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Abstract: Alzheimer’s disease (AD) is the most common cause of dementia, affecting more than 36
million people worldwide. Octodon degus, a South American rodent, has been found to spontaneously
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develop neuropathological signs of AD, including amyloid-f (AB) and tau deposits, as well as a decline in cognition with
age. Firstly, the present work introduces a novel behavioral assessment for O. degus - the burrowing test - which appears
to be a useful tool for detecting neurodegeneration in the O. degus model for AD. Such characterization has potentially
wide-ranging implications, because many of these changes in species-typical behaviors are reminiscent of the impairments
in activities of daily living (ADL), so characteristic of human AD. Furthermore, the present work characterizes the AD-
like neuropathology in O. degus from a gene expression point of view, revealing a number of previously unreported AD
biomarkers, which are found in human AD: amyloid precursor protein (APP), apolipoprotein E (ApoE), oxidative stress-
related genes from the NFE2L2 and PPAR pathway, as well as pro-inflammatory cytokines and complement proteins, in
agreement with the known link between neurodegeneration and neuroinflammation. In summary, the present results con-
firm a natural neuropathology in O. degus with similar characteristics to AD at behavioral, cellular and molecular levels.
These characteristics put O. degus in a singular position as a natural rodent model for research into AD pathogenesis and

therapeutics against AD.

Keywords: Alzheimer’s disease, beta-amyloid, burrowing, complement, cytokines, Octodon degus.

INTRODUCTION

Alzheimer’s disease (AD) is the most common form of
dementia associated with age, affecting approximately 36 mil-
lion people worldwide. Its incidence is rising as the average
age of the population increases, and it is estimated that by
2050, the number of cases will rise to 110 million [1-2]. Thus,
AD represents a critical health problem worldwide [3-4].

Over the last two decades, several transgenic animal
models have been developed for elucidating the mechanistic
aspects of AD and validating potential therapeutic targets.
However, the transgenic models of AD cannot fully establish
all of the pathological features in the evolution of the disease
[5-6]. A basic problem for the transgenic animal models has
been the assumption that once genes that generate amyloid-f
(AP) peptides have been modified, a clinically representative
animal model for AD has been established.
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Octodon degus, a small rodent endemic to central Chile
[7-8] has been found to spontaneously develop neuropa-
thological signs of AD, including AP oligomers and tau de-
posits; cognition also declines as the animals grow older [9-
11]. Recent evidence strongly supports the hypothesis that O.
degus provides a natural model for the study of the early
neurodegenerative processes associated with sporadic AD,
and therefore should be used as a general model for aca-
demic research and companies involved with AD [12].

The present work introduces a novel behavioral assess-
ment for O. degus, the burrowing test - a species typical be-
havior - that exploits a common natural rodent behavior,
provides quantitative data under controlled laboratory condi-
tions, and has proved extremely sensitive to degenerative
diseases, drug administration, strain differences, and brain
lesions [13-19]. Burrowing is a simple, cheap, easy to meas-
ure and objective ethological measure [19-22]. Burrowing is
used in this work in order to distinguish healthy from AD-
like O. degus, introducing a novel behavioral approach to
preclinical screening in AD.

The present work also investigates the gene expression
profile for the AD-like neuropathology in O. degus and its
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correlation with human AD. In particular, cytokines and
other pro-inflammatory signaling molecules affected in the
AD-like neuropathology were investigated, highlighting the
validity of the O. degus model from a neuroinflammatory
perspective on AD [23-26].

Overall, the present work validates O. degus as a natural
animal model for AD. Further understanding of the ensemble
of neurodegenerative mechanisms might hold the key to the
pathogenesis of AD, and thus to new pharmacotherapies.

