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Senescence-accelerated OXYS rats are 
an experimental model of accelerated 

aging that was established from Wistar 
stock via selection for susceptibility to 
cataractogenic effects of a galactose-rich 
diet and via subsequent inbreeding of 
highly susceptible rats. Currently, we 
have the 102nd generation of OXYS rats 
with spontaneously developing cataract 
and accelerated senescence syndrome, 
which means early development of a 
phenotype similar to human geriatric 
disorders, including accelerated brain 
aging. In recent years, our group found 
strong evidence that OXYS rats are a 
promising model for studies of the mech-
anisms of brain aging and neurodegen-
erative processes similar to those seen in 
Alzheimer disease (AD). The manifesta-
tion of behavioral alterations and learn-
ing and memory deficits develop since 
the fourth week of age, i.e., simultane-
ously with first signs of neurodegenera-
tion detectable on magnetic resonance 
imaging and under a light microscope. 
In addition, impaired long-term poten-
tiation has been demonstrated in OXYS 
rats by the age of 3 months. With age, 
neurodegenerative changes in the brain 
of OXYS rats become amplified. We 
have shown that this deterioration hap-
pens against the background of overpro-
duction of amyloid precursor protein 
(AβPP), accumulation of β-amyloid 
(Aβ), and hyperphosphorylation of the 
tau protein in the hippocampus and 
cortex. The development of AMD-like 
retinopathy in OXYS rats is also accom-
panied by increased accumulation of 

Aβ in the retina. These published data 
suggest that the OXYS strain may serve 
as a spontaneous rat model of AD-like 
pathology and could help to decipher 
the pathogenesis of AD.

Introduction

Alzheimer disease (AD) is the most 
common neurodegenerative disorder that 
causes dementia as a result of atrophic 
changes in the brain, leading to disruption 
of attention, memory, and executive 
function, and ultimately to death within 
3–9 y of the diagnosis. The major risk 
factor of AD is age. Moreover, the 
incidence of AD doubles every 5 y beyond 
65 y of age.1 More than 35 million people 
worldwide have AD, and it is estimated 
that the number of these patients will 
exceed 115 million by 2050.2,3

The conventional view of AD, 
according to the “amyloid hypothesis”, 
is that β-amyloid (Aβ), the product 
of proteolytic cleavage of the large 
transmembrane Aβ precursor protein 
(AβPP), occupies a central place in 
the pathology of disease.4,5 AD is 
characterized by increased load of Aβ in 
the brain, especially the peptides 42 amino 
acids in length, leading to accumulation 
of Aβ, amyloid plaques, neurofibrillary 
tangles, synaptic failure, neuronal cell 
death, excitotoxicity, inflammation, 
mitochondrial dysfunction, and oxidative 
stress.3 In contrast, there is growing 
evidence that mitochondrial damage 
and oxidative stress lead to activation 
of the Aβ cascade.3,6,7 In regard to 
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inflammatory cells, microglia can form 
a protective network for the brain to 
control neurotrophic factors, limit 
oxidative stress, and foster neuronal 
regeneration. Microglia also may limit 
the deposition and toxicity of Aβ and 
promote neuronal survival.8 In addition, 
Streit and colleagues9-13 have shown 
convincingly in a series of recent studies 
that neurodegeneration in AD is not the 
result of an overactive immune response, 
but rather of a decline of immune 
functions. Several factors, including 
lifestyle, diet, environmental exposure, 
apolipoprotein allele E4 (ApoE), and 
several other genetic variants have been 
reported to be involved in late-onset 
AD.14 It is noteworthy that AD frequently 
develops against a background of complex 
manifestations of aging and along with 
other age-related diseases, including age-
related macular degeneration (AMD). 
AMD is a progressive, complex disease and 

is the most common cause of blindness 
in the aging population. At present, it 
is widely debated whether AMD shares 
some pathological hallmarks with AD, 
because a number of similarities between 
AD and AMD have been described.15-18 
Like AD, AMD is characterized by Aβ 
deposition and is associated with changes 
in the complement system and ApoE.19,20

To date, there is no perfect rodent 
model able to fully mimic human 
neurodegenerative diseases, AD in 
particular.21,22 Transgenic/mutant strains 
of mice and rats with overproduction of 
AβPP, presenilin, tau protein, and ApoE 
cannot provide an all-encompassing 
picture of the pathophysiology of 
AD.23,24 Moreover, all these models are 
characterized by an increased expression 
of genes and mutations that are typical in 
early onset AD, which accounts for only 
~5% of all cases. On the other hand, the 
remaining cases (~95%) of AD, which 

Figure  1. Quantification of neuronal populations in the hippocampal CA3 region of OXYS rats. 
(A) No cell loss in the CA3 region was detected at 0.5 mo; furthermore, 5-mo-old OXYS rats showed 
increased neuronal populations (P < 0.05); however, 15-mo-old OXYS rats showed a cell loss (P < 
0.05) when compared with age-matched Wistar rats (control). *A statistically significant difference 
between the strains of the same age; #significant age-related differences compared with the 
previous age within the strain. (B) The neurodegenerative changes occur in the CA3 region of the 
hippocampus of OXYS rats: the percentage of dead or damaged neurons is significantly larger than 
that in Wistar rats at 5 and 15 mo of age. 1 (light gray) corresponds intact neurons, 2 (black) to dead 
neurons, and 3 (gray) to damaged neurons. Adapted from (Maksimova et al., in press).

