intracellular distribution consistent with accumulation in the Golgi and was more

efficiently expressed on the cell surface than CJD PrP, which showed a perinuclear distribution

indicative of ER retention (Fig 2B and 2C). In cells expressing WT PrP, GluA2 was efficiently

expressed on the plasma membrane (Fig 2B and 2D) where the two proteins co-localized

largely (S1 Fig), consistent with their association in cholesterol-rich microdomains [23–27].

Quantitative analysis of plasma membrane GluA2 fluorescence indicated that cell surface

expression of GluA2 was similar in WT and FFI but reduced ~70% in CJD PrP-expressing

cells (Fig 2B and 2D).

AMPA receptor trafficking is impaired in CJD but not FFI hippocampal

neurons

To assess AMPAR trafficking in mutant PrP neurons we used a well-established homeostatic

plasticity protocol, which induces selective targeting of AMPARs to the synapses [28]. Primary

hippocampal neurons were treated with tetrodotoxin (TTX) for 48h and the function and dis-

tribution of synaptic AMPARs was assessed by electrophysiology and confocal microscopy. In

line with previous reports [28–30], the chronic blockade of neuronal firing significantly

increased mEPSC amplitude in WT neurons (Fig 3A), accompanied by increased co-localiza-

tion between the pre-synaptic marker Bassoon and surface AMPARs (Fig 3B), indicative of

post-synaptic potentiation. Results were similar for FFI neurons, in which TTX significantly

increased both mEPSC amplitude and Bassoon/AMPAR co-localization (Fig 3C and 3D). In

contrast, this protocol did not alter mEPSC amplitude or the co-localization of pre- and post-

synaptic markers in CJD neurons (Fig 3E and 3F), suggesting defective insertion of AMPARs

into the synaptic membrane.

Since GluA2 interacts with PrP and is almost completely retained intracellularly in CJD

PrP-expressing cells (Fig 2A and 2B), we employed the rectification properties of GluA2 to

analyze the presence of this subunit in synaptic AMPARs. GluA2-lacking receptors are

strongly rectifying whereas GluA2-containing receptors are not [29,31], so we measured the

rectification index (RI) of AMPARs by recording mEPSCs at -70 and +50 mV and calculating

the ratio of current amplitude. The RI in CJD neurons was significantly smaller than in WT

and FFI cells, indicating a larger synaptic population of GluA2-lacking AMPARs (Fig 3G and

3H).

Since GluA2 renders AMPARs impermeable to calcium, we reasoned that a decrease in

expression of this subunit could result in increased calcium influx upon AMPAR activation.

Fig 1. Synaptic structure and activity are altered in FFI and CJD hippocampal neurons. (A) Confocal representative images

of WT, CJD and FFI neurons transfected with EGFP and (C) quantification of total spine density; 46–62 dendrites from 25–30

neurons for each condition. Kruskal-Wallis test followed by Dunn’s multiple comparison test: ��p< 0.01, ���p< 0.001. (B) WT

and mutant PrP neurons stained for Bassoon (green) and Shank2 (red) and (D) quantification of the levels of co-localization

between the two; 69–87 fields for each condition, Kruskal-Wallis test followed by Dunn’s multiple comparison test: ��p< 0.01,
����p< 0.0001. (E) WT, CJD and FFI neurons stained for Bassoon (gray), surface AMPAR (green) and β-III tubulin (red).

Graphs show the number of Bassoon (F) or AMPAR (G) puncta per μm of dendrite; 17–23 dendrites from 10–15 neurons for

each condition. One-way ANOVA followed by Tukey’s multiple comparison test: �p< 0.05. (H) Representative traces and

analysis of mEPSC frequency (I) and cumulative amplitude (J, K). WT 32, FFI 25, CJD 18 cells. Kruskal-Wallis test followed by

Dunn’s multiple comparison test: �p< 0.05, ����p< 0.0001. Data are the mean ± SEM of at least three independent

experiments. Scale bars 5 μm in all images.

https://doi.org/10.1371/journal.ppat.1008654.g001
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Fig 2. Mutant PrP interacts with the GluA2 AMPAR subunit impairing its membrane delivery. (A) Hippocampal protein extracts (500 μg) from WT, FFI and CJD

mice were incubated with uncoated magnetic beads (IP: no Ab) or magnetic beads coated with anti-PrP monoclonal antibody 94B4 (IP: PrP). The immunoprecipitated

proteins were analyzed by western blot with anti-GluA1 or anti-GluA2 antibody or anti-PrP polyclonal antibody P45-66. The input is 20 μg of total proteins. Lanes 4

and 8 were left empty on purpose. This experiment is representative of three similar ones. (B) HeLa cells were co-transfected with plasmids encoding WT, FFI or CJD

PrP-EGFP fusion protein, and the AMPAR subunit GluA2. After 48h, cells were fixed, permeabilized, stained with anti-GluA2 (red) antibody, and reacted with

Hoechst 33258 (blue) to stain the nuclei. Scale bar 10 μm. (C, D) The fluorescent density of PrP and GluA2 on the cell surface was measured and background corrected

(Corrected IntDen). Each bar indicates the mean ± SEM of 12–17 tranfected cells from three independent experiments. ��p< 0.01, ����p< 0.0001 by one-way

ANOVA, Tukey’s post hoc test.

https://doi.org/10.1371/journal.ppat.1008654.g002
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To verify this, we measured the intracellular calcium transients induced by 30 μM AMPA. The

AMPA-induced calcium elevation was significantly larger in CJD than WT and FFI neurons

(Fig 3I and 3J). Consistent with this evidence, the selective inhibitor of GluA2-lacking

AMPARs IEM-1460 significantly reduced AMPA-induced neuronal death in CJD but not FFI

neurons (S2 Fig). These data indicate that CJD PrP affects AMPAR subunit composition,

resulting in a larger proportion of GluA2-lacking, calcium-permeable AMPARs.

Fig 3. AMPA receptor trafficking is impaired in CJD but not in FFI neurons. (A, C, E) Representative traces and quantification of mEPSC amplitude in control and

TTX-treated WT, FFI and CJD neurons. WT 16 (CT) and 18 (TTX), FFI 12 (CT) and 13 (TTX), CJD 18 (CT) and 16 (TTX) cells. Mann-Whitney test: ��p< 0.01. (B, D,

F) Confocal representative images and quantification of the levels of co-localization between Bassoon (blue) and surface AMPAR (red) in the conditions described

above. Scale bar 5 μm. Unpaired Student’s t-test: �p< 0.05. (G) Rectification index (IAMPA+50/IAMPA-70) and (H) representative traces in WT and mutant neurons. WT

24, FFI 15, CJD 7 cells. Kruskal-Wallis test followed by Dunn’s multiple comparison test: �p< 0.05. (I) Analysis of calcium peaks and (J) representative traces of calcium

response to AMPA (30 μM) in WT, FFI and CJD neurons. Six fields (79–150 responding cells) for each condition. Kruskal-Wallis test followed by Dunn’s multiple

comparison test: ����p< 0.0001. Data are the mean ± SEM of at least three independent experiments.

https://doi.org/10.1371/journal.ppat.1008654.g003
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Cerebellar granule neurons expressing PG14 PrP are hypersensitive to

AMPAR-mediated excitotoxicity

In Tg(PG14) mice abnormalities in cerebellar neurotransmission due to mutant PrP accumu-

lation in the ER precede massive apoptotic degeneration of cerebellar granule neurons (CGNs)

[5,13]. We therefore reasoned that this model could be the most suitable to test whether func-

tional alterations in AMPARs due to intracellular retention of GluA2 contribute to mutant

PrP-induced neuronal cell death.

First we tested whether PG14 PrP interacts with AMPARs. We immunoprecipitated PrP

from cerebellar extracts of WT and PG14 mice, and immunoblotted the precipitated fractions

with antibodies against GluA2 and GluA4, which are the AMPAR subunits specifically

expressed in CGNs. Both WT and PG14 PrP co-immunoprecipitated with GluA2 (Fig 4A and

4B). WT PrP co-immunoprecipitated also with GluA4, whereas PG14 PrP interacted much

less efficiently with this subunit (Fig 4A and 4C).

Next, we tested whether the distribution of AMPARs was altered in cells expressing PG14

PrP. HeLa cells were co-transfected with plasmids encoding GluA2 and GluA4, and either WT

or PG14 PrP (untagged or EGFP-tagged). After 48h cells were immunostained with antibodies

against the AMPAR subunits (or against PrP when using EGFP-tagged AMPARs and

untagged PrPs) and analyzed by fluorescence confocal microscopy. Consistent with previous

results [5], the majority of WT PrP localized on the cell surface, whereas PG14 PrP was mostly

found in intracellular compartments (Fig 5A and 5C). In cells expressing WT PrP, GluA2 was

efficiently expressed on the plasma membrane (Fig 5A and 5B). In contrast, it was weakly

expressed on the surface of PG14 PrP-transfected cells and was mostly found in PrP-positive

perinuclear patches (Fig 5A and 5B). Consistent with its weak interaction with PG14 PrP (Fig

4), GluA4 was not retained intracellularly, and was efficiently delivered to the plasma mem-

brane like in WT PrP-expressing cells (Fig 5C and 5D).

GluA2 distribution was also altered in primary CGNs from PG14 mice, where immunoelec-

tron microscopy confirmed ER retention of mutant PrP and showed swelling of the ER cister-

nae, consistent with protein accumulation in this transport organelle (S3 Fig). Quantitative

immunofluorescence analysis showed that GluA2 was significantly less present on the neurites

and more concentrated in the soma of PG14 neurons compared to WT cells (Fig 5E–5G).

Immunofluorescence analysis of the cerebellar granule cell layer of PG14 mice found reduced

amounts of GluA2 in glomeruli, the VGLUT1-immunopositive structures characteristic of glu-

tamatergic mossy fiber synapses onto post-synaptic granule cell dendrites [32], but no change

in GluA4 (Fig 5H–5K).

Like in CJD neurons (Fig 3G and 3H), in cultured PG14 CGNs too the RI was significantly

smaller than in WT controls (Fig 6A and 6B), indicating reduced GluA2-containing AMPARs

at PG14 synapses. Electrophysiological analysis in acute brain slices confirmed the reduced RI

in PG14 cerebellar granules (Fig 6C), but found no alterations in Purkinje cells (Fig 6D), con-

sistent with the lack of mutant PrP expression in the latter [12,33].

