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Abstract

Transcripts encoding ADAR1, a double-stranded, RNA-specific adenosine deaminase involved in

the adenosine-to-inosine (A-to-I) editing of mammalian RNAs, can be alternatively spliced to

produce an interferon-inducible protein isoform (p150) that is up-regulated in both cell culture and

in vivo model systems in response to pathogen or interferon stimulation. In contrast to other

tissues, p150 is expressed at extremely low levels in the brain and it is unclear what role, if any,

this isoform may play in the innate immune response of the central nervous system (CNS) or

whether the extent of editing for RNA substrates critical for CNS function is affected by its

induction. To investigate the expression of ADAR1 isoforms in response to viral infection and

subsequent alterations in A-to-I editing profiles for endogenous ADAR targets, we used a neuro-

tropic strain of reovirus to infect neonatal mice and quantify A-to-I editing in discrete brain

regions using a multiplexed, high-throughput sequencing strategy. While intracranial injection of

reovirus resulted in a widespread increase in the expression of ADAR1 (p150) in multiple brain

regions and peripheral organs, significant changes in site-specific A-to-I conversion were quite

limited, suggesting that steady-state levels of p150 expression are not a primary determinant for

modulating the extent of editing for numerous ADAR targets in vivo.
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Introduction

The complexity of signaling networks in the central nervous system (CNS) relies on the

tightly-controlled regulation and continuous fine-tuning of gene expression. In addition to

changes in cell-specific transcriptional activation, dynamic alterations in RNA processing

events such as alternative splicing (Grabowski, 2011; Gustincich et al., 2006; Licatalosi and

Darnell, 2006) and RNA editing (Balik et al., 2013; Berg et al., 2008; Sanjana et al., 2012;

Schellekens et al., 2012; Tan et al., 2009) are required to achieve the precise cascade of

cellular events necessary for normal neuronal function. The conversion of adenosine to

inosine (A-to-I) by RNA editing is an essential cellular mechanism for diversifying the

transcriptome and subsequent protein activity by introducing non-synonymous codon

changes in mRNAs encoding proteins critical for nervous system activity including ligand-

and voltage-gated ion channels, G-protein coupled receptors and components of the synaptic

release machinery (Hood and Emeson, 2012; Hoopengardner et al., 2003; Rosenthal and

Seeburg, 2012). An inosine within the open reading frame (ORF) of an mRNA is read as

guanosine during translation, which can lead to specific change(s) in the predicted amino

acid coding potential of the mRNA to alter the functional properties of the encoded protein

product.

The conversion of A-to-I is mediated through the actions of a family of double-stranded

RNA (dsRNA) binding proteins referred to as ADARs (adenosine deaminases acting on

RNA) that selectively deaminate adenosine residue(s) in precursor and mature mRNA

transcripts (Nishikura, 2010). Two active members of the ADAR family, ADAR1 and

ADAR2, are thought to be responsible for all mammalian A-to-I editing events and are

essential for viability (Hartner et al., 2004; Higuchi et al., 2000; Wang et al., 2004).

Transcription of the ADAR1 gene is complex, initiating from at least three different

promoters that lead to mature mRNAs with mutually exclusive first exons (exons 1A, 1B,

and 1C) via alternative splicing (Liu et al., 1997) (Fig. 1A). The promoter that initiates the

ADAR1A transcript is strongly stimulated by interferon (IFN) (Der et al., 1998; George and

Samuel, 1999b; Liu et al., 1997; Patterson and Samuel, 1995; Patterson et al., 1995).

Translation initiates at an in-frame AUG codon at the 3′-end of exon 1A to generate a 150

kilodalton (kD) protein isoform (p150) which contains three copies of a dsRNA-binding

motif (dsRBM), a motif shared among numerous dsRNA-binding proteins (Burd and

Dreyfuss, 1994; Fierro-Monti and Mathews, 2000), a nuclear localization signal in the third

dsRBM (Eckmann et al., 2001), and a region homologous to the catalytic domain of other

known adenosine and cytidine deaminases (Fig. 1B). The amino-terminus of p150 also

contains two Z-DNA binding domains, the first of which (Zα) overlaps with a leucine-rich

nuclear export signal (Poulsen et al., 2001) and may be involved in the recognition of

foreign nucleic acids in the cytoplasm by the innate immune system (Athanasiadis, 2012).

The Z-DNA binding domains also have been proposed to tether ADAR1 to sites of

transcription (Herbert et al., 1997; Herbert and Rich, 1999) or to mediate interactions
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between ADARs and other proteins (Poulsen et al., 2001). Transcripts initiating at

constitutively expressed exons 1B or 1C use an initiation codon in exon 2 to generate a 110

kD ADAR1 protein isoform (p110) which lacks the first 248 amino acids of the p150

isoform containing the nuclear export signal and the Zα domain (George and Samuel,

1999b; Kawakubo and Samuel, 2000) (Fig. 1B). While both isoforms are capable of nuclear-

cytoplasmic shuttling, they exhibit unique subcellular localizations at steady state where

p110 is found predominately in nucleoli, while the majority of full-length p150 resides in the

cytoplasm (Eckmann et al., 2001; Fritz et al., 2009; Patterson and Samuel, 1995; Strehblow

et al., 2002). Alternative splicing within exon 7 also generates two distinct mRNA isoforms

encoding ADAR1 proteins that differ by 26 amino acids in the linker region between the

third double-stranded RNA binding motif and the catalytic domain (Fig. 1A) to affect site-

selective editing efficiency (George et al., 2005; Liu et al., 1999a; Liu et al., 1997; Liu and

Samuel, 1999a).

IFN-alpha treatment of a human glioblastoma cell line induces a robust increase in p150

expression accompanied by significant changes in the editing of 5HT2C receptor RNAs

(Yang et al., 2004). ADAR1 is also induced by a variety of inflammatory mediators

including endotoxin, lipopolysaccharide, and tumor necrosis factor (Meltzer et al., 2010;

Rabinovici et al., 2001; Wu et al., 2009). Oral inoculation of Salmonella in mice leads to

systemic acute inflammation and expression of ADAR1 p150 RNA. However, the

consequences of such treatment on ADAR1 protein levels or RNA editing patterns are not

known (George et al., 2005; Shtrichman et al., 2002).