MATERIALS AND METHODS
Animals

Male and female Octodon degus (Rodentia: Octodonti-
dae) (n = 84) were captured from a natural population in
central Chile at Rinconada de Maipu, 30 km west of Santi-
ago. Animals, 3-6 months old, were caught with Sherman
live traps. They were housed in standard metal cages 50 x
40 x 35 cm with a layer of wood shaving as bedding and
containing a small metallic box (25 x 15 x 10 cm with a
single entrance), under natural photoperiod, in an air-
conditioned animal room at the University of Chile. They
were fed with rabbit pellets and alfalfa and provided water
ad libitum during the entire experimental period. All proce-
dures of capture, transportation, maintenance and experi-
mentation followed the recommendations of the ethics
committee of the Faculty of Sciences of the University of
Chile, and complied with Chilean regulations (Servicio-
Agricola y Ganadero - SAG) as well as recommendations
by the Animal Behavior Society. A set of three-year old
animals was used in the experiments

O. degus Burrowing
Apparatus

Each burrow was a 30 cm long grey plastic cylinder,
10.5 cm diameter. To minimize non-deliberate displace-
ment of food pellets, the open end of the tube was raised 5
cm by bolting two 50 mm machine screws under it, 1 cm in
from one end, spaced just less than a quadrant of the tube
apart, protruding like the undercarriage of a small aircraft.
The lower end of the tube was closed with a grey plastic
plug, fitted with two screws to bolt the tube to the end of
the cage using wing nuts (to prevent the animals moving
the burrow).

Procedure

The burrowing test was used as developed by Deacon
[19]. Each burrow was filled with 800 g food pellets (rabbit
diet pellets that the O. degus were used to eating, to avoid
inducing any anxiety or neophobia) and placed in a clean
cage with a thin layer of bedding, a water bottle but no cage
furniture. Each trial started at 9-10 am approximately, at the
beginning of the diurnal normal activity cycle of O. degus
[27]. After 2 h, the weight (in grams) of food displaced from
the burrow was calculated. The test continued for another 4
h, making 6 h in total. The 2 h and 6 h measures were com-
pared separately, using nonparametric pair wise good vs.
poor burrower group comparisons (n=20), and the results
expressed as medians, with the variability shown by the in-
terquartile range (IQR).
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MALDI-TOF MS Analysis
Tissue Collection

Harvesting of the organ or tissue was performed in ac-
cordance with the appropriate local ethical guidelines. The
tissue was frozen directly in liquid nitrogen after dissection
and stored at -80 "C until use.

Sample Preparation

Four frozen O. degus brains from each group (see Fig. 1)
were sectioned into right and left hemispheres using a surgi-
cal blade. The obtained section was homogenized in 2 ml of
ultrapure water by ultrasonication for 4 h. The supernatant
liquid was isolated and lyophilized to obtain the solid sam-
ple. This was re-suspended in 200 pl of 0.1% TFA solution
and centrifuged at 3000 rpm for 10 min to obtain the concen-
trated sample.

Matrix Solution Preparation

a-cyano-4-hydrocinnamic acid was employed as matrix,
which is appropriate for peptide masses <10 kDa. To the
freshly prepared 1.5 pl of the a-cyano-4-hydroxycinnamic
acid matrix solution, the sample solution was mixed in a
microfuge tube, vortexed well and deposited directly on to
the MALDI plate and left to air dry.

Ionization and Detection

The peak for the AP,4, peptide was assigned based on
matching the measured molecular mass of the peak with the
calculated molecular mass of Af;.4, peptide based on the O.
degus AP;.4 amino acid sequence. Normal processing of the
mass spectra included smoothing of the local linear baseline
subtraction and nonlinear regression peak fitting with a Lor-
entzian peak shape for quantification according to Bruker
Data Analysis 4.0 Software.

RT-qPCR Procedure
RNA Extraction

Samples were obtained from full brain samples. The
samples were immediately frozen in liquid nitrogen and con-
served at -80°C prior to use. Pure LinkTM RNA Mini kit
(Ambion, Life Technologies) was used for total RNA extrac-
tion, according to the manufacturer’s instructions. Total
RNA samples were quantified by spectrophotometry in a
Nanodrop instrument and integrity was evaluated by agarose
gels electrophoresis with a standard protocol.

cDNA Synthesis

For cDNA synthesis, 1 pg of the total RNA was incu-
bated for 5 minutes at 65°C with 40 uM of oligo-dT, 2.5 mM
of each dNTP and DEPC-treated water to a final volume of
16 pL. Then, a mix containing 200 units of M-MuLV reverse
transcriptase (New England BioLabs), 10 U RNAase inhibi-
tor and DEPC-treated water (to final volume of 20 pL) was
added followed by incubation at 55°C for 60 minutes. Then
cDNAs were quantified and stored at -20°C.

