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Abbreviations

AP, AB1-42 — amyloid-beta 1-42

ACSF — artificial cerebrospinal fluid

AD — Alzheimer’s disease

ADDLs — AP derived diffusible ligands

AMPA — amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid

ANS — 8-Anilinonaphthalene-1-sulfonic acid

APP — amyloid precursor protein

bis-ANS — 4,4'-Dianilino-1,1'-Binaphthyl-5,5'-Disulfonic Acid, fluorescent probe
CAl, CA2, CA3 — Cornu Ammonis region of the hippocampus

CNS — central nervous system

DG — dentate gyrus (of the Hippocampus)

Dil — 1,1'-dioctadecyl-3,3,3'3'-tetramethylindocarbocyanine perchlorate, carbocyanin
fluorescent dye

DiO — 3-octadecyl-2-[3-(3-octadecyl-2(3H)-benzoxazolylidene)-1-propenyl]-, perchlorate
DMSO — dimethyl sulfoxide

EDTA, CaEDTA — ethylenediaminetetraacetic acid and its Ca**-saturated version
ExVi§S — ex vivo system

FBS — fetal bovine serum

fEPSP — field excitatory postsynaptic potentials

GluR1, GluR2, GluR3 — Glutamate receptor 1, 2, 3

h-Ap — human amyloid-beta

HBS — HEPES-buffered saline

HEPES — 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

Hil — hilus (of the Hippocampus)

Kd — equilibrium dissociation constant

LDH — lactate dehydrogenase

LTP — long-term potentiation

MAP2 — microtubule-associated protein 2

MEA — multi-electrode array

MTT — 4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

NADPH — Nicotinamide adenine dinucleotide phosphate
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NFI — normalized fluorescence intensity

NMDA — N-Methyl-D-aspartic acid or N-Methyl-D-aspartate

OD — optical density

OGD — oxygen-glucose deprivation

OHSC — Organotypic hippocampal slice culture

PI — propidium iodide

r-AP — rat amyloid-beta (ABA2His)

sAPPa — soluble amyloid precursor protein (cleaved by alpha-secretase)
SH-SY5Y — human neuroblastoma cell line

Sub — subiculum (of the Hippocampus)

TBS — theta-burst stimulation

TPEN — N,N,N’,N'-tetrakis(2-pyridinylmethyl)-1,2-ethanediamine
UC — untreated control

ZnT3 — zinc transporter 3



1. Introduction

1.1. Hippocampal slices for modelling events in Alzheimer’s disease

Alzheimer’s disease (AD) results in progressive loss of tissue throughout the brain, in

particular the hippocampus (Bonner-Jackson et al. 2015) which plays central role in the

progression of the disease. Hippocampal atrophy is considered to be the most predictive

structural brain biomarker of AD (Jack et al.. 2000). With its high density of glutamate

receptors, in particular N-methyl-D-aspartate (NMDA) receptors, the hippocampus is known
to play fundamental role in some forms of learning and memory. Glutamatergic synapses can
demonstrate significant plasticity and are also characterized by their ability to express long-

term potentiation (LTP) (Cotman et al., 1988; Collingridge and Singer, 1990), a cellular and

molecular remodelling that is widely accepted to be an underlying mechanism for learning

and memory (Butterfield and Pocernich. 2003). The activation of postsynaptic NMDA

receptors triggers signal cascades that are crucial for inducing LTP and neuronal plasticity.

Over the course of AD, up to 80% of neurons in the hippocampus die, consequently the
progressive symptoms of the disease manifest themselves as cognitive disturbances,
disorientation and inability to form new, episodic memories, specifically those regarding time

and location.

Recent improvements in brain slice technology have made ex vivo models increasingly useful
for investigating the pathophysiology of neurodegenerative diseases in a tissue context. In the
meantime, while preserving the tissue architecture and synaptic circuitry, the technology also
has its advantages compared to in vivo models, excluding lengthy animal surgery to model
neuropathology of brain injury or laborious monitoring of multiple physiological parameters.
Brain slices have been proven to be useful in basic research and in the drug discovery process
in recent years: a number of pharmacological and genetic interventions affecting the brain

neurochemistry in vivo have been reproduced in brain slices (Cho et al., 2004; Ray et al.,

2000). Hippocampal slices have been validated to be a capable experimental model for
investigating the structural and functional features of synapses at the molecular, cellular, and
circuit levels. The most widely used hippocampal slice preparations are the acute

hippocampal slices and the organotypic hippocampal slice cultures (OHSC).



OHSCs allow the tracking of processes that take up a larger time frame (several weeks or
months), but the neuronal injury and disruption of afferent and efferent connections that occur
during the preparation induce neurite remodelling and reorganization of synapses among the

remaining neurons (Lo et al., 1994).

The advantages of acute slices relative to slice cultures are that they involve less work to
prepare and maintain, and except for the absence of afferent input, the slice is minimally
altered relative to the in vivo patterns at the time of harvest. Hippocampal slice preparations
preserve the cytoarchitecture and synaptic circuits of the intact hippocampus (Grabiec &

Hohmann et al., 2017). Most commonly, acute hippocampal slice preparations are collected

from the adult rodent brain and to be used for experimentation on the same day as they are
prepared. They are readily accessible for electrophysiological studies and optical imaging.
That said, a more in-depth study on the effects of acute hippocampal slice preparation has
revealed several molecular changes, such as the loss of Glutamate receptor 1 (GluR1) and

GluR3, but not of GluR2 proteins, caused by slicing (Taubenfeld et al.. 2002). The results of

the study suggests alterations in synaptic response, however it was also found that apoptosis
did not occur 6 hours post-slicing and the inner layers of the tissue, if maintained under the

proper conditions, remain reasonably intact for several hours.

The key of successful and physiologically relevant measurements performed on acute
hippocampal slices is to maintain the tissue viability as long as possible within conditions
mimicking the in vivo physiological conditions. Our laboratory developed a set up, named
ExVis (Ex Vivo System), described in detail within the following chapters, that serves as a
cost-effective and convenient tool to maintain acute brain tissue viability during several-hours

lasting treatments.

1.2. AP toxicity on acute hippocampal slices

B-amyloid peptide (AP1-42) is one of the main protein components of senile plaques
associated with AD. Although these plaques may have harmful properties, soluble oligomeric
forms of AP have been shown to be particurarly neurotoxic (reviewed by Lee et al., 2007 and

Reiss et al., 2018).

AP is a small peptide of 39-43 amino acids and its formation results from the metabolism of

human amyloid precursor protein (APP). AP isoforms bear subtle differences depending on



the number of C-terminal amino acids and AP1-42 isoform plays a pivotal role in the
pathogenesis of AD. The neuroxicity of AP peptide stems in its biochemical properties that
make it prone to aggregate into insoluble oligomers and protofibrils. APP is a transmembrane

metalloprotein, which possesses copper and zinc binding sites in its N-terminal domain and in

the AP domain (Bush et al., 1993). The enzymatic processes responsible for APP-AP cleavage
are now fairly well understood. APP is cleaved sequentially by two membrane-bound
endoproteases, - and y-secretase, both targets for AD treatment to disfavor amyloid
generation, however the potential adverse events of these desease modifying treatments may

mask their therapeutic potential (reviewed by Maia and Sousa 2019 and Zhu et al., 2018)

Non-amyloidogenic processing of APP is performed by a-secretase. The clevage site of the
enzyme lies within the AP sequence, thus preventing aggregation-prone peptide formation
and resulting in soluble APP (sAPPa) release. Genetic studies of early-onset cases of familial

AD indicate that APP mutations and A} metabolism are associated with AD.

AP oligomers can be generated both extracellularly and intracellularly and can be toxic to
neurons and neuronal connections in numerous ways. Hence, another potential therapeutic
target are AP toxic oligomers and AP aggregation process. Measuring the toxic effect of
different AP aggregation species as well as the neuroprotective effect of novel drug candidates
requires a reliable and relevant assay. Along with electrophysiology measurements on ex vivo
brain slices, MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, a yellow
tetrazole) assay has been the most commonly used method for measuring the impact of A
toxicity on cell viability in neuronal cell cultures. The MTT assay is a colorimetric assay for
measuring cell metabolic activity allowing to quantitatively compare cell viability in different
treatment groups. Its mechanism of action relies on the ability of nicotinamide adenine

dinucleotide phosphate (NADPH)-dependent mithocondrial oxidoreductase enzymes to

reduce the dye to its purple, water insoluble formazan crystals (Fig.3.) (Lu et al., 2012;
Stockert et al., 2012).

Various cell types, such as SH-SYS5Y neuroblastoma cells (Datki et al.. 2003), primary rat

neuronal cells (Ronicke et al., 2008), murine embryonic stem cells and haematopoietic

progenitor cells in culture (Nair et al., 2010), as well as primary hippocampal cell culture (Ho
et al.. 2015) have been exposed to AP 1-42 and 1-40 oligomers and then cell viability changes
were quantified with MTT assay.



Although the MTT assay (performed on cell lines or primary cell cultures) proved to be
suitable for measurements of AP toxicity, these in vitro methods have their limitations. Beside
being unable to replicate many aspects of the in vivo context, we found that SH-SYS5Y cells
can be insensitive against AP peptides. Application of primary neuronal cultures is suitable in
experiments with several days time-frame; however, it is complicated and expensive to
prepare them and most importantly, the disruption of connections that occur during the
preparation of hippocampal slices induce axonal and dendritic remodelling and reorganization
of synapses among the remaining neurons. The most physiologically relevant MTT assay
would use brain tissue slices where neuronal connections and glial environment remain at

least partly intact.

MTT assay has already been used on acute hippocampal slices for measuring the toxic effect

of Cd*" (Rigon et al., 2008) and H,0, (de Almaida et al., 2008). The neurotoxic effects of

mercurials were also measured quantitatively with MTT assay in cerebral cortex slices

(Moretto et al., 2005). Hippocampus consists of very different cell types (neuronal, glial and

endothelial cells); however, all of these cells are sensitive against AP toxicity (Laskay et al.,
1997; Jancso et al., 1998). To our knowledge, brain slice MTT assay has never been used till

the publication of our study (Mozes et al., 2012) for measuring A toxicity.

Our goal was to develop a rapid and reliable assay for AP toxicity measurement within the

tissue context of the hippocampus.

1.2.1. The importance of oxigen-glucose dperivation in hippocampal slice models of

the ageing brain

We enriched our model with an additional relevant event of the ageing brain: in addition to
APB1-42 treatment acute slices underwent a mild oxygen-glucose deprivation (OGD) as well.
Cerebral hypoperfusion is an early event in AD and increases the risk to develop the disease

(Koike et al., 2011). OGD induced neuron-specific cell death in OHSC (Cho et al., 2004) and

it has also been associated with amyloid accumulation (Horsburgh et al., 2011). A number of

studies executed in hippocampal slice systems have explored the impairing effects of
ischemic-like conditions on synapses and mitochondrial function. OGD caused the loss of
transmembrane Na, K, and Ca gradients in CA1 (cornu ammonis) neurons (Taylor et al.,

1999) and was associated with a significant increase in cytosolic Ca®" in both young and aged
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synapses and shown to be irreversible in the latter (Tonkikh et al., 2009). Ischemic events may

directly contribute in brain capillary endothelial cells to the enhancement of the
amyloidogenic metabolism, leading to intracellular deposition of AP, ultimately contributing

to the impairment of Af} clearance from brain and AD related blood brain barrier dysfunctions

(Bulbarelli et al., 2012). Hence, application of a short and mild OGD to the medium of

hippocampal slices can simulate the early events seen in AD.