To demonstrate that expression of PG14 PrP was directly responsible for GluA2 mislocali-

zation, we transfected primary hippocampal neurons from C57BL/6J mice with a bigenic plas-

mid that drives efficient PrP and GFP expression [5], and measured current amplitudes at +50

and -70 mV in GFP-positive cells (Fig 6E and 6F). PG14 PrP-transfected neurons had a signifi-

cantly smaller RI than empty plasmid- or WT PrP-transfected cells (Fig 6E), indicating that

acute PG14 PrP expression was sufficient to alter AMPAR composition.

Next we measured calcium influx in response to AMPA. In the presence of AP5, cadmium

and nifedipine to block N-methyl-D-aspartate (NMDA) receptors, high-voltage activated and

L-type calcium channels, IEM-1460 reduced AMPA-induced calcium rise in WT CGNs,
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indicating that these cells express basal levels of GluA2-lacking AMPARs (S4 Fig). Consis-

tent with reduced GluA2-contaning AMPARs in PG14 cells, calcium influx in response to

AMPA was higher in PG14 than in WT CGNs (Fig 6G and 6H). Thus, like in CJD neurons,

GluA2 accumulates intracellularly in PG14 neurons, resulting in post-synaptic expression

of GluA2-lacking, calcium-permeable AMPARs.

To test whether the defective delivery of GluA2 subunits to the cell surface sensitized cells

to glutamate-induced, calcium-mediated toxicity, we exposed primary CGN cultures from

WT and PG14 mice to glutamate, AMPA or NMDA. After 24h we measured the activity of lac-

tate dehydrogenase (LDH), which is released in the culture medium by dying cells. PG14

CGNs were significantly more vulnerable than WT cells to the toxicity of glutamate and

AMPA, but not NMDA (Fig 7), consistent with AMPAR-mediated excitotoxic cell death. In

line with evidence in cortical neurons [34], we observed increased numbers of TUNEL-posi-

tive cells in primary CGNs exposed to AMPA (S5 Fig), supporting the idea that AMPAR-

mediated excitotoxicity may contribute to CGN apoptosis in vivo.

To determine whether PG14 CGNs had greater susceptibility to excitotoxicity in a more

physiological context, we used cerebellar organotypic slice cultures. Cerebellar slices were pre-

pared from 9-day-old mice and cultured for 15 days before exposure to 50 μM AMPA with or

without the competitive AMPAR antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX).

Propidium iodide (PI)-positive cells (i.e. dead) were counted after 24h. AMPA increased cell

mortality 10-fold in PG14 but not in WT slices, and this was significantly reduced by co-treat-

ment with CNQX (Fig 8).

Fig 4. PrP and GluA2 co-immunoprecipitate from cerebellar extracts. (A) Cerebellar protein extracts (500 μg) from Tg(WT), Tg(PG14) and PrP knockout (KO) mice

were incubated with uncoated magnetic beads (IP: no Ab) or magnetic beads coated with anti-PrP monoclonal antibody 94B4 (IP: PrP). The immunoprecipitated

proteins were analyzed by western blot with anti-GluA2 or anti-GluA4 antibody or anti-PrP polyclonal antibody P45-66. The input is 20 μg of total proteins. (B, C) The

amounts of immunoprecipitated GluA2 (B) and GluA4 (C) were quantified by densitometry of western blots like in (A) and normalized on the amount of

immunoprecipitated PrP. Data are the mean ± SEM of 3–4 replicates from three independent experiments; ��p< 0.01 by Student’s t-test.

https://doi.org/10.1371/journal.ppat.1008654.g004
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Discussion

The present study found that mutant PrP affects intracellular trafficking of GluA2, leading to

cell surface exposure of GluA2-lacking, calcium-permeable AMPARs and increased vulnera-

bility to excitotoxic, calcium-mediated cell death. We documented a physical interaction

between PrP and AMPAR subunits and found that PrP mutants which tended to accumulate

in different compartments of the secretory pathway had distinct effects on GluA2 trafficking

and excitatory neurotransmission. These results, in conjunction with evidence of dendritic

spine alterations in mutant PrP neurons, point to altered post-synaptic transmission and gluta-

mate excitotoxicity in neurodegeneration, and suggest that mutation-specific alterations of

AMPAR function may contribute to selective neuronal vulnerability in genetic prion disease.

Intracellular retention of mutant PrP and alteration of AMPA receptor

trafficking

PrP and GluA2 interacted physically by co-immunoprecipitation, confirming previous obser-

vations [6,7], and we document a new PrP interaction with GluA4 in the cerebellum. In con-

trast to Watt et al. [7], who found that WT PrP co-immunoprecipitates also with GluA1 and

that the D177N mutation disrupts interaction with both GluA1 and GluA2, we did not see any

co-immunoprecipitation with GluA1, or any effect of pathogenic mutations on PrP interaction

with GluA2. The reason for this difference is not clear: it may be due to the use of co-immuno-

precipitation procedures with different stringencies, and/or to the presence of zinc chelators in

the co-immunoprecipitation buffer used by Watt et al., which may alter zinc-dependent ter-

tiary contacts between the globular C-terminal domain and the flexible N terminus of PrP

involved in binding to AMPARs [7,35].

We did find, however, that PG14 co-immunoprecipitates with GluA4 much less efficiently

than WT PrP. Epitope scanning indicated that the N-terminal polybasic region required for

interaction with AMPARs [7] is less exposed to the solvent in PG14 than in WT or D177N PrP

[36]. Thus the nine-octapeptide repeat insertion may produce a specific structural change in

the PrP N terminus which selectively disrupts interaction with GluA4.

GluA2, but not GluA4, was intracellularly retained in HeLa cells expressing PG14 PrP.

Smaller amounts of GluA2 were detected on neurites of cultured CGNs and in cerebellar glo-

meruli of PG14 mice, whereas the synaptic content of GluA4 did not change. The fact that

Fig 5. GluA2 is retained intracellularly and is expressed less at post-synaptic sites in the granule cell layer of Tg

(PG14) mice. (A) HeLa cells were co-transfected with plasmids encoding WT or PG14 PrP-EGFP fusion protein, and

the AMPAR subunit GluA2. After 48h cells were fixed, permeabilized, stained with anti-GluA2 (red), and reacted with

Hoechst 33258 (blue) to stain the nuclei. (B) The fluorescent density of GluA2 on the cell surface was measured and

corrected for background (Corrected IntDen). Each bar indicates the mean ± SEM of 12 WT and 14 PG14 PrP-

transfected cells from three independent experiments; �p<0.01 by Student’s t-test. (C) HeLa cells were co-transfected

with WT or PG14 PrP and EGFP-tagged GluA4. After 48 h cells were fixed, permeabilized, stained with anti-PrP

monoclonal antibody 98A3 (green), and reacted with Hoechst 33258 (blue) to stain the nuclei. (D) The fluorescent

density of GluA4 on the cell surface was measured and background corrected. Each bar indicates the mean ± SEM of 6

WT and 6 PG14 PrP-transfected cells. (E) CGNs from WT and PG14 mice were fixed, permeabilized and

immunostained with mouse monoclonal anti-GluA2 (green) and chicken polyclonal anti-MAP2 (red). Cells were

reacted with Hoechst 33258 (blue) to stain the nuclei, and analyzed by confocal microscopy using sequential Z-stack

acquisition mode and 3D reconstruction. The GluA2 signal on dendrites (F) and cell bodies (G) was analyzed by NIH

ImageJ software. Data are the mean ± SEM of 18 WT cells (28 dendrites) and 18 PG14 cells (27 dendrites) from three

independent experiments. (H-K) Brain sections of WT and PG14 mice were stained with anti-GluA2 (H) or GluA4 (J)

(red) and anti-VGLUT1 (green) antibodies. The GluA2 (I) and GluA4 (K) in each cerebellar glomerulus were

measured and expressed as the ratio between the area of the AMPA receptor subunit and VGLUT1 signals. The dotted

line identifies a single glomerulus used for quantification. Signal outside the ROI has been cleared with ImageJ for

clarity. Bars indicate the mean ± SEM of three mice per group (1098–1392 glomeruli). �p< 0.05 by Student’s t-test.

Scale bars 20 μm in A, C and E; and 125 μm in H and J.

https://doi.org/10.1371/journal.ppat.1008654.g005
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PG14 PrP interacts physically with GluA2 but not GluA4 suggests a mechanism by which

interaction between mutant PrP and GluA2 results in the latter being sequestered in secretory

organelles, impairing GluA2 assembly in the channel complex and its delivery to synaptic

sites.

Although all the PrP mutants we analyzed interacted with GluA2, they had different

effects on AMPAR trafficking. CJD and PG14 PrPs caused marked intracellular retention of

GluA2 in HeLa cells, whereas FFI PrP had a subtler effect, with a much larger fraction of

molecules reaching the plasma membrane. This held true in primary neurons, where immu-

nofluorescence staining and analysis of the rectification index indicated reduced amounts

of GluA2-containing AMPARs on neurites of CJD and PG14 but not FFI cells. We previ-

ously found that CJD and PG14 PrPs are preferentially retained in the ER, while FFI PrP

accumulates mainly in the Golgi [11,14,21,22], perhaps because organelle-specific factors

such as ER chaperones or differences in pH influence the intrinsic misfolding tendency of

these mutants in different ways [36–39].

AMPA receptors assemble in the ER, where quality control mechanisms ensure correct sub-

unit folding and assembly before export to post-ER compartments and delivery to the plasma

membrane where a subpopulation resides in cholesterol-rich microdomains, like PrP [23–

27,40–42]. It is possible that GluA2 and PrP interact transiently in the ER, and the CJD and

PG14 mutants retain GluA2 subunits because their exit from this organelle is delayed [19],

whereas FFI PrP, which transits the ER more efficiently, has a milder effect. Supporting this, in

CJD and PG14 PrP-expressing HeLa cells GluA2 had a perinuclear/reticular distribution,

indicative of ER retention, which largely overlapped with PrP, whereas in FFI PrP-expressing

cells GluA2 did not co-localize with intracellular PrP and was efficiently delivered to the

plasma membrane.

Different degrees of intracellular GluA2 retention had different functional consequences in

mutant PrP neurons. This emerged clearly from electrophysiological analyses of primary hip-

pocampal neurons from CJD and FFI mice. Only the former presented excitatory miniature

events with lower frequency and larger amplitude, in line with reduced surface AMPAR den-

sity and increased single-channel conductance due to lack of GluA2 [43]. CJD but not FFI neu-

rons were impaired in synaptic scaling in response to TTX, a homeostatic plasticity process

that requires plasma membrane insertion of GluA2-containing AMPARs [29,44,45]. Finally,

CJD neurons had a lower rectification index than WT and FFI cells, a finding directly attribut-

able to the low synaptic content of GluA2 [29,31].

