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SUMMARY

Borna disease viruses (BoDV) have recently emerged as zoonotic neurotropic
pathogens. These persistent RNA viruses assemble nuclear replication centers
(vSPOT) in close interaction with the host chromatin. However, the topology of
this interaction and its consequences on neuronal function remain unexplored.
In neurons, DNA double-strand breaks (DSB) have been identified as novel epige-
netic mechanisms regulating neurotransmission and cognition. Activity-depen-
dent DSB contribute critically to neuronal plasticity processes, which could be
impaired upon infection. Here, we show that BoDV-1 infection, or the singled-
out expression of viral Nucleoprotein and Phosphoprotein, increases neuronal
DSB levels. Of interest, inducing DSB promoted the recruitment anew of vSPOT
colocalized with DSB and increased viral RNA replication. BoDV-1 persistence
decreased neuronal activity and response to stimulation by dampening the sur-
face expression of glutamate receptors. Taken together, our results propose an
original mechanistic cross talk between persistence of an RNA virus and neuronal
function, through the control of DSB levels.

INTRODUCTION

The impact of central nervous system (CNS) infections on neuronal physiology represents a fascinating

example of host/pathogen interaction (Lathe and St Clair, 2020). In the case of viruses persisting in post-

mitotic neurons, neuronal dysfunction upon infection may result from interference with specific cellular

pathways. Noteworthy, long-lasting changes in neuronal function caused by neurotropic viruses may result

from epigenetic changes triggered in the host cell, even without any associated overt neuronal loss, for

which the underlying mechanisms remain largely unknown (Galvan et al., 2015; Tsai and Cullen, 2020).

This is indeed particularly relevant when considering that epigenetic marks play a fundamental role in

neuronal adaptive responses and cognitive functions (Akbarian et al., 2013; Day and Sweatt, 2011). Among

these epigenetic processes, DNA double-strand breaks (DSB) are increasingly recognized as major

regulators of neuronal function.

Until recently, DSB were only considered as being deleterious to genome stability and to result in the acti-

vation of apoptotic signaling cascades. However, DSB can also occur during physiological conditions, such

as meiosis and ontogeny of T and B cells (Alt et al., 2013; Baudat et al., 2013; Bednarski and Sleckman,

2019). Concerning the CNS, notably post-mitotic mature neurons, increasing evidence points to DSB as

major regulators of gene expression, by recruiting epigenetic modifiers and by altering the structure of

gene promoters. As a matter of fact, the role of neuronal DSB in carving the epigenetic landscape involved

in cognition is an emerging area of research. Interestingly, DSB not only accumulate in the brain of mouse

models of Alzheimer’s disease (Suberbielle et al., 2015) but also occur physiologically in healthy post-

mitotic mature neurons upon activation by various sensory or cognitive challenges (Suberbielle et al.,

2013). Rapidly and efficiently resolved by the DNA repair machinery, these physiological DSB are not dele-

terious for neurons andmay even contribute to the chromatin remodelingmechanisms that are required for

memory acquisition (Madabhushi et al., 2015).

Several viruses can efficiently target factors involved in the production of DSB by endonucleases, their

detection, or their repair (Hu et al., 2019; Luftig, 2014; Weitzman and Fradet-Turcotte, 2018). However,
iScience 25, 103621, January 21, 2022 ª 2021 The Author(s).
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

mailto:elsa.suberbielle@inserm.fr
https://doi.org/10.1016/j.isci.2021.103621
https://doi.org/10.1016/j.isci.2021.103621
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2021.103621&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


ll
OPEN ACCESS

iScience
Article
only a few studies have focused on the impact of RNA viruses on DSB (Chen et al., 2019; Hammack et al.,

2019; Hristova et al., 2020; Ledur et al., 2020; Ryan et al., 2016). For Retroviridae andOrthomyxoviridae, con-

trolling DSB levels is critical to delay the induction of apoptosis (Hristova et al., 2020; Khanna et al., 2010;

Koyama et al., 2013; Li et al., 2015; Piekna-Przybylska et al., 2017). Moreover, the role of DSB in the course of

these infections has only been studied using mitotic cells. In sharp contrast, studying the responses to DSB

in post-mitotic neurons may reveal impaired pathways upon infection, which are key regulators of neuronal

function, are not associated to overt neuronal loss, but still induce severe consequences on brain function.

Borna disease virus-1 (BoDV-1) is an ideal model system for this type of investigations. This single-stranded

negative persistent RNA virus displays strong neurotropism. BoDV-1 can infect a wide range of vertebrate

species, and recent evidence reported the association of BoDV-1 with fatal encephalitis in humans (Finck

et al., 2020; Niller et al., 2020; Schlottau et al., 2018). In animal models, BoDV-1 causes behavioral impair-

ment in infected hosts in the absence of overt neuronal loss. Strikingly, it has been shown that BoDV-1

persistence in cell lines results from the interaction of viral ribonucleoparticles (RNPs) with the chromatin

(Hirai et al., 2016; Matsumoto et al., 2012). Moreover, both BoDV-1 infection and the viral Phosphoprotein

P have been found to contribute to the deleterious impact of this virus on neuronal function (Betourne et al.,

2018; Volmer et al., 2006), notably through epigenetic modifications of neuronal chromatin (Bonnaud et al.,

2015; Suberbielle et al., 2008). However, the fundamental questions of if and how BoDV-1 may hijack the

DNA DSB response in postmitotic neurons have never been addressed.

In this study, we sought to decipher the interplay between BoDV-1 infection of primary cultures of rat

neurons and DSB and to unravel its consequences on viral replication and neuronal function. We found

that two viral proteins that are part of the RNP are sufficient to elevate DSB levels in neurons and that viral

factories benefit from DSB to increase replication. Infected neurons showed impaired electric activity and

response to stimulation. Our work provides new clues to understand the unique challenges that a

neurotropic RNA virus faces for its persistence in postmitotic cells and illustrates the intricate relationships

between neuronal stimulation and replication of an RNA virus.
RESULTS

BoDV-1 infection increases DSB levels in primary neurons

To determine whether BoDV-1 persistence could impact on physiological DSB levels in neurons, we in-

fected primary cultures of hippocampal rat neurons and measured the levels of specific DSB hallmarks in

neurons at 13 days post infection (dpi). As previously documented (Hans et al., 2004), neuronal cultures

were 100% infected by BoDV-1 at that time point (Figures 1A and S1A). To mark DSB, we first assessed

expression of 53BP1, which is recruited specifically to DSB sites, where it forms foci (Anderson et al.,

2001; Suberbielle et al., 2013). Because of its critical role in the detection and repair of DSB in post-mitotic

cells, 53BP1 displays a neuron-specific characteristic diffuse nuclear staining when assessed by immunoflu-

orescence microscopy, whereas it forms bright fluorescent foci at DSB sites (Suberbielle et al., 2013; Torres

et al., 2015) (Figures 1B and S1A). Importantly, this characteristic diffuse nuclear 53BP1 staining is absent in

glia, which is useful to discriminate neurons fromglia in a culture. We found that BoDV-1 infection increased

by 60% the number of neurons displaying 53BP1-positive foci, when compared with mock-infected controls

(NI) (Figure 1C). Next, we used Western blot analysis to evaluate phosphorylation levels at serine 139 of

Histone 2A variant X (gH2A.X), which is also recruited at DSB sites. Consistent with our analysis of

53BP1, we observed that gH2A.X protein levels were increased in infected neurons compared with

mock-infected cultures (Figures 1D and 1E). To confirm that BoDV indeed increased DSB levels and not

just 53BP1 foci and gH2A.X levels without a bona fide DNA breakage, we assessed the level and severity

of DNA fragmentation using single-cell gel electrophoresis, also known as comet assay (Figures 1F–1I).

