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Abstract: 

Introduction: Extracellular accumulation of beta-amyloid protein and intracellular accumulation of tau in brain 

tissues have been described in animal models of Alzheimer’s disease (AD) and mechanical stress-based diseases 

of different mechanisms, such as traumatic brain injury (TBI), arterial hypertension (HTN) and normal pressure 

hydrocephalus (NPH). 

Methods: We provide a brief overview of experimental models of TBI, HTN and NPH showing features of tau-

amyloid pathology, neuroinflammation and neuronal loss. 

Results: “Alzheimer-like” hallmarks found in these mechanical stress-based models were compared with AD 

features found in transgenic models. 

Discussion: The goal of this review is therefore to build on current concepts of onset and progression of AD 

lesions. We point to the importance of accumulated mechanical stress in brain as an environmental and 

endogenous factor that pushes protein deposition and neuronal injury over the disease threshold. We further 

encourage the development of preventing strategies and drug screening based on mechanical stress models. 
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Transgenic AD models: hallmarks and limitations 

 

Neuropathologically, AD is characterized by the extracellular accumulation of amyloid-β (Aβ) peptides in the core 

of the amyloid plaques and the intracellular accumulation of hyperphosphorylated tau protein in the form of 

neurofibrillary tangles (NFT) and neuropil threads. In addition to the tau-amyloid signature, oxidative damage, 

neuroinflammation, widespread synaptic loss, and neuronal death have been considered hallmark features of 

AD [1]. The amyloid cascade hypothesis initially proposed that Aβ is the principal etiopathological event in AD, 

since it triggers a cascade of processes leading to tauopathy, neuronal injury and cognitive impairment [2]. 

 

Animal models of AD have played a major role in defining critical disease-related mechanisms and have been at 

the forefront of how novel therapeutic approaches are evaluated. Many treatments currently tested in clinical 

trials stem from studies initially performed in rodent models [3]. Current transgenic models of AD are derived 

from the familial forms of the disease (FAD) that are indistinguishable from sporadic AD histopathologically [4]. 

On the other hand, the mechanisms underlying sporadic AD, more complex and numerous than the monogenic 

dominant mutations responsible for FAD, remain less well known and modelled [4]. Transgenic models of Aβ 

accumulation overproducing mutant amyloid precursor protein (APP) develop an amyloid pathology that is 

mostly similar to that found in the human brain. Doubly PS1-APP mutated transgenic models of Aβ accumulation 

develop the lesions earlier [5–7]. Neurofibrillary tangles, in contrast, are practically only found in transgenic mice 

overexpressing mutated tau [8] (while mutations of MAPT do not lead to AD in Human but in other 

neurodegenerative diseases such as frontotemporal dementia). Albeit mixed transgenic models with both Aβ 

and tau accumulation recapitulate the histological changes seen in AD the genetic changes needed for the 

expression of these pathologic hallmarks differs from those found in FAD [9]. In addition, many AD models do 

not recapitulate the neuronal and/or synaptic loss as observed in the human condition [4] . Inflammation, in 

turn, is not precisely modeled in mice, as there are differences between humans and AD transgenic mice with 

respect to the nature and severity of the inflammation. A number of mediators, such as complements, cytokines 

[10], Cdk5, and reactive oxygen species [11], associated with the activation of microglia and astrocytes 

surrounding Aβ plaques, have been found in both humans and AD transgenic mice. 
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Due to the complexity of the disease, none of the transgenic lines was able to recapitulate all aspects of AD 

pathology. It probably suggests the limitation in using a transgenic system to reproduce a human disease process. 

Another issue with transgenic models of AD is the fact that the overproduction of Aβ alone drives the pathologic 

process consistently with the amyloid cascade hypothesis [2]. So these transgenic models reproduce FAD, while 

most people have sporadic AD [4]. In sporadic AD, the disease is rather linked to an imbalance between 

production and clearance of Aβ leading to its accumulation over time. But the mechanisms leading to this 

imbalance remain poorly known. From a practical point of view, there is discordance in results between 

preclinical animal models and human clinical trials. Although they are highly useful in understanding AD 

pathogenesis transgenic models have some limitation which leads to the need to explore new venues in the 

scope of animal modeling of AD [4]. 

 

AD pathology and brain mechanics 

 

Physical forces, both from the external and the internal environment of the body, constantly influence organs. 

Neuronal tissues are continuously affected by physical stressors including gravity, temperature, 

electromagnetism, and pressure. The influence of mechanical energy on the brains of living organisms is 

omnipresent, as all cells are susceptible to mechanical forces. These stressors could be the cause, the 

consequence and/or might also simultaneously interact with neurobiological processes. For example, neuroglial 

proteins could be twisted, turned, ratcheted, flexed, compressed, expanded, and bent [12]. Consequently, these 

nanoscopic changes in neuron stress and tension can influence cell division, gene expression, cell migration, 

morphogenesis, cell adhesion, fluid homeostasis, ion channel gating, and vesicular transports [13–15]. The 

source of mechanical energy in the brain is, for example, provided by cerebrovascular blood flow accompanying 

every heartbeat in humans, which generates forces that can displace the brain tissue by tens of micrometers 

[16]. Consequently, the brain is not only an electrically sensitive organ but also a mechanically sensitive one [12], 

whose properties allow endogenous forces to regulate many aspects of the neuronal function. Over the past 

decades, the mechanical forces that influence neuronal processes have largely remained unexplored. 
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Epidemiological and neuropathological data have suggested a tight association between neurodegenerative 

diseases and the history of exposure to mechanical stress factors. Extracranial mechanical stressors predisposing 

an individual to AD later in life can be observed in TBI [17], while occupational exposure can be observed in 

athletes (boxers, football, and soccer players) and military personnel [18]. Changes in intracranial dynamics may 

also result in an increased risk of AD as seen in normal pressure hydrocephalus (NPH) [19], since AD pathology is 

often present in cortical biopsies of NPH patients. Neuropathological confirmation of AD in NPH cases may also 

indicate that NPH is overdiagnosed syndrome [20]. The expansion of CSF compartments in NPH alters brain 

dynamics through shrinkage of the parenchyma and reduced CSF turnover. Finally, cerebrovascular 

hemodynamic changes, caused by atherosclerosis, heart diseases, and arterial hypertension, also affect cognition 

and are among the most important risk factors for AD [21]. 

 

Surprisingly, many of these mechanical stress-based diseases carry pathological tau-amyloid hallmarks of AD, as 

observed in both humans and animal models. These AD-like features have been found in traumatic brain injury, 

arterial hypertension, and NPH models, which share a key common mechanical stress based-mechanism. 

 

AD pathology in mechanical stress-based models 

 

Brain injury 

Pathological analysis of traumatic brain injury (TBI) tissues in humans has led to notable findings regarding AD 

pathological features. Amyloidosis, for example, can be induced after TBI. It is manifested by amyloidogenic APP 

processing [22,23], increased levels of soluble Aβ42 [24], and an accumulation of diffuse and dense-cored 

amyloid deposits [25]. Tauopathy could also be induced by brain injury and manifested by increased 

phosphorylated tau protein levels [26] as well as the presence of NFT [27] with gliosis [28]. Moreover, TBI has 

been associated with neuroinflammation [29] and neuronal loss [30] in the patients’ brains. Neurocognitive 

syndromes associated with chronic traumatic encephalopathy (CTE) include personality change, memory 

impairment and dementia, as well as pyramidal and extrapyramidal dysfunction and cerebellar impairment [31]. 
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As observed in humans, several defining pathological hallmarks of AD are also present in numerous models of 

TBI using mice, rats, rabbits, pigs, and monkeys. Rodent models of TBI exhibit amyloidosis, tauopathy, 

neuroinflammation, and neuronal loss [32]. Each one of these AD hallmarks, in turn, could be induced by different 

mechanisms of injury. Focal injury [33], controlled cortical impact [34], closed head trauma [35], mild 

compression contusion [36], lateral fluid percussion [37], traumatic axonal injury [36], electro-coagulation [38] 

and penetrating needlestick injury [39] can prompt amyloidogenic APP processing and/or Aβ accumulation in 

rodents. Tauopathy can be exhibited in rodent models of mild repetitive trauma [40], blast injury, concussion 

[41], lateral fluid percussion [42] and penetrating needlestick injury [39]. Even if unspecific, neuroinflammation 

and/or neuronal loss have also been induced in these models by the mechanisms of controlled cortical impact 

[43,44], fluid percussion injury [45,46], weight-drop impact [47], and repetitive mild trauma [40]. Cognitive 

dysfunction, such as memory and object recognition impairment [48–52], as well as behavioral disturbances 

(anxiety and depression-like symptoms) [53–57] and sensorimotor deficits [58], has also been described in TBI 

models of different mechanisms. Repetitive mild TBI (rmTBI) models have shown temporal dynamics of total tau 

and phospho-tau levels consistent with development of learning, memory and motor impairments, as well as 

anxiety-like disorders [59]. However, since rmTBI models have also revealed cognitive deficits independent of 

increased Aβ or tau phosphorylation [60], it remains to be elucidated how these pathological hallmarks precisely 

correlate with behavioral dysfunction in TBI models [61]. 