Consistent with expression of GluA2-lacking, calcium-permeable AMPARs, CJD and PG14

neurons had a bigger calcium rise in response to AMPA. Considering that excessive activity-

dependent calcium influx may result in excitotoxicity [46–48], this suggested that increased

AMPAR-mediated excitation might contribute to cell death. Our tests in primary neurons and

Fig 6. PG14 PrP alters AMPA receptor subunit composition and calcium permeability in primary CGNs and

transfected hippocampal cells. (A) Rectification index (IAMPA+50/IAMPA-70) and (B) representative traces obtained by

whole-cell patch-clamp experiments in WT and PG14 cultured cerebellar granule cells. I-70mV/I+50mV: WT 18, PG14 21.
��p<0.01 by Mann-Whitney test. Rectification index recorded from cerebellar granule (C) or Purkinje (D) cells in acute

brain slices. I-70mV/I+50mV granule cells: WT 8 cells from 3 mice; PG14 11 cells from 4 mice. I-70mV/I+50mV Purkinje cells:

WT 4 cells from 3 mice; PG14 4 cells from 3 mice. � p<0.05 by Unpaired T-test. (E) Rectification index (IAMPA+50/

IAMPA-70) in hippocampal neurons transfected with the pBud-CE4.1 vector expressing only GFP (CT), or also expressing

WT or PG14 PrP. CT 18, WT 9, PG14 16 cells. Kruskal-Wallis test followed by Dunn’s multiple comparison test:
�p< 0.05; ��p< 0.01. (F) Confocal images showing primary hippocampal neurons from C57BL/6J mice transfected with

a bigenic plasmid that drives efficient PrP and GFP expression. Scale bar 10 μm. (G) Analysis of calcium peaks and (H)

representative traces of calcium response to AMPA (30 μM) in WT and PG14 cerebellar granule neurons. Six fields

(102–123 responding cells) for each condition. ��p< 0.01 by Mann-Whitney test. Bar graphs show mean ± SEM of at

least of three independent experiments.

https://doi.org/10.1371/journal.ppat.1008654.g006
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Fig 7. PG14 CGNs are hypersensitive to glutamate- and AMPA- but not NMDA-induced excitotoxicity. CGNs

from WT and PG14 mice were treated with glutamate (A), AMPA (B) or NMDA (C) at the concentrations indicated.

After 24h cell death was quantified by LDH assay, and expressed as a percentage of the values for cells treated with the

vehicle. Data are the mean ± SEM of 6–11 replicates from three independent experiments; �p< 0.05, ��p< 0.01,
����p< 0.0001 by two-way ANOVA, Bonferroni’s post-hoc test.

https://doi.org/10.1371/journal.ppat.1008654.g007
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organotypic cerebellar slices from CJD and PG14 mice supported this, showing enhanced vul-

nerability to glutamate and AMPA, and rescue by IEM-1460 or CNQX. Importantly, NMDA

toxicity towards PG14 CGNs was not enhanced, indicating that they were not generally more

sensitive to toxic insults. It will now be important to test whether AMPAR antagonists prevent

neuronal death and relieve neurological illness in the mutant mice. Perampanel, a non-com-

petitive AMPAR antagonist already used in humans to treat seizures, would be a good candi-

date to test.

Fig 8. Cultured organotypic cerebellar slices from Tg(PG14) mice show increased vulnerability to AMPA toxicity. (A) Organotypic cerebellar slices from WT and

PG14 mice were cultured for 15 days before exposure to 50 μM AMPA, 25 μM CNQX, or AMPA and CNQX, for 24h. Scale bar 500 μm. (B) The PI-positive cells were

counted after 24h and expressed as the–fold change from vehicle-treated cells (CT). Data are the mean ± SEM of 9–24 cerebellar slices from three independent

experiments. ��p< 0.01 and vs. PG14 CT; #p< 0.05 vs. PG14 AMPA by two-way ANOVA, Tukey’s post-hoc test.

https://doi.org/10.1371/journal.ppat.1008654.g008
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AMPAR-mediated excitotoxicity may contribute to selective neurodegeneration in other

inherited neurodegenerative disorders, such familial amyotrophic lateral sclerosis linked to

C9ORF72 repeat expansion, in which GluA1 expression increases specifically in motor neu-

rons [49]. In some other genetic neurodegenerative conditions, such as Niemann-Pick disease

type C1, an increase in calcium-impermeable AMPARs due to GluA2 up-regulation may

instead play a role [50].

Dendritic spine alterations in mutant PrP neurons

Both FFI and CJD neurons present structural alterations of the excitatory synapses, with lower

dendritic spine density and less co-localization between pre- and post-synaptic markers. Spine

pathology is an early manifestation of prion infection attributable to a toxic effect of PrPSc

mediated by endogenous PrP but independent of prion replication [16–18,51]. Our data indi-

cate that synaptic alterations also occur in models of genetic prion disease in which neuronal

pathology is caused by abnormal forms of PrP structurally distinct from PrPSc [11,36,52,53].

These findings support the central role of synaptic pathology in prion disease which is most

likely attributable to cell-autonomous mechanisms triggered by misfolding of endogenous PrP

[3].

AMPA receptor trafficking has been proposed as one of the primary driving forces in spine

morphogenesis [54], with the N-terminal domain of GluA2 a direct modulator of spine growth

[55]. Intracellular retention of GluA2 may therefore explain, at least in part, the low spine

numbers in mutant PrP neurons. PrP mediates Aβ oligomer-induced dendritic spine degener-

ation via a signaling cascade involving the metabotropic glutamate receptor mGluR5 and the

kinase Fyn [56]. However, this signaling does not appear to contribute to PrPSc-induced den-

dritic spine degeneration which, rather, requires AMPA and NMDA receptor activation and

p38 mitogen-activated protein kinase (MAPK) signaling [17]. It will be interesting to see

whether p38 MAPK is activated in neurons expressing mutant PrP and inhibitors of this sig-

naling rescue the dendritic spine alterations, like in neurons exposed to PrPSc [17].

Surprisingly, the reduction in the number of dendritic spines and in co-localization

between pre- and post-synaptic compartments does not appear to have any important effect

on basal excitatory neurotransmission in FFI neurons. This suggests that structural synaptic

alterations are not always paralleled by functional impairment, and further points to the spe-

cific defect of AMPARs as the main phenotypic driver. However, GluA2 retention is likely to

be just one of the pathological events at mutant PrP synapses, and other mechanisms may be

responsible for FFI neuropathology. PrP in fact has a wide interactome that includes several

other synaptic proteins [57]. Intracellular accumulation of FFI PrP may lead to functional per-

turbation of synaptic proteins that are preferentially expressed in certain neurons of the brain.

While our study employed hippocampal neurons as a well-established model of synaptic plas-

ticity and function, FFI primarily affects neurons in the thalamus and inferior olives, and it is

possible that FFI-specific phenotypes may become overt only in these neuronal cells.

In conclusion, our study indicates a key role of intracellular PrP misfolding and alterations

of AMPAR trafficking in synaptotoxicity and neuronal cell death. It is now important to iden-

tify other molecules whose transport is disrupted by the different mutants, and if they contrib-

ute to selective neurotoxicity. These important challenges will not only cast light on the

physiopathology of genetic prion diseases but also help point the way to devising targeted ther-

apeutic approaches for these devastating disorders.
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Materials and methods

Ethic statement

Procedures involving animals and their care were conducted in conformity with the institu-

tional guidelines at the Istituto di Ricerche Farmacologiche Mario Negri IRCCS in compliance

with national (D.lgs 26/2014; Authorization no. 19/2008-A issued March 6, 2008 by Ministry

of Health) and international laws and policies (EEC Council Directive 2010/63/UE; the NIH

Guide for the Care and Use of Laboratory Animals, 2011 edition). They were reviewed and

approved by the Mario Negri Institute Animal Care and Use Committee, which includes ad

hoc members for ethical issues, and by the Italian Ministry of Health (Decreto no. 321/

2015-PR and 212/2016-PR). Animal facilities meet international standards and are regularly

checked by a certified veterinarian who is responsible for health monitoring, animal welfare

supervision, experimental protocols and review of procedures.

Mice

The production of transgenic mice expressing wild-type, PG14, D177N/V128 and D177N/

V128 mouse PrPs has already been reported [11,12,14]. In this study, we used transgenic mice

of the Tg(WT-E1+/+) line, which express about four times (4X) the endogenous PrP level, Tg

(PG14-A3+/-) expressing transgenic PrP at ~1X, Tg(CJD-A66+/-) and Tg(FFI-26+/-) expressing

PrP at ~2X. These mice were originally generated on a C57BL/6J X CBA/J hybrid and were

then bred with the Zurich I line of Prnp0/0 mice [58] with a pure C57BL/6J background (Euro-

pean Mouse Mutant Archive, Monterotondo, Rome, Italy; EM:01723). C57BL/6J mice were

purchased from Charles River Laboratories.

Cells

Primary hippocampal neurons were obtained from 2-4-day-old pups, as described [59]. Ani-

mals were euthanized, and hippocampi were isolated under a surgical stereomicroscope. Tis-

sues were digested with papain (200 U/ml) in CNDM medium (5.8 mM MgCl2, 0.5 mM

CaCl2, 3.2 mM HEPES, 0.2 mM NaOH, 30 mM K2SO4 and 90 mM Na2SO4. pH 7.4, 292

mOsm) supplemented with 0.4% glucose for 30 min at 34˚C. Enzymatic activity was blocked

with trypsin inhibitors (10 μg/ml, Sigma) in CNDM plus 0.4% glucose for 45 min at room tem-

perature (RT), and the tissue was mechanically dissociated in minimal essential medium α
(MEM; Invitrogen) supplemented with 10% fetal bovine serum (FBS) (HyperClone) and 0.4%

glucose; 0.5 x 105 cells per cm2 were plated on poly-L-lysine-coated (0.1 mg/ml) coverslips in

the same medium with penicillin/streptomycin (PenStrep, Lonza, 100U/ml). After attachment,

the culture medium was switched to Neurobasal-A (Invitrogen) supplemented with 2% B27

(Invitrogen), 200 mM glutamine and 100U/ml PenStrep. The medium was changed after 7

days in culture.