When performed at neutral pH, the comet assay allows measuring DNA DSB (Olive and Banath, 2006; Sub-

erbielle et al., 2013). We found that BoDV-1 infection increased by 46% the percentage of cells with DNA

fragmentation (Figures 1F and 1G). As a positive control, we used Etoposide treatment, which increases the

endonuclease activity of Topoisomerase 2b, while blocking its ligase function of DNA repair, therefore

causing accumulation of DSB (Hu et al., 2019; Madabhushi et al., 2015). Compared with Etoposide, which

induced both increased Tail moment and Tail length, BoDV did not alter Tail moment or Tail length, likely

reflecting a lower severity of DNA fragmentation (Figures 1H and 1I). We ruled out the hypothesis that the

increased DSB levels detected in BoDV-1-infected cultures might result from apoptosis, by performing

TUNEL staining analyses, which confirmed that BoDV-1 infection did not lead to neuronal apoptosis (Fig-

ure S1B). Next, to test whether increased DSB levels in BoDV-1-infected cultures could be caused by the
2 iScience 25, 103621, January 21, 2022



Figure 1. BoDV-1 increases levels of DNA double-strand breaks in primary neurons

(A) Schematic representation of the experimental strategy using primary cultures of rat hippocampal neurons and BoDV-1 infection.

(B) Insets views are displayed from confocal microscopy analysis of 53BP1 staining (red) and MAP2-positive (blue) neurons from BoDV-1 (BoDV) versus non-

infected (NI) cultures. Arrows indicate 53BP1-positive foci of DSB. Scale bar: 10 mm.

(C) Numbers of neurons with 53BP1-positive foci were counted and are expressed as average percentages of foci-positive neurons. A total of 2,358 NI- and

2,697 BoDV-1 infected neurons were observed in n = 2–3 fields on 4–6 coverslips per condition from 3 independent experiments. ***p = 0.001 versus NI by

unpaired t test.

(D-E) Levels of the DSB marker gH2A.X were determined by Western blotting.

(D) A Western blot illustrating particularly strong increase in gH2A.X signals upon infection. Nucleoprotein (N) and b-actin levels were also detected.

(E) Quantitation of Western blot signals. The average gH2A.X to b-actin ratio in non-infected cultures was defined as 1.0. n = 2–6 wells per condition from 7

independent experiments. ****p < 0.0001 versus NI by unpaired t test with Welch correction.

(F-I) Cell nuclei isolated from 14-DIV primary mixed cultures of hippocampal neuron homogenates were assessed for DNA fragmentation levels by the comet

assay at neutral pH.

(F) Representative images of cell nuclei from non-infected (NI), BoDV-infected (BoDV) cultures or as a positive control, after 5 h incubation with 0.5 mM

Etoposide (ETP). Images were captured by fluorescence microscopy. Scale bar: 10 mm.

(G) Quantification of the percentage of nuclei with comet tails, which are indicative of DSB. For each condition, a total of 1,325–2,190 nuclei were inspected

and scored.

(H) Tail moment, indicating the severity of DNA fragmentation as a function of the number of fragments produced and the lengths of the fragments, was

measured for each cell showing a comet.

(I) Tail length, indicating the extent of DNA fragmentation, was measured for each cell showing a comet. Tail moment and length are expressed as

normalized on the average tail moment/length for the NI measured for each experiment. n = 6–8 wells per condition from 4 independent experiments.

*p < 0.05, **p < 0.01, ***p < 0.001 versus leftmost bar (Dunnett post hoc test). Bars represent means G SEM.
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Figure 2. BoDV-1 Nucleoprotein N and Phosphoprotein P increase DSB levels in neurons

Primary cultures of rat neurons were transduced 7 days after seeding (DIV) by lentiviral vectors (LVs) to express BoDV-1 Nucleoprotein (N), Phosphoprotein

(P), X protein (X), or green fluorescent protein (GFP) as a control. Wells that were not transduced are shown as mock. Seven days post transduction (dpt),

expression of these proteins and DSB markers was assessed by confocal microscopy (B, C), and their levels were assessed by Western blot analysis (D-F).

(A) Schematic representation of the experimental strategy.
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Figure 2. Continued

(B) 53BP1 staining (red) in N- versus P- versus X- versus GFP-expressing (green) and MAP2-positive (blue) neurons was visualized by confocal microscopy.

Scale bar: 20 mm.

(C) Inset views from (B) of the triple staining are shown at higher magnification. Arrows indicate DSB foci. Scale bar: 10 mm.

(D-F) Levels of the DSB marker gH2A.X were determined by Western blotting. (D-E) Representative Western blots are shown. (F) Quantitative analysis of the

Western blot signals. The average gH2A.X to b-actin ratio in mock-transduced cultures was defined as 1.0. n = 2–4 wells per condition from 5–16 independent

experiments. ns, non-significant ***p < 0.001, **p < 0.01 versus mock by Dunnett post hoc test with Welch correction. Bars represent means G SEM.
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release of soluble factors in the culture medium upon infection, we swapped medium between BoDV-1-

and mock-infected cultures (Figure S2). We observed that incubating non-infected neurons for 5 h with

the medium of BoDV-1-infected neurons did not increase gH2A.X levels, whereas at that time, the incuba-

tion of neurons with either amyloid-b oligomers or pro-inflammatory cytokines was sufficient to induce DSB

(Suberbielle et al., 2013 and data not shown). Hence, the increased DSB levels likely directly result from the

presence of BoDV-1 in neurons.

BoDV-1 Nucleoprotein and Phosphoprotein induce DSB in neurons

To assess whether the singled-out expression of any viral protein could similarly increase DSB levels in neu-

rons, we transduced primary neurons with lentiviral vectors (LVs) expressing two main components of the

BoDV-1 ribonucleoparticle, the Nucleoprotein (N) and Phosphoprotein (P), as well as the non-structural X

protein.We explored DSB levels 7 days post transduction, at 14 days in vitro (DIV), to allow both completion

of post-integration DNA repair of the lentiviral vectors (Skalka and Katz, 2005) and good expression of the

transgene proteins (Figure 2). After confirming the expected partly nuclear pattern of expression of the

green fluorescent protein (GFP), N, P, and X in neurons by immunofluorescence confocal microscopy,

we could already detect increased levels of 53BP1 foci in neurons transduced with LV N or LV P, but not

with LV GFP or LV X, with a trend to display more than one focus per cell (Figures 2B and 2C). Likewise,

Western blot analyses showed that expression of either N or P increased gH2A.X levels in neurons by

50%, whereas X or GFP did not lead to any change in DSB levels (Figures 2D–2F). By comet assay, compared

with LV GFP, the singled-out expression of N or P proteins increased DNA fragmentation by, respectively,

68% and 33% (Figures S3A and S3B). Noteworthy, LV N caused higher severity of DNA fragmentation, as

shown by significantly increased Tail moment and Tail length of the comets when compared with LV

GFP (Figures S3A, S3C, and D).

BoDV-1 nuclear viral factories are located in the direct vicinity of neuronal DSB

Having shown that N and P, which are two main components of BoDV-1 viral factories, called vSPOT

(for viral SPeckles Of Transcripts) induce DSB in neurons, we decided to explore the spatial relationship

between DSB and vSPOT in the nuclei of neurons. To this aim, we analyzed neuronal staining by super-res-

olution confocal microscopy using STED technique (Figure 3). This technique allows one to reach a reso-

lution of 40 nm. We found that vSPOT events were colocalized at 63.8% G 21.4 SD with a 53BP1-positive

focus when both events could be visualized in the same neuron (Figures 3B–3D), and as illustrated in the 3D

reconstruction of a nucleus structure and animated view (Figure 3C and Video S1). When they were not co-

localized, there was no specific pattern in the distance between vSPOT and 53BP1-positive foci (Figures 3A

and 3D). To further confirm that vSPOT co-localized at DSB sites, we also performed 3D-STED analyses of

BoDV N and gH2A.X. Being a core histone variant, gH2A.X is directly bound to DNA at DSB sites and is

considered as the earliest marker of a DSB (Baldock et al., 2015). Using these co-stainings, we observed

that all vSPOT co-localized with a gH2A.X-positive focus (Figures 3E, 3F, and S4 and Video S2). We also

confirmed that 85% of gH2A.X-positive foci were also co-stained with 53BP1, both in BoDV-infected neu-

rons and in non-infected controls (Figure S4C), as previously already demonstrated in vivo (Suberbielle

et al., 2013). Altogether, our results indicate that vSPOT preferentially locate at the level of DSB in the chro-

matin of neurons.

