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Abstract

The molecular events that underlie prion disease neuropathology remain poorly defined. Within the hippocampus of the ME7/
CV mouse scrapie model, profound CA1 neuronal loss occurs between 160 and 180 days post-infection (dpi). To elucidate the
molecular events that may contribute to this neuronal loss, we have applied Affymetrix high-density oligonucleotide probe arrays
to the study of ME7-infected hippocampal gene expression at 170 dpi. The study has identified 78 genes that are differentially
expressed greater than 1.5-fold within the preclinical ME7-infected hippocampus prior to the profound late stage glial cell activa-
tion. The results indicate oxidative and endoplasmic reticulum (ER) stress, activated ER and mitochondrial apoptosis pathways,
and activated cholesterol biosynthesis within the scrapie-infected hippocampus, and offer insight into the molecular events which

underlie the neuropathology.
© 2005 Elsevier Inc. All rights reserved.
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The transmissible spongiform encephalopathies
(TSEs), or prion diseases, are a group of fatal, transmis-
sible neurodegenerative diseases of humans and animals,
including scrapie in sheep, bovine spongiform encepha-
lopathy (BSE) in cattle, and Creutzfeldt-Jakob disease
(CJD) in humans, that are typically characterized by
the accumulation of a protease-resistant isoform (PrP5%)
of the host-encoded prion protein (PrP¢) [1]. Whilst the
major neuropathological features of these diseases are
well documented (for review, see [2]), the host response
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to prion infection and the molecular events that underlie
the TSE neuropathology are poorly defined. An under-
standing of these events is crucial to allow a focussed
assessment of potential therapeutic targets.

Attempts to understand the molecular neuropatholo-
gy of TSEs are particularly focussed on identifying
host-encoded genes that are altered in expression as a
consequence of the disease process. The majority of gene
expression studies of TSE-infected brain have been per-
formed at terminal stages of disease, and thus detect a
predominance of glial-associated genes, reflecting the
profound glial cell activation that is evident in the later
stages [3]. Whilst there is evidence that glial cells and their
products can influence the progression of TSE disease [4],
it is also clear that several neuropathological features pre-
cede glial cell activation [5-7]. An understanding of the
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molecular events occurring at these earlier stages of dis-
ease, un-obscured by the profound glial cell activation,
is essential to understand disease mechanisms. In a previ-
ous study, we applied Atlas expression arrays (BD Biosci-
ences, Clontech) to the study of the molecular
neuropathology of ME7 murine scrapie, identifying sev-
en genes that were consistently upregulated at terminal
disease (240 days post-infection, dpi) [8]. As anticipated,
these genes were primarily glial cell-associated and
included glial fibrillary acidic protein (GFAP) and vimen-
tin. Analysis of the timecourse of upregulation by quan-
titative RT-PCR (QRT-PCR) found that the expression
of all of these genes within the hippocampus was elevated
from 170 dpi, a preclinical timepoint that coincides with a
20-day period (160-180 dpi) in the ME7/CV model dur-
ing which 50% of the CA1 hippocampal neurons are lost
[6]. It was considered unlikely that the upregulation of
these genes had a direct role in the observed neuronal
changes evident within the hippocampus at 170 dpi. To
elucidate the molecular events that may contribute direct-
ly to the observed hippocampal neuronal loss, we have
extended our studies of ME7-infected hippocampal gene
expression at 170 dpi using the more comprehensive
Affymetrix high-density oligonucleotide probe arrays.
The study has identified 78 genes that are differentially ex-
pressed greater than 1.5-fold within the preclinical ME7-
infected hippocampus at 170 dpi. The majority of these
genes have not been reported before in the context of
TSE neuropathology, and offer further insight into the
molecular events that underlie the neuropathogenesis of
prion disease.

Materials and methods

Animals. C57TBLxVM/Dk mice (CV mice) were inoculated intra-
cerebrally at 4-7 weeks of age with 20 ul of a 1% homogenate (in PBS)
of a ME7-infected brain taken from a clinically affected C57BL mouse.
Mice inoculated with 20 pl of a 1% normal brain homogenate (NBH)
acted as controls. Recipient mice were killed at 40, 70, 100, 130, 160,
170, 180, and 210 dpi and at term (225-235 dpi). For genomic analysis,
brains were perfused with DEPC-treated PBS prior to microdissecting
the hippocampi free from the rest of the brain, using a stereotaxic
microscope. Tissue was snap-frozen in liquid nitrogen for subsequent
RNA extraction.