The response to OGD of different brain slice systems — acutely prepared and cultured — has
already been studied using MTT as well as Lactate dehydrogenase (LDH) assay (Tagliari et
al.. 2006; Chechetti et al., 2007; Zhou et al., 2007; Zhou et al.. 2009). This latter assay is

commonly used to measure the cytotoxic effect of OGD. Its concept is based on the behaviour
of LDH, a cytoplasmic enzyme, expressed in almost all tissue types which is rapidly released

into the medium upon the damage of the plasma membrane.

Measuring AP toxicity on OGD acute hippocampal slices could be a relevant model and an

easy ex vivo quantitative method to screen protective agents.

1.3.  Exvivo fluorescent imaging of neuronal structures: a novel

application of bis-ANS

We can gain deeper understanding about the investigated neurodegenerative phenomenons in
the brain and hippocampus by correlating cellular level physiological analyses with static
images obtained within the larger context of the tissue. Fluorescent imaging of the live tissue
is used for the comparative visualization of different cellular, intracellular parameters as well

as dynamic tissue-level processes such as microglia motility (Basilico et al., 2019), dendritic

spine density changes (Zuo et al., 2005), hippocampal Zn*" distribution (Santhakumar et al.,

2018) or Zn*"-induced AP aggregation (Datki et al., 2020).

In vitro studies on AP oligomerization and on acute hippocampal slices executed in our
laboratory lead us to the discovery and further exploration of the neuron labelling properties
of the oligomer-specific fluorescent dye, 4,4-bis-1-anilinonaphtalene-8-sulfonate (bis-ANS)

(Mozes et al., 2011)

Due to their sensitivity and versatility, extrinsic, non-covalent fluorescent dyes such as 8-

Anilinonaphthalene-1-sulfonic acid (ANS), bis-ANS, Nile Red and Thioflavin T find
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widespread application in various fields of protein analysis such as characterizing folding

intermediates or to detect aggregation and fibrillation (Reviewed by Hawe et al., 2008).

The oligomer-specific bis-ANS first described by Rosen and Weber in 1969, is a dimeric

analogue of ANS. The fluorescence properties of this dye strongly depend on their interaction

with proteins (Stryer 1965) and are sensitive to the environment of the dyes with respect to

polarity, viscosity and temperature (Rosen and Weber 1969). Hydrophobic and electrostatic

interactions have been suggested as possible mechanisms of bis-ANS binding to proteins

(Gupta et al., 2003; Horowitz et al., 1984). Bis-ANS exhibits a chaperone-like activity,
effectively suppressing protein aggregation and preventing a certain degree of heat-

inactivation of enzymes (Fu et al., 2005). Horowitz et al.(1984) has shown that bis-ANS binds

to tubulin, inhibiting the formation of microtubules and tubulin-binding properties were
further examined and shown that the dye differs from other well-known microtubule
inhibitors in its specificity of action. It has been shown that specifically inhibits C-termini
mediated assembly such as microtubule-associated protein 2 (MAP2), tau and poly(L-lysine)
but not taxol, dimethyl sulfoxide (DMSO) or glutamate (Mazumdar et. al. 1992). Their

experiments demonstrate the presence of more than one site for the binding of bis-ANS to
tubulin, and additional binding sites may appear as a function of time and temperature.
Tubulin apparently has two types of bis-ANS binding sites: a primary site responsible for the
inhibition of microtubule assembly with an equilibrium dissociation constant (kd) of 2 mM

and six secondary sites with a kd of 19 mM (Prasad et al., 1986).

The use of fluorescent neuron labelling methods has become increasingly important in
research on the nervous system and its related pathological processes. The oxazine alkaloid

Darrow Red, first described by Powers et al. (1960) is one of Nissl staining dyes. Darrow Red

was successfully combined with silver impregnation to visualize the neurofibrillary changes

characteristic of AD (Braak et al., 1988). Compared to Nissl type stains, a more sensitive and

definitive marker of neurodegeneration, Fluoro Jade, was first reported by Schmued et al.

(1997). Fluoro Jade is an anionic fluorochrome capable of selectively staining degenerating
neurons in ex vivo central nervous system (CNS) tissue, however, the detailed mechanism
behind its selectivity remains to be elaborated. Other fluorescent techniques such as axonal
tract tracing, immunofluorescence and Nissl counterstaining can be combined with Fluoro

Jade.
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Fluorescent lipophilic carbocyanine dyes, Dil (1,1'-dioctadecyl-3,3,3'3'-
tetramethylindocarbocyanine perchlorate) and DiO (3-octadecyl-2-[3-(3-octadecyl-2(3H)-
benzoxazolylidene)-1-propenyl]-, perchlorate), have an extensive history of use in cell
biology, but their wide use as neuronal tracer has been introduced and grown recently. Their
fluorescence is exhibited upon insertion of their lipophilic hydrocarbon chains into the lipid

membrane. Honig and Hume (1989) reported that these dyes were applied in neurons placed

in culture, and they initially labelled the processes (anterograde and retrograde tracing) as
well as the cell bodies of cultured neurons, and that they apparently were not toxic. Lateral
diffusion in the membrane was the major mechanism for the translocation of these molecules,

rather than fast axonal transport (Honig et al.. 1989). Godement et al. (1987) reported that

these dyes can be used to label axonal and dendrite projections in fixed tissues, as well. Dil is
suitable to illuminate the details of individual neuronal cytoarchitecture, including neurite
arborization and dendritic spines. It was successfully used in acute hippocampal slices for the

rapid comparison of dendritic spines with confocal microscopy (Trivino-Paredes et al., 2019)

and for the characterization of dural afferent neurons (Nakamura and Jang 2018).

Our study presents a novel application of the bis-ANS for the detection of mechanically
damaged neurons on the surface of acute hippocampal slices and its properties — somewhat
similar to that of Fluoro Jade — are visaulized in the context of the already extensively

explored propidium iodide (PI) and Dil tracers.

1.4.  Acute hippocampal slice technique to model the role of Zn*'-

induced AP toxic oligomerization on cell viability, learning and memory

Zinc plays crucial role in synaptic plasticity, learning, and memory (Ueno et al., 2002;

Ceccom et al., 2015) and numerous studies have suggested that the disruption of zinc
homeostasis, — both depletion and excess — is linked with various neurodegenerative diseases

including AD.

Zinc ion released from neurons interacts with AP, and is enriched in senile plaques in the

brain of AD patients (Lovell et al., 1998). In APP transgenic mice the synaptic zinc

distribution correlates to amyloid burden within the cortical layers (Stoltenberg et al., 2007).

APB is rapidly precipitated by Zn®" at neutral pH (Bush et al., 1994) and is reversible with

chelators, such as ethylenediaminetetraacetic acid (EDTA) and clioquinol (Cherny et al..
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2001; Lee et al., 2004; Adlard et al., 2008). AP deposits in post mortem human brain can also

be dissolved with agents that release the Zn*" ions trapped inside the plaques (Cherny et al.,
1999; Cherny et al., 2001). These findings have lead to the development of drug candidates

that target ApB-metal complexes and have reported efficacy in preclinical AD models and

phase 2 clinical trials (Lee et al., 2004) although none have reached further pivotal testing.
The factors that induce the aggregation and accumulation of AP in the ageing brain remain
elusive, but a number of growing evidence indicates that neuronal Zn*" release could play an
important role (Bush et al., 1994; Lovell et al., 1998; Stoltenberg et al., 2007; Cherny et al.,
2001).

However, it is likely that Zn** acts as a “double-edged sword”: studies suggest its contribution
to AD via the oligomerization effect, but also as a protective agent against the neurotoxicity of
AP (Cuajungco et al., 2000). Reportedly, its toxic aggregation effect is concentration
dependent (Lovell et al.. 1999, Yoshiike et al., 2001).

Extracellular zinc is relatively low in the brain, but high levels of zinc are present in the
hippocampus, the amygdala, and the cortex, where Zn*" is concentrated in synaptic vesicles of
specific excitatory glutamatergic neurons via the specific zinc transporter ZnT3 (Frederickson

and Bush 2001) and is secreted from these vesicles into synaptic cleft along with glutamate

during neuronal excitation. Remarkably, ZnT3 knock-out transgenic mice do not develop

amyloid plaques in the brain (Lee et al. 2002), indicating that synaptic zinc may have a

causative role in toxic amyloid oligomer formation and pathology of AD (Deibel et al. 1996;

Adlard and Bush 20006).

Secreted Zn** binds to NMDA receptors, amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) receptors and glycine receptors and it also regulates their dynamics (Paoletti et

al., 2009). Hippocampal Zn*" is essential for the induction of LTP (Lu et al., 2000; Takeda et

al., 2013), a form of synaptic strengthening that has become a paradigm for the mechanisms

of learning and memory formation.

In our recently published study (Datki et al.. 2020) we showed that after inducing massive

Zn*" release on acute hippocampal slices, AB1-42 could be rapidly aggregated into bis-ANS
reactive species (where bis-ANS was used as an oligomer-specific fluorescent probe).

Consequently, LTP and hippocampal viability is attenuated.
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2. Aims

In preclinical AD research and other neurodegenerative studies it is crucial to choose the
adequate model, taking into account not just the capabilities and properties of the chosen
system but as well its cost and the time needed to get the results. The living acute brain slice
preparation has been developed and extensively used as a powerful experimental model for
investigating the structural and functional characteristics of synaptic connectivity of neuronal
circuits in the brain. Due to its three-dimensional and intact structure under the cutting surface
and the conserved cell variability provides a more relevant model than monolayer cell cultures
and protective or toxic agents can be rapidly tested and selected for further in vivo studies. Ex

vivo brain slices also provide a suitable tool to test hypothesis of pathological mechanisms.

Therefore, during the course of my PhD work, in tight-knit teamwork, I set and completed the

following goals:

1. Developing and tailoring novel approaches for the application of MTT and LDH assays on
acute hippocampal slices modelling the ageing brain in order to measure the effects of AB1-42

aggregation and potential protective agents.

2. Exploring a novel application possibility of bis-ANS fluorophore to label neurite cross-
sections and engage in detailed fluorescent imaging of neuronal structures in ex vivo

hippocampus.

3. Ex vivo modelling of Zn**-induced AP aggregation and measuring its effect on viability and

synaptic function.
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3. Materials and methods

3.1. Materials

3.1.1. Fluorescent dyes

Cell-impermeant forms of bis-ANS (cat. no. 49058), PI (cat. no. P4170), Dil (cat. no. 42364)
were obtained from Sigma-Aldrich, Hungary.

RhodZin-3 (cat. No. R-36350) was purchased from Molecular Probes, Invitrogen, Hungary

3.1.2. Anaesthetics, assays, devices and general reagents

Chloral hydrate (cat. no. 23100), N,N,N’,N'-tetrakis(2-pyridinylmethyl)-1,2-ethanediamine
(TPEN; cat. No. P4413), CaEDTA (ethylenediaminetetraacetic acid saturated with Ca*'; cat.
No. ED2SC), MTT (cat. No. M5655), 96-well plates (Costar, cat. No. CLS3695), and general

reagents were from Sigma-Aldrich, Hungary.

96-well plate specific NOVOstar OPTIMA plate reader was obtained from BMG Labtech,
Budapest, Hungary.

Multi Channel System for electrophysiologycal recordings was obtained from MCS GmbH,
Reutlingen, Germany and 3D-MEA chip from Ayanda Biosystems, S.A., CH-1015 Lausanne,

Switzerland.

3.1.3. Animal models

Ten-weeks old male Wistar rats were obtained from Domaszék Kisérleti Allathaz. The animal
protocols applied in this study have been approved by the National Institutes of Health and by
the University of Szeged; permission numbers: 1-02442/001/2006.