Etoposide-induced DSB activate BoDV-1 replication

The close spatial relationship between vSPOT and DSB foci led us to hypothesize that DSB may be used as

hubs for the virus to replicate andmay therebymodulate viral replication. Therefore, to test if DSBmay pro-

mote or impede viral replication upon BoDV-1 persistent infection, we increased steady-state DSB levels in

neurons using Etoposide (Figure 4). First, we infected primary cultures of neurons with BoDV-1 at 7 DIV, to

allow viral spread in already mature neuronal networks able of spontaneous activity. Neurons were treated

with varying concentrations of Etoposide 2 days later, to analyze a potential recruitment of BoDV-1 viral
iScience 25, 103621, January 21, 2022 5



Figure 3. BoDV-1 vSPOT and DSB are strongly colocalized in infected neuronal nuclei

Super-resolution confocal microscopy analysis was performed by STED technology on BoDV-1-infected rat neurons at 13 dpi.

(A and B) Representative 2D-STED images of 53BP1-positive (in red) DSB foci (plain arrow), and Nucleoprotein-positive (in

green) vSPOT (empty arrow) staining and merged images of the same confocal planes. (A) Representative example of a

neuronal nucleus with no colocalization between DSB and vSPOT. (B) Representative example of a neuronal nucleus with

fully colocalized DSB and vSPOT. Scale bar: 5 mm.

(C) Representative 3D-STED 3D reconstruction view of a nucleus (in blue) with colocalized 53BP1-positive DSB foci (in red)

with Nucleoprotein-positive vSPOT (in green). The full 3D reconstruction can be observed as a 3D animation in Video S1.

Scale bar: 2 mm.

(D) Quantitative analysis of the distribution of neuronal nuclei with 53BP1-positive foci and their nearest vSPOT in function

of the distance between these two events, expressed as the average percentage for each distance interval measured. n =

22–61 nuclei analyzed per experiment from 3 independent experiments.

(E and F) Representative 2D-STED images are displayed in (E) gH2A.X-positive DSB foci (red) colocalized with

Nucleoprotein-positive (green) vSPOT in the nucleus (dashed circle) of a neuron from a BoDV-1-infected culture. A full 3D

reconstruction can be observed as a 3D animation in Video S2; in (F) gH2A.X-positive foci of DSB (red) colocalized with

53BP1-positive foci of DSB (green) in the nucleus of a BoDV-infected neuron. General corresponding confocal views are

displayed in Figure S4. Scale bar: 5 mm. Bars represent means G SEM.
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Figure 4. Induction of DSB in neurons by Etoposide increases numbers of colocalized DSB/vSPOT per neuron and viral RNA replication

(A) Schematic representation of the experimental strategy. Primary cultures of rat hippocampal neurons were infected by BoDV-1 and treated with the DSB-

inducing agent Etoposide (ETP) or its vehicle DMSO, followed by immunofluorescence analysis.

(B–D) The numbers of DSB and vSPOT and the levels of colocalization of these two nuclear events were assessed by manual counting following

immunofluorescence staining of 53BP1-positive foci of DSB (in red), and Nucleoprotein-positive (N) vSPOT (in green) analyzed by confocal microscopy. (B)

Representative confocal images of DSB foci, vSPOT, and their colocalization (arrow), for experiments using 0.1 or 0.5 mM Etoposide, or vehicle-treated

(DMSO) cultures. Scale bar: 10 mm. (C) Distribution as percentage of the counts of infected neurons displaying DSB foci in three categories (1, 2, orR3 DSB/

cell) depending on the numbers of foci per nucleus observed. (D) Distribution of the counts of the same neurons displaying vSPOT in three categories (1, 2, or

R3 vSPOT/cell) depending on the numbers of events per nucleus observed. n = 22–44 neurons analyzed from 2 coverslips per condition, from 3 independent

experiments. ns, non-significant, ****p < 0.0001 by multiple t test.

(E and F) Quantitative analysis by RT-qPCR of BoDV-1 viral RNA levels in rat hippocampal neurons, after infection by BoDV-1 and at 3 different times

post treatment with Etoposide (ETP) or vehicle (DMSO). (E) Schematic representation of the experimental strategy. (F) Changes in RNA levels

are expressed as compared with the DMSO condition, for which the average DDCt (normalized on GAPDH) was set to 1. n = 2 wells analyzed each

in duplicates, per condition from 4 independent experiments. ns, non-significant, **p < 0.01 by Bonferroni post hoc t test. Bars represent

means G SEM.
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Figure 5. Persistent BoDV-1 infection prevents activity-induced DSB in neurons by decreasing surface expression of NMDA receptors (NMDARs)

(A and B) When primary neuronal cultures were fully and steadily infected (BoDV), neurons were incubated with the NMDARs selective agonist NMDA (+) or

vehicle (�) for 30 min. DSB levels were assessed byWestern blot analysis. (A) A representativeWestern blot is shown. (B) Quantitation ofWestern blot signals.

The average gH2A.X to a-Tubulin ratio in non-infected (NI) cultures was defined as 1.0. n = 2–3 wells per condition from 8 independent experiments.

(C–F) Total (C–D) and surface (E-F) expressions of the GluN2A subunit of NMDARs were quantified by immunofluorescence staining followed by confocal

microscopy analysis. (C, E) Representative high-resolution images obtained using Airyscan 2 technology are shown of total (C) and surface (E) GluN2A signals

(in green) in dendrites (MAP2, red) from BoDV-1 versus non-infected (NI) neurons at 16 DIV. Scale bar: 2 mm (D, E) Quantitative analyses of total (D) and

surface (F) GluN2A clusters of signals are shown. The average GluN2A signal measured in each experiment in NI cultures was defined as 1.0. In average, 74

versus 84 (NI versus BoDV) dendrites were assessed for surface expression of GluN2A and 102 versus 94 (NI versus BoDV) dendrites for total expression of

GluN2A. n = 3 independent experiments. ns, non-significant, *p < 0.05, ****p < 0.0001 by Tamhane T2 post hoc t test with Welch correction (B), or by

unpaired t test (F). Bars represent means G SEM.
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factories to newly induced DSB (Figure 4A). With this experimental setup, we first evidenced a dose-depen-

dent increase in the number of neurons with 53BP1-positive foci and an increase in the number of foci per

nucleus (Figures 4B, 4C, and S5). Strikingly, this increase in DSB was associated with increased numbers of

vSPOT per cell (Figure 4B). For instance, infected neurons exposed to 0.5mM Etoposide displayed

increased numbers of DSB foci (Figures 4B and 4C) and of vSPOT (Figures 4B and 4D) per cell compared

with vehicle-treated controls, together with a 1.8-fold increase in the number of neurons with a vSPOT

colocalized with a DSB. vSPOT were mostly co-localized with 53BP1-positive foci and the percentage of

colocalization events increased by 66.4%. Hence, induction of multiple DSB in neurons promotes the

assembly of viral factories. Next, to determine whether these increased numbers of vSPOT also resulted

in accrued replication of the viral RNA, we performed RT-qPCR. Incubating neurons with 0.5 mM Etoposide

starting 5 days post infection for various periods of time (Figure 4E) allowed us to determine that increasing

the number of DSB and viral factories in neurons accrued the replication of the viral RNA by 33%, most

significantly after 72 h of incubation with Etoposide (Figure 4F). Together, these results show that

increasing DSB in neurons by Etoposide treatment promotes assembly of viral factories in contact to these

newly formed DSB and stimulates viral replication.

BoDV-1-infected neurons do not respond to NMDA stimulation of activity

It has been shown that stimulation of glutamatergic N-methyl D aspartate receptors (NMDARs) at the sur-

face of neurons with their agonist (NMDA) causes transient increases in DSB levels in neurons (Crowe et al.,

2006; Madabhushi et al., 2015; Suberbielle et al., 2013). This led us to explore the impact of BoDV-1

neuronal infection on the DSB response after mild stimulation with NMDA. Consistent with previous re-

ports (Crowe et al., 2006; Madabhushi et al., 2015; Suberbielle et al., 2013), exposure of uninfected neurons
8 iScience 25, 103621, January 21, 2022



Figure 6. Intrinsic spontaneous neuronal activity is lowered by BoDV-1 infection

Primary cultures of rat neurons were grown on nanoelectrode arrays allowing single-cell recordings from 60 nano-electrodes at 16 dpi.

(A) A neuron cell body and its neurites (green) contacting a nano-electrode (magenta) is shown as observed at high magnification by electron microscopy.

Scale bar: 10 mm.

(B) Spontaneous neuronal activity was recorded for 3 min every 15 min, 5–6 times for each electrode. Representative traces for NI and BoDV-1-infected

neurons are shown. Each arrow shows a peak above the amplitude threshold of intrinsic electric activity recorded by the electrode.