Primary cerebellar granule neurons were prepared from six-day-old mice. Briefly, cerebella

were dissected, sliced into*1-mm pieces and incubated in Hank’s balanced salt solution

(HBSS, Gibco) containing 0.3 mg/ml trypsin (Sigma) at 37˚C for 15 min. Trypsin inhibitor

(Sigma) was added to a final concentration of 0.5 mg/ml and the tissue was mechanically disso-

ciated by passing through a flame-polished Pasteur pipette. Cells were plated at 350–400,000

cells/cm2 on poly-L-lysine (0.1 mg/ml)-coated plates. Cells were maintained in Basal Medium

Eagle (Gibco) supplemented with 10% dialyzed FBS (Sigma), penicillin/streptomycin and 25

mM KCl, at 37˚C in 5% CO2/95% air.

HeLa cells were grown in a 1:1 mixture of Dulbecco’s modified Eagle’s medium (DMEM)

and MEM, supplemented with Glutamax (Invitrogen), 10% FBS, non-essential aminoacids
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(Sigma Aldrich), 100 U/ml penicillin and 100 μg/ml streptomycin (Gibco), and maintained at

37˚C in 5% CO2/95% air.

DNA constructs and transfection

pRK expression plasmids encoding the AMPAR subunit myc-GFP-GluR4 (flip) and GluR2

(R607, flop) were provided by Yael Stern-Bach (The Hebrew University of Jerusalem, Israel).

A pCDNA3 plasmid encoding GluA2 (R, flop) long C-term was kindly provided by Peter See-

burg (Max-Planck Institute for Neurological Research, Heidelberg, Germany). pCDNA3.1(+)

expression plasmids encoding 3F4-tagged mouse PrP, or PrP constructs containing a mono-

merized version of EGFP inserted after codon 34 of 3F4-tagged mouse PrP have been

described [38].

HeLa cells were transfected using the FuGENE HD Transfection Reagent (Promega),

according to the manufacturer’s directions and analyzed 48h later. Hippocampal neurons were

transfected at days in vitro (DIV) 11–13 with Lipofectamine 2000 (Invitrogen) according to

the manufacturer’s directions. For dendritic spine analysis neurons were transfected with

pEGFP-C1 (Clontech). For analysis of the rectification index upon acute PrP expression cells

were transfected with the bigenic pBud-CE4.1 vector (Invitrogen) in which the GFP cDNA

had been inserted downstream of the EF-1α promoter, and the cDNA encoding moPrP WT or

PG14 downstream of the CMV promoter between the HindIII and XbaI restriction sites [5].

The pBud-CE4.1 vector expressing only GFP was used as control.

Immunofluorecence

Neurons were fixed in 4% paraformaldehyde (PFA) and 4% sucrose in phosphate buffered

saline (PBS) for 8 min, and HeLa cells were fixed with 4% PFA in 200 mM Hepes/NaOH pH

7.4 for 10 min. The following antibodies were used: guinea pig polyclonal anti-Bassoon (Syn-

aptic System 141004, 1:300), rabbit polyclonal anti-shank 2 (Synaptic System 162202, 1:500),

rabbit polyclonal anti-βIII-tubulin (Sigma T2200, 1:200), rabbit polyclonal anti-GluA2 (Synap-

tic System 182103, 1:500), mouse monoclonal anti-GluA2 (Millipore MAB397, 1:200) and

mouse monoclonal anti-PrP antibodies 3F4 (1:500) [60] and 98A3 (Wageningen University &

Research, 1:500). Secondary antibodies were conjugated with Alexa-488, Alexa-555, or Alexa-

633 fluorophores (Invitrogen).

For staining surface AMPARs, live neurons were incubated with a mouse monoclonal anti-

body directed against the extracellular portion of the receptors (anti-GluA 182411, Synaptic

System, 1:100) dissolved in Krebs-Ringers-Henseleit solution (KRH, see below) for 5 min at

37˚C and washed three times with fresh KRH. Cells were then fixed and stained as above.

Images were acquired using an Olympus FV1000 confocal microscope. For dendritic spines

analysis images of proximal dendrites were acquired with a 60X oil immersion objective using

a scan format of 1024x1024 pixels. Each image consisted of a stack of images taken through the

z-plane of the cell. Spines were manually classified with the NeuronStudio software [61], and

density was calculated as number of spines/μm.

Synaptic markers were analyzed on single-plane images using ImageJ software (National

Institutes of Health, USA). Pixel size was 115 x 115 nm. The minimum puncta size was 3 pixels

(0.034 μm2). Co-localization of two selected markers was measured using the Boolean function

“and” for the selected channels. The resulting image was binarized and used as a co-localiza-

tion mask to be subtracted from single channels. The numbers of puncta resulting from the

co-localization mask subtraction were calculated for each marker. A co-localization fraction

was set as the number of co-localizing puncta/total Bassoon puncta.
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Surface AMPAR density was analyzed on clusters lying along dendritic branches. Density

was calculated as the number of puncta/μm. The fluorescent density of PrP-EGFP and GluA2

on the cell surface of HeLa cells was measured with ImageJ software (National Institutes of

Health, USA) and corrected for background. Corrected Integrated Density (IntDen)

fluorescence = IntDen–[Area of the region of interest (ROI) X Mean fluorescence of 4 back-

ground readings)]. The Pearson’s correlation coefficient and Mander’s co-localization coeffi-

cients (M1 and M2) were calculated in selected plasma membrane ROIs using the JACoP

plug-in (ImageJ, National Institutes of Health, USA).

For immunofluorescence of mouse cerebellar sections, brains were removed and fixed in

ice-cold 4% PFA in PBS for 1h and 30 min, cryoprotected, and frozen at -80˚C. Sections

(30 μm thick) were cut using a Leica cryostat and incubated at 80˚C for 20 min in 10 mM

sodium citrate buffer, pH 6.0, for antigen retrieval. After washing in PBS, sections were incu-

bated for 2h in 10% normal goat serum, 1% Triton X-100 in PBS. They were then co-incubated

with rabbit polyclonal anti-GluA2 antibody (Synaptic System 182103, 1:200) or rabbit poly-

clonal anti-GluA4 antibody (Alomone AGC-019, 1:200) and guinea pig polyclonal anti-

VGLUT1 antibody (Synaptic System 135304, 1:1000) for 72h at 4˚C. After washing with PBS,

sections were incubated with biotinylated goat anti-rabbit IgG antibody (Vector, 1:200) and

visualized with Alexa Fluor 647 Streptavidin (Molecular Probes Inc., 1:500) and anti-guinea

pig Alexa Fluor-conjugated 488-secondary antibody (Molecular Probes Inc., 1:500) in blocking

solution for 2h at RT. Immunostained sections were mounted with ProLong Gold antifade

reagent (Invitrogen). Images were acquired at 60X with a Zeiss LSM 800 Confocal Laser Scan-

ning Microscope, using the sequential Z-stack acquisition mode and analyzed with NIH Ima-

geJ software. The region of interest (ROI) was drawn manually around the glomerulus based

on VGLUT1 signal, and for each glomerulus the areas occupied by GluA2, GluA4 and

VGLUT1 signal were measured using the ImageJ software (National Institutes of Health,

USA).

Co-immunoprecipitation

Brain tissue was homogenized in ice-cold co-IP buffer (75 mM NaCl, 1% IGEPAL and prote-

ase inhibitor mixture (Sigma), 50 mM Tris-HCl, pH 7.4); 500 μg of protein were diluted in 1

ml of co-IP buffer and passaged five times through a 23-gauge needle. After incubation at 4˚C

for 30 min on a rotating wheel, the samples were centrifuged at 1000 x g for 3 min to remove

non-soluble material. The supernatant was incubated for 1h at room temperature with 20 μl of

anti-mouse IgG-conjugated Dynabeads, and then overnight at 4˚C with 25 μl/ml of anti-

mouse IgG-conjugated Dynabeads coated with the primary antibody anti-PrP 94B4 (Wagen-

ingen University & Research) [the primary antibody (1.5 μg) was incubated with 25 μl of anti-

mouse IgG-conjugated Dynabeads for 2h at RT in PBS plus 0.1% immunoglobulin-free BSA

(Sigma)]. After three washes with 150 mM NaCl, 0.5% IGEPAL, 50 mM Tris-Cl, pH 7.4,

immunoprecipitated proteins were eluted in 20 μl DTT-containing Laemmli sample buffer,

resolved by standard 7.5% SDS-PAGE and transferred to polyvinylidene fluoride membranes

(Immobilon-p, Millipore). Blots were incubated with the antibodies indicated and developed

using the ECL system (Illuminata, Millipore). The following antibodies were used: rabbit poly-

clonal anti-GluA1 (Millipore AB1504, 1:1000), rabbit polyclonal anti-GluA2 (Synaptic System

182103, 1:1000), rabbit polyclonal anti-GluA4 (Alomone AGC-019, 1:200), rabbit polyclonal

anti-PrP P45-66 (1:2500) [62]. Peroxidase-conjugated secondary antibodies (Santa Cruz) were

used at a dilution of 1:5000.
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Electrophysiology

Cell culture recordings. Voltage-clamp whole-cell recordings were obtained from cultured neu-

rons on DIV 13–16 under visual guidance using fluorescence and transmitted light illumina-

tion. The extracellular solution (KRH) contained 125 mM NaCl, 5 mM KCl, 1.2 mM MgSO4,

1.2 mM KH2PO4, 25 mM HEPES sodium salt, 2 mM CaCl2 and 6 mM glucose. For standard

miniature excitatory postsynaptic currents (mEPSCs) recordings, patch pipettes (2.5–4.5 MO

resistance) made of borosilicate glass were filled with a potassium gluconate-based solution

containing 10 mM KCl, 2 mM MgCl2, 10 mM HEPES sodium salt, 130 mM potassium gluco-

nate, 1 mM ethylene glycol tetraacetic acid (EGTA), 4 mM Mg-ATP and 0.3 mM Tris-GTP.

For rectification index experiments a cesium gluconate-based solution was used, containing

130 mM CsOH, 8 mM CsCl, 2 mM NaCl, 10 mM HEPES sodium salt, 4 mM EGTA, 4 mM

Mg-ATP and 0.3 mM Tris-GTP and 120 μM spermine. Synaptic AMPA receptor-mediated

currents were measured by holding neurons at a membrane potential of -70 mV with 1 μM

TTX (Tocris), 20 μM bicuculline (Tocris) and 20 μM AP5 (Tocris).

