The relation between human biomarkers and
oxidative stress in Alzheimer’s disease, novel in
vivo experimental modelling possibilities
Zita Oláh

PhD thesis

Szeged
2018

Department of Psychiatry
University of Szeged, Faculty of Medicine
Magdolna Pákáski, MD, PhD
Doctoral School of Clinical Medicine

2
Table of contents
Abbreviations ......................................................................................................................... 2
1. Introduction........................................................................................................................ 4
1.1. Alzheimer’s disease: Epidemiology and pathological hallmarks................................ 4
1.2. Invertebrate models of Alzheimer’s disease ............................................................... 5
1.2.1. Advantages of rotifers .......................................................................................... 6
1.2.2. Viability markers of rotifers................................................................................. 7
1.2.3. Oxidative stress in rotifers ................................................................................... 8
1.3. Oxidative stress and Alzheimer’s disease ................................................................... 9
1.4. Risk factors of Alzheimer’s disease .......................................................................... 10
1.5. Potential biomarkers and their limitations ................................................................ 12
2. Specific aims 13
3. Material and Methods ...................................................................................................... 14
3.1. Novel in vivo experimental viability assays .............................................................. 14
3.1.2. Characterization of rotifers ................................................................................ 16
3.1.2.1. Phenotypic analysis ....................................................................................... 16
3.1.2.2. Phylogenetic analysis .................................................................................... 17
3.1.2.2.1. DNA isolation and PCR reaction ............................................................ 17
3.1.2.2.2. Sequence analysis and classification...................................................... 18
3.1.2.2.3. Phylogenetic analysis .............................................................................. 18
3.1.3. Adapted microdrop technique for the treatment ................................................ 20
3.1.4. Experimental monitoring assays ........................................................................ 21
3.1.4.1. Toxicity and survival lifespan (TSL) ............................................................ 22
3.1.4.2. Bright light disturbance assay (BLD) ........................................................... 23
3.1.4.3. Mastax contraction frequency assay (MCF) ................................................. 23
3.1.4.4. Cellular reduction capacity assay (CRC) ...................................................... 24
3.2. Human oxidative stress biomarker screening............................................................ 24
3.2.1. Subjects .............................................................................................................. 24
3.2.2. Cerebrospinal fluid collection ............................................................................ 25
3.2.3. Biomarker screening .......................................................................................... 26
3.2.3.1. Core marker characterization ........................................................................ 26
3.2.3.2. Determination of Apolipoprotein E4 allele frequency .................................. 26
3.2.3.3. Peptide microarray analysis .......................................................................... 27
3.2.3.4. Western blot .................................................................................................. 28
3.2.3.5. Herpes simplex 1 and 2 ELISA measurements ............................................. 28
3.2.3.6. Lipidomic analysis ........................................................................................ 29

3
3.2.3.6.1. Sample preparation and lipid extraction ................................................. 29
3.2.3.6.2. Mass spectrometry .................................................................................. 29
3.3. Statistical analysis ..................................................................................................... 30
4. Results.............................................................................................................................. 31
4.1. Validation of novel in vivo, non-invasive viability assays ........................................ 31
4.1.1. Sequencing ......................................................................................................... 31
4.1.2. Phylogenetic analysis ......................................................................................... 31
4.1.3. Toxicological validation of viability assays....................................................... 33
4.2. The proteomic screening ........................................................................................... 37
4.3. Herpes simplex virus reactivation and lipidomic screening ...................................... 39
4.3.1. Herpes simplex virus reactivation .......................................................................... 39
4.3.2. Lipidomic analysis ............................................................................................. 39
4.3.3. Potential association between Apolipoprotein E4 and lipidomic changes......... 41
5. Discussion ........................................................................................................................ 42
5.1. Validation of our novel in vivo model ...................................................................... 42
5.2. Proteomic screening analysis .................................................................................... 45
5.3. Herpes simplex virus reactivation caused disturbances in lipid homeostasis ........... 47
5.4. Limitations of cerebrospinal fluid measurements ..................................................... 50
6. Conclusion ....................................................................................................................... 51
7. Acknowledgement ........................................................................................................... 52
8. References........................................................................................................................ 53
7. Appendix.......................................................................................................................... 70

Publications
Publications related to the thesis:
I.

II.

III.

IV.

Olah Z, Pakaski M, Janka Z, Kalman J Marking the markers of Alzheimer's: too
good to diagnose, too bad to use?. Neuropsychopharmacol Hung 2012
Sep;14(3):165-76. Review. PMID: 22987730 IF: 0
Oláh Z, Kálmán J, Tóth ME, Zvara Á, Sántha M, Ivitz E, Janka Z, Pákáski M.
Proteomic analysis of cerebrospinal fluid in Alzheimer's disease: wanted dead or
alive. J Alzheimers Dis 2015;44(4):1303-12. doi: 10.3233/JAD-140141. PMID:
25428253 IF: 3.92
Olah Z, Bush AI, Aleksza D, Galik B, Ivitz E, Macsai L, Janka Z, Karman Z,
Kalman J, Datki Z. Novel in vivo experimental viability assays with high
sensitivity and throughput capacity using a bdelloid rotifer. Ecotoxicol Environ
Saf. 2017 Oct;144:115-122. doi: 10.1016/j.ecoenv.2017.06.005. Epub 2017 Jun
9. PMID: 28605645 IF: 3.743
Datki Zs, Olah Z, Hortobagyi T, Macsai L, Zsuga K, Fulop L, Bozso Zs, Galik
B, Acs, E, Foldi A, Szarvas A, Kalman J. Exceptional in vivo catabolism of
neurodegeneration-related aggregates. Acta Neuropathol 2018 6:6 doi:
10.1186/s40478-018-0507-3 IF: 3.8, according to the editotor’s statement

The cumulative impact factor of the publications related to thesis: 11.463
Other publications:
I.

II.

III.

Sántha P, Veszelka S, Hoyk Z, Mészáros M, Walter FR, Tóth AE, Kiss L, Kincses
A, Oláh Z, Seprényi G, Rákhely G, Dér A, Pákáski M, Kálmán J, Kittel Á, Deli
MA. Restraint stress-induced morphological changes at the blood-brain barrier in
adult rats. Front Mol Neurosci 2016 Jan 14;8:88. doi: 10.3389/fnmol.2015.00088.
eCollection 2015. PMID: 26834555
Várhelyi ZP, Kálmán J, Oláh Z, Ivitz EV, Fodor EK, Sántha M, Datki ZL, Pákáski
M. Adiponectin receptors are less sensitive to stress in a transgenic mouse model
of Alzheimer's Disease. Front Neurosci 2017 Apr 11;11:199. doi:
10.3389/fnins.2017.00199. eCollection 2017.
Money KM, Olah Z, Korade Z, Garbett KA, Shelton RC, Mirnics K. An altered
peripheral IL6 response in major depressive disorder. Neurobiol Dis 2016
May;89:46-54. doi: 10.1016/j.nbd.2016.01.015. Epub 2016 Jan 22. PMID:
26804030

2

Abbreviations
AD

→

APL-1 →

→

Alzheimer's disease

FA

beta-amyloid like protein 1

gDNA →

fattyacid
genomic DNA

ApoD

→

apolipoprotein D

GRB

→

granzyme B

ApoE

→

apolipoprotein E

GTR

→

generalized time-reversible

APP

→

amyloid precursor protein

H2O2

→

hydrogen peroxide

Appl
→
protein

amyloid protein precursor-like

hCER

→

hexosyl-ceramide

HSV

→

Herpes simplex virus

Aβ1-42 →

amyloid-beta 1-42

IgG

→

immunoglobulin G

BBB

→

blood-brain barrier

LCA

→

least common ancestor

BER

→

basis excision repair

MCF

→

mastax contraction frequency

BLA

→

bright light avoidance

BLD

→

bright light disturbance

MGMT →
methylated-DNA-proteincysteine methyl-transferase

BLI

→

bright light irritation

ML

bp

→

base pair

MMSE →

BSA

→

bovine serum albumin

MRI

→

magnetic resonance imaging

BSI

→

body size index

MS

→

mass spectrometry

C99

→

C-terminal APP subunit

MSA

→

multiple sequence alignment

CA

→

Cladophora aegagrophila

mtDNA →

mitochondrial DNA

CDK5 →

cyclin dependent kinase 5

NaOH →

sodium-hydroxide

→

maximum likelihood
Mini Mental State Exam

CE

→

Caenorhabditis elegans

NaN3

→

sodium azide

CER

→

ceramide

NJ

→

Neighbor-Joining method

CNS

→

central nervous system

PA

→

Philodina acuticornis

CRC

→

cellular reduction capacity

CT

→

computed tomography

PAR-4 →
protein kinase C apoptosis
WT1 regulator protein

CSF

→

cerebrospinal fluid

DAMP →
pattern

damage associated molecular

PARK →

parkin

PCR

→

polymerase chain reaction

PM

→

Philodina megalotrocha

DM

→

Drosophila melanogaster

POLG →

DNA

→

deoxy-ribonucleic acid

PS

→

phosphatidyl-serine

p-tau

→

hyperphosphorylated tau

PVDF →

polyvinylidene difluoride

DSM →
Diagnostic and Statistical
Manual of Mental Disorders
DW

→

demineralized water

ELISA →
enzyme-linked
immunosorbent assay

ROS

→

sAPPα →

DNA polymerase gamma

reactive oxygen species
soluble fragment α

3
sAPPβ →

soluble fragment β

SULF

TBST →
Tris-buffered saline containing
0.02% Tween 20

SDS

→

sodium-dodecyl-sulfate

SM

→

sphingomyelin

SNP
→
polymorphism

single nucleotide

SPECT →
single-photon emission
computed tomography

→

sulfatide

TSL

→

toxicity and survival lifespan

t-tau

→

total tau

4
1.

Introduction

1.1. Alzheimer’s disease: Epidemiology and pathological hallmarks
The Alzheimer’s Disease (AD) is the most frequent cause of dementia and
approximately 95% of AD patients are above 65 years [Martins, 2016].
Approximately 44 million patients in the world are suffering from AD or related
dementia. By 2050 the prevalence of AD will double [Ellis et al., 2015].
The exact molecular mechanism of AD initiation is still unknown. The
progression could be influenced by combination of genetic and environmental factors
including neuroinflammation, oxidative stress, neurodegeneration. The main
symptoms of AD are progressive dementia associated with cognitive decline [Terry
et al., 1991], impairment in retrograde episodic memory, executive functions,
language, and praxis domain [Caselli et al., 2017]. The pathological hallmarks of the
disease are extracellular accumulation of amyloid-beta 1-42 (Aβ1-42) and
intracellular deposition of neurofibrillary tangle consisting of hyperphosphorylated
tau (p-tau). There are two main pathways dedicated to the (normal and pathological)
cleavage of amyloid precursor protein (APP) influencing the Aβ1-42 production. The
transmembrane APP is cleaved by α-secretase within the Aβ region, producing
soluble fragment called sAPPα secreted to the extracellular space in nonamyloidogenic pathway during normal aging. The fragment is a proliferative factor
for neuronal and non-neuronal adult stem cells. In the amyloidogenic pathway, APP
is first cleaved by β-secretase producing sAPPβ and C-terminal APP subunit (C99).
Next step C99 is cleaved by γ-secretase in the transmembrane region, releasing
insoluble Aβ1-42 into extracellular space. [Cirrito et al., 2005; Demars et al., 2011]
Both sAPPα and sAPPβ are required for stem cell stimulation, under normal aging
their ratio is approximately 9:1 [Freude et al., 2011; Pimplikar & Ghosal, 2011]. The
equilibrium shifts to the amyloidogenic pathway during AD progression, therefore,
the overproduced Aβ1-42 aggregates in extracellular space and accumulates in senile
plaques. The Aβ1-42 has both direct and indirect neurotoxic effects, disturbing the
ionic and redox balances. It promotes tau pathology via the dysregulation of protein
kinases and phosphorylases [Bennecib et al., 2000; Minati et al., 2009]. These
pathological processes mediate axonal death and synaptic dysfunction resulting
cortical atrophy manifested as progressive decline of cognitive function.
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The treatment by exogenic Aβ1-42 is a widespread model of AD and in earlier
studies these modellings were executed on different in vivo and in vitro systems to
understand the exact toxical mechanism [Datki et al., 2003; Poeggeler et al., 2005].
Numerous studies were performed on cell cultures [Datki et al., 2003; Pakaski et al.,
1998; 2002], invertebrates [Harkany et al., 2000], rodents [Kong et al., 2016] or
primates [Sharma et al., 2017], but only one study was aimed to reveal the effects of
Aβ1-42 on bdelloid rotifers [Poeggeler et al., 2005]. The neurotoxicity of Aβ1-42 on
bdelloids was not proved [Datki et al., 2018; Poeggeler et al., 2005]. Our objective
was to reveal the reasons of the contradiction that slightly touched upon in
Poeggeler’s study [Poeggeler et al., 2005].
1.2. Invertebrate models of Alzheimer’s disease
The invertebrate models of AD have been gaining more importance in
pharmaceutical and toxicological researches, aided by in vivo assays using small
organisms. These models should be complex, multi-cellular organisms and meet the
basic requirements of in vivo cell culturing methods. [Olah et al., 2017] The perfect
in vivo models are non-invasive, sensitive and give specific response to the treatment
of neurodegenerative disorders. Consequently, invertebrates are ideal for
investigating evolutionary conserved molecular mechanisms of aging. These ancient
pathways are related to the control of genome stability; the regulation of
proliferation; the differentiation and apoptosis; the modulation of cellular
bioenergetics; and the damage and repair of macromolecules. Revealing of the
molecular mechanisms of their aging may provide unknown genes with novel
function which may help to understand the molecular pathways related to AD
initiation. The invertebrate models of AD generally lean on two different approach:
(1) genetic manipulation of the human orthologous associated with the
pathomechanism of diseases, or (2) expression of human risk genes in transgenic
animals [Mhatre et al., 2013]. The traditional metazoan models are Caenorhabditis
elegans (CE) and Drosophila melanogaster (DM). Tau is expressed also in both
animals and it binds microtubule and promotes the assembly, via the state dependent
phosphorylation by various kinases similar to humans [Goedert et al., 1996; Mhatre
et al., 2013]. Homologues of APP could be found both in DM (beta-amyloid protein
precursor-like protein; Appl) [Luo et al., 1990; Rosen et al., 1989] and CE (beta-
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amyloid like protein 1; APL-1) [Daigle & Li, 1993]. The orthologues of γ-secretase
complex are also expressed in them [Heidary & Fortini, 2001; McDermott et al.,
1996]; however, there is no evidence for activity in CE [Chung et al., 2001; Hong &
Koo, 1997; Wittenburg et al., 2000]. These models have provided their relevance due
to pioneering results in aging research [Brenner, 1974; Ellis & Horvitz, 1986; Fire et
al., 1998; Nüsslein-Volhard & Wieschaus, 1980].
1.2.1. Advantages of rotifers
Among Lophotrochozoans the rotifers are adequate models due to their short
generation time, ease of culturing, asexual propagation and experimental tractability.
The bdelloid rotifers (belong to class Bdelloidea within phylum Rotifera) are one of
the few classes, which are ancient asexuals like darwinulid ostracods and oribatid
mites [Lasek-Nesselquist, 2012]. They originate from parthenogenic female
monogonants rotifers and lost their ability to enter a sexual reproductive cycle and
chromosome pairing about 30–40 million years ago [Gladyshev & Arkhpova, 2010].
The CE and DM are closely related each other evolutionary, their genome underwent
extensive gene loss since they and humans shared phylogenetic common ancestor.
Phylum Cnidarians shows higher evolutional similarity to humans, more than 10%
of their genes have human homologues, which could be identified in neither CE nor
DM [Dahms et al., 2011; Snell et al., 2014]. Although rotifers are the world smallest
multi-cellular animals, they have complex organization, with well-established
anatomic characteristics; such as ganglia, muscles, photo-, chemo-, and tactile
sensory organs; ciliated head-structures, muscles, digestive- and secretory systems
[Marotta et al, 2012]. Their development is direct and their body consists of 1000
nuclei similar to CE. Although bdelloids are euthelic, they are very resistant to harsh
conditions mainly in their diapausing age. Surprisingly, they have degenerate
tetraploid genome which could promote very efficient repair of double-strand deoxyribonucleic acid (DNA) breaks using the collinear sister chromosomes as template
[Hagen et al., 2009]. The tetrads of homologous regions could insure the reservoir of
essential gene copies, maintaining the sufficient expression of life-conditional genes
in the extremely changing environment. They are one of the most generally used
invertebrate aging models, because their outstanding advantages in culturing,
anatomy and physiology [Birky, 2011].
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1.2.2. Viability markers of rotifers
Rotifers are widely used in research of aquatic ecology, speciation, evolution of
sex and ecotoxicology [Dahms et al., 2011]. In these small invertebrates the
consequences of the treatments could be followed up simultaneously both
individually or in population. Standard laboratory assays have been described using
them as model or target organisms [Preston & Snell, 2001; Snell et al., 2014]. These
assays aimed to measure the shifts of population densities, body size and species
diversity indicators in both acute and chronic measurements [Breitholtz et al., 2006].
The tests applied several endpoints related to behavioural changes, physiology,
parameters of growth, life-table data, bioaccumulation, biochemical and genetic
alterations. To gain information about long-term ecotoxicity, the mortality, the
hatching success, the neonate development ratio, sexual maturation, egg production
and sex ratio could be measured. Chronic evaluations of toxins use broad range of
suitable endpoints including indicators of gene expressional and biochemical
changes, individual-, demographic-, population- and community-level responses.
The individual responses include endpoints on complex physiological level (food
selection, consumption, assimilation) and on behavioural level (swimming speed,
acceleration, torpor, vertical migration) [Dahms & Hellio, 2009]. Despite this fact,
that swimming characteristics are widely considered as rapid and sensitive indicators
of toxicity, only few standardized and validated behavioural assays on invertebrates
are available. The bdelloids, such as Philodina acuticornis (PA), have specific
characteristics which made them ideal model for our methodical development. They
tend to avoid bright light perceiving it with specialized photo-sensory primitive eyes,
therefore, the photo-stimulus triggered neurological reflexes may be measured.
Although CE is also sensitive to light, the reaction based on chemical production of
reactive oxygen species (ROS), the animal responds to stress by inactivity [Bhatla et
al., 2015]. It could be biased easily by the treatment. In short-term experiments,
bdelloids could be studied on sub-organismic level [Marotta et al., 2012; Olah et al.,
2017; Snell et al., 2017]. The chewing organ function (mastax) gives information
about the resilience of PA and the need for nutrition. The CE has also a grinder organ,
but to measure its contraction is much more difficult, as the CE reacts to stress
inactivity [Trojanowski & Raizen, 2016]. In PA mastax contraction reaches zero,
when the animal is dead. Without any treatment and feeding PA survives for 15 days.
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In summary, they could also be useful in the risk assessment of pharmaceuticals, as
well as in investigations of conserved molecular pathways in connection with aging
and associated disorders.
1.2.3. Oxidative stress in rotifers
Aging and oxidative stress defence system are regulated by specific conserved
genes from rotifers to humans. Key genes in several signalling pathways have been
identified in both human and rotifer transcriptomes [Snell et al., 2014]. The intrinsic
aging could be imagined in the framework of oxidative protein damage, dramatically
accumulating with age both in animals and humans. The age-related proteinopathies,
such as AD, could be characterized by emerging phenotypes of impaired and
progressively malfunctioning proteomes [Radman, 2016]. In their natural habitat
rotifers have to cope with multitude of natural stressors, such as radiation,
temperature, hydrostatic pressure, desiccation, and salinity [Dahms et al., 2011;
Gladyshev & Arkhpova, 2010; Marotta et al., 2012; Mialet et al., 2013]. At higher
doses irradiation could cause aging like phenotypes and dramatically shortens
lifespan [Holzenberger et al., 2003; Lopez-Otin et al., 2013; Yu et al., 2016]. The
bdelloid rotifers are highly resistant to ionizing radiation, due to their developed
endogenous antioxidant system. Antioxidants are able to decrease the cellular
damage caused by ROS. These molecules may expand the lifespan of the
experimental animals via slowing down the aging progress. The molecular basis of
that protection strongly connected to the maintain the proper mitochondrial function,
which could be facilitated by amphiphilic antioxidants. [Poeggeler et al., 2005; Snell
et al., 2011] The studies of Poeggler et al. (2005) [Poeggeler et al., 2005] aimed to
reveal the effects of different antioxidant agents on the lifespan of PA. The
stabilization of rate-limiting component of respiratory chain by antioxidant
indolepropionamide could reduce ROS production in PA [Poeggeler et al., 2010].
Similar to indolepropionamide, a nitrone amide derivate administered in low dose
was able to expand the reproductive lifespan and increase the viability. Moreover, it
was protective against 500 μM hydrogen peroxide (H2O2), which dose killed almost
all the rotifers in 24 hours [Poeggeler et al., 2005]. Although PA is very resistant to
environmental physiological stress, it is relatively sensitive to chemical stress.
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The H2O2 and sodium azide (NaN3) are always used as chemical stressors with
well-known mechanism of action [Finnegan et al., 2010; Russell, 2003]. Based on
the current literature we selected these agents to validate out novel assay system.
Although their biochemical mode of action could be different, their physiological
consequences are similar. Oxidative molecules remove electrons from the susceptible
chemical groups by oxidizing them. The low level of oxidation could be reversible;
as the defence system could adapt. In higher dose the defence system become
overwhelmed. [Russell, 2003] Due to their low molecular weight, biocides are able
to pass through cell membrane and are able to interact and destroy the intracellular
components [Yang et al., 2013]. The main targets of oxidative stress are the
membranes, the scavengers and thiol groups, the enzymes and the nucleosides. The
elevated ROS impairs the energy production and disrupts the protein synthesis
[Imlay, 2003; Poeggeler et al., 2005]. In high dosage biocide, H2O2 causes massive
cellular damage [Finnegan et al., 2010]. The use of NaN3 as an alternative insecticide,
herbicide, nematocide, bactericide and fungicide has spread in the last few decades,
otherwise its vasodilator effects are also known [Bennett et al., 1996]. The NaN3
triggers dose-dependent inhibition of mitochondrial electron transport chain complex
IV resulting elevated ROS, mitochondrial membrane potential reduction and ultrastructural changes [Morales-Cruz et al., 2014; Ye et al., 2016]. The impaired
mitochondrial function associated with electron chain dependent superoxide
production. The produced hydroxyl radicals could be converted to H2O2 enhancing
ROS as a primary cause of cellular death. The chronic NaN3 administration could
cause similar impairments in animals [Delgado-Cortés et al., 2015; Park et al., 1999;
Smith & Bennett, 1997]. The NaN3, as a cytochrome oxidase inhibitor triggers
chemical hypoxia and low energy production leading to impaired learning in rats
[Bennett & Rose, 1992]. The selective reduction of complex IV was observed in post
mortem brain of AD patients [Szabados et al., 2004].
1.3. Oxidative stress and Alzheimer’s disease
The brain has high energy demands using more than 20% of the body basal
oxygen for adenosine triphosphate production. The mitochondria are extremely
vulnerable to ROS in nervous tissue. The age-dependent decrease of bioenergetics
metabolism and the decline in redox homeostasis are common characteristics of
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neurodegenerative disorders. The ROS acts as secondary messenger in modulation
of immune responses, neuroinflammation, synaptic plasticity, learning and in
processes of memory consolidation. The early sign of AD is the oxidative stresscaused by the imbalance between the ROS production and the antioxidant defence.
The pathological processes of AD related to mitochondria could be attenuated by
systematic inflammation, environmental factors or susceptibility genes. The
impairment of mitochondrial function during AD could stimulate the amyloidogenic
pathway [Grimm et al., 2016]. The lower energy production disturbs the transport
processes leading to decrease of defective protein catabolism. [Radman, 2016] The
AD is a special kind of metabolic disorder initiated by mitochondrial deficit
associated with electron transport chain complex I and complex III derived ROS
production [Gajewski et al., 2017]. The age dependently impaired repair and
replication of mitochondrial DNA (mtDNA) also leads to decreased mitochondrial
production and functioning. The increased ROS production causes abnormal
alkylation of both genomic DNA (gDNA) and mtDNA. The ApoE4 could exacerbate
these harmful processes: (1) by lowering the expression of mitochondrial electron
transport chain complex I and IV [Chen et al., 2011]; (2) by reducing the Aβ1-42
clearance and degradation [Bu, 2009]; (3) modulating APP related pathways; (4)
facilitating tau hyperphosphorylation (abnormal cell cycle regulation) [Zhou et al.,
2016]; (5) decreasing the plasticity and thus causing abnormal lipid trafficking
(impaired lipid transport) [Wong et al., 2017]. The damage could be present in the
changes of proteomics and lipidomics and apolipoprotein E (ApoE) and human
Herpes simplex virus (HSV) reactivation could exacerbate it.
1.4. Risk factors of Alzheimer’s disease
Due to the absence of AD-modifying medications, the attention has turned to
controllable AD risk factors associated with environmental stressors and life-style
behaviours. Around 30-50% of AD cases may be initiated by predominantly vascular
or/and life-style factors. [Greenwood & Parrott, 2017] Since the initial steps of AD
is unclear, there are multiple hypothesis about the molecular mechanisms potentially
affected. According to the amyloid cascade hypothesis [Hardy & Higgins, 1992;
Selkoe & Hardy, 2016], the accumulation of Aβ1-42 in AD brain could be initiated
and modulated by environmental modifiers and genetic risk factors such ApoE4
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allele [Genin et al., 2011; Mahoney-Sanchez et al., 2016]. The AD risk is increased
4-fold in heterozygotes to ApoE4, and to 12-fold in homozygotes, depending on the
sex, race and age [Farrer et al., 1997]. The ApoE interacts with Aβ1-42 isoform
dependent manner promoting the fibrillazation and aggregation. Although the exact
mechanism how ApoE4 contributes to the AD pathomechanism is unclear, both
amyloid associated mechanism (enhanced aggregation and reduced Aβ1-42
clearance) and non-amyloid related processes (enhanced tau phosphorylation,
production of toxic carbonyl fragments) have been confirmed [Huang et al., 2014;
Lee et al., 2017]. ApoE also plays an essential role in lipid metabolism transferring
the lipoproteins or lipid complexes from the plasma or interstitial fluids to specific
cell-surface receptors [Huang et al., 2017]. The alteration in composition of lipids
(i.e. lipid rafts) surrounding the transmembrane proteins or ion channels could
dramatically influence their function [Dart, 2010]. These lipid microdomains serve
as important platform of signalling and membrane related enzymatic processes (such
as APP cleaving), therefore, any changes in their structure may contribute to the AD
pathomechanism. [Castellano et al., 2017] The main lipid classes are known to be
disturbed in AD are cholesterol, sphingolipids (main components of rafts),
phospholipids and glycerolipids [Ohanian et al., 1998; Spiegel & Milstien, 1995;
Spiegel & Milstien, 2002; Wong et al., 2017]. According to the multi-pathogen AD
hypothesis [Robinson et al., 2004] peripheral infection of the neurotrophic human
HSV could be environmental co-factors contributes to the initiation of AD
pathomechanism. The prevalence of HSV is approximately 90% by the sixth decade
of life [Harris & Harris, 2015]. During the reactivation the replicated virus could
enter central nervous system (CNS) through the trigeminal ganglia or the impaired
blood brain barrier (BBB). There the pathogens act as a trigger of Aβ1-42 production,
plaque formation and tau hyperphosphorylation interacting with ApoE4. [MahoneySanchez et al., 2016] The pathogens induce glial inflammatory responses via Aβ
dependent signalling and elevated the inflammation associated oxidative stress.
Interestingly, the pathogen-associated molecular pattern caused similar inflammation
cascade activation as mitochondrial damage associated molecular pattern (DAMP).
[Wilkins et al., 2017] Although the mitochondria have prokaryotic origins, the
DAMP shows non-bacteria specific signs, such as the decrease of membrane
potential, damage of mitochondrial DNA and activation of cell death pathways. The
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released proinflammatory modulators (ROS, Ca2+, adenosine triphosphate) activate
the immune system; induce the cytokine and chemokine production; disrupt the BBB
and promote the infiltration of peripheral immune cells [Wilkins et al., 2016]. The
Aβ1-42 acts as a proinflammatory DAMP molecule [Ferger et al., 2010; Kumar et
al., 2016a; Zhou et al., 2011]. It co-localizes with bacteria and it could inhibit the
bacterial growth, furthermore, it has an antimicrobial activity [Relini et al., 2013;
Soscia et al., 2010]. Therefore, DAMP can also alter the AD-related pathways via
modulation of inflammatory response and oxidative stress.
1.5. Potential biomarkers and their limitations
Setting up the clinical diagnosis of AD during the prodromal stage is very difficult
using the available markers. As a consequence, the neurochemical markers have been
gaining importance in clinical routine. The biomarkers are specific proven indicator
molecules of biological and pathological changes of the diseases, and the
concentration of them shows remarkable alteration as a consequence of
pharmacological responses [Mattsson et al., 2009; Mattsson et al., 2012]. Various
types of biomarkers have been proposed with different objectives. The (1)
susceptibility biomarkers evaluate the risk of developing AD, the (2) monitoring
biomarkers provide information about the progression of the disease and (3)
predictive biomarker identify subsets of patients most likely to benefit from a
particular treatment option [Dubois et al., 2013; Wong et al., 2017]. Biomarkers
could be useful in setting up the precise diagnosis of AD, in differentiating the AD
from other dementias and in predicting the progression of cognitive decline [de Rino
et al., 2012]. The ideal biomarker of AD should determine the fundamental feature
of neuropathology. It should be confirmed by neuropathological-validated cases; it
should have a sensitivity of > 80% for detecting AD and a specificity of > 80% for
distinguishing from other dementias; it should be reliable and inexpensive.
[Rosenmann, 2012] To describe novel biomarkers, our group has various approaches.
The potential molecular biomarkers could have derived from both the periphery
(blood) and from the central nervous system (cerebrospinal fluid; CSF). The CSF is
the direct environment of the brain, therefore, the alterations of its molecular
composition could refer the processes in the brain. The new multidisciplinal AD
criteria of Dubois are based on various imaging and laboratory investigations.
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[Dubois et al., 2009; Dubois et al., 2010] As minor criteria of AD diagnosis the
abnormal CSF markers are included. These are the following: (1) elevated total tau
(t-tau) and (2) phosőho-tau (p-tau) levels, and (3) reduced Aβ1-42 levels, measured
by specific enzyme-linked immunosorbent assay (ELISA). The sensitivity of the
procedure is about 85% and specificity is even higher, about 95% in moderate or
severe stages of AD. The limitations of the measurements, that the Aβ1-42 reduction
and tau elevation could be observed in normal aging [Humpel, 2011]. Thirty-four
percent of non-AD type demented population showed AD specific pattern, while
36% of the cognitively healthy aged population had pathological CSF profile without
any other AD specific symptoms. [Toledo et al., 2012] Despite this fact, the accurate
diagnosis of prodromal AD is still probable due to the similarity of the early
psychological symptoms of other neurodegenerative disorders.
2.

