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Abstract

Synaptic degeneration is one of the earliest pathological correlates of prion disease, and it is
a major determinant of the progression of clinical symptoms. However, the cellular and
molecular mechanisms underlying prion synaptotoxicity are poorly understood. Previously,
we described an experimental system in which treatment of cultured hippocampal neurons
with purified PrPS°, the infectious form of the prion protein, induces rapid retraction of den-
dritic spines, an effect that is entirely dependent on expression of endogenous PrPC by the
target neurons. Here, we use this system to dissect pharmacologically the underlying cellu-
lar and molecular mechanisms. We show that PrPSC initiates a stepwise synaptotoxic signal-
ing cascade that includes activation of NMDA receptors, calcium influx, stimulation of p38
MAPK and several downstream kinases, and collapse of the actin cytoskeleton within den-
dritic spines. Synaptic degeneration is restricted to excitatory synapses, spares presynaptic
structures, and results in decrements in functional synaptic transmission. Pharmacological
inhibition of any one of the steps in the signaling cascade, as well as expression of a domi-
nant-negative form of p38 MAPK, block PrPS°-induced spine degeneration. Moreover, p38
MAPK inhibitors actually reverse the degenerative process after it has already begun. We
also show that, while PrP€ mediates the synaptotoxic effects of both PrPS® and the Alzhei-
mer’s AB peptide in this system, the two species activate distinct signaling pathways. Taken
together, our results provide powerful insights into the biology of prion neurotoxicity, they
identify new, druggable therapeutic targets, and they allow comparison of prion synaptotoxic
pathways with those involved in other neurodegenerative diseases.

Author summary

Prion diseases are a group of fatal neurodegenerative disorders that includes Creutzfeldt-
Jakob disease and kuru in humans, and bovine spongiform encephalopathy in cattle. The
infectious agent, or prion, that transmits these diseases is a naked protein molecule, the prion
protein (PrP), which is an altered form of a normal, cellular protein. Although a great deal is
known about how prions propagate themselves and transmit infection, the process by which
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they actually cause neurons to degenerate has remained mysterious. Here, we have used a
specialized neuronal culture system to dissect the cellular and molecular mechanisms by
which prions damage synapses, the structures that connect nerve cells and that play a crucial
role in learning, memory, and neurological disease. Our results define a stepwise molecular
pathway underlying prion synaptic toxicity, which involves activation of glutamate neuro-
transmitter receptors, influx of calcium ions into the neuron, and stimulation of specific
mitogen-activated protein kinases, which attach phosphate groups to proteins to regulate
their activity. We demonstrate that specific drugs, as well as a dominant-negative kinase
mutant, block these steps and thereby prevent the synaptic degeneration produced by prions.
Our results provide new insights into the pathogenesis of prion diseases, they uncover new
drug targets for treating these diseases, and they allow us to compare prion diseases to other,
more common neurodegenerative disorders like Alzheimer’s disease.

Introduction

Prion diseases are a group of fatal, infectious neurodegenerative diseases affecting humans and
animals. The infectious agent, or prion, is composed of PrP, a conformationally altered form
of a normal, cell-surface glycoprotein designated PrP. Prions propagate themselves by a
highly specific templating process in which PrP* molecules impose their unique, B-sheet-rich
conformations on endogenous PrP¢ substrate molecules [1-4]. Consistent with this model,
PrP knockout mice, in which PrP expression is absent, are completely resistant to prion infec-
tion [5, 6]. Moreover, these mice do not display symptoms of a prion disease [7], indicating
that the disease phenotype is due primarily to a gain-of-function attributable to PrP* or a
related toxic species, rather than to a loss of the normal function of PrP€. Therefore, it is
important to understand the molecular mechanism of PrP* neurotoxicity.

Strikingly, the question of prion neurotoxicity has received relatively little attention in
the field, in comparison to the extensive body of research that has been published on prion
infectivity, propagation, and transmission. An important clue to the underlying mechanism
is the observation that neurons that do not express endogenous PrP® are relatively resistant
to the toxic effects of exogenously supplied PrP*® [8, 9]. This result suggests that a critical
neurotoxic signal is generated as part of the process by which endogenous cell-surface PrP©
is converted into PrP°, and in the absence of PrP, this signal is not produced. Consistent
with a role for PrP“ as a neurotoxic mediator, there is evidence that prion disease progres-
sion in mice is characterized by two, mechanistically distinct phases: rapid accumulation of
PrP*¢ and infectivity, followed by slower development of neuropathology and clinical symp-
toms over a time course that is inversely related to expression levels of PrP< [10, 11].
Although there are a number of studies suggesting signal-transducing activities for cell-sur-
face PrP® [reviewed by 12], the pathways by which its interaction with PrP*¢ produces neu-
rotoxic signals remain mysterious.

Synaptic loss is a common theme in many neurodegenerative disorders [13, 14]. In prion
diseases, neuropathological and in vivo imaging studies in infected mice suggest that synaptic
degeneration begins very early in the disease process, predating other pathological changes,
and eventually contributing to the development of clinical symptoms [15-22]. However, there
is very little mechanistic understanding of this process, due largely to the absence of suitable
cell culture models amenable to experimental manipulation.

To address this gap, we previously established a novel neuronal culture model, using which
we showed that PrP*¢ induces rapid retraction of spines on the dendrites of hippocampal

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007283  September 20, 2018 2/32


https://doi.org/10.1371/journal.ppat.1007283

@'PLOS | PATHOGENS

Prions activate a p38 MAPK synaptotoxic signaling pathway

neurons [23]. Importantly, this effect is entirely dependent on expression of endogenous PrP©
by the neurons, consistent with the previously demonstrated role of PrP“ as an essential trans-
ducer of PrP*° toxicity. Dendritic spines are the contact sites for most excitatory synapses in
the brain, and they undergo constant morphological remodeling during development, learn-
ing, and memory formation [24, 25]. Therefore, spines are an important locus for the patho-
genesis of neurological diseases, particularly those involving symptoms of dementia.

Here, we have used cultured hippocampal neurons to dissect, using specific pharmacologi-
cal inhibitors as well a dominant-negative kinase mutant, the mechanism of PrP**-induced
synaptotoxicity. Our data establish a synaptotoxic signaling pathway involving, in stepwise
sequence, activation of NMDA and AMPA receptors, calcium influx, stimulation of p38 mito-
gen-activated protein kinase (MAPK), and depolymerization of actin filaments in dendritic
spines. Blocking any one of these steps prevented dendritic spine retraction in response to
PrP®, and could, in some cases, even restore normal morphology to spines that had already
degenerated. Taken together, our results provide powerful insights into the biology of prion
neurotoxicity, they identify new, druggable therapeutic targets, and they allow comparison of
the synaptotoxic pathways underlying prion diseases with those responsible for other neurode-
generative disorders like Alzheimer’s disease.

Results
PrP*° causes functional changes in synaptic transmission

Previously, we showed that treatment of cultured hippocampal neurons for 24 hrs with puri-
fied PrP®, but not control preparations, induced a dramatic retraction of dendritic spines, an
effect that was entirely dependent on expression of endogenous PrP by the neurons [23].

Before embarking on pharmacological studies, we undertook several experiments to
characterize the synaptotoxic effects of PrP>® in neuronal culture, and to gain further insight
into the underlying cellular mechanisms. First, we wondered whether the dramatic changes
in dendritic spine morphology caused by PrP*° were accompanied by alterations in the effi-
ciency of synaptic transmission. To test this possibility, we used patch clamp recording to
measure the amplitude and frequency of miniature excitatory postsynaptic currents
(mEPSCs) in hippocampal neurons treated with PrP*. mEPSCs, which are recorded in the
presence of TTX to block action potentials and picrotoxin to block GABA-evoked inhibi-
tory currents, are a measure of spontaneous synaptic currents evoked by glutamate. We
found that treatment of hippocampal neurons with purified PrP°, but not with mock-puri-
fied material from uninfected brains, caused a marked reduction in mEPSC frequency, and
a less pronounced but statistically significant decrease in mEPSC amplitude (Fig 1A-1C).
These effects were not observed in neurons derived from PrP knockout mice (Prn—pO/ 9,
demonstrating that the functional as well as the morphological effects of PrP* on synapses
are entirely PrP“-dependent (Fig 1D-1F). Of note, PrP*¢ did not significantly affect the fre-
quency or amplitude of miniature inhibitory postsynaptic currents (mIPSCs) (Fig 1G-1I).
This result indicates that PrP*° is strikingly selective in its effects, targeting primarily excit-
atory and not inhibitory synapses.