Rectification experiments were carried out in extracellular solution containing 10 nM TTX,

20 μM bicuculline and 100 μM AP5. AMPAR-mediated responses were first recorded at -70

mV and then at +50 mV. Cells were recorded at RT in voltage clamp mode using an Axopatch

200b amplifier (Molecular devices) and pClamp-10 software (Axon Instruments). Series resis-

tance ranged from 5 to 20 MΩ and was monitored for consistency during recordings. Cells

with leak currents >200 pA, Vm> -40 mV and mEPSCs frequency< 0.2 Hz were excluded

from the analysis. Signals were amplified, sampled at 10 kHz and filtered to 4 KHz, and

acquired using the pClamp 10 data acquisition program. Clampfit-10.6 software was used for

analysis. Traces were low-pass filtered at 1 KHz. mEPSCs were selected through a template-

based analysis and amplitude and frequency were automatically calculated.

Slice recordings. To obtain acute cerebellar slices, PG14 and WT mice aged 28–30 days were

deeply anesthetized and decapitated. Brains were removed and placed in ice-cold solution.

The Krebs solution for slice cutting, recovery and recording contained: 120 mM NaCl, 2 mM

KCl, 1.2 mM MgSO4, 26 mM NaHCO3, 1.2 mM KH2PO4, 2 CaCl2, 11 mM glucose. This

solution was equilibrated with 95% O2-5% CO2 (pH 7.4). The cerebellar vermis was isolated,

glued to the stage of a vibroslicer (VT1000S Leica), rapidly immersed in ice-cold oxygenated

Krebs solution and 200-300-μm-thick slices were cut in the parasagittal plane. The slices were

maintained at room temperature before being transferred to a 1.5-ml recording chamber

mounted on the stage of a BX51WI upright microscope (Olympus) equipped with a water

immersion differential interference contrast objective and an infrared camera (XM10r

Olympus).

Granule cells in the internal granular layer and Purkinje cells were voltage clamped with a

Multiclamp 700B patch-clamp amplifier (Molecular Devices, Union City, CA) at RT. Patch

pipettes were pulled from borosilicate glass capillaries (VWR) and had 8–12 MO resistance

before seal formation. Pipettes contained: 135 mM CsGluconate, 1 mM EGTA, 10 mM

HEPES, 2 mM MgCl2, 4 mM MgATP, and 0.3 mM Tris-GTP, (pH 7.4). Rectification experi-

ments were carried out in extracellular solution containing 10 nM TTX, 20 μM bicuculline

and 100 μM AP5. AMPAR-mediated responses were first recorded at -70 mV and then at +50

mV. Synaptic currents were low-pass filtered at 2 kHz, sampled at 10 kHz and analyzed with

pClamp/Digidata 1440A (Molecular Devices). Clampfit-10.6 software was used for analysis.

Calcium imaging

Hippocampal neurons on 13–16 DIV were loaded with 10 mM Oregon Green 488 BAPTA-1

AM (Molecular Probes) in culture medium for 45 min at 37˚C, washed in KRH and
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transferred to the recording chamber of an IX-71 inverted microscope (Olympus, Hamburg,

Germany) equipped with an EMCCD (electron-multiplying CCD) camera (Quantem

512 × 512, Photometrics). A light-emitting diode single LED (Cairn Research Optoled; 470

nm) and a related GFP filter were used for illumination; 16-bit images were captured with a

20X objective (NA: 0.8). ROIs of about 15-pixel diameter (corresponding to ~12 μm) were

drawn on the cell cytoplasm of virtually all the cells in the recorded field. Time-lapse recording

of calcium dynamics was done at an acquisition rate of 5 Hz for 600 sec and analyzed off-line

with the MetaFluor software (Molecular Devices). Cerebellar granule neurons were loaded

with 5 μM Fura-2 pentacetoxymethylester (Life Technologies) and recorded with an inverted

microscope (Axiovert 100; Zeiss, Oberkochen, Germany) equipped with a Polychrome IV

(TILL Photonics, Germany). After excitation at 340 and 380 nm, the emitted light was

acquired in selected ROI corresponding to neuronal somata at 505 nm at 1–2 Hz. The expo-

sure time was 10 msec for 340 nm and 20 msec for 380 nm. A constant value corresponding to

the emitted light at 340 nm excitation in the empty area of the coverslip was subtracted as

background. After a period for baseline acquisition, neurons were stimulated with 30 μM

AMPA (Tocris) for 30 sec with 1 μM TTX, 100 μM Cd2+, 100 μM AP5 and 20 μM nifedipine

(Tocris). Calcium responses were measured as ΔF(Fmax− F0) in relation to the baseline (F0). A

total of 10–15 neurons were analyzed for each field.

Organotypic cerebellar slices

Cerebella were dissected from 9-10-day-old mice and transferred to a container with liquid

agarose [2% low-melting point agarose in Geys Balanced Salt Solution with 33.33 mM glucose

and 1 mM kynurenic acid (GBSSK)]. After cooling on ice, the agarose blocks were glued onto

the vibratome disc, which was then placed in ice-cold GBSSK in the buffer reservoir of the

vibratome (VT 1000S Leica). Several 350 μm sagittal slices were cut at low frequency (setting

6–7) and speed (setting 5–6). Slices were collected in a Petri dish containing ice-cold GBSSK

and released from the agarose under a stereomicroscope using fine forceps. All subsequent

steps were carried out under sterile conditions in a cell culture hood. Three to four slices were

placed in a Millicell Cell Culture Insert (Millipore) in a six-well cell culture plate. Wells con-

tained 1 ml of slice culture medium consisting of 50% MEM (Invitrogen), 22.5% HBSS, 25%

horse serum (heat-inactivated; Gibco/Life Technologies), 50 U/ml penicillin, 50 μg/ml strepto-

mycin (Invitrogen), 0.6% glucose, and 2 mM GlutaMax (Invitrogen). Slice cultures were kept

under standard cell culture conditions (37˚C, 5% CO2/95% air) in a humidified atmosphere.

The culture medium was changed every other day.

Slice cultures were exposed to 50 μM AMPA on DIV 15 with or without 25 μM CNQX.

After 24h slices were incubated with 2 μM PI in culture medium for 30 min in a cell culture

incubator. Slices were examined with an Olympus BX-61 Virtual Stage microscope, interfaced

with VS-ASW-FL software (Olympus), using a 4X objective. Positive nuclei were counted with

the same settings for brightness and diameter for each image, using ImageJ software (National

Institutes of Health, USA).

Immunoelectron microscopy

Immunoelectron microscopy of PrP in cultured cerebellar granule neurons, quantification of

gold particles in the different compartments of the secretory pathway, and analysis of total cell,

ER and Golgi volumes, were all done as described [14].

PLOS PATHOGENS Mutant PrP impairs GluA2 trafficking

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008654 July 16, 2020 21 / 26

https://doi.org/10.1371/journal.ppat.1008654


Statistical analysis

Results were statistically analyzed using Excel (Microsoft) or Prism 7 (GraphPad, Software

Inc.). After testing data for normal distribution with the Kolmogorov-Smirnov test, the appro-

priate statistical tests were used (see Fig legends). Data are presented as mean ± standard error

of the mean (SEM) of the number of elements analyzed. P< 0.05 was considered statistically

significant.

Supporting information

S1 Data. Excel spreadsheet containing, in separate sheets, the underlying numerical data

for Figure panels 1C, 1D, 1F, 1G, 1I, 1J, 1K, 2C, 2D, 3A, 3B, 3C, 3D, 3E, 3F, 3G, 3I, 3J, 4B,

4C, 5B, 5D, 5F, 5G, 5I, 5K, 6A, 6C, 6D, 6E, 6G, 7A, 7B, 7C and 8B.

(XLSX)

S1 Fig. Colocalization of PrP and GluA2 on the plasma membrane of transfected HeLa

cells. (A) Representative confocal images of HeLa cells co-transfected with plasmids encoding

WT PrP-EGFP and GluA2 showing PrP (green) and GluA2 (red) fluorescence on the plasma

membrane. The dotted white square region is magnified and shown in the inset. Scale bar 10

μm. (B) Summary of Pearson’s correlation coefficient and Mander’s coefficient values (M1 and

M2). M1: PrP fraction that co-localizes with GluA2; M2: GluA2 fraction that co-localizes with

PrP. Data are the mean ± SEM of 28 cells from six independent experiments. Pearson’s, 0.80

±0.02; M1, 0.53±0.03; M2, 0.58±0.03.

(TIF)

S2 Fig. IEM-1460 reduces AMPA-induced mortality in CJD neurons. Hippocampal cultures

from WT (A), FFI (B) and CJD (C) mice were treated with 300 μM AMPA or 300 μM AMPA

and 50 μM IEM-1460. After 24h cells were incubated with Hoechst 33258 (10 μg/ml) and pro-

pidium iodide (PI; 2 μg/ml) for 30 min and mortality was calculated as PI/Hoechst 33258 posi-

tive nuclei. Data are the mean ± SEM of 8–12 replicates from three to four independent

experiments. WT AMPA, 1.00±0.09; WT AMPA-IEM, 1.06±0.13; FFI AMPA, 1.00±0.11; FFI

AMPA-IEM, 0.89±0.15; CJD AMPA, 1.00±0.06; CJD AMPA-IEM, 0.68±0.10. �p < 0.05, two-

tailed unpaired t-test.

(TIF)

S3 Fig. PG14 PrP accumulates in the endoplasmic reticulum of cerebellar granule neurons.

Cultures of cerebellar granule neurons from Tg(WT) and Tg(PG14) mice were fixed and

labeled with anti-PrP monoclonal antibody 12B2 using the gold-enhance protocol. (A) WT

PrP is mostly found at the plasma membrane (arrows); some staining is also seen in endo-

somes (arrowheads). (B) PG14 PrP is mostly in the ER (arrows), whose cisternae appear

enlarged and electron-dense. Scale bar 250 nm. (C) Quantification of gold particles in different

cell compartments. PM, plasma membrane. Data are the mean ± SD of at least 10 cells per

specimen. WT (ER, 2.33±0.26; Golgi, 2.87±0.27; PM, 86.20±1.85; Endosomes, 8.58±1.83);

PG14 (ER, 62.46±7.54; Golgi, 14.94±8.88; PM, 20.56±4.17; Endosomes, 2.01±0.35). (D) Quan-

tification of ER and Golgi volumes of cultured cerebellar granule neurons. Data are the

mean ± SD of at least 10 cells per specimen. WT (ER, 5.73±1.90; Golgi, 1.53±0.40); PG14 (ER,

13.52±2.21; Golgi, 2.82±1. 75). Data for Tg(WT) neurons in C and D are from [14].