Specific aims
The aims of the present study were:
I.

to develop a novel, in vivo high-throughput assay system on invertebrates
allowing the individual monitoring on various physiological levels of
efficacy providing continuous and quantitative indices;

II.

to characterize PA in terms of survival, physiology and behaviour, named
toxicity and survival lifespan (TSL), bright light disturbance (BLD),
mastax contraction frequency (MCF) and cellular reduction capacity
(CRC);

III.

to validate the assay system by reactive agents;

IV.

to show the relevance of the assay system in AD research

V.

to identify oxidative stress and neurodegeneration specific protein marker
candidates in CSF of AD patients;

VI.

to reveal impacts of the HSV1 and HSV2 reaction on lipidomic profile of
AD patients;

VII.

to investigate the role of ApoE in the modulation of lipidomic changes.
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3.

Material and Methods

3.1. Novel in vivo experimental viability assays
Among the bdelloid rotifers used in our laboratory, the PA was the most
adequate for our methodological innovation. The PA together with the Cladophora
aegagrophila (CA) alga, which provides environmental matrix for the rotifers
[Hanyuda et al., 2002] were obtained from Hungarian aquaristique. The CA could be
found in an approximately 5-10 cm diameter spherical form in its natural habitat. In
our assays, pasteurized Saccharomyces cerevisiae (yeast) homogenate was
introduced as nutriment.
3.1.1. Culturing and harvesting of rotifers
The culturing methods were developed based on previous literature
[Denekamp et al., 2009; Ricci, 1984]. Every step of the manipulation was monitored
by inverted transparent light microscope (Leitz Labovert FS, magnification range
from 32x to 1000x; Germany). The animals were cultured in semi-sterile
environment. Clear cultures of PA were kept in cell culturing flasks (cat. no.:
83.3910.302, Sarstedt AG&Co., Germany) in 15 mL standard medium. The ‘standard
medium’ (pH = 7.5) contained Jana mineral water (origin: Croatia; distributed by
Fonyódi Ásványvíz Kft, Hungary) half diluted with distilled water (DW, Millipore
type ultra-pure, demineralized). The concentrations of diluted cations and anions in
standard medium (mg/L): Ca2+ 31.05; Mg2+ 17.6; Na+ 0.9; K+ 0.25; Fe2+ 0.001;
HCO3- 153.097; SO4- 3; Cl- 0.8; F- 0.02; H2SiO3 3.3. The flasks contained mixed
matrix of CA alga and sterile cotton wool buds in 1:1 ratio for structural stabilization
(Fig. 1.). The 3D-matrix provided increased specific surface area and significantly
elevated the density of the cultures from ≈ 8500 individuals (2D, without matrix) to
≈ 90,000 rotifers (3D, with matrix) per flask (after a month, started from a single
individual). The CA alga balls were kept in standard medium, which was changed in
every three days. As the first step of isolation, a small part of the ball was removed
by forceps into sterile plastic petri dish (cat. no.: 430165, Cornig INC., USA). The
fragmented alga was washed with 10% ethanol twice for eight minutes, followed by
two washes with standard medium for 30 minutes. The prepared alga was kept in
standard medium for further two days, and its’ quality was checked daily.
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Fig. 1. The representative image of
the 3D alga matrix with Philodina
acuticornis
We found that the filamentous alga,
stabilized by cotton wool, imitated
natural habitat for PA. The arteficial
mixture formed approximately 1 cm
thick 3D-matrix in the flask
significantly increasing the specific
surface area. Approximately 8500
rotifers could be detected in 2D-culture,
while in 3D algae-cotton wool matrix
about 90 000 individuals could be found
after a month.

The sterile cotton wool - the other component of 3D-matrix - was transferred
into sterile petri dish and was dispersed with forceps, followed by an intense washing
with DW. Then, it was soaked in 96% ethanol for 30 minutes. The ethanol was
decanted; the cotton wool fragments were washed with DW multiple times. The
prepared alga fragments and cotton wool buds were mixed in 1:1 ratio in culturing
flask, then rotifers were added. The flasks were kept at 25 °C, under light/dark cycle
of 12:12 hours and they were checked daily. The standard medium was changed in
every two days. The flasks were shaken carefully; the old medium was decanted. The
3D-matrix was washed with DW twice, and they were filled with standard medium.
The clarity was checked, if it was opalescent, the procedure was repeated. The
nutriment of the animals was 0.35 mL yeast stock solution (7.5 g of dried yeast was
diluted in 300 mL standard medium) adding after the medium change. The final
concentration was 0.6 mg/mL. The stock solution was pasteurized at 65 °C for three
hours in a water bath (Grant Sub 6; Grant Instruments Ltd., UK). After overnight
incubation at room temperature, the solution was filtered (15 µm pore size) and it
was aliquoted. The 2 mL aliquots pasteurized again and stored in -75 °C, until further
use.
As the first step of harvesting, the medium was changed without feeding. To
dissect the attached animals from the 3D-matrix, the flasks were put into -75 °C for
3 minutes. The medium was decanted into a sterile petri dish, then the flasks were
washed twice with standard medium. In order to re-attach the healthy animals the
dish was kept at room temperature for 30 minutes, then the surface was washed twice
with DW and once with standard medium to eliminate the unattached dead animals.
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For genetic studies, the rotifers were used instantly right after the harvesting. For
microdrop studies, the previously isolated population was kept for 24 hours at room
temperature without feeding. Next day, after a medium change the individual
specimens were selected for the treatment. The 24 h fasting was applied to empty
rotifers’ digestive system to avoid contamination of the microdrop. We chose rotifers
approximately 5-day-old after hatching, determined by their body size: length 220 ±
10 µm and width 60 ± 5 µm, 1-2 days before the beginning of the reproductive phase.
A calibration curve to determine the age of the individual PA based on body size
index (BSI) isolated from standard medium is presented on Fig. 2.
Fig. 2. Calibration curve to
determine the age of individual
Philodina acuticornis rotifers
isolated from standard culture
Representative calibration curve
determines the age of PA rotifers
(n = 300) using the means of their
daily Body size index (BSI%) =
maximal ’length x width’ of body
(µm) isolated from standard
(optimised temperature, food
amount etc.) culture. The size of
hatched offsprings were 95 x 25
µm (BSI = 6%), while the size of old individuals was 350 x 110 µm (BSI = 100%). Three
phases of life could be detected: a) juvenile (1-6 days) a pre-reproductive phase without egg
production; b) reproductive (7-27 days) a reproductive phase with egg production; c)
senescent (over 28 days) a post-reproductive phase without egg production. The optimal age
of individuals for survival lifespan experiments was 5 days (before egg production).

3.1.2. Characterization of rotifers
3.1.2.1. Phenotypic analysis
The healthy living individuals were studied under light microscope using
photo and video analysis (Nikon D5500, Nikon Corp., Japan). The animals were
fixed (in -75 °C 96% ethanol, if it was needed), when they were adopted an elongated
shape after pouring the medium. During rehydration, decreasing concentrations of
ethanol were used, finally DW was added, each step was taken 10 minutes. The
prepared bodies were transferred into 0.35 mm spacers on microscope slide, covered
by glass slide. Multiple pictures were taken from the bodies at 5 µm sections (30-40
layers/animal). For the detailed picture, they were merged into one super-imposed
picture (created in Adobe Photoshop® CC). Animals were classified based on the
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work of Kertész [1894], Varga [1966] about the endemic microscopic animals in
Hungary and the publication of Ricci & Melone [2000]. For the characterization, the
size of the specimen (whole body or body parts) was examined. Furthermore, the
shape, special morphologic markers (e.g. characteristics of trophy, foot, corona, eyes,
antennae) and different type of movements (swimming, crawling, the use of the
corona, pulsation of mastax, body contraction, etc.) were determined.
3.1.2.2. Phylogenetic analysis
3.1.2.2.1. DNA isolation and PCR reaction
The homogenic rotifer population (started from a single animal) were cultured
in a 25 mL flask. After the harvesting the density was approximately 100
animals/cm2. The animals were washed twice with DW, then 50% ethanol was added,
and the animals were concentrated in a two-step centrifugation. First step was the
centrifugation (6000 x g, 20 minutes) of 10 mL supernatant. The pellet was
suspended in 1 mL and it was centrifuged at 12,000 x g for 5 minutes. The Power
Soil gDNA isolation kit (cat. no.: 12888-100, MOLBIO Laboratories INC, Qiagen
Company, USA) was used, the protocol given by the manufacturer was followed.
The quality and size was checked on 1% agarose gel (cat. no.: A9539, Sigma-Aldrich
®, USA), 65 V, 45 minutes in Tris-buffered saline (TBS). The final gDNA
concentration was 3.3 ng/µL, determined by Qubit HS DNA kit (cat. no.: Q32854,
Thermo Fischer Scientific, USA). The polymerase chain reaction (PCR) mix
consisted of 6 ng of gDNA, 10 µL DR Green PCR MM (cat. no.: K10081, Thermo
Fischer Scientific, USA), 0.5 µL of 10 µM reverse and forward primers and 7 µL
nuclease-free water. The sequences of the bdelloid specific 18s DNA primers are
summarized in Table 1 [Robeson et al., 2009].
Table 1. The sequences of the primers used in phylogenetic analysis

name
Bdel_foward

sequence

fragment

5’-CGGCTCATTACATCAGCTATAACTT-3’

Bdel_reverse1

5’-GATCCTTCCGCAGGTTCACC-3’

1714 bp

Bdel_reverse2

5’-GACTCAACACGGGAAACCTCACC-3’

1360 bp

Bdel_reverse3

5’-CTAAGGGCATCACAGACC-3’

no data
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The primers were checked in silico, using PA sequences from SILVA
database (www.arb-silva.de). The steps of reactions were 2 min 95 °C initial
denaturation; 30 sec 95 °C denaturation; 30 sec 56 °C annealing; 1 min 72 °C
extension (30 cycles); and 5 min 72 °C final extension (cat. no.: 3100-800-08,
Biometra thermocycler, GreenLab Hungary Engineering Ltd., Hungary). The mixes
were loaded on 1% agarose gel and were separated in Tris-borate-EDTA at 65V (45
min). The bands of the lane mix of Bdel_reverse1 and mix of Bdel_reverse3 were the
same as we predicted, and Bdel_reverse2 did not show any band. The bands were cut
and amplicons were purified by Gel extraction kit (cat. no.: 9K-006-001; BioBasic
Inc.). The concentrations of the samples were determined by Nanodrop 2000 (cat.
no.: ND2000, Thermo Fischer Scientific, USA). The isolated fragments were sent to
Sanger sequencing, applying the latest version of Lifetechnologies Genetic Analyzer
Capillary Electrophoresis Systems (3500 Series Genetic Analyzer).
3.1.2.2.2. Sequence analysis and classification
The amplicons were sequenced from both 3’ and 5’ ends, using them to create
a consensus sequence. The 3’ and 5’ ends below 20 quality value were trimmed to
eliminate the low-quality ends and primers by hand with DNA Chromatogram
Explorer (DNA Chromatogram Explorer Lite, version 4.0, Heracle Biosoft). The
contigs were created by DNA Baser Sequence Assembler (DNA Baser Sequence
Assembler v4, Heracle Biosoft) from the reverse and forward reads, in order to
minimalize the mismatches, elevate the quality and obtain the longest possible read
[Jeanmougin et al., 1998]. Silva aligner was used to search and classify our sample
against SILVA SSU 128 Ref NR database. We applied 95% minimal identity to
query sequence in the least common ancestor (LCA) method [Quast et al., 2013]. To
increase the specificity, the reference sequences under 70% identity were excluded
from the analysis. The results were saved in FASTA format with metadata and were
upload into NCBI GenBank (ref. no.: SUB2522809 and KY829026).
3.1.2.2.3. Phylogenetic analysis
After the morphological and phenotypical characterization of our PA
[Kertész, 1894; Ricci & Melone, 2000], the next step was to determine the
evolutionary placement using the sequenced 18S rDNA fragment. However, there
are more than 400 of bdelloid species, but only a few had available 18S rDNA
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sequences in SILVA database. All the available sequences were downloaded for
further analysis and the accession numbers were listed in Table 2. A classical
phylogenetic tree was generated by PhyloT (PhyloT, biobyte solution, GmbH,
http://phylot.biobyte.de/index.html, database version 2017.1). To identify the
evolutionary relations. Multiple sequence alignment (MSA) was created out of
Monogonanta, Bdelloidae and CE sequences (as out-group) with ClustalX24 using
standard parameters [Jeanmougin et al., 1998].
Table 2. List of SILVA accession numbers enrolled in phylogenetic analysis. The
available Philodina IDs are highlighted with bold italic.
KF561106, KF561108, DQ079917, KC193095,
DQ079916, DQ089734,
AY218118,
AY218116,
DQ079915,
Monogonata
DQ079914,
AY218113,
AY210451,
AY218115,
AY218114
U41281, KF561103, KF561102, KF561099,
Bdelloidea
KF561100, KF561095, JX494742,
JX494744, JX494738, DQ089732
Caenorhabditis elegans
X03680

Phylogenetic trees from MSA results were estimated using MEGA7 and MrBayes
independently, applying basic options. MEGA7 tree was drawn using NeighborJoining method (NJ). The NJ method is rapid, but produces only one tree and neglects
other possible trees [Gascuel & Steel, 2006]. Moreover, since errors in distance
estimates are exponentially larger for longer distances, in certain cases this method
will yield a biased tree [Kumar et al., 2016b]. The optimal tree with the sum of branch
length = 0.55170078 is shown Fig. 7A. The percentage of replicate trees in which
the associated taxa clustered together in the bootstrap test (1,000 replicates) are
shown next to the nodes [Efron et al., 1996]. The second tree was created using a
recent variant of maximum likelihood (ML) character based probabilistic approach
in MrBayes (Fig. 7B). The ML method uses each position in an alignment and
evaluates all possible trees through cycles. It calculates the likelihood for each tree
and seeks the one with the ML. However, this method is the slowest and most
computationally intensive, though it usually gives the most informative tree
[Ronquist et al., 2012]. Sequence Evolution Model was applied on 610,000
generations and 500 sample frequency to reconstruct phylogeny.
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3.1.3. Adapted microdrop technique for the treatment
In order to treat and follow-up an individual PA, we devised a novel
microdrop culturing method, adapting the protocol used in human in vitro
fertilization [Nagy et al., 2012]. Standard 24-well plastic cell culturing plates (cat.
no.: 3526, Cornig Inc., USA) was used. At the bottom of each well 30 μl microdrop
of standard medium was placed, covered by 640 μl amount of the 1:1 mineral oil
mixture of high purity paraffin oil (cat. no.: 18512-1 L; Sigma-Aldrich ®, USA) and
SAGE tissue culture oil (cat. no.: ART-4008, Origio, Denmark; Fig. 3). Finally, the
total volume of the microdrop was 55 μl, the oil thickness on the top of the microdrop
was 1 mm (Fig. 3 upper picture). Originally SAGE tissue culturing oil was used in
human in vitro fertilization as protective barrier for embryonic cultures, facilitating
the normal gas diffusion between the microdrop and its environment, and preventing
evaporation and hypoxia in the microdrop.
Fig. 3. Representative oil-covered microdrop
The development of closed and controllable
microenvironment enabled longitudinal observations
on a one-housed rotifer. The method was adapted
from human in vitro fertilization techniques. Upper
image is the side view and the lower image is the top
view with the individual rotifer. The standard
microdrop contains a single-housed rotifer (scale bar:
1 mm) in treatment medium covered by the mixture
of ultra-pure paraffin and SAGE oil.

After the preparation of this setup, the microdrop was kept at room
temperature for one day without adding animals (Fig. 4A). The rotifers were isolated,
then the selected individuals were placed into the microdrop in 20 μl standard
medium (Fig 3. bottom picture). The setup with the animals (Fig. 3) was allowed to
rest a day, then the next day treatment was administered. The substance was injected
into the microdrop in 5 μl of solution containing the H2O2 (cat. no.: 95321, SigmaAldrich ®, USA) or NaN3 (cat. no.: S2002, Sigma-Aldrich ®, USA) in 11 x
concentration (Fig. 4B). The plates were kept in environment similar to the standard
culturing. The animals were checked twice a day, until the observed animals
considered dead.
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3.1.4. Experimental monitoring assays
Four different assays were used to evaluate the viability of the rotifers,
utilizing video recordings with Nikon D5500 DSLR camera. The H2O2 and NaN3
were used in increasing concentrations in the different assays. Overlapping doses
were applied to cross-validate the assays over their dynamic range. The doses were
administered in the TSL assay (μM): 70; 100; 200; 400; 500; 800; 1000; 2000; in the
BLD assay: 5; 10; 30; 50; 70; 100; 200; 400; in MCF: 0.1; 0.5; 1; 5; 10; 30; 50; 70;
in CRC 0.1; 1; 10; 50; 100; 400; 800; 2000 (Fig. 4B).

Fig. 4. Workflow schematic of our, in vivo, non-invasive experimental
monitoring systems
Experimental setup of the rotifer treatment and monitoring (A). On day 1, animals were
isolated and separated from the culture and simultaneously microdrops were prepared in a
24-well-plate. On day 2, the rotifers were transferred to microdrops (one rotifer to one
microdrop per well) and they were placed under oil to accommodate to the new environment.
On day 3, the single-housed rotifers were challenged with treatment agents. From day 4, the
viability assays provided information on dose- and time-kinetic effects on toxicity and
survival lifespan (TSL), bright light disturbance (BLD), mastax contraction frequency
(MCF) and cellular reduction capacity (CRC). (B) Overlapping doses of H2O2 and NaN3 (in
µM) used in the TSL, BLD, MCF and CRC assays confirming the range of sensitivity of
each assay.

In order to show the relevancy of the model in AD research, Aβ1-42 treatment
were tested. The Aβ1-42 and Aβ25-35 (cat. no.: A4559, Sigma-Aldrich ®, USA)
were prepared in the Department of Medical Chemistry, University of Szeged,
Szeged, Hungary. The peptides were synthesized on an Fmoc-Ala-Wang resin using
Nα-Fmoc-protected amino acids with a CEM Liberty microwave peptide synthesizer
(origin: Matthews, NC, USA). The synthesis and characterization of the Aβ peptides
were conducted as previously described by [Bozso et al., 2010] with minor
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modifications: the concentrations of the stock solutions were 1 mg/mL; the
aggregation time was carried out on 25 °C, pH 3.5; the neutralization (to pH 7.5) was
performed with sodium-hydroxide (NaOH; cat. no.: 757527, Sigma-Aldrich ®, USA;
1 N in DW) [Kalweit et al., 2015]; after 10-fold dilution with standard medium, the
final (working) concentrations were 100 µg/mL. To investigate the dose-dependency
of the effect of Aβ1-42 on rotifers, we used three different treatment concentrations
(0.1, 10, and 100 µg/mL), compared the results with those groups treated with
equivalent concentrations of bovine serum albumin (cat. no.: A4737, Sigma-Aldrich
®, USA; BSA). The concentration of Aβ25-35 was applied in 10 and 100 μg/mL.
3.1.4.1. Toxicity and survival lifespan (TSL)
The effects of the administered substances on the lifespan of unfed PA was
recorded. Various well-defined morphological markers were used for assessing the
viability (Fig. 5A). The markers were the following: (a) normal anatomy and active
motility of the body (Fig. 5A); (b) general movement within the body; and (c)
naturally red eyes (Fig. 5B/1 and 5B/2). The PA was considered dead when the
following features were present: the absence of motility after touching the end of the
micropipette; loss of telescopic reflex and red colour of eyes; the fragmentation and
amorphous granules in the soma within the body [Poeggeler et al., 2005].
Fig. 5. Anatomy of Philodina acuticornis
odiosa used in viability assays
The viability markers of the Philodina
acuticornis odiosa used in our screening system.
(A) A whole body of rotifer with corona, head,
body and feet (scale bar: 50 µm). The transparency
of the body enabled monitoring the movement of
the internal organs as a viability marker. (B)
Enlargement of the anterior part (head) of the
rotifer. (B/1) The anterior part of rotifer presenting
the head, corona and naturally red eyes (scale bar:
15 µm). (B/2) Enlargement of the primitive red eyes
(marked with stars; scale bar: 5 µm): that
specialized photosensitive organs that facilitated
the bright light disturbance response and the
absence of naturally red colour referred the death of
the animal. (C) The mastax (marked with stars) is
the muscle pharynx of rotifers in upper part of the digestive system, and its periodic closing
(C/1) and opening (C/2) are sensitive to agent exposure, providing information about organ
functionality (scale bar: 15 µm).
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3.1.4.2. Bright light disturbance assay (BLD)
Based on the behavioural ethology of PA, we developed a novel method to
determine the behavioural efficacy of the agents with high sensitivity and resolution.
We observed that PA escaped from the intensely illuminated area. By our assay, we
were able to quantify the sensory-motor system responsiveness (i.e. reflex), and we
were capable to monitor the effects of various agents administrated in sublethal dose.
The previously prepared microdrop was placed under Hund Wetzlar H500
microscope (ocular: PK 20 x /8; objective: HW-A 10/0.25, 160/-, Germany) with the
light source illumination set to 20 lux. The surface-attached animal was considered
to be active when mastax contraction and movement of wheeling organ was
detectable. The well was adjusted so that the active animal was in a middle of 0.5
mm2 illuminated area, creating by narrowing and masking the light source of
microscope with aperture mechanism. After 30 seconds, if the animal was still active,
we elevated the illumination to 40,000 lux and measured the reaction time of the PA.
Two reaction parameter was recorded. The bright light irritation (BLI) was the total
time that the rotifer is contracted or crawling, recapitulating the unfed-state where
corona is not wheeling. When the treated animal did not react, meaning it remained
in cilia-motile form, it considered insensitive to the bright light trigger. The bright
light avoidance (BLA) was the total time spent in illuminated area together the time
of leaving the designated area. The BLD index was calculated as following:

In healthy untreated animals the index is approaching 100%, reflecting the
maximal sensitivity and reaction to the light. The treated animals have maximal 5
minutes to leave the illuminated area, whereupon the animals were considered to be
unable to escape and that meant the 0 value of BLD.
3.1.4.3. Mastax contraction frequency assay (MCF)
The mastax (pharynx) is the upper part of digestive system, anatomically it
has a powerful muscular wall and contains tiny, calcified, jaw-like structures, called
trophi. The main function of mastax is to cut the food and transmit it by periodic
opening (Fig. 5C/1) and closing (Fig. 5C/2). In order to assess the viability of the
one-housed rotifer, MCF (contraction/sec) was described, as a quantitative viability
marker of organic functionality.
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3.1.4.4. Cellular reduction capacity assay (CRC)
The EZ4U Cell Proliferation Assay (non-radioactive cell proliferation,
cytotoxicity and reduction capacity assay with XTT solution) was used (cat. no.: BI5000, Biomedica, Hungary). This assay widely used on cell cultures and tissue
samples [Berridge et al., 2005], but according to our knowledge the assay has never
been applied on intact living invertebrates. We optimized the standard protocol
(given by the manufacturer) for our animals. After standard harvesting,
approximately 300 animals/well, were deplaned in standard 24-well plate. We used
diluted 20 x XTT reagents to avoid toxicity (475 μl standard medium completed with
25 μl XTT kit stock solution). The plates were incubated at room temperature for 24
hours in dark (the kit components are sensitive to direct light). The supernatant was
transferred to a 96-well plate and the absorbance was measured by microplate reader
(Spectramax 384, Molecular Sciences Inc., Canada) set at 491 nm with 630 nm as a
reference. The results were normalized to the number of animals/well, the percentage
of values were calculated, and untreated control wells were the reference ratio of
absorbance (100%).
3.2. Human oxidative stress biomarker screening
3.2.1. Subjects
The diagnosis of AD patients was confirmed by initial evaluation of careful
personal and family history taking, neurological and psychiatric examinations and
psychological test to determine the rate of cognitive decline. Additionally, in each
case a brain computed tomography (CT) scan or magnetic resonance imaging (MRI)
was carried out, furthermore, in some questionable cases single-photon emission
computed tomography (SPECT) was performed to exclude other neurological
disorders. Routine laboratory work-up, including determination of thyroid levels was
done in each case. All cases fulfilled the criteria of Fourth edition of the Diagnostic
and Statistical Manual of Mental Disorders [DSM-IV, 1994] and in protein array and
DSM-5, 2013 in lipidomic/HSV analysis. In both experiments, the probable AD was
determined based on the criteria of NINCDS-ADRDA [Dubois et al., 2007;
McKhann et al., 1984; Rossor et al., 2007; Sperling et al., 2011]. The evaluation of
cognitive decline was performed by Mini Mental State Exam (MMSE); [Folstein et
al., 1975; Janka et al., 1988]. For the control probands the inclusion criteria were the
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absence of subjective symptoms of cognitive dysfunctions and disorders without
affecting the cognitive state, but they should have clear medical indication for the
lumbar puncture. The demographic characterization of the AD patients and control
probands are summarized in Table 3. The measurements were performed according
to the provision of the Declaration of Helsinki. Informed consent was obtained from
all patients to use their clinical data for research purposes.com The study was
approved by local Ethics Committee of the Hungarian Investigation Review Board
(permit no.: 135/2008 for the control probands, 184/2012 for AD patients in protein
array and permit no.: 54/2015 for AD patients in lipidomic-HSV analysis). We
followed the standards of Patient Right’s Protection Act of our institution and all
patients were treated in accordance with the international guidelines.
3.2.2. Cerebrospinal fluid collection
The CSF samples were obtained from patients undergoing a lumbar puncture
in the L4-L5 vertebral interspace. At least 12 ml CSF were collected into sterile
polypropylene tube (cat.no.: 22.401402, Labsystem Kft., Hungary). Each sample was
divided into two tubes. The first was aliquoted without any treatment. Routine
laboratory work-up, such as protein amount and cell count were determined. The
second tube was centrifuged at 1500 x g, on 4 °C for 10 minutes, then the supernatant
was aliquoted. The procedures were carried out on ice to minimalize the metabolic
damage and the aliquots were frozen right after that. They were stored at -75 °C until
further analysis.
Table 3. The demographic characterization of the enrolled patients with Alzheime’s
disease and control probands.
Peptide screening
Category
Age
MMT
Gender

female
male

ApoE4 frequency

Core
markers

Lipidomic analysis
AD patients
negative
HSV1
HSV2
73±1.7
81±1.9
74±2.1
19.9±1.1 14.5±1.6 20.6±1.3