To investigate potential changes in RNA editing patterns in response to a viral CNS

infection, we have used reovirus serotype-3 strain Dearing (T3D) infection of neonatal mice

as an experimental model system. Reoviruses are nonenveloped, icosahedral viruses with

genome consisting of 10 segments of dsRNA and are commonly used to study neurotropism

and neuro-inflammation (Danthi et al., 2013; Oberhaus et al., 1997; Richardson-Burns and

Tyler, 2004). Reovirus is a potent inducer of type I interferon and produces a lethal

meningoencephalitis in newborn animals associated with the apoptotic death of infected

neurons (Danthi et al., 2008; Oberhaus et al., 1997; Richardson-Burns et al., 2002). Here we

show that neonatal mice infected with reovirus T3D display large increases in p150

expression in all brain regions examined, yet the observed increase in p150 affected few

editing sites. These findings suggest that steady-state editing patterns for ADAR targets are

not primarily regulated by p150 expression levels.

Materials and Methods

Reovirus-infection of neonatal mice

Timed-pregnant dams (C57BL/6J) were purchased from The Jackson Laboratories (Bar

Harbor, ME). Litters were divided into mixed-gender groups and treated with either

endotoxin-free phosphate-buffered saline (PBS) (Amresco; Solon, OH) or reovirus T3D in

PBS (Antar et al., 2009; Furlong et al., 1988). Neonatal pups (2–3 days old) were

innoculated by intracranial (IC) injection in the left hemisphere with 5 μl PBS or 102 plaque-

forming units (PFU) of T3D reovirus in 5 μl PBS using a 10 μl Hamilton syringe with a 25

gauge needle. Mice were monitored daily until 10–13 days post-infection when a portion of
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the animals were generally moribund (defined by rapid or shallow breathing, lethargy, or

paralysis), and were euthanized (Frierson et al., 2012). Mouse body weights were

determined prior to euthanasia. All procedures were carried out in accordance with an

IACUC-approved protocol. For determination of viral titer, dissected brain regions were

immersed in fresh PBS and homogenized. The viral titer for each tissue sample was

performed by plaque assay as described previously (Tyler et al., 1985).

Dissection of brain regions

Mice were euthanized by cervical dislocation under anesthesia before decapitation. Whole

brain was removed from the skull and dissections of defined brain regions were performed.

After removal of the brain, the olfactory bulbs were removed. Using a straight razor, the

frontal cortex was isolated by slicing at approximately 2.3 mm anterior to bregma; the dorsal

boundary of the frontal cortex, delineated by the rhinal fissure, was separated and removed

from the tissue below it. The hippocampus, including CA1-3 and the dentate gyrus, was

subsequently removed by separation of the cerebral hemispheres, using forceps to gently roll

out both the right and left hippocampal structures from the surrounding cortex. Finally, the

entire cerebellum was removed based on clear physical distinction from the surrounding

brain tissue. Each brain region was dissected, weighed and flash frozen in liquid nitrogen

prior to storage at −80°C.

RNA characterization

All tissues were homogenized in Trizol® reagent and RNA was isolated following the

manufacturer’s instructions (Life Technologies; Grand Island, NY). cDNA synthesis was

performed using a High Capacity cDNA Kit with random primers following the

manufacturer’s instructions (Applied Biosystems; Foster City, CA). A single antisense

riboprobe was designed to differentiate between ADAR1 transcripts encoding the p110 and

p150 protein iso-forms (Fig. 3A). A 449 base-pair RT-PCR amplicon encompassing the

exon 1B/exon 2 junction of the ADAR1B transcript was cloned into vector pBluescript II

KS− (Agilent Technologies; Santa Clara, CA). RNA labeled with [α-32P]-uridine 5′-

triphosphate (Perkin Elmer; Boston, MA) was transcribed (specific activity = 2.2 × 106 cpm/

mmol) with T3 or T7 RNA polymerase, and ribonuclease protection analyses were

performed as 4 described (Emeson et al., 1989). Products were resolved in a denaturing 4–

6% polyacrylamide gel containing 8M urea. A cyclophilin antisense probe was also

generated as an internal loading control as previously described (nucleotides +34–144,

GenBank accession number M19533) (Singh et al., 2007). The relative expression of

protected fragments was quantified using a Typhoon 9400 phosphorimager (GE Healthcare,

Piscataway, NJ) with ImageQuant TL software and normalized to the number of adenosine

residues in each protected fragment.

Semi-quantitative analysis of ADAR1 alternative splicing patterns was performed by

endpoint RT-PCR using primers in exons 1A (sense, 5′-

AATGGATCCGGCACTATGTCTCAAGGG-TTC-3′), 1B (sense, 5′-

GCTCTAGAGAGACTACGCGTTGGGACTAGCC-3′) and 2 (antisense, 5′-

ATATCTCGAGCCGGAAGTGTGAGCAAAGCCCGT-3′) or exons 6 (sense, 5′-

ATGAATCTA-TGGCTCCCAA-3′) and 8 (antisense, 5′
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GCTTCAATGCTCTGACCAAC-3′) and amplified for 40 cycles. Viral RNA was detected

using reovirus S1 transcript specific primers (sense, 5′-CCTCG-

CCTACGTGAAGAAGT-3′; antisense, 5′-AGCACCCAACTGGGTAACAC-3′). Resultant

amplicons were resolved on a 2% agarose gel and visualized by ethidium bromide

fluorescence, which was quantified using a Syngene gel imager (Cambridge, UK) with

Genetools software.

Western blotting analysis

Samples for Western blotting were prepared as described previously (Hummon et al., 2007).

Frozen tissue samples were homogenized in TRIzol® reagent. After performing steps for the

isolation of nucleic acids, the remaining organic phase was dialyzed against 0.1% SDS for

three changes of buffer at 4°C using a dialysis cassette (Thermo-Scientific; Pittsburgh, PA).

Protein from samples formed gelatinous clumps that were solubilized in 25 mM Tris-HCl, 4

M Urea, 0.5% SDS, pH 8.0 (Hummon et al., 2007). Residual insoluble material was

removed by centrifugation. Protein samples were combined with 4X LDS NuPage sample

buffer prior to being resolved by electrophoresis on a 4–12% Bis-Tris Midi gel (Life

Technologies). Electrophoresis was followed by semi-dry transfer to a nitrocellulose

membrane (Protran; PerkinElmer; Boston, MA), which was blocked with Li-Cor®

Odyssey® blocking buffer (Licor Biosciences; Lincoln, NE) or 0.1% non-fat dry milk, and

probed with antisera directed against ADAR1 (sc-73408; Santa Cruz Biotechnology; Santa

Cruz, CA), ADAR2 (Exalpha Biologicals, Shirley, MA), ADAR3 (sc-73410; Santa Cruz

Biotechnology), reovirus protein σNS (Becker et al., 2003), and β-tubulin (sc-9104; Santa

Cruz Biotechnology). Washes were performed with 0.1% Tween-20 in TBS at room

temperature. Secondary antisera consisted of fluorescently labeled anti-mouse (#926–

32212), anti-goat (#926–68024), anti-rabbit (#926–32213), and anti-guinea pig (#926–

68030) immunoglobulin (Licor Biosciences; Lincoln, NE). Images were quantified using Li-

Cor® Odyssey® software.