RNA preparation and microarray analysis. Total RNA was
extracted from the hippocampus of three ME7-infected and three
mock-infected CV mice (at 170 dpi) using the commercially available
TRIzol reagent (Invitrogen) according to the manufacturer’s instruc-
tions. Total RNA was treated with RQ1 RNase-free DNase (Prome-
ga), cleaned-up using an RNeasy Mini Kit (Qiagen), and analysed on
an Agilent BioAnalyzer 2100 (Agilent Technologies) prior to micro-
array analysis. For microarray analysis, target RNA was prepared by
converting 10 pg RNA into double-stranded c¢cDNA (Superscript
Choice System, Invitrogen) with a T7-(dT),4 primer, which incorpo-
rates a T7 RNA polymerase promoter. Biotin-labelled cRNA was then
synthesized from the cDNA using an RNA transcript labelling kit
(Enzo Biochem). The biotin-labelled cRNA was fragmented prior to
hybridization (16 h at 45°C) to a Murine Genome U74Av2 array
(Affymetrix, Santa Clara, CA). The Affymetrix MG-U74Av2 array

represents all sequences (~6000) in the Mouse UniGene database
(Build 74) that have been functionally characterized, in addition to
~6000 EST clusters. After hybridization, arrays were automatically
washed and stained with streptavidin-phycoerythrin in an Affymetrix
Fluidics Station 400, then scanned using an Agilent GeneChip 2500
Scanner, and the data were processed using the Microarray Analysis
Suite v5.01 (MAS; Affymetrix). To enable comparison across the six
arrays, all were scaled (using a global scaling method) to an overall
target intensity of 100.

Microarray quality assurance. To ensure the quality and consis-
tency of the sample labelling process and array hybridizations, control
information from all six arrays was collated and reviewed prior to the
data analysis. In brief, scaling factors (range 0.85-1.04), Raw Q values
(range 2.16-3.29), GAPDH 3'/5’ ratios (range 0.81-1.0), and B-actin
ratios (range 1.27-1.53) were all consistent with Affymetrix recom-
mendations. To further investigate the performance of the array
hybridizations, scatter plots comparing each array with every other
were produced in SPLUS (Insightful, USA). These plots confirmed
that the data had a symmetrical distribution and showed a dynamic
uninterrupted range of expression values from low to high signal val-
ues. Box and whisker visualizations also confirmed that the data were
symmetrical and of sufficient quality for further analysis (data not
shown, experimental data and links to supplementary data can be
obtained from the Scottish Centre for Genomic Technology and
Informatics GPX database (www.gti.ed.ac.uk; experiment Accession
No. GPX-000046.1). Full details of the study, including all experi-
mental data, are also available at ArrayExpress (www.ebi.ac.uk/
arrayexpress; experiment Accession No. E-MEXP-284).

Microarray data analysis. At the outset of the analysis, genes de-
fined as ‘absent’ in all six replicates (by the MAS 5.01 algorithm) were
removed from the dataset. Signal values for the remaining 6899 genes
were then log (base 2) transformed in Excel (Microsoft, USA). For
explorative analysis, genes were filtered on the basis of the coefficient
of variance (CV = standard deviation of all six replicate signal values/
mean of six replicate signal values). Briefly, CV and mean signal values
(log base 2) were calculated for each gene and plotted against each
other (data not shown). Variable genes (CV > 0.1) were selected for
hierarchical clustering (using Pearson correlation as a distance mea-
sure) in GeneSpring (Silicon Genetics, USA) (Fig. 1). To identify
notable gene expression changes in the filtered subset of 6899 genes, the
open-source R based software ‘Bioconductor’ was used to implement a
robust empirical Bayes ‘moderated’ ¢ test using the log (base 2)
transformed dataset [9].

Annotational information for differentially expressed genes was
obtained from the Affymetrix resource ‘NetAffx’ (www.affymetrix.com/
analysis), the Database for Annotation, Visualization, and Discovery v
2.0 (http://david.niaid.nih.gov/david/version2/index.htm), GeneCards
(http://bioinfo.weizmann.ac.il/cards/index.shtml), and Genespring
(Silicon Genetics, USA).

Real-time quantitative RT-PCR validation. The PowerScript Re-
verse Transcriptase system (Clontech) was used to synthesize cDNA
from total RNA, prior to real-time PCR using the LightCycler Real-
time PCR system as described previously [8]. Primer sequences are
available upon request. Results were normalized for B-actin mRNA
levels to ensure equivalence of the samples.