Control

AD
patients

80±2.3
23.4±1.4

77±1.8
15.2±2.6

64%
36%

64%
36%

52.3%
48.7%

70%
30%

47.4%
52.6%

3.5%

20%

28%

40%

29%

782.7±63.3 394.7±38.3 81.2±7.7 56.4±8.6 57.1±7.2
Aβ1-42
(pg/mL)
t-tau (pg/mL) 228.2±30.8 652.0±64.3 598.8±74.8 401.0±70.0 517.2±116.0
p-tau (pg/mL) 56.2±10.2 100.6±10.1 436.7±42.4 408.9±53.1 473.4±51.6
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3.2.3. Biomarker screening
3.2.3.1. Core marker characterization
The core markers were measured by a sandwich ELISA specific to Aβ1-42
(cat. no.: 80177; INNOTEST-β Amyloid, Innogenetics NV, Gent, Belgium), or t-tau
(cat. no.: 81572; INNOTEST hTAU; Innogenetics NV, Gent, Belgium) or p-tau
threonine 181 (cat. no.: 81574; INNOTEST Phospho-Tau; Innogenetics NV, Gent,
Belgium). The core marker characterisation and CSF samples in Aβ1-42 screening
of rotifer were performed following the protocol given by the manufacturer. The CSF
biomarker abnormalities were assessed according to the internationally accepted
reference threshold cut-off values [Humpel, 2011]. The age-matched cognitively
normal values were (mean ± S.E.M.) Aβ1-42 797 ± 230 pg/mL, t-tau 341 ± 171
pg/mL and p-tau 51 ± 15 pg/mL. The results of the measurements are summarized in
Table 3.
The immunological detection of the presence or absence of natural Aβ1-42 in
PA species plays a central role in interpreting the relations of Aβ1-42 and rotifers.
After harvesting, the animals were put into –75 °C for 30 min in standard medium.
The number of rotifers were 104 per sample. The thawed animals were ultra-sonicated
(at 45 kHz at room temperature for 10 min). The rotifer homogenate was centrifuged
(300 x g for 5 min at 24 °C) to eliminate the exoskeletons of the dead animals. The
protein concentration of the supernatant was determined by the Qubit Protein Assay
Kit (cat. no.: Q33212; Thermo Fisher Scientific, USA) following the manufacturer’s
protocol. The concentration of the stock suspension was 340.54 μg/mL, which was
diluted to the final protein concentrations of 20 μg/mL; 15 μg/mL; 10 μg/mL;
5 μg/mL, and 1 μg/mL in standard medium. Human CSF samples from AD (n = 20)
and cognitively healthy subjects (n = 20) were used as controls, with median age 84.5
± 1.0 (median ± S.E.M.) and 71 ± 1.2, respectively.
3.2.3.2. Determination of Apolipoprotein E4 allele frequency
Genomic DNA was purified from the peripheral blood leukocytes by
commercially available kit (cat. no.: 11796828001; High Pure PCR Template
preparation kit; Roche; Roche Molecular Systems, INC., USA) optimized by our
laboratory. The gDNA concentration was determined by Qubit HS dsDNA Assay
Kit. The previously described polymerase chain reaction and restriction fragment
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length polymorphism method was used [Kálmán et al., 1997]. In those samples
chosen for lipidomic analysis, ApoE specific Taqman probe (rs7412 and rs429358)
was used (cat. no.: 4351379, Thermo Fisher Scientific, USA) based on literature
[Zhong et al., 2016]. The reaction consisted of 5 µl Taqman universal mastermix (cat.
no.: 4364338, Thermo Fisher Scientific, USA), 0.5 µl 20x primer and 20 ng gDNA.
3.2.3.3. Peptide microarray analysis
Master Antibody Microarray (cat. no.: AMS-700, Spring BioScience, USA)
was used for the proteomic screening; 656 unique antibodies with different
specificity, positive and negative controls in duplicate were printed on each slide.
The antibodies were covalently immobilized glass surface in 3D-polymer to increase
the binding efficiency and specificity. To minimize the microarray errors two
replicates were used. Pooled samples of 5 AD patients and age- and gender-matched
5 control probands were measured on each microarray pair. We used 5 microarray
pairs. Before protein isolation the protein concentration of all the CSF samples was
determined using bicinchoninic acid (cat. no.: BCA1, Sigma-Aldrich ®, USA) and
they mixed with acetone (cat. no.: 439126, Sigma-Aldrich ®, USA; 4:1;
acetone:CSF) at -20 °C. Next day, the mixture was centrifuged at 14,000 x g for 15
minutes at 4 °C. The pellet was washed with 500 µl -20 °C 90% acetone, then
centrifuged at 14,000 x for 5 minutes at 4 °C. The supernatant was removed and the
pellet was suspended in 50 μl labelling buffer of Antibody Microarray Detection Kit
(cat. no.: AMD-001, Spring BioScience, USA). Protein samples were biotinylated
and conjugated to the microarray. For visualization the coupled proteins were stained
by Cy3-Streptavidin (cat.no.: PA43001, GE Healthcare, UK). Agilent Scanner was
used to detect the 656 fluorescently labelled protein on these microarrays. Image
analysis and normalization was performed by the Genepix Pro 6.0 software. Each
spot was defined by the automatic grid positioning of the manufacturer. The intensity
data was normalized to the local background and the results were filtered for weak
signals and flagged spots. The technical replications on the same array were
averaged. The data was excluded if the technical replicates significantly differed or
only single replicate showed change in the intensity. Ratio of AD and control values
of each peptide was determined; below 0.6 meant decrease, while above 1.8 meant
increase.
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3.2.3.4. Western blot
In order to confirm the results of peptide microarray, semi-quantitative
western blot was done using the nature pooled CSF samples. First 20 μg or 40 μg
protein was separated on 12% sodium-dodecyl-sulfate (SDS)-polyacrylamide
(cat.no.: A3574, Sigma-Aldrich ®, USA) gel and was electro-blotted (100V/45
minutes) onto polyvinylidene difluoride (PVDF) (cat.no.: 741260, Izinta Kft.,
Hungary) or nitrocellulose membrane (cat.no.: 741280, Izinta Kft., Hungary). The
blotted samples were blocked in a solution of 0.2 M Tris-buffered saline containing
0.02% Tween-20 (TBST) (cat.no.: P9416, Sigma-Aldrich ®, USA) and 5% non-fat
milk power for 1 hour. The membranes were incubated overnight at room
temperature in rabbit polyclonal methylated-DNA-protein-cysteine methyltransferase (MGMT), protein kinase C apoptosis WT1 regulator protein (PAR-4) and
granzyme B (GRB) (cat. no.: bs-1196R; bs-1351R and bs-1002R, Bioss INC., USA).
Various dilution (1:500; 1:1000; 1:2000) was tested for the optimal sign intensity and
background. The second day the membranes were washed five times, then they were
incubated in 1:1000 horseradish-peroxidase-labelled anti-rabbit immunoglobulin G
(IgG) (cat. no.: 111-035-144, Jackson Immunoresearch, USA) secondary antibody
for 90 minutes at room temperature. After that, the membranes were washed five
times. To visualize the signs, the membranes were incubated with Supersignal West
Pico Chemiluminescent Substrate (cat. no.: 34580, Thermo Fischer Scientific, USA)
and were exposed to KODAK autography films (cat. no.: B503, ABM, Canada).
3.2.3.5. Herpes simplex 1 and 2 ELISA measurements
Nature CSF samples (not centrifuged) of AD patients (n = 75) were used for
determining the HSV1 or HSV2 IgG titer with specific ELISA (cat. no.: MB20043
and EA101073, ORIGENE company, USA). The microtiter wells were coated with
native IgG2 protein of HSV1 or HSV2. The protein concentration of each sample
was determined by Qubit protein assay. Then, 100 μl of each sample was pipetted
into the well of HSV1 and HSV2 ELISA plate in triplicate. The protocol given by
the manufacturer was followed. The endpoint measurement was recorded by ELISA
microtiter Spectramax plus 384 plate reader on 450 nm with background on 570 nm.
The values were normalized to the blank values (the wells did not contain any sample,
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but were treated similarly to the other wells). The triplicates were averaged and using
kit-specific cut-off values the reactivation specific IgG titer was determined.
3.2.3.6. Lipidomic analysis
Mass spectrometry (MS)-based lipidomic analyses were performed in cooperation
with the Laboratory of Molecular Stress Biology (Hungarian Academy of Sciences,
Biological Research Centre, Szeged, Centre of Excellence of the European Union,
Institute of Biochemistry, Membrane and Stress Biology Unit).

3.2.3.6.1. Sample preparation and lipid extraction
Lipids were extracted based on the standard Folch extraction [Folch et al.,
1957] with slight modifications according to Balogh et al. [Balogh et al., 2010]. To
250 μl of native CSF sample, 625 μl methanol (cat.no.: 322415, Sigma-Aldrich ®,
USA; containing 0.001% butylated hydroxytoluene (cat.no.: W218405, SigmaAldrich ®, USA) as antioxidant and 0.5 μg di20:0-phosphatidyl-choline as extraction
standard) and 313 μl chloroform (cat.no.: 1.02434 EMD MILLIPORE, SigmaAldrich ®., USA) were added to form one phase (chloroform:methanol:water;
1:2:0.8, by volume). The mixture was left at room temperature for an hour with
periodical vortexing, then 938 μl chloroform and 220 μl water were added for phase
separation (final composition of chloroform:methanol:water; 2:1:0.75, by volume).
After vortexing, the sample was centrifuged at 600g for 10 min and the lower
chloroform phase was evaporated. The residue was reconstituted in 300 μl
chloroform:methanol-isopropanol; 1:2:1, by volume cat.no.: W292907, SigmaAldrich ®, USA containing an internal standard mix for MS analysis (2.5 pmol
phosphatidyl-serine (PS) D31-16:0/18:1, 0.7 pmol sphingomyelin (SM) d18:1/17:0,
0.5 pmol ceramide (CER) d18:1/17:0, 0.9 pmol hexosyl-ceramide (hCER)
d18:1/12:0, 0.4 pmol and sulfatide (SULF) d18:1/12:0, 0.3 pmol). Lipid standards
were obtained from Avanti Polar Lipids (Alabaster, AL).
3.2.3.6.2. Mass spectrometry
Lipidomic analyses were performed on a LTQ-Orbitrap Elite instrument (Thermo
Fisher Scientific, USA) equipped with a robotic nanoflow ion source TriVersa NanoMate
(Advion BioSciences, USA) using chips with the diameter of 5.5-μm spraying nozzles.
The ion source was controlled by Chipsoft 8.3.1 software. The ionization voltages were
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+1.3 kV and −1.9 kV in positive and negative mode, respectively, and the back-pressure
was set at 1 psi in both modes. The temperature of the ion transfer capillary was 330 °C.
Acquisitions were performed at the mass resolution Rm/z 400 = 240,000. For MS analysis,
to 60 μl lipid extract 4 μl dimethyl-formamide (cat.no.: PHR1553, Sigma-Aldrich ®,
USA; additive for the negative ion mode) or to 30 µl lipid extract 34 μl 17.5 mM
ammonium chloride (cat.no.: 1.01145, Sigma-Aldrich ®, USA additive for the positive
ion mode, final concentration ca. 9 mM) was added. The SM species were detected and
quantified using the positive ion mode, while negative ion mode was applied for PS, CER,
hCER, and SULF species.
Lipid species were identified by LipidXplorer software [Herzog et al. 2011].
Identification was made by matching the m/z values of their monoisotopic peaks to the
corresponding elemental composition constraints. The mass tolerance was set to 3 ppm.
Data files generated by LipidXplorer queries were further processed by in-house Excel
macros. Each of the quantified lipid species accounted for more than 0.5% within the
respective lipid class.
Lipid species are given as sum formulas according to [Liebisch et al, 2013]. For
sphingolipids, first the total number of carbons in the long chain base and the fattyacid
(FA) moiety then the sum of double bonds in the long chain base and the FA moiety are
indicated followed by the sum of hydroxyl groups in the long chain base and the FA
moiety.
3.3. Statistical analysis
The data from in vivo experiments were presented as mean ± S.E.M. The
statistical analysis and curve fitting were performed by Prism 7.0B (Graphpad
Software) and SPSS 23.0 for Windows. The peptide microarray results were analysed
with Student’s t-test to normal distribution in SPSS; level of significance was *** p
≤ 0.001. The lipid classes and species data were presented as concentration
percentage (%) ± S.E.M. The statistical analysis was carried out in Prism 7.0B using
for the comparison one-way ANOVA with Bonferroni post hoc. The levels of
significance were the following: in comparison of negative and reactivated groups *
p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001; in comparison of reactivated
groups # p ≤ 0.05, ## p ≤ 0.01, ### p ≤ 0.001, #### p ≤ 0.0001.
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4. Results
4.1. Validation of novel in vivo, non-invasive viability assays
4.1.1. Sequencing
After a quality control and the assembly, we achieved 1265 base pair (bp) and
1624 bp long query sequences compared to the original PCR product. The sequences
were classified as PA with 98% (for the 1265 bp long read) and with 97% (for the
1624 bp long read). The difference could be the result that the template DNA was
extracted from an isolated population, therefore, accumulated single nucleotide
polymorphisms (SNPs) could bias the similarity scores. Interestingly, the longer read
showed the lower similarity, thus phylogenetic analysis was performed.
4.1.2. Phylogenetic analysis
The classical phylogenetic position of PA was determined by NCBI
taxonomy (Fig. 6). The further phylogenetic trees were generated by the latest
methods depicting the phylogenetic relationship between clades and taxonomic
groups. Our results supported the separation of the two class (Monogononta,
Bdelloidea) based on 18S-based phylogenetic analysis (Fig. 7).
Fig. 6. The classical
phylogenetic tree based
on NCBI taxonomy
The
classical
phylogenetic tree based
on
morphological
classification
using
NCBI
taxonomic
information.
The
cladogram represents
the species in the
Monogonata
and
Bdelloidae
order
(highlighted with grey
frames). Our rotifer
species are labelled in
grey. The representative
picture was taken from
one of our rotifers to
show its anatomic
characteristics.
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The calculated different trees (Fig. 7A and Fig. 7B) showed similar
phylogenetic relations, validating each other. However, some differences could be
found in comparison with the classical tree. These differences could be the results of
that there was relatively small evolutionary distances between the sequences. Our
species showed smaller evolutionary distances from Philodina megalotrocha than
the previously classified reference Philodina acuticornis/U41281.

Fig. 7. The consensus phylogram obtained from MEGA7 and MrBayes method
including the sequenced 18S rDNA fragment of our Philodina acuticornis
To reveal the evolutionary relations of our species, phylograms were created using a different
methods. They showed results of analysis based on MSA of 25 Rotifera SSU rDNA and
Caenorhabditis elegans (as out-group) sequences. The evolutionary relationships in
Monogonata clade is similar to the same clade described on the reference tree. (A) The
evolutionary history was inferred by using the Neighbor-Joining method. The numbers next
to the nodes represent the number of times certain species were grouped together in the
analysis. The numbers under the branches represent the statistics of percentile of
evolutionary similarity. Our Philodina acuticornis odiosa (PA) and Philodina megalotrocha
(PM) are related; PM is the closest evolutionary relative of our PA species, which stands
closer than the reference PA/U41281 (available sequence from the SILVA database). The
analysis involved 26 nucleotide sequences. (B) The evolutionary distances were computed
using the p-distance method (Efron et al., 1996) and are shown under the branches and in the
units of the number of base differences per site. To validate and confirm our phylogenetic
tree, another tree was created using a recent variant of maximum likelihood (ML) characterbased probabilistic approach in MrBayes. The generalized time-reversible (GTR) sequence
evolution model was used with 610 000 generations and 500 sample frequency to reconstruct
phylogeny. The branch lengths were measured in expected substitutions per site and they
represent the evolutionary relations and distances as well. The reference rotifer is signed as
Philodina acuticornis/U41281, while our species is identified as Philodina acuticornis
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odiosa based on the morphologic analysis. The MrBayes tree is highly similar to the previous
MEGA7 tree calculated with an independent statistical method.

4.1.3. Toxicological validation of viability assays
To confirm the validity of our novel non-invasive, in vivo viability assays, the
model PA was challenged with two toxic agents (H2O2 and NaN3) with wellestablished mechanism of action [El-Shenawy et al., 2015; Finnegan et al., 2010].
The untreated PA had a median TSL of 15 days, both toxins reduced the TSL
significantly in dose-dependent manner (p < 0.0001 for both toxins, logrank test for
trend; Fig. 8A and 8B), the concentration induced halving of TSL was 163 µM
(H2O2) and 399 µM (NaN3), iterated from the survival curves Fig. 8A and 8B). The
lowest concentration caused significant reduction in TSL was 70 µM in H2O2
(median survival 11 days, logrank p < 0.0001; Fig. 8C) and was also 70 µM in NaN3
(median survival 13.5 days, logrank p = 0.0341; Fig. 8C).

Fig. 8. Novel in vivo, non-invasive screening assays with different sensitivities
In each experiment, the one-housed rotifers were treated with different doses of H2O2 and
NaN3, in line with the sensitivity of selected assay method (A, B). Kaplan-Meier survival
curves in the TSL assay of rotifers (n = 30 per dose of toxin administered) (C). Median
survival in the TSL assays of rotifers introduced to a range of toxin concentrations (D). BLD
assay measured the ethological/behavioral reaction of rotifers to irritation with bright light.
The one-housed rotifers (n = 30 animal) were exposed to different doses of toxins. The means
of normalized BLD ± S.E.M are shown. (E). MCF measurements indicated the mastax
activity after a three-days treatment. The one-housed rotifers (n = 30 individual) were treated.
The means of MCF/sec ± S.E.M. are shown. (F). CRC, a cellular reduction capacity
indicator, was recorded after three days treatment. The means of normalized CRC ± S.E.M
(n = 24 replicates at each dose) were shown. Curve fitting was modelled with C, E, the
[Inhibitor] vs. response algorithm, and D, F, the [Inhibitor] vs. normalized response -Variable slope algorithm (Prism 7.0B).

34

Various doses of H2O2 and NaN3 were administered over a 3-day exposure to
determine the viability and behavioural effects using BLD (Fig. 4B). To explore the
response characteristic of BLD, we applied concentrations of the agents at an order
of magnitude lower than in TSL tests. Significant and dose-dependent inhibition of
BLD was found (IC50s H2O2 = 51.9 µM and NaN3 = 83.4 µM; Fig. 8D). The lowest
concentration caused significant decline in BLD were H2O2 10 µM (-14.2%, oneway ANOVA with Dunnett’s multiple comparison test, p < 0.0001; Fig. 8D) and
NaN3 10 µM (-16.9%, one-way ANOVA with Dunnett’s multiple comparison test, p
< 0.0001; Fig. 8D). The impact of H2O2 and NaN3 on MCF was examined and since
the sensitivity of MCF test is higher than BLD test, toxin concentrations an order of
magnitude lower were administered (Fig. 4B). The toxin exposure was 3 days
similarly to the BLD test, and the toxins at ≥ 10 µM significantly reduced MCF (Fig.
8E; IC50s H2O2 > 70 µM and NaN3 = 46.4 µM). The lowest concentration
significantly inhibited MCF were H2O2 10 µM (Fig. 8E; -0.6 s-1, one-way ANOVA
with Dunnett’s multiple comparison test, p < 0.0430), NaN3 30 µM (Fig. 8E; -1.83
s-1, one-way ANOVA with Dunnett’s multiple comparison test p < 0.0001).
Interestingly, the 1 µM H2O2 significantly facilitated the MCF by 0.7 s-1 (Fig. 8E;
one-way ANOVA with Dunnett’s multiple comparison test, p = 0.0113) suggesting
that low concentration of H2O2 - which is known to be a cellular signalling molecule
- may stimulate the activity of the rotifer. Controversially, the same dose after 3 days
in CRC showed the biological signs of oxidative stress. Taken together these data,
we supposed that the facilitation of MCF triggered by 1 µM H2O2 may be a
compensatory mechanism to promote nutrition. Our fourth assay was CRC, which
was performed after 3 days of treatment (Fig. 4B). Both agents caused significant
decrease dose-dependent manner, in line with our expectations (Fig. 8F; IC50s H2O2
= 32.9 µM and NaN3 = 91.2 µM). The lowest concentration significantly inhibited
CRC were H2O2 1 µM (Figure 8F; -30.3%, one-way ANOVA with Dunnett’s
multiple comparison test, p < 0.0001), NaN3 1 µM (Fig. 8F; -13.5%, one-way
ANOVA with Dunnett’s comparison test, p < 0.0001). By pooling the results across
the different treatments and doses, it made possible to evaluate the ability of the
individual arrays to predict the lifespan and other viability markers (Fig. 9).
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Fig. 9. Predictive validity of the viability markers
The different measurements of survival and viability were correlated with the other outcomes
where ≥ 4 overlapping toxin concentrations had been tested for both H2O2 and NaN3. All
available indices were significantly correlated. TSL results were significantly predicted by
BLD (A), and CRC (B). CRC results were significantly predicted by BLD (C) and MCF (D).
CRC was significantly predicted by MCF (E) The correlational analysis was carried out by
Prism 7.0B. Means and S.E.M., with 95% Confidence Interval of the regression lines, are
shown.

Both BLD (Fig. 9A) and CRC (Fig. 9B) strongly predicted the lifespan. In
line with that we were capable to validate the declined indices by appraising their
ability to predict each other. The BLD was strongly and significantly correlated with
MCF (Fig. 9C) and CRC (Fig. 9D), while MCF was associated with CRC (Fig. 9E).
However, the TSL showed only the live/dead state of rotifer, the other three assays
were suitable to quantitatively evaluate the aspects of viability of the individuals
upon harmful, but also sublethal toxin administration. Our assays building on each
other are capable to measure the toxicological effects of the toxins in both lethal and
sublethal dose.
To reveal the amyloid toxicity in bdelloid rotifers, first, we examined the
effect of Aβ1-42, which we expected to be toxic to one-housed PA. Surprisingly, the
treated (Aβ fed) animals had significantly longer mean lifespan (51 ± 2.71 days) than
unfed (14 ± 2.29 days) and normally fed (32 ± 2.72 days) controls. To determine the
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dose-dependency of Aβ1-42 on rotifers, three different treatment concentrations (0.1,
10, and 100 µg/mL) were used, compared the results with those of groups treated
with equivalent concentrations of BSA. Interestingly, we observed the highest
median survival in the case of 100 µg/mL Aβ1-42 treatment (Fig. 10A). The
administered Aβ25-35 was proved to be toxic to the rotifers (Fig. 10A). This ‘short’
type of Aβ has a relatively low molecular weight (1060.27 g/mol) compared

Fig. 10. Effect of various amyloid and bovine serum albumine treatment on rotifer
survival
(A) The effect of different neurodegeneration-related aggregates on the survival of PA. The
Kaplan-Meier curves demonstrate the survival of rotifers (n = 24 one-housed individuals per
sample type). Dose-dependency: the effect of 3h-aggregated Aβ1-42 and bovine serum albumin
(BSA) were tested in three different concentrations. This well-known neurotoxic peptide as well
as the non-toxic protein served as nutriments to rotifers. The survival was dose-dependent (0.1,
10, and 100 µg/mL) and was significantly higher in both type of treatments compared to the
starved untreated control group (UC; p < 0.001; log-rank test). Aβ25-35 was toxic to the rotifers,
decreasing their survival as compared to the UC. Median survival (ms) values in days are
presented in the graphs. The statistical analysis of survival was performed by GraphPad Prism
7.0B. ˙(B) To test and validate the applied immunoassay, we analysed human cerebrospinal fluid
(CSF) samples from cognitively healthy individuals and Alzheimer’s disease (AD) patients (n =
20 subjects per group). The CSF of AD patients had lower Aβ concentration compared to control
samples, in accordance with the literature. In contrast, no Aβ1-42 could be detected the
supernatant of rotifer homogenates. The number of rotifers used for protein preparation was 104.
The error bars present the S.E.M. For statistical analysis, one-way ANOVA was used followed
by the Bonferroni post hoc test, and the levels of significance was p *** ≤ 0.001 (difference from
healthy human controls and the rotifer groups).
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to the longer Aβ peptides (e.g., Aβ1-42), resulting in higher molar concentration
(94.3 µM) in a 100 µg/mL dose. We tested this artificial Aβ aggregate in a dose of
10 µg/mL (data not shown), and we found it also significantly toxic (normalized
mean lifespan 58 ± 5.8%; p ≤ 0.01) when analysing the survival of the treated group
compared to that of unfed controls. As the next step, we aimed at detecting the
possible presence of endogenous Aβ1-42 in PA species (Fig. 10B). We applied
ELISA (used routinely in diagnosing AD) for the quantitative analysis of Aβ1-42 in
the supernatant of rotifer homogenates, and used human CSF samples obtained from
cognitively healthy individuals and AD patients, as human references. The CSF of
AD patients had significantly lower levels of Aβ1-42 compared to the non-demented
controls, in accordance with the literature [Szalárdy et al., 2016]. Interestingly, our
findings indicate that endogenous Aβ1-42 is practically absent in PA, an observation
first reported in the literature.
4.2. The proteomic screening
In order to confirm the clinical diagnosis of AD in our patient group, the core
marker (Aβ1-42; t-tau and p-tau) levels were determined. In out cognitively notaffected control group, the core markers were in the internationally accepted
[Humpel, 2011] normal range (Aβ1-42: 666.0 ± 270.1 pg/mL; t-tau: 270-1 ± 83.9
pg/mL p-tau: 60.2 ± 17.5 pg/mL). In AD group the level of Aβ1-42 significantly
decreased (p = 0.000117), while the levels of t-tau and p-tau significantly increased
(p = 0.000008; p = 0.000544) validating the clinical diagnosis (Fig. 11).
Fig. 11. Core marker levels in patients with Alzheimer’s disease and control probands
In AD group we found
significant decrease of
Aβ1-42, while total-tau
(t-tau) and phosho-tau
(p-tau) were increased
compared with the
control probands in line
with the literature. The
statistical analysis was
performed by SPSS,
One-Way ANOVA with
Bonferroni post hoc.
The level of significance
was *** p < 0.0001.
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According to the PCR fragment analysis the ApoE4 allele frequency was 20% in AD
group and 3.5% in the control probands (Table 3). Based on the complex analysis of
pixel intensity in comparison of AD and control group we observed significant
decrease in 7 proteins. The Fig. 12 presents the representative image of the pseudocoloured array scans.

Control 1

Control 2

Fig. 12. Representative pseudo-coloured images of peptid microarray slides.
The analysis software artificially coloured the spots to enable the visualization of the level
of intensity. Blue means the weakest signal, then green, yellow, orange, red and white
gradually represent the stronger and stronger signals. On each slides spots are duplicated.
The technical replicates were averaged. We determined the ratio of AD 1 and Control 1
intensities. We found 7 proteins showed significant decrease in the CSF samples of AD group
compared with the age- and gender matched control group.

CSF samples of age- and gender matched 5 AD patient and control probands were
pooled and the screening was performed. The following proteins showed reduction:
DNA polymerase gamma (POLG); MGMT; parkin (PARK); apolipoprotein D
(ApoD); PAR-4; GRB and cyclin dependent kinase 5 (CDK5).
Western blot was performed as validation of our results. Although various
settings were tested, we were not able to detect signals on 23 kDa (MGMT), 37 kDa
(PAR-4) and 27.7 kDa (GRB) shown on Fig. 13.
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Fig. 13. The representative images
of the western blot scan
Same pooled samples were used for
the western blot experiments and
microarray assays. Picture represents
the blots with the settings: 1:500
primary antibodies, 1:1000 seconder
antibodies, 16 hours incubation time
in room temperature, 100 V/45 min
transfer to nitrocellulose membrane,
1,5 min exposition time. There were
no detectable signals on 23 kDa
(MGMT; A), 37 kDa (PAR-4; B) and
27.7 kDa (GRB; C).

4.3. Herpes simplex virus reactivation and lipidomic screening
4.3.1. Herpes simplex virus reactivation
The HSV1 and HSV2 specific ELISA analysis were performed in the case of
75 AD patients (Fig. 14). Among them 10 patients (14%) had reactivated HSV1
infection and 19 patients (25%) had reactivated infection by HSV2. Only 4 patients
were in reactivated state of both type of the viruses (5%). Due to this low number of
patients, they were excluded from the further analysis. Fifty-six percent of the AD
patients were negative to reactivation in both HSV1 and HSV2 analysis (n = 42).
Fig. 14. The pie chart of the Herpes Simplex virus reactivation frequency
The Herpes simplex 1
(HSV1) and 2 (HSV2)
immunoglobulin G (IgG)
titers were determined by
specific
ELISA
from
cerebrospinal fluid samples
of Alzheimer’s disease
patients (n = 75). Based on
results, 56% of them had no
detectable HSV1 or HSV2
IgG titer, while 14% was positive to HSV1 and 25% was positive to HSV2, meaning the
patients were in reactivated state of infection. Only 5% of them was double-reactivated.

4.3.2. Lipidomic analysis
First, the following lipid classes were compared: SULF, SM, hCER, CER and
PS. According to the analysis, only two of them showed significant changes (Fig.
15). The PS showed significant elevation in HSV1 group compared with control,
while in HSV2 group significant decrease was found relative to HSV1 (Fig. 15A).
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The SULF increased HSV2 reactivated group significantly compared to the resting
or negative control group (Fig. 15B). In comparison of HSV1/HSV2 and control
groups we did not found significant changes, similar to the other three classes.

Fig. 15. The comparison of the lipid classes
In comparison of Herpes simplex 1 (HSV1) or 2 (HSV2) immunoglobulin G (IgG) negative
patients with Alzheimer’s disease (AD), HSV1 IgG or HSV2 IgG carrier subjects the
following lipid classes (mean ± S.E.M.) in cerebrospinal fluid (CSF) were analysed:
phosphatidyl-serine (PS; A) sulfatide (SULF; B). Significant increase in SULF level was
observed in HSV2 reactivated subjects. We found significant elevation in PS due to the
HSV1 reactivation compared to non-reactivated and HSV2 reactivated groups, as well. The
other three classes did not show significant changes (data not shown). The statistical analysis
was performed by Prism 7.0B, one-way ANOVA with Bonferroni post hoc. The levels of
significances were * p < 0.05 and *** p < 0.0001 compared with IgG negative control group,
and ## p < 0.001 in comparison of two reactivated carrier group.

Next step, we were curious weather the species showed any reactivation specific
changes. In all classes could be found species were changed specific to HSV1 or
HSV2 reactivation (Fig. 16). In the reactivated HSV2 group specific elevations were
found in SM (d18:1/22:0); SM (d18:1/24:1); CER (d18:1/18:0); CER (d18:1/22:0);
CER (d18:1/23:0); hCER (d18:1/22:0); SULF (d18:1/18:1); SULF (d18:1/20:0);
SULF (d18:1/22:0); SULF (d18:0/24/0); and PS (18:0/22:6), and specific reduction
in SM (d18:1/24:0). In reactivated HSV1 infection we observed significant elevation
in SULF (d18:1/20:0); SULF (d18:1/24:0); and PS (18:0/22:6) and significant
decrease in SM (d18:1/24:0). Pooling the results infection specific lipid alterations
pattern was found.
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Fig. 16. The infection specific lipid alteration pattern
The species analysis showed infection reactivation specific changes in all the investigated
lipid classes. The values are presented as the mean ± S.E.M. of the percentile concentration,
where the 100% was species concentration in patients with Alzheimer’s disease were nonreactivated. In reactivated Herpes simplex virus 1 (HSV1) infection group we observed
significant elevation in sulfatide (SULF) (d18:1/20:0); SULF (d18:0/24:0); and phosphatidilserine (PS) (18:0/22:6) and significant decrease in sphingomyelin (SM) (d18:1/24:0). The
HSV2 specific elevations were found in SM (d18:1/22:0); SM (d18:1/24:1); CER
(d18:1/18:0); CER (d18:1/22:0); CER PH(d18:1/23:0); hCER (d18:1/22:0); SULF
(d18:1/18:1); SULF (d18:1/20:0); SULF (d18:1/22:0); SULF (d18:1/24:0); and PS
(18:0/22:6), and specific reduction in SM (d18:1/24:0). The statistical analysis was carried
out by Prism 7.0B, using one-way ANOVA with Bonferroni post hoc. The levels of
significance were * p < 0.05; ** p < 0.01; *** p < 0.001 and **** p < 0.0001 compared with
negative group and ## p < 0.01; ### p < 0.001 and #### p < 0.0001 in comparison of the two
reactivated groups.

4.3.3. Potential association between Apolipoprotein E4 and lipidomic changes
Finally, the ApoE4 allele frequency was calculated in our groups. The
proportion of ApoE4 carriers was 28% in the group of non-reactivated AD patients.
The HSV2 and HSV1 reactivated groups showed 29% or 40% frequency,
respectively (Table 3).
We divided the groups for ApoE4 allele carriers and non-carriers and the lipid
analysis was repeated (Fig. 17). Based on the results, SM (d18:1/26:1); SULF
(d18:0/24:0); and SULF (t18:1/26:1) species showed significant reduction in
comparison ApoE4 carriers in HSV1 reactivated group, while in SULF (t18:1/23:1)
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significant elevation was observed in patients in HSV2 reactivated state with ApoE4
compared with non-carriers.