3.1.4. Invitro cell culture

SH-SYS5Y neuroblastoma cells were obtained from Sigma—Aldrich, Hungary.
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3.1.5. Synthetic AB1-42 and [Ala13,14]AP1-42 (APazHis)

AP 1-42 was synthesized in our laboratory (Bozso et al., 2010). Stock solution of oligomeric

AP 1-42 (stock solution: 0,4 mM) was freshly prepared in distilled water (pH >5.0) and

stored for maximum 10 minutes.

The AP peptides were prepared from their iso-Af precursors, where Gly2s is linked through
ester bond to the side chain of Ser2¢. This modification allows increasing the initial solubility
of the peptide. Via an intramolecular O— N acyl-shift iso-Ap is rapidly (ti2= 2.6 minutes) and
completely converted into AP at pH 7.4

Peptides were cleaved by incubating the resin for 2.5 hours in a trifluoroacetic acid/phenol/
dithiotreithol/ tri-isopropylsilane/ water (1:1:1:1:36) mixture. Crude iso-Ap was precipitated
with diethyl ether, dissolved in a mixture of acetic acid and water, lyophilized and purified by
HPLC on a Phenomenex Jupiter C4 column (10 um, 300 A, 250x21.294 mm). For
[Alaiz,14]iso-A (the precursor to APaznis), synthesis was performed as above, with histidine

residues at positions 13 and 14 replaced with Ala.

3.1.6. Artificial cerebrospinal fluid

NaCl (cat. No. S9888), KCl (cat. No. P3911), CaCl, (cat. No. C8106), MgCl, (cat. No.
M0250), HEPES (cat. No. H4034), NaHCOs (cat. No. 401676), D-Glucose (cat. No. G7528),
MTT (cat. No. M5655) and 96-well plates (Costar, cat. No. CLS3695) were obtained from
Sigma-Aldrich, Hungary.

The following 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) containing
artificial cerebrospinal fluid (ACSF) solutions were used in the experiments (concentrations

are given in mM):

H-ACSF/I: NaCl 122; KC1 3; CaCl, 0.3; MgCl, 3.7; NaHCOs 25; HEPES 5; D-glucose 10;
pH=74.

H-ACSF/2: NaCl 132; KCl 3; CaCl, 2; MgCl, 2,; NaHCOs; 25; HEPES 5; pH=7.4.

H-ACSF/3: NaCl 120; KCI 3; CaCl, 2; MgCl, 2; NaHCO; 25; HEPES 5; D-glucose 12;

pH=7.4 (with normal calcium, magnesium and glucose levels).
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3.1.7. Mini chamber system

The mini-chamber system (Fig. 1) was designed and set up in our institute (Datki et al.

2007).

3.2. Methods

3.2.1. Preparation of the acute hippocampal and other brain tissue slices

In our experiments we applied a modified version of the method reported by Datki et al.
(2007) to prepare the acute hippocampus, but also cerebellar, neocortical and thalamical brain

slices were the specific experiment required the comparison with the hippocampal tissue.

Following narcosis with chloral hydrate (0.4 g/kg) 10 = 1 -week-old male Wistar rats were
decapitated. The heads without scalp-skin were placed in ice cold distilled water for 1 min.
The brains were quickly removed and immersed in minimal Ca*'-containing ACSF
(preparation solution) with elevated Mg®" at 4 °C (Lipton et al., 1995). The composition of the
preparation solution was the following (in mM): NaCl 127; KCI 2; MgCl, 3.5; CaCl, 0.5;
NaHCO; 25; D-glucose 10; pH = 7.4.

The 0.4 mm thick brain tissue slices were prepared from hippocampus, cerebellum and
neocortex using Mcllwain tissue chopper (Campden Instruments, Loughborough, UK) at 4 °C.
The surface area of the slices was determined with a preparation microscope (type Nikon
SMZ800 with a 12 megapixel camera) directly after preparation. The well area (15 mm?) was
used for area calibration. The slices (area =9 mm?) were rapidly transferred into a mini-

chamber (ExVis, Fig. 1) for further treatment or into Petri dishes for labelling.

3.2.2. Fluorescent labelling of acute hippocampus slices

From the tissue chopper’s plate, brain slices were rapidly transferred into Petri dishes for
labelling. After rewashing, hippocampus slices were transferred to a cover slip mounted glass
slide. In every case we controlled the distance between two glasses with an adhesive-paper
(thickness 0.4 mm). As a result, all anatomically undamaged hippocampus slices from the

median part (= 2 mm from middle) of the hippocampus were suitable for the experiments.
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The labelling solution was composed of the following (in mM): NaCl 129; HEPES 20;
NaHCOs 10; sucrose 10 (pH = 7.4), supplemented with 10 M bis-ANS; 3 uM PI or 50 uM Dil
(with 1% DMSO in solution).

Bis-ANS and PI were applied simultaneously for 10 minutes, while in bis-ANS/Dil co-
staining experiments the two dyes were applied consecutively. First, treatment with Dil for 15
min and after washing with the labelling solution described above, Bis-ANS was applied for

10 min.

3.2.3. Neuroblastoma in vitro cell culturing and fluorescent labelling

SH-SYS5Y cell culturing was performed based on a slightly modified protocol described by
Datki et al.(2003) The cells were plated for 24 h at 37 °C in Petri dishes (Sigma) at a density

of 3x10" cells per well to 5% confluency.

CO; in a humidified atmosphere with Dulbecco’s modified Eagle’s medium (MEM): F-12
(1:1) with phenol red (Sigma, cat.no.: 51445C). 1-Glutamine (4 mM; Gibco, Europe, cat. no.:
25030081), penicillin (200 units/mL; Gibco, cat. no.: 15140122), streptomycin (200 g/mL;
Gibco, cat.no: 15140122), MEM non-essential amino acid solution (100% liquid mg/L; Gibco,
cat. no.: 11140050) and 10% fetal bovine serum (FBS; Gibco, cat.no.: 10500064) were added
to the medium. After mechanically damaging the cells by cutting a straight line on the Petri
dish surface with a blade they were incubated in the presence of bis-ANS (10 uM) and PI (3
uM) for 10 min.

3.2.4. Fluorescence microscopy

Measurements were performed at room temperature (24 °C). Images of figures 7, 8, 9 and 10
were taken with a 24-bit digital Colour-View Il FW camera (with CCD arrays of 2080 x 1544
pixels) interlocked with the imaging system of an OLYMPUS IX71 inverted research
fluorescence microscope. Image acquisition and analysis were performed by analySIS 3.2
software (OLYMPUS, Budapest, Hungary). To detect the fluorescence of the dyes we used the
following wavelengths (ex./em.): 380/535 nm (bis-ANS), 530/620 nm (PI) and 550/620 nm
(Dil).
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3.2.5. AP1-42 treatment of hippocampal slices

After the preparation of the slices in ice cold H-ACSF/1 solution photos of them were made
for measuring the slice area. Slices (with an area of approximately 9 mm?®) were quickly
transferred into a mini-chamber (Fig. 1.; maximum 5 slices in 1 mL H-ACSF/1) for
conditioning (30 min) in the carboxygenated (95/5% : O,/CO,) preparation solution at room

temperature (24 °C).

After 30 minutes hippocampus slices were transferred from the mini-chamber into the plastic
Petri dish and was left to rest at room temperature in glucose- and carboxygen-free H-ACSF/2
(3 mL/Petri dish) for one hour. (The Petri dish was continuously being stirred at 370 rpm by a
modified BIOSAN TS-100 thermo shaker). After one hour oxygen-glucose deprivation the
supernatant (H-ACSF/2) in the Petri dish was changed to H-ACSF/3 solution (3 mL/Petri
dish). The slices were quickly transferred into the mini-chambers (maximum 5 slices in 1 mL)
for treating them with freshly prepared oligomeric AB1-42 peptide adding 50 pL stock
solution of the peptide into 950 pL. H-ACSF/3 in each chamber (final concentration of AB1-
42: 20 uM). Foaming was inhibited by a floating plastic ball (diameter: 5 mm) applied in the
mini tube chambers. Classic apoptotic factors (e.g. NaNs, H,O,, KCN and Thapsigargin) were

used as controls in these experiments.

3.2.6. MTT and LDH measurements

After treating the slices with 20 uM AB1-42 for 4 hours, the supernatant (to be used in LDH
assay) was changed to H-ASCF/3 (0.9 mL/chamber) and 0.1 mL MTT stock solution (5 mg/
mL H-ACSF/3) was added (MTT final concentration: 0.5 mg/mL). The chamber was left to
rest for 15 min without carboxygenation. To stop further reduction of MTT, the medium (H-
ACSF/3) was removed. Then pure DMSO (100 pL/slice/well) was added for dissolving
formazane from the slices. (30 min in a 96-well plate). Then 70 uL DMSO solution from each
slice (well) was transferred into another 96-well plate. The optical density (OD) of the
dissolved formazane was measured at 550 and 620 nm. The following formula was used for
synchronizing the data: (ODssy — ODga)/area of slice (mm?*) = 100% in control (AB1-42

untreated slices).

For LDH measurements the above mentioned supernatants (H-ACSF/3) of the 4 hours AB1-42

treament of slices were used. Supernatants were centrifuged at 500 x g for 10 min and the
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LDH activity was measured with a standard LDH kit (Sigma, TOX7-1KT). The results were
calculated with the following formula: (ODaso — ODg)/mean area of slices (mm?) = 100% in

control (AB1-42 untreated chamber).

3.2.7. Exvivo fluorescent detection of the vesicular Zn** release and Zn**-induced Ap

oligomerization

The kinetics of the change in the fluorescence intensity was measured with a 96-well plate
specific NOVOstar OPTIMA plate reader (BMG Labtech, Budapest, Hungary) using
fiberglass (@ 3 mm, 20 flashes/well/cycle) optics that allowed the detection of the total area of
the slice in a well (Datki et al. 2007).

After resting for 30 minutes in the mini-chamber system (described in Chapter 4.1) at room
temperature in Ca*'-free, carbogenated ACSF solution, the slices (maximum 10) were washed
for 30 sec in 2 mL preheated (36 °C) HEPES buffered saline (HBS, composition in mM: NaCl
125; KCI 2; CaCl, 2; MgCl, 2; HEPES 25; d-glucose 12; at pH=7.4. and 36 °C). Next, brain
slices were transferred from the mini-chamber into the plate wells (bottom area: 15 mm?)
using pipettes (type 20-200 uL) that were cut-off at their tip. Slices were transferred together
with their media: 120 uL HBS per well. HBS solution was removed very carefully from the

slices with a pipette and was replaced with

a) RhodZin3, a Zn*"-specific fluorescent dye diluted in HBS solution (10uM, 40 uL per well)

in order to monitor endogenous Zn*" release; or

b) Bis-ANS, as AP oligomer specific fluorophore in 10 uM concentration to monitor Ap-Zn*"
aggregation. Consequently, in the AB-Zn®" precipitation measurements the Bis-ANS-HBS
solution was supplemented with synthetic human or rat AB peptide (50 uM). Before each
assay the stock solution of AP peptide (0.5 mM) was freshly preparated in distilled water

(pH=S).

Each well accommodated one immobilized slice in central position. Immobilization was
achieved by a round plastic web with 40 um pore diameter, with no autofluorescence and
handled with ceramic forceps. This process ideally took up a maximum of 2 minutes per 10
slices. The plates and the HBS solution were preheated at 35-36 °C before slices were put into
them. The temperature inside the plate-reader was also 36 °C. The distance between the

plastic web (which is placed on the slice) and the top of the well was consistently 9 mm (we
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checked the distance at each measurement with the help of a plastic tube, which was marked

at 8.9 mm).