 

Hydrocephalus 

Normal pressure hydrocephalus (NPH) is characterized by an excessive enlargement of the brain ventricles 

leading to parenchymal shrinkage, while cerebrospinal fluid (CSF) pressure measurements usually remain within 

the normal range. A clinical triad of gait disturbance, cognitive impairment, and urinary incontinence is variably 

present [62]. The pathophysiological cause of these findings has not been clarified in detail and the most 

commonly accepted hypothesis is that transient intracranial pressure peaks lead to chronic mechanical stress on 

the ventricular walls, ultimately resulting in ventricular dilatation and clinical impairment [63]. Several studies 

have demonstrated neuropathologic evidence of AD in NPH [19,64–66]. The frequency of AD features through 

cortical biopsies taken during shunt placement has been shown to be greater than that of the general population, 
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suggesting the existence of an AD-NPH syndrome [67] or indicate misdiagnosed NPH in pathologically confirmed 

AD cases. 

 

Animal models of NPH have revealed amyloid accumulation in aged rats in which hydrocephalus was induced by 

cisternal kaolin injection [68]. Furthermore, amyloid accumulation was revealed to be temporally and spatially 

related to hyperphosphorylation of tau in a manner similar to what is described in human NPH with associated 

AD pathology [69]. However, there is no evidence that tauopathy could be a consequence of NPH. It has been 

suggested that the underlying mechanisms of reduced Aβ clearance could explain amyloid accumulation in 

hydrocephalic rats. Although nonspecific feature of AD, neuronal death has also been described in experimental 

models of compensated [70] and non-compensated hydrocephalus in rats [71,72]. Neuroinflammation 

manifested by glial reaction has also been demonstrated in rat and dog models of hydrocephalus [68,73,74], also 

exhibiting impaired memory [74]. Adult rats with chronic kaolin hydrocephalus manifest decreased learning and 

spatial memory performances, gait ataxia and bradykinesia, comparable to NPH patients [75–78].  

 

Arterial hypertension models 

Arterial hypertension increases brain mechanical (hemodynamic) stress as a result of pulsating shock waves 

(some 30 million/year) produced by the external surface of the arterial wall in contact with the brain parenchyma 

[79]. Carnevale et al. [80] have found that mice that have been subjected to high levels of blood pressure show 

an accumulation of amyloid aggregates, as well as an initiation of the glial response in brain tissues. In this work, 

hypertension was mechanically induced by transverse aortic coarctation. Schreiber et al. [81] demonstrate age-

dependent extracellular deposition of Aβ and phospho-tau accumulation in a hypertensive rat model. 

Spontaneously hypertensive models, also useful for investigating the effects of hypertension on the cognitive 

function, have shown impaired learning and memory in rats but only with the presence of white matter and focal 

brain lesions. Aged hypertensive mice induced by infusion of angiotensin II have exhibited spatial memory object 

recognition impairments, yet tau and Aβ pathology was not reported in this model [82].  

 

Accumulation of Aβ in mechanical stress models 
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Aβ plaques without NFT found in the brains of AD transgenic mice are structurally similar to those in the human 

brain. They initiate as diffuse plaques consisting mainly of Aβ42, develop a dense Aβ42 core, and then 

incorporate Aβ40 as well as numerous other non-Aβ components, such as ubiquitin and α-synuclein [83], found 

in Lewy Body Disease cases. As in the human brain, these plaques stain positive with both thioflavin and Congo 

red, and show similar fibrillar structures in electron microscopy. Several models have been used in an attempt 

to clarify the mechanisms of plaque appearance after TBI. Aβ accumulation in rats was observed in axonal bulbs, 

and partially around them, one month to one year posttraumatically in rats [37]. A pig model of rotational head 

injury developed quite rapid diffuse deposits of Aβ three days after trauma, not increasing with time [84].  

 

While TBI models have proved useful in characterizing the accumulation of diffuse Aβ deposits, they failed in 

manifest mature dense plaques found in transgenic AD models (table 1).  This is likely due to the fact that these 

TBI animal models have a relatively low abundance of misfolded Aβ species that do not reach a critical threshold 

for aggregation [36,37,42,85–89]. While acute Aβ deposits following TBI are typically diffuse in nature, similar to 

those seen in early AD, those observed in long-term survivors from single TBI were more frequently fibrillar and 

dense, i.e. similar to those of established AD [27] This raises the question of whether AD amyloid dense deposits 

follow the pattern of diffuse (posttraumatic) Aβ pathology [90]. 

 

Unlike their wild-type counterparts used as TBI models, HTN rats exhibited increased cortical age-dependent 

extracellular ovoid cortical AβPP deposits and parenchymal eosinophilic material suggestive of amyloid “plaque-

like” accumulation [81], suggesting that HTA drives Aβ accumulation in brain tissues [91]. In hydrocephalic rats, 

Aβ42 immunostaining was characterized by small, medium, and large Aβ42 granular accumulations, reflecting 

the progressive aggregation [69] (table 1). 

 

Tauopathy in mechanical stress models 

 

Unlike humans with AD, transgenic mouse models based on Aβ accumulation do not develop NFTs, yet many do 

show increased tau hyperphosphorylation [92] (table 1). NFTs are practically only found in transgenic mice 
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overexpressing mutated human tau. Although blast-exposed wild-type mice recapitulated cellular accumulation 

of phospho-tau and pretangle tau protein neuropathology, it is notable that mature NFTs were not detected in 

these mice [32]. This apparent discrepancy with human TBI/AD tauopathy was explained by the early time points 

chosen for evaluation in TBI mouse studies or, alternatively, by the resistance of wild-type murine tau protein in 

forming neurotoxic aggregates in vivo [41]. Mice expressing human tau isoforms after repetitive TBI show 

increased phospho-tau immunoreactivity [40] and NFTs [93], commonly found in human TBI. Phosphorylated tau 

intracellular accumulation could be labeled in the brain of hypertensive rats [81,94]. In hydrocephalic rats, 

accumulated coarse phospho-tau granules appeared margined around the periphery of the neurons, in the 

proximal dendritic tree and at the axon hillock, seemingly representing “excess pTau” inclusions [69]. No 

tangle/pretangle pathology has been reported in hydrocephalus and hypertension rat models (table 1). 

 

Expanding possibilities: radiation and metabolic stress-based models of AD 

pathology 

 

Different physical stress mechanisms have been shown to induce tau-amyloid pathology. Exposure to 

electromagnetic pulses leads to oligomeric Aβ overexpression and long-term memory impairment in wild-type 

rats [96]. Ionizing radiation causes increased tau phosphorylation in primary neuron cultures, which involved 

oxidative stress-dependent and independent activation [97]. In humans, prophylactic cranial irradiation induces 

altered amyloid metabolism and increased CSF tau levels [98]. Such findings suggest the possibility that a broad 

spectrum of physical stressors could induce and accelerate amyloidosis and tauopathy. Even from a molecular 

point of view, physical stressors may also influence the biological pathways of AD. The high-temperature 

environment favors the formation of tau fibril structures by providing enough time and space for peptides to 

rearrange during the aggregation process [99]. 