(C) The average number of peaks of spontaneous intrinsic activity was automatically counted by a home-made algorithm and represented per minute of

recording for BoDV-1-infected versus non-infected neurons (NI). n = 1 well per condition from 3 independent experiments. ****p < 0.0001 vs.NI by unpaired

t test. Bars represent means G SEM.
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to NMDA caused a 75% increase in DSB levels 30 min post treatment (Figures 5A and 5B). In absence of

NMDA treatment, BoDV-infected neurons displayed a significant 20.7% increase in gH2A.X levels, similarly

to Figure 1. In contrast, NMDA treatment of BoDV-1-infected neurons failed to further increase DSB levels

(Figures 5A and 5B). This result suggests that BoDV-1 infection may interfere with signaling pathways that

convey the signal of glutamatergic stimulation from the neuronal cell surface to the nucleus.

To explore the underlying mechanisms of this interference, we first asked whether BoDV-1 infection of

neurons may alter the cell surface distribution of NMDAR. We performed immunocytochemistry staining

followed by confocal analyses of the surface expression of GluN2A, themost commonly expressedNMDAR

subunit in mature excitatory neurons (Wyllie et al., 2013) (Figures 5E, 5F, and S6). We detected a 30%

decrease in surface expression of GluN2A on BoDV-1-infected neuronal dendrites compared with non-in-

fected neurons, whereas total levels of GluN2A were slightly increased by BoDV-1 infection (Figures 5C and

5D). Hence, these findings show that once neurons are steadily infected by BoDV-1, surface expression of

NMDAR is inhibited, suggesting that the virus may dampen neuronal activity.

BoDV-1-infected neuronal networks display altered spontaneous electric activity

The accumulation of DSB in neurons has been previously shown to cause neuronal dysfunction, notably by

interfering with the expression of activity-related genes. Thus, accumulation of DSB due to BoDV-1 infection

may durably alter neuronal function and impact on electric activity. To test this hypothesis, we used a novel

device, which has been recently implemented in our laboratory, to measure the spontaneous electric activ-

ity of neuronal network at the single neuron level, using nanoelectrode arrays (Figures 6A and S7). Using this

setup, we first observed that fully BoDV-1 infected cultures displayed on average a 25% decrease in the

number of active electrodes compared with non-infected controls (Figures 6A and Table 1). There were
iScience 25, 103621, January 21, 2022 9



Table 1. Active electrode in infected or non-infected neurons

NI (%) BODV (%) Ratio BODV/NI

EXPERIMENT 1 50.0 (n = 58) 39.7 (n = 58) 0.794

EXPERIMENT 2 90.7 (n = 54) 63.8 (n = 58) 0.703

EXPERIMENT 3 88.9 (n = 54) 68.4 (n = 57) 0.769

MEAN G SD 77.1 G 23.6 57.3 G 15.4 0.755 G 0.047*

For each experiment, active electrodes are expressed as percentage of total electrode included (n). Themean (in bold) of the

ratios is compared with theoretical value of 1 (no difference) by one sample t test, *p < 0.05.
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no noticeable differences between the two conditions in terms of the morphology of neuronal networks, as

observed by scanning electron microscopy (Figure S7). Finally, we designed a tool to count the numbers of

peaks of voltage potentials above the baseline threshold of each electrode (Figure 6B). Using this tool, we

found that BoDV-1 infection decreased the number of peaks/min by 50% compared with non-infected cul-

tures (Figures 6B and 6C). Thus, BoDV-1 infection of neurons impairs spontaneous electric firing within

neuronal networks, which likely results from the decreased surface expression of GluN2A.
DISCUSSION

Our study shows that BoDV-1 infection elevates steady-state DSB levels in primary neurons. This is directly

due to the presence of the virus in the neurons and could also be reproduced by the singled-out expression

of N and P proteins, two main components of the nuclear viral factories. We also demonstrate the close

topological association between viral factories attached to the chromatin and DSB and provide evidence

suggesting that BoDV-1 may use proteins critically involved in the DSB-damage response as "docking plat-

forms" to facilitate its replication. On the neuronal side, we show that BoDV-1 impairs neuronal firing and

decreases surface localization of glutamatergic NMDAR.

We only observed a mild increase in DSB marker levels, revealed by a limited number of 53BP1-positive or

gH2A.X-positive foci per neuron, and no significant trends in increase in comet tail moments or lengths in

BoDV-infected cultures compared with controls. Because DNA DSB response triggers apoptosis when the

severity of the damage is too important to be repaired, our data are consistent with our TUNEL assay re-

sults, as well as with our previous demonstrations that BoDV-1 is indeed non-cytolytic in neurons (Hans

et al., 2004).

Our study therefore uncovers the first example of an actively replicating RNA virus able tomanipulate the DSB

neuronal responses to favor the assembly of viral replication complexes and viral persistence, without causing

any overt neuronal death. This is in sharp contrast with the situation observed with Orthomyxoviridae, the

other family of negative-sense RNA genomes replicating in the nucleus, which induces DNA damage related

to cellular death (Khanna et al., 2010; Li et al., 2015). Likewise, dysregulated DNA DSB responses for viruses

generally lead to either apoptosis or oncogenesis (Chen et al., 2019; Hristova et al., 2020; Ledur et al., 2020;

Luftig, 2014; Patra et al., 2020; Ryan et al., 2016; Weitzman and Fradet-Turcotte, 2018). The only viral example

comparable with our findings can be found for the control of latency, e.g., with no viral production, of Herpes

simplex viruses, which modulate Topoisomerase 2beta activity to maintain latency (Hu et al., 2019).

Our data reveal a tight relationship between viral replication and DSB production. In particular, the topolog-

ical relationship between vSPOT andDSB foci is striking: to our knowledge, such a tight contact between host

DNADSB and viral RNAgenome has never been described to date. Noteworthy, by super resolution confocal

STED microscopy, which allows one to reach a resolution as low as 40 nm, colocalized DSB foci and vSPOT

were interwoven. Thus, DSB and associated DSB response molecules may form a docking site for vSPOT.

This hypothesis is further supported by our results on Etoposide-treated neurons: inducing new DSB rapidly

recruits foci-colocalized vSPOT. This raises the question of how BoDV RNP may bind to DSB sites. One

possible explanation is that it may result from the direct interactions between BoDV-1 P and N with chro-

matin-binding proteins, which, to date, have only been identified in replicating cell lines but not in neurons.

Of note, High-mobility group binding protein 1 (HMGB1), Poly-ADP-ribose polymerase 1 (PARP-1), and core

histones H3, H2A, and H2B interact with P andN, respectively (Matsumoto et al., 2012). Interesting, HMGB1, a

minor groove binder, and PARP-1, a chromatin-decompaction enzyme, play roles in DNA repair and their
10 iScience 25, 103621, January 21, 2022
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levels and activities are altered with age in neurons and inversely correlate with DSB accumulation (Enokido

et al., 2008; Mandke and Vasquez, 2019; Mao and Zhang, 2021).

Another interesting finding is that the colocalization between DSB markers and vSPOT is total when as-

sessed with gH2A.X, whereas it seems to obey an "all or nothing" rule when detected with 53BP1. Indeed,

if most DSB foci co-localize with at least one vSPOT, when no colocalization is evidenced, the distance be-

tween the two becomes variable. These observations may result from differences between the kinetics of

DSB generation and resolution and kinetics of viral replication. Indeed, gH2A.X is the earliest protein to

detect and signal DSB to the repair machinery. The histone variant H2A.X is regularly distributed in the

chromatin and becomes phosphorylated (to become gH2A.X) within minutes upon the induction of DSB.