High-throughput sequence analysis of editing profiles

RNA editing profiles for ADAR substrates were quantified using next-generation

sequencing with a variation of the high-throughput multiplexed transcript analysis

(HTMTA) (Morabito et al., 2010) as schematized in Figure 7. First-strand cDNA was

synthesized in a 10 μl reaction from 1 μg of RNA using avian myoblastosis virus reverse

transcriptase (Promega, Madison, WI) according to the manufacturer’s instructions in a

reaction containing 0.25 μg of each substrate-specific primer with either T3 (5′-

ATTAACCC-TCACTAAAGGGA-3′) or T7 (5′-TAATACGACTCACTATAGGG-3′) RNA

polymerase promoter extensions for the sense and antisense primers, respectively

(Supplementary Table 1). Parallel control reactions lacking reverse transcriptase were

performed for all samples. The total reverse-transcription volume was included in a 46.5 μl

PCR amplification reaction with Phusion DNA polymerase (Finnzymes, Woburn, MA)

according to the manufacturer’s recommendations. All reactions were incubated at 98°C for

30s followed by 5 cycles of amplification (98°C for 10s, 55°C for 30s, 72°C for 45s) before

addition of 1 μl of exonuclease I (New England Biolabs, Ipswich, MA) and incubated at

37°C for 20 minutes to remove unincorporated, single-stranded primers. Exonuclease I was

inactivated by incubation at 80°C for 20 minutes before addition of a universal antisense
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primer matching the 20 nucleotide (nt) T7 RNA polymerase promoter with a 34-nt adapter

sequence that can anneal to the Illumina flowcell surface (Adapter B). One of twenty-four 6-

nt barcoded universal sense primers (Supplementary Table 2) matching the calculated as the

percentage of edited (G) reads for each substrate divided by the total 20 nt T3 RNA

polymerase promoter with a 58-nt adapter sequence (Adapter A) also was added to the

reaction (Bentley et al., 2008), which was amplified for an additional 25 cycles (98°C for

15s, 56°C for 30s, 72°c for 60s). Amplified products for each RNA target were pooled,

separated in a 2% agarose gel and purified from excised gel slices using the Wizard SV Gel

and PCR Purification Kit (Promega, Madison, WI). The concentration of gel-purified

fragments was measured by spectrophotometry (A260), and ~20 ng of each sample was

pooled with up to 24 other products containing unique barcodes and subjected to single-end

sequencing using the Illumina Hi-seq 2000 system (Illumina, San Diego, CA). Total

sequence reads obtained per RNA sample (Supplementary Table 3) were culled to an

appropriate data set by meeting a series of inclusion criteria including: 1) barcode sequences

are identifiable; 2) nucleotides at the editing site(s) are either A or G; and 3) the sequence

reads precisely match the number reference sequence(s) (Supplementary Table 2). The

extent of editing at each site was of reads (G + A) for each target.

Histochemistry

Phosphate-buffered saline (PBS) and reovirus T3D-injected mice were sacrificed and brains

removed as described above. Whole brains were immersion fixed in phosphate-buffered 4%

paraformaldehyde/4% sucrose for at least 48 hours and transferred to PBS. Brains were sent

to NeuroScience Associates (NSA) Labs (Knoxville, TN) for processing into a ‘brain block’

in which multiple brains are aligned and encased in a gelatin matrix, sliced into 30–40 μM

free-floating sections, and stored in cryopreservative solution at −20°C. Sections were rinsed

in Tris-buffered saline (TBS) to remove the cryopreservative and antigen retrieval was

performed by immersing sections in L.A.B. antigen retrieval solution (Polysciences;

Warrington, PA) and incubating at 37°C for 15 minutes. After rinsing in TBS, sections were

immersed in 0.6% hydrogen peroxide for 15 minutes to quench endogenous peroxidases,

followed by rinsing in TBS and blocking of endogenous biotin using an avidin/biotin

blocking kit per manufacturer’s instructions (Vector Labs; Burlingame, CA). Tissues were

permeabilized in TBS with 0.4% Triton X-100 for 15–30 minutes. Sections were stained

using either antiserum to ADAR1 (goat anti-ADAR1 (C-16); Santa Cruz Biotechnology,

Dallas, Texas), antiserum to GFAP (Invitrogen, Grand Island, NY), or biotinylated tomato

lectin (Vector Labs; Burlingame, CA). For ADAR1 immunostaining, sections were blocked

with 5% normal horse serum for 20 minutes before incubation in ADAR1 antiserum (1:100

in TBS) for 30 minutes. Sections were rinsed in TBS and incubated with horse anti-goat

biotinylated antibody (1:600) (Vector Labs; Burlingame, CA) for 30 minutes. GFAP

immunehistochemistry was performed with the M.O.M. kit (Vector Labs; Burlingame, CA)

for mouse antibodies on mouse tissue as described by the manufacturer. GFAP antiserum

was used at a 1:200 dilution. For lectin cytochemistry, sections were blocked using Carbo-

Free Block (Vector Labs; Burlingame, CA) per manufacturer’s instructions and incubated

for 30 minutes with tomato lectin diluted 1:500 in TBS. For the incorporation of the

horseradish peroxidase (HRP), all sections were incubated with A.B.C. reagent using the

ELITE A.B.C. kit (Vector Labs, Burlingame, CA) per manufacturer’s instructions. The
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chromagen substrates diaminobenzidine (DAB) and ImmPact Nova Red (Vector Labs,

Burling-ame, CA) were used to visualize peroxidase activity. After incubition with DAB or

Nova Red (2–3 minutes), the reaction was halted by rinsing in water for 5 minutes. Sections

were mounted onto gelatin subbed glass slides (NSA labs; Knoxville, TN) in acetate buffer

(pH 6) and allowed to dry overnight. Sections were then bonded to the slides by placing in

95% ethanol for 1 min, 95% ethanol/37% formalin (9:1 respectively) for 5 minutes, and

rinsing in 95% ethanol. Cresyl violet staining was performed by rehydrating slides and

incubating in 0.1% cresyl violet solution for 5–10 minutes at 60°C. Slides were rinsed in tap

water, dehydrated through alcohol, cleared in xylene and mounted with DPX (Electron

Microscopy Services, Hatfield, PA). Staining was visualized using light microscopy.