 

Physical stressors cause direct structural damage to neurons, initiating a secondary mechanism of stress signals 

involving inflammation and oxidative structural damage [100]. Oxidative stress can cause toxic effects by 

producing peroxides and free radicals that damage all components of the cell, resulting in a traffic of electrons 
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from one atom or molecule to another, a change in electric potential and hence energy. Accelerated senescence 

rat models (OXYS rats) show increasing mitochondrial aberrations and dysfunctions with age, which is followed 

by an accumulation of oxidative stress. Accumulation of Aβ deposits, hyperphosphorylation of the tau protein 

and neuronal loss was observed in the hippocampus and brain cortex. No plaque or neurofibrillary pathology 

was reported [101]. Spontaneous senescence accelerated mice models (SAMP8) show early oxidative damage, 

overproduction of Aβ with late amyloid plaques, phosphorylated tau (NFTs not reported), neuron loss, gliosis, 

and memory impairment [102]. Table 2 compares five hallmark features from transgenic, mechanical stress and 

metabolic rodent models of AD pathology. Amyloidosis, tauopathy, gliosis, neuronal loss or cognitive impairment 

could be present in at least four of the five mechanisms of mechanical stress selected.   

 

Hypothesis behind AD pathology induced by mechanical stress  

 

Effects related to endogenous mechanical energy in AD pathology have been widely overlooked in hypotheses 

involving a postulated molecular amyloido-centric pathway such as the amyloid cascade theory [106] derived 

from reductionistic transgenic animal mutation models that do not account for the principles of mechanics. A 

more complex picture seems to progressively replace the unitary view of AD as a disease with a single sequential 

pathological pathway. Independent pathological processes (Aβ, tau, and possibly others) may be influenced by 

independent and common risk factors [107]. A great number of AD biomarker studies have suggested that Aβ 

and tau-related pathologies may occur in parallel and their onset and rate could be under the influence of a 

series of environmental risk factors [107].  

 

Several authors have already suggested the hypothesis that AD pathology is being driven by mechanical forces. 

Wostyn et al. and Silverberg et al. were the first to bring up the causative link between intracranial pressure and 

AD [108–112]. It has been shown that mechanical impedance (a measure of how much a structure resists motion 

when subjected to a given force) of the intracranial cavity and vessels plays a role in the pathophysiology of AD 

[113]. Some have set forth that the strength of the pulse waves induced by the vascular tree in the craniospinal 

cavity is the underlying vascular pathophysiology behind AD and other conditions like vascular dementia and 

NPH [114–117]. Barz et al. [118] set forth that mechanical changes accumulate in neuronal membranes and 
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cytoplasm in old age, in a similar fashion to how vessel walls stiffen and change in arteriosclerosis. With age, the 

impact of the hemodynamic pulses provided by the cerebral vasculature becomes increasingly destructive to 

brain parenchyma because of the age-related stiffening of the aorta, carotids and intracranial arteries [119]. 

 

Changing mechanical factors are not only related to tau-amyloid pathology but the reverse is also true, 

apparently AD pathology also changes the mechanical properties of brain tissues. Neurodegenerative disorders 

are characterized by the accumulation of very dense deposits that settle in the environment of cytoskeleton and 

in the extracellular matrix. In AD, these slow cumulative changes in the microarchitecture of the brain could 

impact its mechanical properties [120,121]. In general, biological tissues adapt to higher levels of stress by 

changing cross-sectional area, density, or volume. Another example of how they adapt consists in changes in the 

material properties of tissues. The elasticity and stiffness of the brain varies substantially in normal humans as 

well as with age and the state of the disease [12]. Cerebral stiffness, which can be measured by magnetic 

resonance elastography (MRE) [122], decreases when AD pathology is present in both humans and transgenic 

mice models [120,123]. MRE has also shown that it may have the merit of providing physical insights into a 

biological process.  

 

The extent to which mechanical dynamics influence AD pathology and even normal aging remains a mystery. AD 

deposits could increase the resilience of neuronal tissues to mechanical stressors and consequently increase the 

tolerance to subsequent stresses. Like muscle fibers, neuronal tissues may adapt to physical stresses by altering 

their structure and composition to best meet the biological requirements of routine energy loads. As opposed to 

musculoskeletal tissues, the neuro-glial environment may have a very low tolerance to subsequent mechanical 

stresses. It raises the possibility that mechanical stress levels, which exceed the maintenance range of brain 

tissues, could trigger and accelerate protein misfolding, spreading/diffusion, aggregation, and deposition. 

Furthermore, continuous and repetitive exposure to environmental mechanical stress, mostly in an unnoticed 

manner, is inevitable in daily life and, thus, it becomes a potential driving force for the amyloid cascade. Tau-

amyloid aggregates most likely constitute the end stage of a molecular cascade, whose earlier steps may be more 

directly related to pathogenesis than the deposits themselves [124]. The higher the exposure to mechanical 

stress, the more likely an early onset of the disease will be [125]. 
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Conclusion and outlook 

 

Various types of animal models can contribute to our growing understanding of the molecular pathways involved 

in developing and screening therapeutic targets in AD. The conclusions drawn from animal models largely depend 

on the validity of the model in representing the human condition. The perfect model would account for etiology, 

symptomatology, treatment, and physiological basis. Animal models in general do not meet all of these criteria. 

Nevertheless, the mechanical stress models described in this review may increase our knowledge of how 

different mechanical factors, from both the external and the internal environment, could influence 

pathophysiological mechanisms underlying AD. Beyond the scope of this review, methods and tools for studying 

mechanobiology have been proposed in order to test the influence of mechanical forces in neurodegenerative 

processes [12]. 

 

Newly developed treatment strategies have been tested in mechanical stress models of AD pathology. 

Hypertensive rats were used to assess the impact of N-acetil-cysteine [126], an antioxidant agent, and of 

Telmisartan [94], an angiotensin receptor blocker, on AD tau-amyloid pathology. A TBI model protocol shows a 

beneficial effect of lutein, a naturally occurring flavonoid, on reducing the charge of tau-amyloid deposits and 

inflammation in brain [127]. In another TBI model, post-injury treatment with lithium appears to alleviate the Aβ 

load and improve the spatial memory in mice [34]. Another relevant outlook is the development of animal models 

to enable future studies at the crossroads of mechanical stress-based diseases and AD research. TBI, NPH, 

vascular cognitive impairment, and AD will require early identification in the form of imaging or biomarkers to 

allow for therapeutic intervention at the earliest possible stages. These common features of AD and mechanical 

stressors stress the need to improve the primary prevention for head traumas and HTN in the general population. 

 

 

 



 
 
12 
 

 Ta
b

le
 1

: 
M

e
ch

an
ic

al
 s

tr
e

ss
-b

a
se

d
 m

o
d

e
ls

 o
f 

A
D

 p
at

h
o

lo
gy

 in
 r

o
d

en
ts

  

M
o

d
e

l 
Ex

am
p

le
s 

o
f 

m
e

ch
an

is
m

s 
A

m
yl

o
id

 p
at

h
o

lo
gy

 
Ta

u
 p

at
h

o
lo

gy
 

R
e

fe
re

n
ce

s 

Tr
au

m
at

ic
 b

ra
in

 

in
ju

ry
 

C
o

n
tr

o
lle

d
 c

o
rt

ic
al

 im
p

ac
t,

 f
lu

id
 

p
er

cu
ss

io
n

 in
ju

ry
, w

ei
gh

t 
d

ro
p

 /
 

re
p

et
it

iv
e 

m
ild

 t
ra

u
m

a,
 n

ee
d

le
st

ic
k 

in
ju

ry
 

A
β

 d
if

fu
se

, A
β

-r
el

at
ed

 a
n

d
 p

la
q

u
e-

lik
e 

d
ep

o
si

ts
 

N
o

 d
en

se
/m

at
u

re
 p

la
q

u
es

 

P
-t

au
 a

n
d

 p
re

ta
n

gl
e 

ta
u

 p
ro

te
in

 d
ep

o
si

ts
. 

M
at

u
re

 N
FT

s 
n

o
t 

d
et

ec
te

d
, e

xc
ep

t 
in

 m
ic

e 

ex
p

re
ss

in
g 

h
u

m
an

 t
au

 is
o

fo
rm

s.
 

