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Borna disease virus infection of neonatal rats results in a characteristic behavioral syndrome and apoptosis
of subsets of neurons in the hippocampus and cerebellum (neonatal Borna disease [NBD]). The cellular
mechanisms leading to neurodevelopmental damage in NBD have not been fully elucidated. Insights into this
model may have general implications for understanding the pathogenesis of virus-associated neurodevelop-
mental damage. Here we report the presence of endoplasmic reticulum (ER) stress markers and activation of
the unfolded protein response in the NBD hippocampus and cerebellum. Specific findings included enhanced
PERK-mediated phosphorylation of eif2� and concomitant regulation of ATF4 translation; IRE1-mediated
splicing of XBP1 mRNA; and cleavage of the ATF6 protein in NBD rat brains. We found evidence for regional
and cell type-specific divergence in the expression of ER stress-induced proapoptotic and quality control
signals. Our results demonstrate that ER stress induction in death-susceptible Purkinje neurons in NBD is
associated with the expression of the proapoptotic molecule CHOP in the absence of compensatory expression
of the ER quality control molecules Bip and protein disulfide isomerase. In contrast, ER stress in death-
resistant astrocytes is associated with complementary expression of CHOP and ER quality control signals.
These results implicate an imbalance between ER stress-mediated apoptosis and survival signaling as a critical
determinant of neural cell fate in NBD.

Borna disease virus (BDV) is a nonsegmented, negative-
sense, single-stranded RNA virus belonging to the virus family
Bornaviridae within the order Mononegavirales (5, 11). Exper-
imental infection of adult immunocompetent Lewis rats results
in a marked CD8� immune response (meningoencephalitis)
and a progressive movement disorder (20). In contrast, new-
born rats infected with BDV (neonatal Borna disease [NBD])
do not mount an overt cellular immune response yet have
prominent astrogliosis and microgliosis, altered cytokine, neu-
rotrophic factor, and neurotrophic factor receptor gene ex-
pression, abnormal development of brain monoaminergic sys-
tems, cerebellar and hippocampal dysgenesis, and disturbances
of learning, mood, and behavior (8, 25, 47, 54). Although BDV
is noncytolytic, NBD is attended by apoptotic degeneration of
neurons in the cerebellum (CBLM) and hippocampus (HC)
that undergo substantial postnatal maturation (25, 72). How-
ever, the cellular and molecular mechanisms leading to neu-
rodegeneration in NBD remain unclear.

The endoplasmic reticulum (ER) plays a vital role in a va-
riety of cellular functions, including synthesis, folding, and
posttranslational modification of secretory and membrane pro-
teins, cytoplasmic and mitochondrial metabolism, homeostasis
of intracellular calcium, and apoptosis. The ER is sensitive to
nutrient or energy deprivation, disruption of calcium ho-
meostasis, inhibition of N-linked glycosylation, oxidative stress,
and accumulation of unfolded, misfolded, or excessive protein
(61, 69). Perturbations causing ER stress result in accumula-
tion of unfolded proteins in the ER lumen and initiation of a

complex signal transduction cascade, known as the unfolded
protein response (UPR) (Fig. 1). The UPR is activated to
restore the ER to its normal physiological state by two adaptive
mechanisms: (i) increasing the folding capacity of the ER
through induction of molecular chaperones and foldases and
(ii) decreasing protein burden on the ER through global inhi-
bition of translation and enhancing degradation and clearance
of unfolded proteins. Essential to this quality control mecha-
nism is the ATP-dependent ER chaperone, Bip (immunoglob-
ulin heavy chain-binding protein). In the physiological state,
Bip binds to and suppresses the activity of three proximal,
ER-resident, transmembrane, UPR transducers: PKR-like ER
kinase (PERK), inositol-requiring enzyme 1 (IRE1), and acti-
vating transcription factor 6 (ATF6).

During ER stress, Bip binds misfolded proteins and is
thereby sequestered from PERK, IRE1, and ATF6 (3). When
released from Bip, the kinase domain of activated PERK phos-
phorylates Ser51 of the alpha subunit of eukaryotic translation
initiation factor 2 (eif2�), thereby attenuating global transla-
tion initiation and protein synthesis (17). Paradoxically,
PERK-mediated phosphorylation of eif2� preferentially in-
duces translation of activating transcription factor 4 (ATF4)
(18). Following Bip release, IRE1 undergoes dimerization and
trans-autophosphorylation, activating its endoribonuclease
activity; IRE1 then mediates the excision of a 26-nucleotide
intron from X-box binding protein 1 (XBP1), resulting in a trans-
lational frameshift and formation of a potent transcriptional
activator (78). Bip-free ATF6 is transported to the Golgi,
where it is cleaved by site-1 and site-2 proteases, generating a
50-kDa bZIP transcription factor (ATF6p50) that migrates to
the nucleus (22, 62, 75). The downstream nuclear effectors of
the UPR (ATF4, spliced XBP1, and ATF6p50) regulate the
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expression of genes that enhance the protein folding and de-
grading capacity of the ER, regulate amino acid metabolism,
mediate resistance to oxidative stress, and induce apoptosis
(19, 35, 38).

The ER elicits apoptotic signals when protein load exceeds
its folding capacity. C/EBP homologous protein (CHOP), also
known as GADD153 (growth arrest- and DNA damage-induc-
ible gene 153), is induced by ER stress. Overexpression of
CHOP triggers cell cycle arrest and apoptosis, down-regulates
the prosurvival molecule Bcl-2, and promotes the production
of reactive oxygen species (1, 44–46, 49). In contrast, overex-
pression of the ER chaperone Bip reduces CHOP induction
associated with ER stress and attenuates apoptosis (71). Thus,
the cellular fate with ER stress reflects the coordinated inter-
action of quality control functions and proapoptotic signals.
ER stress induction and regulation have been reported follow-
ing in vitro infections by several viruses, including hepatitis C
virus (HCV), Japanese encephalitis virus, bovine viral diarrhea
virus, respiratory syncytial virus, human cytomegalovirus
(HCMV), and Tula hantavirus (4, 26, 27, 39, 63, 65).

Here we demonstrate that BDV infection of newborn rats
results in neural and astrocytic ER stress, induces the UPR,

and results in a neural cell-specific imbalance between pro-
apoptotic and survival signaling.

MATERIALS AND METHODS

Animals and virus inoculation. Lewis rat dams were obtained from Charles
River Laboratories (Wilmington, MA). Within 12 h of birth, 50 Lewis rat pups
were inoculated into the right cerebral hemisphere with 50 �l of 5 � 103 tissue
culture infectious units of BDV strain He/80-1 (NBD) or phosphate-buffered
saline (control: sham inoculated). Rats were sacrificed at postnatal days 21, 28,
and 84 (PND21, PND28, and PND84) for nucleic acid, protein, and anatomic
analyses.

RNA extraction. At PND28 postinoculation, NBD (n � 7) and control (n � 5)
rats were terminally anesthetized with CO2. CBLM and HC were immediately
dissected, snap frozen in TRIzol (Invitrogen, Carlsbad, CA), and stored at
�80°C. Following extraction using standard protocols, RNA was quantitated by
UV spectrophotometry.