generally occur after the age of 65, are 
sporadic forms of AD.4 This observation 
calls for creation of new models, which 
will allow for studies of the pathogenesis 
of this particular form of AD.25 Only one 
widely accepted spontaneous model of 
sporadic form of AD exists: senescence-
accelerated SAMP mice.3,22,26

This review is focused on our recent 
results, which offer promising evidence 
that the mechanisms of brain aging 
and neurodegenerative processes in 
senescence-accelerated OXYS rats are 
similar to those in AD. The OXYS rat 
strain was developed at the Institute of 
Cytology and Genetics, Russian Academy 
of Sciences (Novosibirsk), from Wistar 
stock via selection for susceptibility 
to cataractogenic effect of a galactose-
rich diet and via inbreeding of highly 
susceptible rats.27 After 5 cycles of 
inbreeding, feeding of galactose-rich diet 
and selection, the subsequent generations 
of rats developed cataracts spontaneously, 
without the galactose-rich diet. These 
rats were registered in the Rat Genome 
Database as the OXYS rat strain (http://
rgd.mcw.edu/). At present, we have the 
102nd generation of OXYS rats with 
spontaneously developing cataract and 
accelerated senescence syndrome, which 
is characterized by early development of 
a phenotype similar to human geriatric 
disorders. This pathological phenotype 
primarily includes accelerated thymus 
involution,28-30 retinopathy similar to 
human AMD,31-34 high blood pressure,35 
and senile osteoporosis.36-38 Accelerated 
brain aging manifests itself in OXYS 
rats as early development of behavioral 
and cognitive alterations against the 
background of neurodegenerative 
changes driven by an AD-like metabolic 
pathway.39-43

Behavioral Impairments and 
Learning Deficits in OXYS Rats

Aging in humans and in experimental 
animals is associated with slow 
deterioration of cognitive function, 
particularly of learning and memory, and 
with an increased risk of neurodegenerative 
disorders.44-46 Both aging and age-
associated neurodegenerative changes are 
linked to the development of behavioral 
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impairments; consequently, increased 
anxiety, worsened neuromuscular 
coordination, and decreased performances 
in exploratory tests are considered markers 
of neurological aging.

We showed that behavior of young 
OXYS rats is similar to the behavior of 
old Wistar rats.40,41,43 At the age of 3 mo, 
OXYS rats exhibit significantly reduced 
locomotor and exploratory activities in 
the open field test and increased anxiety 
in the elevated plus maze test. These 
impairments progressively increased with 
age in OXYS rats, compared with Wistar 
rats.

In OXYS rats, the development 
of cataract and retinopathy coincides 
with behavioral aberrations; thus, the 
behavioral changes might be influenced 
by impairment of sensory organs. In 
3-mo-old OXYS rats, however, only 
early or mild stages of cataracts and 
retinopathy are present; therefore, vision 
cannot be significantly impaired. The 
behavior of 3-mo-old OXYS rats does not 
correlate with the initial sings of cataract, 
but at old age, when severity of cataract 
and retinopathy considerably increases, 
their negative effects on performance in 
behavioral tests are apparent in animals 
with pronounced changes of retina and 
lenses.

The early period of postnatal 
development is thought to be a critical 
period for the future development of 
healthy brain function. Therefore, for 
elucidation of causative factors underlying 
the development of behavioral deficits 
and for identification of their connection 
with changes at the molecular level, it 
is necessary to conduct studies of the 
brain function and behavior in the early 
postnatal period. Bearing this in mind, we 
examined the behavior of OXYS rats at the 
age of 4 wk. We did not find significant 
behavioral differences between OXYS and 
Wistar rats either in the open field or in 
the elevated plus maze tests.43

OXYS rats develop early learning and 
memory deficits, but the studies using a 
variety of learning techniques (passive 
avoidance, object recognition, 8-arm 
radial maze, and Morris water maze) 
have demonstrated the existence of test-
dependent differences in learning ability. 
Investigation of learning ability in a 

single-trial passive avoidance test showed 
that at 3 mo of age, OXYS rats have 
significant associative learning deficits 
compared with Wistar rats.47 During 
familiarization with the experimental 
chamber, OXYS rats showed a higher rate 
of transition to the dark compartment 
compared with Wistar rats. This 
difference can also be attributed to a weak 
response to novelty, which can impair 
learning. During conditioning, OXYS 
rats showed increased responsiveness to 
pain stimuli and a delayed escape from 
the dangerous compartment. All these 
factors can interfere with acquisition 
of new information and prevent the 
formation of memory traces. These 
deficits progressively worsened with age.48

In the Morris water maze, the old rats 
show reduced spatial memory compared 
with young rats, while young and middle-
aged animals do not differ from each 
other.49 We have shown that young (age 
3 mo) and middle-aged (age 12–16 mo) 
Wistar rats display the same level of 
spatial learning, whereas learning and 
memory deficits in OXYS rats became 

progressively worse between ages 3 and 
16 mo, pointing to gradual deterioration 
of cognitive function.40-43 In contrast, 
OXYS rats demonstrate learning and 
reference memory deficits in the 8-arm 
radial maze already at 3 mo of age (data 
in preparation).