(TIF)

S4 Fig. Cerebellar granule neurons express basal levels of GluA2-lacking, calcium perme-

able AMPA receptors. (A) Analysis of calcium peaks and (B) representative traces. Cerebellar

granule neurons form WT mice cultured for 8 days in high-K+ medium, were loaded with the
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calcium-sensitive dye Fura-2, then recorded by single cell calcium imaging in the presence of

1 μM TTX, 100 μM Cd2+, 100 μM AP5 and 20 μM nifedipine after exposure to 30 μM AMPA

for 30 seconds. After AMPA wash-out 50 μM IEM-1460 was added, neurons allowed to

recover for five minutes and stimulated with AMPA again. Data are the mean ± SEM of 25

cells from three fields. AMPA, 0.39±0.05; AMPA+IEM, 0.12±0.02; ����p< 0.0001 by two-

tailed, Wilcoxon matched-pairs signed rank test.

(TIF)

S5 Fig. AMPA induces apoptosis in cerebellar granule neurons. (A) Cultures of cerebellar

granule neurons from C57BL/6J mice were exposed to 300 μM AMPA for 24h. Cells were

fixed and subjected to TUNEL staining (DeadEnd Fluorometric TUNEL System, Promega),

then reacted with Hoechst 33258 to stain cell nuclei. Scale bar 100 μm. (B) TUNEL-positive

cells were counted and expressed as percentages of the total cells identified with Hoechst

33258. CT, 0.67%; AMPA, 7.99%.

(TIF)

Acknowledgments

We thank Yael Stern-Bach and Peter Seeburg for plasmids encoding the AMPAR subunits.

We also acknowledge the valuable help of Roman S. Polishchuk of the Telethon Microscopy

and Bio-Imaging Facility for immunogold staining of cultured neurons.

Author Contributions

Conceptualization: Michela Matteoli, Roberto Chiesa.

Funding acquisition: Michela Matteoli, Roberto Chiesa.

Investigation: Elsa Ghirardini, Elena Restelli, Raffaella Morini, Ilaria Bertani, Davide Ortolan,

Fabio Perrucci, Davide Pozzi.

Supervision: Michela Matteoli, Roberto Chiesa.

Writing – original draft: Elsa Ghirardini, Roberto Chiesa.

Writing – review & editing: Elena Restelli, Michela Matteoli, Roberto Chiesa.

References
1. Kim M-O, Takada LT, Wong K, Forner SA, Geschwind MD. Genetic PrP prion diseases. Cold Spring

Harb Perspect Biol. 2018; 10. https://doi.org/10.1101/cshperspect.a033134 PMID: 28778873

2. Monari L, Chen SG, Brown P, Parchi P, Petersen RB, Mikol J, et al. Fatal familial insomnia and familial

Creutzfeldt-Jakob disease: different prion proteins determined by a DNA polymorphism. Proc Natl Acad

Sci U S A. 1994; 91: 2839–42. https://doi.org/10.1073/pnas.91.7.2839 PMID: 7908444

3. Senatore A, Restelli E, Chiesa R. Synaptic dysfunction in prion diseases: a trafficking problem? Int J

Cell Biol. 2013; 2013: 543803. https://doi.org/10.1155/2013/543803 PMID: 24369467

4. Steinert JR. Prion protein as a mediator of synaptic transmission. Commun Integr Biol. 2015; 8:

e1063753. https://doi.org/10.1080/19420889.2015.1063753 PMID: 26478992

5. Senatore A, Colleoni S, Verderio C, Restelli E, Morini R, Condliffe SB, et al. Mutant PrP suppresses glu-

tamatergic neurotransmission in cerebellar granule neurons by impairing membrane delivery of VGCC

alpha(2)delta-1 subunit. Neuron. 2012; 74: 300–13. https://doi.org/10.1016/j.neuron.2012.02.027

PMID: 22542184

6. Kleene R, Loers G, Langer J, Frobert Y, Buck F, Schachner M. Prion protein regulates glutamate-

dependent lactate transport of astrocytes. J Neurosci. 2007; 27: 12331–40. https://doi.org/10.1523/

JNEUROSCI.1358-07.2007 PMID: 17989297

PLOS PATHOGENS Mutant PrP impairs GluA2 trafficking

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008654 July 16, 2020 23 / 26

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1008654.s006
https://doi.org/10.1101/cshperspect.a033134
http://www.ncbi.nlm.nih.gov/pubmed/28778873
https://doi.org/10.1073/pnas.91.7.2839
http://www.ncbi.nlm.nih.gov/pubmed/7908444
https://doi.org/10.1155/2013/543803
http://www.ncbi.nlm.nih.gov/pubmed/24369467
https://doi.org/10.1080/19420889.2015.1063753
http://www.ncbi.nlm.nih.gov/pubmed/26478992
https://doi.org/10.1016/j.neuron.2012.02.027
http://www.ncbi.nlm.nih.gov/pubmed/22542184
https://doi.org/10.1523/JNEUROSCI.1358-07.2007
https://doi.org/10.1523/JNEUROSCI.1358-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17989297
https://doi.org/10.1371/journal.ppat.1008654


7. Watt NT, Taylor DR, Kerrigan TL, Griffiths HH, Rushworth JV, Whitehouse IJ, et al. Prion protein facili-

tates uptake of zinc into neuronal cells. Nat Commun. 2012; 3: 1134. https://doi.org/10.1038/

ncomms2135 PMID: 23072804

8. Greger IH, Khatri L, Kong X, Ziff EB. AMPA receptor tetramerization is mediated by Q/R editing. Neu-

ron. 2003; 40: 763–774. https://doi.org/10.1016/s0896-6273(03)00668-8 PMID: 14622580

9. Swanson GT, Kamboj SK, Cull-Candy SG. Single-channel properties of recombinant AMPA receptors

depend on RNA editing, splice variation, and subunit composition. J Neurosci. 1997; 17: 58–69. https://

doi.org/10.1523/JNEUROSCI.17-01-00058.1997 PMID: 8987736

10. Chater TE, Goda Y. The role of AMPA receptors in postsynaptic mechanisms of synaptic plasticity.

Front Cell Neurosci. 2014; 8: 401. https://doi.org/10.3389/fncel.2014.00401 PMID: 25505875

11. Bouybayoune I, Mantovani S, Del Gallo F, Bertani I, Restelli E, Comerio L, et al. Transgenic fatal familial

insomnia mice indicate prion infectivity-independent mechanisms of pathogenesis and phenotypic

expression of disease. PLoS Pathog. 2015; 11: e1004796. https://doi.org/10.1371/journal.ppat.

1004796 PMID: 25880443

12. Chiesa R, Piccardo P, Ghetti B, Harris DA. Neurological illness in transgenic mice expressing a prion

protein with an insertional mutation. Neuron. 1998; 21: 1339–51. https://doi.org/10.1016/s0896-6273

(00)80653-4 [pii] PMID: 9883727

13. Chiesa R, Drisaldi B, Quaglio E, Migheli A, Piccardo P, Ghetti B, et al. Accumulation of protease-resis-

tant prion protein (PrP) and apoptosis of cerebellar granule cells in transgenic mice expressing a PrP

insertional mutation. Proc Natl Acad Sci U S A. 2000; 97: 5574–9. https://doi.org/10.1073/pnas.97.10.

5574 [pii] PMID: 10805813

14. Dossena S, Imeri L, Mangieri M, Garofoli A, Ferrari L, Senatore A, et al. Mutant prion protein expression

causes motor and memory deficits and abnormal sleep patterns in a transgenic mouse model. Neuron.

2008; 60: 598–609. https://doi.org/10.1016/j.neuron.2008.09.008 PMID: 19038218

15. Campeau JL, Wu G, Bell JR, Rasmussen J, Sim VL. Early increase and late decrease of purkinje cell

dendritic spine density in prion-infected organotypic mouse cerebellar cultures. PLoS ONE. 2013; 8:

e81776. https://doi.org/10.1371/journal.pone.0081776 PMID: 24312586

16. Fang C, Imberdis T, Garza MC, Wille H, Harris DA. A neuronal culture system to detect prion synapto-

toxicity. PLoS Pathog. 2016; 12: e1005623. https://doi.org/10.1371/journal.ppat.1005623 PMID:

27227882

17. Fang C, Wu B, Le NTT, Imberdis T, Mercer RCC, Harris DA. Prions activate a p38 MAPK synaptotoxic

signaling pathway. PLoS Pathog. 2018; 14: e1007283. https://doi.org/10.1371/journal.ppat.1007283

PMID: 30235355

18. Fuhrmann M, Mitteregger G, Kretzschmar H, Herms J. Dendritic pathology in prion disease starts at the

synaptic spine. J Neurosci. 2007; 27: 6224–6233. https://doi.org/10.1523/JNEUROSCI.5062-06.2007

PMID: 17553995

19. Drisaldi B, Stewart RS, Adles C, Stewart LR, Quaglio E, Biasini E, et al. Mutant PrP is delayed in its exit

from the endoplasmic reticulum, but neither wild-type nor mutant PrP undergoes retrotranslocation prior

to proteasomal degradation. J Biol Chem. 2003; 278: 21732–43. https://doi.org/10.1074/jbc.