For KCI treatment (final concentration 50 mM) we took advantage of the built-in liquid
micro-pipettor (minimal pipetting capacity is 1 pL) in the plate reader with an injection speed
of 420 uL/sec. Fluorescence intensity tracking begun 1 minute before the treatment of slices
with KCIL. Ex vivo Zn* release and precipitation with AB fluorescent tracking required high
slice viability (in HBS solution) only for the period of the KCl-induced massive
depolarization and intensive vesicular Zn*" release (maximum 3 mins), since after the Zn*
was released into the extracellular space, the detected reactions (Zn-dye or Ap-dye
complexes) were rather chemical than physiological. The normalized fluorescence intensity
(NFI) in the Zn** release and Zn-Ap precipitation measurements were calculated via the
following formula: [(Fumax-Fo)/Fo]/area of slice (mm?), where F, is the initial fluorescence
intensity of the dyes in the measurements before treatments. Fo.. is the maximum amplitude
of the fluorescence intensity caused by Zn*"-release. Maximum 10 wells (one slice per well)
can be scanned in one cycle (RhodZin3 A ex. 550 and em. 580 nm; Bis-ANS: A ex. 350 nm,

em. 540 nm).

One cycle took 10 sec (the scanning of each well in a cycle lasted for 1s with 20 flashes). We
detected the Zn*" specificity, concerning vesicular Zn*" release, by adding CaEDTA. To survey
Zn*" specificity, only CaEDTA could be used in Zn-Ap precipitation measurements. The
heading of excitation and emission light in the fiberglass optics was retrograde. We used the

well-bottom-detection form in our measurements.

3.2.8. Multi-electrode array (MEA) electrophysiology

One acute hippocampal slice was placed in a 3D-MEA chip with 60 tip-shaped and 60-pum-
high electrodes spaced by 100 pum (Ayanda Biosystems, S.A., CH-1015 Lausanne,
Switzerland). The surrounding solution was removed, and the slice was immobilized by a
grid. The slice was continuously perfused with carbogenated ACSF (1.5 mL/min at 34 °C)
during the whole recording session. Prior to an experiment, slices were washed twice with
ACSEF, and then incubated (+ CaEDTA 0.1 mM to reverse the Zn*-induced AP aggregates) for

a further 1 h in the incubation chamber, to ensure that that the preparation was not affected by
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residual K* or peptide remaining in the media. The slices were then stabilized for 30 min on

the MEA chip.

Data were recorded with a Multi Channel System (MCS GmbH, Reutlingen, Germany). The
Schaffer-collateral was stimulated by injecting a biphasic current waveform (100 + 100 ps)
through one selected electrode at 0.033 Hz. We took care to choose the stimulating electrode
in the same region from one slice to the other. The peak-to-peak amplitudes of field excitatory
postsynaptic potentials (fEPSPs) at the proximal stratum radiatum of CA1 were analysed.
Following a 30 min incubation period, slices were continuously stimulated with medium-
strength stimuli. When stable evoked fEPSPs were detected (for at least 20 min), the stimulus
threshold was determined, and a stimulus strength—evoked response curve (i.e. input—output,
I-O curve) was recorded by gradually increasing stimulus intensity until the maximal
stimulus strength was reached. The I-O curve for each slice did not show any significant
differences between the treatment groups (not shown), indicating normal basal synaptic
function. The stimulus intensity was continuously increased from 0 to 120 pA with 10 pA
steps. Stronger stimulation led to large Faradic effects on the electrodes causing artifacts data
sets were recorded for each stimulation intensity. The intensity of the test stimulus was set to
be 30% of the threshold and maximum stimulus strength interval. After recording a 10 min
stable control sequence, LTP was induced by applying theta-burst stimulation (TBS; trains of
15%100 Hz bursts, 5 pulses per burst with a 200 ms interburst interval), at the maximum

stimulation intensity, then fEPSPs were recorded for 60 min.

3.2.9. Statistical analysis

Data are presented as means + standard error of mean (S.E.M). Student-¢ test and ANOVA, post
hoc test Bonferroni was used for statistical evaluation using Microsoft Excel and SPSS 10.0 for
Windows software. The differences were compared with the control measurements of each
conditions. The values were considered statistically significant at the level p<0.001 and p<0.05,

unless otherwise stated in figure legends.
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4. Results

4.1. Experiments on acute hippocampal slice viablity and Ap toxicity

4.1.1. Solving the acute brain tissue survival at several hours lasting treatments with

ExVis proprietary system

The treatment and toxicity measurements on acute,
ex vivo hippocampal slices — described in the
following chapters — require approx. 4-6 hours of
tissue survival. To keep the acute features of the
hippocampus tissue, we placed the slices (Fig. 22)
into a specific system, designed in our laboratory
(ExViS§, Fig. 1) a simple mini-tubing chamber, suitable
for 4-10 rat hippocampal slices, filled with ACSF and
a constant carbogen flow (95/5%: O,/CO,). Slices can

survive several hours under these conditions.

A rounded bottom chamber with a 1 mL working

volume is the crucial part of the proprietary system

developed and set up in our laboratory. The treatment

Figure 1

and/or the carbogenation of the tissue slices take place
EXx vivo mini-chamber system

The device was developed in our in room temperature in this semi-hermetically closed

laboratory to serve as a cost-effective tool
to maintain acute brain tissue slice
viability. loosening this plug, the pressure of the carbogene gas

chamber by a threaded plug with a rubber sealing. By

— a mixture of 5% carbon dioxide and 95% oxygen gas — can be decreased; therefore, it is
suitable as a precision control. A needle (@=0.6mm) vertically goes through the plug
connected to a rigid plastic tube outside the chamber, upon which there is a regulation valve
for the gas current. This valve enables precision control by regulating the flow of carbogen in
very small extents. The position of the needle is functionally crucial: it has to pass along the
chamber’s wall and at the right angle has to move on towards the center of the chamber’s
bottom. Only this way can vital bubbling be evoked, that keeps the slices moving
continuously. The optimal bubbling intensity is approximately 10 bubbles per second. The
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number of slices that can be incubated is dependent on the working volume and treatment — or
incubation time. The more slices get into the chamber, the shorter the time they can be stored
in their vital form in the same volume. Up to 10 slices can be treated or incubated safely at the
same time and in the same chamber for 30 min. The longest incubation or treatment time was
3 slice/180 min/l1 mL standard ACSF. (Fig.4). However, in our subsequently developed
method (Mozes et al. 2012) described in Chapter 4.1.3, where acute hippocampal slices had

been used to determine A toxicity with MTT and LDH assays, the treatment and viability

was maintained for 4 hours (5 slices/1 mL).

Figure 2

Acute hippocampal slices derived from rat
brain

4.1.2. Validation of the ExVis system

4.1.2.1 Testing hippocampal slice viability with MTT assay

We determined the viability of the acute hippocampal slices using MTT assay. This method is
based on the ability of a mitochondrial dehydrogenase enzyme in viable cells to cleave the
tetrazolium rings of the pale yellow MTT while forming purple, water insoluble formazane

crystals (Mosmann, 1983; Fig. 3). We used the assay to explore, whether changes in the

viability of the slices could be observed during the incubation/treatment time.
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MTT (0.5 mg/ml) in ACSF

0 min S min 10 min 30 min

Formazane in DMSO
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Figure 3

MTT colorimetric viability assay on rat acute hippocampal
slices

The photos display ex vivo hippocampal slices treated with
MTT for 30 minutes. Media was replaced with DMSO to
dissolve the purple formazan product of the mitochondrial
succinate dehydrogenase reaction in the mithochindria. Optical
density (OD) of the resulting purple media is then measured to
determine slice viability. OD is directly proportional with the
viability.

The OD of the dissolved formazane from the hippocampal slices, which were of various sizes,

is directly proportional with their areas. In 3-month-old rats, the ratio between the percentage

of OD and the area of the slices displays only small differences (Table 1).

Nr. of wells with a 1 2 3 4 5
slice
(ODsso — ODé620) 1.52 1.38 1.22 1.11 0.92
Area of slice (mm?) 11.1 10.2 9.5 8.5 7.3
(ODsso — ODgyo)/area 0.137 0.135 0.128 0.13 0.126
of slice (mm°) Means + SEM: 0.131 + 0.0021 (n=5) & 100% (control)

Table 1.

The optical density (OD) of hippocampal slices of different sizes is proportional to their areas

After 30 and 180 minutes resting or treating in carbogenated standard ACSF solution (36 °C)

we found no significant difference in the mitochondrial reduction capacity of the acute slices,
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while the viability of the non-carbogenated hippocampal slices (under 180 min) decreased

significantly (Fig.4.)
120 -
E 100 T T
= o
o i
< 40 .
£ 2.
z
= 30 min | 180 min 180 min
.2 Pre-incubation time in chamber Without incubation
2] (1 mL ACSF, 36C) and carbogenation
Figure 4

Acute hippocampal slice viability decline measured with MTT assay

Viability is directly proportional with OD and its loss is given in percentage of the
values obtained in slices incubated in carbogenated environment in ExVis mini-
chamber system. Slice area 9 + 0.8 mm’. n=20 slices (from 4 rats/case); ANOVA,
Bonferroni post hoc, p<0.01. [OD (550-620 nm)]/slice area (mm?) was 100% in control.
Difference was not significant from the data of 30 min pre-incubated slices.

4.1.2.2 TBS-induced LTP in rat hippocampal slices

The aim of this experiment was to determine whether any alterations in the tissue viability and
synaptic transmission between neurons occur during the incubation/treatment time. TBS-
induced LTP — a canonical method for studying memory circuitry — was detected for 60
minutes. Field EPSPs were recorded from the distal and proximal part of the stratum radiatum
in hippocampal CA1. The increase of fEPSP amplitude was persistent in both regions: 60 min
after TBS the peak-to-peak amplitude was 341 + 29 % (n=8 recordings, 3 slices) and 140 +
8% (n=12 recordings, 3 slices) at the proximal and distal str. radiatum, respectively (data not

shown).

4.1.3. Measuring Ap1-42 toxicity on OGD hippocampal slices with MTT and LDH

assay

Based on the previous findings — ExVis System development and its validation — we developed
a novel method to quantitatively measure AP toxicity on ex vivo, OGD acute hippocampal

slice model, to serve as a screening method for testing protective agents against AP toxicity

(Mozes et al., 2012). The workflow of the developed protocol is outlined in the following
steps:
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1) After removing from the brain and preparation, hippocampal slices were left to rest for

30 min in carbogenated H-ACSF/1 at 24 °C for conditioning.
2) Next, mild OGD was applied for 1 h in H-ACSF/2 solution in Petri dish.

3) Treatment of the slices in the mini-chamber with oligomeric AB1-42 peptide for 4 h in
H-ACSF/3 solution.

4) Slice viability was measured with MTT and LDH assays.

The concomitant use of the two assays in the acute, OGD hippocampal model provided
coherent results on the toxic effect of AB1-42. Both MTT and LDH colorimetric assays are
adequate for quantifying tissue viability by measuring optical density. In MTT assay the level
of the OD is directly proportional with viability, while in LDH is inversely proportional.

The results of both MTT and LDH assays show that one-hour resting under mild glucose-

oxygen deprivation reduces brain tissue viability (Fig.5 A, B).

A 4 h treatment of slices with oligomeric AB1-42 alone also decreased cell viability (Fig.5 C,

D) compared to AP untreated control.