Neuronal synaptic dysfunction 
is a significant factor contributing 
to the memory loss in AD.50 Age-
associated cognitive decline in OXYS 
rats, particularly impairment of spatial 
learning, is associated with changes in the 
hippocampal synaptic plasticity including 
a deficit in long-term potentiation (LTP) 
starting at 3 mo of age.51 The well-known 
fact that LTP is a substrate for memory has 
helped to focus the research on a specific 
and easily studied form of plasticity. No 
neurobiological candidate other than 
LTP satisfies these requirements for an 
encoding mechanism. Plasticity, the 
process through which synapses modulate 
their strength and form new connections 
with other neurons, serves a particularly 
important role in the response to injury 
and disease, including AD.52

Figure 2. T2-weighed MRI images of demyelinating foci in 3-, 12-, and 24-mo-old Wistar and OXYS 
rats. (A) The presence of foci of demyelization in 3-, 12-, and 24-mo-old Wistar and OXYS rats 
(% animals). (B) OXYS rats have a greater number of demyelinating foci compared with Wistar rats. 
(C) Axial slices of the brain of 3-, 12-, and 24-mo-old Wistar and OXYS rats. The arrows point to foci 
of demyelization. The data are shown as mean ± SEM. Legend: *P < 0.05 for differences between 
the strains. Adapted from reference 34.
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Signs of Neurodegeneration  
in OXYS Rats

The development of behavioral 
alterations in OXYS rats coincides with 
the first signs of neurodegeneration 
identifiable by means of light microscopy 
and magnetic resonance imaging (MRI). 
AD is associated with dysfunction and 
eventually death of brain neurons. 
Critical for learning and memory, the 
hippocampus is one of the first brain 
regions to be affected by AD.53 The 
analysis of the neuronal populations 
CA1 and CA3 (Fig. 1) and dentate gyrus 
regions of the hippocampus of OXYS 
rats demonstrated a progressive age-
dependent loss of neuronal cells. The 
neuronal populations in all regions of the 
hippocampus of OXYS rats are increased 
at 5 mo of age compared with age-matched 
Wistar rats. We hypothesized that 
enhanced neurogenesis at this age could 
serve as an endogenous compensatory 
mechanism of repair. This phenomenon 
may also be explained by the increased 
production of immature neurons in the 
hippocampus of OXYS rats. In any case, 
the dysfunctional neurogenesis in the 
brain leads subsequently to subtle early 
manifestations of the disease, which could, 
in turn, render neurons more vulnerable 
to AD and contribute to memory 
impairment. Neuronal loss is usually 
prominent in the hippocampus, especially 
the CA1 region, and manifests itself 
further throughout the cerebral cortex, 
increasing with disease progression.54,55 In 
the CA1, CA3, and dentate gyrus regions 
of the hippocampus in OXYS rats, the 

significant structural changes of neurons 
develop by the age of 3–5 mo and increase 
with age (Maksimova et al., in press). 
The most pronounced neurodegenerative 
changes occur in the CA1 and CA3 regions 
(Fig. 1) of the hippocampus of OXYS rats: 
the percentage of dead or damaged neurons 
is significantly larger than that in Wistar 
rats at 5 and 15 mo of age. In addition, 
5-mo-old OXYS rats have a significantly 
lower average body size and smaller nuclei 
of pyramidal neurons in the CA1 region 
of the hippocampus compared with age-
matched Wistar rats. With age, these 
changes progress, and 15-mo-old OXYS 
rats exhibit a significant decrease in the 
amount of bodies and nuclei in all regions 
of the hippocampus that we studied. Thus, 
the increased neuronal populations in the 
hippocampus of 5-mo-old OXYS rats may 
represent a mechanism directed toward 
the replacement of dead or damaged 
neurons. Both the increase and decrease 
in neurogenesis have been observed in 
the brains of transgenic rodents that 
partly mimic AD pathology.56,57 It has 
been shown that there are several possible 
reasons for the limited repair capacity of 
neurogenesis in AD.58-60 First, the rate or 
extent of cell loss may be too great for a 
quantitatively significant replacement to 
be achieved. Second, the neurons that 
are produced may be ineffective, because 
they do not develop into fully mature 
functional neurons, because they do not 
develop into the right type of neurons, or 
because they are incapable of integrating 
into the surviving brain circuitry. Third, 
the microenvironment of the AD brain 
may be toxic to new neurons.

The early development of 
neurodegenerative processes in OXYS rats 
is perhaps due to the fact that the brain 
development is accompanied by hypoxia 
caused by a delay in the formation of 
microvasculature.43 This notion is 
supported by a decrease the mitotic activity 
of vascular endothelial cells in the pia 
mater of the brain of OXYS rats compared 
with Wistar rats in the early postnatal 
development, when a development gap 
was identified in the formation of both 
arterial and venous microvessels. The 
same state of the microcirculatory system 
was found in the mesentery, suggesting 
that the observed deficits most likely 
represent a manifestation of systemic 
alterations rather than isolated local 
events.43 By the end of the first month 
of postnatal development, the differences 
in proliferation rate between OXYS 
and Wistar rats disappeared; however, 
alterations in energy metabolism were 
found in OXYS rats during the first month 
of life, particularly in phosphocreatine 
metabolism and phospholipid turnover, 
which are suggestive of adaptation to 
hypoxia in the OXYS rat brain.61