DNA microarray analysis. Equal amounts of total RNA extracted from either
CBLM or HC of individual PND28 animals were pooled to create a single
control RNA sample (n � 5 control rats) and an NBD RNA pool (n � 7 NBD
rats) for use in DNA microarray assays. Indirect labeling and cDNA synthesis
were performed using 5 �g of pooled RNA and the 3DNA Array 350 expression
array detection kit for microarrays (Genisphere, Hatfield, PA). Cy3 and Cy5
capture sequence-labeled products were hybridized to a rat 8,000-gene oligonu-
cleotide array (Public Health Research Institute, Newark, NJ) in sodium dodecyl
sulfate (SDS)-based hybridization buffer containing denatured human Cot-1 (1
�g/40 �l; Invitrogen/Gibco LTI, Gaithersburg, MD) for 18 h at 53°C. Posthy-
bridization washes were followed by an additional hybridization with fluorescent
Cy3-3DNA and Cy5-3DNA capture reagents in SDS hybridization buffer for 3 h
at 62°C, followed by sequential washes. Fluorescence-labeled slides were dried by
centrifugation and scanned with a GenePix 4000B scanner (Axon Instruments,
Inc., Union City, CA) at 5-�m resolution. For each spot, background-subtracted
signal intensity, acquired using GenePix Pro 4.1 software, was normalized for
both Cy3 and Cy5 expression by scaling individual spot intensities in each chan-
nel to the total intensity of all spots on the array. Experiments using CBLM or
HC RNA sets were performed in triplicate. Data were paired for each array and
analyzed using the Cyber T web interface (http://visitor.ics.uci.edu/genex
/cybert/). Differences in gene hybridization signal that met the following criteria
were considered to be significant: n-fold change greater than 1.5 or less than
�1.5 and P value of �0.05 (paired t test).

Quantitative SYBR Green real-time PCR. Intron/exon spanning, gene-specific
PCR primers specific for rat CHOP and porphobilinogen deaminase (PBGD) as
a housekeeping gene control were designed for real-time PCR using Primer
Express 1.0 software (Applied Biosystems, Foster City, CA). Published primers
were used for XBP1 and Bip assays (Table 1) (36, 51). PCR standards for
determining copy numbers of target transcripts were cloned into the vector
pGEM-T easy (Promega Corporation, Madison, WI). Linearized plasmids were
quantitated by UV spectroscopy, and 10-fold serial dilutions were created in
water containing yeast tRNA (1 ng/�l). RNA from CBLM or HC of individual
animals was used for real-time PCR assays. cDNA was synthesized using Taqman
reverse transcription reagents (Applied Biosystems) from 2 �g unpooled RNA
per 100 �l reaction mixture from either the CBLM or HC of each of seven NBD
rats and five control rats; each sample was assayed in triplicate. Each 25-�l
amplification reaction mixture contained 10 �l template cDNA, 12.5 �l SYBR
Green Master Mix (Applied Biosystems), and 300 nm gene-specific primers
(Table 1). The thermal cycling profile using a Model 7700 sequence detector
system (Applied Biosystems) consisted of the following: stage 1, 1 cycle at 50°C
for 2 min; stage 2, 1 cycle at 95°C for 10 min; stage 3, 45 cycles at 95°C for 15 s
and 60°C for 1 min (for CHOP amplification); stage 1, 1 cycle at 50°C for 2 min;
stage 2, 1 cycle at 95°C for 10 min; stage 3, 45 cycles at 94°C for 30 s, 55°C for
30 s, and 72°C for 30 s (for Bip amplification); and stage 1, 1 cycle at 50°C for 2
min; stage 2, 1 cycle at 95°C for 10 min; stage 3, 45 cycles at 94°C for 1 min, 60°C
for 1 min, and 72°C for 1 min (for XBP1 amplification). A PBGD fragment was
amplified in triplicate reactions by real-time PCR on the same plate as the gene
of interest. The mean concentration of PBGD in each sample was used to control
for integrity of input RNA and to normalize values of target gene expression to
those of the housekeeping gene expression. The final results were expressed as
the mean number of copies per 200 ng total RNA for CHOP, Bip, or XBP1,
relative to values obtained for PBGD RNA.

Western blot analysis. Individual CBLM and HC were dissected from PND28
NBD (n � 4) and control (n � 4) rats and homogenized in ice-cold hypotonic cell
lysis buffer (10 mM HEPES, pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM
EGTA) containing protease inhibitors (Complete Mini, EDTA-free tablets;

FIG. 1. Schematic illustration of ER stress and UPR activation. ER
stresses can result in accumulation of unfolded proteins in the ER.
Unfolded proteins are bound by Bip, resulting in release and activation
of three ER-resident transmembrane transducers of the UPR: PERK,
IRE1, and ATF6. Activated PERK phosphorylates eif2�, attenuating
global protein synthesis, and enhances translation of ATF4. Activated
IRE1 facilitates splicing of XBP1U, resulting in translation of the
transcriptionally active form of XBP1 (XBP1S). Following Bip release,
ATF6 translocates to the Golgi, where it is cleaved by proteases,
releasing the transcriptionally active form of ATF6 (ATF6p50). ATF4,
XBP1S, and ATF6p50 enter the nucleus, where they activate the ex-
pression of a distinct set of UPR target genes.
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Roche Molecular Biochemicals, Indianapolis, IN) and the serine-threonine
phosphatase inhibitor �-glycerophosphate (17.5 mM, EMD Biosciences, San
Diego, CA) and incubated on ice for 15 min. Homogenates were centrifuged at
8,000 � g for 15 min at 4°C. Supernatants containing cytoplasmic proteins were
collected, and protein concentrations estimated by Bradford assay (Bio-Rad,
Hercules, CA). Cell pellets were washed five times with cell lysis buffer and
incubated for 30 min on ice with nuclear lysis buffer (20 mM HEPES, pH 7.9, 400
mM NaCl, 1 mM EDTA, 1 mM EGTA, and 1 mM dithiothreitol) containing
protease and phosphatase inhibitors, followed by centrifugation for 20 min at
15,000 � g. Cleared supernatants containing nuclear extracts were collected and
protein concentration estimated by Bradford assay (Bio-Rad). Cytoplasmic or
nuclear proteins from regional brain homogenate (20 �g) in sample buffer (10
mM Tris-Hcl, pH 7.5, 10 mM EDTA, 20% [vol/vol] glycerol, 1% [wt/vol] SDS,
0.005% [wt/vol] bromphenol blue, 100 mM dithiothreitol) were boiled for 5 min
and size fractionated by 10% SDS-polyacrylamide gel electrophoresis. SYPRO
Ruby staining of cytoplasmic proteins was carried out according to the manu-
facturer’s protocol (Invitrogen, Carlsbad, CA). Proteins were transferred to
nitrocellulose membranes using a semidry blotting apparatus (Owl Separation
Systems, Portsmouth, NH). Membranes were blocked in 2% nonfat milk powder
(for CHOP, ATF4, ATF6, XBP1, and glyceraldehyde phosphate-3-dehydroge-
nase [GAPDH]) or 2% bovine serum albumin (for phospho-eif2�) in TTBS (20
mM Tris-Hcl, pH 7.6, 137 mM NaCl, 0.1% Tween 20) overnight at room tem-
perature and incubated with mouse monoclonal anti-CHOP (1:100; Santa Cruz
Biotechnology), mouse monoclonal anti-PDI (1:500; Affinity BioReagents,
Golden, CO), rabbit anti-XBP1 (1:100; M-186; Santa Cruz Biotechnology),
mouse monoclonal anti-ATF6 (1:200; IMGENEX, San Diego, CA), or rabbit
anti-ATF4 (1:50; C-20; Santa Cruz Biotechnology) in TTBS with 1% nonfat milk
or rabbit monoclonal anti-phospho-eif2� (Ser51) (1:300; Cell Signaling Technol-
ogy, Danvers, MA) in TTBS with 2% bovine serum albumin for 2 h at room
temperature. Membranes were washed three times for 10 min each with TTBS
prior to incubation with peroxidase-conjugated goat antimouse immunoglobulin
G (IgG) (1:2,000; Bio-Rad) or goat antirabbit IgG (1:2,000; Bio-Rad) in TTBS
with 1% nonfat dry milk for 1 h at room temperature. Membranes were devel-
oped using the ECL Western blot detection system (Amersham Biosciences,
Arlington Heights, IL) and scanned for chemiluminescence using a Storm 840
imager (Molecular Dynamics, Sunnyvale, CA). Blots were stripped and reprobed
with mouse anti-GAPDH monoclonal antibody (Ambion, Austin, TX), as a
housekeeping gene, for normalization of cytoplasmic proteins. Protein bands
were quantified using Image Quant software (v.1.0; Molecular Dynamics).