[3
3

–3
7

,3
9

–

4
2

,8
5

] 

H
yp

e
rt

e
n

si
o

n
 

Tr
an

sv
er

se
 a

o
rt

ic
 c

o
ar

ct
at

io
n

, 

sp
o

n
ta

n
eo

u
sl

y 
h

yp
er

te
n

si
ve

 s
tr

o
ke

-

p
ro

n
e 

ra
ts

. 

“P
la

q
u

e-
lik

e”
 a

cc
u

m
u

la
ti

o
n

 c
h

ar
ac

te
ri

ze
d

 b
y 

ex
tr

ac
el

lu
la

r 
o

vo
id

 c
o

rt
ic

al
 A

β
 d

ep
o

si
ts

 a
n

d
 

p
ar

en
ch

ym
al

 e
o

si
n

o
p

h
ili

c 
m

at
er

ia
l.

 

P
h

o
sp

h
o

ry
la

te
d

 t
au

 in
tr

ac
el

lu
la

r 
d

ep
o

si
ts

. 

N
o

 t
an

gl
e/

p
re

ta
n

gl
e 

p
at

h
o

lo
gy

. 

[8
0

,8
1

,9
4

] 

H
yd

ro
ce

p
h

al
u

s 

C
is

te
rn

al
 k

ao
lin

 in
je

ct
io

n
  

Sm
al

l, 
m

ed
iu

m
 a

n
d

 la
rg

e 
A

β
4

2
 g

ra
n

u
la

r 

ac
cu

m
u

la
ti

o
n

s.
 N

o
 p

la
q

u
e.

 

P
-T

au
 g

ra
n

u
le

s,
 s

e
em

in
gl

y 
re

p
re

se
n

ti
n

g 

“e
xc

e
ss

 p
-T

au
” 

in
cl

u
si

o
n

s.
 N

o
 

ta
n

gl
e/

p
re

ta
n

gl
e 

p
at

h
o

lo
gy

. 

[6
8

–7
4

,9
5

] 

 



 
 
13 
 

 



 
 
14 
 

References 

[1] D.J. Selkoe, Alzheimer’s disease: genes, proteins, and therapy, Physiol. Rev. 

81 (2001) 741–766. 

[2] J. Hardy, D.J. Selkoe, The amyloid hypothesis of Alzheimer’s disease: progress 
and problems on the road to therapeutics, Science. 297 (2002) 353–356. 
doi:10.1126/science.1072994. 

[3] D. Van Dam, P.P. De Deyn, Animal models in the drug discovery pipeline for 
Alzheimer’s disease, Br J Pharmacol. 164 (2011) 1285–1300. doi:10.1111/j.1476-
5381.2011.01299.x. 

[4] F.M. LaFerla, K.N. Green, Animal models of Alzheimer disease, Cold Spring Harb 
Perspect Med. 2 (2012). doi:10.1101/cshperspect.a006320. 

[5] K. Duff, C. Eckman, C. Zehr, X. Yu, C.M. Prada, J. Perez-tur, et al., Increased 
amyloid-beta42(43) in brains of mice expressing mutant presenilin 1, Nature. 
383 (1996) 710–713. doi:10.1038/383710a0. 

[6] L. Holcomb, M.N. Gordon, E. McGowan, X. Yu, S. Benkovic, P. Jantzen, et al., 
Accelerated Alzheimer-type phenotype in transgenic mice carrying both mutant 
amyloid precursor protein and presenilin 1 transgenes, Nat. Med. 4 (1998) 97–
100. 

[7] E. McGowan, S. Sanders, T. Iwatsubo, A. Takeuchi, T. Saido, C. Zehr, et al., 
Amyloid phenotype characterization of transgenic mice overexpressing both 
mutant amyloid precursor protein and mutant presenilin 1 transgenes, 
Neurobiol. Dis. 6 (1999) 231–244. doi:10.1006/nbdi.1999.0243. 

[8] T.L. Spires, B.T. Hyman, Transgenic Models of Alzheimer’s Disease: Learning from 
Animals, NeuroRx. 2 (2005) 423–437. 

[9] C. Duyckaerts, M.-C. Potier, B. Delatour, Alzheimer disease models and human 
neuropathology: similarities and differences, Acta Neuropathol. 115 (2008) 5–
38. doi:10.1007/s00401-007-0312-8. 

[10] H. Akiyama, S. Barger, S. Barnum, B. Bradt, J. Bauer, G.M. Cole, et al., 
Inflammation and Alzheimer’s disease, Neurobiol. Aging. 21 (2000) 383–421. 

[11] M. Steele, G. Stuchbury, G. Münch, The molecular basis of the prevention of 
Alzheimer’s disease through healthy nutrition, Exp. Gerontol. 42 (2007) 28–36. 
doi:10.1016/j.exger.2006.06.002. 

[12] Tyler WJ, The mechanobiology of brain function, Nat Rev Neurosci. 13 (2012) 
867–78. doi:10.1038/nrn3383. 

[13] O.P. Hamill, B. Martinac, Molecular basis of mechanotransduction in living cells, 
Physiol. Rev. 81 (2001) 685–740. 

[14] D.-H. Kim, P.K. Wong, J. Park, A. Levchenko, Y. Sun, Microengineered platforms 
for cell mechanobiology, Annu Rev Biomed Eng. 11 (2009) 203–233. 
doi:10.1146/annurev-bioeng-061008-124915. 

[15] J. Eyckmans, T. Boudou, X. Yu, C.S. Chen, A hitchhiker’s guide to mechanobiology, 
Dev. Cell. 21 (2011) 35–47. doi:10.1016/j.devcel.2011.06.015. 

[16] J.C. Kucewicz, B. Dunmire, D.F. Leotta, H. Panagiotides, M. Paun, K.W. Beach, 
Functional tissue pulsatility imaging of the brain during visual stimulation, 
Ultrasound Med Biol. 33 (2007) 681–690. 
doi:10.1016/j.ultrasmedbio.2006.11.008. 

[17] N.B. Chauhan, Chronic neurodegenerative consequences of traumatic brain 
injury, Restor. Neurol. Neurosci. 32 (2014) 337–365. doi:10.3233/RNN-130354. 

[18] T.D. Stein, V.E. Alvarez, A.C. McKee, Chronic traumatic encephalopathy: a 
spectrum of neuropathological changes following repetitive brain trauma in 
athletes and military personnel, Alzheimers Res Ther. 6 (2014) 4. 
doi:10.1186/alzrt234. 

[19] D. Cabral, T.G. Beach, L. Vedders, L.I. Sue, S. Jacobson, K. Myers, et al., Frequency 
of Alzheimer’s disease pathology at autopsy in patients with clinical normal 
pressure hydrocephalus, Alzheimers Dement. 7 (2011) 509–513. 
doi:10.1016/j.jalz.2010.12.008. 

[20] J. Vanneste, P. Augustijn, C. Dirven, W.F. Tan, Z.D. Goedhart, Shunting normal-
pressure hydrocephalus: do the benefits outweigh the risks? A multicenter study 
and literature review, Neurology. 42 (1992) 54–59. 

[21] J.C. de la Torre, Cerebral hemodynamics and vascular risk factors: setting the 
stage for Alzheimer’s disease, J. Alzheimers Dis. 32 (2012) 553–567. 
doi:10.3233/JAD-2012-120793. 

[22] G.W. Roberts, S.M. Gentleman, A. Lynch, L. Murray, M. Landon, D.I. Graham, 
Beta amyloid protein deposition in the brain after severe head injury: 
implications for the pathogenesis of Alzheimer’s disease, J. Neurol. Neurosurg. 
Psychiatr. 57 (1994) 419–425. 

[23] D.I. Graham, S.M. Gentleman, J.A. Nicoll, M.C. Royston, J.E. McKenzie, G.W. 
Roberts, et al., Altered beta-APP metabolism after head injury and its 
relationship to the aetiology of Alzheimer’s disease, Acta Neurochir. Suppl. 66 
(1996) 96–102. 