Simultaneous treatment of slices with OGD and oligomeric AB1-42 induced the most

intensive decrease in hippocampal slice viability (Fig.5 E, F).
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Measuring the acute hippocampal slice viability with MTT and LDH assays

in different conditions

The effects of OGD and AB1-42 treatment on slice viability were tested.
Student’s t-test. n = 40 slices *** p<0.001

29



The synergistic effect of OGD with different toxic agents on hippocampal slices was also
measured (Fig.6 A, B.) The toxic agents used (H,O,, NaN;, KCN, Thapsigargin) caused
significant decrease in cell viability in both assays. These results proved that the mild OGD-

pretreated slice preparates are suitable for measurements of standard cell toxic agents.
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Figure 6

Treatment of acute brain slices with different toxic agents after OGD.

Slice viability is given in the OD percentage of untreated control (UC). Viability
is significantly reduced by standard toxic agents. In MTT assay OD is directly
proportional, while in LDH assay is inversely proportional with viability.
Anova, Bonferroni post hoc; n = 40 slices; A: ***p<0.001 vs control, B: *p<0.05
vs treatment.
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4.2. A novel application of the fluorescent dye, bis-ANS, labelling

neurons in acute brain tissue

In our experiments described later in the following chapters we used the non-covalent
extrinsic fluorophore bis-ANS to explore the relationship between zinc and AB1-42, as
disruption in the sensitive metal balance in the brain can ultimately lead to self-perpetuating
pathogenesis of AD. However, as a result of an accidental event we observed that the dye is
suitable to label the tissues of acute hippocampal slices along with neuronal structures in

dentate gyrus (DG), CA 1-3 regions, hilus (Hil) and subiculum (Sub) (Fig. 7A—C).

In the following paragraphs, I will briefly describe the findings we made about the neuron
labelling properties of bis-ANS, that has first been shown in our laboratory (Mozes et al.
2011).

4.2.1. Bis-ANS only labels live tissue

As we studied the labelling properties of bis-ANS on rat acute brain slices, we found that
formaldehyde-fixed tissue samples (before staining, Fig. 7G; after staining, Fig. 7H) emitted
non-specific homogenous fluorescence in contrast to the acute, live slices derived from the
hippocampus (Fig. 7A—C) neocortex (Fig. 7D) and cerebellum (Fig. 7E). In non-fixed viable
tissues the neurons exhibited heterogeneous and higher fluorescence intensities compared to
fixed tissues, especially in the hippocampal Sub (Fig. 7A), in CA2 region (Fig. 7B), Hil (Fig.
7C) and in cerebellar Purkinje cells (Fig. 7E).
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Figure 7
Labelling neurons in acute brain slices with bis-ANS

We used hippocampal (A-C, F-H), neocortical (D) and cerebellar (E) slices for these fluorescent
investigations.

Samples labeled in NaHCO;-free (only HEPES-buffered) solution (F) exhibited no fluorescence
during 10 min. Samples fixed (before staining, G; after staining, H) in 4% formaldehyde showed the
same non-specific (homogenous) bis-ANS signal emitted from the tissue structure in contrast to the
viable (A—E; heterogenous labelling) slices. CA: cornu ammonis; Sub: subiculum; Hil: hilus; DG:
dentate gyrus; Pur: Purkinje cells. Images were taken with a 20x objective. Scale bar: 200 pm.

In the NaHCO;s-free (only HEPES-buffered) solution no specific bis-ANS signals could be
detected after 10 min of staining (Fig. 7F), therefore, it appears that the fluorescence emission

of bis-ANS is NaHCO;-dependent, although the mechanism is unknown.

4.2.2. Co-localization of labelled neuronal structures with neuronal nuclei

In addition to bis-ANS, we stained the neuronal nuclei with PI, a DNA-specific dye that can
only enter the cells through damaged cell membranes. Confocal images were taken of the
acute hippocampal slices, where the cells were identified by their PI-stained nuclei (Fig. 8). In
all regions of the hippocampus (Fig. 8A—C), bis-ANS and PI could be co-localized and the

cross-sectional view of neurites (mainly dendrites) was identified (Fig. 8C).
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Figure 8

Co-localization of bis-ANS (in neuronal somata and neurites) and PI (in the nuclei) fluorescence in
acute hippocampal slices

The cells can be identified by the presence of PI-stained nuclei. This image is a composite of confocal
images taken using a 40x objective. We identified cells and their neurites (highlighted with asterisks
on A and B) in different regions of hippocampus: in CA1 (A), CA2 (B) and dentate gyrus (C). We also
identified the cross sectional view of dendrites and axons (C). CA: cornus ammonis; DG: dentate
gyrus; SM: stratum moleculare. Scale bar: 20 pm.
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4.2.3. Bis-ANS only labels cells with damaged

membrane

Next, we demonstrated that bis-ANS only labels

damaged cells. For this study we used non-

differentiated SH-SY5Y human neuroblastoma
monolayer cell culture (Fig. 9). An incision was made
by the dint of a blade on the cells settled in the Petri-
dish (Fig. 9A), then, the monolayer culture was labelled
with bis-ANS (Fig. 9C) and PI (Fig. 9D). After 10 min
we analyzed the samples using fluorescence
microscopy and co-localizing the images (Fig. 9B). We
noticed that exclusively cells that were situated by the
incision absorbed the dyes. It is important to note that
neurons in the acute hippocampal slices were damaged
only on the surface of the cutting area, but the whole

structure remained anatomically intact.

4.2.4. Region-specific co-localization for detailed

structural imaging of the hipppocampus

The well-known lipophilic fluorescent membrane stain
Dil is specific to mechanically intact live neurons and
we applied it on acute hippocampal slices to explore
how the labelled structures are positioned to structures
emitting specific fluorescent signals from bis-ANS. We
observed region-specific (but not cell-specific) co-
localization with bis-ANS-labelled neuronal structures.
The co-localization patterns found in granule cells of
DG (Fig. 10B) or in CAl (Fig. 10A) regions under
higher magnification (450%; Fig. 10C) demonstrated
that the staining properties of bis-ANS and Dil were
different in the neuronal structures (e.g. neurites and

cell bodies). Bis-ANS is specific for damaged cell
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Figure 9

Using bis-ANS and PI to label
neuroblastoma cells incised by a blade.
By a dint of a blade an incision was
made on viable, monolayers of non-
differentiated SH-SYSY human
neuroblastoma cells (A), then the
monolayers were labeled with bis-
ANS, staining the cell bodies in green
(C) and propidium iodide (PI),
staining the nuclei in red (D). The
samples were analyzed by fluorescent
microscopy and the obtained pictures
were merged (B). Scale bare: 20 pm.



bodies and neurites and allows the imaging of neurite cross sections, while Dil labels the

horizontal neurites intact from the tissue chopper’s blade.

Figure 10

Region-specific co-localization of bis-ANS, labelling mechanically damaged neurons (green) and Dil
labelling intact viable neurons (red) in acute hippocampal slices

We detected co-localization in granule cells of DG (B) or in CA1 (A) regions. In higher magnification
(450%, C) we can see that the staining properties of bis-ANS and Dil are differently related to the cell
bodies and neurites. Bis-ANS fluorescent signal is specific to damaged cell bodies and neurites and
allows the imaging of neurite cross sections, while Dil labels the horizontal intact neurites. CA:
cornus ammonis; DG: dentate gyrus; Hil: hilus; SM: stratum moleculare; Sub: subiculum, Den:
dendrites. Scale bar: 0.5 mm on A, 200 pm on B and 20 pm on C.

4.3. Effects of Zn**-induced AP toxic aggregation on cell viability and

synaptic function

Using the methods developed in our laboratory and described
in the previous chapters, in our next experiments we aimed at
gaining deeper insights into the concurring effect of zinc ions
released in glutamergic synapses and extracellular, human

AB1-42 on the viability and function of the hippocampus.

4.3.1. K-induced Zn*" release in different ex vivo brain

Figure 11

tissue slices
Immobilized acute

hippocampal slice in a 96-well
plate, ready for measuring
Zn**-release in the fluorescent
plate reader.

KCI (50 mM) treatment causes massive depolarization in
neurons and induces Zn*" release into the media. The intensity
of Zn*" release in tissue slices originating from different brain

areas was measured using a Zn**-specific fluorescent dye, RhodZin-3. Slices were placed and
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immobilized one-by-one in the wells of a 96-well plate as shown in Figure 11 and their
emitted fluorescent signal was measured simultaneusly but separately in a micro-plate reader
with optical fiberglass technology. The characteristic fluorescence kinetics of the thalamical,
neocortical and hippocampal slices significantly differed from each other (Fig.12) and the
greatest fluorescence intensity was produced by the hippocampal slices. This finding is

consistent with current literature (Frederickson et al., 2005). The cortical slices emitted

meaningful signal, but at smaller magnitude compared to hippocampal slices. Thalamic

samples did not show detectable Zn*" release, as it was expected based on the findings of

previous studies (Frederickson and Moncrieff, 1994).
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Figure 12

Comparing the intensity of Zn**-release in ex vivo slices obtained from
different brain areas

F, is the value of the initial fluorescent intensity, immediately before KCI
treatment; F.,, is the maximum fluorescent intensity of the Zn**-specific dye
RhodZin3. T is the saturation time of F. To confirm the Zn*" specificity of the
signal we used Zn**-specific chelator, TPEN. Slice area 9 + 0.7 mm?; n = 10
slices (from 2 rats/case) *p<0.01, difference is significant from the thalamical
slice signal.

4.3.2. Zn*-induced AP aggregartion in vitro

Before applying AB1-42 to hippocampal slices, we first characterized its response to Zn*" in
cell-free system (Fig.13). Aggregation was monitored with bis-ANS, the fluorophore
originally designed to detect peptide aggregation into pre-fibrillar, low-order oligomers
(LeVine 2002). We found that Zn** (50 uM) triggered significant aggregation of human AB1-
42 (50 uM) within seconds, which then was rapidly reversed by adding the Zn*'-selective
chelator, CaEDTA (0.5 mM) into the media. In the absence of Zn*", human AB1-42 aggregated
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relatively slowly and incompletely and was not influenced by KCl (50 mM), the compound

used in our next experiments to stimulate Zn** release in acute brain slices from rat.

Bis-ANS in HBS
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Figure 13

Tracing AP1-42 aggregation in vitro induced by Zn** with bis-ANS oligomer-
specific fluorescent dye

The graph presents the Kinetics of Bis-ANS fluorescence related to AP forms
(rat or human) and the effect of zinc addition. Bis-ANS can bind the oligomeric
form of the AB. After Zn*'-treatment the fluorescence of the dye increases
rapidly in HBS solution supplemented with human Af. Oligomerization was
detected in cell-free, in vitro environment. The effect of KCl was also
experimented (grey) in order to exclude it from later measurements on ex vivo
hippocampal slices, where Zn?'-release was induced by K" via massive
depolarization. The fluorescent signal of the KCI treated normal Af shows
similar kinetics to AP alone. r-Af is the amyloid-beta A2His mutant produced
in rats, shows no significant aggregation upon the addition of zinc (blue), while
human Ap1-42 (h-Ap) is aggregating by itself (greem) and significant
oligomerization is observed upon zinc addition (red) which then is rescued by
the zinc-specific chelator, CaEDTA.

ANOVA post hoc test Bonferroni, n = 30 wells, p<0.01; # difference is significant
between h-AB and r-Ap aggregation; *difference is significant from all the
other data in the graph.

The results of aggregation detection (where aggregation is directly proportional with the
emitted fluorescence intensity) also show that rat Ap does not aggregate and even with the

addition of Zn**, forms less oligomers than Zn*'-free human Ap.