In contrast, 53BP1 is specifically recruited to gH2A.X-positive DSB and remains on the chromatin until com-

plete repair of the break. Together with results obtained with Etoposide-induced DSB, our data suggest

that recently formed vSPOT are rapidly and preferentially recruited to newly formed and pre-existing

DSB, which may, in turn, be stabilized by the vSPOT. This hypothesis would partly explain why at any

moment only a mild increase in DSB levels is observed, even if the culture is fully infected. The apparent

steady replication of BoDV-1 in neurons, with continuous expression of viral proteins and assembly of viral

replication complexes (Cubitt and de la Torre, 1994; Gonzalez-Dunia et al., 1996), may seem contradictory

with the non-cytolytic nature of this infection, suggesting unknown mechanisms of control between the

host cell and the pathogen. Here, our findings suggest a new mechanism involving a feedback loop be-

tween viral replication and excitatory glutamate signaling pathways: the direct trigger of Topoisomerase

2b-dependent DSB, which would increase BoDV-1 replication. Indeed, Etoposide does not directly

generate DSB. Rather, it prevents their repair through the inhibition of the ligase activity of Topoisomerase

2b (Hu et al., 2019; Madabhushi et al., 2015). On the other hand, at steady state, infected neurons would

display lower current frequencies and be less electrically active. Consistent with this hypothesis, we

observed that incubating infected neurons with NMDA to stimulate NMDA receptors, receptors that

induce DSB by stimulating Topoisomerase 2b endonuclease activity (Madabhushi et al., 2015), did not

result in further increase in DSB, indicating that BoDV-1 likely uncouples NMDARs from their signaling

to the generation of new physiological DSB. At the molecular level, this uncoupling may result from the

decreased cell surface expression of NMDAR, as evidenced in our study with their core subunit GluN2A.

This finding is in line with our previous description that BoDV-1 P protein inhibits protein kinase C (PKC)

activity and the subsequent phosphorylation of its target SNAP-25 (Betourne et al., 2018). Indeed, consid-

ering that PKC activity and SNAP-25 play critical roles in the maintenance of NMDAR at the neuronal cell

surface (Lau et al., 2010; Vieira et al., 2020), our results suggest that BoDV-1 P protein may shut off pathways

that cause activity-dependent DSB, while increasing DSB levels in the context of BoDV-1 infection. Thus,

the P protein may play a pivotal role not only in the regulation of viral replication but also in neuronal ac-

tivity. The dual role of the P protein in causing limited DSB damage by controlling neuronal activity is

indeed supported in our study by comet assays results. Contrary to N protein, which alone drives both in-

creases in proportions of cells with DNA fragmentation and aggravation of the severity of the fragmenta-

tion, the P protein, however, impacts on the proportion of DSB-bearing cells without affecting their

severity. This suggests that P stands on the way of the resolution of an otherwise naturally DSB-inducing

pathway spontaneously ongoing in neuronal cultures. Therefore, we could envision that neuronal activity

and associated DSB may promote docking of vSPOT and favor the early stages of neuronal infection.

Next, this would lead to the production of viral factors, including P, which would shut off activation of

the neurons, thereby putting a brake on DSB production and limiting overloading the neuron with viral

materials, which could trigger apoptosis.

Finally, even limited numbers of DSB have been shown to critically impact on cell function (Madabhushi

et al., 2015; Suberbielle et al., 2013; van den Berg et al., 2018). For instance, activity-induced, Topoisomer-

ase 2b-dependent neuronal DSB are sparse, but they target genomic regions that mainly code for survival

signals and activity-related proteins (Madabhushi et al., 2015). Likewise, only few 53BP1-positive foci are

observed in neuronal nuclei of a mouse model of Alzheimer’s disease; yet, they seem sufficient to cause

cognitive decline (Suberbielle et al., 2013, 2015). In the recent years, the idea has emerged to consider

neuronal DSB as key epigenetic processes regulating gene expression in neurons. In these non-dividing

cells that establish lifelong specialized networks, while remaining able of a high degree of adaptability

called plasticity, epigenetic mechanisms are critical regulators. As a result, epigenetic processes of the

host cell are also often hijacked by persistent viruses (Bonnaud et al., 2016; Lange et al., 2020; Tarakhovsky

and Prinjha, 2018) and BoDV-1 is no exception: our group and others identified BoDV-1 P-mediated
iScience 25, 103621, January 21, 2022 11
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interference with acetylation of Histone H2B and H3 (Bonnaud et al., 2015; Jie et al., 2018). BecauseDSB can

be induced by both P and N proteins, and early DSB accumulation in neurons increases Histone H3 lysine 9

dimethylation (Suberbielle et al., 2015), which corresponds to inhibitory signals of gene expression, it is

tempting to speculate that DSB and their signaling may play an upstream role in the further deacetylation

of histones.

Because increasing evidence has documented human cases of BoDV-1 infection and encephalitis following

immunosuppressive treatment, notably in solid-organ transplant recipients (Finck et al., 2020; Korn et al.,

2018; Niller et al., 2020; Schlottau et al., 2018), this indicates that BoDV-1 may persist almost silently in the

human immunocompetent brain. Thereof, shedding light on neuron-specific pathophysiological mecha-

nisms of BoDV-1 persistence and deciphering the signaling pathways linking DSB and neuronal activity

are key to better understand the unique interaction of this RNA virus with its major target cell, the neuron.

Limitations of the study

Owing to low viral titers that are obtained with BoDV-1, experiments cannot be performed by infecting

100% of cells at once. Therefore, each neuron has likely been infected at a different stage during viral

spread, which may explain in part the low DSB levels observed in this study, even when the culture is

100% infected.
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STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-gH2A.X ThermoFisher Cat#MA1-2022; RRID: AB_559491

Mouse monoclonal anti-gH2A.X,

clone JBW301

Sigma Cat#05-636; RRID: AB_309864

Mouse monoclonal anti-b-Actin Sigma Cat#A5441; RRID: AB_476744

Mouse monoclonal anti-a-Tubulin Sigma Cat#T6199; RRID: AB_477583

Mouse monoclonal anti-GFP Millipore Cat#MAB3580; RRID: AB_94936

Mouse polyclonal anti-Nucleoprotein Homemade N/A

Mouse monoclonal anti-Nucleoprotein (Bo18) Gift from Christiane Herden N/A

Rabbit polyclonal anti-Nucleoprotein Homemade N/A

Mouse polyclonal anti-Phosphoprotein Homemade N/A

Rabbit polyclonal anti-Phosphoprotein Homemade N/A

Rabbit polyclonal anti-X Homemade N/A

Rabbit polyclonal anti-53BP1 Novus Cat#NB100-304; RRID: AB_10003037

Mouse monoclonal anti-MAP2 Sigma Cat#M1406; RRID: AB_477171

Chicken polyclonal anti-MAP2 Abcam Cat#ab5392; RRID: AB_2138153

Rabbit polyclonal anti-GluN2A Invitrogen Cat#480031; RRID: AB_2532251

Alexa Fluor 488 Goat anti-Mouse Thermo Cat#A11029; RRID: AB_138404

Alexa Fluor 488 Goat anti-Rabbit Thermo Cat#A11034; RRID: AB_2576217

Alexa Fluor 555 Goat anti-Rabbit Thermo Cat#A27039; RRID: AB_2536100

Alexa Fluor 594 Goat anti-Mouse Thermo Cat#A11032; RRID: AB_2534091

Alexa Fluor 594 Goat anti-Rabbit Thermo Cat#A11037; RRID: AB_2534095

Alexa Fluor 633 Goat anti-Chicken Thermo Cat#A21103; RRID: AB_1500591

Abberior� STAR RED Goat anti-Rabbit Abberior Cat#41699; RRID:AB_2833015

Abberior� STAR RED Goat anti-Mouse Abberior Cat# STRED-1001; RRID:AB_2810982

CF�770 Goat anti-Mouse Biotium Cat#20077; RRID: AB_10852670

CF�680 Goat anti-Rabbit Biotium Cat#20067; RRID: AB_10871686

Bacterial and virus strains

BoDV-1 He/80 strain Cubitt and de la Torre (1994) GenBank: L27077

Biological samples N/A

Chemicals, peptides, and recombinant proteins

Papaı̈n Worthington Cat#LK003178

Bovine Serum Albumin (BSA) Euromedex Cat#04-100-811-0

Trypsin inhibitor from chicken egg white Sigma Cat#T2011; CAS: 9035-81-8

DNAse I recombinant grade I Roche Cat#04536282001

Neurobasal Medium Gibco Cat#12348-017

B-27 supplement 50X Thermo Cat#17504-44

Penicillin-Streptomycin Thermo Cat#151140-122

GlutaMAX Gibco Cat#13462629

Poly-DL-ornithine hydrobromide Sigma Cat#P8638; CAS: 82682-33-5

Natural Mouse Laminin Thermo Cat#23017-015

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

OptiMEM Gibco Cat#11058

GeneJuice� Transfection Reagent Merck Cat#70967-4; CAS: 64-17-5

Hank’s Balanced Salt Solution (HBSS) Gibco Cat#14175-053

DMEM+glutaMAX Gibco Cat#31966-021

Dimethyl Sulfoxide Salt Solution (DMSO) Sigma Cat#D8418; CAS: 67-68-5

Etoposide (ETP) Sigma Cat# E1383; CAS: 33419-42-0

N-Methyl-D-aspartic acid (NMDA) Sigma Cat#M3262; CAS: 6384-92-5

2,3-dioxo-6-nitro-7-sulfamoyl-benzo[f]

quinoxaline (NBQX)