With age, the adaptive resources 
of OXYS rats decline. Examination of 
cerebral vessels and parameters of cerebral 
blood flow on MRI (in 12-mo-old OXYS 
rats) revealed structural and functional 
changes, including reduced reactivity of 
vessels typical for chronic ischemia,62,63 
a condition that inevitably contributes 
to the progression of neurodegenerative 
changes. Chronic ischemia induced by 
diffuse insufficiency of blood supply to 
the brain leads to deterioration of brain 

Figure 3. T2-weighed MRI images of lateral ventricles in 3-, 12-, and 24-mo-old Wistar and OXYS rats. (A) Axial slices of the brain of 3-, 12-, and 24-mo-old 
Wistar and OXYS rats. Increases in the size of lateral ventricles in OXYS rats are visible (the arrows). (B) In 3-, 12-, and 24-mo-old OXYS rats there was an 
enlargement of the lateral ventricles compared with Wistar rats. The data are shown as mean ± SEM. Legend: *P < 0.05 for differences between the 
strains. Adapted from reference 34.
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function and to the development of 
cognitive and behavioral deficits in elderly 
people. The signs of tissue hypoxia and 
ischemia were also identified in the retina 
of OXYS rats. According to fundoscopy 
findings, the incidence of chorioretinal 
degeneration sharply increased in OXYS 
rats by the age of 4.5 mo, when retinopathy 
is observed in all animals. Morphological 
analysis showed that OXYS rats exhibit 
rapid expansion of the choriocapillaris, 
with concomitant evidence of disturbances 
of blood flow. The specific area of vessels 
with signs of partial occlusion of retinal 
vessels is significantly greater in young 
OXYS rats compared with Wistar rats.32,33 
Overall, the changes in the chorioretinal 
complex of OXYS rats64,65 reflected a 

typical reaction to chronic hypoxia, one of 
the leading factors in the pathogenesis of 
AMD.

To sum up, the brain development 
in OXYS rats occurs under conditions 
of hypoxia, which are detectable in 
the early postnatal period, and this 
phenomenon might strongly affect the 
future development of brain function and 
behavioral impairments in these animals. 
The accumulation of different vasculotoxic 
and neurotoxic macromolecules in the 
brain as a result of hypoxia and the reduced 
cerebral blood flow can initiate neuronal 
dysfunction and neurodegenerative 
changes regardless of or prior to Aβ 
deposition.66 Neurovascular dysfunction 
as an integral part of AD may influence 

the onset and progression of cognitive 
decline and the establishment of a chronic 
neurodegenerative process.

Using MRI, we detected demyelinating 
lesions in the brain of 3-mo-old OXYS 
rats; these lesions progress with age 
(Fig.  2). Such lesions were not found in 
young Wistar rats.41,63,67 Demyelination 
occurs both during healthy brain aging 
and in AD, but the magnitude of changes 
is significantly different.68 With age, 
demyelination is detectable in Wistar rats, 
but in middle-aged and aged animals the 
number of demyelinating foci is smaller 
than that in age-matched OXYS rats 
(Fig. 2B).

In addition, according to MRI, the 
cross-section area of lateral ventricles, 

Figure 4. Time course of progression of AD-like pathology, as a percentage of either 0.5- or 3-mo-old OXYS rats in a group. (A) Rats exhibited a 47% loss 
of neurons in the CA1 region of the hippocampus between 0.5 and 12 mo of age. In addition, a 102% increase in the phospho-tau T181 level occurred 
between 3 and 23 mo of age. Total Aβ expression increased by 333% between 3 and 23 mo of age. (B) Aβ1–42 level is increased in the hippocampus of 12- 
and 23-mo-old but not 3-mo-old OXYS rats compared with disease-free (control) Wistar rats. Staining for Aβ1–42 (red). DAPI staining (blue) corresponds to 
cellular nuclei. Scale bars: 20 μm. (C) Photomicrographs demonstrate the Aβ deposits in the brain of OXYS rats detected by MOAB-2, clone 6C3. Scale bars: 
50 μm. (D) Immunostaining for Tau (green) and phospho-tau T181 (red) in the cortex of 18-mo-old OXYS and Wistar rats. DAPI staining (blue) corresponds 
to cellular nuclei. The arrow shows colocalization of Tau and phospho-tau T181 in OXYS and Wistar rats, whereas the arrowhead shows phospho-tau 
T181 in OXYS rats. Scale bars: 20 μm. (E) The percentages of dead or damaged neurons in the CA1 region of the hippocampus in 15-mo-old OXYS rats 
are significantly greater compared with Wistar rats. Neurons were stained with cresyl violet. Adapted from reference 34 and Maksimova et al. (in press).
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which is proportional to their volume, 
is larger even in 3-mo-old OXYS rats 
and still larger in middle-aged and 
aged animals compared with aged-
matched Wistar rats (Fig. 3). Alterations 
in cerebrospinal f luid dynamics are 
associated with normal aging and AD.15 
Enlarged cerebral lateral ventricular 
volumes are the evidence of early 
neurodegenerative changes that caused 
an imbalance between production and 
turnover of the cerebrospinal f luid, a 
problem that is also inherent in AD. As 
a result, with age, cerebrospinal f luid 
turnover becomes inversely related to 
accumulation of Aβ in the brain.