Results

Affymetrix MG-U74Av2 GeneChips were used to
study gene expression in three ME7-infected and three
control hippocampal samples at 170 dpi. Of the 12,488
genes and ESTs represented on the MG-U74Av?2 array,
approximately 55% had detectable expression in one or
more of the samples studied. Hierarchical clustering of a
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Fig. 1. Hierarchical clustering of replicate samples and differentially
expressed genes. Data were pre-filtered on the basis of detection and
6899 genes were identified which had at least one replicate called as
‘present.” Variable genes were then identified by filtering on the basis of
the coefficient of variance as follows. Signal values were log
transformed (log2) and a CV value was calculated (SD for all
replicates/mean of all six replicates) for all replicates. Genes with CV
value of >0.1 (568) were taken forward to hierarchical clustering (using
Pearson correlation as a distance measure) in GeneSpring. Prior to
clustering, the signal value for each gene was divided by the median of
its measurements in all samples. If the median of the raw values was
below 1 then each measurement for that gene was divided by 1 if the
numerator was above 1, otherwise the measurement was thrown out.
The image above shows clustering (of log2 values) on the basis of gene
and group, and demonstrates a clear segregation of the replicate
groups. To aid in visualization of the data, green represents a decrease
in expression from the median value, whereas red represents an
increase. (*) Cluster of genes with a comparable pattern of expression
(see text).

variable subset of 568 genes resulted in the clear segrega-
tion of control and scrapie-infected samples (Fig. 1). It is
notable that consistent patterns of differential gene
expression were observed when control and scrapie-in-
fected samples were compared. Furthermore, when the
constituent members of the clusters were annotated, it
was clear that the analysis had identified several genes
of particular interest. For example, within the cluster
identified with an asterisk, mediators of cholesterol bio-
synthesis (sterol-C4-methyl oxidase and sterol-C5-desat-
urase) and protein degradation (proteasome subunit, [

type 5) were observed. To extend this analysis, the appli-
cation of an empirical Bayes moderated ¢ test identified
78 genes with a p value of less than 0.01 and a fold
change of >1.5. Of these transcripts, 65 were upregulat-
ed and 13 downregulated more than 1.5-fold in the
ME7-infected hippocampus samples relative to the unin-
fected controls. All notable genes (p < 0.01) with a fold
change greater than 1.5 are listed in Fig. 2. Where pos-
sible, a functional classification has been assigned. It
should be emphasized that the designation of functional
class in the present study is not definitive, as annotation
of gene function is incomplete, and multifunctional gene
products can be involved in several cellular pathways.

To validate the array data, QRT-PCR analysis was
performed on a selection of the differentially expressed
genes (sterol-C4-methyl oxidase, sterol-C5-desaturase,
complement component Clqp, short coiled-coil protein,
signal recognition particle 9, THUMP domain-contain-
ing 1, and neurofilament-L). All genes studied by QRT-
PCR were confirmed as being differentially expressed
within the 170 dpi hippocampus (data not shown).
Three of these genes (neurofilament-L, sterol-C5-desat-
urase, and sterol-C4-methyl oxidase) were studied fur-
ther by QRT-PCR, to examine the timecourse of
differential expression between 170 dpi and terminal dis-
ease. In contrast to known glial cell-associated genes,
which demonstrated increasing levels of expression
through to terminal disease, the expression timecourse
of neurofilament-L, sterol-C5-desaturase, and sterol-
C4-methyl oxidase all showed decreased expression at
terminal disease, despite an earlier increase (Fig. 3).

In contrast to comparable studies of late or terminal
stage scrapie-infected brain [10,11], very few of the 65
upregulated genes identified in the present study were
overtly immune-related or inflammatory. The upregula-
tion of complement component Clqp, TYRO protein
tyrosine kinase (TYROBP or DAP12), and T-cell immu-
nomodulatory protein are notable exceptions. DAPI12,
which is present on natural killer (NK) cells and myeloid
cells, forms a receptor signalling complex in conjunction
with TREM2 (triggering receptor expressed on myeloid
cells 2b) [12]. Whilst only DAP12 was identified in the
present study, both DAP12 and TREM2 have previous-
ly been shown to be upregulated in ME7-infected brain
[11]. A recent study has demonstrated that the TREM?2/
DAPI12 innate immune receptor complex enhances
phagocytosis of apoptotic neurons and minimizes the
proinflammatory microglial response [13]. Whilst the
immune and inflammatory response within the 170 dpi
hippocampus appears to be at a very early stage, the ar-
ray data suggest an ongoing oxidative stress-response,
with upregulation of both the antioxidant enzyme per-
oxiredoxin 2 and proteasome B5 subunit. The latter is
known to have antioxidant response elements within
its promoter [14]. Upregulation of erythroid differentia-
tion regulator (edrl), an autocrine survival factor in-
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Functional Classification Probe Set ID Gene Name Fold Change