For the electrophysiology experiments shown in Fig 1, we used a culture system that was
slightly different from the one used to monitor dendritic spine retraction. In this system, neu-
rons were grown at a higher density on the same substrate with supporting astrocytes, an
arrangement which improves neuronal integrity during patch clamp recording. We confirmed
that, when recordings were done on neurons cultured at low density over an astrocyte feeder
layer, PrP¢ also caused a reduction in mEPSC amplitude and frequency (S1 Fig).
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Fig 1. PrP5° causes a reduction in spontaneous synaptic neurotransmitter release. Hippocampal neurons from WT mice (A, G) or Prn-pO/ ° mice (D)
were treated for 24 hrs with either mock-purified material or purified PrPS. Whole-cell patch clamping was used to record mEPSCs (A, D) and mIPSCs
(G), the frequencies and amplitudes of which were quantitated (B,C, E, F, H, I). N = 15 cells from 3 independent experiments. ***p<0.001, **p<0.01, by
Student’s t-test; N.S., not significantly different.

https://doi.org/10.1371/journal.ppat.1007283.g001

PrP*° causes loss of excitatory postsynaptic markers without affecting
presynaptic markers

The reduction in mEPSC amplitude and frequency caused by PrP* could be due to effects on
either presynaptic processes (e.g. synaptic release) or postsynaptic characteristics (e.g., number
and distribution of active zones). To distinguish presynaptic from postsynaptic effects, we
immunostained neurons with antibodies to GluR1, an AMPA receptor subunit present in the
postsynaptic density, and synaptophysin, a presynaptic marker. When neurons were treated
with purified PrP*", but not mock-purified material, there was a dramatic loss of GluR1 stain-
ing, consistent with the retraction of dendritic spines revealed by fluorescent phalloidin stain-
ing (Fig 2A-2] and 2U). In contrast, there was no statistically significant loss of synaptophysin
staining after PrP> treatment (Fig 2K-2T and 2U). These data demonstrate that PrP> exerts a
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Fig 2. PrP5° causes loss of excitatory postsynaptic markers without affecting presynaptic markers. Hippocampal
neurons were treated for 24 hrs with purified PrP* (F, G, P, Q) or with mock-purified material (A, B, K, L). Cultures
were then fixed and stained with fluorescent phalloidin (green) (A, F, K, P) along with antibodies to either GluR1
(excitatory postsynaptic marker) (B,G) or synaptophysin (presynaptic marker) (L, Q) (both red). The boxed regions in
each pair of horizontal panels (A and B; F and G; K and L; P and Q) are shown at higher magnification in the pair of
smaller panels to the right (C and D; H and I; M and N; R and S, respectively). Panels E, ], O, and T show merged green
and red images for each pair of smaller panels. Quantitation of spine number of synaptic marker staining is shown in
panel U, normalized to the values in mock-treated cultures. Pooled measurements were collected from 15-20 cells
from 3 independent experiments. ***p<0.001 by Student’s t-test; N.S., not significantly different. Scale bar in panel

Q =20 pm (also applicable to panels A, B, F, G, K, L, and P); scale bar in panel T = 20 um (also applicable to panels
C-E, H-J, M-0O, and R-S).

https://doi.org/10.1371/journal.ppat.1007283.9002

highly selective effect on postsynaptic elements, with no detectable effect on presynaptic struc-
tures, even in the face of massive morphological changes in dendritic spines.

We also found that PrP* treatment did not change the number of inhibitory synapses, as
shown by staining for gephyrin (a postsynaptic anchoring component for glycine and GABA 5
receptors) (S2 Fig). This result is consistent with the inhibitory effect of PrP* on mEPSCs and
not mIPSCs (Fig 1). We conclude that PrP> primarily targets the postsynaptic elements of
excitatory synapses in the neuronal culture systems we are using.

PrP*° synaptotoxicity requires glutamate receptor activation, and is
accompanied by calcium influx

Glutamate receptor-dependent excitotoxicity contributes to the pathogenesis of many neurode-
generative diseases [26-30]. The selective effect of PrP> on excitatory synapses suggested the pos-
sibility that ionotropic glutamate receptors might play a role in the degeneration of dendritic
spines seen in this system. To test this possibility, we treated hippocampal cultures with purified
PrP*, or with mock-purified material form uninfected brains, in the presence or absence of
NMDA or AMPA receptor blockers (see Table 1 for a list of pharmacological inhibitors used in
this study). We observed that the competitive AMPA receptor antagonist CNQX, as well as the
uncompetitive NMDA channel blocker memantine, prevented PrP*“-induced retraction of den-
dritic spines (Fig 3). Spine number in PrP%“-exposed cultures in the presence of these drugs was
not statistically different from cultures exposed to mock material from uninfected brains.

Glutamate receptor-mediated excitotoxicity is often accompanied by an influx of Ca®* ions
via NMDA receptors. To test whether this mechanism was operative during PrP synaptotoxi-
city, we used the calcium-sensitive dye Fluo-3 to image intracellular calcium levels in neurons
treated with PrP*°. We found that purified PrP%, but not mock-purified material, caused a sig-
nificant increase in intracellular calcium (Fig 4). The effect of PrP%¢ on Ca?* levels was absent
in neurons derived from Prn-p®° mice lacking PrP“, and was completely blocked by meman-
tine. Since voltage-gated calcium channels (VGCCs) are also major mediators of calcium
influx into dendritic spines, we tested the effect of inhibitors of the major classes of VGCCs (R,
T, N, P/Q, and L type). None of these inhibitors had a statistically significant effect on PrP*-
induced reduction in dendritic spine numbers, with the exception of lomerizine (an L-type
VGCC inhibitor), which had a partial protective effect (S3 Fig).

We conclude from these data that activation of NMDA and AMPA receptors plays an
essential role in dendritic spine retraction induced by PrP*, and that the effect of PrP*" is
accompanied by Ca** influx, primarily via NMDA receptors.

Inhibition of p38 MAPK, but not ERK nor JNK, prevents PrP5¢
synaptotoxicity

Mitogen-activated protein kinases (MAPKs) are important signal transducers downstream of
many kinds of intracellular and extracellular stimuli [31], including stressful stimuli like
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Table 1. Pharmacological inhibitors used in this study.

Inhibitor name Molecular Target Company* Final concentration
Glutamate Receptors
CNQX AMPA receptor Tocris 10 uM
memantine NMDA receptor Sigma 10 uM
MPEP mGluR5 Tocris 10 uM
Voltage-Gated Ca®>* Channels
SNX482 R type Tocris 40 nm
w-Agatoxin TK P/Q type Tocris 500 nm
ML218 T type Tocris 1uM
w-Conotoxin GVIA N type Tocris 100 nm
Lomerizine L type Alomone Labs 5uM
MAPK Signaling
SB239063 p38 MAPK Tocris 10 uM
VX745 p38a MAPK Tocris 100 nM
FR180204 ERK Tocris 500 nM
SP600125 JNK Tocris 10 uM
CAS1186648 MK Millipore 500 nM
SB747651 MSK Tocris 10 uM
ETP45835 MNK Millipore 1uM
Cytoskeleton
Taxol Microtubules (stabilizer) Tocris 10 uM
SiR-actin F-actin (stabilizer) Cytoskeleton Inc. 1uM
Unfolded Protein Response
ISRIB elF2B Tocris 20 nM
GSK2606414 PERK APEXBIO 500 nM

Stock solutions of drugs were prepared in DMSO, and were added to neuronal cultures such that the final DMSO concentration in the culture medium was <0.1%.

Vehicle-treated cultures were incubated in medium containing an equivalent concentration of DMSO. Cultures were pre-treated with drug for 2 hrs, after which PrP*

or ADDLs were added and incubation was continued for a further 24 hrs in the continued presence of the drug.