Significant cognitive deficits and 
progressive neurodegenerative changes 
in OXYS rats develop along with a 4% 
reduction in the brain volume by the age of 
12 mo compared with 3-mo-old animals of 
the same strain. The volume of the Wistar 
rats’ brains during this period is increased 
by 4%. It is known that the reduction 
of the brain volume may be indicative of 
the development of neurodegenerative 
disease.69-71 The body weight of OXYS 
rats at 12 mo of age reaches its maximum 
and does not yet begin typical age-related 
decline. Consequently, the decrease 
of brain volume of OXYS rats by age 
12 mo probably points to progressive 

Figure 5. Aβ1–42 level is increased in the retina of OXYS rats compared with disease-free (control) 
Wistar rats. (A) Levels of Aβ1–42 of OXYS and Wistar rats at the age of 3, 13, and 23 mo (ELISA). *A 
statistically significant difference between the strains of the same age; #significant age-related 
differences compared with the previous age within the strain. (B–E) Confocal immunofluorescent 
images depict a weak Aβ (red) signal detected in a 3-mo-old Wistar rat (B), a stronger signal in a 
3-mo-old OXYS rat (C), and strong staining in 18-mo-old rats of both strains (D and E). Cell nuclei 
are stained with DAPI (blue). The scale bar is 50 μm. RPE/BrM, retinal pigment epithelium/Bruch 
membrane; ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer. Adapted 
from reference 86.

neurodegenerative changes. Thus, 
our data demonstrate that progressive 
neurodegenerative changes play a major 
role in the accelerated brain aging of 
OXYS rats.

Oxidative Stress and 
Mitochondrial Dysfunction  

in OXYS Rats

Mitochondrial dysfunction and 
oxidative stress are 2 interdependent 
and mutually reinforcing damage 
mechanisms that figure prominently both 
in the physiological aging process and 
in neurodegeneration.72-75 It is generally 
believed that oxidative stress—defined 
as a disturbed equilibrium between the 
pro- and antioxidant systems, leading to 
accumulation of oxidatively damaged 
macromolecules—is involved in age-
related changes in cognitive function 
and in pathogenesis of neurodegenerative 
diseases such as AD.76

Previously, the accelerated senescence 
in OXYS rats had been linked to the 
“congenital overproduction of free 
radicals”, which was a key feature in the 
registration in the Rat Genome Database 
(http://rgd.mcw.edu/). On the other 
hand, our research into oxidative stress 
markers in OXYS rats has demonstrated 
that accumulation as well as imbalance of 
these markers in redox regulation appears 
later than the main manifestations of 
accelerated senescence.48,77,78 Higher 
superoxide dismutase (SOD) activity and 
a decreased level of reduced glutathione 
in the brain of young OXYS rats indicate 
effective functioning of the antioxidant 
system: probably the result of increased 
production of free radicals. SOD activity 
is affected by reactive oxygen species 
and can increase in response to oxidative 
stress; therefore, one could say that the 
observed increase in SOD activity in the 
brain of young OXYS rats reflects either 
the adaptation to more rapid oxidative 
metabolism or increased generation of 
reactive oxygen species (ROS) in the brain 
of OXYS rats.

In the course of the neurodegenerative 
process, several regions of the brain 
become particularly vulnerable to damage 
by oxidative stress. In AD, the activation 
of free radical formation initiated by 



www.landesbioscience.com	 Cell Cycle	 7

neurodegeneration and neuronal death 
occurs in brain regions involved in 
memory and learning, specifically the 
hippocampus, cortex, and subcortical 
nucleus. The emotional and cognitive 
dysfunction in OXYS rats manifests 
earlier than does age-related accumulation 
of oxidized proteins and lipids in the 
brain.78 In all regions of OXYS rats’ brains, 
there is no generalized activation of lipid 
peroxidation (LPO) processes, which 
reflect the oxidative status of tissues. 
In young OXYS rats, however, 4 brain 
structures—i.e., midbrain, hippocampus, 
nuclei accumbens, and striatum—are 
characterized by an increased level of LPO 
products. The above regions are involved 
in memory and learning.

The level of LPO has been commonly 
accepted as an oxidative stress marker, 
whose increase is associated with 
oxidative damage and insufficiency of 
the antioxidant system. It is now evident, 
however, that the concept has been 
oversimplified, and that the intensity of 
ROS generation in various brain regions 
strongly depends on energy metabolism 
and electrophysiological activity of the 
brain.79,80 Furthermore, species-specific 
traits of animals’ behavior are linked to 
peculiarities of brain oxidative metabolism. 
These peculiarities are determined by the 
ratio of oxygen supply and consumption 
to activities of oxidative enzymes. The 
alterations in the energy metabolism in 
OXYS rats during the first month of 
life, the most important period of brain 
development, together with enhanced 
membrane lipid catabolism might be a 
possible reason for the delayed formation 
of the capillary system of the brain.

Although we did not assess considerable 
differences between OXYS and Wistar 
rats in oxidative stress markers under 
normal conditions, these differences 
became apparent under the conditions 
of emotional stress. Insufficiency of the 
antioxidant system together with the 
initially activated adrenal–cortical system 
in OXYS rats resulted in a decrease in their 
stress resistance compared with Wistar 
rats. According to other authors, stress 
resistance in mammals is detectable even 
early in the life of long-lived mutants and 
is believed to be the cause, rather than an 
effect, of delayed aging processes.81 Many 

genes that affect life span have been shown 
recently to influence stress resistance. 
Besides, there is a complicated interaction 
between stress resistance, mitochondrial 
function, and life span that has not yet 
been fully studied.