Therefore, in our next experiments we added synthetic human AB1-42 to the explant media of
acute rat hippocampal slices and used a synthetic mutant of Af1-42 as control with histidine-

to-alanine substitutions at residues 13 and 14 that attenuate interactions with Zn** (ABA2His).
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4.3.3. K'-induced Zn*" release affects AP aggregation on ex vivo acute hippocampal

slices

Bis-ANS in HBS

112
€ 1o . CaEDTA
g
iy h-AB
2 108 -
> —— h-AB+KCI
%’ 106 —— h-AB+KCl in Ca-free HBS
[

—— h-AR+

§ 104 ] h-AB+NaCl
- — r-ApB+KCl
= q02] Fo AB
hl‘c v Ny r-
= 100
NS

98 T T T T T T 1
0 50 100 150 200 250 300 350

Time (s)

Figure 14

Tracing AB1-42 aggregation induced by Zn**-release in ex vivo hippocampal slices
using bis-ANS oligomer-specific fluorescent dye

The graph presents the kinetics of Bis-ANS fluorescence and other factors such as
metal ions or AP forms. The release of endogenic Zn?* from hippocampal slices
induced by KCI treatment caused a rapid increase in the fluorescent signal of Bis-
ANS oligomer-spceific fluorescent dye in HBS solution supplemented with human Ap.
The KCI induced osmotic stress was controlled with NaCl treatment, but in this case
drastic increase in fluorescence was not detected. The KCI treatment has no effect on
the Bis-ANS signal in Ca**-free HBS solution (Ca**-free environment inhibit the
vesicular Zn*" release). The modified Ap (A2His, shown as: r-Af) cannot precipitate
the KCI induced free vesicular Zn**. ANOVA post hoc test Bonferroni, n = 25 slices
(from 4 rats per case), p<0.01; * difference is significant from all the other data in the
graph.

We tested whether the endogenous Zn** released from rat hippocampal slices could induce
oligomerization of exogenous synthetic human AB1-42 (Fig. 14). Slices from male rats were
incubated with either human or rat synthetic AB1-42 (50 uM). After 60 seconds high K™ or
Na'(an osmotic stress control) was introduced to the media. At 300 seconds the Zn*"-selective
chelator CaEDTA (0.1 mM) was introduced. Ca*"-free HBS was used to determine if the AP
aggregation was associated with synaptic vesicular release. Data are mean AF,..x = SEM, n=25

slices per condition, normalized for the surface area of each slice.
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We showed that human AB1-42 could be rapidly aggregated into bis-ANS reactive species by
endogenous hippocampal Zn*" when the slices were stimulated with K*. Aggregation could
not be explained by the direct effects of K™ on the peptide, as shown in Figure 13, where no

AP oligomers were detected in KCl-containing media.

Rapid AB1-42 aggregation from the slices was inhibited when Ca®" was deleted from the high
K" buffer, consistent with the fact that the aggregating factor is being released upon synaptic
activation. Aggregation could be reversed by the Zn**-selective chelator, CaEDTA, and no
aggregation was observed with high K" treatment of slices in the presence of ABA2His (r-Ap),
consistent with the aggregating factor being Zn?" released by the hippocampus upon

depolarization.

4.3.4. Exvivo Zn* and AP treatment of acute hippocampal slices

4.3.4.1 Toxic effect of Zn** and AP treatment

To determine whether the toxicity of AB1-42 could be induced by Zn**, we performed MTT
viability assay on hippocampal slices treated with AB and Zn*" (both 15 uM) (Fig. 15.). The
slices had not been exposed to high K'. MTT assay results indicated that, after the 3-hour
treatment neither Zn®* nor AP alone inhibited viability, but when added together, Ap1-42 and
Zn*" effect was markedly toxic (p<0.001). There was no loss of viability following a 3-hour

control incubation.
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Viability of acute hippocampal slices treated with zinc (ZnSQO,) and AB1-42 for 5h

Zn*" and AP co-treatment cause significant decrease in hippocampal slice viability similar to
NaN; treatment used as a negative control for toxicity. (NaN; is an inhibitor of terminal oxidation
in mitochondria and exhibits dose dependent toxicity on hippocampal slices.) Viability was
determined using MTT assay. The graph presents the optical density (in percentage of UC) of the
solubilized MTT in the media. ANOVA post hoc test Bonferroni, n = 30 slices (from 4 rats per

case). ** p<0.01; ***p<0.001.

4.3.4.2 LTP impairment after co-treatment with Zn** and Af

Figure 16

MEA-setup on hippocampal slice to measure

synaptic activity

To record the input/output curves, the slices were
placed on a micro electrode array (MEA) chip with
200 um interelectrode distance (Fig. 16) and we
studied LTP induced by TBS. We tested whether
Zn*-induced AP aggregation affects the synaptic
function of the hippocampus and we found a
significant  inhibitory  effect of Zn*-AB
simultaneous treatment on the synaptic transmission
and connections in rat acute hippocampal slices
(Fig. 17). The stimulus intensity was increased from

0 to 120 pA with 10 pA steps. (Fig. 17A) Stronger

stimulation led to large Faradic effects on the electrodes causing artifacts. The steepest rise was

recorded in the control slices (a total of 13 electrodes from 5 slices). Zn*" treated slices displayed

significantly smaller responses in the range of 50 — 90 pA stimulation (a total of 15 electrodes
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from 5 slices). A treated slices showed an even smaller excitation. The evoked responses were

significantly smaller from 20 pA to 120 pA stimulation intensity (a total of 7 electrodes from 3

slices). Unexpectedly, the slices which were treated with both Zn*" and AB showed no evoked

responses at any stimulation strength. Only the thermal noise (base line) could be recorded after

stimulation (5 slices). After recording a 10-minute stable control sequence, LTP was induced by

TBS (trains of 15%100 Hz bursts, 5 pulses per burst with a 200 ms interburst interval), at the

maximum stimulation intensity fEPSPs were recorded from the distal and proximal part of the

stratum radiatum in hippocampal CA1 for 60 min (Fig. 17 B). We weren’t able to induce LTP on

slices treated with both Zn?* and human Ap.
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Figure 17

Effects of Zn?*-AB complexes on
acute hippocampal slice
electrophysiology

A: Input/output curves of slices
with different treatments. Mean
amplitude £SEM of field potentials
are displayed as a function of

stimulus intensity. Slices were
stimulated in the  Schaffer-
collateral, and recordings were

made in the stratum pyramidale
and stratum radiatum of the CAl
region. Mean of 6 electrodes/slice
and 3 slices for each protocol.
ANOVA post hoc test Bonferroni,
p<0.05.

B: Representative fEPSPs recorded
at 90 pV stimulation intensity.
Treated slices have smaller peak-to-
peak fEPSP amplitudes than control
slices. Note the absence of evoked
fEPSP in the AP + ZnSQ; slice.



5. Discussion

5.1. Method and device development for ex vivo AD pathology models

Acute hippocampal slices are widely used in preclinical studies and basic research as a
capable experimental model for investigating synaptic structures and functionality at the
molecular, cellular, and circuit levels. We developed three novel methods based on the use of
acute hippocampal slices and successfully involved these applications into our experiments
aimed at exploring and modelling the effects of AP aggregation into toxic oligomers — a

hallmark in AD — on viability and synaptic functionality of hippocampal tissue.

5.1.1. Ex vivo mini-chamber system preserves acute brain slice viability

Ex vivo methods, such as the use of acute tissue slices, provide more relevant models than in
vitro cell lines and their preparation and maintenance involve less work than using
organotypic cultures. Nevertheless, the lifetime of their object is relatively short. To leverage
some of the most common obstacle factors of the different models, such as relevance, lifetime
and cost, we developed a simple slice-incubating system for maintaining the viability of acute

tissue slices.

With the development of ExViS (Ex Vivo System; Universal Mini-Chamber Tube System for
Acute Tissue Slices), our goal was to be able to study the pathomechanism of various neural
disorders and testing drug candidates in a flawless, effective and economic manner. The
device is cost-effective to manufacture and its great advantage compared to other products on
the market used for similar tasks is that it is able to keep tissue sections alive in a small media
volume for a relative long time (3-4 hour). The decreased working volume (max. 1 mL) is
particularly useful when very expensive agents are used for treatment. Other available
products typically use higher solution-volumes (50-2000 mL). Additionally, a so called
floating incubation is applied, where the slices are less exposed to the distorting effect of
gravity, therefore, tissue deformation and flattening do not take place compared to other two-

dimensional systems (Jensen & Harris 1989, Leiva et al. 2000).

We have validated the suitability of our mini-chamber system by testing acute hippocampal
slice viability based on the mitochondrial dehydrogenase activity (MTT assay) and the
synaptic transmission health by studying TBS induced LTP.
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Results of MTT viability test demonstrated, that acute hippocampal slice viability can be
safely maintained for 180 min in carbogenated (95/5% : O,/CO,) ACSF in the ExViS mini-
chamber system and in our later experiments designed to measure A toxicity, the system has

proven to maintain viability up to 6 h (4 slices/1 mL)

LTP studies have shown a significant difference in potentiation rate between the distal and

proximal part of stratum radiatum, the latter being the larger. This layer-specific difference in

the rate of LTP was demonstrated earlier (Kopanitsa et al. 2006), being the character of a
“healthy”, well-preserved hippocampal slice. Our validation tests clearly showed that the
slices incubated in our system are viable, have normal presynaptic function and synaptic

activity.

5.1.2. Quantitative determination of AP toxicity on OGD acute hippocampal slice

model with MTT and LDH assays

Precisely measuring the toxic effect of AB1-42 peptides and oligomers and the protective
effect of novel drug candidates against them in relevant preclinical model environment poses
a sensitive task in AD research. We aimed to develop an ex vivo model based on rat brain-
derived acute hippocampal slices, being more relevant for AD studies then in vitro cell
cultures, due to the three dimensional structure of the brain tissue, the cell variability and the
almost intact cell connections. Thanks to the previously described ExViS system, we were able
to design 3-4 h lasting treatments on acute brain slices. To quantify the viability of slices and
the effects of different treatments on them, we tailored the MTT assay — widely used in cell

lines and primary cell cultures — to suit our ex vivo model.

Application of MTT and LDH assays to quantify brain slice viability proved to be an easy ex
vivo method for studying AB1-42 toxicity in brain tissue (Mozes et al., 2012). Applying an

additional OGD pretreatment with AB1-42 on hippocampus slices aimed to provide a more
relevant ex vivo model of the ageing brain. The concomitant use of MTT and LDH assays
gave reliable results on the toxic effect of AB1-42 in OGD acute brain slice model. LDH assay
was previously reported to being successfully used to quantify effects of OGD (Tagliari et al.,
2005). Both cholorimetric assays are capable of quantifying tissue viability by measuring OD,
that is directly proportional with viability in MTT and inversely proportional in LDH assay.

The mechanistic explanation behind is that while MTT measures mithocondrial
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dehydrogenase activity, LDH released to the supernatant medium suggests an increase of

tissue and membrane damage.

We found that exposing the hippocampal slices to concurrent OGD and AB1-42 treatment
induced a greater decrease in viability than their separate effects (Fig.5 E,F). The method was

also successfully validated with classic toxic agents (Fig.6).

5.1.3. Detailed fluorescent imaging of the acute hippocampal slices’ neurite structures

During our studies aimed to explore the effect of Zn*'- induced AP aggregation, we
discovered the ability of bis-ANS fluorescent dye, originally used to track low-order
oligomers, to label neuronal structures in acute brain tissue. Therefore, we further explored
the neuron-labelling properties of the fluorophore and during our studies we found that it only
labels mechanically damaged cell membrane in live tissue and it is suitable to label neurite
cross-sections on the cutting surface of hippocampal slices. The dye lost this ability if the
labelling solution was NaHCOs-free, however the mechanism behind is unknown. Labelled
structures could be co-localized with the fluorescent signal of the DNA-specific PI on the cell
level and with intact membrane specific Dil emission on the slice region-level, allowing to
obtain detailed imaging of ex vivo brain tissue structures. Hence, beside its oligomer-
specificity, bis-ANS is suitable and easy to use for visualizing the neuronal structures — and to
count neurite cross-sections with image analysis methods — on the surface of ex vivo brain

slices.