Tocris Cat#1044; CAS: 479347-86-9

Phosphatase inhibitor cocktail 2 Sigma Cat#P5726

Phosphatase inhibitor cocktail 3 Sigma Cat#P0044; EC: 200-664-3

Complete, Mini, EDTA-free, protease inhibitor Roche Cat#1183617001

Intercept Odyssey (TBS) Blocking Buffer LI-COR Cat#927-60003

Paraformaldéhyde 32% Euromedex Cat#15714

Normal Goat Serum Thermo Cat#31873

DAPI Sigma Cat#D9542; CAS: 28718-90-3

ProLong Gold antifade reagent Thermo Cat#P36934

Critical Commercial Assays

Monarch� Total RNA Miniprep Kit New England BioLabs Cat#T2010S

LunaScriptTM RT SuperMix Kit New England BioLabs Cat#E3010G

Light-Cycler 480 DNA SYBR green I Master

reaction mix

Roche Cat#4887352001

Click-iT Plus TUNEL Assay for In Situ Apoptosis

Detection, Alexa Fluor 594 dye

Thermo Cat#C10618

CometAssay� Kit (25 x 2 Well CometSlides) Trevigen Cat#4250-050-K

Experimental models: Cell lines

Vero Cells ATCC Cat#CCL-81

HEK293T Cells ATCC Cat#CRL-3216

Experimental models: Organisms/strains

E16 to E18 Embryos brain from pregnant

SPRAGUE-DAWLEY rates

Janvier LABS Cat#RN-SD-F

Oligonucleotides

Primer: GAPDH (Forward)

TGCTGGTGCTGAGTATGTCG

This paper N/A

Primer: GAPDH (Reverse)

GGCGGAGATGATGACCCTTT

This paper N/A

Primer: BoDV-1 cDNA (Forward)

CCTTCTAACAAAATGAATACACGC

This paper N/A

Primer : BoDV-1 cDNA (Reverse)

CTGATATCCTTCTCATGCCC

This paper N/A

Recombinant DNA

Plasmid psPAX2 Gift from Didier Trono Addgene plasmid #12260

RRID:Addgene_12260

Plasmid pMD2.G Gift from Didier Trono Addgene plasmid #12260

RRID:Addgene_12259

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Plasmid pTRIP-N Gift from Pierre Charneau N/A

Plasmid pTRIP-P Gift from Pierre Charneau N/A

Plasmid pTRIP-X Gift from Pierre Charneau N/A

Plasmid pTRIP-GFP Gift from Pierre Charneau N/A

Software and algorithms

CometScore RexHoover/Tritek http://rexhoover.com/index.

php?id=cometscore

FIJI ImageJ https://imagej.net/Fiji; RRID: SCR_002285

GraphPad Prism 8 GraphPad https://www.graphpad.com/

scientific-software/prism/;

RRID:SCR_002798

MATLAB MathWorks https://fr.mathworks.com/products/

matlab.html; RRID: SCR_001622

LabViEW Homemade N/A

Huygens Professional SVI https://svi.nl/HuygensSoftware;

RRID: SCR_014237

Imaris Bitplane AG https://imaris.oxinst.com/packages;

RRID: SCR_007370

ImageStudio LI-COR https://www.licor.com/bio/image-studio/;

RRID: SCR_015795
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Elsa Suberbielle (elsa.suberbielle@inserm.fr)

Material availability

This study did not generate new unique reagents.

Data and code availability

All data reported in this paper will be shared by the lead contact upon request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethics statement

Animal handling and care for the preparation of primary neuronal cultures from rat embryos were

performed in accordance with European Union Council Directive 86/609/EEC, and experiments were per-

formed following the French national chart for ethics of animal experiments (articles R 214-87 to -90 of the

‘‘Code rural’’). Our protocol received approval from the local committee on the ethics of animal

experiments (permit number PI-U1043-DD-10). Pregnant rats were deeply anesthetized with CO2 before

euthanasia to minimize suffering.

Virus stocks production

Cell-released virus stocks were prepared using Vero cells persistently infected by wild-type BoDV-1

(Giessen strain He/80) and as previously described (Schmid et al., 2010). Confluent flasks of cells were
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shocked by a hypertonic solution containing 20 mM Hepes buffer, 250 mM MgCl2 and 1% fetal bovine

serum (FBS, Sigma). Culture supernatants were then clarified with two centrifugations at 2000 g and finally

filtered at 0.45 mm. Supernatants were ultracentrifuged on a 20% sucrose gradient in PBS at 100,000 g at

4�C. Virus-containing pellets were resuspended in Neurobasal medium and, after brief sonication to

facilitate particles solubilization, aliquoted and stored at �80�C.

Primary cultures of neurons, virus infection and transduction by lentiviral vectors

Primary hippocampal neurons were prepared from Sprague-Dawley rat embryos at gestational day E16 to

E18 by a papain dissociation method as described previously (Chevalier et al., 2011). Cells from male and

female embryos were mixed cultures in absence of sex determination before birth. Briefly, hippocampi

from the embryo’s brain were dissected out and dissociated by papain (Worthington) digestion and

mechanic homogenization. Papain digestion was stopped with a solution containing bovine serum albumin

(BSA, Euromedex), a protease inhibitor (Trypsin inhibitor from chicken egg, Merck) and DNAse (Roche).

Cell homogenates were resuspended in neuronal medium and purified by centrifugation on 4% BSA in

neuronal medium to eliminate glial cells. Neurons were plated on poly-ornithine- (Sigma) and laminin-

(Thermoscientific) coated dishes. They were cultivated at a density of 0.5x106 neurons per well in 12-well

plates to prepare protein/RNA extracts, or at a density of 1.3x105 neurons per well in 24-well plates con-

taining coverslips for immunofluorescence staining. Neurons were maintained in Neurobasal medium sup-

plemented with 2% B-27 supplement, 1.2% GlutaMAX and 120 U: 120 mg/mL of Penicillin: Streptomycin

(Life Technologies). Neurons were infected with BoDV-1 (He/80 Giessen strain) at DIV1, DIV7 or DIV9

(according to the experiments) using a Multiplicity Of Infection (MOI) of 0.03. Neurons were transduced

by lentiviral vectors at DIV7 at a MOI of 3 for high-density cultures or 0.5 for low-density cultures. Neurons

were maintained in culture 2 weeks before analyses, or as specified in each experiment.

Production and purification of lentiviral vectors

HEK293T cells (ATCC CRL-3216) were co-transfected with three plasmids: pMD2.G plasmid encoding the

vesicular stomatitis virus envelope glycoprotein (VSV-G, Addgene plasmid 12259, donated by D. Trono),

psPAX2 packaging plasmid (Addgene plasmid 12260, donated by D. Trono) and one of the following plas-

mids coding a BoDV-1 protein or GFP: pTRIP-N, p-TRIP-P, pTRIP-X or pTRIP-GFP (Bonnaud et al., 2015;

Ferre et al., 2016) ; using transfection reagent (Genejuice, Millipore). 24 h later, medium was replaced by

OptiMEM (Life technologies) medium containing 100 U: 100 mg/mL of Penicillin: Streptomycin. After

24 h and 48 h, supernatants containing lentiviral vectors were harvested, clarified by centrifugation at

2,000 g and then filtered at 0.45 mm. Supernatants were ultracentrifuged on a 20% sucrose cushion in

PBS at 100,000 g at 4�C. Lentiviral vectors pellets were resuspended in HBSS buffer, aliquoted and stored

at �80�C.