M213247200 PMID: 12663673

20. Ivanova L, Barmada S, Kummer T, Harris DA. Mutant prion proteins are partially retained in the endo-

plasmic reticulum. J Biol Chem. 2001; 276: 42409–21. https://doi.org/10.1074/jbc.M106928200 PMID:

11527974

21. Massignan T, Biasini E, Lauranzano E, Veglianese P, Pignataro M, Fioriti L, et al. Mutant prion protein

expression is associated with an alteration of the Rab GDP dissociation inhibitor alpha (GDI)/Rab11

pathway. Mol Cell Proteomics. 2010; 9: 611–22. https://doi.org/10.1074/mcp.M900271-MCP200 PMID:

19996123

22. Fioriti L, Dossena S, Stewart LR, Stewart RS, Harris DA, Forloni G, et al. Cytosolic prion protein (PrP) is

not toxic in N2a cells and primary neurons expressing pathogenic PrP mutations. J Biol Chem. 2005;

280: 11320–8. https://doi.org/10.1074/jbc.M412441200 PMID: 15632159

23. Gorodinsky A, Harris DA. Glycolipid-anchored proteins in neuroblastoma cells form detergent-resistant

complexes without caveolin. J Cell Biol. 1995; 129: 619–27. https://doi.org/10.1083/jcb.129.3.619

PMID: 7537273

24. Vey M, Pilkuhn S, Wille H, Nixon R, DeArmond SJ, Smart EJ, et al. Subcellular colocalization of the cel-

lular and scrapie prion proteins in caveolae-like membranous domains. Proc Natl Acad Sci USA. 1996;

93: 14945–14949. https://doi.org/10.1073/pnas.93.25.14945 PMID: 8962161

25. Hering H, Lin C-C, Sheng M. Lipid rafts in the maintenance of synapses, dendritic spines, and surface

AMPA receptor stability. J Neurosci. 2003; 23: 3262–3271. https://doi.org/10.1523/JNEUROSCI.23-08-

03262.2003 PMID: 12716933

PLOS PATHOGENS Mutant PrP impairs GluA2 trafficking

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008654 July 16, 2020 24 / 26

https://doi.org/10.1038/ncomms2135
https://doi.org/10.1038/ncomms2135
http://www.ncbi.nlm.nih.gov/pubmed/23072804
https://doi.org/10.1016/s0896-6273(03)00668-8
http://www.ncbi.nlm.nih.gov/pubmed/14622580
https://doi.org/10.1523/JNEUROSCI.17-01-00058.1997
https://doi.org/10.1523/JNEUROSCI.17-01-00058.1997
http://www.ncbi.nlm.nih.gov/pubmed/8987736
https://doi.org/10.3389/fncel.2014.00401
http://www.ncbi.nlm.nih.gov/pubmed/25505875
https://doi.org/10.1371/journal.ppat.1004796
https://doi.org/10.1371/journal.ppat.1004796
http://www.ncbi.nlm.nih.gov/pubmed/25880443
https://doi.org/10.1016/s0896-6273(00)80653-4
https://doi.org/10.1016/s0896-6273(00)80653-4
http://www.ncbi.nlm.nih.gov/pubmed/9883727
https://doi.org/10.1073/pnas.97.10.5574
https://doi.org/10.1073/pnas.97.10.5574
http://www.ncbi.nlm.nih.gov/pubmed/10805813
https://doi.org/10.1016/j.neuron.2008.09.008
http://www.ncbi.nlm.nih.gov/pubmed/19038218
https://doi.org/10.1371/journal.pone.0081776
http://www.ncbi.nlm.nih.gov/pubmed/24312586
https://doi.org/10.1371/journal.ppat.1005623
http://www.ncbi.nlm.nih.gov/pubmed/27227882
https://doi.org/10.1371/journal.ppat.1007283
http://www.ncbi.nlm.nih.gov/pubmed/30235355
https://doi.org/10.1523/JNEUROSCI.5062-06.2007
http://www.ncbi.nlm.nih.gov/pubmed/17553995
https://doi.org/10.1074/jbc.M213247200
https://doi.org/10.1074/jbc.M213247200
http://www.ncbi.nlm.nih.gov/pubmed/12663673
https://doi.org/10.1074/jbc.M106928200
http://www.ncbi.nlm.nih.gov/pubmed/11527974
https://doi.org/10.1074/mcp.M900271-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/19996123
https://doi.org/10.1074/jbc.M412441200
http://www.ncbi.nlm.nih.gov/pubmed/15632159
https://doi.org/10.1083/jcb.129.3.619
http://www.ncbi.nlm.nih.gov/pubmed/7537273
https://doi.org/10.1073/pnas.93.25.14945
http://www.ncbi.nlm.nih.gov/pubmed/8962161
https://doi.org/10.1523/JNEUROSCI.23-08-03262.2003
https://doi.org/10.1523/JNEUROSCI.23-08-03262.2003
http://www.ncbi.nlm.nih.gov/pubmed/12716933
https://doi.org/10.1371/journal.ppat.1008654


26. Hou Q, Huang Y, Amato S, Snyder SH, Huganir RL, Man H-Y. Regulation of AMPA receptor localization

in lipid rafts. Molecular and Cellular Neuroscience. 2008; 38: 213–223. https://doi.org/10.1016/j.mcn.

2008.02.010 PMID: 18411055

27. Cole AA, Dosemeci A, Reese TS. Co-segregation of AMPA receptors with G(M1) ganglioside in synap-

tosomal membrane subfractions. Biochem J. 2010; 427: 535–540. https://doi.org/10.1042/BJ20091344

PMID: 20148761

28. Turrigiano GG, Leslie KR, Desai NS, Rutherford LC, Nelson SB. Activity-dependent scaling of quantal

amplitude in neocortical neurons. Nature. 1998; 391: 892–896. https://doi.org/10.1038/36103 PMID:

9495341

29. Gainey MA, Hurvitz-Wolff JR, Lambo ME, Turrigiano GG. Synaptic scaling requires the GluR2 subunit

of the AMPA receptor. J Neurosci. 2009; 29: 6479–89. https://doi.org/10.1523/JNEUROSCI.3753-08.

2009 PMID: 19458219

30. Wierenga CJ, Ibata K, Turrigiano GG. Postsynaptic expression of homeostatic plasticity at neocortical

synapses. J Neurosci. 2005; 25: 2895–2905. https://doi.org/10.1523/JNEUROSCI.5217-04.2005

PMID: 15772349

31. Washburn MS, Numberger M, Zhang S, Dingledine R. Differential dependence on GluR2 expression of

three characteristic features of AMPA receptors. J Neurosci. 1997; 17: 9393–9406. https://doi.org/10.

1523/JNEUROSCI.17-24-09393.1997 PMID: 9390995

32. Garbelli R, Inverardi F, Medici V, Amadeo A, Verderio C, Matteoli M, et al. Heterogeneous expression

of SNAP-25 in rat and human brain. J Comp Neurol. 2008; 506: 373–386. https://doi.org/10.1002/cne.

21505 PMID: 18041776

33. Borchelt DR, Davis J, Fischer M, Lee MK, Slunt HH, Ratovitsky T, et al. A vector for expressing foreign

genes in the brains and hearts of transgenic mice. Genet Anal. 1996; 13: 159–63. https://doi.org/10.

1016/s1050-3862(96)00167-2 PMID: 9117892

34. Larm JA, Cheung NS, Beart PM. Apoptosis induced via AMPA-selective glutamate receptors in cultured

murine cortical neurons. J Neurochem. 1997; 69: 617–622. https://doi.org/10.1046/j.1471-4159.1997.

69020617.x PMID: 9231719

35. Spevacek AR, Evans EGB, Miller JL, Meyer HC, Pelton JG, Millhauser GL. Zinc drives a tertiary fold in

the prion protein with familial disease mutation sites at the interface. Structure. 2013; 21: 236–246.

https://doi.org/10.1016/j.str.2012.12.002 PMID: 23290724

36. Tapella L, Stravalaci M, Bastone A, Biasini E, Gobbi M, Chiesa R. Epitope scanning indicates structural

differences in brain-derived monomeric and aggregated mutant prion proteins related to genetic prion

diseases. Biochem J. 2013; 454: 417–25. https://doi.org/10.1042/BJ20130563 PMID: 23808898

37. Apetri AC, Vanik DL, Surewicz WK. Polymorphism at residue 129 modulates the conformational con-

version of the D178N variant of human prion protein 90–231. Biochemistry. 2005; 44: 15880–8. https://

doi.org/10.1021/bi051455+ PMID: 16313190

38. Biasini E, Tapella L, Restelli E, Pozzoli M, Massignan T, Chiesa R. The hydrophobic core region gov-

erns mutant prion protein aggregation and intracellular retention. Biochem J. 2010; 430: 477–86.

https://doi.org/10.1042/BJ20100615 PMID: 20626348

39. Daude N, Lehmann S, Harris DA. Identification of intermediate steps in the conversion of a mutant prion

protein to a scrapie-like form in cultured cells. J Biol Chem. 1997; 272: 11604–12. https://doi.org/10.

1074/jbc.272.17.11604 PMID: 9111077

40. Traynelis SF, Wollmuth LP, McBain CJ, Menniti FS, Vance KM, Ogden KK, et al. Glutamate receptor

ion channels: structure, regulation, and function. Pharmacol Rev. 2010; 62: 405–96. https://doi.org/10.

1124/pr.109.002451 PMID: 20716669

41. Sarnataro D, Campana V, Paladino S, Stornaiuolo M, Nitsch L, Zurzolo C. PrP C association with lipid

rafts in the early secretory pathway stabilizes its cellular conformation. MBoC. 2004; 15: 4031–4042.

https://doi.org/10.1091/mbc.e03-05-0271 PMID: 15229281

42. Botto L, Cunati D, Coco S, Sesana S, Bulbarelli A, Biasini E, et al. Role of lipid rafts and GM1 in the seg-

regation and processing of prion protein. PLoS One. 2014; 9: e98344. https://doi.org/10.1371/journal.

pone.0098344 PMID: 24859148

43. Isaac JT, Ashby MC, McBain CJ. The role of the GluR2 subunit in AMPA receptor function and synaptic

plasticity. Neuron. 2007; 54: 859–71. https://doi.org/10.1016/j.neuron.2007.06.001 PMID: 17582328

44. Ancona Esselmann SG, Dı́az-Alonso J, Levy JM, Bemben MA, Nicoll RA. Synaptic homeostasis

requires the membrane-proximal carboxy tail of GluA2. Proc Natl Acad Sci USA. 2017; 114: 13266–