Fig. 17. The representative diagram of Apolipoprotein E specific lipid pattern in
comparison of reactivated and negative groups
The groups were divided to Apolipoprotein E4 (ApoE4) non-carrier and carrier subgroups
and lipid analysis was repeated. The sulfatide (SULF) and sphingomyelin (SM) species
showed significant alterations. In Herpes simplex virus (HSV1) reactivated group SM
(d18:1/26:1), SULF (d18:0/24:0) and SULF (t18:1/23:1) significantly decreased in ApoE4
carriers compared to non-carriers. In HSV2 reactivated group SULF (t18:1/26:1) showed
significant elevation in ApoE4 carriers compared to non-carriers. The results suggest that
ApoE4 may have impact on reactivation specific lipidomic changes, as well in line with
literature. The statistical analysis was performed by Prism 7.0B, using one-way ANOVA
with Bonferroni post hoc. The levels of significance were * p < 0.05; ** p < 0.01; *** p <
0.001; **** p < 0.0001 in comparison of the patient in the reactivation state with different
ApoE alleles.

We should highlight the limitation of our representative results. The analysis
was performed on small population of patients; thus it will need further validation on
larger one.

5. Discussion
5.1. Validation of our novel in vivo model
In the last 30 years the importance of the invertebrate rotifers in experimental
research has increased. These animals provide the great amount of marine biomass,
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therefore, they are ideal model in marine ecotoxical and environmental studies to
determine the acute and chronic deleterious effects of aquatic pollutions. Their
advantages in physiology and great sensitivity to vast number of toxicant taking them
ideal model for toxicological screening and aging research. [Kaneko et al., 2005;
Snell et al., 2006] Surprisingly, standardized behavioural assay using invertebrates
as model has not been developed. Straightforward and multifaceted methods were
presented and were validated as quantifiable in vivo toxicological assaying on
bdelloids. The previously reported assays were measured the efficacy on large groups
of aggregated animals, in which dead animals both serve as nutriment and potentially
bias the results [Kaneko et al., 2016]. The novelty of our assay, the oil-covered
microdrop method was the ease of determination the potential impacts of toxicants
on isolated animals. The measured indices provided information about the individual
lifespan, well-being, functioning and the redox state of selected population. The 18S
rDNA based classification confirmed our model animals belong to PA, although the
similarity was influenced by the unknown SNP variability in our isolated population
[Gribble et al., 2014]. The phylogenetic analysis validated that our PA started to
diverge from the available PA sequences due to the inbreeding of our population.
Our toxicological and aging model was validated by the administration of
widely used oxidative H2O2 [Rusell et al., 2003] and NaN3 [Bennett et al., 1996] in
overlapping doses respectively to the different sensitivity of the assays. The TSL is
a life conditional marker showed dose-dependent reduce of median lifespan.
Furthermore, it strongly correlated with BLD and CRC, therefore, great predictive
validity for the two indices were achieved. The BLD measures the effects of sublethal
doses on complex behavioural reflex of PA. The complex measurement of their
escaping behavioural provides a well standardized behavioural toxicity test, as first
in the literature. Although CE also reacts to light, the reaction is triggered by light
induced ROS production which could be bias the measurement of oxidative toxicants
[Bhatla et al., 2015]. Overlapping treatment doses were used in the various assays.
The effective doses on BLD, was able to also negatively influence the TSL. The MCF
provides information about organ-level efficacy, this organ is responsible for passing
through and chewing the food. Similar marker is used in research on CE, called
pharyngeal pumping rate with the same function [Bhatla et al., 2015; Lazakovitch et
al., 2008]. These organs are pumping through the lifetime of the animal and react to
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toxicant sensitively and specifically. The MCF showed strong correlation with BLD
and CRC. The CRC gives qualitative information about the treatment caused changes
in cellular reduction capacity and oxidative stress. It was adapted from cell culturing,
where the method is widely used for measuring cell viability via detecting the redox
alterations. In our invasive assay, the redox state of isolated population was measured
and presented dose-dependent decrease as it was expected. Moreover, it showed
strong correlation with MCF and BLD assays.
First in the literature, we demonstrated that this species has no detectable
endogenous Aβ1-42 production. The one-housed and aggregated Aβ1-42-treated
[Bozso et al., 2010] PA individuals have significantly longer lifespan compared to
their untreated controls under complete dietary restriction in a fully isolated
environment. We presume that these aggregates may serve as an obligatory energy
source for gluconeogenesis in these experimental conditions. Prolonged starvation of
animals causes significant physiological changes supplying glucose from amino
acids by metabolism, including ketogenesis and gluconeogenesis. The main function
of gluconeogenesis is to maintain the glucose level via its endogenous de novo
production from non-carbohydrate substrates, such as glycerol, lactate, or glycogenic
amino acids [Liu et al., 2015]. In rotifers, the resting eggs contain large amounts of
non-carbohydrate substrates as obligatory sources for vital anabolic processes during
dormancy and hatching via glyoxylate cycle and gluconeogenesis [Denekamp et al.,
2009]. The bdelloids are extremely resistant to starvation, which has been shown to
extend their lifespan [Koste, 1978], suggesting that the enzymatic machinery
required for endogenous de novo glucose production may play a crucial role in their
metabolism. On this basis, their observed survival in the presence of an aggregated
peptide suggests its partial catabolism. In their natural habitat, bdelloids constantly
have to cope with extreme fluctuations in nutrient availability [Castro et al., 2005].
Furthermore, their native food source includes particulate organic detritus, dead
bacteria, algae, and protozoa, which offer a large variety of natural aggregates [Mialet
et al., 2013; Moreira et al., 2016]. Therefore, the capability of these animals to
metabolize almost every type of aggregated peptides and proteins might be an
evolutionary strategy for adaption and survival. The identification of molecular
mechanism beyond that novel phenomenon needs further analysis.
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In summary, our novel in vivo screening system consists of four different
domains. They are useful in assaying various parameters of viability at various
sensitivity levels with high lifespan predictive value independently and/or
simultaneously. The system provides reliable and highly replicable methods for
pharmaceutical and toxicological science. The model is also ideal for aging research
and possibly it could help to identify novel genes associated with oxidative stress and
AD. Our potential results about in vivo Aβ catabolism may provide the basis for a
new preclinical perspective on therapeutic research in human neurodegenerative
diseases.
5.2. Proteomic screening analysis
Proteomic analysis was performed on CSF samples using peptide microarray
for screening in order to identify novel biomarker candidates. We found seven
proteins decreased, some of them was first to describe in CSF of clinically and
neurochemical validated AD patients compared with age- and gender matched
control.
The POLG is essential for synthesis, replication and repair of mtDNA
[Szczepanowska & Trifunovic, 2017]. Although mitochondrial disturbances and
associated decreased biogenesis are early signs of AD, there is no available
information about the expression of POLG in CSF or brain of AD patients. The
decreased mitochondrial biogenesis and mtDNA repair which leads to impairment of
energy homeostasis, resulting enhanced oxidative stress [Szczepanowska &
Trifunovic, 2017]. We found decreased level of POLG in CSF of AD patients
compared to control probands. Furthermore, we were the first to identify the presence
of POLG in CSF. Only one research group [Podlesniy et al., 2013] showed reduced
mtDNA concentration in CSF, which is in parallel in our result about decreased
POLG level.
The GRB is a key regulator of apoptosis by cleaving the PAR-4 [Chaudhry et
al., 2012; Rotonda et al., 2001; Wang et al., 2012]. The GRB has been studied mainly
in neuroinflammation [Chaitanya et al., 2010; Kidd et al., 2000], but not in AD. Our
result was the first which reported the presence of GRB in CSF. The reduced
concentration could be the result of that GRB is able to enter cells and accumulate
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inducing apoptosis or the reduced expression in brain, but to clarify the exact
molecular background further analysis is needed.
The PAR-4, the mediator of neurodegeneration [Rotonda et al., 2001; Wang
et al., 2012], has not yet been tested in CSF of AD patients. In vulnerable regions of
brain elevated mRNA expression of PAR-4 was showed in AD patients [Guo et al.,
1998; Perry et al., 1998]. The reduction we observed in CSF of AD patients, could
be the result of potential intrathecal accumulation or decreased GRB activity. The
MGMT is a specific repair protein which removes the harmful alkyl groups from
DNA [Baran et al., 2017; Rehman et al., 2017].
We were the first who described that MGMT was decreased in CSF of AD
patients. In contrast to our results in peripheral lymphocytes of AD patients there was
no significant alteration in activity of MGMT [Edwards et al., 1989]. The peripheral
changes could be biased by the systematic disorders and might mask the disease
specific changes.
The PARK is ubiquitin E3 ligase involved in proteosomal degradation of
misfolded protein such as Aβ1-42, therefore, PARK could play a role in Aβ clearance
[Khandelwal et al., 2011; Shimura et al., 2000]. Although decreased solubility was
detected in AD brain [Lonskaya et al., 2013], PARK has not been tested in CSF
previously, therefore, we reported first its presence in CSF. The overexpression of
PARK in transgenic mice restored the activity dependent synaptic plasticity, reduced
behavioural abnormalities, downregulated the APP expression and reversed the
effects of AD genes on inflammation and brain atrophy [Algarzae et al., 2012; Hong
et al., 2014].
The CDK5 is a multifunctional enzyme-triggering cascade of pathways
associated with oxidative stress, cell cycle re-entry, Aβ1-42 plaques and
neurofibrillary tangles formation and tau hyperphosphorylation [Shukla et al., 2012].
Normally, it is under strict regulation in neurons with specific cyclin dependent p35
and p39, which is disrupted in AD. As a consequence of the oxidative stress and
related mitochondrial dysfunctions, the intracellular Ca2+ elevates and elicits calpain
activation which could cleave p35 to p25, thus forming stable CDK5/p25 complex.
[Patrick et al., 1999; Tandon et al., 2003] The available post mortem data about
CDK5 was contradictory showing elevation or no alteration at all [di Masi et al.,
2016].
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The ApoD is the member of lipocalin superfamily of lipid transport. [Dassati
et al., 2014] It is associated with AD, its expression is upregulated in hippocampus
and prefrontal cortex of AD patients [Belloir et al., 2001; Kalman et al., 2000;
Thomas et al., 2003]. In other studies, also elevated levels of ApoD were shown in
post mortem hippocampus and CSF [Glöckner & Ohm, 2003; Terrisse et al., 1998].
These results were obtained by immunoblot and radioimmunometry methods. The
contradiction between the literature and our results might be explained by the ApoE4
relevance in ApoD regulation. ApoE4 correlated with ApoD which increased in an
allele dose-dependent manner in CSF. In the study of Terisse et al. the ApoE4 ratio
was 24:60, but in our study it was lower, 10:50, which also could influence the ApoD
expression.
5.3. Herpes simplex virus reactivation caused disturbances in lipid homeostasis
Based on the pathogen hypothesis HSV could serve as a factor that exacerbate
the development of AD. The resting HSV infection could be verified by detecting the
presence of the viral DNA by PCR method [DeBiasi et al., 2002]. Interestingly, 70100% of brain samples of sporadic AD patients and elderly control probands showed
HSV positivity [Jamieson et al., 1991]. In AD, stressful or traumatic events could
also reactivate the HSV infection periodically in CNS causing direct cytotoxicity and
inflammatory damage in brain [de Chiara et al., 2010; Dosunmu et al., 2007; ValyiNagy & Dermody, 2005; Santana et al., 2013]. The viral DNA only persists in CSF
for a week, therefore, the measurement of IgG could be reliable marker of the
infection [Mancuso et al., 2014]. The presence of IgG gives information about the
lifelong infection or previous reactivation, and it has longer half-lifetime as 21 days.
[Letenneur et al., 2008] According to Kobayashi et al. [Kobayashi et al., 2013] antiHSV1 IgG could serve as an indicator of reactivation. In a nested case-control
longitudinal study, Lövheim et al. [Lövheim et al., 2015] observed that under 7-year
follow-up the past HSV1 infection, as indicated the baseline presence of anti-HSV1
IgG antibodies, increased the risk of developing AD by a factor of 2.25. The 10%
positivity of HSV1 reactivation in our studied population is line with the literature
[Harris & Harris, 2015; Itzhaki, 2017]. The higher level of HSV1 humoral immune
response appeared to play protective role in early stage of AD by modulating the
inflammation related protective clearance processes [Mancuso et al., 2014].
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The HSV induces expression of cytokines and proinflammatory molecules in
microglia, the host inflammatory response to infection leads to oxidative stress which
promotes AD progression [Halford et al., 1996; Lam et al., 2016; Lokensgard et al.,
2001]; via enhancing the accumulation of intracellular Aβ1-42 and inhibiting the
clearance. The infection decreased the Aβ1-42 degradation and induced significant
elevation of this peptide in phagosomes. [Santana et al., 2012]. In vitro production of
Aβ1-42 was elevated in neuroblastoma cells infected by HSV [Wozniak et al., 2007].
In rat cortical slices, infection triggered hyperexcitability and caused dramatic
elevation in the Aβ1-42 production [Piacentini et al., 2011; Wozniak et al., 2009a].
In post mortem brain of AD patients, the HSV1 showed strong co-localization within
senile plaques. Ninety percent of plaques contained HSV1 DNA, and 72% of total
HSV1 DNA was associated with the plaques [Wozniak et al., 2009a]. Growing body
of evidence confirms that HSV induces ROS and associated DNA damage. The
HSV1 infection harmed the structure and repair of host cell DNA. The HSV1 induces
breaks and specific uncoiling of the specific chromosomal centromeres and uses
telomere structures or molecules to aid virus replication [Deng et al., 2014; Forero et
al., 2016]. Moreover, the cellular DNA damage response may be involved in
controlling viral latency and the infection could interfere with pro-apoptotic
signalling and regulate the mitochondrial biogenesis. [Leyton et al., 2015] The HSV
could induce tau hyperphosphorylation [Wozniak et al., 2009b] by activating kinases
associated with cytoskeletal reorganization under base excision repair (BER)
[Zambrano et al., 2008]. The aging-related BER dysfunction was correlated with
neuroinflammatory tangles, protein and lipid peroxidation, respectively [Weissman
et al., 2007].
According to our knowledge, there are only few studies to measure lipid
changes in CSF of AD [Ellis et al., 2015; Wong et al., 2017] and, there is no available
data at all about molecular connection between HSV reactivation and lipidomic
changes in CSF of AD patients. Our analysis was focused on sphingolipids including
SM, CER, hCER, SULF and on PS associated with AD [Ellis et al., 2015; Wong et
al., 2017]. The sphingolipids play crucial role in forming lipid rafts together.
Moreover, they are also important bioactive signalling molecules, as well [Mielke et
al., 2011; Ohanian et al., 1998; Spiegel & Milstien, 1995; Spiegel & Milstien, 2002].
The SM is degraded by sphingomyelinase to CER, but alternatively CER could be
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derived from β-galactosyl ceramidase cleaved hCER metabolite of SULF producing
arylsulfatase A [He et al., 2010; Mielke et al., 2011]. The PS could be found in the
inner membrane leaflet, but under pathological conditions associated with apoptosis,
these molecules were trans-bilayer transported serving signal in initiation of cell
death [Sivagnanan et al., 2017]. The CER and increased by aging and regulates
apoptosis [Dobrowsky et al., 1993] indicated PS. Parallel with that, SM and SULF
decreased [Kosicek et al., 2012; Han et al., 2003]. The previous results showed 40%
reduction of SULF [Satoi et al., 2005]. The Aβ1-42 stimulates SM degradation via
upregulating sphingomyelinase by the progression [Mielke et al., 2014] to CER
which could modulate tangles formation and apoptosis. The CER potentially plays a
role in tau hyperphosphorylation by stimulation of oxidative stress activated kinases,
in CDK5 and Aβ1-42 production [Patil et al., 2007].
The enhanced apoptosis contributes to the release of SM from membranes to
extracellular space. Based on the analysis of lipid classes, HSV1 reactivation caused
PS elevation in CSF suggesting reactivation caused apoptosis. In contrast, the HSV2
reactivation did not induce significant elevation is PS, but interestingly SULF level
is elevated compared to non-reactivated AD group. According to our hypothesis the
HSV2 induced inflammatory responses could restore the SULF release. The species
analysis of our results showed virus reactivation specific alteration pattern similar to
the classis specific analysis. The HSV1 reactivation mainly exacerbated the AD
specific lipid changes on species level. Although compensatory increase of some
SULF species (d18:1/24:0 and t18:1/20:0) was observed, further decrease of SM
(d18:1/24:0) was found suggesting the disturbances of SM degradation associated
with AD. As a consequence of these degenerative processes, PS (d18:1/22:6) was
significantly elevated referring that apoptosis was enhanced in these AD patients. In
contrast to that, as a consequence of HSV2 reactivation both SM and SULF species
were elevated parallel with that CER and hCER. Hypothetically, the synthesis of
SULF and SM was facilitated providing more substrate for CER and hCER
production. Despite the CER plays degenerative modulatory role, the elevated level
did not correlate with the PS (d18:1/22:6) changes. We were curious how ApoE4
influenced these changes. In HSV1 reactivation the presence of ApoE4 exacerbated
the degenerative processes leading to further decrease in SM and SULF levels
compared to non-carrier HSV1 reactivated patients. In contrast, the HSV2
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reactivation the SULF level was elevated compared to non-carrier HSV2 reactivated
patients.
Therefore, based on the ApoE4 carrier state of the patients, the virus specific
reactivation could differ suggesting that ApoE play crucial role pathological
processes also on lipidomic level. However, the exact molecular background of that
interesting phenomenon needs further analysis on greater population, but these
preliminary results are promising.
5.4. Limitations of cerebrospinal fluid measurements
As for our proteomic screening, the observed proteomic reduction could be
explained by two different approaches. First, it could be the result of the intrathecal
accumulation and decreased clearance of them to the CSF. According to the second
approach it could be the consequence of the lowered expression, in that case the
clearance is not affected. Our methods were not suitable to reveal the exact molecular
background. Therefore, further analysis is needed focused on the brain. Based on our
molecular measurements, we are planning to investigated the connection of stress
and

pathological

changes

of

gastrointestinal

motility

via

non-invasive

electrophysiological recording techniques.
The peptide microarray method is very sensitive due to the antigen-antibody
detection and signal amplification, but we should emphasize that method required
high amount of protein (approximately 2.7 mg per chip). The CSF has special
proteome [Welinder & Ekblad, 2011; Yuan & Desiderio, 2005] it consists of 70-80%
of albumin and immunoglobulin, and the left-out 20-30% of protein includes our
proteins, therefore, the protein concentration might be under detection limit of
western blot. As the CSF showed great intra- and interspecific variability to
minimalize the personal influences of the screening we used pooled samples [Hu et
al., 2005].
For ethical consideration no CSF samples were obtained from healthy aged
persons, thus in our control group patients with other disorders not affecting the
cognition were enrolled. In that group the ApoE determination was impossible due
to the ethical regulation and specimen unavailability.
As for the experiment on the HSV reactivation caused lipidomic changes
similar limitations should be accounted. First, the CSF contains lipids in very low
concentration [Xiang et al., 2015], therefore, it could be studied with very sensitive
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mass spectrometry. Unlike proteins, the lipids are produced independently of the
genes, they are synthesized or metabolized by enzymes or obtained though the diet
[Schevchenko et al., 2010]. Despite this fact, on lipidomic level the intra-and
interpersonal specific composition is also detectable. Furthermore, lipidomic pattern
is strongly influenced by nutrition [Martins, 2016].
6. Conclusion
Summarizing our main findings were the followings:
I.

We developed a novel in vivo high-throughput assay system using
bdelloid rotifers as model organism.

II.

The assays consist of four domains with different, but overlapping
sensitivity measuring the impacts of the toxicants on various level of
organization.

III.

The assays system was validated by H2O2 and NaN3 successfully. The
model is ideal for studying the conserved mechanism of aging, such as
oxidative-stress related processes.

IV.

The bdelloid rotifers lacking endogenic Aβ1-42 production were able to
survive the amyloid treatment compared to unfed control peers.

V.

In our human proteomic biomarker screening 7 novel protein biomarker
candidates were identified in CSF of AD patients, which are strongly
related to neurodegeneration and oxidative stress.

VI.

The sphingo-lipidomic changes showed viral reactivation specificity. The
pro-apoptotic signal PS was elevated in HSV1 reactivation but not in
HSV2 reactivation. Furthermore, HSV2 reactivation was associated with
elevation of SULF.

VII.

Our results give evidence that the lipidomic changes could be modulated
by ApoE4 allele.

These results provide new approaches in studying age-related mechanism on
invertebrates. Moreover, they provide further evidence about the importance of
neuroinflammation-oxidative stress axis in AD pathomechanism on both proteomic
and lipidomic level
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I.

Marking the Markers of Alzheimer’s: Too good to diagnose,
too bad to use?
Zita Oláh, Magdolna Pákáski, Zoltán Janka

and

János Kálmán

Department of Psychiatry, Faculty of Medicine, University of Szeged, Szeged, Hungary

One of the most important neurodegenerative diseases of our time is Alzheimer’s disease,
which mainly affects the elderly population. The accumulation of β-amyloid and tau protein in
the brain tissue is the most characteristic pathomechanical event of the disease, later causing
neuronal cell death. Setting up an accurate diagnosis of Alzheimer’s disease has essentially
changed recently, since besides psychometry, neurochemical and neuroimaging examinations
are also gaining greater importance in the clinical routine. Thanks to the widening of diagnostic
methods, in the future the disease could be recognised even during the preclinical phase.
The most remarkable source of brain-derived compounds is the cerebrospinal fluid. Although
obtaining cerebrospinal fluid is greatly unpleasant, it poses a low risk and is frequently used
as part of the diagnostic procedure. The assay of cerebrospinal fluid means the identification
of the level of β-amyloid(1-42), tau and phospho-tau and their ratio, but to get more specific
and sensitive investigations there is intensive research work both on the utility of their
combination and on finding even more specific biomarkers. This review gives a summary
of the biomarkers that are being used and being researched for the diagnostic tests of both
familial and sporadic forms of Alzheimer’s disease. Other notable sources of neurochemical
compounds are the serum and the plasma, however, the identification of their biomarkers
is under preclinical examinations. Unfortunately neither the validation of these markers nor
the consistent acceptance of the experimental results is possible due to the wide range of
protocols in international research. The importance of biomarkers in the development of
potential drug candidates is also discussed.
(Neuropsychopharmacol Hung 2012; 14(3): 165-176; doi: 10.5706/nph201209002)

Keywords: Alzheimer’s disease, β-amyloid, tau protein, biomarker, cerebrospinal fluid,
diagnostic tool

WHY BIOMARKERS?
It is claimed that biomarkers are specifically proven
indicator molecules of biological and pathological
processes, and their level shows notable changes as
a pharmacological response. The ideal biomarker
of Alzheimer’s disease (AD) was defined in 1998 by
the Ronald and Nancy Reagan Research Institute
of the Alzheimer’s Association and the National
Institute on Aging Working Group as “it should
detect the fundamental feature of neuropathology
and be validated in neuropathologically-confirmed
cases, and it should have a sensitivity of >80% for
detecting AD and a specificity of >80% for distinguishing from other dementias; it should be reliable,
non-invasive; simple to perform and inexpensive”
(Rosenmann, 2011).

Neuropsychopharmacologia Hungarica 2012. XIV. évf. 3. szám

Currently the diagnosis of AD is based on the Diagnostic and Statistical Manual of Mental Disorders, 4th
Edition (DSM-IV) or the National Institute of Neurological Communicative Disorders and Stroke and the
Alzheimer Disease and Related Disorders Association
(NINCDS-ADRDA) criteria, but setting up the accurate diagnosis has some limitations, because the
early psychological symptoms are very similar to the
symptoms of frontotemporal dementia, Parkinson’s
disease, diffuse Lewy body disease, Creutzfeldt-Jacob
disease, cerebral autosomal dominant arteriopathy
with subcortical infarcts and leukoencephalopathy
(de Rino et al., 2011). Distinguishing AD from other
forms of dementia includes various types of examinations, such as medical history, physical examination,
neurophysiological elucidation, laboratory tests and
neuroimaging tests.
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Since the available treatments have the greatest benefits at the early stage of the disease, our current aim
is to establish the diagnosis of AD before the memory decline reaches the level of dementia. There are
new, multidisciplinal diagnostic criteria compiled by
Dubois et al. (2009; 2010), based on various imaging
and laboratory investigations. As for the new criteria,
to recognise AD minimum one of the minor criteria
should be fulfilled in addition to the major criterion. The major criterion is the presence of memory
impairment, and the minor ones are medial temporal atrophy, pathological sites on neuroimaging of
positron emission tomography (PET) and abnormal
cerebrospinal fluid (CSF) markers. Abnormal CSF
markers include elevated tau and phospho-tau levels
and reduced amyloid level.
One of the greatest advantages of CSF examination is that it is the direct environment of the brain,
consequently it contains markers of the chemical
changes occurring there. Despite the fact that biomarkers for AD are known, diagnostic procedures
accurate enough to screen for presymptomatic patients have not been developed yet (Mattsson et al.,
2009a, Mattsson et al., 2012). Distinguishing early or
preclinical AD from other dementias has remained
challenging until today, even in specialized dementia
centres. However, there are several ongoing studies to
identify and validate novel biomarkers to meet this
urgent need. Fagan & Holzman (2010) summarized
why more useful and reliable biomarkers have not
been found:
• the identification of biomarkers strongly depends
on the accurate diagnosis of the patient
• the golden standard of confirming AD is postmortem histological analysis
• to draw up an adequate healthy control group
(age and gender matched) is extremely difficult
• limited number of CSF samples [lack of adjustment according to age, gender, ethnicity and apolipoprotein E (APO E4) genotype]
• there is no standard protocol of sample collection,
preparation and analysis for laboratories
• misinformation of patients results in enrolment
difficulties in studies

Zita Oláh et al.

neurofibrillary tangles (Ballard et al., 2011). As for
the amyloid hypothesis, altered amyloid processing
causes amyloid burden in the brain tissue, and it may
cause dementia due to cell death (Struble et al., 2010).
Amyloid precursor protein (APP) is cleft by three
types of protease enzymes, α-, β- and γ-secretases.
Two of them (β and γ) are constitutively active and
they are involved in the amyloidogenic pathway. If
APP is cleft by β-secretase, the level of the large part
of ectodomain (APPsβ) will increase; if it is cleft by
γ-secretase, the level of Aβ(1-40) or Aβ(1-42) peptide
will increase. These truncated peptides may accumulate and form pathological senile plaques (Finder,
2011). β-secretase 1 is a promising drug target, because its inhibition can reduce the level of APPsβ,
Aβ(1-40) or Aβ(1-42) (Haass et al., 2012). Tau protein
is a soluble microtubule-associated protein, and if it
is hyperphosphorylated, it will form insoluble tangles
(Meraz-Rios et al., 2010). Many phosphokinases are
involved in the pathological hyperphosphorylation
of tau filaments, for example glycogen syntase kinase
(GSK3β), cyclin-dependent kinase 5, extracellularrelated kinase 1/2 (ERK1/2) and dual specificity
tyrosine-phosphorylation-regulated kinase1A (Lee
et al., 2011).
CURRENT STATUS OF DIAGNOSTICAL
BIOMARKERS OF FAMILIAL ALZHEIMER’S
DISEASE

The “core biomarkers” of AD include β-amyloid 1-42
(Aβ(1-42)), tau and phospho-tau (P-tau). Aβ42 is
involved in amyloid pathology and the formation of
senile plaques. Tau and P-tau are in correlation with

According to international databases, approximately
1-6% of all AD cases have the familial form with the
development of the diseases between 30 to 65 years
of age. Almost 60% of them have multiple cases of
AD in the family, and nearly 13% are inherited in
the autosomal dominant form of the illness (at least
3 generations are affected) (Campion et al., 1999).
Early onset familial AD (EAOFAD) is caused by the
mutations of presenilin-1 (PSEN1) or presenilin-2
(PSEN2) or (APP) (Bekris et al., 2010). In presymptomatic patients carrying some of these mutations
the development of AD can be predicted with 100%
certainty (Ringman et al., 2012). There are several
advantages of examining these patients to find new
biomarkers.
• They are more homogenous, so a smaller cohort
size is needed.
• They are younger, thus they have fewer agedependent neurologic and somatic changes.
On the other hand, the disadvantages of these
examinations are that the pathogenesis of EAOFAD
is in connection with the overproduction of Aβ(1-42)
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instead of the decline of Aβ(1-42) degradation, which
is the main pathomechanism in late-onset, sporadic
AD (Bekris et al., 2012; Ringman et al., 2012).
Table 1 presents specifications of the three most
important EAOFAD mutations, which are also used
in the diagnosis (Bettens et al., 2010).
CURRENT STATUS OF DIAGNOSTICAL
BIOMARKERS OF LATE ONSET, SPORADIC
ALZHEIMER’S DISEASE
Sensitivity and specificity of CSF biomarkers
in recognising AD
NINCDS-ARDA criteria show 80% sensitivity and
much lower specificity in recognising AD, while
an ideal marker should have >85% sensitivity and
>75% specificity with a standardized protocol, according to the National Institute on Aging (Knopman
et al., 2001). Early diagnosis is absolutely necessary
to delay memory loss with the availability of new,
disease-modifying drugs on the market in the future.
The prediction of mild cognitive impairment (MCI)
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switching to AD based on the changed level of a single
marker has a specificity and sensitivity lower than 50%
(Brandt et al., 2008). When we use the internationally
validated combination of the three biomarkers to diagnose AD, the specificity and sensitivity will be much
higher than 80% (Blennow et al., 2010). Table 2 shows
the values of CSF biomarkers obtained from AD
patients and control subjects (Humpel, 2011). Welge
et al. (2009) used the combination with a sensitivity
and specificity of 88%. Bibl et al. (2008) found that
the oxygenated form of Aβ(1-40) was elevated in the
CSF of AD patients compared to vascular dementia
patients and controls. As huge variations in findings
may be experienced in the research centers, Mattsson
et al. (2009b) published the results of a multicentered
study, concluding that the ratio of Aβ(1-42)/tau and
Aβ(1-42)/P-tau may predict the conversion of MCI to
AD with 83% sensitivity and 72% specificity.
Another large international study by cNEUPRO
(involving 14 academic research partners) investigated new biomarkers and tried to unify sample handling
protocols (Spitzer et al., 2010). They examined sAPPα,
sAPPβ, total tau and Aβ(1-42) levels of MCI and AD

Table 1 The specifications of the three most important mutations of EAOFAD
APP mutation

PSEN1

PSEN2

Prevalence of all EAOFAD

10% to 15%

18% to 50%

Rare

Mutation

32 (in 80 families)

178 (in 393 families)

14 (in 23 families)

Age of development

mid 40s-50s

as early as 30s

45-88 years

Localization

21q21

14q24.2

1q42.13

Protein

APP695

presenilin 1 (467aa)

presenilin 2 (448aa)

Alternative splicing

APP714, APP751, APP770,
APP563

not identified

tissue-specific

Function

primary function is not known
impact on regulation of synapse
formation processed in the
endosomal-lysomal pathway
implicated in mitochondrial
dysfunction

PSEN1, nicastrin, Aph-1, PSEN
enhancer 2 are required for
the stability and activity of
γ-secretase complex

component of γ-secretase

Changes in levels of
markers

increased Aβ42 level relative to
levels of other Aβ isoforms

relative increase in the ratio of
Aβ to Aβ40 peptides

relative increase in the ratio of
Aβ to Aβ40 peptides

Reasons

¤ increasing Aβ42
¤ decreasing Aβ40
¤ increasing Aβ42 while
decreasing Aβ40

¤ increased Aβ42 production
¤ decreased Aβ40 production
¤ combination of them

¤ increased Aβ42 production
¤ decreased Aβ40 production
¤ combination of them
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Table 2 Internationally validated biomarkers in CSF
Biomarker

AD (pg/ml)

Controls (pg/ml)

Aβ1-42

<500

794±20

Total tau

>600

341±171

P-tau-181

>60

23±2

patients with high sensitivity. To further enhance the
specificity and sensitivity more biomarkers should be
used. The researchers of cNEUPRO identified other
markers not related to APP processing. They found
that the level of ERK1/2 is responsible for the elevation of tau hyperphosphorylation (Klafki et al., 2009).
The level of glial fibrillary acidic protein, a marker of
astrogliosis did not increase significantly (Jesse et
al., 2009). The level of 3-nitrotyrosine, the marker
of nitrosative stress, was also higher compared to
controls (Korolainen & Pirttilä, 2009). Surprisingly,
they did not find any change in total carbonylation,
a marker of oxidative stress, which is one of the initial
events of AD (Ryberg et al., 2004). They found that
the level of ubiquitin (a small molecule related to
protein degradation) also increased, however, it was
not specific in AD but characteristic of all dementias
examined (Blennow et al., 1994). The level of s100
calcium binding protein, an astroglial marker, also
increased not only in the CSF but in the serum as
well (Jesse et al., 2009).
Besides biochemical markers, neuroimaging studies like PET or MRI investigations are also available,
and by putting various data together we may get a
much clearer picture of the patient’s status (de Leon
et al., 2004). As for De Souza et al. (2011), hippocampus atrophy significantly correlated with the altered
level of P-tau, but the rate of atrophy did not have any
implications for the Aβ level. Vos et al. (2011) showed
that the altered Aβ(1-42)/P-tau ratio may also predict
a reduction in hippocampal volume, but the cutoff
values should be validated in all of these cases.

al., 2011). Obtaining blood samples is really easy and
poses minimal risks, but the standardisation of the
measured difference and the replicability of results
are quite problematic since the proteom of blood may
be modified by comorbid diseases including obesity
(Costa et al., 2011), diabetes (Hong & Lee, 1997) or
metabolic syndrome (Schönknecht et al., 2002).
Just as in the case of CSF, specificity and sensitivity for the blood markers are as high as 71-99%
and 91% if we use them in combination to follow
the progression of AD (Ait-Ghezala et al., 2008).
The altered level of tau has the most predictive
value, however, measuring tau in blood samples is
very difficult, consequently researchers focus on the
change of Aβ. Although the protein extract of CSF is
200 times lower, it contains 10 times more Aβ than
plasma (Song et al., 2009; Ewers et al., 2011). As we
know, the circulating Aβ is not derived exclusively
from the brain tissue, its level may also increase due
to liver catabolism or renal excretion (Salin et al.,
2008) and platelets can also secrete Aβ (Chen et al.,
1995). Another problem is the circulating Aβ binding to albumin, so when it is depleted, most of the
markers are lost (Maler et al., 2007). Gloeckner et al.
(2008) found that the level of Aβ in blood, especially
Aβ(1-42), decreased in patients with various types
of dementia. The results of cNEUPRO showed the
same Aβ(1-42)/Aβ(1-40) ratio, decreased in the early
stage of AD, and this reduction may elevate the risk
of rapidly developing dementia (Spitzer et al., 2010).