METHOD DETAILS

Supernatants swapping

Two weeks post-infection, supernatants were collected from each well for a given condition, pooled,

filtered on a 0.22 mm filter (ClearLine). 1 mL of the filtered supernatant from mock-infected cultures was

added onto non-infected cultures, and 1mL of filtered supernatant from infected cultures was added

onto non-infected and infected cultures. After 5 hours of incubation, proteins were extracted for Western

blot analysis.

Single cell gel electrophoresis (Comet assay)

Comet assay was carried out at neutral pH to analyze DSB using the CometAssay kit (Trevigen), according

to the manufacturer’s instructions and as described in Suberbielle et al. (2013). Briefly, nuclei were ex-

tracted from 14DIV neuronal cultures in 12-well dishes, using ice-cold PBS 1X. 105 nuclei/ml were combined

with low melting point agarose at a 1:10 ratio. Comet assays were performed at neutral pH (pH 8.3),

because this condition makes the assay more specific for the detection of DSB (Olive and Banath, 2006).

Single-cell gel electrophoresis was performed in TAE buffer at 1 V/cm for 40 min. SYBR-green was used

to stain the comet-like smears of DNA fragments that emerged from cells containing DSB. Digitized im-

ages were obtained with a Zeiss Wide field Apotome 2 microscope using the tile tool of the Zen blue soft-

ware at the 5x Objective. Tiles were stitched with the software and resulting bitmap-formatted images of

the entire Cometslide� well were analyzed with the free CometScore software (Tritek). For each sample,

the number of cells with comets was counted automatically by the software and normalized to the total
18 iScience 25, 103621, January 21, 2022
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number of cells. The total number of cells was manually counted using the cell counter plugins from FIJI.

For each well, at least 250 cells were inspected. For each comet shape detected, the comet was automat-

ically framed and a cursor adjusted on the head of the comet. All comet event were double-checked manu-

ally. The software automatically determined the tail length and Tail moment using a built-in algorithm for

comet scoring. For each well, the experimenter calculated the average values of the tail length and the tail

moment.

Western blot analysis

After rinsing cells with 1X phosphate buffer saline (PBS) at room temperature, neurons were lysed on ice us-

ing ice-cold RIPA buffer containing Tris-HCl pH 7.5 (50 mM), NaCl (150 mM), NP40 (1%), Sodium deoxycho-

late (12mM) andSDS (0.1%); completedbyCompletemini protease inhibitor (Roche) and cocktails 2 and 3of

phosphatase inhibitors (Sigma) and then sonicated. The lysates were centrifugated at 4�C to eliminate

debris and the supernatants were stored at �20�C. Proteins extracts were loaded on 4-15% Bis-Tris gels

(BioRad), separated by SDS-PAGE and then transferred onto 0.22 mm nitrocellulose membranes. Mem-

branes were blocked with Odyssey blocking buffer (Li-COR) or 5% (wt/vol) non-fat dry milk in TBS and

incubated with primary antibodies for 3 h at room temperature, or overnight at 4�C, using the following an-

tibodies: mouse anti-gH2A.X monoclonal, dilution 1/1,000 (ThermoFisher, MA1-2022), mouse anti-b-Actin

monoclonal, dilution 1/50,000 (Sigma, A5441), mouse anti-a-Tubulin monoclonal, dilution 1/10,000 (Sigma,

T6199), rabbit anti-GFP polyclonal, dilution 1/2,000 (ThermoFisher, A-11122), rabbit anti-N polyclonal anti-

body, dilution 1/50,000 (homemade), rabbit anti-P polyclonal antibody, dilution 1/50,000 (homemade), rab-

bit anti-X polyclonal antibody, dilution 1/10,000 (gift by K. Tomonaga and M. Schwemmle) in Odyssey

blocking buffer or TBS containing 0.1% (vol/vol) Tween-20 (TBS-T) and 5% non-fat milk. Membranes were

incubated with corresponding secondary antibodies coupled with infrared fluorescent dye (CF680 and

CF770, Biotium) 1/10,000 diluted in Odyssey blocking buffer or in TBS-T with 5% non-fat milk TBS. Western

blot signals were analyzed using an Odyssey Li-COR infrared imaging system coupled with Image studio

software (Li-COR). All protein signals were normalized on the b-Actin signal except for the experiments de-

picted in Figure 5. In these experiments, protein signals were normalized on a-Tubulin signals, since stim-

ulation of neuronal activity may impact on b-Actin protein expression (Buxbaum et al., 2014).

Indirect immunofluorescence analyses

Neurons on coverslips were fixed with 4% paraformaldehyde (PFA) solution in PBS during 15 min at room

temperature, rinsed twice with Tris-Buffered Saline (TBS) and permeabilized with TBS-0.05% Triton X100

during 5 min. After washings with TBS, coverslips were incubated in blocking solution (5% Normal Goat

Serum (NGS) in 0.05% TBS-Tween20) 1 h at room temperature or overnight at 4�C and then incubated

with primary antibodies 3 h at room temperature or overnight at 4�C. Antibodies used were as follows:

mouse anti-GFP monoclonal, dilution 1/500 (Millipore, MAB3580), mouse anti-gH2A.X monoclonal clone

JBW301, dilution 1/300 for STED analyses (Sigma-Aldrich, 05-636), mouse anti-N polyclonal antibody, dilu-

tion 1/2,000 (gift from C. Herden), mouse anti-N monoclonal antibody (Bo18), dilution 1/100 (generously

provided by Christiane Herden), mouse anti-P polyclonal antibody, dilution 1/500 (homemade), mouse

anti-X polyclonal antibody, dilution 1/500 (gift by K. Tomonaga and M. Schwemmle), rabbit anti-N poly-

clonal antibody, dilution 1/1,5000 (homemade), rabbit anti-53BP1 polyclonal, dilution 1/1,000 (Novus,

NB100-304), chicken anti-MAP2 polyclonal, dilution 1/2,000 (Abcam, ab5392), in 0.05% TBS-Tween20 con-

taining 3% NGS. Cells were washed 3 times with 0.05% TBS–Tween20 and incubated with corresponding

dye-conjugated secondary antibodies diluted in 0.05% TBS-Tween20 containing 3% NGS for 1 h at room

temperature or overnight at 4�C. Secondary antibodies were conjugated to Alexa- (Alexa Fluor 488, 555,

594, 633, Life technologies) or dye StarRed- (750, Abberior) dyes. Finally, nuclei were stained using DAPI

during 10 min at room temperature and coverslips were mounted on a slide with ProLong Gold Antifade

mounting medium (Life Technologies) or homemade MOWIOL for STED analysis.

Neuronswith 53BP1-positive foci were counted using the 40X objective of anOlympusBX41 fluorescencemicro-

scope equipped with an X-Cite UV light source, as follows: 2 to 4 fields were counted per coverslip ; 2 to 3 cov-

erslips were considered per condition and per experiment. Between 500 to 1,000 neurons were analyzed per

condition andper experiment. For eachfield, the total numberof neurons and thenumber of neuronspresenting

at least one focus were counted. For the experiments after Etoposide treatment, neurons presenting at least one

focus of 53BP1 and at least one vSPOTwere randomly counted, analyzing z-stacks acquisitions takenby confocal

microscopyonLeicaSP8confocalmicroscope (LeicaMicrosystems,Germany)processedonFIJI software. In total,

around 200 neurons were counted per condition. The illustrations of immunofluorescence figures (excepting
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STED experiment) are issued from z acquisitions performed on Leica SP8 confocal microscope followed by stan-

dard deviation projection using FIJI software.

Super-resolution analysis

Super-resolution stimulated emission depletion (SR-STED) microscopy images were acquired using a Leica

SP8 STED 33 microscope (Leica Microsystems, Germany) and a 1003 NA: 1.4 oil immersion objective, as

previously used in (Mansuy et al., 2016). To optimize the resolution without bleaching in 3D, the 775 nm

STED laser line was applied at the lowest power that could provide sufficient improvement in resolution

compared with confocal. z-stack series were acquired sequentially with the pulsed 532 nm laser line and

the pulsed 635 nm laser line. With such settings, lateral and axial resolutions of 130 nm could be reached

for both acquisition channels. For image acquisition, we used the following parameters: 43 nm pixel size,

two-time average par line, 400 Hz scan speed. The z-stacks of 25 neuronal nuclei presenting DSB were

randomly acquired per experiment and 3 independent experiments were run (z-step: 40nm). The z-stacks

were screened with the merged z-stack display on the Leica SP8 LSM software to count the number of DSB

per nucleus, vSPOT per nucleus and the number of colocalization events. STED images were subsequently

deconvolved with Huygens Professional (SVI, USA) using the CMLE algorithm, with a signal-to-noise ratio

(SNR) of 7. Three-dimensional visualization and reconstruction using Imaris software (Bitplane AG,

Switzerland) were used to measure the distance between 53BP1 positive foci of DSB and vSPOT in the

nuclei of neurons. Imaris software was used to automatically identify vSPOT and 53BP1 foci and calculate

the shorter distances between them, after thresholding and 3D reconstruction. Co-localization of vSPOT or

53BP1 foci with gH2A.X were also performed to identify DSB that are more recently formed (Baldock et al.,

2015). After 3D-reconstructions, movies were also generated from an example of colocalization. Illustra-

tions were obtained by maximal projection of 3D confocal STED z-stacks images after deconvolution.