[24] S.T. DeKosky, E.E. Abrahamson, J.R. Ciallella, W.R. Paljug, S.R. Wisniewski, R.S.B. 
Clark, et al., Association of increased cortical soluble abeta42 levels with diffuse 
plaques after severe brain injury in humans, Arch. Neurol. 64 (2007) 541–544. 
doi:10.1001/archneur.64.4.541. 

[25] M.D. Ikonomovic, K. Uryu, E.E. Abrahamson, J.R. Ciallella, J.Q. Trojanowski, V.M.-
Y. Lee, et al., Alzheimer’s pathology in human temporal cortex surgically excised 
after severe brain injury, Exp. Neurol. 190 (2004) 192–203. 
doi:10.1016/j.expneurol.2004.06.011. 

[26] E.R. Zanier, T. Zoerle, M. Fiorini, L. Longhi, L. Cracco, A. Bersano, et al., Heart-
fatty acid-binding and tau proteins relate to brain injury severity and long-term 
outcome in subarachnoid haemorrhage patients, Br J Anaesth. 111 (2013) 424–
432. doi:10.1093/bja/aet149. 

[27] V.E. Johnson, W. Stewart, D.H. Smith, Widespread τ and amyloid-β pathology 
many years after a single traumatic brain injury in humans, Brain Pathol. 22 
(2012) 142–149. doi:10.1111/j.1750-3639.2011.00513.x. 

[28] A. Costanza, K. Weber, S. Gandy, C. Bouras, P.R. Hof, P. Giannakopoulos, et al., 
Review: Contact sport-related chronic traumatic encephalopathy in the elderly: 

clinical expression and structural substrates, Neuropathol. Appl. Neurobiol. 37 
(2011) 570–584. doi:10.1111/j.1365-2990.2011.01186.x. 

[29] V.E. Johnson, J.E. Stewart, F.D. Begbie, J.Q. Trojanowski, D.H. Smith, W. Stewart, 
Inflammation and white matter degeneration persist for years after a single 
traumatic brain injury, Brain. 136 (2013) 28–42. doi:10.1093/brain/aws322. 

[30] N. Nathoo, P.K. Narotam, D.K. Agrawal, C.A. Connolly, J.R. van Dellen, G.H. 
Barnett, et al., Influence of apoptosis on neurological outcome following 
traumatic cerebral contusion, J. Neurosurg. 101 (2004) 233–240. 
doi:10.3171/jns.2004.101.2.0233. 

[31] D.H. Smith, V.E. Johnson, W. Stewart, Chronic neuropathologies of single and 
repetitive TBI: substrates of dementia?, Nat Rev Neurol. 9 (2013) 211–221. 
doi:10.1038/nrneurol.2013.29. 

[32] J.J. Breunig, M.-V. Guillot-Sestier, T. Town, Brain injury, neuroinflammation and 
Alzheimer’s disease, Front Aging Neurosci. 5 (2013) 26. 
doi:10.3389/fnagi.2013.00026. 

[33] D.H. Cribbs, L.S. Chen, C.W. Cotman, F.M. LaFerla, Injury induces presenilin-1 
gene expression in mouse brain, Neuroreport. 7 (1996) 1773–1776. 

[34] F. Yu, Y. Zhang, D.-M. Chuang, Lithium reduces BACE1 overexpression, β amyloid 
accumulation, and spatial learning deficits in mice with traumatic brain injury, J. 
Neurotrauma. 29 (2012) 2342–2351. doi:10.1089/neu.2012.2449. 

[35] Y. Nadler, A. Alexandrovich, N. Grigoriadis, T. Hartmann, K.S.J. Rao, E. Shohami, 
et al., Increased expression of the gamma-secretase components presenilin-1 
and nicastrin in activated astrocytes and microglia following traumatic brain 
injury, Glia. 56 (2008) 552–567. doi:10.1002/glia.20638. 

[36] A. Lewén, G.L. Li, P. Nilsson, Y. Olsson, L. Hillered, Traumatic brain injury in rat 
produces changes of beta-amyloid precursor protein immunoreactivity, 
Neuroreport. 6 (1995) 357–360. 

[37] A. Iwata, X.-H. Chen, T.K. McIntosh, K.D. Browne, D.H. Smith, Long-term 
accumulation of amyloid-beta in axons following brain trauma without 
persistent upregulation of amyloid precursor protein genes, J. Neuropathol. Exp. 
Neurol. 61 (2002) 1056–1068. 

[38] H.J. Lüth, M. Holzer, U. Gärtner, M. Staufenbiel, T. Arendt, Expression of 
endothelial and inducible NOS-isoforms is increased in Alzheimer’s disease, in 
APP23 transgenic mice and after experimental brain lesion in rat: evidence for 
an induction by amyloid pathology, Brain Res. 913 (2001) 57–67. 

[39] S. Purushothuman, L. Marotte, S. Stowe, D.M. Johnstone, J. Stone, The response 
of cerebral cortex to haemorrhagic damage: experimental evidence from a 
penetrating injury model, PLoS ONE. 8 (2013) e59740. 
doi:10.1371/journal.pone.0059740. 

[40] J.-O. Ojo, B. Mouzon, M.B. Greenberg, C. Bachmeier, M. Mullan, F. Crawford, 
Repetitive mild traumatic brain injury augments tau pathology and glial 
activation in aged hTau mice, J. Neuropathol. Exp. Neurol. 72 (2013) 137–151. 
doi:10.1097/NEN.0b013e3182814cdf. 

[41] L.E. Goldstein, A.M. Fisher, C.A. Tagge, X.-L. Zhang, L. Velisek, J.A. Sullivan, et al., 
Chronic traumatic encephalopathy in blast-exposed military veterans and a blast 
neurotrauma mouse model, Sci Transl Med. 4 (2012) 134ra60. 
doi:10.1126/scitranslmed.3003716. 

[42] S. Hoshino, A. Tamaoka, M. Takahashi, S. Kobayashi, T. Furukawa, Y. Oaki, et al., 
Emergence of immunoreactivities for phosphorylated tau and amyloid-beta 
protein in chronic stage of fluid percussion injury in rat brain, Neuroreport. 9 
(1998) 1879–1883. 

[43] C. Israelsson, H. Bengtsson, A. Kylberg, K. Kullander, A. Lewén, L. Hillered, et al., 
Distinct cellular patterns of upregulated chemokine expression supporting a 
prominent inflammatory role in traumatic brain injury, J. Neurotrauma. 25 
(2008) 959–974. doi:10.1089/neu.2008.0562. 

[44] I. Yatsiv, N. Grigoriadis, C. Simeonidou, P.F. Stahel, O.I. Schmidt, A.G. 
Alexandrovitch, et al., Erythropoietin is neuroprotective, improves functional 
recovery, and reduces neuronal apoptosis and inflammation in a rodent model 
of experimental closed head injury, FASEB J. 19 (2005) 1701–1703. 
doi:10.1096/fj.05-3907fje. 

[45] W.S. Carbonell, M.S. Grady, Regional and temporal characterization of neuronal, 
glial, and axonal response after traumatic brain injury in the mouse, Acta 
Neuropathol. 98 (1999) 396–406. 

[46] R. Raghupathi, A.C. Conti, D.I. Graham, S. Krajewski, J.C. Reed, M.S. Grady, et al., 
Mild traumatic brain injury induces apoptotic cell death in the cortex that is 
preceded by decreases in cellular Bcl-2 immunoreactivity, Neuroscience. 110 
(2002) 605–616. 

[47] J.S. Hutchison, R.E. Derrane, D.L. Johnston, N. Gendron, D. Barnes, H. Fliss, et al., 
Neuronal apoptosis inhibitory protein expression after traumatic brain injury in 
the mouse, J. Neurotrauma. 18 (2001) 1333–1347. 
doi:10.1089/08977150152725632. 

[48] Y. Chen, S. Constantini, V. Trembovler, M. Weinstock, E. Shohami, An 
experimental model of closed head injury in mice: pathophysiology, 
histopathology, and cognitive deficits, J. Neurotrauma. 13 (1996) 557–568. 

[49] G.B. Fox, A.I. Faden, Traumatic brain injury causes delayed motor and cognitive 
impairment in a mutant mouse strain known to exhibit delayed Wallerian 
degeneration, J. Neurosci. Res. 53 (1998) 718–727. 