Biomarkers in blood
Although the CSF is a really good source of new biomarkers, its utility in clinical routine is low, since
invasive procedures may have various side-effects.
That is why serum and plasma are getting more important in identifying new biomarkers (de Souza et

Recent publications reported that CSF biomarkers
beyond tau and Aβ supported the additional diagnostic information given by multiple antibody-based
screens. Researchers found changes in the levels of
some proteins involved in neurodegeneration, blood
brain barrier, early role of inflammation, oxidative
stress and synapse turnover (Ringman et al., 2012).
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Biomarkers in Alzheimer’s disease Drug Research

Pharmacodynamic biomarkers

Target validation biomarkers

- target engagement
- dose selection
- treatment response

demonstrate the interaction between
the candidate and the target

Disease-releated biomarkers

Pharmacokinetic biomarkers

- patient selection
- sample stratification
- course prediction
- defining disease severity

- aspects of drug absorption
- distribution
- metabolism
- excretion

Toxicity biomarkers
- detect adverse effects
- prediction of adverse effects

Figure 1 Different types of biomarkers in the development of potential drug candidates

Table 3 shows a summary of the most important
markers with their characteristics, which may help
to distinguish late onset, sporadic AD from other
dementias. Some CSF biomarkers shown in Table 3
can also be found in either plasma or serum. Potential
blood markers could be APOE, clusterin, progranulin, cAMP-dependent protein kinase 1 subunit α1
(CDKα1) and α1-antitrypsin (Harold et al., 2009).
Carriers of the APOE4 allele had a higher rate of
nitration and glycation, which may also be indicators of the early stage of AD (Lambert et al., 2009).
APOE and sortilin-related receptor L1 (SORL1) have
shown lower specificity and sensitivity in diagnostic
trials, but phosphatidylinositol-binding clathrin assembly protein (PICALM) and complement receptor
1 (CR1) were also associated with late onset, sporadic
AD (Mayeux & Schupf, 2011). Bridging integrator 1
(BIN1) showed decrease but it was not significant
(Harold et al., 2009).
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The compounds of the molecular mechanism of
AD may serve as potential disease-modifying drug
targets. The studies of molecular biology of Aβ, tau
protein, hyperphosphorylated tau, intracellular
signal pathways, mitochondrial dysfunction, synaptic abnormalities and cell death have shown that
pharmacologic manipulation of these pathological
events could be an effective therapeutic strategy.
According to the Food and Drug Administration
(FDA), potential biomarkers should be integrated
into clinical development (Goodsaid & Frueh, 2007),
because of their wide-ranged utility shown in Figure 1
(Cummings, 2011).
There have been only a few studies so far that
aimed to show the effectiveness of compounds on
CSF markers. In spite of the difficulties in examining
CSF markers, few compounds were proven effective
on CSF markers. Table 4 summarizes the list of examined drug candidates.
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170

8

11

2

1

clusterin

phosphatidylinositolbinding clathrin
assembly protein

exocyst complex
component 3-like 2

bridging integrator 1

complement component
receptor 1

receptor 1

CLU

PICALM

EXOC3L2

BIN1

CR1

SORL1

11

19

19

apolipoprotein E

APO E

chromosome

name

gene

Table 3 Potential biomarkers of late onset, sporadic AD

rs2282649

rs3818361

rs744373

rs597668

rs3851179

rs1136000

rs11542041

SNP

yes

*immune system response
*cholesterol metabolic process
*lipid transport
*vesicle-mediated transport
*cell death/apoptosis

*immune system response
*vesicle-mediated transport
*cellular membrane organisation

*vesicle-mediated transport

*vesicle-mediated transport
*cellular membrane organisation

*immune system response

*vesicle-mediated transport
*cellular membrane organisation
*alcohol metabolic process
*lipid transport
*steroid metabolic process
*cholesterol metabolic process

*chaperone molecule
*apoptosis
*membrane recycling

*clathrin mediated
endocytosis
*VAMP2 trafficking
*functional integrity of
synapses
*vesicle targeting during
exocytosis
*member of BAR adapter
family
*endocytosis
*intracellular endosome
trafficking
*inhibition of classical and
alternative pathway C3 and C5
convertases

*regulates trafficking and
processing of APP

yes

no data

no data

no data

no data

yes

presents in CSF

*immune processes
*memory
*moderation of oxidation
*inflammation

shared biological pathways
*vesicle-mediated transport
*cellular membrane organisation
*alcohol metabolic process
*lipid transport
*steroid metabolic process
*cholesterol metabolic process
*cell migration
*cell death/apoptosis

function

Kauwe et al. (2010)
Reitz et al. (2011)
Patel et al. (2011)

Lambert et al. (2009)
Hu et al. (2011)
Schjeide et al. (2011)

Hu et al. (2011)

Morgan (2012)

Harold et al. (2009)
Hu et al. (2011)
Schjeide et al. (2011)

Bettens et al. (2012)
Hu et al. (2011)
Lambert et al. (2009)
Harold et al. (2009)
Finehout et al. (2007)
Schjeide et al. (2011)

Akiyama et al. (2000)
Puchades et al. (2003)
Roher et al. (2009)
Patel et al. (2011)
Carrillo et al. (2009)
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19

20

1

low density lipoprotein
receptor

cystatin c

nAChR protein β2
subunit

SorCS protein

tumor necrosis factor

chemokine receptor 2

LDLR

CST3

CHRNB2

SORCS1

TNF

CCR3

3

6

10

4

interleukin 8

IL8

17

nonreceptor tyrosine
kinase 1

TNK1

rs1799864

rs4647198

rs600879

rs1064039

rs5930

rs4073

rs1554948

* protein degradation

*immune system process
*alcohol metabolic process

*growing
*immun system process
*alcohol metabolic process
*lipid transport
*steroid metabolic process
*cell death/apoptosis
*cell migration
*immun system process

*inhibitor of lysosomal
proteinases
*sleep, fatigue and arousal
*anxiety and attention
*pain perception
*memory
*member of Vsp10p family
*binds to NGF propeptide

*induces the production of
β-amyloid

*coupled with MAP-kinase
pathway

no data

yes

no data

no data

yes

yes

*cholesterol metabolism
*modulate APP trafficking

*proinflammatory cytokines

*vesicle-mediated transport
*cellular membrane organisation
*alcohol metabolic process
*lipid transport
*steroid metabolic process
*cholesterol metabolic process

no data

yes

*apoptosis/cell death
*immune system process
*alcohol metabolic process
*lipid transport
*steroid metabolic process
*cell death/apoptosis
*cell migration

*TNFα-induced apoptosis

Morgan (2012)

Morgan (2012)

Morgan (2012)

Morgan (2012)

Morgan (2012)

Morgan (2012)

Morgan (2012)

Morgan (2012)
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Table 4 Potential drug candidates
compound

mechanism

effect

publication

PBT2

metal-protein attenuating compound that affects
the Cu2+-mediated and Zn2+-mediated toxic
oligomerisation of Aβ

Aβ↓

Lannfelt et al. (2008)

MK-0752

γ-secretase inhibitor

Aβ↓

Matthews & Woolf (2008)

Talsadidine

Selective muscarinic m1 agonist

Aβ↓

Hock et al. (2003)

AF102B

Selective muscarinic m1 agonist

Aβ↓

Nitsch et al. (2000)

tramiprosate

binds to amyloid beta amyloid

Aβ↓

Aisen et al. (2006)

i.v. immunglobulin

immunisation

Aβ↓

Oh et al. (2008)

LY 2062430 antibody

immunisation

tau ↓

Lilly et al. (2009)

Simvastatin

3-hydroxy-3-methyl-glutaryl-CoA reductase inhibitor

tau ↓

Riekse et al. (2006)

AN-1792

immunisation

tau ↓

Gilman et al. (2005)

LY 450139

γ-secretase inhibitor

γ-secretase inhibitor

Bateman et al. (2009)

epothilone D

inhibitors of P-glycoprotein

tau ↓

Brunden et al. (2011)

NAP

Protection against microtubule-associated ZnCl2
toxicity

Aβ↓ and p-tau ↑

Divinski et al. (2006)

LiCl

GSK3 inhibitor

tau and p-tau↓

Pérez et al. (2003)

CHIP

regulating the Hsp90/CHIP complex

tau↑ and p-tau ↑

Dickey et al. (2008)

CONCLUDING REMARKS
In the last decade significant steps have been taken
in the process of using promising biomarkers in the
diagnosis of AD. The combined analysis of CSF Aβ
and tau proteins increased the sensitivity and specificity, so that they became suitable for a more exact
diagnosis of AD. However, the accurate pathophysiological role of new biomarkers in the development
of AD remains to be clarified. The further progress of
research requires application of biomarkers not only
from CSF, but also from the blood.
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Az Alzheimer-kór markereinek jelentősége: diagnosztikai
haszon, korlátozott alkalmazhatóság?
Az Alzheimer-kór korunk egyik legjelentősebb, főleg az idősebb korosztályt érintő neurodegeneratív megbetegedése. Patomechanizmusában fontos szerepet játszik a β-amiloid
és tau-protein felhalmozódása az idegszövetben, mely később a neuronok pusztulásához
vezet. Az Alzheimer-kór diagnosztikája az elmúlt években jelentős változáson ment át,
hiszen egyre jelentősebb szerepet kapnak a pszichometriai tesztek mellett a képalkotó és
a neurokémiai vizsgálatok is. A diagnosztikai módszerek bővülése lehetővé teszi a betegség
esetleges preklinikai fázisban történő felismerését. A neurokémiai markerek egyik legjelentősebb forrása a gerincvelői folyadék, a liquor. Bár a mintavétel jelentős kellemetlenséggel jár,
kockázata kicsi, így egyre gyakrabban alkalmazzák az Alzheimer-kór diagnózisában. A liquor
neurokémiai vizsgálata során a β-amiloid(1-42), tau és foszfo-tau szintek, illetve hányadosaik
meghatározását végzik, de a specifitás és szenzitivitás növelése érdekében intenzív kutatások
folynak további, még specifikusabb markerek azonosítása és a már alkalmazott markerek kombinált vizsgálata irányában. Összefoglalónk áttekintést ad az Alzheimer-kór diagnosztikájában
jelenleg is alkalmazott, valamint a napjainkban kutatott markerekről, mind a familiáris, mind
a sporadikus Alzheimer-kór esetében. A kémiai markerek másik forrása a plazma és szérum
lehet, az ezekből történő markerazonosítás azonban még kutatási fázisban tart. A markerek
validálását és az eredmények egyhangú elfogadását sajnos még nem teszi lehetővé a nemzetközi kutatócsoportok metodikái között tapasztalható jelentős változatosság. A biomarkerek
jelentőségét a gyógyszerkutatásban szintén tárgyaljuk.
Kulcsszavak: Alzheimer-kór, β-amiloid, tau protein, biomarker, cerebrospinális folyadék,
diagnosztikai módszerek
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Abstract. Clinical diagnosis of Alzheimer’s disease (AD) relying on symptomatic features has a low specificity, emphasizing the
importance of the pragmatic use of neurochemical biomarkers. The most advanced and reliable markers are amyloid-␤ (A␤42 ),
total tau (t-tau), and phosphorylated tau (p-tau) in cerebrospinal fluid (CSF) with relatively high levels of sensitivity, specificity,
and diagnostic accuracy. Recent advances within the field of proteomics offer the potential to search for novel biomarkers in
CSF by using modern methods, such as microarrays. The purpose of this study was to identify pathognostic proteins in CSF
obtained from patients whose clinical AD diagnosis was confirmed by the “core” biomarkers. CSF samples were obtained from
25 AD patients and 25 control individuals. The levels of A␤42 , t-tau, and p-tau were measured by ELISA. In the microarray
experiments, ultrasensitive slides representing of 653 antigens were used. Apolipoprotein E genotyping was also determined. A
decrease of seven CSF proteins in AD were found, four of them (POLG, MGMT, parkin, and ApoD) have a protective function
against neuronal death, while the remaining three proteins (PAR-4, granzyme B, Cdk5) trigger multiple pathways facilitating
neuronal cell death. Since these proteins from CSF samples could not be identified by western blot, their decreased levels in AD
patients were not verified. Our results provide new information of pathognostic importance of POLG and granzyme B in AD.
Although the function of MGMT, parkin, ApoD, PAR-4, and Cdk5 was previously known in AD, the findings presented here
provide novel evidence of the significance of CSF analysis in the mapping of the AD pathomechanism.
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Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by the accumulation of
amyloid-␤ (A␤) and hyperphosphorylated tau (p-tau)
protein with consequential neuronal loss, neuroinflammation [1], and mitochondrial impairment [2, 3].
The clinical diagnosis of AD during life is difficult,
although neurochemical markers are gaining greater
importance in clinical routine. Biomarkers may be
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useful not only in establishing the precise diagnosis
or differentiating AD from other dementias, but in
predicting the prognosis, as well [4]. Relating to the
amyloid-cascade and the tau hypotheses [5], the measurements of A␤42 , total tau (t-tau), and p-tau from
the cerebrospinal fluid (CSF) by ELISA are the most
commonly used diagnostic methods. The sensitivity of
these measurements is about 85%, while their specificity is even higher, about 95% [6]. However their
positive predictive value is much lower, especially in
prodromal AD, which has increasing diagnostic importance due to the advantages of early interventions.
Although ELISA procedures are well adapted and have
been optimized to measure samples in normal and
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MATERIALS AND METHODS
Subjects
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Control subjects without any subjective symptoms
of cognitive dysfunction were recruited from the Neurology Department of our University. A thorough
neurological examination, routine lab tests, and brain
CT or MRI were also conducted on the control participants. The control group consisted of 25 ageand gender-matched (9 men, 16 women) individuals.
The average age and SD of the control group was
74.52 ± 2.48 years.
Ethical permission for lumbar puncture was
obtained from the Ethics Committee of the University
of Szeged, Hungary, where written informed consent had been required for all probands (permit No.
184/2012).
CSF collection

CSF samples used in this study were obtained from
patients undergoing a lumbar puncture in the L4–L5
vertebral interspace. All the interventions were performed in the morning, between 9.00 a.m. - 11.00 a.m.
Twelve ml of CSF were collected into polypropylene
tubes from each patient and control individual. CSF
samples were transferred to the laboratory on −20◦ C
within 1–2 hours. Each CSF sample was aliquoted and
frozen immediately to minimize any metabolic damage. Routine laboratory investigation, such as protein
amount and cell count were determined, the remainder
of samples were stored at −80◦ C until further analysis.
All measurements were done within 1–3 month after
sample collection.
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The AD group consisted of 25 patients (9 men and
16 women), the average age and standard deviation
(SD) was 72.04 ± 5.03 years. The clinical diagnosis of
AD was validated by initial evaluation through careful
history taking (personal and family histories), neurological and psychiatric examinations, together with the
assessment of psychometric tests to confirm cognitive
impairment. Furthermore, a brain CT scan or MRI was
conducted in each case, and in some cases SPECT was
done to exclude other neurological diseases. Routine
laboratory work-up including determination of thyroid
hormone levels was also carried out. All participants
fulfilled criteria outlined in the Fourth edition of the
Diagnostic and Statistical Manual of Mental Disorders
(DSM-IV, 1994) [12] and had probable AD according
to the criteria of NINCDS–ADRDA [10, 11].
The cognitive evaluation of AD patients was carried
out using the AD Assessment Scale – Cognitive Subscale [13, 14], the Mini-Mental State Exam (MMSE)
[15, 16], and the Clock Drawing Test [17]. Mood was
scored using Beck Depression Inventory [18]. The
average score and SD of MMSE of AD patients was
15.16 ± 2.55.
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pathological range [7], 34% of non-AD type demented
patients have an AD biomarker profile and 36% of cognitively normal subjects have a pathological AD CSF
profile [8].
Currently, there is no other neurochemical diagnostic method which could detect changes of specific
molecules related to the pathomechanism of AD,
such as neuronal degeneration, neuroinflammation,
oxidative stress, or mitochondrial impairment [9].
Additionally, up to now, there are no data obtained
from those AD patients who were diagnosed by
not only the clinical routine National Institute
of Neurological and Communicative Disorders and
Stroke/Alzheimer’s Disease and Related Disorders
Association (NINCDS/ADRDA) criteria [10, 11], but
also by using approved CSF biomarkers.
Therefore the aim of our study was to identify
changes of proteins related to AD pathomechanism in
CSF obtained from patients whose clinical AD diagnosis was confirmed by A␤42 , t-tau, and p-tau ELISA.
In addition, the relationship between apolipoprotein
E (ApoE) genotype and proteomic changes was also
examined.
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Aβ42 and tau enzyme-linked immunosorbent assay
CSF samples were analyzed using ELISA
(GenoID® , INNOTEST hTAU, INNOTEST ␤Amyloid, INNOTEST Phospho-Tau) according to the
manufacturer’s instructions. Internationally accepted
AD specific cutoff points were used. AD specific
values are A␤42 < 500 pg/mL, t-tau>600 pg/mL,
and p-tau>60 pg/mL. The normal (non-AD specific)
values (mean ± SD) are A␤42 794 ± 20 pg/mL, t-tau
341 ± 171 pg/mL, and p-tau 23 ± 2 pg/mL [6].
ApoE polymerase chain reaction and restriction
fragment length polymorphism
ApoE genotypes were determined with a previously
described method [19]. Genomic DNA was extracted
from peripheral blood leukocytes using a kit (Roche
Applied Bioscience LTD), according to the manufacturer’s instructions. Polymerase chain reaction (PCR)
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Western blot analysis
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Statistical analysis

Statistical analyses were performed by IBM SPSS
statistics 20 software. Student’s t-test was used due
to the normal distribution of the values. The level of
significance was ∗∗∗ p ≤ 0.001.
RESULTS
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Master Antibody Microarray (Spring BioScience® ,
Cat. # AMS-700) was used to perform antibody array
studies, according to the manufacturer’s instructions.
The specific antibodies were covalently immobilized
on glass surface coated with 3D polymer materials to
ensure high binding efficiency and specificity. Each
slide was printed with 656 unique antibodies, positive
and negative controls in duplicate. Two replicates were
used to minimize errors on each microarrays.
Pooled samples of 5 AD patients or 5 control patients
were analyzed on the 5 antibody arrays. The concentration of native CSF proteins was measured with
bicinchoninic acid before pooling them to determine
the concentrations of the single samples. First, 2.7 mg
of proteins of pooled CSF were precipitated overnight
with acetone (4:1; acetone:CSF) at −20◦ C and then
centrifuged at 14000 × g for 15 min at 4◦ C. To remove
salts, the supernatant was discharged and the pellet was resuspended in 500 l −20◦ C 90% acetone.
It was centrifuged at 14000 × g for 5 min at 4◦ C.
The resulted protein pellet was resuspended in 50 l
labelling buffer of the Antibody Microarray Detection
Kit (Spring BioScience® , Cat. #AMD-001). The concentration of resuspended samples was measured with
NanoDrop-2000. Protein samples were then biotinylated and conjugated to the antibody array. To visualize
the coupled proteins Cy3-Streptavidin was used (GE
Healthcare, Cat. # PA43001). Fluorescent staining of
653 proteins on peptide microarrays was measured
using an Agilent scanner. Image analysis and normalization were done by the Genepix Pro 6.0 software.
Each spot was defined by automatic positioning of
a grid given by the manufacturer. The median values
of feature and local background pixel intensities were
determined. Background corrected intensity data were
filtered for flagged spots and weak signals. Technical replicates on the same array were averaged. Data
were excluded in cases where technical replicates were
significantly different or only one of the replicate had
shown change in intensity. Median normalization was
performed. Ratio of AD values and control values was
used to determine alterations. A ratio below 0.6 meant
a decrease, while a ratio above 1.8 meant increase of
the given protein level.
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polyacrylamide gel and electroblotted (100V/ 45 min)
onto PVDF or nitrocellulose membranes. The samples were blocked in a solution of 0.2 M Tris-buffered
saline containing 0.02% Tween 20 (TBST) supplemented with 5% non-fat milk for 1 h. The membranes
were then incubated overnight with rabbit polyclonal
MGMT, PAR-4, and granzyme B (Bioss INC.; cat#
bs-1196R; bs-1351R; bs-1002R) All of them was
tested at different dilutions, as follows 1:500; 1:1000;
1:2000. The next day, after five washes with TBST,
horseradish-peroxidase-labelled anti-rabbit IgG (Jackson Immunoresearch, West Grove, PA, USA; 1:1000)
secondary antibody was applied for 90 min. The membranes were subsequently washed five times with
TBST, and incubated with the Supersignal® West Pico
Chemiluminescent Substrate (Pierce, Rockford, IL,
USA) and exposed to KODAK autography film.
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and restriction fragment length polymorphism (RFLP)
were used to analyze ApoE alleles.
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To confirm our previous results, 20 g or 40 g
of protein was used and separated on 12% SDS-

3

To confirm the clinical diagnoses of AD, the levels
of A␤42 , t-tau, and p-tau proteins of the CSF samples
were measured using ELISA. A␤42 , t-tau, and p-tau
levels of control probands (n = 25) were in internationally accepted normal range (A␤42 666.0 ± 270.1
pg/mL; t-tau 270.1 ± 83.9 pg/mL; p-tau 60.2 ± 17.5
pg/mL). We observed significant decrease in A␤42
levels (p = 0.000117), and significant increase in t-tau
(p = 0.000008), and p-tau (p = 0.000544) levels in the
AD group compared with control probands (Fig. 1).
Based on the PCR fragment analysis, 9 of the 25
AD patients were heterozygous for ApoE4 and ApoE3
alleles (Table 1). Only 1 patient was heterozygous for
ApoE2 and ApoE4 allele (Table 1). The remaining 15
patients were homozygous for ApoE3 allele (Table 1).
Comparing the AD and control samples based on
complex analysis of pixel intensity, we found reduction in the cases of 7 proteins in 4 of the 5 pairs. Fig. 2
demonstrates representative original array scans from
two AD pooled CSF samples with their matched control ones. The proteins with decreased levels in AD
CSF were the following: DNA polymerase gamma
(POLG) (Table 2; Fig. 3), methylated-DNA-proteincysteine methyltransferase (MGMT) (Table 2; Fig. 3),
parkin (Table 2; Fig. 3), apolipoprotein D (ApoD)
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One of the seven proteins found in decreased level
in CSF samples of AD patients is POLG—critical for
the synthesis, replication, and repair of mitochondrial
DNA (mtDNA)—which has not been studied in either
CSF or in brain tissue of patients with AD (Table 2).
Our study was the first to recognize the reduced levels
of POLG in CSF samples from AD patients. The relationship between POLG and the pathomechanism of
AD has been suggested based on a detailed morphological mtDNA and genetic study of the brains of two
siblings with progressive cognitive decline, AD pathology, POLG mutation, and ApoE4/4 genotype [22]. Our
results are consistent with the findings of Podlesniy et
al. [23], who found reduced mtDNA in CSF of patients
with sporadic AD. Since abnormal function of POLG
leads to cell death cascade via mitochondrial dysfunction and oxidative stress, these previous results and
our data led us to conclude that the decreased levels
of POLG in CSF from AD patients may reflect the
mitochondrial dysfunction characteristic of this disease (Fig. 4).
MGMT is a specific repair protein that removes the
alkyl group from an important site of DNA alkylation (Table 2; Fig. 4). So far only one study has been
performed to measure the activity of MGMT in lymphocyte preparations from AD patients and control
subjects which did not reveal any significant differences [24]. In contrast to these previous data, our
results are the first to show reduced levels of MGMT
in the CSF of AD patients. The apparent discrepancy
between the earlier findings and our results can be
explained by the difference in the used samples and
techniques. Since, in the case of AD, changes in CSF
are more relevant than those of the peripheral lymphocytes, a potential relation between the reduction of
MGMT and AD pathomechanism can be suggested.
Parkin so far has not been investigated in similar
human ex vivo CSF measurements (Table 2). Parkin is
an ubiquitin E3 ligase involved in proteasomal degradation of misfolded proteins (Fig. 4) [25]. Parkin
ubiquitinates intracellular A␤ in vivo and stimulates its
removal via the proteasome or the autophagy-lysosome
system [26]. Decreased parkin solubility was detected
in postmortem AD cortex [27]. Overexpression of
parkin in double or triple transgenic animal models of
AD restored activity-dependent synaptic plasticity, rescued behavioral abnormalities, down-regulated A␤PP
expression, reversed the effects of AD genes on inflammation and brain atrophy, suggesting that parkin could
be a promising target for AD therapy [28, 29]. Our
data provide further evidence of the role of parkin in
the pathomechanism of AD, and we suggest that its
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Table 1
Distribution of ApoE alleles in 25 AD patients involved in the study
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(Table 2; Fig. 3), protein kinase C apoptosis WT1 regulator protein (PAR-4) (Table 2; Fig 3), granzyme B
(Table 2; Fig. 3), and cyclin-dependent kinase 5 (Cdk5)
(Table 2; Fig. 3).
Western blot might be a proper verification method
to confirm the decrease of proteins expression found
in CSF, shown by microarray. Although different settings were tested, we cannot confirm our results by
western blot, because there were no signals on 23 kDa
(MGMT), 37 kDa (PAR-4), and 27.7 kDa (granzyme
B). The representative pictures of the blots are shown
in Fig. 3.