qPCR Procedure

Primer sequences for each gene target were designed and
analyzed for specificity using the nucleotide BLAST and
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Table 1. Real-Time quantitative PCR primer sequences and Ocfodon degus gene targets.
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Gene Forward Primer Reverse Primer

18S rRNA ATGGCCGTTCTTAGTTGGTG CGCTGAGCCAGTCAGTGTAG
IL-1p TCTTTGAAGTCGATGGCCCC CTCAAGTCGCCATCCTGGAA
IL-6 CTCGTGAAACCTGAGGCCAA CTCCCCATTTGACTCCGCAT
TNF-a AAGCCTGTAGCTCACGTTGT GTGAGCAGCAGGTAGGAGTG
GM-CSF GACCCAGCTGCTGTGATGAA AGGAAGTTTCTGGGGTTGGC

IFN-o ACAAATGAGGAGAATCTCCACTTT CTCCTGGGTCAGGCAGGCC
Clq AGCAGCCAAAGAAGGTGGTT CACACATCCACATCGGGGAA
C3 CACTCAGGAGGCTGACGTTT CAACCTGTCCAGCATGGCTA
C4 CCCAGGTTGCTTCTTTTCGC GCTGAGGAGCTGGAAGTCTC
Cs GATCGAGCAGTGGATTGGCT GATGACTCCTCCTTGCTCGG
c9 ACAATGGTGACACAAGCCGA AGAGTGTTTCCACCCCAAGC
CFH AATGGAGTTCACCGCCTGAG AGACTGGTGGAGTGGACCAT
CFP TGCAACACAACTGTGCCTTG AGCAGTGTCGGATTTCCTGG
APOE GTCACGCTTCTGGCAGGAT GTCAGTTCCTGGGTGACCTG
APP TCCAGCCATGGCATCCTTTT ATACCCTGAGTCGTGTCGGA
NFE2L2 CTTGGGGCAAGTCGAGAAGT TGACTGGATGTGCTGAGCTG
PPARa GAGAGCCCCCTGTCTGAGTA GGGTAAATGACGGAGGACGG

Note: All primer sequences are 5’ to 3’

Primer-BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) (Ta-
ble 1). The qPCR reaction consisted of 5ul Power SYBR
Green MasterMix (Applied Biosystems), 75nM of forward
and reverse primer and 500ng template cDNA in a 10pl final
reaction volume. PCR was performed on a 7900HT Fast
Real-Time PCR System (Applied Biosystems). The initiation
steps involved 2’ at 50°C followed by 10’ at 95°C. The tem-
plate was then amplified for 40 cycles, each cycle comprised
of 15 sec at 95°C and 1’ at 60°C.

Samples were normalized using the expression of human
18S rRNA. Data was analyzed using the RQ Manager Version
1.2.1 (Applied Biosystems). Ct (cycle threshold) values for
each target gene were calculated and the relative expression of
each target gene was calculated using the Relative Quantifica-
tion (RQ) value, using the equation: RQ = 22 for each tar-
get gene, and comparing relative expression with that of the
18S rRNA constitutive gene product. Assays were conducted
in triplicate. Error bars represent + standard error of the mean.
Data represents 4 “good burrower” O. degus and 4 “poor bur-
rower” O. degus samples (see Fig. 1). An unpaired, two-tailed
t-test was performed on the data and significant differences in
expression between good burrowers and poor burrower’s
samples are shown as follows: *P=<0.05, and **P =<0.01.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism
version 6.0 (GraphPad Software). An unpaired 2-tailed t-test
was used to compare the means of the transcript targets for

“good burrower” O. degus (control) and “poor burrower” O.
degus (AD-like) samples for any significant difference in
expression. P values were computed and graphs compiled
and analyzed.

RESULTS

Burrowing Performance Inversely Correlates with -
Amyloid Load

Burrowing performance was evaluated in a group of
three-year-old O. degus for two and six hours from the start
of the test (Fig. 1). The two-hour measurement appears to be
more sensitive than the six-hour one; the latter measurement
often suffers from a ceiling effect, as many animals will bur-
row the entire tube contents. Nearly 50% of O. degus were
able to empty the burrow, whereas 30% of O. degus were
unable to remove more than 50 g of pellets. A statistical dif-
ference with a p value < 0.0001 was found for 2h and 6h
time points, using nonparametric pair wise comparison be-
tween good and poor burrower groups.