[50] R.J. Hamm, C.E. Dixon, D.M. Gbadebo, A.K. Singha, L.W. Jenkins, B.G. Lyeth, et 
al., Cognitive deficits following traumatic brain injury produced by controlled 
cortical impact, J. Neurotrauma. 9 (1992) 11–20. 

[51] D.H. Smith, K. Okiyama, M.J. Thomas, B. Claussen, T.K. McIntosh, Evaluation of 
memory dysfunction following experimental brain injury using the Morris water 
maze, J. Neurotrauma. 8 (1991) 259–269. 

[52] D.A. Shear, X.-C.M. Lu, M.C. Bombard, R. Pedersen, Z. Chen, A. Davis, et al., 
Longitudinal characterization of motor and cognitive deficits in a model of 
penetrating ballistic-like brain injury, J. Neurotrauma. 27 (2010) 1911–1923. 
doi:10.1089/neu.2010.1399. 



 
 
15 
 
[53] P.M. Washington, P.A. Forcelli, T. Wilkins, D.N. Zapple, M. Parsadanian, M.P. 

Burns, The effect of injury severity on behavior: a phenotypic study of cognitive 
and emotional deficits after mild, moderate, and severe controlled cortical 
impact injury in mice, J. Neurotrauma. 29 (2012) 2283–2296. 
doi:10.1089/neu.2012.2456. 

[54] M.L. Schwarzbold, D. Rial, T. De Bem, D.G. Machado, M.P. Cunha, A.A. dos 
Santos, et al., Effects of traumatic brain injury of different severities on 
emotional, cognitive, and oxidative stress-related parameters in mice, J. 
Neurotrauma. 27 (2010) 1883–1893. doi:10.1089/neu.2010.1318. 

[55] D.K. Pandey, S.K. Yadav, R. Mahesh, R. Rajkumar, Depression-like and anxiety-
like behavioural aftermaths of impact accelerated traumatic brain injury in rats: 
a model of comorbid depression and anxiety?, Behav. Brain Res. 205 (2009) 436–
442. doi:10.1016/j.bbr.2009.07.027. 

[56] N.C. Jones, L. Cardamone, J.P. Williams, M.R. Salzberg, D. Myers, T.J. O’Brien, 
Experimental traumatic brain injury induces a pervasive hyperanxious 
phenotype in rats, J. Neurotrauma. 25 (2008) 1367–1374. 
doi:10.1089/neu.2008.0641. 

[57] A. Milman, A. Rosenberg, R. Weizman, C.G. Pick, Mild traumatic brain injury 
induces persistent cognitive deficits and behavioral disturbances in mice, J. 
Neurotrauma. 22 (2005) 1003–1010. doi:10.1089/neu.2005.22.1003. 

[58] S.T. Fujimoto, L. Longhi, K.E. Saatman, V. Conte, N. Stocchetti, T.K. McIntosh, 
Motor and cognitive function evaluation following experimental traumatic brain 
injury, Neurosci Biobehav Rev. 28 (2004) 365–378. 
doi:10.1016/j.neubiorev.2004.06.002. 

[59] Z. Yang, P. Wang, D. Morgan, D. Lin, J. Pan, F. Lin, et al., Temporal MRI 
characterization, neurobiochemical and neurobehavioral changes in a mouse 
repetitive concussive head injury model, Sci Rep. 5 (2015). 
doi:10.1038/srep11178. 

[60] R. Mannix, W.P. Meehan, J. Mandeville, P.E. Grant, T. Gray, J. Berglass, et al., 
Clinical correlates in an experimental model of repetitive mild brain injury, Ann. 
Neurol. 74 (2013) 65–75. doi:10.1002/ana.23858. 

[61] J.O. Ojo, B.C. Mouzon, F. Crawford, Repetitive head trauma, chronic traumatic 
encephalopathy and tau: Challenges in translating from mice to men, 
Experimental Neurology. (n.d.). doi:10.1016/j.expneurol.2015.06.003. 

[62] S. Hakim, R.D. Adams, The special clinical problem of symptomatic 
hydrocephalus with normal cerebrospinal fluid pressure. Observations on 
cerebrospinal fluid hydrodynamics, J. Neurol. Sci. 2 (1965) 307–327. 

[63] K.-J. Streitberger, E. Wiener, J. Hoffmann, F.B. Freimann, D. Klatt, J. Braun, et al., 
In vivo viscoelastic properties of the brain in normal pressure hydrocephalus, 
NMR Biomed. 24 (2011) 385–392. doi:10.1002/nbm.1602. 

[64] S. Savolainen, L. Paljärvi, M. Vapalahti, Prevalence of Alzheimer’s disease in 
patients investigated for presumed normal pressure hydrocephalus: a clinical 
and neuropathological study, Acta Neurochir (Wien). 141 (1999) 849–853. 

[65] R.A. Bech, G. Waldemar, F. Gjerris, L. Klinken, M. Juhler, Shunting effects in 
patients with idiopathic normal pressure hydrocephalus; correlation with 
cerebral and leptomeningeal biopsy findings, Acta Neurochir (Wien). 141 (1999) 
633–639. 

[66] J. Golomb, J. Wisoff, D.C. Miller, I. Boksay, A. Kluger, H. Weiner, et al., Alzheimer’s 
disease comorbidity in normal pressure hydrocephalus: prevalence and shunt 
response, J. Neurol. Neurosurg. Psychiatr. 68 (2000) 778–781. 

[67] G.D. Silverberg, M. Mayo, J. Fellmann, T. Saul, D. McGuire, Probable NPH in 
patients with clinical AD: further support for the AD-NPH syndrome and CSF 
circulatory failure, Fluids and Barriers of the CNS. 1 (2004) S19. 
doi:10.1186/1743-8454-1-S1-S19. 

[68] P.M. Klinge, A. Samii, S. Niescken, T. Brinker, G.D. Silverberg, Brain amyloid 
accumulates in aged rats with kaolin-induced hydrocephalus, Neuroreport. 17 
(2006) 657–660. 

[69] G.D. Silverberg, M.C. Miller, J.T. Machan, C.E. Johanson, I.N. Caralopoulos, C.L. 
Pascale, et al., Amyloid and Tau accumulate in the brains of aged hydrocephalic 
rats, Brain Res. 1317 (2010) 286–296. doi:10.1016/j.brainres.2009.12.065. 

[70] Y. Nonaka, M. Miyajima, I. Ogino, M. Nakajima, H. Arai, Analysis of neuronal cell 
death in the cerebral cortex of H-Tx rats with compensated hydrocephalus, J 
Neurosurg Pediatr. 1 (2008) 68–74. doi:10.3171/PED-08/01/068. 

[71] F. Mori, K. Tanji, Y. Yoshida, K. Wakabayashi, Thalamic retrograde degeneration 
in the congenitally hydrocephalic rat is attributable to apoptotic cell death, 
Neuropathology. 22 (2002) 186–193. 

[72] M.R. Del Bigio, Y.W. Zhang, Cell death, axonal damage, and cell birth in the 
immature rat brain following induction of hydrocephalus, Exp. Neurol. 154 
(1998) 157–169. doi:10.1006/exnr.1998.6922. 

[73] Y. Aoyama, Y. Kinoshita, A. Yokota, T. Hamada, Neuronal damage in 
hydrocephalus and its restoration by shunt insertion in experimental 
hydrocephalus: a study involving the neurofilament-immunostaining method, J. 
Neurosurg. 104 (2006) 332–339. doi:10.3171/ped.2006.104.5.332. 

[74] O.H. Khan, T.L. Enno, M.R. Del Bigio, Brain damage in neonatal rats following 
kaolin induction of hydrocephalus, Exp. Neurol. 200 (2006) 311–320. 
doi:10.1016/j.expneurol.2006.02.113. 

[75] M.R. Del Bigio, C.R. Crook, R. Buist, Magnetic resonance imaging and behavioral 
analysis of immature rats with kaolin-induced hydrocephalus: pre- and 
postshunting observations, Exp. Neurol. 148 (1997) 256–264. 
doi:10.1006/exnr.1997.6644. 