XBP1 RT-PCR splicing analysis. ER stress-induced processing of XBP1
mRNA was evaluated by PCR and restriction site analysis. Total RNA (2 �g)
extracts from CBLM and HC of individual PND28 NBD (n � 7) and control
(n � 5) rats were reverse transcribed using MultiScribe reverse transcriptase
(RT) and random hexamer primers (Applied Biosystems, Foster City, CA). The
601-bp PCR product, encompassing the IRE1 cleavage site of XBP1, was am-
plified using the following XBP1 primers: upper strand primer, 5	-AAACAGA
GTAGCAGCGCAGACTGC-3	; and lower strand primer, 5	-GGATCTCTAA
AACTAGAGGCTTGGTG-3	. The thermal cycling profile consisted of 30 cycles
at 94°C for 1 min, 60°C for 1 min, and 72°C for 1 min. PCR products were either
directly resolved on a 2% agarose gel or incubated with PstI at 37°C for 5 h
followed by separation on 2% agarose gels. Bands representing spliced (XBP1S)
and unspliced (XBP1U) forms of XBP1 from seven NBD rats were extracted
from agarose and subcloned into pGEM-T Easy Vector (Promega Corporation)
for sequencing.

Histological analysis and immunofluorescence. Under CO2 anesthesia,
PND21, PND28, and PND84 NBD (n � 5/age group) and control (n � 4/age

group) rats were perfused via left ventricular puncture with phosphate-buffered
saline (1 ml/g body weight), followed by buffered 4% paraformaldehyde (1 ml/g
body weight). Brains were postfixed in 4% paraformaldehyde overnight at 4°C
and cryoprotected with graded sucrose solutions. Cryostat sections (14 �m) were
collected onto glass slides (Super Frost Plus; Fisher Scientific, Pittsburgh, PA).
Tissue sections were stained with hematoxylin and eosin (H&E) for histological
analysis. Immunofluorescence microscopy was carried out as previously de-
scribed (74), using the following primary antibodies: rabbit anti-BDVp40 (nu-
cleoprotein; 1:1500) (6), mouse monoclonal anti-CHOP (1:50; Santa Cruz),
rabbit anti-P-eif2� (Ser51) monoclonal antibody (1:50; Cell Signaling), rabbit
anti-ATF4 (1:50; Santa Cruz), rabbit anti-Bip (1:50; Santa Cruz), mouse mono-
clonal anti-PDI (1:500; Affinity BioReagents), rabbit anti-glial fibrillary acidic
protein (GFAP) antibody (1:100; DAKO Cytomation, Carpinteria, CA), mouse
anti-GFAP monoclonal antibody cocktail (1:30; BD Pharmingen, San Diego,
CA), rabbit anti-calbindin D-28K (1:100; Chemicon, Temecula, CA). Secondary
antibodies were Cy3-conjugated antimouse or antirabbit IgG (1:200; Jackson
Immunoresearch Laboratories, Inc., West Grove, PA) and/or Cy2-conjugated
antimouse or antirabbit IgG (1:200; Jackson Immunoresearch).

Statistical analysis. The significance of observed differences among NBD and
control groups was assessed by paired t test for microarray experiments or
analysis of variance (ANOVA) for real-time PCR and Western immunoblot
analysis. Analysis was carried out using StatView software (v.5.0.1; SAS Institute
Inc., Cary, NC). Values were considered to be significant when P values were
�0.05.

RESULTS

Microarray analysis reveals differential expression of ER
stress genes in NBD. Intracranial inoculation of Lewis rats
with BDV within the first 24 h of life results in persistent
infection, behavioral deficits, and progressive apoptosis of neu-
rons that undergo postnatal maturation. To identify specific
molecular and cellular pathways that mediate these effects, we
profiled mRNA expression in brains of PND28 rats, a time
point that corresponds with peak histologic evidence of apop-
totic neural damage in CBLM and HC (25, 72).

Microarray analysis of mRNA extracted from the CBLM
and HC of PND28 NBD and control rats revealed altered
mRNA levels for 11 genes previously reported to be induced
by ER stress and one ER stress-repressed gene (Fig. 2A)
(hereafter referenced as group 1 genes) (19, 35, 48, 56, 60). In
some instances, genes met microarray criteria in either CBLM
or HC but not both; where degrees of difference were modest,
a trend toward altered gene expression was evident in both
regions. Of the group 1 genes, five met microarray criteria in
both NBD CBLM and HC (CHOP, PDI, Herp [homocysteine-
induced ER protein], NEFA [novel DNA-binding/EF-hand/
leucine zipper protein], and Slc3a2 [4F2 antigen heavy chain–
amino acid transporter]); six specifically met criteria in CBLM
(Asn-S [asparagine synthetase], Hmox1 [heme oxygenase],

TABLE 1. Primers used in this work

Gene
(accession no.) Primer pair (5	–3	) (Reaction concn [nm])a Amplicon size (bp)

CHOP (U36994) For: GAAAGCAGAAACCGGTCCAAT (300) 150
Rev: GGATGAGATATAGGTGCCCCC (300)

XBP1 (BC079450) For: AAACAGAGTAGCAGCGCAGACTGC (300) 601
Rev: GGATCTCTAAAACTAGAGGCTTGGTG (300)

Bip (M14050) For: CTGGGTACATTTGATCTGACTGG (300) 397
Rev: GCATCCTGGTGGCTTTCCAGCCATTC (300)

PBGD (X06827) For: ATTCGGGGAAACCTCAACACC (300) 157
Rev: CTGACCCACAGCATACATGCAT (300)

a For, forward; Rev, reverse.
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gas-5 [growth arrest-specific 5], GP [glycogen phosphorylase],
Gadd45 [growth arrest and DNA-damage-inducible 45], and
HMG-CoA-S [3-hydroxy-3-methylglutaryl-coenzyme A syn-
thase]); and only one gene specifically met criteria in the HC
(DRAL [down-regulated in rhabdomyasarcoma LIM]). Microar-
ray experiments also identified alterations in genes involved in
UPR activation (PERK) or reglucosylation of nonnative glycopro-
teins in the ER (UGGT [UDP-glucose-glycoprotein glucosyl-
transferase]) (Fig. 2A) (hereafter referenced as group 2 genes)
and ER-resident calcium transporters (RyR1 [ryanodine receptor
type 1], RyR3 [ryanodine receptor type 3], SERCA2 [sarcoplasmic
reticulum Ca2�-ATPase 2], and SERCA3 [sarcoplasmic reticulum
Ca2�-ATPase 3]) (Fig. 2A; hereafter referenced as group 3
genes) (58, 69). Interestingly, all four calcium transporters specif-
ically met microarray criteria in the NBD CBLM, with increased
expression of RyR1 and RyR3 and decreased expression of
SERCA2 and SERCA3. n-fold change and P values for these
genes are given for comparison (Fig. 2B).