Based on their burrowing capacity, two clearly distinct
groups were identified: those animals that performed well
(the “good burrowers”) and those that performed badly (the
“poor burrowers”). In agreement with these results, a previ-
ous study showed great intra-population variability in learn-
ing capabilities in two-year old O. degus [28].

The presence of amyloid in the brain was determined by
MALDI-TOF-MS in these two groups of O. degus. The
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presence of AP 4 peptide signal at m/z 4536 in the brains of
the poor burrowers is an indication of amyloid in those ani-
mals which showed impairment in displacing food material
at2 h and 6 h (Fig. 2).
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Fig. (1). Burrowing performance in O. degus. Measurements were
taken at 2 and 6 h on two separate occasions for each animal. Val-
ues are medians + IQR.
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Fig. (2). MALDI-MS profiles of AB;.4, peptide in O. degus brains:
(A) representative spectra showing the presence of A4 peptide
with a m/z 4536 Da in worst poor burrowers (PB) (positives); (B)

representative spectra showing the absence of A4, peptide around
m/z 4536 Da in best good burrowers (GB) (negatives).

3709

Y A,

Gene Expression Profile in Three-Year-Old O. degus

Gene expression profiles of apolipoprotein E (ApoE),
amyloid precursor protein (APP), peroxisome proliferator-
activated receptor alpha (PPARa), and Nuclear Factor
(erythroid-derived 2)-Like 2 (NFE2L2) were analyzed for
the two groups of O. degus. As shown in Fig. (3), ApoE,
APP and NFE2L2 (or Nrf2) were significantly up-regulated
in poor burrowers compared to their good burrower control.
This finding supports the hypothesis that dysregulation of
ApoE and APP may contribute to accumulation of AB;_4, in
the AD rodent model (poor burrower). This also is seen in
the Nrf2 gene expression profile in which the lack in mRNA
levels of one of the key mediators of the oxidative stress
response was observed (Fig. 3). Further analysis of other
genes such as Presinilins 1 and 2, APP variants and PPAR
may provide further key points of AD-like neuropathology in
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the O. degus helping to identify possible pharmacological
targets which may delay the progress of the disease and the
effects of amyloid oligomer neurotoxicity.
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Fig. (3). Expression profile of AD marker genes in the O. degus
model. Expression was measured using real time qPCR and the data
normalized to 18S rRNA gene expression as an endogenous con-
trol. Relative expression (RQ) was calculated by using the com-
parative Ct method with ‘Control” O. degus (good burrower) sam-
ples used as the calibrator. The RQ value was calculated using the
formula: RQ = 274", Assays were conducted in triplicate. Error
bars represent + standard error of the mean. Data represents O.
degus ‘good burrowers’ (n=4) and O. degus ‘poor burrowers’
(n=4). An unpaired, two-side t-test was performed on the data and
significant differences in expression between ‘good burrower’ and
‘poor burrower’ (‘Control’ and ‘AD-like’) samples are shown as
follows: all time points showed no significant differences in expres-
sion, p>0.05, except where shown significant, *: 0.01 < p < 0.05,
and **:p<0.01.

The differential expression of a number of pro-
inflammatory cytokines between ‘good’ and ‘poor burrower’
were also examined. The levels of IL-6, IFN-a, TNF-f and
GM-CSF, presented in Fig. (4), were considerably higher in
poor burrower (AD-like) compared to good burrower (con-
trol) animals. Compared to the pro-inflammatory cytokines
mentioned above, IL-1B was slightly but significantly up-
regulated in poor burrowers.