*Company locations: Tocris (Minneapolis, MN); Sigma (St. Louis, MO); Alomone Labs (Jerusalem, Israel); Millipore (Burlington, MA); Cytoskeleton Inc. (Denver, CO);

APExBIO (Houston, TX).

https://doi.org/10.1371/journal.ppat.1007283.t001

excitotoxicity [32]. In mammals, the MAPKs are grouped into three main families, ERKs
(extracellular-signal-regulated kinases), JNKs (Jun amino-terminal kinases), and p38/SAPKs
(stress-activated protein kinases) [31]. We tested whether any of these MAPK families are
involved in PrP*° synaptotoxicity. We observed that a p38 MAPK inhibitor (SB239063), which
targets all four isoforms (o, B, v, 8), effectively prevented spine retraction caused by PrpSc,
while pan-isoform inhibitors of ERK and JNK were without effect (Fig 5). The inhibitors alone
had no effect on spine number. In parallel with its ability to block the effects of PrP*° on spine
morphology, we found that the p38 MAPK inhibitor prevented the PrP**-induced reduction
in mEPSC frequency and amplitude (Fig 6). Taken together, these data indicate that p38
MAPK plays an essential role in mediating the toxic effects of PrP*° on synaptic structure and
function in this system.

Mammalian p38 MAPK has four isoforms (o, B, ¥, and 8) [33]. p38y is most highly
expressed in skeletal muscle, and p3835 in testis, pancreas, kidney and small intestine [34].
Thus, p38c and p38p are the isoforms most likely to be involved in neuronal signaling. The o
and B isoforms are 75% identical, and both are inhibited by the compound SB239063 used in
Figs 5 and 6. To determine which of the two p38 isoforms is involved in PrP synaptotoxicity,
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Fig 3. PrP5¢ synaptotoxicity requires activation of NMDA and AMPA receptors. Hippocampal neurons were
treated for 24 hrs with purified PrP%¢ (B-D), or with mock-purified material from uninfected brains (A) in the absence
of inhibitors (A, B) or in the presence of the AMPA receptor blocker CNQX (10 uM) (C) or the NMDA receptor
blocker memantine (10 uM) (D). Neurons were then fixed and stained with fluorescent phalloidin to visualize
dendritic spines. Pooled measurements of spine number were collected from 15-20 cells from 3 independent
experiments (E). **p<0.01, “**p<0.001 by Student’s t-test; N.S., not significantly different. Scale bar in panel
D = 20 pm (also applicable to panels A-C).

https://doi.org/10.1371/journal.ppat.1007283.9003

we utilized the p38a. -specific inhibitor VX745. We found that VX745 completely blocked the
effects PrP*° on dendritic spine number and mEPSC properties, suggesting that p38o. is one of
the isoforms involved (S4 Fig). The absence of a p38f-specific inhibitor precluded specific test-
ing of this isoform.
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PrP5“-induced retraction of dendritic spines is reversible by application of
a p38 MAPK inhibitor

Because abnormalities in dendritic spines and synaptic transmission are early effects of PrP%,
which occur well before large-scale changes in neuronal morphology or loss of neuronal viability,
we wondered whether the effects of PrP** might be reversible by treatment with a p38 MAPK
inhibitor. To test this possibility, we treated neurons with PrP for 24 hrs, at which point most of
the dendritic spines were retracted (Fig 7A). We then exposed the neurons to PrP* for additional
24 hrs in the presence of a p38 MAPK inhibitor (SB239063) or vehicle control, after which cul-
tures were fixed and assessed for dendritic spine morphology with fluorescent phalloidin. Amaz-
ingly, we found that the p38 MAPK inhibitor was able to reverse the dendritic spine retraction
that had accrued during the first 24 hrs of PrP*° treatment (Fig 7C), compared to the cultures
treated with vehicle (Fig 7B). Quantitation of spine number under the three conditions is shown
in Fig 7E. These data indicate that the extensive dendritic spine abnormalities induced by PrP*
are reversible by p38 MAPK inhibition, at least within a 48 hr time window.

A dominant-negative mutant of p38 MAPK prevents Prp5° synaptotoxicity

To confirm the results obtained with pharmacological inhibition of p38 MAPK, we employed
a genetic method to suppress signaling through this pathway, which makes use of a dominant-
negative form of p38at MAPK (T180A/Y182F, referred to as p38AF). This double-mutation in
the activation loop of the kinase prevents phosphorylation by upstream kinases, and has a
dominant-negative effect on the activity of co-expressed wild-type p38, thereby significantly
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attenuating signaling [35]. We prepared hippocampal neurons from mice that were heterozy-
gous for the p38AF allele. This method of reducing p38 signaling avoids the embryonic lethal
phenotype that results from complete germline inactivation of the p38 MAPK gene [36]. We
found that neurons prepared from p38AF mice were morphologically comparable to WT
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Fig 6. A p38 MAPK inhibitor prevents PrP5-induced reduction in spontaneous synaptic neurotransmitter release. Hippocampal neurons were treated for 24 hrs
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Whole-cell patch clamping was used to record mEPSCs (A), the frequencies and amplitudes of which were quantitated (B,C). N = 15 cells from 3 independent
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Fig 7. PrP*° synaptotoxicity is reversible by a p38 MAPK inhibitor. Hippocampal neurons were treated for 24 hrs with purified PrP5 (A-C). One set of cultures (A)
was then fixed and stained with fluorescent phalloidin; a second and third set were treated with PrP* for an additional 24 hrs in the presence of vehicle (B) or a p38
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phalloidin. Pooled measurements of dendritic spine number were collected from 15-20 cells from 3 independent experiments (E). ***p<0.001 by Student’s t-test; N.S.,
not significantly different. Scale bar in panel D = 20 um (also applicable to panels A-C).
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neurons, but were almost completely resistant to the dendritic spine retraction effect of PrP*°
(Fig 8). This experiment, which depends on constitutive down-regulation of p38 signaling,
complements the previous experiments, which involved acute, pharmacological inhibition of
p38 MAPK activity.

PrP* causes increased phosphorylation of p38 MAPK in dendritic spines

To provide biochemical evidence for activation of the p38 MAPK pathway in response to
PrP*¢, we utilized an immunocytochemical approach in order to detect localized changes in
p38 phosphorylation. We doubly stained PrP*-treated cultures with antibodies to phospho-
p38 and total p38, and then imaged the ratio of the two signals in the region of dendritic
spines, as marked by phalloidin staining. We found that the amount of phosphorylated p38 in
dendritic spines was increased after 1 hr of PrP*° treatment, and remained elevated after 24 hrs
in the region of collapsed spines (Fig 9).

MAPK-activated protein kinases (MKs) are downstream targets of p38
MAPK in the PrP* synaptotoxic pathway

Known downstream targets of p38 MAPK include MAPK-activated protein kinase (MAPKAP
or MK), MSK and MNK [reviewed in 37]. To determine which of these kinases is downstream
of p38 MAPK in the PrP synaptotoxic pathway, neurons were treated with PrP*® in the pres-
ence or absence of specific inhibitors. We found that a pan MK inhibitor (CAS1186648),
which targets all three isoforms (2, 3, and 5), effectively prevented PrP*-induced retraction of
dendritic spines, while pan-isoform inhibitors of MSK and MNK had no significant effect (Fig
10). None of the three inhibitors alone had a significant effect on spine number. We conclude
from these results that MK2, 3, or 5 are potential targets of p38 MAPK in the pathway leading
to dendrite retraction caused by PrP. Of these, MK2 and MK3 are the most likely isoforms to
be involved, since MK5 is expressed primarily in the heart, while MK2 and MK3 are ubiqui-
tously expressed [38, 39]. MK2/3 are both substrates for the o isoform of p38 MAPK.

p38 MAPK and MK inhibitors do not affect PrP>° propagation in ScN2a
cells

One possible mechanism by which inhibitors of MAPK pathways could prevent PrP**-induced
synaptotoxicity would be by inhibiting conversion of endogenous neuronal PrP® to PrP*¢, on
the assumption that newly formed PrP®¢ is the primary trigger for synaptic degeneration. To
address this possibility, we tested whether these inhibitors affected PrP* formation in scrapie-
infected N2a (ScN2a) cells. We found that neither the p38 MAPK inhibitor SB239063, nor the
MK?2/3/5 inhibitor CAS1186648, had a significant effect on the levels of protease-resistant
PrP*¢ in ScN2a cells after 7 days of treatment (S5 Fig). As a positive control, the known anti-
prion agent Congo red [40, 41], dramatically reduced PrP*° levels under the same conditions.
None of the compounds had a significant cytotoxic effect, as indicated by measurement of the
total amount of cellular protein. These results support the notion that the p38 MAPK and MK
inhibitors block PrP* synaptotoxicity by interfering with signaling pathways linked to synap-
tic integrity, rather than by reducing the amount of the toxic agent (PrP%).