Phosphorylation of eif2� in NBD rat brain and increased
translation of ATF4. ER stress in mammalian cells leads to the
activation of PERK. Activated PERK inhibits general protein

biosynthesis through phosphorylation of eif2�, limiting further
protein overload in the ER (17). Activation of the PERK
pathway in PND28 NBD rats was assessed in Western blots of
cytoplasmic extracts of CBLM and HC using antibodies that
bind the phosphorylated form of eif2� (P-eif2�) and GAPDH
(loading control). P-eif2� antibodies detected a single band of 40
kDa corresponding to the expected size of P-eif2� in both control
and NBD CBLM and HC extracts (Fig. 3A). Quantitation of
P-eif2� band densities normalized to GAPDH revealed a 1.36-
fold increase in P-eif2� in NBD CBLM (ANOVA, P � 0.0136)
(Fig. 3B). Levels of P-eif2� were increased 2.67-fold in NBD HC
(ANOVA, P � 0.0007) (Fig. 3C).

Phosphorylation of eif2� prevents the formation of the ter-
nary translation initiation complex (eif2/GTP/Met-tRNAiMet),
thereby attenuating global protein synthesis (17). We as-
sessed total protein levels in CBLM and HC from control
and NBD rats using SYPRO Ruby staining of SDS-polyacryl-
amide gel electrophoresis gels loaded with equal amounts
of cytoplasmic protein extracts. No differences were de-
tected between NBD and controls in either CBLM or HC
except for the presence of a protein band in NBD subse-

FIG. 2. Identification of ER stress genes in PND28 NBD rats by microarray analysis. Microarray analysis was conducted using pooled total
RNA isolated from dissected CBLM and HC of PND28 NBD (n � 7) and PND28 control (n � 5) rats. (A) Results represent mean n-fold change 

standard deviation for genes from three independent experiments comparing RNA from NBD CBLM versus control CBLM (black bars) and
mean n-fold change 
 standard deviation for genes in NBD HC (gray bars) versus control HC. Genes were considered significant when n-fold
induction or repression in NBD rats was �1.5 or ��1.5 and the P value was �0.05 compared to control results. Black asterisks denote genes
meeting these criteria in NBD CBLM; gray asterisks denote genes meeting these criteria in NBD HC. Genes are grouped into known ER
stress-responsive genes (group 1), genes involved in ER stress response (group 2), and regulators of ER calcium homeostasis (group 3). (B) Table
showing n-fold induction or fold repression and P values for ER stress genes (accession no. provided) for NBD rat CBLM and HC. For gene
abbreviations, see the text.
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quently identified by Western blot analysis as the BDV
nucleoprotein (Fig. 3D, arrowhead).

PERK-mediated phosphorylation of eif2� inhibits general
protein translation but selectively promotes translation of
ATF4 mRNA during ER stress. In unstressed cells, upstream
open reading frames in the 5	 untranslated region of ATF4
mRNA repress the translation of ATF4. During ER stress,
eif2� phosphorylation allows ribosomal bypass scanning of the
ATF4 mRNA upstream open reading frames, resulting in ef-
ficient ATF4 translation (18). ATF4 activates the transcription
of genes involved in amino acid metabolism and transport (i.e.,
genes encoding Asn-S and Slc3a2), oxidative stress responses
(i.e., that encoding Hmox-1), and ER stress-induced apoptosis

(i.e., that encoding CHOP) (19). Given microarray results in-
dicating increased levels of transcripts corresponding to ATF4-
regulated genes in NBD, we assessed levels of the ATF4 pro-
tein in cytoplasmic and nuclear extracts of PND28 NBD and
control CBLM and HC. ATF4 (26 kDa) levels were 3.06-fold
higher in nuclear extracts of NBD CBLM (ANOVA, P �
0.0223) (Fig. 3E and F). No significant differences in ATF4
were observed between NBD and the controls in cytoplasmic
or nuclear extracts from HC (data not shown).

XBP1 splicing in NBD rats. ER stress results in Bip release
from IRE1 and activation of IRE1 RNase activity. XBP1
mRNA serves as a specific substrate for IRE1 RNase (78).
Thus, splicing of XBP1 is commonly used as a marker of IRE1

FIG. 3. Activation of the PERK/eif2�/ATF4 arm of the UPR in NBD rats. (A) Cytoplasmic lysates (20 �g) from CBLM and HC of control and
NBD rats were evaluated by Western analysis using antibodies specific for the phosphorylated form of eif2� (P-eif2�; upper panels) relative to
levels of GAPDH (housekeeping gene; lower panels). (B and C) Determination of P-eif2� band density relative to that for GAPDH from control
(n � 4) or NBD (n � 4) rat CBLM (B) (1.36-fold increase in NBD; ANOVA, P � 0.0136) or HC (C) (2.67-fold increase in NBD; ANOVA, P �
0.0007). (D) Sypro Ruby stain of protein extract (20 �g) from CBLM and HC of control and NBD rats. Note that relative levels of proteins are
similar between control and NBD rats in both brain regions, with the exception of a single band in NBD lysates from HC corresponding to the
BDV nucleoprotein (arrowhead). (E) Cytoplasmic (upper panel) and nuclear (lower panel) lysates from CBLM of control and NBD rats were
evaluated by Western analysis using antibodies specific for ATF4. Note equal amounts of ATF4 protein in cytoplasmic lysates and higher ATF4
band signal in nuclear extracts from NBD rats compared to results for controls. (F) Determination of ATF4 band density from control (n � 4)
or NBD (n � 4) nuclear protein extracts revealed increased ATF4 levels in NBD CBLM (3.06-fold increase in NBD; ANOVA, P � 0.0223).
Asterisks indicate P values of �0.05.
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activation. We assessed the activation state of IRE1 by inves-
tigating XBP1 mRNA splicing and expression, as well as XBP1
protein expression, in PND28 NBD and control rats.

XBP1 splicing was evaluated by RT-PCR using primers that
amplify products spanning the 26-nucleotide excision site. Aga-
rose gel analysis of XBP1 cDNA amplified from CBLM (Fig. 4A)
and HC (Fig. 4B) mRNA of individual controls (n � 5) re-
vealed a single, abundant product of approximately 601 bp, the

expected amplicon size of unspliced XBP1 (XBP1U). In NBD,
an additional lower-molecular-weight band of approximately
575 bp (the expected size of XBP1S) was observed in CBLM
and HC (Fig. 4A and B, respectively). Splicing of XBP1 dis-
rupts a PstI restriction site localized within the 26-nucleotide
excision site. Thus, PstI digestion is expected to completely cut
XBP1U into two fragments of 312 bp and 289 bp, while XBP1S