5.2.  Effect of Zn**-induced AB aggregation on hippocampal slice

viability and function: an ex vivo amyloid neuropathology model

A multitude of genetic and biochemical evidence implicates AP or its precursor in the
pathogenesis of AD. However, a decade of clinical trials targeting cortical amyloid pathology
failed to demonstrate clinical benefit despite moderating fibrillar amyloid burden (reviewed

by Nikseresht et al., 2019). One standpoint of possible explantion lies in the hypothesis that

neurodegenerative toxicity might be triggered by a minor oligomeric species not yet engaged
in extensive intervention testing, as AP aggregates in the brain are highly polymorphic (Gong
et al., 2003).
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Metal ion dis-homeostasis is an existing concept in the AD research. Abnormally elevated
load of Zn*", Cu*, Fe*" ions were found in senile plaques of postmortem human AD brains

(Lovell et al., 1998)

Our developed ex vivo modelling had been successfully used to explore the effects of Ap
aggregation into bis-ANS reactive species by Zn®' released from glutamatergic neurons,

ultimately leading to our recently published study that reported age and female sex to be a

major risk factor in this particular amyloid neuropathology in AD (Datki et al. 2020). In this
study we found that while there was no difference in the volume of Zn*" released upon K*
stimulus and massive depolarization between young male and female rats, in acute
hippocampal slices derived from old females Zn** elevation was significantly higher than in
their younger counterparts and old males. In this study we proposed a model that as a
consequence of energy failure with ageing, cells do not re-uptake efficiently the released Zn**
during neurotransmission, leading to increased average extracellular Zn** promoting AB

aggregation.

We showed that AB1-42 could be rapidly aggregated into bis-ANS reactive species (low-order
oligomers) both in vitro, in cell-free environment (Fig 13.) and by endogenous hippocampal
Zn* (Fig. 14). The metal ions, including Zn** and Cu*, were identified to interact with

histidine residues at N-terminal of A (Minicozzi et al., 2008, Nair et al., 2010), explaining

why no aggregation was observed with high K* treatment of slices in the presence of
ABA2His (r-AP). The rat sequence of AP has substitutions of key residues that mediate Zn**
coordination and is not readily precipitated by Zn** (Bush et al. 1994). Consistent with the

literature, we found that the reaction produces toxic AP oligomers that form much faster than

by spontaneous aggregation (Ferrao-Gonzales et al., 2005). Consequently, LTP and

hippocampal viability/mitochondrial activity is inhibited (Fig. 15, 17). This is consistent with

a recent report (Lee et al. 2018), but seemingly contradicts previous findings where Zn*

inhibited the AP toxicity in cell culture (Cuajungco et al., 2000). An important difference of

these experiments is that they were performed over a longer — 48 hours — time-frame, enough
for Zn** and AP to form amyloid fibrils (Lee at al. 2018; Bush et al., 1994) which lose toxicity
(Ferrao-Gonzales et al., 2005, Hung et al., 2008).

The mechanism of bis-ANS positive Zn** -AB oligomer toxicity remains uncertain. Soluble

AP oligomers — also known as A derived diffusible ligands (ADDLs) — have previously been
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found to be toxic (Gong et al., 2003; Kayed et al. 2003), are formed by an alternative

mechanism and are distinct from bis-ANS reactive Zn*" -Ap oligomers (Lee et al., 2018). LTP

inhibition that was reported by our laboratory (Datki et al., 2020) could be caused by toxicity

from the bis-ANS positive oligomers induced by Zn**. The high local flux of Zn*" might
attract AP into the glutamatergic synapses and then traps Zn*', preventing it from facilitating

LTP (Lu et al., 2000). Soluble AP oligomers have indeed been reported to cause Zn*'-

dependent synaptotoxicity in hippocampal slices when they attach to the NMDA receptor.
(Desphande et al.. 2009). Acute hippocampal slice treatment with AB- Zn*" aggregates (Zn**

was added externally, not by K* induction) has unexpectedly resulted in zero evoked response

at any stimulation strength in our electrophysiological measurements (Fig.17).

We propose an ex vivo model for extracellular AP aggregation into toxic oligomers that are
triggered by endogenous Zn*" release and as a consequence of energy failure with ageing, the
tissue does not efficiently reuptake Zn** released during neurotransmission. This mechanism
leads to increased average extracellular Zn** promoting AB aggregation (Fig.18). It has been

shown that AP can be released by synaptic activity (Cirrito et al., 2003). Both the AB and the

Zn*" are trapped into aggregates that initially form close to the synapse and contribute to

synaptic dysfunction (Tamano et al., 2019) and aggregates are decomposed after zinc-specific

chelator is added to the slices. The reuptake mechanisms employed to reassimilate Zn**

released in synapses remain to be clarified. Twenty-four zinc transporter proteins are known
to date to be specialized to traffic Zn** into or out of the cytoplasm (e.g. ZnT3 into

glutamatergic synaptic vesicles) or out of the cell (Reviewed by_Kambe et al., 2019). There

are also known to exist additional ports of uptake into the cell such as the Divalent Metal

Transporter 1, AMPA/kainate and NMDA receptors (Frederickson et al., 2005; Sensi et al.,

2009; Xu et al.. 2019). Presenilin expression also promotes cellular uptake of Zn**

(Greenough et al., 2011). The NMDA receptor can mediate some Zn** uptake (Colvin et al.
2000), but is not known to be a significant route for Zn*>" entry. However, Zn*" binds to and

inhibits the activity of the NMDA receptor (Westbrook and Mayer 1987; Mayer et al., 1989;

Jalali-Yazdi et al., 2018) and so we hypothesize that the Zn®* intake might reflect

internalization through recycling of the NMDA receptor (Ferreira et al., 2017). The NMDA

receptor can mediate some Zn*" uptake, but is not known to be a significant route for Zn*"

entry. This could be consistent with the report of Zn** promoting attachment of AP to the
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NMDA receptor (Desphande et al., 2009). Nonetheless, the Zn** uptake mechanism that might

attract AP attachment remains to be confirmed.

It is important to note that our hippocampal slice model of Zn**-induced AP aggregation
should be translated with caution. AR peptide concentrations were deliberately applied in
supra-physiological concentrations to permit its detection with bis-ANS in dynamic peptide
oligomerization studies. Hence, the peptide acted as an indicator of the extracellular Zn**
released by the tissue. The aggregation of AB1-42 could therefore occur at much lower
peptide concentrations in vivo, in response to the same Zn*" dynamics and consequently this
may mean that Zn*"- AP toxic intearction might be less aggressive in the living brain than in

our experimental system.
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Figure 18

Schematic representation of AB aggregation induced by zinc release in the synaptic cleft and its
effect on hippocampal synaptic functionality

Zn*" is released during synaptic activity and within healthy conditions is rapidly taken up by
energy dependent mechanisms. Energy failure during ageing impairs the reuptake mechanism of
the extracellular Zn*". Accumulated Zn*" in the synaptic cleft will react with AB released in the
vicinity and will trigger its aggregation into toxic oligomers. Zn*'- Ap complexes are trapped in the
synaptic cleft and impair its function.
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5.3.  Perspectives

Neuroscientific investigations, including AD pathology require feasible and relevant models
with fair throughput screening capabilities. There are in general four primary approaches
employed when a disease is being modelled: in vivo, in vitro, in silico and ex vivo. Although
in vivo animal models were the first to provide critical insights into AD pathology, they
require tedious and costly experimentations involving multiple factors to consider and
monitor and few results have been translated into clinical therapy. Two dimensional, in vitro
neuronal culture models are still predominant in preclinical screening, but fail to reliably

imitate complex cell-to-cell interactions in the tissue context (Benam, et al., 2015). Recently

in silico methods are also emerging and mathematical models are able to analyse big data
produced in high-throughput screening techniques and provide a system-level view of AD
pathological events. However, since these models are based on information that already
exists, results highly depend on information accuracy and completeness. They are rather a
useful addition to “real-world” experimentation to gain understanding from a wider, systemic

perspective about the obtained results and suggest new potential avenues to explore.

By overcoming some shortfalls of in vivo and in vitro models, ex vivo, acute brain slice
technology has been proven to be suitable for studies aiming at exploring molecular events as
direct responses to a specific stimulus or treatment affecting viability and function in three
dimensional tissue context. The methodology based on acute hippocampal slices developed in
our laboratory to measure AP1-42 oligomer toxicity provides relevant and cost-effective
model for screening protective agents and test hypothesis in preclinical studies in relatively
short time frame. It allows iterative testing, tissue-level toxicology as well as detailed and

easy imaging.
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6. Conclusion

To overcome the shortcomings of the in vitro and in vivo methods, we developed a cost
effective and simple apparatus for maintaining the viability of acute tissue slices, named:
ExViS (Ex Vivo System; Universal Mini-Chamber Tube System for Acute Tissue Slices). The
system allowed us to further develop methods that use acute (ex vivo) hippocampal slices to
model AD-related patomechanisms. Over the course of my PhD studies we have developed
the following techniques and ex vivo models based on the features of acute hippocampal

slices:

1. Rapid, reliable and quantitative determination of AB1-42 toxicity in ageing (OGD) acute
hippocampal slice model using MTT and LDH assays.

2. Quantitative determination of zinc-induced AP1-42 oligomerization toxicity in acute

hippocampal slice model using MTT assay.

3. Fluorescent imaging of neurite cross-sections and detailed imaging of neurite structures in

acute hippocampal slices via a novel application of bis-ANS and its co-staining variations.

4. Modelling the effect of Zn** released in glutamergic synaptic cleft in the hippocampus on
AP1-42 aggregation and its consequences on cell viability and synaptic functionality, learning

and memory (LTP).

The acute hippocampus slice-based models can serve as a feasible tool to gain deeper
understanding on how pathological events in AD, in particular AP oligomerization, influence
hippocampal functionality and therefore paving the way to develop and test related hypothesis
but also to screen potential protective agents or validate results seen in vivo or predicted in

silico.
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Abstract

Aging and female sex are the major risk factors for Alzheimer’s disease and its associated brain amyloid-f (AP)
neuropathology, but the mechanisms mediating these risk factors remain uncertain. Evidence indicates that Ap aggregation
by Zn*" released from glutamatergic neurons contributes to amyloid neuropathology, so we tested whether aging and sex
adversely influences this neurophysiology. Using acute hippocampal slices, we found that extracellular Zn**-elevation
induced by high K™ stimulation was significantly greater with older (65 weeks vs 10 weeks old) rats, and was exaggerated in
females. This was driven by slower reuptake of extracellular Zn>", which could be recapitulated by mitochondrial
intoxication. Zn>":Ap aggregates were toxic to the slices, but Ap alone was not. Accordingly, high K caused synthetic
human Ap added to the slices to form soluble oligomers as detected by bis-ANS, attaching to neurons and inducing toxicity,
with older slices being more vulnerable. Age-dependent energy failure impairing Zn>" reuptake, and a higher maximal
capacity for Zn>" release by females, could contribute to age and sex being major risk factors for Alzheimer’s disease.