[ D N DN DN N oot Complement compnent G1abeta 26

Immune and | 93520_at Tcell immunomodulatory protein 17
inflammatory [ 1T 1 1T 1T 1 o TYRO protein tyrosine kinase binding protein (DAP12) 17
a1 1 ¥ 7] pecry CXCL12 (stromal cell derived factor 1) 23

99608_at Peroxiredoxin 2 27

Stress response/ | [N [N Y N N N >t Retcuond
apoptosis [ 1 T 1 1T 1 Rk Crioris channel 4 19

98525 1_at Erythroid Differentiation Factor (edr1) 20
95467_at ‘Shart coiled-coil protein 22
e ADP-ibosylation factor-ike 6 interacting protein 1 20
160552_at Adaptor protein complex AP-1, sigma 1 15
102317_at Vesicle-associated mambrane protein 4 15
| e pe—
101967_at Stromal cell derived factor 2 18
99562_at Mannosidase 2, aipha B1 15
97836_at Ring finger protein 7 18
93958 _at Ring finger protein 14 15
96951 _at ATPase, H+ transporting, V1 subunit D 18
101741_at Proteasome subunit, beta type 5 48
104186 _at Ring finger protein 184 -18
8967 _at Fatty acid binding protein 7, brain 1.7
160388_at Sterol-C-methy! oxidase-lie 34
160482_at Acetyl-Coenzyme A acyltransferase 1 1.7

Protein modification
& targetting

Protein degradation -

Cholesterol & lipid
biosynthesis/

a3 100888_at Sortilin-related receptor (LDLR family) 16
metabolism 102789_{_at Sterol-CS-desaturase 20
93045_at ATP-binding cassette, subfamily D (ABGD) member 3 15

r 88852_at Sakike 3 (Drosophila) 15

96521_s._at Zinc finger protein 68 16

84869_at AE binding protein 2 1.9

94292_at receptor protein 24

102413 _at LIM domain only 1 15

98579_at Mus musculus zinc finger protein (Krox24) 15

Transcriptional 96636_at Transcription elongation factor B (S}, polypeplide 3 15
regulation | 104654 _at Actinike 68 18

/ chromatin 100073_at RIKEN cDNA 2510005008 18
architecture 97224_at Proline-ich nuclear receptar coactivator 1 48
104263_at Homology to zinc finger protein 258 22

102362_i_at Jun-B oncogene 17

160901_at FBJ osteosarcoma oncogens 21

102371_at Nuclear receptor subfamily 4, group A, member 1 16

160773_at Zinc finger, CCHC domain containing 7 46

104408_s_at SRY-box containing gene 18 (SOX18) 1.8

B 99180_at GTP binding protein 4 18

160474_at Ribonuclease P 14 subunit 4 20

. 104643 _at CDNA sequence BC037006 18

; RNA proces:slngl - 98149_s at Similar to ribosomal protein 54, Xlinked 20
ribosomal machinery 96166_at RIKEN cDNA 1110008H02 a7
84426_at THUMP domain containing 1 a7

104549 _at Aquarius. 15

i 97450_s_at Aldehyde dehydrogenass family 7, member A1 17

100573_{_at Glucose phosphate isomerase 1 19

Metabolism - 160637_at Molybdenum cofactor synthesis 2 7
101964_at Transketolase 15

97448 _at Similar to phosphatidylsarine decarboxylase 46

i 103575_at Neurofilament-L (light) polypeptide 22

SiriickEal o, 3 101500_at Enythrocyte protein band 4.Hika 2 23
103088_at Cell adhesion molecule with homology to L1CAM 20

L 104516_at Claudin§ a7

B 99807_r_at Friend virus susoeptibilty 1 23

84853_at Guanine nucleotids binding protein, beta 1 A7

87713 _at Expressed sequence AM5817 20

98332_at Potassium inwardly-rectifying channel, subfamily J, member9 -1.5

93669_f_at RIKEN cDNA 2610042104 5

103811_at Inversin EX]