Neuronal treatments

All stimulations were done at DIV14, after pre-treating neurons with 20 mM NBQX (Tocris) during 30 min, to

inhibit non-NMDA-type glutamate receptors. To achieve global activation of N-methyl-D-aspartate receptors

(NMDAR), after washing cells with 1X PBS at 37�C, neurons were stimulated with 15 mM NMDA (Sigma) in pre-

warmed conditionedmedia during 30min. To study the link betweenDSB and viral replication, infected neurons

were treated with various concentration of Etoposide (ETP; Sigma) in DMSO, 2 days post-infection (dpi) during

5 days (vSPOT and DSB analysis), or treated 5 dpi during 24, 48, 72 hours (viral RNA (vRNA) analysis). The same

final concentration of DMSO treatment was used as negative control. All drugs were applied directly to the me-

dium, and the neurons were maintained at 37�C with 5% CO2 during all treatments.

RT and qPCR for measurement of viral RNA

At DIV9, neurons were infected by BoDV-1 at MOI = 0.03. 5 days post-infection, neurons were treated with

ETP at 0.5 mM or with DMSO alone. 24, 48 or 72 hours after treatment, total RNA was extracted. Total RNA

was prepared from cells using aMonarch� Total RNAMiniprep Kit (New England BioLabs) according to the

manufacturer’s instructions. Total RNA was reverse transcribed using LunaScript� RT SuperMix Kit (New

England BioLabs). Quantitative PCR was performed on cDNAs using sets of primers specific for glyceral-

dehyde-3-phosphate dehydrogenase (GAPDH) for normalization (forward primer, 5’ TGCTGGTGCTGA

GTATGTCG 3’; reverse primer, 5’ GGCGGAGATGATGACCCTTT 3’) or with primers specific for viral

cDNA (forward primer, 5’ CCTTCTAACAAAATGAATACACGC 3’; reverse primer, 5’ CTGATATCCTTCTCA

TGCCC 3’). qPCRs mix were made using Light-Cycler 480 DNA SYBR green I Master reaction mix (Roche

Diagnostics) and run in duplicates using a LightCycler 480 instrument (Roche Diagnostics). PCR cycles

were as follows: after an initial incubation at 95�C for 5 min, 40 amplification cycles were run (at 95�C for

10 s, 60�C for 15 s, then 72�C for 15 s) followed by melting curve analysis. Viral genome quantification

was expressed in arbitrary units according to the following threshold cycle (CT) formula: amount of viral

RNA = 2�(Ct BoDV � Ct GAPDH).

NMDAR immunostaining and quantification

To stain for surface NMDAR only, neurons on coverslips were incubated with rabbit anti-GluN2A polyclonal

antibody, at a dilution of 1/100 (Invitrogen, #480031) in cold Tyrode medium: NaCl (119 mM), KCl (5 mM),

CaCl2 (2 mM), MgCl2 (2 mM), Hepes (25 mM), glucose (30 mM) on ice during 45 min. Then, the coverslips

were washed three times in cold 1X PBS and incubated for 15 min on ice, in a solution of 4% PFA in PBS.

Following a step of permeabilization and blocking, immunofluorescence stainings were performed as
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previously described. Coverslips were stainedwith anti-MAP2 antibody and, to detect total GluN2A signals,

part of them was stained with anti-GluN2A antibody, overnight at 4�C. High-resolution z-stacks of images

were generously acquired by Zeiss France representative in airyscan mode using a Zeiss LSM 980 with

Airyscan 2, using all identical parameters between samples. Images represents the maximal projection of

4 confocal planes (step: 0.169 mm).Quantification ofGluN2A expressionwas performed from z-stacks acqui-

sitions, at the 633 objective with a zoom factor of 3, taken by confocal microscopy on Leica SP8 confocal

microscope. Identical settings for laser power, photomultiplier gain and offset were used for all experi-

ments. Neuronswere randomly selected, but those grouped in clusters andwithout detectable distinct neu-

rites were excluded, to avoid bias inmeasurements of potential overlapping neurites. On theGluN2A chan-

nel, imageswere analyzedonFIJI software: after stack summation, thebackgroundwas subtracted using the

rolling ball and sliding paraboloid tools of the software. Regions Of Interest (ROI) were manually drawn on

the projection ofMAP2 staining to define neurites regions andmeasure their area. GluN2Aprojectionswere

thresholded to include all the GluN2A signals grouped as clusters. Clusters were defined as groups of at

least 3 pixels. Particles measuring less than 3 pixels were arbitrarily considered as not representative of a

GluN2A cluster andwere excluded from themeasurements. The ROI were used tomeasure the thresholded

GluN2A signal. The results were finally presented as intensity per mm2 of neurites. 2 to 7 neurites were

analyzed from3 to 7 neurons over 2 coverslips per condition, in 3 independent experiments, for GluN2A sur-

face and total quantifications. In average, were assessed 74 vs. 84 (NI vs. BoDV) dendrites for surface expres-

sion of GluN2A and 102 vs. 94 (NI vs. BoDV) dendrites for total expression of GluN2A.
Spontaneous electric activity recordings using nanoelectrode arrays, recording setup and

activity analysis

The nanoelectrode array deviceswere fabricated in the LAAS-CNRS clean room, using a series ofmicro-technol-

ogy processes compatible with a large-scale type of fabrication (Casanova et al., 2018). Briefly, the device is

composed of a cultured chamber (well) containing 60 nano-electrodes composed by 3D nanowires coated

withaplatinumsilicide (PtSi)biocompatible surface.Eachelectrode iselectrically isolated thanks toanoxide layer.

The recording setupwas alsomainly developed at the LAAS. It is composed of anMEAholder (MEA1060-Inv-BC

fromMultichannel System), a homemade electronic card where the integrated electronics allows to control the

system and an acquisition card (USB 6353 from National Instruments). The recording setup is controlled by a

homemade software developed on LabVIEW that allows live recordings on multiple channels, saving the data

and performing online data treatment such as filtering and averaging. The cell recordings were performed

with neurons maintained inside an incubator at 37�C with controlled humidity and 5% CO2. Each electrode

was recorded5 to6 timesduring3minutes ingroupsof 15electrodes, onegroupafter theother in 3 independent

experiments (1 well of 60 electrodes per condition). Once the data were acquired, aMATLAB script was used for

the offline treatment. A peak detection algorithm was used to evaluate the frequency of activation of each elec-

trode. The threshold for thepeakdetectionwas calculatedusing the standarddeviationof thebackgroundnoise.

Electrodes presenting aberrant recordings were excluded. Active electrodes were considered as electrodes

where at least one peak was recorded.
SEM imaging

Cells were fixed with 5% glutaraldehyde in PBS overnight at 4�C, rinsed 3 times with PBS 1X and dehydrated

by graded series of ethanol and dried at room temperature. Images of the cell cultures are done with a

Scanning Electron Microscope (Helios 600i).
Blind-coding

Investigators who obtained data were blinded to infection and treatment of cell cultures.
QUANTIFICATION AND STATISTICAL ANALYSIS

Sample sizes were chosen on the basis of pilot experiments and our experience with similar experiments.

Statistical analyses were performed with Prism 8 (GraphPad). Normal distribution of the data was verified

with D’Agostino and Pearson’s omnibus normality test and Bartlett-test was used to verify equality of vari-

ance. Welch’s correction was applied when the variances were not equal. Each statistical test is specified in

the legend of each figure. Null hypotheses were rejected at the 0.05 level.
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