should be resistant to digestion. As expected, XBP1 PCR prod-

FIG. 4. XBP1 mRNA is selectively spliced in NBD rats. RNA extracted from CBLM and HC of PND28 control (n � 5) and NBD (n � 7) rats
was analyzed by RT-PCR using primers that amplify both unspliced XBP1 (XBP1U) and spliced (XBP1S) XBP1. (A and B) Representative gel
images of XBP1 RT-PCR. Note detection of XBP1U in control rats and both XBP1U and XBP1S in NBD rat CBLM (A) or HC (B). (C and D)
PstI digestion of XBP1 RT-PCR products. Note PstI-insensitive XBP1S band in NBD but not control rat CBLM (C) and HC (D). (E) Sequencing
of XBP1U and XBP1S from CBLM and HC confirms excision of the 26-nucleotide intron from XBP1S in NBD rats. (F and G) SYBR Green
real-time PCR analysis of total XBP1 mRNA in CBLM and HC of control (n � 5) and NBD (n � 7) rats. Note that XBP1 mRNA expression levels
are unchanged in NBD CBLM (F) but are significantly increased in NBD HC (G: 1.3-fold increase in NBD; ANOVA, P � 0.005). (H and I)
Western blot analysis of XBP1U (33 kDa) protein levels in CBLM and HC cytoplasmic and nuclear extracts from control (n � 4) and NBD (n �
4) rats. Representative blots are shown. (H) Relative band densities for CBLM extracts revealed a trend toward decreased XBP1U protein in
cytoplasmic extracts (2.49-fold decrease in NBD; ANOVA, P � 0.065) and a significant decrease in nuclear extracts (1.72-fold decrease in NBD;
ANOVA, P � 0.017) from NBD rats compared to controls. (I) Relative band density for HC extracts revealed significant decreases in XBP1U
protein in both cytoplasmic (2.63-fold decrease in NBD; ANOVA, P � 0.033) and nuclear (3.02-fold decrease in NBD; ANOVA, P � 0.018)
extracts from NBD rats compared to results for controls. Asterisks indicate P values of �0.05.
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ucts were completely digested by PstI in CBLM and HC of all
controls (Fig. 4C and D, respectively) while XBP1S was resis-
tant to PstI digestion in all NBD rats (Fig. 4C and D). Se-
quencing of gel-extracted PCR fragments from NBD and con-
trol rats confirmed that the PCR products represented the
expected sequences for the XBP1U and XBP1S forms of XBP1
(Fig. 4E).

XBP1 mRNA levels are also induced during ER stress
through an ER stress response element (ERSE) in the XBP1
promoter (77). To detect total XBP1 mRNA, we performed
real-time PCR using primers that amplify both unspliced and
spliced transcripts of XBP1 mRNA. We did not find differ-
ences in total XBP1 mRNA in NBD CBLM (Fig. 4F), but total
XBP1 mRNA was increased in NBD HC (1.3-fold increase;
ANOVA, P � 0.005) (Fig. 4G).

We assessed XBP1 protein levels in cytoplasmic and nuclear
extracts from control and NBD CBLM and HC in Western
blots using antibodies reactive with both constitutively ex-
pressed XBP1U (33 kDa) and XBP1S (54 kDa). In NBD
CBLM there was a trend toward decreased XBP1U protein in
the cytoplasm (2.49-fold decrease; ANOVA, P � 0.065) and
a significant decrease in the nucleus (1.72-fold decrease;
ANOVA, P � 0.017) (Fig. 4H). In NBD HC, XBP1U protein
was significantly decreased in both the cytoplasm (2.63-fold
decrease; ANOVA, P � 0.033) and the nucleus (3.02-fold
decrease; ANOVA, P � 0.018) (Fig. 4I). XBP1S was not de-
tected in any extract.

ATF6 cleavage in NBD rats. Accumulation of unfolded or
misfolded proteins in the ER results in release of ATF6 from
Bip and permits ATF6 transport to the Golgi compartment.
Cleavage of ATF6 by site-1 and site-2 proteases generates the
activated cytosolic form of ATF6 (ATF6p50), which translo-
cates to the nucleus to orchestrate transcriptional activation of
genes encoding ER chaperones and folding enzymes (22, 48, 62,
75). We assessed the cleavage status of ATF6 in protein extracts
from NBD CBLM and HC by Western blotting (Fig. 5A).
ATF6p50 protein levels were significantly increased in NBD
CBLM (Fig. 5B) (1.33-fold increase; ANOVA, P � 0.0073)
and HC (Fig. 5C) (2.74-fold increase; ANOVA, P � 0.0084).
ATF6p50 was not detectable in NBD or control CBLM or HC
nuclear extracts (data not shown).

CHOP mRNA and protein expression in NBD rat brain. The
CHOP promoter contains cis-acting elements (ERSEs and
amino acid regulatory elements) that regulate transcriptional
activation. The downstream UPR effectors, ATF4, XBP1S, and
ATF6p50, converge on elements in the CHOP promoter to
induce CHOP transcription (49). SYBR Green real-time PCR
confirmed increases in CHOP mRNA in PND28 NBD CBLM
(Fig. 6A) (2.77-fold increase; ANOVA, P � 0.0001) and HC
(Fig. 6B) (4.14-fold increase; ANOVA, P � 0.0001).

To test whether increased CHOP mRNA correlated with
increased CHOP protein levels and to assess distribution in
cellular compartments, cytoplasmic and nuclear extracts from
NBD and control CBLM and HC were analyzed by Western
blotting. CHOP-specific antibodies detected a single, 30-kDa
band in cytoplasmic and nuclear extracts of NBD CBLM and
in nuclear extracts of NBD HC; no distinct bands were de-
tected in extracts from controls (Fig. 6C and D). In cytoplasmic
fractions of NBD HC, an additional 26-kDa band was present
(Fig. 6D) that may represent unphosphorylated CHOP protein

(45, 70). Quantitation revealed prominent increases in the
30-kDa protein in both NBD CBLM cytoplasmic (21.4-fold
increase; ANOVA, P � 0.0001) and nuclear (11.34-fold in-
crease; ANOVA, P � 0.0003) extracts (Fig. 6E). Significant
increases were also found in NBD HC cytoplasmic extracts
for the 26-kDa (3.48-fold increase; ANOVA, P � 0.043) and
30-kDa (7.49-fold increase; ANOVA, P � 0.009) CHOP
species and in NBD HC nuclear extracts for the 30-kDa
nuclear CHOP species (5.47-fold increase; ANOVA, P �
0.02) (Fig. 6F).

Hippocampus-specific induction of Bip and PDI in PND28
NBD rats. The ER chaperone, Bip, serves as a key sentinel for
ER disturbances, monitoring the folding status of proteins and
controlling the activation state of the UPR transducers. Bip is
induced at the transcriptional level during ER stress to cope
with the accumulation of misfolded proteins in the ER (33).
XBP1S and ATF6p50 induce Bip mRNA expression through
ERSE elements in the Bip promoter, while ATF4 activates Bip
through an ERSE-independent, ATF-CRE-like binding site
(42, 76, 78). Thus, Bip induction serves as an indicator of ER
stress and UPR induction. Overexpression of Bip reduces ER
stress-mediated apoptosis and attenuates CHOP induction
(71). Real-time PCR analysis of Bip expression in NBD re-
vealed no alteration in CBLM (Fig. 7A) but a significant ele-
vation in NBD HC relative to results with control rats (Fig. 7B)
(1.61-fold increase; ANOVA, P � 0.0001).