Actin stabilization counteracts the synaptotoxic effects of PrP*°

Actin is abundant in dendritic spines and has been shown to regulate spine morphology [42].
In addition, there is evidence that most signaling pathways linking synaptic activity to spine
morphology influence local actin dynamics [43, 44]. To address the role of actin in PrPS°-
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Fig 8. A dominant-negative mutant of p38 MAPK prevents PrP% synaptotoxicity. Hippocampal neurons from WT mice (A, D) or p38AF dominant-negative
(DN) mice (B, C and E) mice were untreated (A, B), or were exposed to purified PrP* (D, E) or mock purified material (C) for 24 hrs. Neurons were then fixed and
stained with fluorescent phalloidin to visualize dendritic spines. The boxed regions in each panel are shown at higher magnification in the smaller panels to the right
(A-C) and bottom (D, E). Arrowheads in the higher magnification panels in panel D show the positions of collapsed spines. Pooled measurements of spine number
were collected from 15-20 cells from 4 animals (F). ***p<0.001 by Student’s t-test; N.S., not significantly different. Scale bars in panel A =20 um (main image) and
2 um (higher magnification image) (also applicable to panels B-E).

https://doi.org/10.1371/journal.ppat.1007283.9008

induced alterations in dendritic spine morphology, we used SiR-actin, a fluorogenic, cell-per-
meable peptide derived from jasplakinolide that both stabilizes and labels F-actin [45]. Neu-
rons were treated with SiR-actin alone or in combination with PrP®, after which spines were
visualized using SiR-actin fluorescence. For comparison, we exposed cultures to taxol, a micro-
tubule-stabilizing agent, with or without PrP%, after which spines were visualized using fluo-
rescent phalloidin staining. We found that SiR-actin, but not taxol, prevented PrP*-induced
spine retraction (Fig 11A-11E).

In a second experiment, we treated cultures with SiR-actin in the presence of PrP*° or
mock-purified material, and then stained them with an antibody to the AMPA receptor
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Fig 9. PrP%° causes increased phosphorylation of p38 MAPK in dendritic spines. Hippocampal neurons were treated for 1 hour (A, B, E, F) or 24 hours (C, D, G, H)
with either mock-purified material (A-D) or purified PrP*® (E-H). Cultures were then fixed and stained with fluorescent phalloidin, along with antibodies to total p38
MAPK and phospho-p38 MAPK (P-Thr180/P-Tyr182). Panels A, E, C, and G show images of phalloidin staining. Panels B, F, D, and H show merged images of total
p38 (green pseudo-color) and phospho-p38 (red pseudo-color) staining. Dotted lines outline the positions of intact spines (A-F) or collapsed spines (G, H), based on
phalloidin staining. Arrowheads in panels F and H indicate regions (red) of enhanced phospho-p38/total p38 staining. Pooled measurements of the ratio of phospho-
p38 to total p38 staining were collected from 20-30 dendritic spine regions from 3-4 independent experiments (I). ***p<0.001, **p<0.01 by Student’s t-test. Scale bar in
panel A = 2 um (also applicable to panels B-H).

https://doi.org/10.1371/journal.ppat.1007283.9009

subunit GluR1. We observed that SiR-actin prevented loss of GluR1 staining in response to
PrP*¢ (Fig 11F-11H), parallel to the effect of this compound on spine retraction monitored
using SiR-actin fluorescence (Fig 11A, 11B and 11E).

Consistent with these microscopic imaging results, electrophysiological recordings showed
that SiR-actin prevented the decreases in mEPSC amplitude and frequency caused by PrP%
treatment (Fig 111-11K).

Taken together, these data demonstrate that actin dynamics play an important role in the
morphological changes in dendritic spines induced by PrP%, and that stabilizing actin fila-
ments can prevent these changes.
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Fig 10. MAPK-activated protein kinases (MKs) are downstream targets of p38 MAPK in the PrP5¢ synaptotoxic
pathway. Hippocampal neurons were treated for 24 hrs with purified PrP* in the absence of inhibitors, or in the
presence of inhibitors of MSK1/2 (SB747651, 10 uM), MNK1/2 (ETP45835, 1 uM), or MK2/3/5 (CAS1186648, 500
nM). Pooled measurements of spine number were collected from 15-20 cells from 3 independent experiments.
***p<0.001 by Student’s t-test; N.S., not significantly different. The bar labeled Mock represents cultures treated with
mock-purified material in the absence of inhibitors.

https://doi.org/10.1371/journal.ppat.1007283.9010

The unfolded protein response (UPR) does not play a prominent role in
PrP5 synaptotoxicity

Activation of the UPR has been suggested to play a role in the pathogenesis of prion diseases,
and blocking this pathway has been shown to produce a therapeutic benefit [46-48]. To
address whether the UPR plays a role in PrP*“-induced synaptotoxicity in our system, we
treated cultured neurons with an inhibitor of PERK kinase (GSK2606414) or an activator of
elF2B (ISRIB [49, 50]), both of which reverse the e[F20.-mediated translational repression that
occurs during the UPR. Neither compound had a significant effect on spine retraction induced
by PrP*° (S6 Fig), suggesting that the UPR, in particular the translational repression arm medi-
ated by PERK and eIF20, does not play a role in PrP*° synaptotoxicity in this system.

PrP*° and A oligomers activate different molecular pathways

It has been proposed that PrP is a cell-surface receptor for AB oligomers, which mediates
some of the neurotoxic effects of these assemblies, including loss of dendritic spines [51-55].
There is evidence that binding of A oligomers to PrP® triggers a signaling pathway involving
mGluR5 and Fyn kinase, and that preventing activation of these molecules using specific
inhibitors prevents AP neurotoxicity and ameliorates neurological symptoms in mice [56-59].
Since the synaptotoxic effects of both PrP*“ and A are dependent on the expression of PrP® as
a cell surface receptor in target neurons, we asked whether both toxic aggregates activated the
same cellular pathways downstream of PrP.

To investigate this question, we treated neurons with either AB or PrP° in the presence or
absence of the mGlIuRS5 inhibitor, MPEP, or the p38 MAPK inhibitor, SB239063. Consistent
with previously published studies [57], AB oligomers alone caused a significant reduction in
dendritic spine number (Fig 12A and 12B), an effect that was dependent on expression of
PrP€ (S7 Fig). MPEP completely blocked this effect (Fig 12C), also in agreement with pub-
lished results [56]. In contrast, MPEP had no influence on PrP*-induced retraction of
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Fig 11. Actin destabilization is required for PrP5¢ synaptotoxicity. Hippocampal neurons were treated for 24 hrs with SiR-actin (1 uM) (A) or taxol

(10 uM) (C) alone, or in combination with PrP% (B, D, respectively). Cultures treated with SiR-actin (A, B) were fixed and imaged directly, and those
treated with taxol (C, D) were fixed and stained with fluorescent phalloidin prior to imaging. Pooled measurements of dendritic spines were collected from
15-20 cells from 3 independent experiments (E). In a separate set of experiments, neurons were treated for 24 hrs with SiR-actin in the presence of mock-
purified material (F) or purified PrP5¢ (G). Cultures were then fixed and stained with an antibody to GluR1. Pooled measurements of GluR1 staining were
collected from 15-20 cells from 3 independent experiments. (For comparison, GluR1 staining of neurons in the absence of SiR-actin is shown in Fig 2A-2]
and 2U). A third set of cultures was treated for 24 hrs with mock-purified material or purified PrP* in the absence or presence of SiR-actin, and was then
analyzed by patch clamping to measure mEPSC frequency and amplitude (I-K). N = 20 cells from 4 independent experiments. In E, HJ, K: ***p<0.001
and **p<0.01 by Student’s t-test; N.S., not significantly different. Scale bar in panel G = 20 pm (also applicable to panels A-D and F).

https://doi.org/10.1371/journal.ppat.1007283.g011

dendritic spines (Fig 12E and 12F). Moreover, the p38 MAPK inhibitor, which completely
blocked PrP* synaptotoxicity (Fig 5), had no significant effect on Ap oligomer-induced den-
dritic spine loss (Fig 12D). Taken together, these data suggest that AB oligomers and PrP*° trig-
ger different neurotoxic signaling pathways downstream of a common cell-surface receptor,
PrpP©.