93389_at Prominin 18

97556_at Acidic nuclear phosphaprotein 32 family, member E 16

95140_at RIKEN 6DNA 5230400624 28

94366_at RIKEN cDNA 2310079N02 37

Other 101446_at Tumor protein D52ike 1 21
104312_at D in Zic1 deficient 15

161003_at Kinesin family member 38 17

103918_at Solute carrier family 15 (H+/peptide transporter), member 2 1.6

103200_at RIKEN cDNA 6330500004 16

96620_at DNA segment, Chr 7, Reswell Park 2 complex 20

160163_at Predicted pyridoxal-dependent decarboxylase 44

96273_at Neurogranin 16

96261_at RIKEN cDNA 181003622 gene 15

83372 at Acidic nuclear phosphoprotein 32 family, member A 15

Fig. 2. Differentially expressed genes identified within the ME7-infected hippocampus. Data were pre-filtered on the basis of detection and 6899
genes were identified which had at least one replicate called as present. To identify notable gene expression changes in the filtered subset of 6899
genes, the open-source R based software ‘Bioconductor’ was used to implement a robust empirical Bayes ‘moderated’ ¢ test using a log (base 2)
transformed dataset [9]. The application of the empirical Bayes 7 test identified 78 genes with a p value of less than 0.01 and a fold change of >1.5. Of
these transcripts, 65 were upregulated and 13 downregulated more than 1.5-fold in the ME7-infected hippocampus samples relative to the uninfected
controls. Differentially expressed transcripts were annotated as described under Materials and methods. To generate the figure above, each gene was
divided by the median of its measurements in all samples. If the median of the raw values was below 1 then each measurement for that gene was
divided by 1 if the numerator was above 1, otherwise the measurement was thrown out. To aid in visualization of the data, green represents a decrease
in expression from the median value, whereas red represents an increase.
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Fig. 3. Timecourse analysis of selected genes by quantitative RT-PCR.
Expression of neurofilament-L (NF-L), sterol-C4-methyl oxidase (S-
C4-mol), sterol-C5-desaturase (S-C5-desat), and GFAP was studied
within the ME7-infected hippocampus between 170 dpi and terminal
disease. Four control and four ME7-infected hippocampus samples
were studied at each timepoint. Charts above show the mean fold
change at each timepoint £ SEM. In each chart, the Y-axis intercept is
equivalent to the control expression level (i.e., no change in the ME7-
infected sample, relative to control).

duced by various stress conditions [15], provides further
evidence of cellular stress.

Cellular stress is inextricably linked to perturbation
of endoplasmic reticulum (ER) and mitochondrial
homeostasis, and the array data suggest that the normal
function of both of these cellular compartments is im-
paired within the scrapie-infected hippocampus. Reticu-
lon 3, an ER-localized protein that can cause the rapid
depletion of ER calcium stores, thus triggering apopto-
sis [16,17], was upregulated in the present study. Addi-
tionally, the present study provides evidence of an
activated mitochondrial apoptotic pathway. Direct
overexpression of the mitochondrial chloride channel
mtCLIC4, which was upregulated in the ME7-infected
hippocampus, has been shown to reduce the mitochon-
drial membrane potential, triggering the release of
cytochrome c¢ into the cytoplasm and initiating cas-
pase-mediated apoptosis [18]. Further evidence of the
activation of the mitochondrial apoptotic pathway is
provided by the upregulation of ring finger protein 7
(also known as SAG, sensitive to apoptosis gene),
HtrA2, and two members of the acidic nuclear phospho-
protein 32 family, Anp32A and Anp32E. SAG functions
to inhibit or delay cytochrome ¢ release and caspase
activation, and studies have shown it to be particularly

protective from redox agent-induced apoptosis [19].
HtrA2 was identified as notably upregulated (p <0.01)
by inference testing, although it was only 1.4-fold upreg-
ulated and thus not listed in Fig. 2. As with cytochrome
¢, HtrA2 is released from mitochondria in response to
apoptotic stimuli, whereupon it inhibits the function of
IAP (inhibitor of apoptosis) through direct binding,
and may induce atypical cell death by a caspase-inde-
pendent mechanism [20]. Finally, the upregulation of
Anp32A and Anp32E may relate to the mitochondrial
apoptotic pathway, and specifically the promotion of
caspase-9 activation. Whilst Anp32 family members
are well characterized as components of the SET com-
plex controlling various aspects of mRNA stability,
chromatin remodelling, and transcriptional regulation
[21], Anp32A and Anp32E have also been shown to pro-
mote the activation of caspase-9 [22], the initiator cas-
pase for the mitochondrial apoptotic pathway. The
combined upregulation of reticulon 3, HtrA2, SAG,
mtCLIC4, Anp32A, and Anp32E is consistent with
active ER and mitochondrial apoptotic pathways, which
is of particular interest given the profound hippocampal
neuronal loss that occurs between 160 and 180 dpi, and
our previous demonstration of apoptotic hippocampal
CAl pyramidal neurons within the ME7/CV scrapie
model at 170 dpi [23].