PDI is induced by ER stress and plays a crucial role in
regulating the proper folding of proteins in the ER by cata-
lyzing disulfide bond formation (43). Neuronal overexpression
of PDI has also been shown to promote survival in response to
stresses that induce ER dysfunction (64). We evaluated protein
levels of PDI in extracts from NBD and control rats. PDI-
specific antibodies detected the expected 59-kDa species for

FIG. 5. Enhanced cleavage of ATF6 in NBD rats. (A) Western
immunoblots of ATF6 cleavage (ATF6p50) in cytoplasmic extracts
from PND28 control and NBD CBLM (upper left panel) or HC (upper
right panel). Corresponding signals for the GAPDH housekeeping
gene are shown (lower panels). (B) ATF6p50 band density, relative to
that for GAPDH, from control (n � 4) or NBD (n � 4) rat CBLM was
significantly higher for NBD rats than for controls (1.33-fold increase
for NBD; ANOVA, P � 0.0073). (C) ATF6p50 band density, relative
to that for GAPDH, from control (n � 4) or NBD (n � 4) rat HC was
significantly higher for NBD rats than for controls (2.74-fold increase
in NBD; ANOVA, P � 0.0084). Asterisks indicate P values of �0.05.
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PDI in both control and NBD CBLM and HC (Fig. 7C).
Although PDI protein levels were similar in CBLM extracts
from NBD and controls (Fig. 7D), PDI levels were increased in
NBD HC (Fig. 7E) (1.73-fold increase; ANOVA, P � 0.0009).

ER stress in PCs. Previous reports have identified apoptotic
neurodegeneration of specific neural populations in NBD, includ-
ing Purkinje cells (PCs) (25, 72). Calbindin staining of PND28
NBD rat CBLM confirmed PC loss (Fig. 8A, brackets). H&E
staining identified degenerating PCs in NBD, with pyknotic nuclei
or signs of nuclear fragmentation (Fig. 8B). Regional expression
of CHOP was assessed in brain sections of PND21, PND28, and
PND84 NBD and controls by immunofluorescence microscopy.
Specific CHOP staining was not present in control rat CBLM
(Fig. 8C). At PND21, a time point preceding loss of PCs, we did
not detect differences in the CHOP signal between NBD and the
controls (data not shown). However, at PND28, the CHOP signal

was dramatically increased in many PC bodies and dendrites in
rats with NBD (Fig. 8C). To test whether UPR activation local-
ized to PCs in rats with NBD, we assessed eif2� phosphorylation
using antibodies specific to P-eif2�. P-eif2� was observed in PCs
of rats with NBD but not in controls (Fig. 8C). We also evaluated
Bip and PDI immunofluorescence. There was no detectable dif-
ference in PC signal for Bip and PDI between control and NBD
rats (Fig. 8C). Faint PDI fluorescence was detected in a few glial
cells in the CBLM of NBD rats (data not shown). Double-label
immunofluorescence experiments using antibodies to CHOP and
ATF4 indicated colocalization in NBD rat PCs and enhanced
ATF4 signal in PND28 NBD PCs relative to results with control
rats (Fig. 8D).

ER stress in hippocampal astrocytes. CHOP induction in
NBD HC occurs in conjunction with induction of Bip and PDI.
Thus, we examined the distribution of each of these proteins by

FIG. 6. Increased CHOP mRNA and protein in NBD rats. (A and B) Real-time PCR analysis of CHOP mRNA in CBLM (A) and HC (B) of
PND28 control (n � 5) or NBD (n � 7) rats. CHOP mRNA was significantly increased for NBD rats relative to results for control CBLM (A:
2.77-fold increase in NBD; ANOVA, P � 0.0001) or HC (B: 4.14-fold increase in NBD; ANOVA, P � 0.0001). (C and D) Representative Western
immunoblots for CHOP protein in cytoplasmic (top panel) or nuclear (middle panel) extracts from control or NBD rat CBLM (C) or HC (D).
Corresponding cytoplasmic immunoblot signals for GAPDH are shown (bottom panel). (E and F) Determination of CHOP protein band density
in cytoplasmic and nuclear extracts from control (n � 4) or NBD (n � 4) rat CBLM (E) or HC (F). CBLM CHOP protein levels were significantly
increased in both cytoplasmic (E: 21.4-fold increase in NBD; ANOVA, P � 0.0001) and nuclear (E: 11.34-fold increase in NBD; ANOVA, P �
0.0003) extracts from NBD rats, relative to results for controls. HC CHOP protein levels were significantly increased in both cytoplasmic (F:
26-kDa band, 3.48-fold increase in NBD; ANOVA, P � 0.043; and 30-kDa band, 7.49-fold increase in NBD; ANOVA, P � 0.009) and nuclear
(F: 5.47-fold increase in NBD; ANOVA, P � 0.02) extracts from NBD rats, relative to controls. Asterisks indicate P values of �0.05.
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immunofluorescence microscopy. CHOP was confined to as-
trocytes (Fig. 9A). CHOP staining was weak in control HC;
however, at PND21, PND28, and PND84, NBD HC had
marked CHOP signal in astrocytes in the molecular layer of
the dentate gyrus, stratum lacunosum moleculare, stratum
radiatum, and stratum oriens (Fig. 9B, representative PND28
rats). Surprisingly, dentate gyrus granule cell neurons, which
rapidly degenerate between 3 and 5 weeks postinfection in
NBD rats, did not overexpress CHOP at PND21 or PND28.
Whereas P-eif2� signal was weak in controls, intense P-eif2�
immunoreactivity was observed in astrocytes in NBD HC (Fig.
9B). Bip fluorescence was weak in controls and localized pri-
marily to neurons. In NBD rats, however, enhanced Bip stain-
ing was readily detected in astrocytes in HC. PDI levels were
high in neurons in the HC of controls (i.e., dentate gyrus
granule cell neurons and pyramidal neurons of CA3-CA1),
but astrocytes were only weakly stained (Fig. 9B). In con-
trast, PDI signal was increased in numerous astrocytes in the
HC of NBD rats (Fig. 9B).

CHOP expression in other brain regions. The CBLM and
HC are not the only brain regions reported to be affected in

NBD (72); thus, we investigated CHOP expression throughout
the brains of NBD rats. Neuronal CHOP expression was not
restricted to PCs. Subcellular localization of CHOP varied in
individual neurons, including PCs, localizing to the cytoplasm
only, the nucleus only, both the cytoplasm and the nucleus, or
intensely stained nuclear bodies. Scattered cerebellar granule
cell neurons, numerous cortical neurons, rare CA3 pyramidal
neurons, and numerous thalamic and hypothalamic neurons
with a strong CHOP signal were found in NBD rat brains (Fig.
9C). We also detected clear signs of neurodegeneration in
H&E-stained sections from these same regions (Fig. 9C; note
nuclear pyknosis and fragmentation in neurons [arrows]).
CHOP staining was detected in numerous mitral cells in the
olfactory bulb of NBD rats (Fig. 9D). Mitral cells stained
intensely with antibodies for BDV nucleoprotein (Fig. 9E),
and some showed classic histological signs of neurodegenera-
tion (Fig. 9F; note mitral cell with condensed chromatin; nor-
mal mitral cell is shown for comparison). While the density of
astrocytes expressing CHOP was highest in the HC of NBD
rats, CHOP-positive astrocytes were observed in the cortex,
striatum, and thalamic and hypothalamic regions (data not
shown). Neither neuronal nor astrocytic CHOP expression was
detected in corresponding regions of control rats (data not
shown) or in regions of NBD rats where histological signs of
neurodegeneration were not evident.