Results

Widespread CNS infection in response to reovirus treatment

To assess the effects of reo-virus T3D infection on ADAR1 expression and potential

changes in RNA editing profiles, neonatal mice (postnatal day 2–3) were administered 100

plaque-forming units (PFU) of virus by intracranial (IC) injection. T3D produces a typical

pattern of neurotropism in which neurons are infected primarily within the cortex, thalamus,

hippocampus, and cerebellum (Oberhaus et al., 1997). The 50% lethal dose (LD50) of T3D

by IC injection is less than 5 PFU/mouse (Mann et al., 2002). Based on patterns of reovirus

tropism and the expression of specific ADAR substrates, we focused our analyses on three

discrete brain regions, the frontal cortex, hippocampus, and cerebellum. Plaque assays

revealed the absence of virus in any brain regions from vehicle (phosphate-buffered saline;

PBS)-injected mice (data not shown), yet high viral titers varying from 1.3 × 109–1.7 × 1011

PFU/g tissue were observed in tissue isolated from reovirus-infected animals, demonstrating

a robust infection in each brain region (Fig. 2A). While similar viral titers were seen in the

hippocampus and cerebellum, the mean viral titer in the frontal cortex was ~100-fold lower

(Fig. 2A), despite the fact that this brain region was nearest to the site of viral inoculation,

presumably reflecting region specific differences in viral tropism (Oberhaus et al., 1997;

Richardson-Burns and Tyler, 2004). At the time of euthanasia (postnatal day 12–13), virus-

infected mice were were weak, showed significantly decreased body weight (Fig. 2B), and

exhibited choreiform movements and erratic behavior (Dionne et al., 2011b; Tardieu et al.,

1983), indicative of advanced encephalitis. As an index of the severity of viral infection, the

body weights of T3D-treated animals varied considerably (Fig. 2B), perhaps reflecting the

broad range of viral load that differed by up to four orders of magnitude in discrete brain

regions from individual mice (Fig. 2A).

ADAR1 alternative splicing patterns are altered in response to reovirus infection

Little information exists about changes in ADAR1 RNA isoform expression in the brain in

response to inflammatory stimuli. In a study of mice infected with orally-administered

Salmonella, steady-state level of ADAR1A RNA increased dramatically in peripheral organs

(e.g., liver), while they increased only slightly in whole brain, with levels staying well below

those of the constitutive ADAR1B transcript (George et al., 2005). Since different cascades

of cytokines are elicited in response to viral or bacterial infection, the induction of ADAR1A

transcripts may be preferentially sensitive to specific cytokine subtypes acting through
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distinct signaling pathways, as has been observed for other interferon-stimulated genes

(ISGs) (Schoggins and Rice, 2011). To quantify potential changes in ADAR1 RNA isoform

expression in response to reovirus infection, we employed ribonuclease (RNase) protection

and reverse transcription-PCR (RT-PCR) strategies with tissue samples from dissected

frontal cortex, hippocampus and cerebellum of T3D and PBS-injected mice. A radiolabeled,

antisense riboprobe was generated for RNase protection studies to distinguish between

ADAR1 mRNA isoforms containing alternatively spliced interferon-inducible (1A) and

constitutively (1B) expressed exons (Fig. 3A). ADAR1A (p150-encoding) transcripts were

expressed at a fraction of the level observed for ADAR1B (p110-encoding) transcripts in all

brain regions isolated from control (PBS-treated) mice (Figs. 3B, 3C). In sharp contrast,

T3D-infected animals showed a robust increase in the steady-state level of ADAR1A

mRNAs with no significant change in ADAR1B transcripts. In the frontal cortex, ADAR1A

transcripts reached a steady-state level of expression nearly equivalent to that of the

ADAR1B mRNAs, while they increased to approximately double that of ADAR1B

transcripts in the hippocampus and cerebellum (Figs. 3B, 3C). Comparisons between

dissected brain regions from T3D-infected mice revealed that the fold-increase in ADAR1A

expression correlated with the viral titer (Fig. 2A), where the smallest (3-fold) and largest

(9-fold) changes were observed in the cortex and cerebellum, respectively (Figs. 3B, 3C).

While the RNase protection strategy was effective for quantifying ADAR1 isoform

expression in response to reovirus infection (Fig. 3), RNAs containing exon 1C or unspliced

ADAR1 pre-mRNA also would be expected to generate a 377 nt protected fragment,

although the level of ADAR1C RNA expression is extremely low in the brain (George et al.,

2005). We developed a semi-quantitative RT-PCR strategy to more specifically assess

changes in ADAR1A and ADAR1B mRNA expression using sense primers specific for

exons 1A and 1B with a common antisense primer in exon 2. Results using this approach

were in good agreement with the RNase protection strategy (Fig. 3), demonstrating a

significant increase in the percentage of ADAR1A mRNA isolated from all brain regions in

T3D-infected animals (Fig. 4). ADAR1A transcripts represented less than 10% of the total

ADAR1 RNA in PBS-treated control animals, whereas mice infected with reovirus showed

a 3.5- to 6-fold increase in ADAR1A levels (Figs. 4A, 4B). In peripheral tissues, ADAR1A

transcripts represented the major ADAR1 RNA isoform in control mice (Figs. 4A, 4B).

Infection with reovirus significantly increased the percentage of ADAR1A transcripts

expressed in the heart. However, since the liver and spleen solely expressed the ADAR1A

isoform in control animals, no further increase in the relative ratio of this RNA isoform

could be observed in response to viral treatment. Despite introduction of virus by IC

administration into the brain, RT-PCR analysis demonstrated the presence of reovirus S1

mRNA in all examined tissues, indicating the spread of viral particles outside the CNS to

infect peripheral organs (Fig. 4A) (Boehme et al., 2011; Dionne et al., 2011a; Dionne et al.,

2011c).