[76] M.R. Del Bigio, J.N. Kanfer, Y.W. Zhang, Myelination delay in the cerebral white 
matter of immature rats with kaolin-induced hydrocephalus is reversible, J. 
Neuropathol. Exp. Neurol. 56 (1997) 1053–1066. 

[77] M.R. Del Bigio, X. Wang, M.J. Wilson, Sodium channel-blocking agents are not of 
benefit to rats with kaolin-induced hydrocephalus, Neurosurgery. 51 (2002) 460–
466; discussion 466–467. 

[78] M.R. Del Bigio, M.J. Wilson, T. Enno, Chronic hydrocephalus in rats and humans: 
white matter loss and behavior changes, Ann. Neurol. 53 (2003) 337–346. 
doi:10.1002/ana.10453. 

[79] M.F. O’Rourke, J. Hashimoto, Mechanical factors in arterial aging: a clinical 
perspective, J. Am. Coll. Cardiol. 50 (2007) 1–13. doi:10.1016/j.jacc.2006.12.050. 

[80] D. Carnevale, G. Lembo, “Alzheimer-like” pathology in a murine model of arterial 
hypertension, Biochem. Soc. Trans. 39 (2011) 939–944. 
doi:10.1042/BST0390939. 

[81] S. Schreiber, B. Drukarch, C. Garz, S. Niklass, L. Stanaszek, S. Kropf, et al., 
Interplay between age, cerebral small vessel disease, parenchymal amyloid-β, 
and tau pathology: longitudinal studies in hypertensive stroke-prone rats, J. 
Alzheimers Dis. 42 Suppl 3 (2014) S205–215. doi:10.3233/JAD-132618. 

[82] A. Csiszar, Z. Tucsek, P. Toth, D. Sosnowska, T. Gautam, A. Koller, et al., 
Synergistic effects of hypertension and aging on cognitive function and 
hippocampal expression of genes involved in β-amyloid generation and 
Alzheimer’s disease, Am. J. Physiol. Heart Circ. Physiol. 305 (2013) H1120–1130. 
doi:10.1152/ajpheart.00288.2013. 

[83] F. Yang, K. Uéda, P. Chen, K.H. Ashe, G.M. Cole, Plaque-associated alpha-
synuclein (NACP) pathology in aged transgenic mice expressing amyloid 
precursor protein, Brain Res. 853 (2000) 381–383. 

[84] D.H. Smith, X.H. Chen, M. Nonaka, J.Q. Trojanowski, V.M. Lee, K.E. Saatman, et 
al., Accumulation of amyloid beta and tau and the formation of neurofilament 
inclusions following diffuse brain injury in the pig, J. Neuropathol. Exp. Neurol. 
58 (1999) 982–992. 

[85] J.R. Stone, D.O. Okonkwo, R.H. Singleton, L.K. Mutlu, G.A. Helm, J.T. Povlishock, 
Caspase-3-mediated cleavage of amyloid precursor protein and formation of 
amyloid Beta peptide in traumatic axonal injury, J. Neurotrauma. 19 (2002) 601–
614. doi:10.1089/089771502753754073. 

[86] J.E. Pierce, J.Q. Trojanowski, D.I. Graham, D.H. Smith, T.K. McIntosh, 
Immunohistochemical characterization of alterations in the distribution of 
amyloid precursor proteins and beta-amyloid peptide after experimental brain 
injury in the rat, J. Neurosci. 16 (1996) 1083–1090. 

[87] H.M. Bramlett, S. Kraydieh, E.J. Green, W.D. Dietrich, Temporal and regional 
patterns of axonal damage following traumatic brain injury: a beta-amyloid 
precursor protein immunocytochemical study in rats, J. Neuropathol. Exp. 
Neurol. 56 (1997) 1132–1141. 

[88] A. Hamberger, Y.-L. Huang, H. Zhu, F. Bao, M. Ding, K. Blennow, et al., 
Redistribution of neurofilaments and accumulation of beta-amyloid protein after 
brain injury by rotational acceleration of the head, J. Neurotrauma. 20 (2003) 
169–178. doi:10.1089/08977150360547080. 

[89] E.E. Abrahamson, M.D. Ikonomovic, J.R. Ciallella, C.E. Hope, W.R. Paljug, B.A. 
Isanski, et al., Caspase inhibition therapy abolishes brain trauma-induced 
increases in Abeta peptide: implications for clinical outcome, Exp. Neurol. 197 
(2006) 437–450. doi:10.1016/j.expneurol.2005.10.011. 

[90] S. Ikeda, N. Yanagisawa, D. Allsop, G.G. Glenner, Early senile plaques in 
Alzheimer’s disease demonstrated by histochemistry, immunocytochemistry, 
and electron microscopy, Hum. Pathol. 21 (1990) 1221–1226. 

[91] C.Z. Bueche, C. Hawkes, C. Garz, S. Vielhaber, J. Attems, R.T. Knight, et al., 
Hypertension drives parenchymal β-amyloid accumulation in the brain 
parenchyma, Ann Clin Transl Neurol. 1 (2014) 124–129. doi:10.1002/acn3.27. 

[92] J. Götz, N. Deters, A. Doldissen, L. Bokhari, Y. Ke, A. Wiesner, et al., A decade of 
tau transgenic animal models and beyond, Brain Pathol. 17 (2007) 91–103. 
doi:10.1111/j.1750-3639.2007.00051.x. 

[93] Y. Yoshiyama, K. Uryu, M. Higuchi, L. Longhi, R. Hoover, S. Fujimoto, et al., 
Enhanced neurofibrillary tangle formation, cerebral atrophy, and cognitive 
deficits induced by repetitive mild brain injury in a transgenic tauopathy mouse 
model, J. Neurotrauma. 22 (2005) 1134–1141. doi:10.1089/neu.2005.22.1134. 

[94] T. Kurata, V. Lukic, M. Kozuki, D. Wada, K. Miyazaki, N. Morimoto, et al., 
Telmisartan Reduces Progressive Accumulation of Cellular Amyloid Beta and 
Phosphorylated Tau with Inflammatory Responses in Aged Spontaneously 
Hypertensive Stroke Resistant Rat, J Stroke Cerebrovasc Dis. (2014). 
doi:10.1016/j.jstrokecerebrovasdis.2014.05.023. 

[95] G.D. Silverberg, M.C. Miller, C.L. Pascale, I.N. Caralopoulos, Y. Agca, C. Agca, et 
al., Kaolin-induced chronic hydrocephalus accelerates amyloid deposition and 
vascular disease in transgenic rats expressing high levels of human APP, Fluids 
Barriers CNS. 12 (2015) 2. doi:10.1186/2045-8118-12-2. 

[96] D. Jiang, J. Li, J. Zhang, S. Xu, F. Kuang, H. Lang, et al., Electromagnetic pulse 
exposure induces overexpression of beta amyloid protein in rats, Arch. Med. Res. 
44 (2013) 178–184. doi:10.1016/j.arcmed.2013.03.005. 

[97] L. Li, W. Wang, S. Welford, T. Zhang, X. Wang, X. Zhu, Ionizing radiation causes 
increased tau phosphorylation in primary neurons, J. Neurochem. (2014) n/a–
n/a. doi:10.1111/jnc.12769. 

[98] M. Kalm, E. Abel, P. Wasling, J. Nyman, M.A. Hietala, D. Bremell, et al., 
Neurochemical evidence of potential neurotoxicity after prophylactic cranial 
irradiation, Int. J. Radiat. Oncol. Biol. Phys. 89 (2014) 607–614. 
doi:10.1016/j.ijrobp.2014.03.019. 

[99] M. Cheon, I. Chang, C.K. Hall, Influence of temperature on formation of perfect 
tau fragment fibrils using PRIME20/DMD simulations, Protein Sci. 21 (2012) 
1514–1527. doi:10.1002/pro.2141. 

[100] G.E. White, G.D. Wells, Cold-water immersion and other forms of cryotherapy: 
physiological changes potentially affecting recovery from high-intensity exercise, 
Extreme Physiology & Medicine. 2 (2013) 26. doi:10.1186/2046-7648-2-26. 