ER stress is characterized by induction of the ER
unfolded protein response (UPR) and ER overload re-
sponse (EOR). Reticulon 3, discussed above in the con-
text of ER stress, has recently been linked specifically to
the EOR pathway [16]. Classical indicators of the UPR
(e.g., glucose-regulated proteins (Grp)-58, -78, and -94,
all previously associated with prion-mediated neurotox-
icity [24]) were not identified as upregulated in the pres-
ent study. However, several other ER-associated genes
including chaperones and mediators of glycosylation
were upregulated within the scrapie-infected hippocam-
pus, either greater than 1.5-fold (p <0.01) and thus list-
ed in Fig. 2, or deemed of note by Empirical Bayes
moderated ¢ test but less than 1.5-fold (and thus not list-
ed in Fig. 2). These include stromal cell-derived factor 2
[25] and B-1,3-N-acetylglucosaminyltransferase 1 [26],
both of which are involved in glycosylation, and the
ER chaperones FK506 binding protein 2 [27], Erp29
[28], and calnexin. Calnexin, which is a major ER chap-
erone responsible for folding of N-glycosylated proteins,
is known to participate in the folding of PrP [29]. There
is also significant upregulation of a cluster of genes in-
volved in protein degradation, both through the ubiqui-
tin—proteasome pathway (proteasome subunit B5 and
ring finger proteins with ubiquitin E3 ligase activity)
and through the lysosomal pathway (a-mannosidase 2
and ATPase, H" transporting V1 subunit D). a-Man-
nosidase 2 is involved specifically in the lysosomal turn-
over of glycoproteins. Various components of protein
trafficking pathways are also upregulated, including
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signal recognition particle (SRP) 9, a component of the
SRP complex which mediates recognition of secretory
proteins and their targeting to the ER [30], the Golgi-lo-
calized short coiled-coil protein (Scoco) which is in-
volved in regulating Golgi membrane traffic [31], and
VAMP4 and AP1sl, both of which are involved in traf-
ficking within the TGN-endosomal system [32]. This
apparent upregulation of ER-resident chaperones and
components of protein trafficking and degradation path-
ways is consistent with cells undergoing ER stress.
Several genes involved in cholesterol and lipid bio-
synthesis and metabolism were upregulated, including
sterol-C5-desaturase, sterol-C4-methyl oxidase, acetyl-
coenzymeA acyltransferase 1 (ACATI; involved in
cholesterol ester formation [33]), and sortilin-related
receptor (a member of the low density lipoprotein
(LDL)-receptor family involved in cholesterol transport
[34]). Other cholesterol-related genes were also identified
as notably upregulated by the Empirical Bayes moderat-
ed ¢ test, albeit less than 1.5-fold. These include lecithin
cholesterol acyltransferase (LCAT), involved in produc-
tion of cholesterol esters [35], and very low-density lipo-
protein receptor (VLDLR). Cholesterol esters become
part of the lipid core of lipoproteins such as VLDL, thus
upregulation of VLDLR may be a response to the in-
crease in cholesterol esters brought about through the
combined upregulation of ACATI and LCAT. Togeth-
er, these observations are strongly suggestive of in-
creased cholesterol biosynthesis within the preclinical
ME7-infected hippocampus. This observation of upreg-
ulated cholesterol biosynthesis genes is consistent with
the recent report of sterol-C4-methyl oxidase upregula-
tion in SCN2A cells [36]. Timecourse QRT-PCR analysis
of sterol-C4-methyl oxidase and sterol-C5-desaturase
confirmed significant upregulation of these genes rela-
tive to uninfected controls at 170 dpi. Both genes are
involved in the post-squalene phase of cholesterol
biosynthesis, suggesting that their upregulation may
be the cellular response to squalene accumulation,
favouring its conversion to cholesterol. Whilst sterol-
C4-methyl oxidase and sterol-C5-desaturase remained
significantly upregulated at 180 and 210 dpi, a late-stage
decline in expression of both genes occurred such that,
by terminal disease, expression levels were at least com-
parable to the uninfected controls, if not marginally
downregulated (Fig. 3). This is in agreement with anoth-
er recent report describing downregulation of a cluster
of genes involved in cholesterol biosynthesis at the ter-
minal stage of disease [10]. The same pattern of early
upregulation followed by terminal decline was identified
for the neurofilament-L gene (Fig. 3), again consistent
with a previous report of neurofilament-M and neurofil-
ament-H downregulation at terminal disease [10]. It has
previously been suggested that this downregulation of
neuronal genes at terminal disease may reflect the loss
of neuronal tissue [10]. However, the profound loss of

hippocampal CA1l neurons occurs between 160 and
180 dpi in the ME7/CV model, after which the rate of
further neuronal loss within the hippocampus is similar
to that in age-matched controls [6]. Therefore, the detec-
tion of neuronal gene downregulation within the termi-
nal-stage hippocampus relative to matched controls
cannot be attributable simply to terminal neuronal loss.
Whilst the terminal stage decrease in cholesterol biosyn-
thesis-related gene expression has been reported previ-
ously, the earlier upregulation of these genes detected
in the present study is a novel finding.