In addition to alternative splicing events that give rise to transcripts with multiple exon 1

structures, ADAR1 RNA expression is further diversified by competition between

alternative 5′-splice sites in exon 7 (Fig. 1). This RNA processing event produces two

distinct mRNA isoforms (7a and 7b) that differ by 78 nucleotides to generate ADAR1

proteins that contain or lack a 26-amino acid linker region between the third dsRBM and the
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catalytic domain in both human and mouse isoforms (Liu et al., 1997; Yang et al., 2003) to

affect site-selective editing efficiency of ADAR1 targets (George et al., 2005; Liu et al.,

1999a; Liu et al., 1997; Liu and Samuel, 1999a). A rare ADAR1 splicing event, referred to

as 7c, results from removal of the entire exon 7 region in mature ADAR1 mRNAs (Yang et

al., 2003).

Previous studies have suggested that alternative splicing within exon 7 is sensitive to

inflammatory stimuli (Yang et al., 2003). To determine whether reovirus infection

modulates alternative splicing of ADAR1 within this region of the pre-mRNA, we used a

semi-quantitative RT-PCR strategy to determine the relative ratio of 7a and 7b transcripts in

dissected brain regions and peripheral tissues using specific oligonucleotide primers in

exons 6 and 8. We found that 7a transcripts represent the predominant ADAR1 RNA species

in control animals for all brain regions examined, whereas roughly equivalent levels of 7a

and 7b are produced in peripheral organs (Figs. 5A, B). Expression of the 7c RNA isoform

was not detected in any samples (data not shown). Reovirus infection resulted in an increase

in the relative ratio of 7b to 7a in all brain regions, yet no changes in the relative expression

of these isoforms were observed in infected heart, liver or spleen (Figs. 5A, B).

ADAR1 (p150) protein expression is increased in response to reovirus infection

The absence of changes in ADAR1B mRNA coupled with the observed increase ADAR1A

mRNA in virally-infected animals (Figs. 3, 4), predicted parallel effects on the expression of

the encoded p110 and p150 protein isoforms. To quantify steady-state levels of ADAR1

proteins in reovirus-infected mice, we employed a Western blotting strategy using a

monoclonal ADAR1 antibody directed against a shared region of both proteins comprising

all three double-stranded RNA binding domains (Fig. 1). Tissues from control and reovirus-

infected animals were homogenized in TRIzol® reagent for the simultaneous isolation of

both RNA and protein, as described previously (Hummon et al., 2007), for subsequent

ADAR1 isoform analysis. Consistent with the low level of ADAR1A transcripts seen in

uninfected animals (Figs. 3, 4), no p150 protein was detected in any brain region examined,

although the constitutively-expressed p110 isoform was easily identified in all samples (Fig.

6A, B). In contrast to control mice, the p150 isoform was clearly present in infected samples

from all three brain regions where it represented approximately 35% of total ADAR1 protein

in the hippocampus and cerebellum and 10% in the cortex (Figs. 6A, B). This relatively low

level of p150 in the cortex is consistent with a lower viral titer compared to other brain

regions (Fig. 2A) and is also reflected by the absence of detectable expression for the

reovirus replication protein σNS (Fig. 6A), despite the fact that a more-sensitive RT-PCR

strategy confirmed cortical infection by detection of reovirus S1 RNA transcripts (Fig. 4A).

While p150 was not detectable in control animals, the reovirus-mediated change in relative

expression shown in Fig. 6B might reflect not only the increase in p150 but also changes in

p110 expression. However, when normalized to an internal β-tubulin control, the expression

of p110 was not changed in the cortex or cerebellum in response to viral infection, but was

significantly increased in the hippocampus (Fig. 6C). While previous studies have indicated

that the inflammatory response does not affect ADAR1B or p110 expression (George and

Samuel, 1999a; George et al., 2005), increased levels of this protein isoform could reflect

region-specific internal translation initiation at AUG249 from increased ADAR1A transcripts
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(Figs. 3, 4). Western blotting for other ADAR family members, using antisera directed

against ADAR2 and ADAR3, revealed no significant changes in expression in the cortex or

cerebellum, although a significant decrease for ADAR2 was observed in the hippocampus

(Fig. 6C).

High-throughput sequencing reveals few editing changes in reovirus-infected tissues

Increases in the editing of ADAR1 substrates occur in response to IFN in glioblastoma cell

lines. IFN significantly increases the editing of RNAs encoding the DNA-repair enzyme

NEIL1 (Yeo et al., 2010), and selectively increases p150 protein expression, concomitant

with an increase in the editing of ADAR1 sites and a decrease in the editing of ADAR2 sites

within transcripts encoding the 2C-subtype of serotonin (5HT2C) receptor (Yang et al.,

2004). Observed decreases in ADAR2-directed editing, with no change in steady-state

ADAR2 expression, may represent an antagonistic relationship between ADAR1 and

ADAR2 activity (Cenci et al., 2008; Wang et al., 2004; Yang et al., 2004) resulting from

their ability to form heterodimers (Valente and Nishikura, 2007) or non-productively

compete for binding to a single RNA target (Cenci et al., 2008; Singh et al., 2007).

To quantify potential changes in RNA editing profiles in response to reovirus infection in

the murine CNS, we developed a high-throughput sequencing approach to simultaneously

analyze a wide variety of ADAR substrates in infected and control samples from frontal

cortex, hippocampus and cerebellum based upon a strategy previously developed in our

laboratory for multiplex analysis of editing patterns for 5HT2C RNAs (Morabito et al.,

2010). To minimize the number of synthetic oligonucleotide primers necessary for

simultaneous analysis of multiple RNA targets, we modified our previous approach to

include two amplification steps as schematized in Figure 7. Target-specific primers were

used for five cycles of amplification for each substrate and to incorporate sequences for T3

and T7 RNA polymerase promoters into the 5′- and 3′-ends of the RT-PCR amplicons,

respectively (Suppl. Table 1). Following exonuclease I digestion to remove unincorporated

PCR primers, a second round of PCR amplification was performed with universal primers

matching the T3 and T7 sequences to further amplify the targets and incorporate both

adapter sequences necessary for single-end sequencing on the Illumina platform (Bentley et

al., 2008) and one of 24 index (barcode) sequences allowing for multiplex analysis (Suppl.

Table 2). The barcodes consisted of 6-nt sequences that allowed unambiguous identification

of a sample with up to two sequencing errors within the barcode itself. The sequencing data

were culled to an appropriate dataset ranging from approximately 21,000 to 1,000,000 reads

(Suppl. Table 3) that met a series of inclusion criteria (see Experimental Methods) when

compared to a reference sequence for each substrate (Suppl. Table 4). The extent of editing

at each site was calculated as the percentage of edited (G) reads for each substrate divided

by the total number of reads (G + A) for each target.