[101] N.A. Stefanova, O.S. Kozhevnikova, A.O. Vitovtov, K.Y. Maksimova, S.V. Logvinov, 
E.A. Rudnitskaya, et al., Senescence-accelerated OXYS rats: a model of age-
related cognitive decline with relevance to abnormalities in Alzheimer disease, 
Cell Cycle. 13 (2014) 898–909. doi:10.4161/cc.28255. 

[102] J.E. Morley, S.A. Farr, V.B. Kumar, H.J. Armbrecht, The SAMP8 mouse: a model 
to develop therapeutic interventions for Alzheimer’s disease, Curr. Pharm. Des. 
18 (2012) 1123–1130. 

[103] R.M. Cohen, K. Rezai-Zadeh, T.M. Weitz, A. Rentsendorj, D. Gate, I. Spivak, et al., 
A transgenic Alzheimer rat with plaques, tau pathology, behavioral impairment, 
oligomeric A? and frank neuronal loss, J Neurosci. 33 (2013) 6245–6256. 
doi:10.1523/JNEUROSCI.3672-12.2013. 

[104] I. Blasko, R. Beer, M. Bigl, J. Apelt, G. Franz, D. Rudzki, et al., Experimental 
traumatic brain injury in rats stimulates the expression, production and activity 
of Alzheimer’s disease beta-secretase (BACE-1), J Neural Transm. 111 (2004) 
523–536. doi:10.1007/s00702-003-0095-6. 



 
 
16 
 
[105] H.T. Tran, F.M. LaFerla, D.M. Holtzman, D.L. Brody, Controlled cortical impact 

traumatic brain injury in 3xTg-AD mice causes acute intra-axonal amyloid-β 
accumulation and independently accelerates the development of tau 
abnormalities, J. Neurosci. 31 (2011) 9513–9525. doi:10.1523/JNEUROSCI.0858-
11.2011. 

[106] J. Hardy, D. Allsop, Amyloid deposition as the central event in the aetiology of 
Alzheimer’s disease, Trends Pharmacol. Sci. 12 (1991) 383–388. 

[107] G. Chetelat, Alzheimer disease: A?-independent processes-rethinking preclinical 
AD, Nat Rev Neurol. 9 (2013) 123–124. doi:10.1038/nrneurol.2013.21. 

[108] G. Silverberg, M. Mayo, T. Saul, J. Fellmann, D. McGuire, Elevated cerebrospinal 
fluid pressure in patients with Alzheimer’s disease, Cerebrospinal Fluid Res. 3 
(2006) 7. doi:10.1186/1743-8454-3-7. 

[109] P. Wostyn, Intracranial pressure and Alzheimer’s disease: a hypothesis, Med. 
Hypotheses. 43 (1994) 219–222. 

[110] P. Wostyn, Can chronic increased intracranial pressure or exposure to repetitive 
intermittent intracranial pressure elevations raise your risk for Alzheimer’s 
disease?, Med. Hypotheses. 62 (2004) 925–930. 
doi:10.1016/j.mehy.2004.01.013. 

[111] P. Wostyn, K. Audenaert, P.P. De Deyn, Alzheimer’s disease-related changes in 
diseases characterized by elevation of intracranial or intraocular pressure, Clin 
Neurol Neurosurg. 110 (2008) 101–109. doi:10.1016/j.clineuro.2007.10.011. 

[112] P. Wostyn, K. Audenaert, P.P. De Deyn, Alzheimer’s disease: cerebral glaucoma?, 
Med. Hypotheses. 74 (2010) 973–977. doi:10.1016/j.mehy.2009.12.019. 

[113] G.A. Bateman, The role of altered impedance in the pathophysiology of normal 
pressure hydrocephalus, Alzheimer’s disease and syringomyelia, Med. 
Hypotheses. 63 (2004) 980–985. doi:10.1016/j.mehy.2004.04.019. 

[114] S. El Sankari, C. Gondry-Jouet, A. Fichten, O. Godefroy, J.M. Serot, H. Deramond, 
et al., Cerebrospinal fluid and blood flow in mild cognitive impairment and 
Alzheimer’s disease: a differential diagnosis from idiopathic normal pressure 
hydrocephalus, Fluids Barriers CNS. 8 (2011) 12. doi:10.1186/2045-8118-8-12. 

[115] G.A. Bateman, Pulse wave encephalopathy: a spectrum hypothesis incorporating 
Alzheimer’s disease, vascular dementia and normal pressure hydrocephalus, 
Med. Hypotheses. 62 (2004) 182–187. doi:10.1016/S0306-9877(03)00330-X. 

[116] G.A. Bateman, C.R. Levi, P. Schofield, Y. Wang, E.C. Lovett, The venous 
manifestations of pulse wave encephalopathy: windkessel dysfunction in normal 
aging and senile dementia, Neuroradiology. 50 (2008) 491–497. 
doi:10.1007/s00234-008-0374-x. 

[117] K. Nagai, M. Akishita, A. Machida, K. Sonohara, M. Ohni, K. Toba, Correlation 
between pulse wave velocity and cognitive function in nonvascular dementia, J 
Am Geriatr Soc. 52 (2004) 1037–1038. doi:10.1111/j.1532-
5415.2004.52277_15.x. 

[118] H. Barz, A. Schreiber, U. Barz, Impulses and pressure waves cause excitement 
and conduction in the nervous system, Med. Hypotheses. 81 (2013) 768–772. 
doi:10.1016/j.mehy.2013.07.049. 

[119] J. Stone, D.M. Johnstone, J. Mitrofanis, M. O’Rourke, The mechanical cause of 
age-related dementia (Alzheimer’s disease): the brain is destroyed by the pulse, 
J. Alzheimers Dis. 44 (2015) 355–373. doi:10.3233/JAD-141884. 

[120] M.C. Murphy, G.L. Curran, K.J. Glaser, P.J. Rossman, J. Huston 3rd, J.F. Poduslo, 
et al., Magnetic resonance elastography of the brain in a mouse model of 
Alzheimer’s disease: initial results, Magn Reson Imaging. 30 (2012) 535–539. 
doi:10.1016/j.mri.2011.12.019. 

[121] M.C. Murphy, J. Huston 3rd, C.R. Jack Jr, K.J. Glaser, M.L. Senjem, J. Chen, et al., 
Measuring the characteristic topography of brain stiffness with magnetic 
resonance elastography, PLoS ONE. 8 (2013) e81668. 
doi:10.1371/journal.pone.0081668. 

[122] A. Manduca, T.E. Oliphant, M.A. Dresner, J.L. Mahowald, S.A. Kruse, E. Amromin, 
et al., Magnetic resonance elastography: non-invasive mapping of tissue 
elasticity, Med Image Anal. 5 (2001) 237–254. 

[123] M.C. Murphy, J. Huston, C.R. Jack, K.J. Glaser, A. Manduca, J.P. Felmlee, et al., 
Decreased Brain Stiffness in Alzheimer’s Disease Determined by Magnetic 
Resonance Elastography, J Magn Reson Imaging. 34 (2011) 494–498. 
doi:10.1002/jmri.22707. 

[124] C.A. Ross, M.A. Poirier, Protein aggregation and neurodegenerative disease, Nat. 
Med. 10 Suppl (2004) S10–17. doi:10.1038/nm1066. 

[125] N.S. Hachiya, Y. Kozuka, K. Kaneko, Mechanical stress and formation of protein 
aggregates in neurodegenerative disorders, Med. Hypotheses. 70 (2008) 1034–
1037. doi:10.1016/j.mehy.2007.06.043. 

[126] C.Z. Bueche, C. Garz, L. Stanaszek, S. Niklass, S. Kropf, D. Bittner, et al., Impact of 
N-Acetylcysteine on cerebral amyloid-β plaques and kidney damage in 
spontaneously hypertensive stroke-prone rats, J. Alzheimers Dis. 42 Suppl 3 
(2014) S305–313. doi:10.3233/JAD-132615. 

[127] D. Sawmiller, S. Li, M. Shahaduzzaman, A. Smith, D. Obregon, B. Giunta, et al., 
Luteolin Reduces Alzheimer’s Disease Pathologies Induced by Traumatic Brain 
Injury, International Journal of Molecular Sciences. 15 (2014) 895–904. 
doi:10.3390/ijms15010895. 

 