Mitochondria are responsible for 
supplying energy, but they are also the 
main generator of ROS. The latter come 
from oxidative phosphorylation and 
are neutralized by several antioxidant 
enzymes, such as SOD, catalase, and 
cytochrome oxidase. Mitochondrial 
aberrations increasing with age were found 
in OXYS rats.82,83 Functional disturbances 
include a low phosphorylation rate during 
oxidation of glutamate, malate, and 
succinate. Biochemical changes manifested 
themselves as a decrease in cytochrome 
content and F1F0-ATP-synthetase 
activity and an increase in cytochrome 
b5 concentration. Ultrastructural changes 
include a decrease in mitochondrial volume 
and surface density and appearance of 
mitochondria with destroyed cristae and 
lysed matrix. Besides, our results indicate 
that the rate of O

2
 and H

2
O

2
 production 

in the electron transport chain of liver 
mitochondria is lower in OXYS rats. This 
state of mitochondria in OXYS rats may 
be described as mild uncoupling. There 
is strong evidence that mild uncoupling 
attenuates mitochondrial ROS production 
and protects against cellular damage. 
Thus, mild uncoupling is viewed by many 
researchers as a protective mechanism 
that minimizes ROS production in adult 
tissues and preserves mitochondrial 
function with age. We also concluded43 
that mitochondrial mild uncoupling 
found in OXYS rats most likely represents 
an adaptive response to some pathological 
conditions. A slight decrease in the 
transmembrane electrical potential (Ψ) 
and intensification of nonphosphorylative 
respiration maintain the low level of the 
concentrations of O

2
 and single-electron 

reducing agents (e.g., ubisemiquinone 
radical QH), thereby reducing the risk of O

2
 

formation. Normal aging is accompanied 
by similar changes. Moreover, the increase 
in proton conductance of the inner 
mitochondrial membrane is considered 
uncoupling for saving.84,85 Despite 
insignificant production of ROS, the 
inhibition of oxidative phosphorylation 

in mitochondria of OXYS rats and 
age-related energy deficiency shift the 
prooxidant–antioxidant balance toward 
prooxidants, which is followed by 
oxidative stress. OXYS rats have high 
content of cytochrome b5 on the outer 
mitochondrial membrane. It should be 
emphasized that ubiquinone possesses 
both prooxidant (reduction of O

2
 to O

2
–) 

and antioxidant activities (scavenging of 
OH– and lipid and tocopherol radicals). 
The decrease in ubiquinone content 
suppresses O

2
 production, but intensifies 

oxidation of lipids by free radicals.
Our data from an RNA-Seq study 

(RNA sequencing, also known as whole-
transcriptome shotgun sequencing) 
showed changes of mitochondrial gene 
expression in the retina of OXYS rats.86 
Significantly decreased expression 
was found for Cox8b (cytochrome c 
oxidase, subunit VIIIb), an enzyme of 
the mitochondrial respiratory chain that 
is also involved in the AD pathway.87 
Furthermore, at the age of 3 mo, mRNA 
levels of many mitochondrial genes in the 
OXYS rats’ retinas are the same as those of 
18-mo-old Wistar rats.

Thus, our data demonstrate that 
progressive mitochondrial dysfunction 
plays a major part in orchestrating 
accelerated aging of the brain and in the 
development of oxidative stress-associated 
disorders in OXYS rats, suggesting that 
mild mitochondrial uncoupling is highly 
effective at supporting in vivo antioxidant 
mechanisms.

The AD-Like Metabolic Pathway 
in OXYS Rats

Aβ is produced during normal 
cellular metabolism and is secreted to the 
extracellular milieu of the human brain, 
which is in contact with cerebrospinal 
fluid, where Aβ is also detectable.52 In 
other words, a physiological role of Aβ 
in the central nervous system has been 
documented.88 Aβ is involved in ion 
channel modulation, kinase activation, 
regulation of cholesterol transport, 
protection against metal-induced 
oxidative damage, synaptic plasticity, 
neuronal survival, and transcriptional 
regulation of AD-associated genes. The 
pathological accumulation of Aβ, the 
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canonical dysfunction of AD, is associated 
with an imbalance between its production 
and clearance as a result of disease-causing 
changes in the processing of AβPP in 
the brain.89 AβPP is a transmembrane 
protein expressed in the adult brain, 
where it participates in synaptogenesis 
and synaptic plasticity.26 OXYS rats 
overproduce AβPP protein by 13 mo of 
age, and the protein levels remain high 
subsequently at 23 mo of age.41 Thus, 
histopathologically, Aβ accumulates in 
the hippocampus and cortex of OXYS 
rats with age (Fig.  4A–C). Total Aβ 
content increases by 333% between the 
ages 3 and 23 mo. It is noteworthy that in 
3-mo-old OXYS rats, when the behavioral 
alterations become manifested and first 
signs of neurodegeneration become 
detectable by MRI and light microscopy, 
there are no differences between OXYS 
and Wistar rats in the Aβ

1–42
 and AβPP 

levels in the cortex and hippocampus. 
In general, in the rodent models of AD, 
Aβ accumulation occurs later than do 
anomalous behavioral patterns49,90,91 and 
significant loss of neurons.55