For each brain region, we quantified editing for 12 transcripts, many of which encode

proteins that are important for nervous system function (Hood and Emeson, 2012; Rula and

Emeson, 2007). The percentage of site-selective editing for each substrate in control and

reovirus-infected animals is summarized in Table 1. Surprisingly, high-throughput

sequencing revealed few significant changes in editing between RNAs isolated from PBS-
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and reovirus-treated animals. The extent of inter-animal variability was quite low due to the

large number of sequence reads for each ADAR substrate. Small, but significant, reovirus-

dependent alterations in editing for cytoplasmic FMR1 interacting protein 2 (Cyfip2) and

filamin A (Flna) in the hippocampus and bladder cancer-associated protein (Blcap) in the

cortex were observed. While no significant changes in editing were observed at any of the

five sites within 5HT2C tran-scripts (Table 1), combinatorial editing at these five positions

can generate up to 32 mRNA isoforms encoding 24 different receptor proteins (Burns et al.,

1997; Niswender et al., 1998). To further assess reovirus-mediated changes in 5HT2C

editing profiles, we examined the relative abundance of each of the 32 predicted mRNA

isoforms isolated from control and T3D-infected animals (Fig. 8). The pattern of editing for

5HT2C transcripts in control animals was similar to that previously described using high-

throughput sequencing strategies where the major RNA isoform in the mouse encoded

valine, asparagine and valine (VNV) at amino acid positions 156, 158 and 160 of the

receptor protein (Abbas et al., 2010; Morabito et al., 2010). While there were significant

changes in a limited subset of mRNA isoforms, the absolute magnitude of the changes was

modest and the mRNA isoform distribution was largely maintained despite widespread

reovirus infection throughout all three brain regions.

Increased ADAR1 (p150) in infected brain regions is not coexpressed with infiltrating
inflammatory cells

The observation that increased ADAR1 (p150) expression does not result in significant

changes in RNA editing profiles raises the possibility that elevated p150 levels may not

occur in cells expressing the largely neuron-specific editing substrates quantified in our

studies. A critical component of the CNS response to reovirus infection is innate immunity

involving the activation and infiltration of glial cells, including microglia, the resident

macrophage cell population of myeloid lineage (Chan et al., 2007; Napoli and Neumann,

2009), and astrocytes, key mediators of neuroinflammation and neuronal homeostasis

(Frank-Cannon et al., 2009; Fuller et al., 2010). To determine whether reovirus-mediated

increases in ADAR1A RNA and ADAR1 (p150) protein expression originated in infiltrating

inflammatory cells, we used immunohistochemical and cytochemical approaches to compare

the patterns of ADAR1 expression with the location of microglia and astrocytes in infected

brain regions. ADAR1 immunoreactivity was detected predominantly in the Purkinje cell

layer of the cerebellum in both PBS and reovirus-treated animals, although the number of

detectable immunopositive cells and the intensity of labeling was significantly increased in

the T3D-infected samples (Fig. 9A, B). Microglia were selectively labeled in brain sections

from control and reovirus-treated animals using tomato lectin, a protein lectin with specific

affinity for poly-N-acetyl lactosamine sugars that are found on the plasma membrane and in

the cytoplasm of microglia, as well as blood vessels (Villacampa et al., 2013). Visualization

of microglia with tomato lectin revealed few glial cells in control animals (Fig. 9C) in

contrast to robust glial infiltration in infected tissue throughout all cerebellar layers,

including the white matter, granule cell layer, Purkinje cell layer, and molecular layer (Fig.

9D). Although there was a partial overlap between the pattern of tomato lectin staining and

ADAR1 expression in the Purkinje layer, this is not unexpected since one of the principal

roles of activated microglia is to phagocytize infected neurons (Schittone et al., 2012).

Astrocytes are also a critical supportive cell type for neuronal function and can be identified
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by the expression of the distinct intermediate filament, glial fibrillary acidic protein (GFAP).

Immunohistochemical labeling for GFAP revealed a strong astrocyte presence in the white

matter of PBS-injected animals (Fig. 9E) while astrocytes in reovirus-infected tissue were

observed in both the white matter and infiltrating the granule cell layer (Fig. 9F). The

absence of significant coexpression between ADAR1 and microglia/astrocyte markers in the

cerebellum and other infected brain regions (data not shown), suggests that a majority of the

observed increase in ADAR1A RNA and ADAR1 (p150) expression does not originate in

these cellular components of innate immunity in the CNS.

Discussion

The complexity of the CNS depends upon numerous cellular strategies for the maintenance

of proper patterns of gene expression. The conversion of adenosine-to-inosine by RNA

editing has been shown to represent a critical post-transcriptional mechanisms for generating

multiple, functionally distinct protein isoforms from a single genomic locus (Hood and

Emeson, 2012; Mallela and Nishikura, 2012). ADAR1 (p150) is induced in response to

interferon challenge or pathogen infection (Heale et al., 2010; Patterson and Samuel, 1995;

Rabinovici et al., 2001; Toth et al., 2006; Weier et al., 1995; Yang et al., 2004) and most

studies have focused on experiments performed in vitro, where they examined the editing of

specific viral RNAs, the cellular mechanisms of p150 induction, or its role in interferon

signaling pathways (Gelinas et al., 2011; George et al., 2008; Pfaller et al., 2011). However,

less is known about inflammation in the brain and how it may contribute to the

pathophysiology of neuropsychiatric disorders (Lukasz et al., 2013; Makhija and

Karunakaran, 2013; Venkatasubramanian and Debnath, 2013). For example, development of

depression and anxiety frequently occurs as a side effect of chronic IFN therapy.

Remarkably, these effects often are alleviated upon cessation of treatment (Dieperink et al.,

2000; Myint et al., 2009; Udina et al., 2013). Aberrant editing of transcripts encoding the

5HT2C receptor has been associated with depression, anxiety, and schizophrenia (Gurevich

et al., 2002; Niswender et al., 2001; Schmauss, 2003; Sodhi et al., 2005). While studies

using tissue culture model systems have demonstrated an increase in p150 expression and

changes in 5HT2C editing patterns in response to interferon stimulation (Yang et al., 2004),

no data have been available concerning whether similar changes in ADAR1 expression or

editing patterns are observed in the CNS under inflammatory conditions.