The final major functional group of significantly
upregulated genes is that of transcription factors and
gene products associated with chromatin architecture.
At least 16 of the 65 upregulated genes identified in
the present study are involved in some form of transcrip-
tional control, although the significance of their upregu-
lation is unclear as the group includes both co-activators
and co-repressors of transcription. The transcription
factors C/EBP § (an important regulator of immune
and inflammatory genes) and the interferon consensus
sequence binding protein (ICSBP; involved in the activa-
tion of IFN-responsive genes), both previously reported
as upregulated in scrapie-infected brain [10,11], were not
detected in the present study. This is again consistent
with the immune and inflammatory response to prion
infection being at an early stage.

Thirteen genes were downregulated greater than 1.5-
fold within the ME7-infected hippocampus, although
these did not cluster into functionally assigned groups.
Claudin 5, a structural molecule that is integral to tight
junctions, was downregulated. Claudin 11 was similarly
downregulated, although this did not meet the criteria
for inclusion in Fig. 2. Their downregulation may reflect
changes to the blood-brain barrier (BBB), as loss of
tight junctions is a prominent feature of disease-related
BBB disruption [37].

Discussion

Through the application of high-density oligonucleo-
tide probe arrays to the study of gene expression within
the preclinical ME7-infected hippocampus, we report
the identification of 78 differentially expressed genes that
include those indicative of ongoing cellular stress (oxida-
tive stress response and ER-associated stress), activation
of both the ER and mitochondrial apoptotic pathways,
and an activated cholesterol biosynthesis pathway.
These findings are of importance in dissecting the molec-
ular mechanisms that underlie prion neurotoxicity in
vivo.

To put the results of this study into context with
other microarray and non-microarray studies of differ-
ential gene expression in TSE brain, the vast majority
(approximately 95%) of the differentially expressed
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genes identified in the present study have not been pre-
viously associated with TSE molecular neuropathology.
Whilst this may, in part, be due to the focus on the hip-
pocampal brain region rather than whole brain analysis,
it is likely that it is primarily a consequence of the time-
point chosen (170 dpi), which was approximately 4
weeks prior to clinical disease and over 8 weeks prior
to terminal disease. Generally, those genes that have
been frequently associated with terminal stage TSE-in-
fected brain were not significantly upregulated in the
hippocampus of the ME7/CV scrapie model by
170 dpi. However, there were exceptions to this. Some
genes previously associated with TSE neuropathology
at the terminal stages of disease were significantly upreg-
ulated in the present study (as determined by Empirical
Bayes moderated ¢ test), albeit less than the stringent
1.5-fold change (p <0.01) used as our criteria for inclu-
sion in Fig. 2. For example, metallothionein II, cathep-
sin B, and scrapie-responsive gene 1 were all upregulated
1.3- to 1.4-fold (p < 0.02) in the present study. These low
but significant changes confirm the array analysis can
identify genes known to be changed in the disease pro-
cess, and importantly confirm that the changes in gene
expression observed in this study precede those associat-
ed with terminal disease. Similarly, markers of glial cell
activation were not significantly upregulated in the pres-
ent study. GFAP was upregulated only 1.4-fold
(p =0.03, Empirical Bayes moderated ¢ test), whilst
microglial activation markers Mac-1 (CD11b) and F4/
80, both of which are significantly upregulated in the ter-
minal stage ME7-infected hippocampus [23], were not
detected in the present study in either control or ME7-
infected samples. This is consistent with our aim of
examining disease-associated gene expression unob-
scured by the late stage glial response.

It is well documented that the neuronal loss observed
in TSEs is mediated, at least in part, by apoptosis
[23,24,38-42]. The caspase-dependent apoptotic cascade
can be initiated via cell surface receptors, mitochondrial
stress or by ER stress. Several studies have demonstrat-
ed the involvement of a particular pathway in the apop-
totic response to prion infection. Thus, the upregulation
of FAS in 87V scrapie [38] and caspase-8 activation in
PrP106-126-challenged neurons [43] suggests involve-
ment of the extrinsic apoptotic pathway mediated by cell
surface receptors, whilst activated caspase-12 in vitro
and in vivo implicates the ER apoptotic pathway [24].
Indeed, the ER-dependent apoptotic pathway has been
implicated in a range of neurodegenecrative diseases
characterized by misfolding and accumulation of
proteins (for review, see [44]). However, it is important
to note that whilst the stimulus for initiation of apopto-
sis may vary, significant interplay exists between the
organelle-specific stress and apoptosis pathways. The
upregulation of mediators of both ER- and mitochon-
drial-induced apoptosis observed in the present study

is consistent with the well-documented mitochondrial
involvement in ER stress-induced apoptosis (for review,
see [45)).