240
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Fig. 1. A␤42 , t-tau, and p-tau levels in CSF of AD patients and control probands were measured by Innogenetics and Invitrogen ELISA
kits. The columns mean the averages of A␤42 , t-tau, and p-tau levels,
the bars indicate the standard deviation (∗∗∗ p ≤ 0.001).
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This study revealed two totally novel proteins in
CSF of patients affected with AD, namely POLG and
granzyme B. In addition, we are the first to describe
the decrease of five proteins, such as MGMT, parkin,
ApoD, PAR-4, and Cdk5 related to the neuronal cell
death in CSF of AD patients, despite the fact that the
central factor of neuronal degeneration in the pathomechanism of AD has been known for a long time
[2, 20, 21]. It is important to emphasize that the proteomic microarray analyses were performed on CSF
from patients with clinically verified AD diagnosis by
using AD specific neurochemical CSF markers.
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Fig. 2. Photographs of representative pseudo-colored images of protein microarrays from Alzheimer’s disease and control cerebrospinal fluid
samples. The software colored the spots in order to visualize the level of intensity. Blue means the weakest signal intensities, accordingly. On
each slide blocks are duplicated (Alzheimer’s disease 1A and 1B; control 1A and 1B, Alzheimer’s disease 2A and 2B; control 2A and 2B).
Table 2
Lists of proteins showing decreased level in CSF of AD patients
Ratio ± S.E.M. of AD and control
optical intensities of CSF proteins

Molecular
weight (kDa)

POLG

0.51 ± 0.19

139.6

0.56 ± 0.11
0.59 ± 0.1
0.62 ± 0.17
0.6 ± 0.08
0.37 ± 0.24
0.45 ± 0.09

21.6
51.6
21.3
36.6
27.7
33.3

MGMT
Parkin
ApoD
PAR-4
Granzyme B
CDK5

Un

Name

Function of
proteins
• replication of mitochondrial DNA
• mitochondrial functions
• DNA protection
• protein catabolism
• transport processes
• apoptosis
• apoptosis
• regulation of cell cycle
• apoptosis

The numbers represent the ratio of pixel intensities derived from 5 control and 5 Alzheimer’s disease independent microarrays.
One microarray sample was a pooled construction of 5 individual CSF samples derived from control or Alzheimer’s disease groups,
respectively. Molecular weight and function of the seven proteins are also presented. AD, Alzheimer’s disease; POLG, DNA polymerase
gamma; MGMT, methylated-DNA-protein-cysteine methyltransferase; ApoD, apolipoprotein D; PAR-4, protein kinase C apoptosis
WT1 regulator protein; Cdk5, cyclin-dependent kinase 5; S.E.M., standard error of mean; CSF, cerebrospinal fluid.
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decreased level in the CSF may be the consequence
of a compensatory intraneuronal parkin accumulation
with A␤ and p-tau.
ApoD, a member of the lipocalin superfamily of
lipid transport proteins, has been previously associated with AD (Table 2). However, its exact role is
unclear. Upregulation of ApoD expression has been
detected in the hippocampus or frontal cortex [30–32],
and increased ApoD concentrations were also demonstrated in the hippocampus and in CSF of AD patients
[33]. In contrast to this data measured by immunoblot
and radioimmunometric assay, the peptide microarray
analysis in our experimental setting showed a reduction of ApoD levels in the CSF of AD patients (Fig. 4).
These various results can be explained with not only the
different techniques used by the cited authors and us,
but the different ApoE genotypes between the two AD
populations. Terrisse et al. found correlation between
the inheritance of ApoE4 allele and increased ApoD
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Fig. 3. Representative blot images from Alzheimer’s disease and control cerebrospinal fluid samples. There were no signals on 23 kDa (MGMT),
on 37 kDa (PAR-4), and on 27.7 kDa (granzyme B). MGMT, methylated-DNA-protein-cysteine methyltransferase; PAR-4, protein kinase C
apoptosis WT1 regulator protein; 1C-4C, control samples; 1AD-4AD, Alzheimer’s disease samples

concentrations in a dose dependent manner in CSF of
AD patients [33]. ApoE genotyping of our AD patients
verified the presence of the ApoE4 allele in 10:50 ratio,
which is considerably lower than the 24:60 ApoE4
allele ratio in the study of Terrisse et al. [33]. The relatively low number of ApoE4 allele in the investigated
AD population may also explain the lack of any correlation between the found reduction of other proteins
in CSF and ApoE genotyping.
PAR-4, a mediator of neuronal degeneration associated with AD (Table 2) [34, 35], has also not been
tested yet in CSF of AD patients. Earlier, the levels of
PAR-4 mRNA and protein were found to be increased
in tissue from vulnerable brain regions of AD patients
compared to age-matched control patients [34, 35]. The
present study reveals for the first time the decreased
levels of PAR-4 in CSF of AD patients. Theoretically,
PAR-4 may accumulate in AD brain causing a low
level in CSF similar to A␤, but its verification needs
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Fig. 4. Scheme how the proteins with reduced levels in AD CSF are involved in the pathomechanism of this disease. MGMT, parkin, POLG,
and ApoD may have protective roles against neuronal degeneration; this is shown by the light grey arrows. PAR-4, granzyme B, and Cdk5 have
roles in mediating neuronal cell death, which is presented by the dark grey arrows. POLG, DNA polymerase gamma; MGMT, methylated-DNAprotein-cysteine methyltransferase; ApoD, apolipoprotein D; PAR-4, protein kinase C apoptosis WT1 regulator protein; Cdk5, cyclin-dependent
kinase 5; CSF, cerebrospinal fluid; AD, Alzheimer’s disease.
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further experiments. With regards to the function of
PAR-4 (Fig. 4), it was initially identified to be associated with aberrant A␤ production due to its direct
involvement in regulation of the ␤-secretase (BACE1)
activation [36]. Additionally, a novel mechanism of
glial apoptosis induction by PAR-4-enriched exosomes

was recently reported, which may critically contribute
to AD [37].
PAR-4 is a substrate of caspase during apoptosis,
and this activation of caspases appears to be mediated
by granzyme B (Table 2; Fig. 4) [38, 39]. Interestingly, not only the levels of PAR-4 but also those of

361
362
363
364
365
366

374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418

roo
f

373

or
P

372

failure of the validation can be explained by the different amounts of the tested proteins in the microarray and
the western blot experiments. Regarding the protein
quantities, 2.7 mg total CSF protein was analyzed in
the peptide microarray experiment. On the other hand,
an almost 70 times smaller amount, only 40 g total, of
CSF protein was loaded on the gels in the western blot
experiment due to the limitations of this method. One
potential solution for this problem could be to concentrate the CSF samples to get stronger signals on the
blots, but this approach may cause biased results due
to the disproportional precipitation and loss of certain
subfractions of proteins [56]. On the other hand, western blot analysis is a semi-quantitative method, and the
difference within band size and density should be interpreted carefully, because the linearity of the staining
may be incorrect especially in the case of low amount
of proteins (below 5 g) [57]. The special proteome
of CSF is 70–80% of the immunoglobulin and albumin. Furthermore, these may bind other proteins. On
the other hand, CSF has a low protein concentration,
but high salt content, and until now the highest efficiency of protein precipitation is about 70–75% [56,
59]. Another characteristic of CSF is the high intra- and
interpersonal proteome variability. In order to reduce
the effects of this phenomenon, pooled samples were
used in our experimental design [59]. These limitations
make CSF investigation one of the most challenging
fields of biomarker research in AD and other neurodegenerative disorders.
All subjects included in our control group are
patients with different diseases (such as headache,
epilepsy) with the possibility of having impact on CSF
proteomes. On the basis of ethical considerations, there
is no possibility to gain CSF without any diagnostic
reason to find age- and gender-matched healthy control
probands. There was also no possibility to determine
the ApoE genotypes of this control group.
In conclusion, we are the first to provide data by
protein microarray approach in CSF samples from
neurochemically verified AD patients. We found a
decrease of seven proteins (POLG, MGMT, parkin,
ApoD, PAR-4, granzyme B, Cdk5) in AD CSF compared to CSF of non-demented control probands.
Among these seven proteins, the pathognostic importance of POLG and granzyme B has not been
previously tested in AD. The function of all of these
proteins is associated with the pathomechanism of neuronal degeneration. Interestingly, the reduced levels in
CSF were identified not only in the case of those proteins which play protective roles against the neuronal
degeneration (POLG, MGMT, parkin, and ApoD), but
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granzyme B are decreased in CSF obtained from AD
patients compared to the control group. Despite the
fact that granzyme B is another important regulator of
apoptosis [39, 40], and has been investigated in inflammatory mediated neurodegenerative disorders [41], its
potential role in AD has not been examined. The explanation of reduced granzyme B levels in CSF may be
that granzyme B is able to enter into the target neurons
inducing apoptosis of them [42], therefore its extracellular concentration may be reduced. The specificity of
the reduced levels of granzyme B in CSF also requires
further examinations.
Another protein which decreased in CSF obtained
from AD patients was Cdk5 (Table 2). This multifunctional enzyme triggers a cascade of pathways,
contributing to all hallmarks of AD: neurotoxic A␤ and
neurofibrillary tangles formation, apoptosis, and neuronal death (Fig. 4) [43–46]. Normally, Cdk5 activity is
tightly regulated in the nervous system by the neuronspecific, cyclin-related molecules p35 and p39. This
regulation of Cdk5 is disrupted in AD, since high intracellular Ca++ activates calpain-mediated cleavage of
p35 to p25, forming a more stable Cdk5/p25 complex,
causing aberrant hyperphosphorylation of tau and neurofilament proteins, and inducing neuronal cell death
[47]. Cdk5 also plays an important role in regulating
the reorganization of the cytoskeleton [48]. Cdk5 modulates the signaling of actin dynamics regulated by
cofilin [49], the regulatory system possibly involved in
stress-related biochemical events in AD [50]. The earlier postmortem data relating to brain levels of Cdk5 are
contradictory. Recent studies show that Cdk5 protein
levels in postmortem brains were significantly elevated
in AD when compared to non-cognitively impaired
controls, and that Cdk5 levels significantly correlated
to BACE1 levels [51]. On the contrary, other publications have reported that Cdk5 levels appear unchanged
[43, 52]. These earlier reports and our own investigation lead us to conclude that Cdk5 may play a crucial
role in AD pathomechanism. However, its changes in
opposite directions between the brain and CSF cannot
be explained and require further investigation.
We should emphasize that our results also have
limitations. The microarray assay we used is highly
sensitive [53] according to the references of the manufacturer of the kit, therefore it is able to detect even
little alterations in the protein concentrations which are
undetectable in high amounts of proteins with other
widespread molecular methods, such as western blot
[54, 55]. Similarly to our results, the attempts for
validation of antibody microarray results were unsuccessful by either ELISA or western blot [54, 55]. The
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Sántha P, Pákáski M, Fazekas OC, Fodor EK, Kálmán S,
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Rotifers have been used in biological research as well-characterized models of aging. Their multi-organ characters and their sensitivity for chemicals and environmental changes make them useful as in vivo toxicological
and lifespan models. Our aim was to create a bdelloid rotifer model to use in high-throughput viability and noninvasive assays. In order to identify our species Philodina acuticornis odiosa (PA), 18 S rDNA-based phylogenetic
analysis was carried out and their species-speciﬁc morphological markers identiﬁed. To execute the rotifer-based
experiments, we developed an oil-covered water-drop methodology adapted from human in vitro fertilization
techniques. This enables toxicological observations of individual one-housed rotifers in a closed and controllable
micro-environment for up to several weeks. Hydrogen peroxide (H2O2) and sodium azide (NaN3) exposures were
used as well-understood toxins. The toxicity and survival lifespan (TSL), the bright light disturbance (BLD) the
mastax contraction frequency (MCF) and the cellular reduction capacity (CRC), indices were recorded. These newly
developed assays were used to test the eﬀects of lethal and sublethal doses of the toxins. The results showed the
expected dose-dependent decrease in indices. These four diﬀerent assays can either be used independently or as
an integrated system for studying rotifers. These new indices render the PA invertebrate rotifer model a
quantitative system for measuring viability, toxicity and lifespan (with TSL), systemic reaction capacity (with
BLD), organic functionality (with MCF) and reductive capability of rotifers (with CRC), in vivo. This novel multilevel system is a reliable, sensitive and replicable screening tool with potential application in pharmaceutical
science.

Keywords:
Bdelloid
Rotifer
Pharmacological model
High throughput assay
Oxidative stress
18 S rDNA
Mastax
Culturing
Philodina acuticornis odiosa
Oil-drop method

1. Introduction
Pharmaceutical and toxicological researches are aided by in vivo
assays using small model organisms. Such models ideally should be
multi-cellular and should meet the basic requirements of in vitro culturing methods. The ideal experimental methods should be non-invasive, sensitive and report on complex systems. The nematode
Caenorhabditis elegans (CE) has been useful as a model organism for
such studies despite being distant from mammals phylogenetically,

with several vertebrate genes having no homolog (Snell, 2014).
Rotifers (phylum Rotifera) have similar advantages in culturing,
anatomy, physiology and behavior similar to CE (Birky, 2004). They
have the additional advantage that more than 10% of their genes have
vertebrate homologs that can be found neither in nematodes nor in
Drosophila melanogaster (Dahms et al., 2011). Rotifers are inexpensive to
maintain, easy to handle, and have a relatively short lifespan; they are
multicellular transparent animals with individual organs and nervous
system (Snell et al., 1991). The bdelloids possess about 950–1000

Abbreviations: BLA, bright light avoidance; BLD, bright light disturbance; BLI, bright light irritation; CA, Cladophora aegagropila; CE, Caenorhabditis elegans; CRC, cellular reduction
capacity; DW, distilled water; gDNA, genomic DNA; LCA, least common ancestor; MCF, mastax contraction frequency; mL, maximum likelihood; MSA, multiple sequence alignment; NJ,
Neighbour-Joining; PA, Philodina acuticornis odiosa; bp, base pair; PM, Philodina megalotrocha; rDNA, ribosomal DNA; ROS, reactive oxygen species; TBE, Tris-Borate-EDTA buﬀer; TBS,
Tris-buﬀered saline; TSL, toxicity and survival lifespan; XTT, (2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide)
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2. Materials and methods

somatic cells and have several well-described anatomic characteristics,
such as ciliated head structure, bilateral ovaries, jaw-like mastax,
ganglia, muscles, digestive- and secretory systems, photosensitive- and
tactile organs (Marotta et al., 2012). They are resistant to harsh conditions (e.g. UV light, temperature, toxins) in their diapause stage. Only
bdelloid rotifers have an uncommon degenerate tetraploid genome
consisting of numerous genes acquired by horizontal gene transfer
(Hagen et al., 2009). The reproduction of bdelloid rotifers is also obligatorily asexual, and males have been extinct for more than 30 million
years. So, meiosis has never been documented in the bdelloid class
(Gladyshev and Arkhipova, 2010).
Without any treatment or feeding, the bdelloid rotifers survive for
approximately 15 days and are used as subjects of ecotoxicological
research (Preston and Snell, 2001). Here, we validate novel assays to
characterize Philodina acuticornis odiosa (PA) in terms of survival, health
and behavior, named toxicity and survival lifespan (TSL), bright light
disturbance (BLD), mastax contraction frequency (MCF) and cellular reduction capacity (CRC). The TSL provides mortality rate (without
feeding). The BLD index measures photostimulus-triggered reﬂexes,
individual ethology and behavioral changes (Eakin and Westfall, 1965;
Snell, 2014). Bdelloids have specialized photosensitive organs (“primitive eyes”), and avoid bright light, providing information about the
neurological reﬂexes of the subjects. CE is also sensitive to light, but its
sensation is based on photochemical-triggered reactive oxygen species
(ROS) production, which could be confounded by other factors of metabolism (Bhatla et al., 2015). The MCF index assays the chewing organ
function, providing information about the resilience of individuals and
the need for nutrition. Assaying grinder movement is diﬃcult in CE,
but, in contrast, MCF is facile for PA. CE can react to stress by entering
dormancy, which can be mistaken for death (Trojanowski and Raizen,
2016). The MCF will only reach zero when the PA is dead. The CRC
gives information about the degree of reduction capacity and oxidative
stress triggered by treatment. These four in vivo screening assays give
continuous and quantitative indices.
To validate the newly developed assays we tested responses to wellknown toxins. Hydrogen peroxide (H2O2) is a biocide that can cause
massive cellular damage. It removes electrons from the susceptible
chemical groups, oxidizing them and overwhelming the antioxidant
defense system (Russell, 2003). At low concentrations, the oxidation
caused by H2O2 can be rescued·H2O2 is readily permeable through cell
membranes, interacting with intracellular components. The physiological response to H2O2 is always similar (Yang et al., 2013). The molecule aﬀects multiple targets, such as peroxidation or disruption of
membranes, oxidation of scavengers and thiol-groups, enzymatic inhibition, oxidation of nucleosides, impairment of energy production,
causing inhibition of protein synthesis (Imlay, 2003; Poeggeler et al.,
2005).
The use of sodium azide (NaN3) as an alternative insecticide, herbicide, nematocide, bactericide and fungicide has spread in the last few
decades and its vasodilator eﬀects are also well-established (Bennett
et al., 1996). NaN3 as a cytochrome oxidase inhibitor is able to inhibit
the mitochondrial complex IV, therefore, it causes chemical hypoxia
and lowers energy production (Ye et al., 2016). It can partially inhibit
the electron transfer chain in a dose-dependent manner, leading to
elevated ROS, mitochondrial membrane potential reduction and the
ultra-structural changes in mitochondria (Morales-Cruz et al., 2014).
Here, we report the development and validation of novel in vivo
experimental monitoring assays for the rotifer PA and providing reliable readout indices in four domains. The tests compile a non-invasive
(TSL, BLD, MCF), invasive (CRC) and high-throughput screening index
of the impact of diﬀerent chemicals and environments on individual
animals.

2.1. Animal and plant
Among the bdelloid rotifers studied in our laboratory PA were
considered suited for our methodological innovation because of their
numerous advantages: short lifecycle, parthenogenic reproduction
capability, discrete individual viability, ethological/behavioral markers
and controllable culturing (Ricci, 1984).
The PA was obtained from Hungarian aquavaristique together with
Cladophora aegagropila (CA; alternative names: Aegogropila linnaei and/
or Cladophora sauteri) alga that is part of the environmental matrix of
rotifers for living and reproduction (Hanyuda et al., 2002). This alga is
found in an approximately 5–10 cm diameter spherical form in its
natural habitat, but does not serve as a food source for animals, which
feed oﬀ organic detritus or micro-organisms. In our experimental setup, pasteurized Saccharomyces cerevisiae (yeast) homogenate was introduced as food (see in Section 2.2.). The ﬁlamentous algae were necessary for the optimal culturing to form 3D-matrix, increasing the
speciﬁc surface area.
2.2. Culturing rotifers
Rotifer culturing methods were developed based on previous literature (Ricci, 1984). The animals were cultured in a supervised and
semi-sterile environment. These cultures contain Jana mineral water
(origin: Croatia; distributed by Fonyódi Ásványvíz Kft., Hungary), half
diluted with distilled water (Millipore type ultra-pure, demineralized
DW), a mixture nominated ‘standard medium’ (pH = 7.5). The amount
of diluted cations and anions in standard medium (mg/L): Ca2+ 31.05;
Mg2+ 17.6; Na+ 0.9; K+ 0.25; Fe2+ 0.001; HCO3- 153.097; SO4- 3; Cl0.8; F- 0.02; H2SiO3 3.3. Every step of the rotifer manipulation was
monitored by microscope. Clear cultures of PA were kept in standardized cell culturing ﬂasks (cat. no.: 83.3910.302, Sarstedt AG & Co.,
Germany) in 15 mL standard medium. The ﬂasks contained CA alga
ﬁbers and sterile cotton wool buds in 1:1 ratio (mixed matrix) for
structural stabilization. The thickness of algae/cotton wool matrix was
≈1 cm, thus signiﬁcantly increasing the surface area for rotifer attachment, and so increasing the density of the culture from ≈8500
rotifers (2D; without matrix) up to ≈90,000 animals (3D; with matrix)
per ﬂask (after one month of culture, starting from one individual).
The CA alga balls were kept in standard medium, which was
changed every three days. During dissection and isolation, a small part
of the ball was removed using forceps and placed into a plastic petri
dish (cat. no.: 430165, Corning Inc., USA). The resulting CA fragments,
dispersed further into strings were washed once with 10% ethanol for
8 min and twice with standard medium for 30 min. The prepared alga
strings were incubated for two days in standard medium and their
quality checked daily by microscopy.
A further component of the culturing matrix was sterile cotton wool,
which was dispersed with forceps into a petri dish and washed with DW
thoroughly. Cotton wool fragments were then soaked in 96% ethanol
for 30 min and then washed multiple times in DW. After two days the
prepared pieces of cotton wool were put in a cell culture ﬂask mixed
with CA alga (1:1 vol ratio) in the medium and rotifers were then
added. New cultures were started from previous ones by transferring
one PA rotifer with standard medium. The ﬂasks were kept at 25 °C and
under a light/dark cycle of 12:12 h and were examined every 24 h
under an inverted transparent light microscope (Leitz Labovert FS,
magniﬁcation range from 32 x to 1000 x; Germany).
The culture medium was changed every two days. First, the culturing ﬂasks were shaken carefully several times, then the old medium
was decanted. As the next step, the mixed matrix was washed with
abundant DW after which we supplied the standard medium again to
the ﬂask and checked the clarity of the medium under microscope. If
the medium was visibly cloudy the procedure was repeated.
116

Ecotoxicology and Environmental Safety 144 (2017) 115–122

Z. Olah et al.

suspended in 1 mL and centrifuged at 12,000 × g for 5 min. We tried
various isolation methods in order to maximize the quality and
recovery of genomic DNA (gDNA; data not shown). Finally, we
selected the Power Soil gDNA isolation kit (cat. no.: 12888-100; MO
BIO Laboratories, INC., Qiagen Company), following the protocol given
by the manufacturer. The quality and the size of the sample was
checked on 1% agarose gel (cat. no.: A9539; Sigma-Aldrich, Co., USA),
65 V, 45 min, in TBS. The concentration of the sample was 3.3 ng/µL,
determined by Qubit HS DNA kit (cat. no.: Q32854; Thermo Fisher
Scientiﬁc).

The animals were fed with 0.35 mL of prepared Saccharomyces
cerevisiae stock solution (7.5 g of dried yeast in 300 mL standard
medium) added to the culture after every medium change. The ﬁnal
concentration of yeast in the medium was 0.6 mg/mL. The yeast stock
solution was pasteurized at 65 °C for three hours in a water bath (Grant
Sub 6; Grant Instruments Ltd., UK), then left at room temperature
overnight, after which it was ﬁltered (15 µm pore size) and divided into
2 mL aliquots. These were pasteurized again and stored at −75 °C until
further use.
2.3. Harvesting rotifers

2.4.2.2. PCR reaction. The PCR reaction contained 6 ng of gDNA
sample, 10 µL DT Green PCR MM (cat. no.: K1081; Thermo Fisher
Scientiﬁc) 0.5 µL each of 10 µM forward and reverse primers, 7 µL
nuclease-free water (detailed PCR protocol steps are included in Suppl
ﬁle 1). The primers were bdelloid-speciﬁc and were selected based on
the literature (Robeson et al., 2009). The sequences of the primers are
the following: Bdel_forward (5′- CGGCTCATTACATCAGCTATAACTT3′); Bdel_reverse1 (5′- GATCCTTCCGCAGGTTCACC-3′); Bdel_reverse2
(5′- GACTCAACACGGGAAACCTCACC-3′); and Bdel_reverse3 (5′CTAAGGGCATCACAGACC-3′). We checked the primers using the
available PA sequence from the SILVA database (www.arb-silva.de)
and we found that the mix of Bdel_forward and Bdel_reverse1 ampliﬁed
a 1714 base pair (bp) fragment and the mix of Bdel_forward and
Bdel_reverse3 ampliﬁed 1360 bp fragment in silico. The extracted
fragments were sent to Sanger sequencing, using the latest versions of
Life Technologies Genetic Analyzer Capillary Electrophoresis Systems
(3500 Series Genetic Analyzer).

To commence harvesting, the medium was ﬁrst changed, without
feeding. The ﬂasks were placed at −75 °C for 3 min for rapid cooling
(up to 4 °C) in order to dissect attached rotifers from the alga/wool
ﬁbrils on ice. The medium was poured oﬀ, and the ﬂasks were washed
with standard medium twice, which was also removed in petri dish. The
dish was then left for 30 min to let healthy animals attach to the
bottom, then the surface was washed twice with DW and once with the
standard medium (25 °C). We chose rotifers approximately 5-day-old
after hatching (determined by body size; length 220 ± 10 µm and
width 60 ± 5 µm), 1–2 days before the beginning of the reproductive
stage of these animals. The calibration curve to determine the age of
individual Philodina acuticornis rotifers isolated from standard medium
can be found in Suppl. ﬁg. 1.
For genetic studies the rotifers were used instantly after harvesting.
For studies using the microdrop technique, the isolated colony was left
for 24 h in the petri dish without feeding, then, after a medium change,
individual specimens were selected for treatment. This was to select
viable rotifers and to empty their digestive system to avoid any contamination in the microdrop setup. Every step was monitored by light
microscopy.

2.4.2.3. Sequence analysis. The amplicons were sequenced from both
ends (5′ and 3′), which were then used to create a consensus sequence.
Primers and low quality (< 20 quality value) 5′ and 3′ ends were
trimmed, and the sequences were edited by hand using DNA
Chromatogram Explorer (DNA Chromatogram Explorer Lite, Version
4.0, Heracle BioSoft). DNA Baser Sequence Assembler (DNA Baser
Sequence Assembler v4, Heracle BioSoft) was used to create contigs
from the forward and reverse reads of the sequenced PCR products
(Jeanmougin et al., 1998). Thus, we could increase the quality, reduce
mismatches and obtain the longest possible read.

2.4. Characterization of rotifers
2.4.1. Phenotypic analysis
Rotifer cultures used in our experiments were started with parthenogenesis from one unique animal to preserve genetic homogeneity.
The live and healthy specimens were studied under light microscope
using both photo and video analysis (Nikon D5500, Nikon Corp.,
Japan). When needed, we ﬁxed the animals by adding cooled (−75 °C)
ethanol (96%) when they adopted an elongated shape after decanting
the medium from petri dishes. After ﬁxation we used decreasing concentration steps of ethanol and then DW to rehydrate the sample with
10 min between each step. The bodies prepared this way were placed
on a microscope slide with pipetting between 0.3 mm thick spacers and
were covered with a glass slip. The animals were photographed under
the microscope by taking multiple pictures at 5 µm sections (30–40
photo-layers/animal), which were then combined into one superimposed picture (created by Photoshop CC) to achieve better detail.
Characterization was performed by examining the size of specimen
(whole body or body parts), shape, special morphologic markers (e.g.
characteristics of trophi, foot, corona, eyes, antennae) and diﬀerent
types of movement (swimming, crawling, the use of corona, the pulsation of mastax, body contractions, etc.). Animals were typiﬁed based
on the works of K. Kertész (1894), Varga (1966) about the endemic
species of microscopic animals in Hungary, and the publications of
Ricci and Melone (2000).

2.4.2.4. Classiﬁcation. Following the previously described quality
control, SILVA aligner was used to search and classify our sequences
against the SILVA SSU 128 Ref NR database (Quast et al., 2013) using
the least common ancestor (LCA) method with 95% minimal identity to
query sequence. Reference sequences were rejected under 70% identity
against the query to only write sequences with an alignment identity
larger than the speciﬁed. With this step our species were determined
based on its 18 S rDNA sequence. The alignment and classiﬁcation
results were saved in FASTA format with metadata and upload into
NCBI GenBank.
2.4.2.5. Phylogenetic analysis. Our model organism PA was previously
identiﬁed based on phenotypical and morphological features (Ricci and
Melone, 2000; Varga, 1966). The next step was to identify the
evolutionary placement using the sequenced rDNA from our model
organism. However, there are dozens of species in Rotifera, but only a
subset of 18 S rDNA sequences are available in the SILVA database for
this clade. All Rotifera sequences were downloaded and used for further
analyses, listed by accessions in the Table 1. First, a classical taxonomic
tree was drawn with PhyloT (PhyloT, biobyte solutions GmbH, http://
phylot.biobyte.de/index.html, database version 2017.1) using scientiﬁc
names of all species listed in the Table 1. Then the ﬁrst 18 S rDNA based
phylogenetic tree (Fig. 1.) was built using the most popular distancebased Neighbour-Joining method in MEGA7 (Gascuel and Steel, 2006).
The detailed analytic method (Kumar et al., 2016) and statistical
analysis of the results (Efron et al., 1996; Ronquist et al., 2012) are

2.4.2. Phylogenetic analysis
2.4.2.1. DNA isolation. The rotifers were placed from the culture into a
25 mL ﬂask and after attachment they were washed twice with DW. The
density was approximately 100 animals/cm2. The isolated rotifers were
recovered from the ﬂask with 10 mL 50% ethanol and were
concentrated in a two-step centrifugation. First, the 10 mL recovered
solution was centrifuged at 6000 × g for 20 min and then the pellet was
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Table 1
List of SILVA accession numbers by major groups used in phylogenetic analyses. Philodina IDs are highlighted with bold italic.
Monogononta
Bdelloidea
Caenorhabditis elegans

KF561106, KF561108, DQ079917, KC193095, DQ079916, DQ089734, AY218118, AY218116, DQ079915, DQ079914, AY218113, AY210451,
AY218115, AY218114
U41281, KF561103, KF561102, KF561099, KF561100, KF561095, JX494742, JX494744, JX494738, DQ089732, AF154567
X03680

Aldrich, Co., USA) in 11 x concentration. Thus, the end volume of a
microdrop with a one-housed animal was 55 µL. The oil thickness was
1 mm on top of each drop. The plates were kept at 25 °C throughout the
experiment. After the treatment the wells were observed twice a day
until the animal was considered dead inside the drop.
2.6. Experimental monitoring assays
The viability of rotifers was assessed with four diﬀerent assays
(Fig. 2B) utilizing video recordings with a Nikon D5500 DSLR camera.
The treatment agents (H2O2 and NaN3) were used in decreased concentration in the individual assays. Overlapping doses enabled the response of the various tests to be cross-validated over their dynamic
range. The H2O2 and NaN3 doses applied in TSL (µM): 70; 100; 200;
400; 500; 800; 1000; 2000; in BLD: 5; 10; 30; 50; 70; 100; 200; 400; in
MCF: 0.1; 0.5; 1; 5; 10; 30; 50; 70; in CRC: 0.1; 1; 10; 50; 100; 400; 800;
2000.
2.6.1. Toxicity and survival lifespan (TSL) assay
The impact of test compounds on the lifespan of unfed PA rotifers
was assessed. We deﬁned diﬀerent morphological viability markers: (i)
normal anatomy (Fig. 3A) and the active locomotion (motility) of the
body, (ii) general movement within the body and (iii) naturally red eyes
(Fig. 3B/1 and B/2, marked with stars). A rotifer was considered dead
when the following features were all apparent: the absence of motility
when touched by the end of the micro-pipette, the loss of red color of
the eyes, loss of the telescopic reﬂex, and the appearance of fragmentation or amorphous granules in the soma (Poeggeler et al., 2005).