Since the IFN-inducible ADAR1 (p150) isoform is absent from all brain regions examined

in control animals (Fig. 6), it is unlikely that this isoform plays a major role in determining

normal patterns of editing for many ADAR targets in the CNS. However, p150 may be

involved in dynamic editing changes in response to inflammatory stimuli. To test this

hypothesis, we quantified changes in the expression pattern of ADAR1 isoforms after direct

infection with reovirus T3D and found an increase in the steady-state level of ADAR1A

transcripts (Figs. 3, 4) with a robust increase in p150 protein expression in reovirus-infected

mice (Fig. 6). This finding is in contrast to a previous study that found increased ADAR1A

transcript levels in peripheral tissues in response to Salmonella infection, whereas only a

slight increase was observed in the brain (George et al., 2005). This disparity could result

from differences between bacterial and viral infection that can produce distinct cytokine
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cascades (Schoggins and Rice, 2011) or different routes of pathogen inoculation in the two

studies.

ADAR1 is implicated in the site-selective editing of numerous RNA substrates throughout

the brain (Lehmann and Bass, 2000; Riedmann et al., 2008). If ADAR1 expression levels

represent a rate-limiting step in the regulation of editing patterns for specific RNA

substrates, then elevated p150 expression levels observed in response to reovirus infection

should result in an increase in the editing of endogenous substrates. However, high-

throughput sequence analysis of numerous ADAR targets identified few significant changes

in editing profiles (Table 1). While this result was unexpected, various possibilities could

explain such an experimental outcome. Such explanations include a lack of significant

spatial overlap between the cell-specific expression pattern for the ADAR substrates that

were examined (Table 1) and those cells in which p150 was selectively increased, including

cells of the innate immune response. However, coexpression analysis of ADAR1 expression

in control and reovirus-infected tissues demonstrated little overlap between neurons

expressing ADAR1 and infiltrating microglia or astrocytes (Fig. 9)

While both p150 and p110 are active in the editing of ADAR targets in transfected cells and

demonstrate similar target specificity (Liu et al., 1999b; Liu and Samuel, 1999b), limited

data are available to demonstrate distinct roles for these ADAR1 isoforms in the editing of

endogenous substrates. As p110 is the major ADAR1 isoform expressed in the brain under

control conditions, it is likely that this isoform is responsible for the normal patterns of

ADAR1-dependent editing seen in the nervous system. It is unclear what role p150 plays in

the editing of endogenous RNA substrates, as it resides primarily in the cytoplasm at steady-

state (Eckmann et al., 2001; Fritz et al., 2009; Patterson and Samuel, 1995; Strehblow et al.,

2002), while most ADAR targets are modified in the nucleus prior to splicing (Bratt and

Ohman, 2003; Ryman et al., 2007).

While the subcellular localization of p150 could affect its capacity to edit pre-mRNA targets

in the nucleus, expression levels for the ADAR enzymes generally do not correlate with the

extent of site-selective editing. For example, RNA transcripts encoding the GluR-2 subunit

of the amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-subtype of glutamate

receptor are edited (Q/R site) to near completion by embryonic day 15 when no specific

immunoreactivity for ADAR2 could be detected within the forebrain (Jacobs et al., 2009).

Similarly, ADAR1 and ADAR2 expression remained constant, both in developing rat brain

and cultured cortical neurons, while the extent of editing for their respective sites increased

markedly (Hang et al., 2008). The observed lack of correlation between editing efficiency

and ADAR expression suggests that other cellular mechanisms may be involved in the

determination of RNA editing patterns. Recently, proteins that act as positive and negative

regulators of ADAR2 editing activity have been identified which are thought to act by

affecting ADAR2 subcellular localization and stability (Garncarz et al., 2013; Marcucci et

al., 2011; Tariq et al., 2013). ADAR1 is modified by sumoylation, resulting in decreased

activity in vitro (Desterro et al., 2005). It is possible that ADAR1 editing activity also is

modulated by other cellular processes or additional protein components similar to those

identified for ADAR2.
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Unique properties of individual substrates modified by A-to-I conversion also add another

layer of complexity to editing regulation. ADAR substrates in Drosophila melanogaster

(dADAR) appear to fall into “high” or “low” categories based upon structure and sequence

determinants that affect their intrinsic ability to be selectively deaminated (Jepson et al.,

2011). Higher levels of dADAR are required for the editing of “low efficiency sites”,

whereas low levels of enzyme can effectively edit “high efficiency” sites. These findings

point to complex, multi-layered cellular mechanisms modulating ADAR activity that could

explain why little change in editing was observed despite a robust reovirus-mediated

increase in expression of the p150 protein (Fig. 6). In fact, it is remarkable that normal

editing levels can be maintained across a wide range of editing sites in multiple brain

regions despite widespread virus infection and large increases in the expression of what is

generally considered to be a key A-to-I editing enzyme.

Genetically-modified mice in which the expression of p150 is selectively ablated do not

survive beyond embryonic day 11.5 (Ward et al., 2011), similar to mice lacking total

ADAR1 expression (Wang et al., 2004), demonstrating that the p150 isoform is essential for

viability. However, because editing levels were not assessed in these animals, it remains

unknown what distinct function, if any, p150 serves in the editing of specific RNA targets.

As p150 has been implicated in numerous cellular activities which are either editing-

independent or involve unknown substrates (Cai et al., 2010; Herbert et al., 2002; Nie et al.,

2005; Wang et al., 2006; Wang and Samuel, 2009; Zhang and Rabinovici, 2007), the precise

functional role(s) for this ADAR1 isoform remain to be elucidated.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Generation of multiple mouse ADAR1 isoforms by alternative splicing
A) A schematic representation of the mouse ADAR1 gene is shown indicating the presence

of alternative exon 1 sequences that can generate constitutive (1B and 1C) and interferon-

induced (1A) mRNA isoforms by alternative splicing to encode distinct p110 and p150

proteins, respectively; kb, kilobase. An alternative splicing event in exon 7 leads to

additional ADAR1 RNA and protein diversity, generating RNA isoforms (7a and 7b)

encoding proteins differing in size by 26 amino acids. B) The major mouse ADAR1 protein

isoforms are presented indicating their relative size in amino acids, as well as the location of

the putative nuclear localization (NLS) and export (NES) signals, Z-DNA binding domains

(Zα and Zβ), dsRNA-binding motifs (dsRBMs) and the catalytic adenosine deaminase

domain.
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Figure 2. Viral titers and body weights of mice infected with T3D reovirus
A) Reovirus titers in dissected brain regions (Ctx, frontal cortex; Hip, hippocampus; Cbl,

cerebellum) were determined by plaque assay at the time of sacrifice. Means ± SEM (n = 12

for each brain region) were statistically compared by mixed models ANOVA (repeated

measures) with Tukey’s adjustment; ns, not significant, **p<0.01, ***p<0.001. B) The body

weights of control mice (no treatment) or animals intracranially-injected with PBS or T3D

reovirus at postnatal day 2 (P2) were determined at the time of sacrifice (postnatal day 13).