The present study provides evidence of perturbed ER
function, with upregulation of glycosylation enzymes,
chaperones and protein trafficking, and degradation
machinery. How the ER stress—response is activated in
prion diseases, and indeed in other neurodegenerative
conditions, remains uncertain. Generally, ER stress
can be induced by disrupted calcium homeostasis or
by the accumulation of misfolded proteins in the ER.
However the calcium-dependence of ER chaperones
means that disrupted calcium homeostasis can itself re-
sult in the accumulation of misfolded protein and the
induction of the UPR (for review, see [46]). Some PrP
mutants associated with familial prion diseases are re-
tained in the ER [47,48], and stimulation of retrograde
transport towards the ER has been shown to increase
PrP%° accumulation [49]. Despite this evidence of ER
involvement in prion disease pathogenesis, no PrP%°
accumulation in the ER has been described in either spo-
radic or infectious forms of disease. It is perhaps more
likely that any PrP*-induced ER stress is mediated by
altered calcium homeostasis rather than a direct accu-
mulation of misfolded PrP in the ER. Indeed, a recent
report that PrP¢ limits calcium release from the ER
and calcium uptake by the mitochondria [50] may sug-
gest that loss of function of PrP® during disease progres-
sion may partly contribute to the shift towards ER
stress.

The demonstration of activated cholesterol biosyn-
thesis genes within the ME7-infected hippocampus is a
novel finding. Interestingly, recent studies have demon-
strated a close association between cholesterol biosyn-
thesis and the ER stress-associated UPR. However, it
is unclear whether activated cholesterol biosynthesis is
causative of ER stress, mediated by cholesterol-induced
depletion of ER calcium stores [51,52], or whether it oc-
curs as a consequence of ER stress through the aberrant
proteolytic activation of the ER membrane bound sterol
regulatory element binding proteins [53]. The activated
cholesterol biosynthesis pathway observed in the present
study is of interest given recent observations in Alzhei-
mer’s disease (AD) and in vitro studies of prion disease.
Hypercholesterolemia has been shown to influence amy-
loid precursor protein processing [54], and altered cho-
lesterol metabolism has been reported in the AD brain
[55]. Treatment of neuronal cultures with cholesterol-
lowering drugs reduces intracellular and extracellular
levels of disease-associated AP peptides [56]. Similarly,
in vitro studies of prion disease have demonstrated that
depletion of cellular cholesterol reduces the conversion
of PrP® to PrP5¢ [57]. Whilst this has been attributed
to the loss of cholesterol-dependent lipid rafts and the
resulting disruption to raft-dependent cellular traffick-
ing, the current observation that cholesterol biosynthesis
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is actually activated in response to prion infection may
suggest another level of involvement for cholesterol,
and/or its metabolites, in TSE neuropathology. Further-
more, the observation that the two most upregulated
cholesterol-associated genes within the present study,
sterol-C4-methyl oxidase and sterol-C5-desaturase, are
involved in the post-squalene phase of cholesterol bio-
synthesis and may reflect squalene accumulation is
intriguing, given that squalestatin, a specific inhibitor
of squalene synthase, prevents PrP5 accumulation and
protects neurons from prion neurotoxicity [58].

In conclusion, we have identified the differential
expression of 78 genes within the ME7-infected hippo-
campus, at a preclinical timepoint unobscured by the
profound inflammatory response that is evident at later
stages of disease. The gene array data reveal evidence of
cellular stress (oxidative stress and ER stress), activated
ER and mitochondrial apoptotic pathways, and activat-
ed cholesterol biosynthesis within the scrapie-infected
hippocampus. It is considered likely that these pathways
contribute directly to the previously reported profound
neuronal loss that occurs within the ME7-infected hip-
pocampus at this timepoint. The precise mechanism by
which these pathways become activated remains enig-
matic, although, as in previous studies of prion disease
neurodegeneration, altered calcium homeostasis is a
central event in many of the pathways identified. This
study provides valuable insight into the molecular mech-
anisms that underlie prion disease neuropathology in
vivo, and highlight potential targets for therapeutic
intervention.
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