Given the role of complement proteins in neuroinflam-
mation in AD and in other neurodegenerative disease, we
also examined if complement proteins, especially classical
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Fig. (4). Expression profile of cytokines genes in the Octodon
degus model. Expression was measured using real time qPCR and
the data normalized to 18S rRNAgene expression as an endogenous
control. Relative expression (RQ) was calculated by using the com-
parative Ct method with ‘Control” O. degus (good burrower) sam-
ples used as the calibrator. The RQ value was calculated using the
formula: RQ = 24" Assays were conducted in triplicate. Error
bars represent + standard error of the mean. Data represents O.
degus ‘good burrowers’ (n=4) and O. degus ‘poor burrowers’
(n=4). An unpaired, two-side t-test was performed on the data and
significant differences in expression between ‘good burrower’ and
‘poor burrower’ (‘Control’ and ‘AD-like’) samples are shown as
follows: all time points showed no significant differences in expres-
sion, p>0.05, except where shown significant, *: 0.01 < p < 0.05,
and **:p<0.01.
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pathway components were affected in the brains of good
versus poor burrowers (Fig. 5). The targets examined were:
Clq (the first recognition subcomponent of the classical
pathway), C4 (the protein involved in the generation of the
C3 convertase in the classical pathway activation), C3 (the
common target for C3 convertases from all three comple-
ment pathways i.e. classical, alternative and lectin path-
ways), C5 (the target of C5 convertase in all three pathways),
and C9 (one of the major constituents of the membrane at-
tack complex i.e. MAC). In addition, we also examined the
differential levels of factor H (a negative regulator of the
alternative pathway) and properdin (an upregulator of the
alternative pathway). The data, as evident in Fig. (5), suggest
a dramatic up-regulation of Clq, C3, C4, C5 and C9 in poor
burrowers, suggesting that the classical pathway, via its in-
teraction with AP, may be the key to complement activation
and subsequent inflammatory response in the brains of poor
burrower animals.

DISCUSSION
Burrowing Impairment in AD-Like O. degus

The goal of the present investigation was firstly to evalu-
ate an empirical method of showing if an O. degus had in-
cipient AD-like neuropathology, as shown by a decrease in
burrowing ability, a species-typical behavior that has proven
sensitivity in other species (predominantly laboratory mice
and rats but also spiny mice of three different species, ham-
sters, gerbils) [18-21]. We chose to use burrowing, as it
seems to be the most sensitive of the species-typical behav-
ior tests that we have developed [22].

A series of experiments demonstrated that burrowing in
rodents is easily and simply measured, and is extremely sensi-
tive to hippocampal lesions and scrapie (prion disease) infec-
tion [13-19]. To a reasonable extent, these conditions model
AD: the hippocampus is one of the first brain areas to be af-
fected in AD [29]. The hippocampus is well known to be cru-
cial for spatial cognition in rodents, but its role in mediating
species-typical behaviors was only formally declared recently
[18]. Mice with near-complete lesions of the hippocampus
showed that the effects of these cytotoxic lesions on burrow-
ing capacity were consistent and reproducible. The histopa-
thological damage to the hippocampus seen in affected O.
degus [30] provides a physiological/anatomical correlate of
their impaired burrowing, given the large burrowing impair-
ments seen in mice with hippocampal lesions [16].

Hippocampal lesions profoundly impair many other spe-
cies-typical behaviors in rodents. Such characterization has
potentially wide-ranging implications, because many of
these changes in species-typical behaviors are reminiscent of
the impairments in activities of daily living (ADL) so char-
acteristic of AD [31-32]. As discussed in an earlier publica-
tion [22], a mouse making a nest is more akin to an AD pa-
tient trying to make a bed, than a water-maze is to human
learning and memory. Species-typical behaviors are not only
a closer model of the behavioral disruption in AD, their use
might reveal therapies that treat activities of daily living,
which are far more important than the memory deficits, since
loss of the former requires carers to support the patient,
whereas simple memory loss is less troublesome clinically.
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Fig. (5). Expression profile of complement component genes in the Octodon degus model. Expression was measured using real time qPCR
and the data normalized to 18S rRNA gene expression as an endogenous control. Relative expression (RQ) was calculated by using the com-
parative Ct method with ‘Control’ O. degus (good burrower) samples used as the calibrator. The RQ value was calculated using the formula:
RQ = 274¢, Assays were conducted in triplicate. Error bars represent + standard error of the mean. Data represents O. degus ‘good burrow-
ers’ (n=4) and O. degus ‘poor burrowers’ (n=4). An unpaired, two-side t-test was performed on the data and significant differences in expres-
sion between ‘good burrower’ and ‘poor burrower’ (‘Control’ and ‘AD-like’) samples are shown as follows: all time points showed no sig-
nificant differences in expression, p>0.05, except where shown significant, *: 0.01 < p <0.05, and **:p<0.01.