Means ± SEM (no treatment, n = 6; PBS, n = 14; reovirus, n = 19) were statistically

compared by ANOVA with Dunnett’s multiple comparison test; ns, not significant,

***p<0.001.

Hood et al. Page 23

Mol Cell Neurosci. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3. Widespread increase in ADAR1A RNA expression in response to reovirus infection
A) A schematic diagram of an antisense riboprobe specific for the ADAR1B mRNA is

shown as well as the expected sizes of ribonuclease protection products generated from 1B-

and 1A-containing ADAR1 transcripts. B) Ribonuclease protection analysis of total ADAR1

RNA expression in dissected brain regions for individual mice intracranially-injected with

PBS (control) or T3D reovirus. Ctx, frontal cortex; Hip, hippocampus; Cbl, cerebellum. The

migration positions for protected fragments generated from ADAR1A and ADAR1B RNAs

are indicated as well as a cyclophilin loading control. C) Quantification of ribonuclease

protection analysis. Band intensities for ADAR1A and ADAR1B RNA isoforms were

normalized to the internal cyclophilin control for each dissected brain region. Means ± SEM

(n ≥ 5 animals/treatment group) were statistically compared by unpaired t-test; *p ≤ 0.05,

***p ≤ 0.001.
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Figure 4. Semi-quantitative analysis of ADAR1A (p150) and ADAR1B (p110) RNA expression in
brain and peripheral tissues
A) ADAR1 expression was quantified by end-point RT-PCR from multiple tissues in control

and reovirus-infected animals using primers in exons 1A, 1B and 2, and the expected

migration positions of the PCR amplicons for each alternatively spliced ADAR1 isoform are

indicated. The presence of reovirus-derived S1 RNA was also determined. B) Quantification

of ADAR1 alternative splicing was assessed by ethidium bromide fluorescence of RT-PCR

amplicons. Means ± SEM (n = 4 animals/treatment group) were statistically compared by

unpaired t-test; *p<0.05, **p ≤ 0.01, ***p ≤ 0.001.
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Figure 5. Differential expression of ADAR1 exon 7 splice variants in response to reovirus
infection
A) The expression of ADAR1 isoforms using alternative 5′-splice sites in exon 7 was

quantified by end-point RT-PCR from multiple tissues in control and reovirus-infected

animals using primers in exons 6 and 8; the expected migration positions of the PCR

amplicons for each alternatively spliced ADAR1 isoform are indicated. B) The relative ratio

of ADAR1 alternatively spliced isoforms was quantified by ethidium bromide fluorescence

of RT-PCR products. Means ± SEM (n = 4 animals/treatment group) were statistically

compared by unpaired t-test; *p ≤ 0.05, **p ≤ 0.01.

Hood et al. Page 26

Mol Cell Neurosci. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 6. Analysis of ADAR protein expression in response to reovirus infection
A) Representative Western blots of ADAR protein expression in whole cell lysates isolated

from dissected brain regions of individual mice are shown; Ctx, frontal cortex; Hip,

hippocampus; Cbl, cerebellum. The migration positions for ADAR1 protein isoforms (p150

and p110), ADAR2, ADAR3 and a β-tubulin loading control are shown. Western blotting

analysis for a reovirus-specific protein (σNS) is also shown; a non-specific band in the

(σNS) blots is indicated by an asterisk. B and C) Quantitative analysis of alterations in

ADAR1 isoform expression for control (□) and reovirus-infected (■) mice. Due to the

absence of detectable p150 in control animals, data are presented as the percentage of total

ADAR1 protein expression represented by p150 (B) or normalized to an internal β-tubulin

control (C). Means ± SEM (n = 4 animals/treatment group) were statistically compared by

unpaired t-test; *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
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Figure 7. Deep sequencing strategy for multiplex quantification of editing profiles
A schematic diagram is presented for RT-PCR amplification of a region of an mRNA target

flanking an A-to-I editing site (✱). In general, target-specific primers in adjacent exons

containing either T3 (blue) or T7 (red) RNA polymerase promoter extensions for the sense

and antisense primers, respectively (Supplementary Table 1) were used for PCR

amplification (5 cycles) before digestion of the remaining single-stranded primers using

Exonuclease I. A second round of amplification (25 cycles) was performed with universal

primers in which the oligonucleotide contained sequences matching the T3 promoter, one of

24 unique 6-nt barcode sequences (yellow) for sample identification, as well as an adapter

sequence (Adapter A; green) or sequences matching the T7 and an adapter sequence

(Adapter B; purple) for high-throughput single-end sequencing on the Illumina platform.
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Figure 8. Analysis of brain region-specific 5HT2C RNA editing to reo-profiles in response virus
infection
Editing profiles in dissected brain regions were determined by high-throughput sequence

analysis (see Figure 7) and the thirty-two possible 5HT2C RNA isoforms resulting from

RNA editing are represented as the percentage of total 5HT2C sequence reads (see

Supplementary Table 3) for control (□) or reovirus-infected (■) animals. Means ± SEM

(n≥4) were statistically compared by unpaired t-test; *p<0.05, ***p<0.001.
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Figure 9. Immunohistochemical analysis of ADAR1 expression in reovirus-infected cere-bella
Coronal sections of cerebellum (30 μm) from PBS and reovirus-inoculated mice were

labeled for ADAR1 expression along with microglia and astrocytes. A and B) ADAR1

immuno-reactivity (arrow heads) in the Purkinje cell layer (PL) from PBS and reovirus–

infected animals. C and D) Cytochemical visualization of microglia using biotinylated

tomato lectin. E and F) Immunolocalization of astrocytes (arrow heads) in the cerebella of

control and reovirus–infected mice using an antiserum directed against glial fibrillary acidic

protein (GFAP). All tissue sections were counterstained with cresyl violet to reveal

cerebellar morphology. The scale bar for all panels (A–F) is presented at the bottom right in

panel F; white matter (WM), granule cell layer (GL), Purkinje cell layer (PL), molecular

layer (ML).
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