Discussion

Although the molecular templating process underlying the infectivity of prions is now well
understood, the mechanisms by which prions cause neurodegeneration, in particular, damage
to synapses, remain poorly understood. In a previously published study [23], we established a
neuronal culture system that recapitulates one of the earliest events in prion synaptotoxicity,
PrP%-induced retraction of dendritic spines. In the present work, we have exploited the sim-
plicity of this system to dissect the cellular pathways underlying the toxic effects of PrP> on
synapses. Our results uncover a multi-step signaling cascade that begins with binding of PrP*°
to PrP€ on the cell surface, and is followed by activation of NMDA and AMPA receptors, cal-
cium influx, stimulation of the stress-inducible MAPK, p38, and finally collapse of the actin
cytoskeleton, retraction of dendritic spines, and a decrease in excitatory neurotransmission
(Fig 13). This work provides new insights into the mechanisms of synaptic degeneration in
prion diseases, it identifies novel molecular targets for treatment of these disorders, and it
allows comparison with pathologic mechanisms operative in other neurodegenerative disor-
ders such as Alzheimer’s disease.

While our previous study focused on retraction of dendritic spines as the main morphologi-
cal consequence of PrP*° toxicity [23], the results presented here provide a more complete pic-
ture of the underling cellular events. We have shown that PrP*° exhibits striking functional
and morphological specificity in its synaptotoxic effects: it damages excitatory and not inhibi-
tory synapses, and it targets postsynaptic and not presynaptic sites. This selectivity may reflect
the presence on dendritic spines of glutamate receptors capable of initiating excitotoxic pro-
cesses (see below), or the presence of a higher concentration of specific intracellular signaling
molecules in these locations. We have also shown that spine loss is accompanied by a reduction
in postsynaptic AMPA receptors, and by a decrement in mEPSC frequency and amplitude,
suggesting that functional changes in synaptic transmission are early indicators of prion neu-
rotoxicity. Although many studies have emphasized neuronal death as an important feature of
prion and other neurodegenerative diseases, our results emphasize the importance of looking
specifically at synaptic dysfunction and loss in order to understand the earliest events in the
pathological process.

Our evidence suggests that synaptotoxic signaling induced by PrP** is initiated by its inter-
action with PrP® on the cell surface (Fig 13). All of the synaptotoxic effects of PrP*° observed
in our system require expression of endogenous PrP by the target neurons [this work and
23]. Moreover, neurons from transgenic mice expressing N-terminally deleted forms of PrP®
(A23-31 and A23-111) are resistant to PrP"° toxicity, pinpointing an essential role for these
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Fig 12. PrP%° and AP oligomers activate different signaling pathways. Hippocampal neurons were treated for 24 hrs with vehicle (A), with ADDLs (500 nM) in the
absence of inhibitors (B), with ADDLs in the presence of an mGluR5 inhibitor (MPEP, 10 uM) (C), or with ADDLS in the presence of a p38 MAPK inhibitor (SB239063,
10 uM) (D). Another set of cultures was treated for 24 hrs with purified PrP% in the absence of inhibitor (E) or in the presence of the mGluRS5 inhibitor (F). Neurons
were then fixed and stained with fluorescent phalloidin. Pooled measurements of dendritic spine number were collected from 15-20 cells from 3 independent
experiments (G). ***p<0.001 by Student’s t-test; N.S., not significantly different. Scale bar in panel F = 20 um (also applicable to panels A-E).

https://doi.org/10.1371/journal.ppat.1007283.9012

residues in the conversion and/or signal-transduction processes [23]. The requirement for
cell-surface PrP® in our system is consistent with the documented role of PrP® in mediating
the neurotoxic effects of PrP* in vivo [8, 9]. We have hypothesized that neurotoxic signals may
be generated either by the initial binding of PrP* to PrP®, or by the subsequent conversion of
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Fig 13. Model for a prion synaptotoxic pathway. The pathway is initiated by binding of PrP* to endogenous, cell-
surface PrP€. This binding event itself, or the subsequent conversion of PrP® to PrP*, results in activation of NMDA
and AMPA receptors with influx of calcium ions. Calcium influx leads to subsequent activation of p38 MAPK and
MK?2/3, collapse of the dendritic spine cytoskeleton, spine retraction, and decreases in synaptic transmission. Question
marks indicate unknown components of the pathway.

https://doi.org/10.1371/journal.ppat.1007283.9013

PrP€ into nascent PrP¢ on the cell surface [23]. Since both PrP€ and PrP%¢ are attached to the
plasma membrane by a GPI anchor, production of intracellular signals would presumably
require their interaction with partners that are transmembrane proteins, for example ion chan-
nels [see below and 56, 60], adhesion molecules [61], or receptors [62].

We have shown that activation of NMDA and AMPA receptors is required for PrP5°-
induced synaptotoxicity in our system, and that specific blockers of these channels prevent
dendritic spine retraction. Moreover, PrP>® induces a rapid (within 30 min) increase in intra-
cellular calcium, mediated by NMDA receptors. These results suggest that glutamate receptor
activation accompanied by calcium entry is an early step in the signaling cascade initiated by
PrP*¢, and that glutamate-induced excitotoxicity may play a role in the ensuing synaptic dam-
age. PrP“ has been suggested to be a modulator of NMDA receptor function [63] and post-
translational modification [64], and to interact physically with NMDA receptor subunits [65],
processes that could be altered by binding of PrP* to cell-surface PrP® during the initial phase
of the conversion process. Also, activation of NMDA-dependent transcriptional pathways is
an early event during the pre-clinical phase of prion infection in mice, as determined by
microarray profiling [66]. More generally, NMDA receptors play an important role in learning
and memory [25], and they are known to be involved in many neurodegenerative diseases in
the context of excitotoxic activation [14]. Of note, glutamate stimulation of cultured hippo-
campal neurons causes dendritic abnormalities (spine retraction) and calcium influx that are
similar to those seen in our system with PrP5¢ treatment [67].

Our results implicate p38 MAPK, specifically the o isoform, in PrP**-induced synaptotoxi-
city, based on blockade of dendritic spine retraction and mEPSC reduction by specific inhibi-
tors of this kinase, and by expression of a dominant-negative form of the kinase. Moreover,
using immunofluorescence staining, we demonstrated that PrP* induces rapid (within 1 hr)
phosphorylation of p38 MAPK in dendritic spines, a region where this kinase was previously
shown to reside [68]. Thus, PrP° activates a localized, p38-mediated signal transduction cas-
cade that precedes dendritic spine retraction. p38 MAPK is, like its counterpart JNK, a stress-
activated protein kinase, and it was originally found to be stimulated by a variety of environ-
mental stresses and cytokines that induce inflammation [31, 37]. It has now been implicated in
a wide range of functions, including regulation of the cell cycle, induction of cell death, differ-
entiation, and senescence. In the nervous system, p38 MAPK has been found to play a role in
neuronal damage and survival, as well as in synaptic plasticity, and it has been linked to a num-
ber of neurodegenerative diseases [32, 69]. Consistent with the results presented here, p38
MAPK, and its downstream substrates MK2/3, have been shown to regulate AMPA receptor
trafficking, dendritic spine morphology, and synaptic transmission [70]. We have identified
MK2/3 as likely substrates for p38 MAPK in the PrP*° synaptotoxic pathway, based on the use
of specific inhibitors, but the identity of the upstream kinases (MAPKKs and MAPKKKs)
responsible for p38 MAPK activation remain to be determined. Activation of MAPK pathways
typically leads to programmed changes in gene expression [31], and it will be of great interest
to characterize these in order to understand PrP*° synaptotoxicity at a genomic level.