Burrowing is used in this work in order to distinguish
healthy (good burrowers) from AD-like (poor burrowers) O.
degus. AP deposits in brains of poor burrowers were con-
firmed by the presence of A4, peaks in MALDI-TOF spec-
tra. AP;4, was merely used as a marker of an AD-like proc-
ess in the O. degus brain. In particular, AP;4 has been
shown to play a pivotal role in the pathogenesis of AD due to
its neurotoxic potential [33]. It has been suggested that solu-
ble aggregates of AP;4, are more neurotoxic than the amy-
loid plaques and, in particular, that AP, 4, is more amyloi-
dogenic and more neurotoxic than AB.4o [34]. Immunopre-
cipitation combined with MALDI-TOF MS has previously
been used to develop quantitative assays for Ap peptides in
cerebrospinal fluid (CSF) [35].

From a behavior point of view, we are now developing a
full battery of tests for O. degus, including a large number of
cognitive tasks. However, the most affected cognitive proc-
ess in AD is episodic memory. There is widespread skepti-
cism whether animals excluding primates have this facility;
hence, our interest in species-typical behaviors. The Cla-
parede effect is a warning that current animal learning para-
digms are inadequate to discover new AD treatments [22].

Our ultimate goal is to use burrowing as a re-usable
screen to test putative AD treatments, primarily pharmacol-
ogical applications. A great deal of time and money has been
invested by pharmaceutical companies in this approach, but
most of the preclinical work on animal models has employed
learning and memory paradigms, such as the Morris water-
maze. Burrowing is a quicker test than most of these para-
digms, and moreover models another aspect of behavior that
assails AD patients at an early stage in the disease process
(loss of ADL). This has been summarized in an earlier publi-
cation [22]. The impairment of species typical behaviors,
which has been shown to be characteristic of hippocampal
dysfunction, complements the impairments in spatial learn-
ing and memory, which are also well-established effects of
hippocampal lesions [36]. Moreover, O. degus (indeed all
rodents) appear to find burrowing a rewarding activity; wa-
ter-mazes are generally acknowledged to be stressful to non-
aquatic animals, and stress can impair cognition.

Neuroinflammation in AD-Like O. degus

The role of inflammatory processes in AD is complex.
There appears to be a clear link between neuroinflammation
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and neurodegeneration [23]. Accumulating evidence sug-
gests that neuroinflammation, mediated by the brain’s innate
immune system, contributes to the AD neuropathology and
exacerbates the course of the disease. However, there is no
experimental evidence for a causal link between systemic
inflammation or neuroinflammation and the onset of the dis-
ease [24].

Krstic and Knuesel propose that chronic inflammatory
conditions cause dysregulation of mechanisms to clear mis-
folded or damaged neuronal proteins that accumulate with
age, and concomitantly lead to tau-associated impairments of
axonal integrity and transport. Such changes have several
neuropathological consequences such as deposition of amy-
loid precursor protein in swollen neurites, generation of ag-
gregation-prone peptides, and further tau hyperphosphoryla-
tion, ultimately resulting in neurofibrillary tangle formation
and neuronal death [26]. In a nutshell, these arguments ques-
tion the long-standing assumption that inflammation, par-
ticularly if it removes amyloid, has to be regarded as benign,
and begin to probe the possibility that inflammation itself is
contributing to junk protein deposition, to insulin resistance,
to pathologic kinase activation, and from there to tangling.

The presence of AP.4, in the brain of poor burrowers is
consistent with the raised levels of APP mRNA found in
brains of AD-like O. degus in the present study. Excess APP
production in AD, which potentially leads to amyloidogene-
sis, is in part due to over expression of APP mRNA [37-38].
In human endothelial cells, a similar increase (50%) of total
APP mRNA was observed after treatment with human re-
combinant IL-1p, suggesting a role of IL-1f in the neuronal
mechanisms related to AP deposition in AD [39]. This sug-
gests that inflammation has a role in amyloid deposition.