DISCUSSION

Viral infections have been shown to induce apoptosis
through ER stress. However, the pathological consequences of
ER stress associated with viral disease have not been well
established, since most reports have focused on in vitro infec-
tions. In this study we demonstrate that UPR activation and
ER stress are correlated temporally and anatomically with
neural damage in NBD. Cell death occurs when ER quality
control mechanisms are overwhelmed by excessive or pro-
longed stress; the balance between apoptotic and quality con-
trol UPR signaling likely determines cell fate. Our investiga-
tion of the ER stress-induced proapoptotic gene CHOP and
the ER quality control chaperones Bip and PDI show cell type
and regional discordance. In CBLM, increased expression of
CHOP in degenerating PCs was not associated with compen-
satory increases in Bip and PDI. In contrast, astrocytes, a cell
type that survives in NBD, expressed Bip and PDI as well as
CHOP. These results suggest that distinct cell types may har-
bor unique, deficient, or developmentally regulated UPR sig-
nals that modulate their response to ER stress in central ner-
vous system infection.

UPR activation in NBD. Microarray experiments in NBD
revealed differential expression of ER stress genes and
prompted investigations into the activation state of the three
transducers of the UPR: PERK, IRE1, and ATF6. PERK-
mediated phosphorylation of eif2� during ER stress inhibits
global translation, reducing the burden of newly synthesized
proteins in the ER (17). Several viruses have developed mech-
anisms to circumvent translational shutdown. Infection of fi-
broblasts with HCMV activates ER stress signals, including
PERK, but has only minimal impact on eif2� phosphorylation
(26). The hepatitis C virus E2 protein binds activated PERK,
preventing eif2� phosphorylation, and the herpes simplex virus

FIG. 7. Hippocampus-specific increases in Bip mRNA and PDI
protein levels. (A and B) SYBR green real-time PCR analysis of Bip
transcript levels in CBLM (A) and HC (B) of PND28 control (n � 5)
or NBD (n � 7) rats. Bip mRNA was not significantly altered in NBD
CBLM (A). Note significant increase in HC Bip mRNA in NBD rats
relative to controls (B: 1.61-fold increase in NBD; ANOVA, P �
0.0001). (C) Representative Western immunoblot analysis for PDI
protein in CBLM and HC of control or NBD rats (upper panels).
Corresponding immunoblot signals for the GAPDH housekeeping
gene are shown (lower panels). (D and E) Quantitation of PDI im-
munoblot band density, relative to GAPDH signal, from control (n �
4) or NBD (n � 4) rat CBLM (D: not significant) and HC (E: 1.73-fold
increase in NBD; ANOVA, P � 0.0009). Asterisks indicate P values of
�0.05.
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FIG. 8. ER stress in NBD rat PCs. (A) Calbindin staining in the CBLM of PND28 NBD rats; note gaps in the PC and molecular layers
(brackets). (B) H&E-stained PCs from PND28 NBD rat; note degenerating PCs with pyknotic and fragmented nuclei (arrows), with normal PC
shown for comparison (arrowhead). (C) Representative CHOP, P-eif2�, Bip, and PDI immunofluorescence of PND28 control (left panels) or NBD
(right panels) rat CBLM. Note intense CHOP and P-eif2� immunoreactivity in PCs of NBD rats compared to results for control rats. Bip and PDI
signals are equivalent in control and NBD rat PCs. (D) Double-label immunofluorescence analysis of CHOP (red) and ATF4 (green) in PND28
NBD rat CBLM (merged image shows colocalized signal in PCs, arrowheads). ATF4 immunofluorescence in PND28 control rat CBLM shown for
comparison (bottom panel). Abbreviations: gcl, granule cell layer; ml, molecular layer. Micron bars, 100 �m.
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type 1 �34.5 protein stimulates eif2� dephosphorylation, re-
sulting in blockade of P-eif2�-mediated translational attenua-
tion (23, 52). In NBD, infection was associated with eif2�
phosphorylation in CBLM and HC but did not result in a
detectable reduction in overall protein synthesis. Although it is
tempting to speculate that BDV has evolved strategies to cir-
cumvent translation attenuation despite eif2� phosphoryla-
tion, ER stress is limited to discrete cellular populations in
NBD and the sensitivity of our assay may be insufficient to
detect protein attenuation in heterogeneous cellular homoge-
nates.

CBLM-specific increases in nuclear ATF4 were detected in
NBD, and the ATF4 protein localized to PCs. Consistent with
this finding, expression of the Asn-S, Hmox1, and Slc3a2 genes,
genes regulated by ATF4 (19), were increased in CBLM mi-
croarray experiments. Double-labeling experiments colocal-

ized ATF4 and CHOP in PCs. ER stress-regulated ATF4
translation and CHOP induction are markedly attenuated in
PERK null and eif2�S51A cells, suggesting that the PERK
signaling arm of the UPR may be dominant over IRE1 and
ATF6 (18, 60). ATF4 was not detected in NBD HC astrocytes
despite increased P-eif2� immunoreactivity. These results sug-
gest divergent, cell-type- and region-specific regulation of
ATF4 translation in NBD.

XBP1S encodes a potent transcriptional activator that in-
duces the expression of ER chaperones and genes involved in
the degradation of misfolded proteins (35). XBP1S mRNA was
detected in NBD CBLM and HC but not in controls. We were
unable to detect XBP1S protein in NBD extracts. This result
may suggest that XBP1S protein levels are below the level of
detection or that XBP1S translation is actively inhibited by
viral infection. HCMV-infected cells and HCV replicon-ex-

FIG. 9. Induction of ER stress in hippocampal astrocytes (A and B) and Chop expression in diverse, degenerating neural populations (C and
D) in NBD rats. (A) Double-label immunofluorescence for CHOP (left panel, red) and GFAP (middle panel, green) in HC of NBD rats (right
panel, merged image). (B) CHOP, P-eif2�, Bip, and PDI immunofluorescence in dentate gyrus of PND28 control (left panels) or NBD (right
panels) rats. Note intense immunoreactivity for CHOP, P-eif2�, Bip, and PDI in NBD rat astrocytes in dentate gyrus molecular layer and hilus
compared to controls. (C) Chop immunofluorescence (left panels) and degenerative morphology (arrows in right panels) in cerebellar granule cell
neurons (CBLM gcl), cortical neurons (Cortex), hippocampal CA3 pyramidal neurons (CA3), thalamic neurons (Thal.), and hypothalamic neurons
(Hypothal.). (D) Chop immunofluorescence in mitral cells in the olfactory bulb of PND28 NBD rat. Note intense nuclear staining (wide
arrowheads) and localization to nuclear bodies (narrow arrowheads). (E) Anti-BDV nucleoprotein staining of mitral cells in NBD rats. (F) H&E
staining shows degenerating mitral cell (arrow) and normal mitral cell (arrowhead) in NBD rat. Abbreviations: gcl, granule cell layer; ml, molecular
layer; Hi, hilus. Micron bars, 100 �m.
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pressing cells exhibit enhanced XBP1 splicing and increased
XBP1 mRNA levels; however, XBP1S trans-activating activity
is suppressed (26, 66). XBP1U protein levels were significantly
decreased in NBD CBLM and HC. While it is an indirect
measurement, we suspect that decreased XBP1U protein is a
result of increased splicing of XBP1 and the resultant shift and
extension of the open reading frame of XBP1 mRNA.

Proteolysis of ATF6 in the Golgi results in release of its
amino-terminal domain (ATF6p50) into the cytoplasm, which
translocates to the nucleus to induce ER chaperone and fold-
ing enzyme gene expression. We detected significant increases
in cytoplasmic ATF6p50 in both the CBLM and HC of NBD
rats, although the degree of increase in HC was greater than
that in CBLM. Surprisingly, we did not detect ATF6p50 in
nuclear extracts. Evidence suggests that ATF6-mediated tran-
scription is linked to proteasomal degradation of ATF6 (67).
Hence, rapid degradation through association with nuclear
proteasomal machinery may account for low or undetectable
levels of nuclear ATF6p50 in NBD. Alternatively, undefined
protein-protein interactions could account for cytoplasmic ac-
cumulation and nuclear exclusion of ATF6p50 in this model.
ATF6p50 can bind to the ERSE in the XBP1 promoter to
induce transcription of XBP1 mRNA (77). This is thought to
increase XBP1 mRNA substrate availability for IRE1-medi-
ated splicing. Consistent with the large increase in ATF6p50 in
NBD HC, we detected significant increases in HC XBP1
mRNA.