Our results demonstrate that re-organization of the actin cytoskeleton within dendritic
spines represents a key cellular correlate of PrP*° synaptotoxicity, based on the ability of actin
stabilizers (SiR-actin) to block the morphological and electrophysiological consequences of
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PrP®¢ treatment. Actin plays an important role in the structure and function of dendritic spines
[42]. The equilibrium between G- and F-actin in spines is regulated in an activity-dependent
manner, and actin dynamics influences spine development and synaptic plasticity [43, 44].
Postsynaptic receptors, including NMDA and AMPA receptors [71], regulate the actin cyto-
skeleton via their effect on cytoplasmic actin-binding proteins, either by directly interacting
with these proteins or, in the case of NMDA receptors, by increasing intracellular calcium [72,
73]. This mechanism provides a plausible link between PrP° activation of NMDA receptors,
with rapid influx of calcium, and the resulting abnormalities in dendritic spine morphology
and function. There is evidence that p38 MAPK can also influence actin cytoskeletal dynamics
[74], providing another potential pathway by which PrP* could alter spine morphology via
activation of this kinase.

Several previous studies have implicated specific signal transduction pathways in the patho-
genesis of prion diseases, including the UPR [46], oxidative stress [75], MAPKSs [76-78], phos-
phoinositide-dependent kinase-1 (PDK1) [79], metabotropic glutamate receptors [80],
NMDA receptors [81], and voltage-gated calcium channels [82]. Given published evidence
that the PERK/eIF20 arm of the UPR is activated during prion infection, and that pharmaco-
logical blockage of this response has therapeutic benefit [46-48], we tested inhibitors of this
pathway in our system. However, we found that these inhibitors had no effect on PrP*"-
induced loss of dendritic spines. This discrepancy is likely to reflect fundamental differences
between the experimental systems employed. All of the previously quoted studies utilized
brain slices or tissue samples from human patients or transgenic mice undergoing neurode-
generative changes after prion infection, making it difficult to isolate the primary synaptotoxic
mechanisms engaged by PrP*°. In contrast, we have employed a neuronal culture system that
allows us to characterize acute responses to exogenous PrP> exposure. We have shown that, in
this system, treatment with PrP° causes a detectable increase in intracellular calcium within
30 min, followed by alterations in electrophysiological properties, with complete collapse of
dendritic spines by 24 hrs. Moreover, our experiments have demonstrated the involvement of
MAPK signaling cascades, which are typically activated within 60 min of exposure to an extra-
cellular stimulus. Our results do not rule out the engagement of additional pathways, which
contribute to pathological changes occurring at later times, once PrP*° begins to accumulate.

Our results identify novel molecular targets for therapeutic intervention. Previous efforts to
develop anti-prion therapies have focused on strategies for inhibiting formation of PrP or
enhancing its clearance [83]. In contrast, our studies suggest the possibility of interfering with
neurotoxic pathways that lie downstream of PrP*‘, We have shown that several kinds of phar-
macologic agents prevent PrP%-induced synaptotoxic effects in our system, including NMDA
and AMPA receptor antagonists, and p38 MAPK inhibitors. Importantly, we have found that
treatment with a p38 MAPK inhibitor is able to reverse dendritic spine retraction that has
already occurred during an initial exposure to PrP*". This result, which presumably reflects the
dynamic nature of dendritic spines, suggests the existence of a therapeutic window for treat-
ment of patients who have already been infected with prions and who might even have sus-
tained a certain level of synaptic damage. The advent of methods for pre-mortem diagnosis of
prion diseases [84, 85] makes this type of treatment modality especially compelling. The
NMDA receptor antagonist memantine is now a widely used treatment for Alzheimer’s disease
[86], and p38 MAP kinase inhibitors have been developed for therapy of inflammatory diseases
[87] and CNS disorders, including Alzheimer’s disease [88-90]. It may be feasible to re-pur-
pose these agents for treatment of prion diseases.

It has been proposed that PrP© acts as a cell-surface receptor for AB oligomers in Alzhei-
mer’s disease, and that it mediates the neurotoxic effects of these oligomers [51-59]. We have
been able to use our neuronal culture system to test whether PrP*® and A oligomers activate a
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common synaptotoxic pathway upon binding to PrP“. Our results indicate that the two path-
ways diverge, based on our observation that the synaptotoxic effects of PrP*° are blocked by
p38 MAPK inhibitors but not mGluR5 inhibitors, while the reverse is true for the synaptotoxic
effects of A oligomers. The precise differences between the PrP*° and AB synaptotoxic path-
ways remain to be determined. Our system could be used to probe the synaptotoxic mecha-
nisms activated by other oligomeric aggregates, including tau and o-synuclein, which are
thought to participate in an extracellular transmission phase [91], and which may also utilize
PrP€ as a cell-surface receptor [92].

Chronic neurodegenerative disorders, like prion, Alzheimer’s and Parkinson’s diseases, are
likely to involve multiple pathogenic mechanisms, each of which may be operative at different
stages of the disease process. The experimental system described here has allowed us to isolate
one very early event (synaptic degeneration) in the pathological cascade, and study its cellular
and molecular underpinnings. Future experiments will be aimed at translating these findings
into animal models and testing the efficacy of therapeutic interventions directed at specific
steps in the signaling pathway we have identified.

Materials and methods
Low-density neuronal cultures (used for dendritic spine measurements)

Timed-pregnant C57BL/6 mice (referred to as wild-type, WT) were purchased from the Jack-
son Laboratory (Bar Harbor, ME). PrnpO/ ° mice [7] on a C57BL6 background were obtained
from the European Mouse Mutant Archive (EMMA; Rome, Italy), and were maintained in a
homozygous state by interbreeding.

Mice carrying the p38AF dominant-negative mutation [35] on a C57BL6 background were
obtained from the Jackson Laboratory (B6.Cg-Mapk14™"'°**/J; stock #012736). The mutant
allele was maintained in a heterozygous state by breeding with C57BL6 inbred mice. PCR gen-
otyping of tail DNA was performed as per information and protocols are provided by Jackson
Laboratory using the following primers: 5-TAG AGC CAG CCC CAC TTT AGT C-3’ and 5-
GAA GAT GGA TTT TAA GCA TCC GT-3’. The expected PCR products included a 328 bp
band representing the dominant-negative allele, and a 195 bp band representing the WT allele.

All procedures involving animals were conducted according to the United States Depart-
ment of Agriculture Animal Welfare Act and the National Institutes of Health Policy on
Humane Care and Use of Laboratory Animals.

Hippocampal neurons were cultured from PO pups as described [93]. All experiments
shown, except those indicated in Figs 1 and 4, were performed with neurons from WT mice.
Neurons were seeded at 75 cells/mm? on poly-L-lysine-treated coverslips, and after several hrs
the coverslips were inverted onto an astrocyte feeder layer and maintained in NB/B27 medium
until used. The astrocyte feeder layer was generated using murine neural stem cells, as described
[94]. Neurons were kept in culture for 18-21 days prior to PrP*® or ADDL treatment.

Dendritic spine quantitation

Hippocampal neurons cultured as described above were treated with purified PrP*, ADDLs,
or control preparations for 24 hrs, followed by fixation in 4% paraformaldehyde and staining
with either Alexa 488-phalloidin or rhodamine-phalloidin (ThermoFischer Scientific, Wal-
tham, MA) to visualize dendritic spines, and anti-tubulin antibodies (Sigma-Aldrich, St. Louis,
MO) to visualize axons and dendrites. Images were acquired using a Zeiss 880 (Figs 8 and 9)
Zeiss 700 (all other figures) confocal microscope with a 63x objective (N.A. = 1.4). The number
of dendritic spines was determined using Image]J software. Briefly, 2-3 isolated dendritic seg-
ments were chosen from each image, and the images adjusted using a threshold that had been
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optimized to include the outline of the spines but not non-specific signals [95]. The number of
spines was normalized to the measured length of the dendritic segment to give the number of
spines/pum. For each experiment, 15-24 neurons from 3-4 individual experiments were
imaged and quantitated.