Fig. 1. Evolutionary relationships of taxa obtained from MEGA7 analysis. The evolutionary history was inferred by using the Neighbour-Joining method. The numbers next to
the nodes represent the number of times certain species were grouped together in the
analysis. The numbers under the branches represent the statistics of percentile of evolutionary similarity. Our Philodina acuticornis odiosa (PA) and Philodina megalotrocha (PM)
are related; PM is the closest evolutionary relative of our PA species, which stands closer
than the reference PA/U41281. The analysis involved 26 nucleotide sequences. The
evolutionary distances were computed using the p-distance method (Efron et al., 1996)
and are shown under the branches and in the units of the number of base diﬀerences per
site. To validate and conﬁrm our ﬁrst phylogenetic tree, a second tree was created using a
recent version of maximum likelihood character-based probabilistic analysis in MrBayes
(data not shown).

2.6.2. Bright light disturbance (BLD) assay
Based on our observations of PA rotifers we devised a novel method
to assess behavioral responsiveness with high sensitivity and resolution.
We noticed that the animals reacted to intensely illuminated zones by
evading them promptly. We could quantify the sensory-motor system
response (i.e. reﬂex) and monitor the impact after exposure to diﬀerent
compounds at sublethal concentrations.
The microdrop setup was placed under a Hund Wetzlar H500 microscope (ocular: PK 20 x /8/; objective: HW-A 10/0.25, 160/˗) with
the light source illumination set to 20 lx in relation to one well of the
plate. We identiﬁed the active specimen (i.e. a surface-attached animal
exhibiting mastax chewing and beating of the coronal cilia) and we
adjusted the well so that the animal was in the middle of a 0.5 mm2
illuminated area created by narrowing and masking the light source of
the microscope with the aperture mechanism. After 30 s, if the specimen was still in place and moving coronal cilia, we increased the
illumination to 40,000 lx and measured the reaction of the rotifer. Two
reactions (parameters) were recorded: (i) bright light irritation (BLI),
which is the total time that the rotifer is contracted or crawling, recapitulating the unfed-state phenotype where cilia are not used for
motility. When the treated animal remains in a cilia-motile (fed-state)
form it is considered insensitive to the bright light stimulation; (ii)
bright light avoidance (BLA), which is the time spent in illuminated area
(time to leave the designated area). We deﬁned the BLD index, according to: BLD (%) = (BLI/BLA) x 100. As a health index, the BLD
approaches 100% when it reﬂects the maximum sensitivity and reaction
to light of rotifers. The rotifers had a maximum of ﬁve minutes to leave
the illuminated area in the BLD test, whereupon the animals were
considered to be unable to escape and assigned a BLD of 0.

described in Suppl. ﬁle.
2.5. Microdrop technique for the treatment of rotifers
We devised a novel microdrop culturing technique in order to treat
and observe one individual PA rotifer at a time, based on human in vitro
fertilization procedures (Nagy et al., 2012). For this we used 24-well
plastic cell culture plates (cat. no.: 3526, Corning Inc., USA). At the
bottom of each well of the plate a 30 µL microdrop of standard medium
(pH = 7.5) was placed by pipetting and was then covered with 640 µL
of a mixture (1:1) of the high purity paraﬃn oil (Cat. no.: 18512–1 L;
Sigma-Aldrich Co., USA) and SAGE tissue culture oil (Cat. no.: ART4008; Origio, Denmark) used in human in vitro fertilization as a protective barrier for embryonic cell cultures (Nagy et al., 2012). These are
mineral oils that facilitate normal gas diﬀusion between the microdrop
and the environment while preventing evaporation and hypoxia in the
microdrop.
After preparation, the oil covered water-drop setup was left to rest
for one day without animals (Fig. 2A). The rotifers were harvested,
isolated and selected and then placed in a microdrop by pipetting with
20 µL standard medium. Treatment was administered one day after the
transfection of animals and for each dose the treating substance was
injected into the microdrop in 5 µL of liquid containing H2O2 (cat. no.:
95321; Sigma-Aldrich, Co., USA) or NaN3 (cat. no.: S2002; Sigma118
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Fig. 2. Workﬂow schematic of our in vivo experimental monitoring systems. A. Experimental setup of the rotifer treatment
and monitoring. On Day 1, animals are harvested and separated
from the culture and simultaneously microdrops are prepared in a
24 well-plate. On Day 2, the rotifers are transferred to microdrops
(one rotifer to one microdrop per well) and they are placed under
oil to accommodate to the new environment. On Day 3, the onehoused rotifers are treated with molecules of interest. From Day 4,
the recording of monitoring assays commences to provide information on dose- and time-kinetic eﬀects on toxicity and survival
lifespan (TSL), bright light disturbance (BLD), mastax contraction
frequency (MCF) and cellular reduction capacity (CRC). B. Ranges of
H2O2 and NaN3 (in µM) used in the TSL, BLD, MCF and CRC assays indicating the range of sensitivity of each assay, as well as the
overlapping doses studied (used in the analyses in Fig. 5).

trophi. The function of the mastax is to shred the food by periodic
opening and closing (Fig. 3C/1 and C/2; marked with star). To evaluate
and standardize the viability of one-housed rotifers in our experiments,
we developed the MCF (contraction/sec) as a quantitative viability
marker.
2.6.4. Cellular reduction capacity (CRC) assay
The EZ4U Cell Proliferation Assay (non-radioactive cell proliferation, cytotoxicity and reduction capacity assay with XTT solution) was
used (cat. no.: BI-5000; Biomedica Hungary). This assay is widely used
on cell cultures and tissues (Berridge et al., 2005), but to our knowledge
there are no data about applying it to intact invertebrates. We modiﬁed
the standard protocol, given by the manufacturer, in order to measure
the cellular reductive capacity of rotifers. After standard harvesting,
approximately 300 rotifers per well were assayed a 24 well-plate. To
avoid toxicity, 20 x diluted XTT solution was used (475 µL standard
medium with 25 µL XTT kit-stock solution per well). The plates were
incubated for 24 h without direct light at room temperature (25 °C).
The supernatant of each well was then transferred to a 96 well-plate.
The absorbance was measured by a microplate-reader (Spectramax 384,
Molecular Science, Hungary) set at 491 nm with 630 nm as a reference.
The readings were normalized to the number of animals/well. The
percentages of the measures were calculated, the 100% was the ratio of
absorbance (OD) and matching number of animals in untreated control
wells.
2.7. Statistics
Data are presented as means ± S.E.M. Statistical evaluation and
curve ﬁtting were performed with Prism 7.0b (GraphPad Software) and
with SPSS 23.0 software for Windows.
3. Results
3.1. Sequencing
Fig. 3. Anatomic characteristics of Philodina acuticornis odiosa (PA) used in viability assays. Micrographs of the characteristics of the PA used in the screening system. A. A
whole rotifer displaying corona, head, body and feet (scale bar: 50 µm). The transparency
of the body enables observations of the movement of the internal organs as a viability
marker. B/1. The anterior part of rotifer showing the head, corona and eyes (scale bar:
15 µm). B/2. Enlargement of the primitive red eyes (marked with stars; scale bar: 5 µm):
specialized photosensitive organs that facilitate the bright light disturbance response. C.
The mastax (marked with stars) is the muscle pharynx of rotifers, and its periodic closing
(C/1) and opening (C/2) are sensitive to toxin exposure, providing information about
organ functionality (scale bar: 15 µm). (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article.)

After quality control and assembly of rotifer DNA samples, compared to the PCR products (1714 and 1340 bp), we achieved 1265 and
1624 bp query sequences (NCBI GenBank accession numbers:
SUB2522809 and KY829026). As a result of SILVA aligner analysis,
sequences were classiﬁed as Philodina acuticornis odiosa (PA) with 98%
(for the 1265 bp long read) and showed 97% (for the 1624 bp long
read) similarity to the reference. Because the DNA was isolated and
ampliﬁed from an isolated population, SNPs could have biased the similarity scores. Indeed, the longer sequence showed lower similarity,
therefore, phylogenetic analysis was performed.

2.6.3. Mastax contraction frequency (MCF) assay
The mastax (pharynx) is part of the digestive system, has a powerful
muscular wall and contains tiny, calciﬁed, jaw-like structures named

3.2. Phylogenetic analysis
Based on the morphological features and the SILVA aligner analysis,
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Fig. 4. Experimental screening assays with diﬀerent sensitivities. In each experiment the one-housed rotifers were treated with diﬀerent doses of H2O2 and NaN3 as indicated, in
accordance with the sensitivity of selected assay method. A, B. Kaplan-Meier survival curves in the TSL assay of rotifers (n = 30 per dose of toxin indicated). C. Median survival in the TSL
assays of rotifers exposed to a range of toxin concentrations. D. BLD assay measured the ethological/behavioral reaction of rotifers to irritation with bright light. The rotifers (n = 30
individual one-housed rotifers) were challenged with various doses of toxins, as shown. The means of normalized BLD ± S.E.M. are shown. E. MCF measurements assessed the mastax
activity after three days treatment. The one-housed rotifers (n = 30 individual one-housed rotifers) were treated as indicated. The means of MCF/sec ± S.E.M. are shown. F. CRC, a
cellular reduction capacity indicator, was measured after three days treatment. The means of normalized CRC ± S.E.M. (n = 24 replicates at each dose) are shown. Curve ﬁtting was
modelled with C, E, the [Inhibitor] vs. response algorithm, and D, F, the [Inhibitor] vs. normalized response – Variable slope algorithm (Prism 7.0).

query species were identiﬁed as PA (Suppl. ﬁg. 2). The classical phylogenetic position of PA was determined by NCBI taxonomy. Other
phylogenetic trees constructed by modern methods can depict the relationship between clades and taxonomic groups. This supported separation of the two main orders (Monogononta, Bdelloidea) by 18S-based
phylogenetic analysis (Fig. 1 and Suppl. ﬁg. 2). The two diﬀerent
phylogenetic tree calculating methods gave similar results, validating
each other. However, there are a few diﬀerences compared to the
classical one. These diﬀerences are caused by the relatively small
evolutionary distances between the sequences. For example, in Bdelloidea clades none of the trees showed the previously drawn classical
taxonomy. Notably, our PA in the phylograms stands much closer to
Philodina megalotrocha than to the reference PA/U41281.

We examined the eﬀects of H2O2 and NaN3 in the mastax contraction
frequency (MCF) test and since this test is potentially a more sensitive
index, we focused on the eﬀects of toxin concentrations an order of
magnitude lower than used in the BLD tests. After three days of exposure, the toxins at ≥10 µM signiﬁcantly inhibited MCF (Fig. 4E,
IC50s H2O2 > 70 µM, NaN3 = 46.4 µM). The lowest concentrations
tested to signiﬁcantly impair MCF were H2O2 10 µM (−0.6 s−1, oneway ANOVA with Dunnett's multiple comparison test, p < 0.0430),
NaN3 30 µM (−1.83 s−1, one-way ANOVA with Dunnett's multiple
comparison test, p < 0.0001). Curiously, H2O2 1 µM signiﬁcantly but
modestly promoted MCF by 0.7 s−1 (one-way ANOVA with Dunnett's
multiple comparison test, p = 0.0113). This may indicate that low
concentrations of H2O2, which is known to be a cellular signaling molecule at concentrations of this order (Veal et al., 2007) may act to
stimulate rotifer activity. However, the CRC response at this dose of
H2O2 for the same time interval (3 days) indicated oxidative stress. So
the increase in the MCF in response to H2O2 at 1 µM we hypothesize is a
compensatory response to oxidative stress e.g. a reﬂex to increase nutriture.
Finally, the cellular reduction capacity (CRC) measurements were
performed after three days of treatment·H2O2 and NaN3 induced signiﬁcant dose-dependent inhibition of CRC, in line with our expectations
(Fig. 4F, IC50s H2O2 = 32.9 µM, NaN3 = 91.2 µM). The lowest concentrations tested to signiﬁcantly impair CRC were H2O2 1 µM
(−30.3%, one-way ANOVA with Dunnett's multiple comparison test,
p < 0.0001), NaN3 1 µM (−13.5%, one-way ANOVA with Dunnett's
multiple comparison test, p < 0.0001).
By pooling the data across the various treatments and doses, it was
possible to appraise the ability of individual tests to predict lifespan and
other viability indices. Both BLD and CRC strongly and signiﬁcantly
predicted lifespan (Fig. 5A, B). Similarly, we could also validate the
impairment indices by examining their ability to predict each other.
The BLD index was strongly and signiﬁcantly associated with MCF
(Fig. 5C) and CRC (Fig. 5D), and the MCF index was signiﬁcantly associated with the CRC (Fig. 5E). While the TSL only shows the live/dead
status of the rotifers, the other three tests also quantitatively assess

3.3. Validation of the in vivo toxicity assays
To validate our novel screening system, we exposed the PA to two
toxic agents, hydrogen peroxide (H2O2) and sodium azide (NaN3) with
well-known modes of action. Unchallenged PA had a median TSL of 15
days, and both toxins suppressed TSL in a signiﬁcantly dose-dependent
manner (p < 0.0001 for both agents, logrank test for trend, Fig. 4A–C),
with lifespan halving induced by concentrations of H2O2 = 163 µM,
NaN3 = 399 µM (iterated from the survival curves, Fig. 4C). The lowest
concentrations tested to signiﬁcantly impair TSL were H2O2 70 µM
(median survival 11 days, log-rank p < 0.0001), NaN3 70 µM (median
survival 13.5 days, log-rank p = 0.0341).
PA was then challenged with various doses of H2O2 and NaN3 over a
3-day exposure to test viability and behavioral eﬀects using the BLD. To
exhibit the response features of this assay, we employed concentrations
of H2O2 and NaN3 at an order of magnitude lower than the TSL tests.
We found that the tested toxins induced signiﬁcant dose-dependent
inhibition of BLD (Fig. 4D, IC50s H2O2 = 51.9 µM, NaN3 = 83.4 µM).
The lowest concentrations tested to signiﬁcantly impair BLD were H2O2
10 µM (−14.2%, one-way ANOVA with Dunnett's multiple comparison
test, p < 0.0001), NaN3 10 µM (−16.9%, one-way ANOVA with Dunnett's multiple comparison test, p < 0.0001).
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Fig. 5. Predictive validity of the indices. The diﬀerent measurements of survival and viability were correlated with the other outcomes where ≥4 overlapping toxin concentrations had
been tested for both H2O2 and NaN3 (see Fig. 2B). All available indices were signiﬁcantly correlated. TSL results were signiﬁcantly predicted by A, BLD and B, CRC. CRC results were
signiﬁcantly predicted by C, BLD and D, MCF. CRC was signiﬁcantly predicted by E, MCF. The correlational analysis was performed by Prism 7.0. Means and S.E.M., with 95% CI of the
regression lines, are shown.

overlapping toxin concentration data were available.
The bright light disturbance (BLD) index is able to detect eﬀects of
sublethal doses of toxic compounds based on a complex behavioral
reﬂex of PA. Bdelloid rotifers have a specialized photosensitivity deriving from their primitive eyes, and are able to sense light directly. The
rotifers show active escaping behavior in reaction to bright light,
therefore the test gives complex information on a systemic level (Imlay,
2003). A common invertebrate model is the Caenorhabditis elegans (CE),
which is also sensitive to light but detects light based on a metabolic
reaction: light-induced reactive oxygen species (ROS) production
(Bhatla et al., 2015). Using the bdelloid rotifer PA, the validation of
BLD showed that sublethal doses of H2O2 and NaN3 also attenuated
TSL.
The mastax contraction frequency (MCF) index provides information
about the muscular condition of the animals. The measurement is
methodologically similar to the CE pharyngeal pumping rate measurements (Bhatla et al., 2015). Both of their organs have a role in
feeding (moving food into the intestine), pump throughout the lifetime
of an individual, and react to modulators (Lazakovitch et al., 2008). The
MCF was found to be the most sensitive index, as it was attenuated by
both toxins at low concentrations, but correlated with the results provided by the BLD and CRC indices.
The cellular reduction capacity (CRC) is an adaptation of a widely
used assay to quantify the reductive capacity of the rotifer tissue. MCF
and BDL assays also predicted changes in this assay.
In summary, our new in vivo screening system contains four different methods that enable assay of various parameters at diﬀerent
sensitivity levels with high lifespan predictive value, independently
and/or simultaneously, providing a reliable and highly replicable
screening method for pharmaceutical and toxicological science.

aspects of the viability of individuals upon harmful, but sublethal toxin
exposure. In toxicological experiments, our assays are suitable for detecting lethal and sublethal doses.
4. Discussion
Over the last 30 years the interest in experimental research related
to rotifers has increased. Their use as a model in marine ecotoxicological and environmental studies provides reliable information
about acute and chronic deleterious eﬀects of aquatic pollution
(Breitholtz et al., 2006). They also provide important data about specialization (Gómez et al., 2002), evolutionary ecology (Snell et al.,
2006), the evolution of sex, population dynamics (Yoshinaga et al.,
2003) and ecotoxicity (Kaneko et al., 2005). Their main advantages in
toxicological research derive from their small size, relatively short
lifespan, high population density, rapid population growth rates,
availability of culture methods; predominantly parthenogenic reproduction and sensitivity to a vast number of toxic agents (Hagiwara
et al., 1997). Despite these advantages, standardized behavioral toxicity
tests with invertebrates as model organisms are scarce in pharmaceutical research.
We have developed straightforward and multifaceted methods that
support quantiﬁable in vivo toxicological testing on rotifers. While there
have been previous assays developed for the lifespan and survival of
rotifers (Kaneko et al., 2016), these have been on the basis of assaying
large groups of aggregated animals. A caveat with this approach is that
the dead animals may serve as food sources for the living ones. The
novel aspect of our approach lies in measuring the individual lifespan of
isolated rotifers, as well as combining this information with a matrix of
readouts about the animals’ well-being, functioning and redox state.
The oil-covered water-drop methodology, adapted from human in vitro
fertilization, enables toxicological measurements on a single, isolated
animal (one-housed rotifer) under controlled conditions in a microenvironment. Our model was conﬁrmed to be Philodina acuticornis
odiosa (PA). The sequence similarity showed the lower limit of 18Sbased classiﬁcation using the currently available sequences of SILVA
database. The similarity level could be inﬂuenced by the unknown
strain-speciﬁc SNP variability (Gribble et al., 2014). The phylogenetic
analysis also validated our theory that our species diverge from the
available PA/U41281 sequences.
We validated four new high-throughput in vivo toxicological
screening indices using two widely-used toxic agents with well-known
mechanisms of action, hydrogen peroxide (H2O2) and sodium azide
(NaN3), which can now serve as standards for future eco- or pharmacotoxicological surveys using the PA model.
The toxicity and survival lifespan (TSL) index is a life-conditional
marker of animals’ existence. It showed a dose-dependent relationship
of median lifespan to dose of toxin. The criteria for survival were sufﬁciently stringent for reproducible data to be achieved and for predictive validity to be achieved for the two indices (BLD and CRC) where
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Abstract: Neurodegenerative diseases are linked to a systemic enzyme resistance of toxic aggregated molecules
and their pathological consequences. This paper presents a unique phenomenon that Philodina acuticornis, a bdelloid
rotifer, is able to catabolize different types of neurotoxic peptide and protein aggregates (such as beta-amyloids /Aβ/,
alpha-synuclein, and prion) without suffering any damage. P. acuticornis is capable of using these aggregates as an
exclusive energy source (i.e., as ‘food’, identified in the digestive system and body) in a hermetically isolated microdrop
environment, increasing their survival. As regards Aβ1–42, five other bdelloid rotifer species were also found to be able
to perform this phenomenon. Based on our experiments, the Aβ1–42-treated bdelloid rotifers demonstrate significantly
increased survival (e.g. mean lifespan = 51 ± 2.71 days) compared to their untreated controls (e.g. mean lifespan = 14 ±
2.29 days), with similar improvements in a variety of phenotypic characteristics. To our knowledge, no other animal
species have so far been reported to have a similar capability. For all other microscopic species tested, including
monogonant rotifers and non-rotifers, the treatment with Aβ1–42 aggregates proved to be either toxic or simply
ineffective. This paper describes and proves the existence of an unprecedented in vivo catabolic capability of
neurotoxic aggregates by bdelloid rotifers, with special focus on P. acuticornis. Our results may provide the basis for a
new preclinical perspective on therapeutic research in human neurodegenerative diseases.
Keywords: Alpha-synuclein, Bdelloid rotifer, Beta-amyloid, Catabolism, Lifespan, Prion

Introduction
Neurodegenerative disorders, such as Alzheimer’s
disease (AD), Parkinson’s disease (PD), and prion disease, could be regarded as phenotypes secondary to
the progressive functional impairment of proteomes.
[29, 52, 53]. The molecular basis of aging in the brain
may be described as an accelerated accumulation accompanied by a decreased clearance and degradation
of misfolded proteins [46]. There is a clear correlation
between protein aggregation and aged-related pathologies. The intramolecular regions arranged in β-sheet
conformation are highly resistant to enzymatic degradation. [32, 51] The various neurotoxic aggregates,
such as those composed of beta-amyloid (Aβ), alphasynuclein (α-Syn), and prion (normal cellular prion
protein /PrPC/ and pathogenic prion protein ‘scrapie’
/PrPSc/), share common features, with their accumulation and aggregation facilitating neurodegeneration.
* Correspondence: datki.zsolt@med.u-szeged.hu; datkizsolt@gmail.com
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Department of Psychiatry, Faculty of Medicine, University of Szeged, Kalvaria
sgt. 57, Szeged H-6725, Hungary
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The peptide and protein aggregates in neurodegenerative diseases have several characteristics in common;
however, their different molecular structures and
pathomechanism may lead to differences in their
toxicity [38]. Therefore, investigation of aggregate
degradation has emerged from a marginal area of
protein chemistry to become a highly relevant field in
neuropharmacological science [25]. Although the
pathological role of these aggregates has been well
established, at present, no universal and satisfactory
method exists for their in vivo degradation as a
potential therapeutic tool. Misfolded peptide and
protein aggregates can be partially digested by several
endogenous enzymes, such as insulin-degrading
enzyme (IDE) [23], neprilysin (NEP) [16], endothelinconverting enzyme [12], angiotensin-converting enzyme [14], plasmin [47] and matrix metalloproteinases
[1]; however, their presence and function is apparently
insufficient in a scenario that leads to neurodegenerative disorders.
Amyloids, such as Aβs, are key molecules in agingassociated diseases, representing a starting point in the
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development of dementias. Therefore, their accumulation is one of the most important toxic processes during
the course of cerebral Aβ-related pathologies, which is
potentiated by a reduced clearance and insufficient
degradation [30]. The understanding and modulation of
Aβ toxicity and its metabolism might provide novel
approaches in the treatment of Aβ-related dementias,
including AD and cerebral amyloid angiopathy.
Physiologically, two major enzymes are predominantly
implicated in the partial degradation of Aβs: NEP and
IDE [6, 16]. NEP is a membrane-anchored zincdependent endopeptidase, being able to cleave both Aβ
monomers and oligomers. The role of NEP in the pathogenesis of AD is indicated by its decreased expression in
the AD brain, particularly in vulnerable regions such as
the hippocampus and the midtemporal gyrus, a
phenomenon associated with increased Aβ-deposition
[54]. IDE, a thiol- and zinc-dependent metallopeptidase,
appears to participate in the catabolism of insulin and
Aβ as well, and its decreased expression was reported in
the hippocampus of AD patients [55]. Although IDE mediates these processes in vivo, it still remains a question
how this cytoplasmic protein can degrade extracellular
Aβ aggregates in the brain. Further relevant membrane
proteases involved in Aβ degradation include plasmin,
cathepsin B, endothelin-converting enzyme, and certain
members of matrix metalloproteinase family, which are
highly tissue- and brain region-specific [2]. Potential
therapeutic approaches to reduce the accumulation of
harmful neurotoxic proteins include the facilitation of
anti-aggregation processes or the enhancement of their
clearance. As an example, β-sheet breakers bind to the
central hydrophobic core of Aβ1–42 and attenuate the
formation of the β-sheet structures. These molecules
could destabilize the senile plaques; however, they do
not provide adequate solution to the degradation and
catabolism of overexpressed toxic aggregates. [40]
Therefore, an ideal protective strategy against aggregateinduced neuronal damage requires more complex and
practical solutions, with dual mechanisms of action
targeting both the destabilization and degradation of
toxic aggregates.
Treatments with different exogenous Aβ isoforms are
widely used models of AD and earlier studies used various
in vitro and in vivo systems to reveal their exact effects. Several studies were performed on human neuroblastoma cells
[7, 36], invertebrates, rodents, and primates [13, 20, 42];
however, only a single publication aimed at describing the
effects of Aβ on bdelloid rotifers, e.g. Philodina species [36].
This unique study by Poeggeler et al. [36] reported the treatment of rotifers with Aβ1–42 in order to test the efficacy of
an antioxidant molecule (LPBNAH) against the supposed
neurotoxicity of the peptide aggregates. In their in vivo
studies with rotifers, the authors applied doxorubicin instead
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of Aβ1–42, because this toxin gave more consistent results
in rotifers. In fact, the neurotoxic effect of Aβ1–42 in this
model could not be proven. Our aim was to investigate this
intriguing phenomenon that was only slightly touched upon
in the paper of Poeggeler.
Bdelloid rotifers, as microinvertebrates, are one of the
most commonly used animal models in toxicity-, aging-,
and longevity-related research. These organisms are
multicellular animals with well-defined anatomical characteristics, possessing a ciliated head structure, bilateral
ovaries, mastax, ganglia, muscles, digestive, nervous, and
secretory systems, and photosensitive, and tactile organs.
[5, 15]. Due to their peculiar anatomy and physiology,
these animals have outstanding advantages in terms of
culturing and are rather easy to work with [44]. Rotifers
are extremely resistant to environmental alterations and
successfully adapt to the different types and amounts of
nutrients present in their natural habitat. The natural
decomposition of organic materials is a process that results in the formation of precipitates and aggregates,
which represent potential nutrients for rotifers [50]. The
metabolic utilization of all these available organic material resources is their special property [4].
In a prior publication, we reported the development of a
unique and straightforward method [34], which enables
the investigation of the effect of several different agents or
impacts on various phenotypic parameters of microinvertebrates. The oil-covered microdrop technology, adopted
from human in vitro fertilization, is a well-controllable
construction to assess the lifespan and other features of a
single isolated animal (one-housed rotifer).
In our present study, we examined the effect of
various neurodegeneration-related peptide and protein
aggregates under complete dietary restriction, ensuring
that the individual rotifers had no other organic source
to be used for gluconeogenesis. Observing an intriguing
increase in survival upon treatment with aggregates, as a
next step, we investigated different types of microentities in neurotoxic aggregate-supplemented environment. To our knowledge, this study is the first to
address the in vivo catabolism of these molecules as
dietary sources in microscopic animals such as rotifers.
Our findings may provide a starting point to understand
the possible ways of degradation of abnormally folded
neurotoxins despite their aggregated state and consequent protease resistance, a subject with high potential
relevance in the treatment of neurodegenerative
proteinopathies.