It should also be noted that the 
abnormal excessive accumulation of 
Aβ in the brain of OXYS rats by 13 mo 
of age happens after the appearance of 
mitochondrial dysfunction, which take 
place at 3 mo of age.82,83 It has been 
shown that the decreased expression 
of mitochondrial respiratory chain 
complexes (I and III) and the impairment 
of mitochondrial respiration are 
detected before accumulation of Aβ and 
formation of plaques,92,93 suggesting 
that mitochondrial dysfunction and 
oxidative stress may play a role at an early 
stage of AD.94,95 In addition, a stronger 
reduction in mitochondrial membrane 
potential and in ATP levels was found 
in double transgenic APP/PS1 (APPS/L/
PS1 M141L) mice.96 Overall, these data 
imply that Aβ-dependent mitochondrial 
dysfunction starts early and accelerates 
substantially with age.97

At present, it is debated whether the 
development of AD and AMD involves 
common metabolic pathways.15-18 AMD 
is characterized by accumulation of 
extracellular deposits called drusen, in 
which Aβ is a key constituent. These 
deposits result in dysfunction of the 

transepithelial barrier, RPE atrophy, 
and subsequent degeneration of the 
neural retina. Aβ causes RPE alterations 
and pathological changes leading to 
retinal degeneration. It also serves as an 
activator of the complement cascade and 
is associated with activated macrophages. 
The presence of these cells may be 
indicative of an attempt to clear Aβ, but 
it has also been suggested that they may 
be accomplices in the development of 
AMD.98 Recently, we showed that Aβ

1–42
 

accumulates with age in the OXYS retina, 
but its level is not elevated at the early stages 
of retinopathy (age 3 mo, Fig.  5). The 
Aβ

1–42
 level increased in retina of middle-

aged and old OXYS rats, when these rats 
present with severe stages of the disease 
with pronounced neurodegenerative 
changes and a progressive loss of 
photoreceptors, which could possibly be a 
result of apoptosis.99 Several components 
of signaling pathways known to inhibit 
apoptosis (Birc3, Cdc2, Bcl2l10, Aven, 
and others) are downregulated in young 
OXYS rats.

In addition, the region of quantitative 
trait loci responsible for the manifestations 
of accelerated senescence in OXYS 
rats34 is enriched in genes participating 
in neurodegeneration. By means of the 
DNA arrays, in the OXYS retina, we 
found alterations in expression of several 
genes involved in the AD metabolic 
pathway: neurodegenerative changes and 
transcriptional changes of Picalm and 
Apba.99 PICALM (phosphatidylinositol 
clathrin assembly lymphoid–myeloid 
leukemia) appears to serve a critical 
function in clathrin-mediated 
endocytosis. Thus, both overexpression 
and underexpression of PICALM disrupt 
the processes of endocytosis, which plays 
an important role in the nervous system.100 
Recent genome-wide association studies 
(GWAS) have found that PICALM 
mutations are significantly associated 
with AD, suggesting that PICALM has 
a hand in AβPP endocytosis and Aβ 
generation.101,102

APBA2 is a neuronal adaptor protein 
that interacts directly with AβPP and 
stabilizes it, thereby inhibiting the 
production of proteolytic fragments (Saito 
et al. 2008). There are no aberrations in 
the expression of APP in the OXYS retina. 

As noted above, the vast majority of AD 
cases are sporadic. A number of genetic 
mutations have been identified that result 
in familial forms of AD.103,104 The APP-
processing pathway occupies the center 
stage in identification and characterization 
of the mutations that produce familial 
forms of AD, but only ~10% of these 
involve modifications in the APP gene 
itself.105 Although in familial forms of 
AD, APP mutations result in an increased 
Aβ production or aggregation, in sporadic 
AD, failure of the clearance mechanisms 
might be more important.106

There is a growing body of convincing 
evidence107 that any disturbances in 
immune defenses can accompany AD 
disease, not only upregulation, but 
also downregulation, which can be 
explained within the framework of the 
immunosenescence theory. Our data 
indicate that AD-like pathology and 
accelerated senescence in OXYS rats in 
general may derive from an imbalance of 
immune response, including alterations 
in inflammation.86 Pathway analysis 
of RNA-Seq data revealed significant 
downregulation of immune system genes 
in OXYS rats’ retinas that include many 
regulators of immunity, such as leukocyte 
markers, chemokines, cytokines, 
complement components, interferon-
inducible proteins, and MHC (major 
histocompatibility complex) genes. The 
possible causes of the immune imbalance 
can be the accelerated thymus involution, 
a reduced level of delayed hypersensitivity 
reaction, and a decline of T cell-mediated 
immunity in OXYS rats.28-30 Progressive 
involution of the thymus, a hallmark 
of aging, leads to a decline of those 
immune functions that are related to T 
cell-dependent immunity.108,109 Because 
immunosenescence is progressive and 
generalized deterioration of immune 
functions that affects all cells and organs 
of the innate and adaptive immunity, 
it can be assumed that the immune 
imbalance (most likely provoked by 
accelerated thymic involution) can 
create a specific metabolic background 
for development and progression of the 
many manifestations of the accelerated 
senescence in OXYS rats. Also such altered 
cellular immune responses in OXYS rats 
may be the result of dysregulation of 
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inter- and intracellular signal transduction. 
The questions still linger as to whether the 
observed decline in immune response is a 
cause or a consequence of the cross-talk 
among various impaired systems in OXYS 
rats, which we will study in the near future.