Immunostaining was performed with the following primary antibodies and corresponding
secondary antibodies: anti-gephyrin (Synaptic Systems, Woodland, CA; cat 147011, 1:500);
anti-tau (Santa Cruz Biotechnology, Santa Cruz, CA; cat. Sc5587, 1:500); anti-GluR1 (Abcam,
Cambridge, MA; cat. Ab31232, 1:500); anti-synaptophysin (Millipore Sigma, St Louis, MO;
cat. $5768, 1:500). Quantitation of gephyrin, GluR1, and synaptophysin staining was per-
formed using Image]J to count the number of fluorescent puncta per pm along isolated den-
dritic segments (similar to the method described above to quantitate dendritic spine numbers
after phalloidin staining).

Calcium imaging

Hippocampal neurons cultured as described above were washed once with PBS before treat-
ment with Fluo-3 (ThermoFisher Scientific, Waltham, MA) at final concentration of 5 uM.
Cells were incubated for 20-30 min at 37°C, followed by a several washes to remove extracellu-
lar dye. Neurons were imaged in the green fluorescence channel of an Olympus wide field
microscope with 20X objective. Each neuron was imaged for 5 min before either drug or solvent
control was added, after which imaging was continued for an additional 30 min. The average
signal during the 5 min pre-treatment was considered to represent the baseline calcium level for
each cell. The proportion of 30 min recording period during which the calcium signal was > 2X
the baseline level was calculated and used as a measure of net calcium accumulation.

Measurement of p38 MAPK phosphorylation in dendritic spines

Low-density hippocampal neuronal cultures were treated with purified PrP* or mock prepa-
rations for 1 or 24 hrs, followed by fixation in 4% paraformaldehyde containing phosphatase
inhibitors (Roche-Sigma, 04 906 845 001) and permeabilization in 1% Triton X-100 for 5 min.
Dual immunostaining was performed with anti-phospho-p38 antibody (Thr180/Tyr182) (Cell
Signaling, mAb #45118, 1:100) and anti-total p38 antibody (Abcam, ab31828, 1:300), followed
by Alexa 546 and Alexa 633 secondary antibodies, respectively. Cultures were also stained with
Alexa 488-phalloidin to visualize dendritic spines. Multi-stack images were acquired using a
Zeiss 880 confocal microscope with a 63x objective (N.A. = 1.4). The fluorescence intensities
of the phospho-p38 and total p38 signals were quantitated within a region of interest (ROI)
using Image] software. Images of phalloidin staining were used to determine the location of
intact or collapsed dendritic spines. Two or three isolated ROIs on each neuron, coinciding
with locations of individual dendritic spines, were captured at 10X zoom, and then the fluores-
cence intensity and area were determined within the ROI. The fluorescence intensities were
normalized to the area of the ROI, and the ratio of phospho-p38/total p38 staining was calcu-
lated. For each experiment, 10-12 neurons from 3-4 individual experiments were analyzed.

Electrophysiological analysis using mixed hippocampal/glial cultures

With the exception of the experiment shown in S1 Fig, hippocampal cultures used for
electrophysiological recording were prepared using a procedure that differs from the one used
to prepare cultures for dendritic spine imaging. Briefly, hippocampi from newborn pups of the
indicated genotypes were dissected and treated with 0.25% trypsin at 37°C for 12 min [96].
Cells were plated at a density of 65,000 cells/cm” on poly-D-lysine-coated coverslips in DMEM
medium with 10% F12 and 10% FBS.
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Recordings were made from hippocampal neurons cultured for 18-20 days and treated for 24
hrs with purified PrP* or control preparations. Whole-cell patch clamp recordings were collected
using standard techniques. Pipettes were pulled from borosilicate glass and polished to an open
resistance of 2-5 megaohms. Experiments were conducted at room temperature with the follow-
ing solutions: internal, 140 mM Cs-glucuronate, 5 mM CsCl, 4 mM MgATP, 1 mM Na,GTP, 10
mM EGTA, and 10 mM HEPES (pH 7.4 with CsOH); external, 150 mM NaCl, 4 mM KCl, 2 mM
CaCly, 2 mM MgCl,, 10 mM glucose, and 10 mM HEPES (pH 7.4 with NaOH). Current signals
were collected from a Multiclamp 700B amplifier (Molecular Devices, Sunnyvale, CA), digitized
with a Digidata 1550A interface (Axon Instruments, Union City, CA), and saved to disc for analy-
sis with PClamp 10 software. Miniature excitatory postsynaptic currents (mEPSCs) were recorded
in the presence of TTX (1 pM, Abcam, Cat. # ab120054) and picrotoxin (100 uM, Abcam, Cat. #
ab120315). Miniature inhibitory postsynaptic currents (mIPSCs) were recorded in the presence of
TTX (1 uM) and CNQX (20 pM, Abcam, Cat. # ab120044). Frequencies and amplitudes of the
mEPSCs and mIPSCs were quantitated by Clampfit (Molecular Devices, CA).

Purification of PrP%¢

Purification was carried out as previously described [23, 97]. In a typical preparation (used for all
experiments, except those shown Figs 8 and 9), 18 RML-infected C57BL6 brains were homoge-
nized in 3 ml of 10% sarkosyl in TEND (10 mM Tris-HCI [pH 8], 1 mM EDTA, 130 mM NaCl,
and 1 mM dithiothreitol) containing Complete Protease Inhibitor Cocktail (Roche Diagnostics,
cat. no. 11836153001) using a glass bead homogenizer. Brain homogenates were incubated on ice
for 1 hr and centrifuged at 22,000 x g for 30 min at 4°C. The supernatant was kept on ice, while
the pellet was resuspended in 1 ml of 10% sarkosyl in TEND, incubated for 1 hr on ice, and then
centrifuged at 22,000 x g for 30 min at 4°C. The pellet was discarded while the supernatants were
pooled and centrifuged at 150,000 x g for 2.5 h at 4°C. The new supernatants were discarded,
while the pellets were rinsed with 50 ml of 100 mM NaCl, 1% sulfobetaine (SB) 3-14 in TEND
plus protease inhibitors, and then pooled by resuspending them in 1 ml of the wash buffer, and
centrifuging at 180,000 x g for 2 hr at 20°C. The supernatant was discarded, and the pellet was
rinsed with 50 ml of TMS (10 mM Tris-HCl [pH 7.0], 5 mM MgCl,, and 100 mM NaCl) plus pro-
tease inhibitors, resuspended in 600 pl of the same buffer containing 100 mg/ml RNase A and
incubated for 2 hr at 37°C. The sample was then incubated with 5 mM CaCl,, 20 mg/ml DNase I
for 2 hr at 37°C. To stop the enzymatic digestion, EDTA was added to a final concentration of 20
mM, and the sample was mixed with an equal volume of TMS containing 1% SB 3-14. The sam-
ple was gently deposited on a 100 pl cushion of 1 M sucrose, 100 mM NaCl, 0.5% SB 3-14, and 10
mM Tris-HCI (pH 7.4), and centrifuged at 180,000 x g for 2 hr at 4°C. The supernatant was dis-
carded and the pellet was rinsed with 50 pl of 0.5% SB 3-14 in PBS, resuspended in 1 ml of the
same buffer, subjected to 5 X 5 sec pulses of bath sonication with a Bandelin Sonopuls Ultrasoni-
cator (Amtrex Technologies, Montreal, Canada) at 90% power, and centrifuged at 180,000 x g for
15 min at 4°C. The final supernatant was discarded and the final pellet was resuspended in 900 ul
of PBS (50 l for each starting brain) and sonicated 5 times for 5 sec. Aliquots were stored at
-80°C. Mock purifications were also carried out from age-match, uninfected brains. The purified
preparations were evaluated by SDS-PAGE followed by silver staining and Western blotting.

For the experiments shown in Figs 8 and 9, PrP> was purified using the pronase E method [23].