Materials and methods
Materials

The Aβ1–42, Aβ1–42 [Gln22], Aβ1–40, Aβ25–35, two
scrambled isoforms (Aβ1–42 S1: LKAFDIGVEYNKVGEGFAISHGVAHLDVSMFGEIGRVDVHQA and Aβ1–42 S2:
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KVKGLIDGAHIGDLVYEFMDSNSAIFREGVGAGHVHV
AQVEF) were prepared in the Department of Medical
Chemistry, University of Szeged, Szeged, Hungary. The
peptides were synthesized on an Fmoc-Ala-Wang resin
using Nα-Fmoc-protected amino acids with a CEM Liberty
microwave peptide synthesizer (Matthews, NC, USA). The
peptide Aβ11–42 (H-7668.1000) was purchased from
Bachem (Torrance, CA, USA), whereas Aβ1–28 (A0184)
and α-Syn (type E46K human; S4447) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). The mature part (25–
244) of recombinant bovine prion protein (PrPC, AG210)
was obtained from Merck Millipore (Darmstadt, Germany).
EZ4U (BI-5000; Biomedica Medizinprodukte, Wien,
Austria) and Calcein-AM (17,783; Sigma-Aldrich) cell
viability assays were used to measure the toxicity of the
aggregates. For in vivo and in vitro investigations of the different aggregates, we applied Bis-ANS (4,4′-dianilino-1,1′binaphthyl-5,5′-disulfonic acid dipotassium salt; D4162)
and Congo red (CR; C6277) dyes obtained from SigmaAldrich. To detect gold-tagged beta-amyloid (Au-Aβ1–42)
in P. acuticornis with scanning electron microscopy (SEM),
we used Gold(III) chloride (AuCl3 x 2H2O; 01216, Reanal,
Budapest, Hungary) and Aβ1–42 aggregates. Distilled water
(DW) was prepared in our laboratory (Millipore-type, ultrapure, demineralized DW).
Preparation of aggregating peptides and proteins

The synthesis and characterization of the Aβ peptides
were conducted as previously described by Bozso et
al. [3] with minor modifications: the concentrations of
the stock solutions were 1 mg/mL (DW); the aggregation time was 3 h or 3 days (25 °C, pH 3.5); the
neutralization (to pH 7.5) was performed with NaOH
(1 N) [17]; after 10-fold dilution with standard
medium, the final (working) concentrations were
100 μg/mL. The amount of diluted cations and anions
in standard medium (mg/L): Ca2+ 31.05; Mg2+ 17.6;
Na+ 0.9; K+ 0.25; Fe2+ 0.001; HCO−3 153.097; SO−4 3; Cl
−
0.8; F− 0.02; H2SiO3 3.3 (pH = 7.5) [41]. To prepare
the PrPSc form of PrPC, the stock solution of PrPC
was aggregated for 24 h at pH 2 [49, 57]. The pH of
the prepared prion was also adjusted to pH 7.5 before
being used to treat the rotifers.
Collection, isolation, identification and harvesting of
different animal species

To collect and isolate different microscopic species, we
used the method described by Debortoli et al. [9] with
minor modifications. The sampling sites were distributed
within two areas of about 500 m2 near Szeged (Southern
Great Plain, Hungary) and Saint-George (Transylvania,
Romania). Fifty patches of highly hydrated moss (with
minimal soil) were collected from the northern side of
trees (of the genera Acer and Platanus) and from their
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close environment. Briefly, the collected samples were
hydrated with the standard medium in separate flasks.
After identifying the species by using methods described
in the literature [18, 21, 24, 33, 48] we applied speciesspecific information (e.g., body size in relation to age) to
collect relatively young (approximately 3–5 days old)
and individuals of the same size. The isolation protocol
from the samples was in line with the method of Debortoli et al. [9]. However, instead of culturing; we collected
and isolated these animals (using micropipette) to create
monoclonal populations. After washing these groups
with standard medium, we harvested as many individuals as needed (n = 30) for the experiments. The species collected in Hungary comprised Philodina vorax
Janson, 1893; Philodina megalotrocha Ehrenberg, 1832;
Lepadella patella Müller, 1773; Lecane arcula Harring,
1914; Lecane agilis Bryce, 1892; Lecane hamata Stokes,
1896; Lecane closterocerca Schmarda, 1859; Brachionus
diversicornis Daday, 1883; Brachionus calyciflorus calyciflorus Pallas, 1766; Brachionus forficula Wierzejski, 1891;
Caenorhabditis elegans Maupas, 1900; Typhloplana viridata Abildgaard, 1789; Vorticella convallaria Linnaeus,
1758; Stylonychia mytilus Müller, 1773. The species collected in Romania comprised Mniobia russeola Zelinka,
1891; Adineta steineri Bartoŝ, 1951; Habrotrocha elusa
Milne, 1916; Filinia terminalis Plate, 1886; Lindia torulosa Dujardin, 1841; Hypsibius dujardini Doyère, 1840;
Centropyxis aculeata Ehrenberg, 1832. Processes related
to culturing and harvesting Philodina acuticornis
Murray, 1906 were performed (in artificial environment)
as previously described by our group [34]. The animals
were photographed (Nikon D5500, Nikon Corp.,
Kanagawa, Japan) under the light microscope (at 200×
magnification; Leitz Labovert FS, Wetzlar, Germany) by
taking serial images at every 5-μm intervals, yielding a
total of 20–30 photographic layers per animal, which
were subsequently merged into one superimposed picture (by using Photoshop CC software, Adobe Systems
Inc., San Jose, CA, USA) to achieve better resolution.
In vitro and in vivo treatment and monitoring

To test the previously described neurotoxic effects of the
examined aggregates in vitro, we used a differentiated SHSY5Y human neuroblastoma cell line (Sigma-Aldrich),
with the related culturing and differentiating methods
based completely on our previous works [7, 26]. Five-dayold animals (as determined by BSI) were chosen for the
experiments, an age that precedes the beginning of the reproductive stage (i.e., egg production) by 2 days. Before
treatment (using micropipette) of individual rotifers with
aggregated molecules (0.1, 10 and 100 μg/mL), the stock
solutions (1 mg/mL) were ultrasonicated (Emmi-40 HC,
EMAG AG, Mörfelden-Walldorf, Germany) for 10 min at
45 kHz to achieve sterilization and homogenization.
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During the in vivo experiments, the viability assay, the
assessments of descriptive characteristics (such as normalized mean lifespan /NML/, body size index /BSI/, bright
light disturbance /BLD/, mastax contraction frequency
/MCF/, and cellular reduction capacity /CRC/), and the
assembly of the experimental setup (with the oil-covered
microdrop) were carried out as presented in detail
previously [34].

Detections of exo- and endogenic Aβ1–42 in P.
acuticornis

Optical analysis in live rotifers (Fig. 1a-d): The juvenile
(5 days old) animals were identified on the basis of their
body size as read from a calibration curve previously described [34]. For the treatment (in 96-well plate; 3695,
Costar, Corning Inc., USA) of preselected and 1-day
starved rotifers, we used unlabelled Aβ1–42 (3 h and
3 days aggregated) as ‘food’ source. After 12 days the
content of the wells were changed to labelled Aβ1–42,
aggregated for 3 h (in vitro marked with 10 μM Bis-ANS
fluorescent dye for 30 min) or 3 days (in vitro marked
with 50 μM CR dye for 1 h). Applying 5 h treatment
(‘feeding’), we detected the optical signals (at 200×
magnification) in the digestive system (stomach and intestine) of individual rotifers by an optical/fluorescence
microscope (Olympus IX71, OLYMPUS, Budapest,
Hungary). The representative images demonstrate the
localization of Aβ1–42 in the body of rotifers compared
to untreated, normally fed (600 μg/mL yeast suspension)
and unfed (starved) controls (Fig. 1a-d). Unfed individuals labelled with these two dyes (control background
without Aβ1–42 treatment) have no signal (photo not
shown).
Searching for endogenous Aβ1–42 in rotifers: The
immunological detection of the presence or absence of
natural Aβ1–42 in P. acuticornis species has a central
role in interpreting the relations of Aβ1–42 and rotifers.
After harvesting, the animals were put into − 75 °C for
30 min in standard medium. The number of rotifers
were 104 per sample. The thawed animals were ultrasonicated (at 45 kHz at room temperature for 10 min).
The rotifer homogenate was centrifuged (300 x g for
5 min at 24 °C) to eliminate the exoskeletons of the dead
animals. The protein concentration of the supernatant
was determined by the Qubit Protein Assay Kit
(Q33212; Thermo Fisher Scientific, Wilmington, DE,
USA) following the manufacturer’s protocol. The concentration of the stock suspension was 340.54 μg/mL,
which was diluted to the final protein concentrations
(μg/mL) of 20, 15, 10, 5 and 1 in standard medium.
Commercially available Aβ1–42-specific sandwich
ELISA kits (Innotest Aβ1–42, 81,576, Fujirebio, Gent,
Belgium) were used according to the manufacturer’s
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protocol for the quantitative detection of Aβ1–42 in the
diluted rotifer homogenate.
The Au-Aβ1–42 complex detection with SEM (Fig. 1f,
g): The stock solutions of Aβ1–42 (1 mg/mL) and AuCl3
(2.8 mg/mL) were prepared with DW. The 3-dayaggregated Aβ1–42 solution was mixed for 2 h with the
AuCl3 solution in a 1:4 M ratio, according to the
number of Au-binding sites of monomeric Aβ1–42 (one
methionine and three histidine residues). To remove excess Au ions, two rounds of centrifugation (25,000 x g
for 10 min at 24 °C) with supernatant replacement were
used. NaOH (1 N) was applied to adjust the pH to 7.5.
Peptide content of the final pellet was determined by the
Qubit™ Protein Assay Kit (Thermo Fisher Scientific).
The middle-aged (15 days old) harvested rotifers were
starved (i.e., complete food deprivation) for 2 days. After
washing the rotifers in 6-well plates (containing 104
adherent animals per well), each well was treated with
Au-Aβ1–42 complex in a dose of 100 μg/mL for 1 day.
The wells were decanted and washed twice with standard medium and after an incubation period of 6 h (the
time to empty the digestive tract of the animals), the
wells were washed again and the populations were fixed
and dehydrated with 96% EtOH at − 75 °C for 5 min,
followed by a partial rehydration with 30% EtOH at
room temperature for 30 min. After fixation with 1%
paraformaldehyde (for 30 min), the wells were washed
twice with DW. The collected animals were transferred
with pipette to the centre of a round glass coverslip
(diameter: 12 mm, thickness: 0.15 mm; 89,167–106,
VWR International, Houston, TX, USA), and were
allowed to dry. The samples were not coated with gold.
The structural integrity of the rotifer bodies was controlled with digitally recorded photographs (Nikon
D5500). The selected bodies (based on their quality)
were subjected to SEM (Zeiss EVO MA 10, Carl Zeiss,
Oberkochen, Germany) [2]. The sample-carrier coverslip
was fixed onto a stub using a double-sided carbon tape.
The fine structure of the rotifers was observed and
photo-documented with the SEM (Fig. 1f, g), operating
at 10 kV with an 8-mm working distance, using a backscattered electron detector in variable pressure mode at
30 Pa. The white balance of SEM photographs was
normalized.
Congo red aggregation assay

The methods described by Klunk et al. [19] and
Datki et al. [8] were used for these experiments. The
preparation and aggregation of the peptides and
proteins for the CR assay was the same as described
in the in vitro and in vivo treatment protocols. A
volume of 10 μL CR stock solution (0.5 mM) was
added to each aggregate-containing tube (490 μL;
100 μg/mL) and these mixtures were incubated for
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Fig. 1 Localization and demonstration of the beneficial effects of aggregated Aβ1–42 on P. acuticornis. Juvenile rotifers were selected in different groups
after 1-day starvation: fed (a; 12 days normal feeding), unfed (b; 12 days starvation) and Aβ1–42 treated (for 12 days). The Aβ1–42 in the digestive system
(stomach and intestine) of live rotifers were visualized by fluorescent Bis-ANS (c; green colour in the representative photograph; 3 h = aggregated for 3 h) and
absorbent Congo red (d; red colour in the representative photograph; 3d = aggregated for 3 days). Untreated individuals labelled with these two dyes
showed no signal (not shown). e The normalized mean lifespan (NML) of the Aβ1–42-treated animals was significantly longer than that of their normally fed
and unfed untreated controls, with a significant difference between the 3 h- and 3d–aggregated forms. Besides NML, four viability markers were measured,
including body size index (BSI), bright light disturbance (BLD), mastax contraction frequency (MCF), and cellular reduction capacity (CRC). The Aβ1–42-treated
rotifers performed significantly better than their unfed untreated controls and there were significant differences between the subgroups treated with two the
differently aggregated forms in BSI and CRC. The concentration of Aβ1–42 was 100 μg/mL; n = 30 (NML), 50 (BSI), 20 (BLD), and 24 (MCF) one-housed individual rotifers per group; n = 24, well with normalized absorbance to rotifer number (CRC). The scale bars in the proportional representative photographs represent 20 μm (*, significant difference from the fed and Aβ1–42-treated groups; #, significant difference from the group treated with the 3 h aggregated form).
The possible distribution of the exogenous Au-Aβ1–42 complex was studied in vivo with SEM in the body of P. acuticornis: f rotifer without treatment
(background); g Au-Aβ1–42-treated rotifer. Homogenously signals of gold can be detected in Au-Aβ1–42-treated entities. Scale bar represents 10 μm

20 min at room temperature and shaken every
5 min (at 50 rpm for 10 s), followed by centrifugation at 25,000 x g for 15 min. The supernatant
was carefully removed with a pipette and the
sediment (pellet) was resuspended in standard

medium (0.5 mL). The aggregate-bound CR content
of the suspensions was measured spectrophotometrically at 540 nm with a BMG NOVOStar plate
reader (BMG Labtech, Ortenberg, Germany), using a
96-well plate (Costar).
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Statistics

The error bars represent the standard error of the mean
(S.E.M.). For comparative statistical analysis, the one-way
ANOVA was used followed by the Bonferroni post hoc
test with SPSS 23.0 software for Windows. A p ≤ 0.05 was
regarded as statistically significant, with the different levels
of significance indicated as follows: p# ≤ 0.05, p** ≤ 0.01
and p*** ≤ 0.001. Kaplan-Meier curves were applied to
present the survival of the groups. The GraphPad Prism
7.0b software (GraphPad Software Inc., La Jolla, CA,
USA) was used for the illustration and statistical analysis
(log-rank; Mantel-Cox) of survival.

Results
To investigate the background of less ‘consistent results’
with Aβ1–42 toxicity in bdelloid rotifers reported by
Poeggeler et al. [36], we investigated the effect of different neurodegeneration-related protein aggregates on
one-housed P. acuticornis in an experimental setup [34]
inspired by that applied human in vitro fertilization (i.e.,
oil-covered microdrop). This assay system allows the
observation of our model organisms at an individual
level. First, we examined the effect of Aβ1–42, which we
predicted to be toxic to P. acuticornis. Surprisingly; however, treatment of the animals with Aβ1–42 resulted in a
significantly longer mean lifespan (51 ± 2.71 days) than
in the case of unfed (14 ± 2.29 days) and normally fed
(32 ± 2.72 days) controls. To localize and demonstrate
the presence of Aβ1–42 aggregates in the body of the
rotifers, we used β-sheet-specific fluorescent and absorbent dyes. Animals in the representative photographs
(Fig. 1a-d) are shown in proportional sizes and display
the strong differences between the groups. The Fig. 1c, d
show the presence of the exogenous Aβ1–42 in the
digestive system of the rotifers after ‘feeding’ ad libitum
(above is the stomach and below is the intestine). To
characterize the Aβ1–42-treated P. acuticornis animals,
we applied some previously published [34] experimental
monitoring assays. The results (Fig. 1e) are evidences to
the fact that this bdelloid rotifer can use the Aβ1–42 as
food in isolated environment without the presence of
any other organic material. The NML of groups treated
with either 3 h or 3 days aggregated Aβ1–42 significantly increased compared to unfed (starved) controls.
The BSI and the BLD indicated phenotypical and
physiological changes of the treated animals. These
characteristics were increased by 40% and 60%
compared to untreated starved controls, respectively.
The MCF and the CRC suggested intensified energy
level as represented by neuromuscular and cellularredox activities. These two markers were increased by
46% and 42% compared to unfed entities, correspondingly. The Aβ1–42-treated one-housed rotifer individuals performed much better in the measured
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parameters than their unfed controls, and they do not
drastically differ from the normally fed counterparts.
These results suggest that Aβ1–42 is not toxic to P. acuticornis and it could be used by them as an exclusive
dietary source to live and develop in an hermeticallyisolated environment. As the next step, we aimed at detecting the possible presence of endogenous Aβ1–42 in
P. acuticornis species. We applied ELISA for the quantitative analysis of Aβ1–42 in the rotifer homogenates.
Interestingly, our findings indicate that endogenous
Aβ1–42 is practically absent in P. acuticornis species, an
observation first reported in the literature. To localize
exogenous Aβ1–42 aggregates in the live (Fig. 1a) rotifers (beyond the digestive system) we applied Au-tagged
Aβ1–42 aggregates, detected with SEM (Fig. 1f, g). After
fixating and drying the Au-Aβ1–42-treated and untreated animals, we monitored the possible distribution
of the remnants of the potentially catabolized peptide.
We found that in Au-Aβ1–42-treated animals, the signal
of gold-ions could be found homogeneously everywhere
in their body in contrast to the untreated ones. The only
possible source of gold in the samples was the Au-Aβ1–
42 complex taken up during life, as no aspecific gold
coating was applied. These SEM photos are only
representative.
In our study, we used eleven different peptides and
proteins, with some of them being accepted as neurotoxic aggregates in neurodegenerative diseases (Fig. 2).
To test and confirm the toxic effect of these aggregated
peptides/proteins, we used a differentiated SH-SY5Y human neuroblastoma cell model, based on our previous
works [7, 8]. The CRC-specific EZ4U and cytoplasmic
enzyme activity-sensitive Calcein-AM assays were used
to test the potential effect of the various aggregates. The
time-dependent differences between the respective aggregate solutions incubated for 3 h and 3 days were
measured with CR spectrophotometric assay [8, 19]. The
data demonstrated an inverse correlation between CRbinding property and cellular toxicity of aggregates. The
Aβ1–28, the scrambled isoforms Aβ1–42 S1 and S2, and
PrPC demonstrated low affinity to CR and were not
toxic to SH-SY5Y cells, accordingly.
In our next experiment, we examined whether the P.
acuticornis is capable of catabolizing other neurotoxic
aggregates as well (Fig. 3). To investigate the dosedependency of the effect of Aβ1–42 on rotifers, we used
three different treatment concentrations (0.1, 10, and
100 μg/mL), comparing the results with those of groups
treated with equivalent concentrations of bovine serum
albumin (BSA). Interestingly, we observed the highest
median survival in the case of 100 μg/mL Aβ1–42 treatment (Fig. 3a). We found that almost all Aβ peptide
forms tested (Aβ1–42, Aβ1–42 [Gln22], Aβ1–40, Aβ11–
42, Aβ1–28, Aβ1–42 S1; Aβ1–42 S2) were favourable
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Fig. 2 Aggregation-dependent neurotoxicity of different neurodegeneration-related peptides and proteins in cell culture. To test the previously
described [10, 11] toxic effect of neurodegeneration-related aggregates, we used a differentiated SH-SY5Y human neuroblastoma cell model. The
EZ4U and Calcein-AM cell viability assays were used to detect the NADH- and esterase-activity-dependent cell viability of the cultures (presented
in orange and green columns of the chart, respectively). The mean viability of the untreated control wells was regarded as 100% (the S.E.M. of
the mean was ±2.8%). The aggregation level of the proteins was measured with Congo red spectrophotometric assay (red line in the background
of the chart). The length of incubation and aggregation time (3 h = 3 h and 3d = 3 days) influenced the toxicity of the treatment in most of the
peptides and proteins tested. Significant differences (p ≤ 0.01) were detected between the 3 h- and 3d–groups (no markers on columns) in both
viability assays. Significant differences could be detected between the 3 h- and 3d–aggregated forms in the Congo red assay for all Aβs, except
for Aβ11–42, Aβ1–28, Aβ1–42 S1, and Aβ1–42 S2. Alpha-synuclein (α-Syn, type E46K) and prepared ‘scrapie’ (PrPSc) form of prion protein also
showed significant in vitro toxicity, contrasting with the ineffective normal cellular prion (PrPC). The aggregation time of the prions was 1 day
(1d). Each molecule was used in 100 μg/mL concentration; n = 8 (for EZ4U and Calcein-AM) and 20 (for Congo red) wells per group. The error
bars present the S.E.M. For statistical analysis, one-way ANOVA was used followed by the Bonferroni post hoc test, and the level of significance
were p*** ≤ 0.001 (*- the significant rate of deviation from the non-toxic and non-aggregated forms /Aβ 1–28, 1–42 S1, 1–42 S2, PrPC/ in both
viability and Congo red assays)

nutrient sources, contrasting with Aβ25–35, which
proved to be toxic to the rotifers (Fig. 3 b-c). This ‘short’
type of Aβ has a relatively low molecular weight
(1060.27 g/mol) compared to the longer Aβ peptides
(e.g., Aβ1–42), resulting in higher molar concentration
(94.3 μM) in a 100-μg/mL dose. We tested this artificial
Aβ aggregate in a dose of 10 μg/mL as well, and we
found it also significantly toxic (NML 58 ± 5.8%; p ≤
0.01) when analysing the survival of the treated group
compared to that of unfed controls. In addition to
various Aβ isoforms, P. acuticornis was also able to
catabolize one of the most aggregation-prone forms
of α-Syn (type E46K) as well as the physiological
(PrPC) and pathological forms (PrPSc) of prion
protein (Fig. 3d). The Kaplan-Meier survival curves
demonstrate significant differences in all treatment
groups compared to the respective untreated control
curve (Fig. 3a).
To investigate the universal capability of one-housed
microscopic entities to catabolise Aβ1–42 (aggregated
for 3 h before treatment; Fig. 4), we examined 22 species
with different phylogenetic backgrounds. These species
included bdelloid rotifers: P. acuticornis, P. vorax, P.
megalotrocha, M. russeola, A. steineri, H. elusa; monogonant rotifers: L. patella, L. arcula, L. agilis, L. hamate, L.

closterocerca, B. diversicornis, B. calyciflorus calyciflorus,
B. forficula, F. terminalis, L. torulosa; non-Rotifers: C.
elegans, H. dujardini, T. viridata, V. convallaria, C. aculeate, S. mytilus. In order to provide adequate basis for
comparison, we used an NML where the mean lifespan
of the unfed (starved) control group within the respective species were regarded as 100% (contrasting with the
comparisons in Fig. 1 where 100% was the mean lifespan
of the normally-fed group). From the all examined species, bdelloids (Fig. 4a-f ) were the only ones that demonstrated significantly longer NMLs (240–290%) compared
to their unfed (starved) controls (100%). As regards
other species, Aβ1–42 was either toxic (Fig. 4g-o of
monogonants and Fig. 4s-v of non-rotifers) or had no effect (Fig. 4p-r of both groups).
The results strongly suggest that P. acuticornis can
catabolize various form of toxic and non-toxic Aβs,
α-Syn, and prion aggregates and that the investigated
bdelloid rotifer species are also able to use the
neurotoxic Aβ1–42 aggregates as nutrients (ad libitum). This agent is either toxic or has no effect on
the lifespan of other microinvertebrates examined,
suggesting that the catabolism of aggregates with
proteinopathy is an exceptional property of bdelloid
rotifers (Fig. 5).
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Fig. 3 The effect of different neurodegeneration-related aggregates on the survival of P. acuticornis. The Kaplan-Meier curves demonstrate
the survival of rotifers (n = 24 one-housed individuals per sample type; aggregation time: 3 h = 3 h and 3d = 3 days). a Dose dependency:
the effect of 3 h–aggregated Aβ1–42 and BSA were tested in three different concentrations. This neurotoxic peptide as well as the nontoxic protein served as nutriments to rotifers. The survival was dose-dependent (0.1, 10, and 100 μg/mL) and was significantly higher in
both type of treatments compared to the untreated control group (UC; p < 0.001; log-rank test). b Natural Aβ isoforms: we tested four
natural variants of the Aβ peptide (1–42 [Gln22], 1–40, 11–42 and 1–28) on rotifers in two different aggregated forms (3 h and 3d). All
types of natural Aβs had a positive effect on the survival of the treated rotifers compared to the UC (a). c Artificial Aβ isoforms: the rotifers were able to use both scrambled forms of Aβ1–42 (S1 and S2) as nutrients. As a unique exception in the series, Aβ25–35 was toxic
to the rotifers, decreasing their survival as compared to the UC (a). All three types of artificial Aβs were measured in 3 h- and 3d–aggregated forms. d Non-Aβ proteins: the animals treated with alpha-synuclein (α-Syn, type E46K; in 3 h- and 3d–aggregated forms) and the
cellular (PrPC) or ‘scrapie’ (PrPSc) forms of prion protein (1d = aggregated for 1 day) also showed a significantly longer lifespan compared
to the UC (a). Each protein was used in 100 μg/mL concentration. The significance of log-rank (Mantel-Cox) test was p < 0.0001 in the
statistical analyses in panels b-d. Median survival (ms) values in days are presented in the graphs. The statistical analysis of survival was
performed by GraphPad Prism 7.0b

Discussion
The formation and accumulation of aggregated proteins
is a central feature of several neurodegenerative diseases.
The age-related dyshomeostasis promotes the aggregation of misfolded proteins. Neurodegeneration is associated with the resistance of various aggregated
peptides and proteins to enzymatic degradation [39].
In transmissible spongiform encephalopathies, the
endogenous PrPC, composed of the pure protein
without any presence of nucleic acid components, is
converted to the pathogenic and infectious form
(PrPSc) [37]. The α-Syn is a presynaptic neuronal
protein, which contributes to the pathogenesis of PD
via its toxic aggregation [35]. Aβ peptides can accumulate as senile plaques, which are regarded as one
of the hallmark alterations in AD [2, 43].
Although the degradation of these amino acidcontaining organic macromolecules has been in the
focus of neuropharmaceutical science for decades, there
have been no proper treatments developed or methods
identified for the elimination of these toxic aggregates
from living systems to date. Moreover, only a fraction of
these peptides and proteins can be efficiently digested by
proteolytic enzymes either in vitro or in vivo. [22]

In our study, we are the first to describe the existence
of the in vivo catabolism of neurotoxic aggregates by
bdelloid rotifers (e.g., Philodina acuticornis), as these microinvertebrates are capable of using even neurotoxic
aggregates as exclusive energy and organic material
sources, prolonging their lifespan. The one-housed and
aggregated Aβ1–42-treated [3] P. acuticornis individuals
have significantly longer lifespan and better viability
compared to their untreated controls under complete
dietary restriction in a fully isolated environment. This
capability to improve (NML) or maintain (BSI, BLD,
MCF and CRC) viability showed a correlation with the
aggregation state (i.e., CR affinity) of Aβ1–42. The
administered exogenous peptide aggregates were first localized and distributed within the digestive system of the
rotifers, providing evidence of being consumed (Fig. 1).
First in the literature, we demonstrated that this species
have no detectable endogenous Aβ1–42 production.
Since the treated P. acuticornis maintained its wellbeing, function, and redox capacity, we presume that
these aggregates may serve as an obligatory energy
source for gluconeogenesis in these experimental conditions. Prolonged starvation of animals causes significant
physiological changes supplying glucose from amino
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Fig. 4 The effect of Aβ1–42 on the normalized mean lifespan of different microscopic species. To investigate the universality of the ability to
catabolise 3 h–aggregated Aβ1–42 in one-housed entities, we tested 6 Bdelloids (a-f), 10 Monogonants (g-p), and 6 non-Rotifers (q-v). The data were
normalized in percent, where the mean survival of the untreated starved group of the respective species were regarded as 100%. Only bdelloids
demonstrated significantly longer lifespan compared to their starved controls after Aβ1–42 treatment. For monogonant rotifers, Aβ1–42 was either
toxic (g-o) or ineffective (p) compared to their untreated controls. A similar effect was detected in non-rotifer species, where the aggregated peptide
likewise either had no effect (q and r) or was toxic (s-v). The number in the bottom left corner of the images represents the measured real mean
survival lifespan (in days) of the untreated starved control individuals. The concentration of Aβ1–42 was 100 μg/mL n = 30 one-housed individuals per
group. For statistical analysis, one-way ANOVA was used followed by the Bonferroni post hoc test, and the levels of significance were p** ≤ 0.01 and
p*** ≤ 0.001 (*- significant difference from the untreated starved control). Scale bars represent 50 μm

acids by metabolism, including ketogenesis and gluconeogenesis. The main function of gluconeogenesis is to
maintain the glucose level via its endogenous de novo
production from non-carbohydrate substrates, such as
glycerol, lactate, or glycogenic amino acids [28]. In
rotifers, the resting eggs contain large amounts of noncarbohydrate substrates as obligatory sources for vital
anabolic processes during dormancy and hatching via
glyoxylate cycle and gluconeogenesis [10]. The bdelloids
are extremely resistant to starvation, which has been
shown to extend their lifespan [31], suggesting that the
enzymatic machinery required for endogenous de novo
glucose production may play a crucial role in their metabolism. On this basis, their observed survival in the
presence of an aggregated peptide suggests its partial
catabolism.
In order to assess the toxicity of the examined aggregated molecules, the same treatment agents were
tested on differentiated SH-SY5Y neuroblastoma cell
cultures [7, 26]. The α-Syn and PrPSc, similar to the
known toxic Aβs, caused significant reduction of

viability, in correlation with their aggregation state
(CR affinity). Our in vitro results (Fig. 2) were in line
with our a priori expectations and the academic
literature [45, 56].
The catabolic capability of P. acuticornis was not
limited to Aβ1–42 (Fig. 3). In the absence of any other
potential dietary source, the presence of other
neurodegeneration-related aggregates, such as natural
(Fig. 3b) or artificial (Fig. 3c) Aβs; α-Syn, PrPC, or PrPSc
(Fig. 3d) likewise prolonged the survival of the treated
animals compared to the untreated (unfed) controls, except for Aβ25–35, which resulted in reduced survival.
The median survival showed association with the aggregation state. These results together led us to the conclusion that this extraordinary catabolic activity is universal
as regards almost any type of peptide and protein aggregates. In their natural habitat, bdelloids constantly have
to cope with extreme fluctuations in nutrient availability
[4]. Furthermore, their native food source includes
particulate organic detritus, dead bacteria, algae, and
protozoa, which offer a large variety of natural
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Fig. 5 The general capability of bdelloid rotifers to catabolise neurotoxic aggregates. Neurodegeneration-related peptide and protein aggregates
can be utilized as nutrients when given as the only potential energy source for starved bdelloid rotifer species. These agents proved to be either
toxic or ineffective for monogonant and non-rotifer species. A currently unidentified mechanism in bdelloid rotifers is hypothesized to enable the
utilization of amino acids derived from the degraded aggregates for gluconeogenesis. Compared to the unfed (starved) controls, the bdelloid
rotifers treated with aggregates (‘fed’) demonstrate increased survival and viability

aggregates [50]. Therefore, the capability of these animals to metabolize almost every type of aggregated peptides and proteins might be an evolutionary strategy for
adaption and survival.
Our aim was to describe the existence of the in vivo
catabolism of neurodegeneration-related aggregates by
bdelloid rotifers. The results strongly indicate that these
animals can use these toxic agents as an exclusive dietary source to live and grown in an hermetically isolated
environment. The available literature does not describe
any other metazoan species with a similar capability. In
species widely applied in the animal modelling of AD,
such as Caenorhabditis elegans, Drosophila melanogaster, Danio rerio, or rodents, the Aβ1–42 are toxic
[11, 20, 27, 41]. Based on our experiments (Fig. 4), the
Aβ1–42 aggregates were also toxic or ineffective to the
other microscopic entities tested (monogonant rotifers
and non-rotifers). The universal capability of bdelloid
rotifers to catabolise peptide and protein aggregates (including such that are known to be neurotoxic) implied
that the hypothetic catabolic pathway might consist of
degrading enzyme(s), their possible cofactors, and/or
anti-aggregation compounds. The comprehensive identification of the molecular background of this unique
phenomenon requires further analyses.

Conclusion
In summary (Fig. 5), we present findings indicating the
exceptional capability of the investigated bdelloids to
catabolise neurotoxic aggregates in vivo, which is to our
knowledge unprecedented in the literature regarding any
multicellular animals. In our experimental system, only
amino acids could be used for gluconeogenesis by the
rotifers; therefore, the aggregates applied represented the
only material to be catabolised in the absence of any
other food source in this isolated environment. The
one-housed P. acuticornis individuals maintain their
normal phenotypic characteristics and demonstrate
significant activity during their life, which require
constant energy production. The prolonged lifetime in
the presence of (almost all types of ) Aβs, α-Syn, PrPC
or PrPSc suggests the universal catabolic capability of
our model species as regards a wide range of peptide
or protein aggregates.
The understanding of the unique catabolic capability
of bdelloid rotifers, including P. acuticornis, on neurotoxic aggregates in an isolated environment without any
other energy source available may provide the basis of a
novel therapeutic approach (identification of key molecules and metabolic pathways) in neurodegenerative
proteinopathies.
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