The transport and clearance of A peptides is mediated by
Apolipoprotein E (ApoE), a major lipid transport protein of
the central nervous system, implicating altered lipid homeo-
stasis in the AD pathogenesis [40]. In the present work, raised
levels of ApoE mRNA were found in the brains of poor bur-
rowing O. degus, consistent with that found in the brains of
AD patients, as assessed by quantitative PCR [38, 41].

The presence of neurotoxic AP;4, induces activation of
the Nrf2 redox signaling pathway, known to be involved in
oxidative stress, increasing intracellular reactive oxygen spe-
cies production [42]. Consistent with this result, the mRNA
level for Nrf2 was found to be significantly up-regulated in
poor burrowers.

The levels of pro-inflammatory cytokines and comple-
ment proteins were examined in both groups of good and
poor burrowing O. degus. There is clear evidence of a pro-
inflammatory milieu in the brain extracts of poor burrowers
compared to control good burrowers. The present results
appear to confirm the hypothesis that inflammation has a
role in amyloid deposition, and support O. degus as an inte-
gral model for AD.

Microglia, which are the resident macrophages of the
CNS, perform immunosurveillance functions in the brain.
Microglia, via their interaction with A, are capable of se-
creting pro-inflammatory cytokines including IL-1fB, IL-6,
TNF-a and IFN-y, as well as a range of chemokines [43-44].
Raised levels of these cytokines have been reported in AD
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brains [45]. In culture, AP challenge to microglial cells can
induce production of a wide range of pro-inflammatory solu-
ble factors including cytokines and complement [46-47]. In
addition to microglia, astrocytes and oligodendrocytes are
likely sources of these pro-inflammatory factors. The most
possible scenario in the O. degus AD-like brains is the acti-
vation of these cells in response to a varying level of aggre-
gated AP leading to generation of pro-inflammatory cytoki-
nes (and complement proteins; see below), which can impact
upon amyloidosis, neurodegeneration, and cognition [45].

The complement system appears to be one of the key
mediators of inflammation in neurodegenerative diseases
[23]. Raised levels of the classical pathway components,
together with components of the membrane attack complex
(MAC) in the brains of poor burrowers, are suggestive of
intrinsic endogenous production of complement proteins and
possible interaction between AP and Clq [46, 48]. This in-
teraction can first lead to the production of pro-inflammatory
side products, C3a, C4a and C5a, which can act as potent
anaphylatoxins, recruiting infiltration in the CNS. The sec-
ond major impact of the complete complement activation is
the deposition of MAC at the senile plaques. Consistent with
these notions, C1q and MAC can be co-localized with amy-
loid plaques [49]. In addition, expression of complement
gene expression is up-regulated in the AD brain [50]. This
heightened level of pro-inflammatory cytokines and soluble
factors such as complement proteins are likely to be patho-
genic in O. degus, as is the case in human AD.

CONCLUDING REMARKS

The recent neuroinflammatory perspective on AD [24,
26] suggests why the transgenic animal models centered on
the amyloid cascade hypothesis, might fall short of a repre-
sentative analog to AD.

The results presented in this work confirm a natural AD-
like neuropathology in O. degus, which develops spontane-
ously with age, with similar characteristics to human AD at
molecular, cellular and behavioral levels: neuroinflamma-
tion, oxidative injury, immune response, presence of A} pep-
tides in the brain, accompanied by a marked decrease in bur-
rowing behavior. These characteristics put O. degus in a sin-
gular position as a natural rodent model for AD. The O.
degus model offers the opportunity for investigating the en-
semble of progressive neurodegenerative mechanisms in
natural living animals from the early onset of the disease
until its last stages.

Burrowing, as a non-invasive technique, could be used as
part of the initial screening of a colony of O. degus prior to
assessing pharmacological treatments. Since O. degus com-
monly live six years or more in captivity, and burrowing
impairments can be seen at a relatively young age, this pro-
vides a long time window during which treatments of puta-
tive application for AD can be assessed. Burrowing is a non-
invasive and sensitive tool that should allow exploration in
vivo of some of the neuroprotective properties or memory
enhancing effects of potential novel treatments for AD.
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