13271. https://doi.org/10.1073/pnas.1716022114 PMID: 29180434

45. Pozo K, Goda Y. Unraveling mechanisms of homeostatic synaptic plasticity. Neuron. 2010; 66: 337–

351. https://doi.org/10.1016/j.neuron.2010.04.028 PMID: 20471348

PLOS PATHOGENS Mutant PrP impairs GluA2 trafficking

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008654 July 16, 2020 25 / 26

https://doi.org/10.1016/j.mcn.2008.02.010
https://doi.org/10.1016/j.mcn.2008.02.010
http://www.ncbi.nlm.nih.gov/pubmed/18411055
https://doi.org/10.1042/BJ20091344
http://www.ncbi.nlm.nih.gov/pubmed/20148761
https://doi.org/10.1038/36103
http://www.ncbi.nlm.nih.gov/pubmed/9495341
https://doi.org/10.1523/JNEUROSCI.3753-08.2009
https://doi.org/10.1523/JNEUROSCI.3753-08.2009
http://www.ncbi.nlm.nih.gov/pubmed/19458219
https://doi.org/10.1523/JNEUROSCI.5217-04.2005
http://www.ncbi.nlm.nih.gov/pubmed/15772349
https://doi.org/10.1523/JNEUROSCI.17-24-09393.1997
https://doi.org/10.1523/JNEUROSCI.17-24-09393.1997
http://www.ncbi.nlm.nih.gov/pubmed/9390995
https://doi.org/10.1002/cne.21505
https://doi.org/10.1002/cne.21505
http://www.ncbi.nlm.nih.gov/pubmed/18041776
https://doi.org/10.1016/s1050-3862(96)00167-2
https://doi.org/10.1016/s1050-3862(96)00167-2
http://www.ncbi.nlm.nih.gov/pubmed/9117892
https://doi.org/10.1046/j.1471-4159.1997.69020617.x
https://doi.org/10.1046/j.1471-4159.1997.69020617.x
http://www.ncbi.nlm.nih.gov/pubmed/9231719
https://doi.org/10.1016/j.str.2012.12.002
http://www.ncbi.nlm.nih.gov/pubmed/23290724
https://doi.org/10.1042/BJ20130563
http://www.ncbi.nlm.nih.gov/pubmed/23808898
https://doi.org/10.1021/bi051455+
https://doi.org/10.1021/bi051455+
http://www.ncbi.nlm.nih.gov/pubmed/16313190
https://doi.org/10.1042/BJ20100615
http://www.ncbi.nlm.nih.gov/pubmed/20626348
https://doi.org/10.1074/jbc.272.17.11604
https://doi.org/10.1074/jbc.272.17.11604
http://www.ncbi.nlm.nih.gov/pubmed/9111077
https://doi.org/10.1124/pr.109.002451
https://doi.org/10.1124/pr.109.002451
http://www.ncbi.nlm.nih.gov/pubmed/20716669
https://doi.org/10.1091/mbc.e03-05-0271
http://www.ncbi.nlm.nih.gov/pubmed/15229281
https://doi.org/10.1371/journal.pone.0098344
https://doi.org/10.1371/journal.pone.0098344
http://www.ncbi.nlm.nih.gov/pubmed/24859148
https://doi.org/10.1016/j.neuron.2007.06.001
http://www.ncbi.nlm.nih.gov/pubmed/17582328
https://doi.org/10.1073/pnas.1716022114
http://www.ncbi.nlm.nih.gov/pubmed/29180434
https://doi.org/10.1016/j.neuron.2010.04.028
http://www.ncbi.nlm.nih.gov/pubmed/20471348
https://doi.org/10.1371/journal.ppat.1008654


46. Arundine M, Tymianski M. Molecular mechanisms of calcium-dependent neurodegeneration in excito-

toxicity. Cell Calcium. 2003; 34: 325–337. https://doi.org/10.1016/s0143-4160(03)00141-6 PMID:

12909079

47. Kwak S, Weiss JH. Calcium-permeable AMPA channels in neurodegenerative disease and ischemia.

Curr Opin Neurobiol. 2006; 16: 281–287. https://doi.org/10.1016/j.conb.2006.05.004 PMID: 16698262

48. Liu SJ, Zukin RS. Ca2+-permeable AMPA receptors in synaptic plasticity and neuronal death. Trends

Neurosci. 2007; 30: 126–134. https://doi.org/10.1016/j.tins.2007.01.006 PMID: 17275103

49. Selvaraj BT, Livesey MR, Zhao C, Gregory JM, James OT, Cleary EM, et al. C9ORF72 repeat expan-

sion causes vulnerability of motor neurons to Ca2+-permeable AMPA receptor-mediated excitotoxicity.

Nat Commun. 2018; 9: 347. https://doi.org/10.1038/s41467-017-02729-0 PMID: 29367641

50. Rabenstein M, Peter F, Joost S, Trilck M, Rolfs A, Frech MJ. Decreased calcium flux in Niemann-Pick

type C1 patient-specific iPSC-derived neurons due to higher amount of calcium-impermeable AMPA

receptors. Mol Cell Neurosci. 2017; 83: 27–36. https://doi.org/10.1016/j.mcn.2017.06.007 PMID:

28666962

51. Belichenko PV, Brown D, Jeffrey M, Fraser JR. Dendritic and synaptic alterations of hippocampal pyra-

midal neurones in scrapie-infected mice. Neuropathol Appl Neurobiol. 2000; 26: 143–9. https://doi.org/

10.1046/j.1365-2990.2000.026002143.x PMID: 10840277

52. Chiesa R, Piccardo P, Quaglio E, Drisaldi B, Si-Hoe SL, Takao M, et al. Molecular distinction between

pathogenic and infectious properties of the prion protein. J Virol. 2003; 77: 7611–22. https://doi.org/10.

1128/jvi.77.13.7611-7622.2003 PMID: 12805461

53. Chiesa R, Restelli E, Comerio L, Del Gallo F, Imeri L. Transgenic mice recapitulate the phenotypic het-

erogeneity of genetic prion diseases without developing prion infectivity: Role of intracellular PrP reten-

tion in neurotoxicity. Prion. 2016; 10: 93–102. https://doi.org/10.1080/19336896.2016.1139276 PMID:

26864450

54. Hanley JG. AMPA receptor trafficking pathways and links to dendritic spine morphogenesis. Cell Adh

Migr. 2008; 2: 276–282. https://doi.org/10.4161/cam.2.4.6510 PMID: 19262155

55. Passafaro M, Nakagawa T, Sala C, Sheng M. Induction of dendritic spines by an extracellular domain of

AMPA receptor subunit GluR2. Nature. 2003; 424: 677–681. https://doi.org/10.1038/nature01781

PMID: 12904794

56. Um JW, Strittmatter SM. Amyloid-beta induced signaling by cellular prion protein and Fyn kinase in Alz-

heimer disease. Prion. 2013; 7: 37–41. https://doi.org/10.4161/pri.22212 PMID: 22987042

57. Rutishauser D, Mertz KD, Moos R, Brunner E, Rulicke T, Calella AM, et al. The comprehensive native

interactome of a fully functional tagged prion protein. PLoS One. 2009; 4: e4446. https://doi.org/10.

1371/journal.pone.0004446 PMID: 19209230

58. Bueler H, Fischer M, Lang Y, Bluethmann H, Lipp HP, DeArmond SJ, et al. Normal development and

behaviour of mice lacking the neuronal cell-surface PrP protein. Nature. 1992; 356: 577–82. https://doi.

org/10.1038/356577a0 PMID: 1373228

59. Restelli E, Fioriti L, Mantovani S, Airaghi S, Forloni G, Chiesa R. Cell type-specific neuroprotective activ-

ity of untranslocated prion protein. PLoS One. 2010; 5: e13725. https://doi.org/10.1371/journal.pone.

0013725 PMID: 21060848

60. Kascsak RJ, Rubenstein R, Merz PA, Tonna-DeMasi M, Fersko R, Carp RI, et al. Mouse polyclonal and

monoclonal antibody to scrapie-associated fibril proteins. J Virol. 1987; 61: 3688–93. PMID: 2446004

61. Rodriguez A, Ehlenberger DB, Dickstein DL, Hof PR, Wearne SL. Automated three-dimensional detec-

tion and shape classification of dendritic spines from fluorescence microscopy images. PLoS ONE.

2008; 3: e1997. https://doi.org/10.1371/journal.pone.0001997 PMID: 18431482

62. Lehmann S, Harris DA. A mutant prion protein displays an aberrant membrane association when

expressed in cultured cells. J Biol Chem. 1995; 270: 24589–97. https://doi.org/10.1074/jbc.270.41.

24589 PMID: 7592679

PLOS PATHOGENS Mutant PrP impairs GluA2 trafficking

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008654 July 16, 2020 26 / 26

https://doi.org/10.1016/s0143-4160(03)00141-6
http://www.ncbi.nlm.nih.gov/pubmed/12909079
https://doi.org/10.1016/j.conb.2006.05.004
http://www.ncbi.nlm.nih.gov/pubmed/16698262
https://doi.org/10.1016/j.tins.2007.01.006
http://www.ncbi.nlm.nih.gov/pubmed/17275103
https://doi.org/10.1038/s41467-017-02729-0
http://www.ncbi.nlm.nih.gov/pubmed/29367641
https://doi.org/10.1016/j.mcn.2017.06.007
http://www.ncbi.nlm.nih.gov/pubmed/28666962
https://doi.org/10.1046/j.1365-2990.2000.026002143.x
https://doi.org/10.1046/j.1365-2990.2000.026002143.x
http://www.ncbi.nlm.nih.gov/pubmed/10840277
https://doi.org/10.1128/jvi.77.13.7611-7622.2003
https://doi.org/10.1128/jvi.77.13.7611-7622.2003
http://www.ncbi.nlm.nih.gov/pubmed/12805461
https://doi.org/10.1080/19336896.2016.1139276
http://www.ncbi.nlm.nih.gov/pubmed/26864450
https://doi.org/10.4161/cam.2.4.6510
http://www.ncbi.nlm.nih.gov/pubmed/19262155
https://doi.org/10.1038/nature01781
http://www.ncbi.nlm.nih.gov/pubmed/12904794
https://doi.org/10.4161/pri.22212
http://www.ncbi.nlm.nih.gov/pubmed/22987042
https://doi.org/10.1371/journal.pone.0004446
https://doi.org/10.1371/journal.pone.0004446
http://www.ncbi.nlm.nih.gov/pubmed/19209230
https://doi.org/10.1038/356577a0
https://doi.org/10.1038/356577a0
http://www.ncbi.nlm.nih.gov/pubmed/1373228
https://doi.org/10.1371/journal.pone.0013725
https://doi.org/10.1371/journal.pone.0013725
http://www.ncbi.nlm.nih.gov/pubmed/21060848
http://www.ncbi.nlm.nih.gov/pubmed/2446004
https://doi.org/10.1371/journal.pone.0001997
http://www.ncbi.nlm.nih.gov/pubmed/18431482
https://doi.org/10.1074/jbc.270.41.24589
https://doi.org/10.1074/jbc.270.41.24589
http://www.ncbi.nlm.nih.gov/pubmed/7592679
https://doi.org/10.1371/journal.ppat.1008654