In all experiments, purified PrP%° was added to neuronal cultures at a final concentration of
4.4 pug/ml, identical to what was used in our previous study [23]. An equivalent amount of
mock material was used, based on purification from the same proportion of brain tissue.
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ScN2a cell assay

The uninfected Neuro-2a cells (N2a) were from the ATCC (Cat. #: ATCC CCL-131). A scra-
pie-susceptible sub-clone (N2a.3) infected with RML prions [98] were plated in 6-well plates.
Cells were treated for 3 days with test compounds (p38 MAPK and MK2/3/5 inhibitors), or
with DMSO vehicle as a negative control and Congo red as a positive control. Cultures were
then split at a 1:5 ratio and treatment with compounds in fresh medium continued for 4 more
days. At the end of the 7-day treatment, cells were lysed in 300 ul of lysis buffer (0.5% NP-40,
0.5% deoxycholate, 10mM Tris-HCI, pH8 and 100mM NaCl) and protein concentration was
measured using BCA assay (ThermoFisher Scientific, Waltham, MA). Samples were then
treated with proteinase K (40 ug/ml) at 37°C for 1 hr. Digestion was stopped by addition of
10x Complete Protease Inhibitor Cocktail (Roche, Indianapolis, IN). Samples were centrifuged
at 180,000 x g for 1 hr at 4°C. Pellets were dissolved in 20 ul of 1x Laemmli loading buffer (Bio-
Rad, Hercules, CA) and were boiled for 3 min before loading on pre-cast 12% SDS-PAGE Cri-
terion gels (Bio-Rad, Hercules, CA). Western blotting was performed according to standard
procedures. PrP*° was detected using the anti-prion antibody D18 [99] and HRP-coupled,
anti-human secondary antibody (Jackson ImmnoResearch, West Grove, PA). Quantitation
was performed using the Image] gel quantification function.

ADDL preparation

ADDLs were prepared from synthetic A 1-42 peptide as previously described [55, 100]. AR
peptide (ERI Amyloid Laboratory, Oxford, CT) was dissolved in HFIP at a concentration of 1
mM and sonicated for 10 min in an ice-water bath. The sample was allowed to incubate at
room temperature for 1 hr before it was transferred to a centrifuge tube and spun at 15,800 x g
for 1 min. The supernatant was transferred into a new glass vial and was dried under a fume
hood with nitrogen gas. The film of dried peptide was dissolved in DMSO, and then diluted
into Ham’s F12 phenol-red-free medium (Gibco/ThermoFisher scientific, Waltham, MA) to a
final concentration of 100 uM. The sample was incubated at room temperature for 16 hrs and
was then centrifuged for 15 min at 15,800 x g. The supernatant was aliquoted, flash-frozen in
liquid nitrogen, and stored at -80°C.

Ethics statement

All procedures involving animals were conducted according to the United States Department
of Agriculture Animal Welfare Act and the National Institutes of Health Policy on Humane
Care and Use of Laboratory Animals. Ethical approval (AN-14997) was obtained from Boston
University medical center institutional animal care and use committee.

Supporting information

S1 Fig. The PrP*° effect on mEPSCs is comparable in two types of neuronal culture sys-
tems. Hippocampal neurons were cultured on coverslips at low-density over an astrocyte
feeder layer, the same procedure used for visualization of dendritic spines. Cultures were
treated for 24 hrs with either purified PrP*° or with mock-purified material, after which
mEPSCs were recorded and their frequencies (A) and amplitudes (B) quantitated. N = 15 from
2 independent experiments. ***p<0.001 by Student’s t-test.

(TIF)

$2 Fig. PrP*° does not affect inhibitory postsynaptic markers. Hippocampal neurons were
treated for 24 hrs with mock-purified material (A, B) or with purified PrP (C, D). Cultures
were then fixed and stained with fluorescent phalloidin (green) (A, C) along with an antibody
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to the inhibitory postsynaptic marker, gephyrin (red) (B, D). Quantitation of spine number
and gephyrin staining is shown in panel E, normalized to the values in mock-treated cultures.
Pooled measurements were collected from 15-20 cells from 3 independent experiments.
***p<0.001 by Student’s t-test; N.S., not significantly different. Scale bar in panel D = 20 uym
(also applicable to panels A-C).

(TIF)

$3 Fig. Voltage-gated calcium channels do not play a major role in PrP*° synaptotoxicity.
Hippocampal neurons were treated for 24 hrs with purified PrP® in the presence or absence of
inhibitors of R-, T-, N-, P/Q- and L-type voltage-gated calcium channels (VGCCs) (bars
labeled Plus PrP®°). A parallel set of cultures was treated with inhibitor without PrP*¢ (bars
labeled Minus PrP*°). The bar labeled Mock represents cultures treated with mock-purified
material in the absence of inhibitors. Pooled measurements of spine number were collected
from 15-20 cells from 3 independent experiments. *p<0.05; ***p<0.001 by Student’s t-test; N.
S., not significantly different. The inhibitors used are listed in Table 1.

(TIF)

$4 Fig. The a isoform of p38 MAPK plays an essential role in PrP>® synaptotoxicity. Hippo-
campal neurons were treated for 24 hrs with mock-purified material (A), purified PrP%¢ (B), or
purified PrP% in the presence of a p38o. MAPK inhibitor (VX745, 100 nM) (C). Dendritic
spines were then visualized by fluorescent phalloidin staining (A-C). Pooled measurements of
spine number were collected from 15-20 cells from 3 independent experiments (D). The bar
labeled p38ai represents cultures treated with inhibitor without PrP*¢. Parallel cultures were
analyzed by patch clamping to measure mEPSC frequency and amplitude (E-G).). N = 10 cells
from 2 independent experiments. ***p<0.001 and * p<0.05 by Student’s t-test; N.S., not signif-
icantly different. Scale bar in panel C = 20 um (also applicable to panels A and B).

(TIF)

S5 Fig. p38 MAPK and MK inhibitors do not affect PrP*° propagation in ScN2a cells.
ScN2a cells were treated for 3 days with DMSO vehicle, Congo red (5 pm), p38 MAPK inhibi-
tor (SB239063, 10 uM), or MK2/3/5 inhibitor (CAS1186648, 500 nM), after which cells were
split at a 1:5 ratio and fresh inhibitors were added for 4 more days. At the end of the 7-day
treatment, cells were harvested and lysed. BCA protein assays of lysates were performed as a
measure of drug cytotoxicity (A). Cell lysates were also subjected to proteinase K digestion fol-
lowed by Western blotting to reveal proteinase K-resistant PrP* (B). ***p<0.001 by Student’s
t-test; N.S., not significantly different. Data were derived from triplicate cultures.

(TIF)

$6 Fig. The unfolded protein response does not play a major role in PrP>® synaptotoxicity.
Hippocampal neurons from WT mice were treated for 24 hr with integrated stress response
inhibitor (Trans-ISRIB, 20 nM) alone (A), PERK inhibitor (GSK2606414, 500 nM) alone (B),
or with the respective inhibitors in combination with purified PrP*® (C, D). Neurons were
then fixed and stained with fluorescent phalloidin. Pooled measurements of dendritic spine
number were collected from 15-20 cells from 3 independent experiments (E). *p<0.05 by Stu-
dent’s t-test; N.S., not significantly different. Scale bar in panel D = 20 um (also applicable to
panels A-C).

(TIF)

S7 Fig. Ap oligomers cause PrP¢-dependent dendritic spine retraction. Primary hippocam-
pal neurons from wild-type (WT) mice (A, B) or PrP knockout mice (Prn-pO/ % (C, D) were
treated for 24 hrs with vehicle (A, C) or ADDLs (1.6 pM) (B, D). Neurons were then fixed and
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stained with fluorescent phalloidin (green) to visualize F-actin in dendritic spines, and with
anti-tubulin (red) to visualize overall dendritic morphology. Pooled measurements of den-
dritic spine number were collected from 15-20 cells from 3 indepdendent experiments (E).
***p<0.001 by Student’s t-test; N.S., not significantly different. Scale bar in panel D = 20 uym
(also applicable to panels A-C).

(TIF)
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