Another important characteristic of 
AD-like pathology observed in OXYS 
rats is hyperphosphorylation of tau.41 
The pathophysiological relevance of tau 
phosphorylation in AD is still a subject 
of debate.104 Accumulating evidence 
indicates that the initiator of the disease 
process is alterations in the Aβ peptide.110 
Aβ stimulates phosphorylation of the 
tau protein through glycogen synthase 
kinase, leading to neurofibrillary tangles: 
an effect directly causing synaptic damage 
and memory impairment. According to 
other authors, the aberrant accumulation 
of Aβ leads to mitochondrial dysfunction 
resulting in production of ROS, which, in 
turn, stimulates phosphorylation of tau.3,75 
We uncovered hyperphosphorylation 
of tau in OXYS rats, noticeable before 
accumulation of Aβ (Fig.  4A). The 
significant increase in the level of the 
tau protein and its phosphorylation in 
the cortex and hippocampus were found 
already in 3-mo-old OXYS rats compared 
with age-matched Wistar rats; both of these 
parameters were elevated further at 13 and 
23 mo of age.41 As shown in Figure 4A, the 
phospho-tau T181 level increases by 102% 
between 3 and 23 mo of age.

The time point of development of 
tau pathology in OXYS rats coincides 
with the manifestation of mitochondrial 
dysfunction, an imbalance in immune 
response, behavioral abnormalities, and 
first signs of neurodegenerative changes. 
The hyperphosphorylation of tau reduces 
its affinity for microtubules that can cause 
destabilization of the microtubules and 
an increase in the amount of unbound 
tau. These processes disrupt cellular 
transport systems and cause a synapse loss 
and, ultimately, many neurons die, thus 
leading to dysfunctional neural circuits 
and cognitive decline.110 It is likely that 
the synapse loss and neuronal dysfunction 
in young OXYS rats is due to impaired 
cellular transport and may contribute 
to early cognitive deficit and, later in 
the course of the disease, to an extensive 
neuronal loss.

What becomes a starting point of 
AD-like pathology in OXYS rats for 
the time being remains unclear. The 
significant tau and Aβ pathology 
associated with neurodegenerative 
diseases develop in OXYS rats with age. In 
this regard, rapidly developing rotenone-
induced Parkinson-like pathology in 
OXYS rats is worth mentioning.67

Conclusion

Undoubtedly AD is a multifactorial 
disease and involves several etiopathogenic 
mechanisms. In the last decade, research 
efforts on aging and age-related deficits 
rapidly expanded and greatly advanced 
our understanding of the molecular 
and cellular mechanisms that result in 
neuronal dysfunction and death and of 
the genetic and environmental risk factors 
of AD. Nevertheless, many questions 
remain to be answered about how changes 
in the late-onset sporadic form of AD, 
which accounts for over 95% of all cases, 
lead to neurodegeneration and how to 
prevent or reverse these changes. To date, 
there has been only limited success in the 
development of an experimental animal 
model of sporadic AD.25

Our studies of OXYS rats 
demonstrated that this strain constitutes 
an interesting rodent model of sporadic 
form of AD. OXYS rats are characterized 
by the progressive cognitive and 
behavioral dysfunction associated with 
a loss of synapses, neuronal cell death, 
hyperphosphorylation of tau, and 
increased cerebral AβPP and Aβ levels. 
At the same time, the accumulation of Aβ 
occurs later than the above manifestations 
of accelerated brain aging in OXYS rats. 
This is consistent with the idea that Aβ 
may not be playing a direct or indirect role 
in cell death, but, in theory, that cell death 
has an impact on Aβ accumulation.

Although it has long been accepted that 
accumulation of oxidative damage to brain 
macromolecules is a major factor in the 
development of age-related deficits, there 
are still many paradoxical and inconsistent 
findings. When investigating tissue 
oxidative damage in OXYS rats, we did not 
find a cause–effect relationship between the 
manifestations of accelerated senescence, 
such as impairment of brain function, and 

the ubiquitous accumulation of oxidatively 
damaged macromolecules, which precedes 
the appearance of behavioral and cognitive 
deficits. Only indirect involvement of 
oxidative stress in the development of these 
deficits has been demonstrated, which can 
be described as a build-up of tension in the 
antioxidant system, e.g., increased SOD 
activity and decreased glutathione level, 
as well as activation of LPO processes in 
the relevant brain regions responsible for 
learning and memory.

A deficiency in mitochondrial function 
may underlie the abnormal oxidative and 
tissue stress responses observed in OXYS 
rats. It is now known that oxidative stress 
can be either the cause or the consequence 
of cerebral functional deficits. In the case 
of OXYS rats, it is more likely to be the 
consequence of other functional problems, 
and although antioxidants can improve 
some behavioral deficits in OXYS rats, 
their positive effect is most likely a result 
of the ability to improve mitochondrial 
function. The mitochondria-targeted 
antioxidant SkQ1 is the most effective 
antioxidant in reducing the severity of the 
manifestations of accelerated brain aging; 
for example, it slows down pathological 
accumulation of AβPP and Aβ and 
attenuates hyperphosphorylation of the 
tau protein in OXYS rats.40,41

Based on all of our results discussed 
above, we can conclude that mitochondrial 
dysfunction and the imbalance in immune 
response are key for the development of 
AD-like pathology in OXYS rats. We 
believe that further experiments with the 
OXYS rat strain will yield new insights 
into the complex mechanisms underlying 
AD and may lead to new therapeutic 
strategies to combat this disease.
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