In summary, all three arms of the UPR are activated in NBD
with regional discordance in the levels of individual down-
stream effectors. Although significant in both NBD CBLM and
HC, levels of eif2� phosphorylation and ATF6 cleavage were
higher in HC. In contrast, enhanced ATF4 translation was
specific to CBLM, while XBP1 splicing was prominent in both
regions. We speculate that regional differences in UPR-regu-
lated gene expression (i.e., Bip and PDI) may reflect region-
specific contributions of these effectors.

CHOP, ER stress, and neurodegeneration. The importance
of CHOP in facilitating ER stress-induced apoptosis is well
documented, and ER stress mediates apoptosis following in
vitro infection by several viruses (27, 39, 49, 63). In Japanese
encephalitis virus infection, CHOP levels correlate with the
extent of apoptosis, and overexpression of Bcl-2 or inhibition
of p38 mitogen-activated protein kinase attenuates apoptosis
(63). In the NBD CBLM, virus is found almost exclusively in
PCs (2). We found increased levels of CHOP mRNA and
protein in NBD CBLM where CHOP protein is localized to
PCs. Although the increase in CHOP levels was associated
with increased levels of the UPR effectors P-eif2� and ATF4,
the expression levels of the quality control genes Bip and PDI
were not increased in PCs. Overexpression of Bip and PDI
inhibits ER stress-mediated apoptosis (64, 71). Thus, our re-
sults suggest that ER stress in PCs is associated with enhance-
ment of apoptotic ER signals but not ER survival molecules,
shifting the balance toward neural death.

PCs are particularly vulnerable to toxic insults, including
ischemic and excitotoxic stress (73). The ER stress protein,
oxygen-regulated protein 150, plays a crucial role in PC vul-
nerability during neural development (30). PC death in two
spontaneous mouse mutants (Purkinje cell degeneration and
woozy mutants) is associated with ER stress (34, 79). Thus, PCs

may be particularly sensitive to ER disturbances. ER stress has
also been implicated in pathological processes resulting in neu-
ral death in various degenerative diseases and acute disorders,
including Alzheimer’s disease, Parkinson disease, Huntington
disease, amyotrophic lateral sclerosis, prion disease, ischemic
insult, and brain trauma (21, 41). Hence, ER stress may rep-
resent a common pathway culminating in neural cell death.

Survival of astrocytes and ER stress. Analysis of ER stress
markers in the NBD HC revealed different results than in
CBLM. In this study, we found that astrocytes in NBD HC
express classic markers of ER stress. Although astrocytes are
infected by BDV, NBD results in neuronal but not astrocytic
apoptosis (7). In fact, astrocytes proliferate in the brains of
NBD rats. Astrocyte resistance in NBD may reflect an intrinsic
capacity to adapt to ER stress. In ischemia and hypoxic ER
stress paradigms, neurons are vulnerable but astrocytes are
resistant (24, 37, 64). Astrocytes possess a unique ER stress
transducer, OASIS (old astrocyte specifically induced sub-
stance) that induces Bip and PDI expression and attenuates
ER stress-induced apoptosis (31). In NBD, both PCs and as-
trocytes show increased expression of CHOP and P-eif2�;
however, astrocytes also have increased levels of the quality
control molecules, Bip and PDI. Thus, we suggest that in
astrocytes the balance between apoptosis and survival may
favor survival. We did not detect increased levels of ER stress
markers (i.e., CHOP, P-eif2�, Bip, and PDI) in HC dentate
gyrus granule cell neurons, which are severely affected in NBD.
However, we have recently shown that disturbances in HC zinc
physiology appear to mediate HC granule cell demise (74).
Thus, regionally discordant mechanisms may account for neu-
ral damage in NBD. Alternatively, a different complement of
ER stress mediators may regulate apoptosis in HC granule cell
neurons. In fact, caspase-12 and not CHOP is reported to
mediate ER stress-induced apoptosis of cultured hippocampal
neurons (32). We also observed CHOP induction and histo-
logical signs of neurodegeneration in other neural populations
previously reported to undergo apoptosis in NBD rats, such as
cerebellar granule cells and cortical neurons (72). In addition
we report CHOP induction and signs of neurodegeneration in
neural populations not previously reported to be affected in
NBD (i.e., CA3 pyramidal neurons, thalamic and hypothalamic
neurons, and mitral cells in the olfactory bulb). These results
not only show that ER stress-regulated CHOP expression is
present in other NBD brain regions but suggest that neurode-
generation may not be as restricted as previously described.

ER stress initiation in NBD. The initiator signals leading to
neuronal and astrocytic ER stress in NBD may be associated
with viral protein-induced disturbances or extracellular sig-
nals (i.e., cytokines) from infected or activated glia (8, 25).
Viral proteins known to directly induce ER stress include
the E2 protein of hepatitis C virus and the Us11 glycopro-
tein of HCMV (40, 68). The viral glycoprotein of BDV
(gp94) seems a likely candidate for induction of ER stress in
NBD. It is translocated across the ER, inserted in the ER
membrane, cotranslationally N glycosylated in the ER lumen,
and inefficiently transported to the cell surface and accumu-
lates in the ER/cis-Golgi region (14, 57). These properties may
play a role in viral persistence by allowing BDV to evade host
immune surveillance. Further studies will be needed to eluci-
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date whether BDV gp94 can be implicated in the ER stress
response.

Infections with a chimeric neuropathogenic murine retrovi-
rus (FrCasE) and a temperature-sensitive mutant of Moloney
murine leukemia virus (ts1) cause ER stress and spongiform
neurodegeneration in mice. These viruses infect glia but not
neurons, suggesting an indirect link to neuropathology that
may be associated with impaired neuronal support by glia or
secretion of proinflammatory cytokines and neurotoxins (12,
13, 29, 55). Altered cytokine levels in NBD rat brains have
been reported by several groups (25, 53, 59). Tumor necrosis
factor alpha mRNA levels are increased in NBD, and tumor
necrosis factor alpha has been shown to increase ER Ca2�

release and induce hepatoma cell apoptosis (28); interleukin 1
beta, in combination with gamma interferon, induces ER stress
in pancreatic �-cells through downregulation of the ER Ca2�

pump SERCA2B and resultant depletion of ER Ca2� (9). Of
relevance to PC degeneration in NBD, CBLM microarray
analysis detected alterations in ER calcium transporters
(RyR1, RyR3, SERCA2, and SERCA3). The ER plays a vital
role in maintaining intracellular Ca2� homeostasis. Ca2� stor-
age status of the ER and free Ca2� levels in the cytoplasm are
major determinants of cell death (10, 15, 16, 50).

Conclusions. Pre- and perinatal viral infections are impor-
tant causes of neurodevelopmental damage; however, the mo-
lecular mechanisms by which damage can be mediated are
poorly understood. Clues to pathogenesis may be found in
NBD, where differences in vulnerability of specific cell popu-
lations may reflect differences in response to dysregulation of
ER dynamics and ER stress pathways.
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