Introduction

The major risk factors for Alzheimer’s disease (AD) are age
and female sex, both known to drive the hallmark f-
amyloid (AP) neuropathology in humans and amyloid
protein precursor (APP) transgenic mice [1-3]. AP itself is a
Supplementary information The online version of this article (https:// normally secreted polypeptide and its production is not
doi.org/10.1038/s41380-020-0800-y) contains supplementary . . . .
material. which is available to authorized users increased with normal aging or with AD. The changes that
induce the aggregation of AP in the brain with aging are

4 Zsolt Datki unproven, but a body of growing evidence indicates that
datki.zsolt@med.u-szeged.hu neuronal Zn>" release could play an important role [4—6].
>4 Ashley 1. Bush AP peptide is rapidly precipitated by Zn*" at neutral pH [7],

shley.bush@fl .edu. . . . . .
ashley.bush@florey.edu.au and amyloid plaques are heavily enriched with Zn®" in

humans [8, 9] and APP transgenic mice [10, 11].
Zn*"-induced AP aggregation is reversible with chelators,
such as EDTA and clioquinol, and AP deposits in post-
mortem human brain are dissolved with agents that release
Zn*" [12, 13]. Candidate drugs that target Ap-metal
complexes have been developed, and have reported effi-
cacy in preclinical AD models and phase 2 clinical trials
[12, 14-17], although none have reached pivotal testing.
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presynaptic vesicles by the activity of ZnT3, a transmem-
brane protein whose expression overlaps with brain regions
prone to amyloid deposition [10, 20]. ZnT3 is concentrated
at dystrophic neurites in amyloid plaques [10], and genetic
ablation of ZnT3 markedly inhibits amyloid pathology in
APP transgenic mice [4, 18].

Since relatively high concentrations of Zn>" are released
by synaptic activity in amyloid-prone cortical tissue, there
must be mechanisms at play to prevent this pool of Zn*"
from precipitating A in early life. We hypothesized that
these Zn>" clearance mechanisms might fatigue with aging
in a manner that may be exaggerated by female sex. We
utilized acute hippocampal slices to model Zn*" release
throughout the neocortex (since ZnT3 is expressed
throughout both sites), and to study changes that occur with
age and sex that may explain the natural history of amyloid
neuropathology. Using this system, we monitored the for-
mation of soluble oligomeric AB-Zn>" complexes as
detected by bis-ANS, which have been described recently as
being structurally distinct and more neurotoxic than non-
metallated Ap-derived diffusible ligands (ADDLs) [21],
inducing greater astrogliosis when injected into mouse
hippocampus [22]. Some of these findings and methods
have been presented in a PhD thesis [23].

Methods
Materials

Cell impermeant forms of RhodZin-3 (cat. No. R-36350),
FluoZin-3 (cat. No. F24194), and Newport Green (cat. No.
N7990) were from Molecular Probes, Invitrogen, Hungary.
ZnAF-2 (cat. No. 67975), TFLZn (cat. No. T3445), 4,4
(")-dianilino-1,1(’)-binaphthyl-5,5(')-disulfonate dipo-
tassium salt (Bis-ANS, cat. No. 49058), TPEN (cat. No.
P4413), CaEDTA (cat. No. ED2SC), DNP (cat. No.
D198501), pyrithione (cat. No. H3261), chloral hydrate
(cat. No. 23100), MTT (cat. No. M5655), 96-well plates
(Costar, cat. No. CLS3695), and general reagents were from
Sigma-Aldrich, Hungary.

Synthetic AB1-42 and [Ala">"*]AB1-42 (ABais)

We prepared AP peptides from their iso-Ap precursors,
where Gly25 is linked to the side chain of Ser26 through an
ester bond. This modification maximizes the initial solubi-
lity of the peptide. Iso-Af is rapidly (#;, =2.6 min) and
completely converted to AP at pH 7.4 via an intramolecular
O—N acyl-shift [24].

Peptides were synthesized on a H-Ala-Wang-
Chemmatrix resin using N*-Fmoc protected amino acids.
Peptide chain elongation was carried out using DCC/HOBt
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(1:1) activation and threefold molar excess of amino acids
in a DCM/DMF (1:1) mixture. Coupling was monitored
with qualitative ninhydrin test to detect deprotected amines.
If the test was positive, the coupling step was repeated using
HATU/HOAUDIEA (1:1:2) activation. The Fmoc protect-
ing group was removed by treating the peptide-resin with
20% piperidine/DMF twice (5 + 20 min). Ser26 was intro-
duced into the peptide chain as Boc-Ser-OH. Acylation
of the side chain of Ser26 with Fmoc-Gly-OH was done as
in [25].

Peptides were cleaved by incubating the resin for 2.5 h in
a trifluoroacetic acid/phenol/dithiotreithol/triisopropylsi-
lane/water (1:1:1:1:36) mixture. Crude iso-Af was
precipitated with diethyl ether, dissolved in a mixture of
acetic acid and water, lyophilized and purified by HPLC
on a Phenomenex Jupiter C4 column (10 p, 300 A, 250 x
21.2 mm).

For [Ala]3’l4]iso-A[3 (the precursor to APaoyis), synthesis
proceeded as above, with histidine residues at positions 13
and 14 replaced with Ala.

Preparation of acute hippocampal slices

A modified version of the method reported in Datki et al.
[26] was used. After anesthesia with chloral hydrate
(0.4 g/kg), 10+ 1 and 65 +4-week-old male and female
Wistar rats were decapitated and the whole heads (without
scalp-leather) were put in the ice cold ddH,O for 1 min.
The brains were quickly removed and immersed in Ca*'-
free artificial cerebrospinal fluid (ACSF) with elevated
Mg** at 4°C [27]. The composition of this preparation
solution (in mM): NaCl 127, KCl1 2, MgCl, 5, NaHCO;
25, D-glucose 10, pH=7.4. Brain slices (thickness
400 ym) were prepared from the hippocampus with a
Mcllwain tissue chopper at 4 °C. The surface area of the
slices was determined with a preparation microscope (type
Nikon SMZ800 with a 12 megapixel camera) directly
after preparation. The well area (15 mm?) was used for
area calibration. The slices (area~9 mm?) were rapidly
transferred into a mini-chamber (ExVis, Fig. S1) [28]
made from Greiner freezer tubes (maximum 10 slices in
1 ml) for conditioning (30 min) in carboxygenated (95/
5%: 0,/CO,) Ca*'-free ACSF preparation solution at
room temperature (23 °C). Normal ACSF composition in
mM: NaCl 125, KCI 2.5, CaCl, 2, MgCl, 1.3, NaHCO;
25, D-glucose 10, pH 7.4. Differential vulnerability to
mechanical trauma as a confounder was excluded by
measuring LDH release into the ACSF after preparation,
which demonstrated no difference between slices taken
from young and old rats (2.819 +0.029 U/mL, n =12 vs
2.849+0.130U/mL, n=12, p=0.46). Experimental
allocation of the slices or animals was not randomized and
the operator was not blinded.
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Measurement of the vesicular Zn?" release and Ap
aggregation

Fluorescence was measured with a 96-well plate reader
(NOVOstar OPTIMA, BMG Labtech, Budapest, Hungary)
with a xenon lamp and fiberglass (3 mm diameter, 20 fla-
shes/well/cycle) optics, which permitted fluorescence assay
of the total area of the slice in each well [26].

After resting (30 min) in the carboxygenated Ca*"-free
ACSF solution at room temperature, the acute hippo-
campal slices (maximum 10) were washed for 30 s in 2 ml
preheated (36 °C) HEPES buffered saline (HBS, compo-
sition in mM: NaCl 125, KCl 2; CaCl, 2, MgCl, 2, HEPES
25, D-glucose 12, pH 7.4). The slices were then transferred
from the mini chamber to the plate wells (bottom area:
15 mmz), where one centralized slice was immobilized
within a round nonfluorescent plastic web (pore diameter:
45 um) that was placed on the slice with ceramic forceps.
The transfer process was rapid (5 slices/min). The HBS
was carefully removed and substituted with HBS (40 ul per
well) containing either Zn>* fluorophore (10 uM), or
peptide aggregation fluorophore (bis-ANS: 4,4(’)-diani-
lino-1,1(’)-binaphthyl-5,5(')-disulfonate dipotassium salt,
10uM) for 10min. For bis-ANS peptide aggregation
assays, the HBS solution was also supplemented with AP
peptide (50 uM) taken from a stock solution of freshly
prepared AP peptide in ddH,O (0.5 mM, pH =15). The
plates and the HBS solution were preheated to 36 °C
before slices were transferred. The temperature within the
plate-reader was maintained at 36°C. The distance
between the plastic web and the top of the well was 9 mm.
In the presence of bicarbonate, bis-ANS becomes a
fluorophore marker for neurons in hippocampal slices, but
the background fluorescence becomes negligible when the
bicarbonate is not present [29]. Thus, HBS was used in
hippocampal slice studies where bis-ANS was used to
detect AP oligomers.

The acute hippocampal slices were treated with addi-
tional KC1 (50 mM) to induce depolarization or additional
NaCl (50 mM) as an osmotic control, which was introduced
by a built-in liquid micro-pipettor (minimal pipetting
capacity is 1 ul), and for the other treatments we used two
built-in liquid injectors (minimal injection capacity is 2 ul).
Injection speed was 420 ul/s. Measurement of fluorescence
in the acute hippocampal preparations was started 1 min
before the treatment with KCI/NaCl. A maximum of 10
wells (one slice per well) could be scanned in one cycle.
One cycle took 10s (1s per well, flashes at 20 Hz). The
excitation and emission wavelengths for the Zn fluor-
ophores are detailed in Table S1. For bis-ANS A. =
350 nm, Aep,, = 540 nm. Excitation light was projected from
the bottom of the wells, and detection was from the same

direction. Zn>" selectivity was determined by abolishing
fluorescence with the cell impermeant chelator CaEDTA
[30, 31] or TPEN. We checked for the contribution of
reagents to fluorescence in the presence of bis-ANS, and
found that only TPEN caused a nonspecific fluorescence
signal. Therefore, TPEN was not utilized in experiments
involving bis-ANS.

Measurement of the extracellular Zn?>" uptake in
acute hippocampal slices

Ten slices together in each mini-chamber were treated with
dinitrophenol (DNP, 0.3 mM) or pyrithione (50 uM) for
30min in carboxygenated Ca’"-free ACSF at room tem-
perature. The media were then changed to normal ACSF
(1.15mL, 36 °C) + DNP or pyrithione, supplemented with
2uM ZnSO,. We then sampled (0.15 mL) the Zn**-con-
taining ACSF media from the same chamber at 30s and
10 min. The remaining Zn>" in the samples was assayed
with RhodZin-3 and ZnAF-2 fluorophores (both at 10 uM).
DNP or pyrithione did not alter the background fluorescent
signal of the Zn>" detection reagents.

In vivo microdialysis

Male Wistar Rats (8 weeks old, n =9 and 90-100 weeks
old, n=6) rats were anesthetized with chloral hydrate
(300-350 mg/kg) and individually placed in a stereotaxic
apparatus. The skull was exposed, a burr hole was drilled,
and a guide tube (CMA Microdialysis, Solna, Sweden)
was implanted into the hippocampus (AP —5.6 mm, ML
+4.6 mm, VD +4.1 mm). The guide tube was secured with
dental cement and screws. After the surgery, each rat was
housed individually.

Forty-eight hours after implantation of the guide tube, a
microdialysis probe (3-mm membrane CMA 12 probe,
CMA Microdialysis) was inserted into the hippocampus of
chloral hydrate-anesthetized rats through the guide tube.
The hippocampus was preperfused at 5.0 pl/min with ACSF
(127mM NaCl, 2.5mM KCI, 1.3mM CaCl,, 0.9 mM
MgCl,, 1.2 mM Na,HPO,4, 21 mM NaHCOj; and 3.4 mM D-
glucose (pH 7.3)) for 60 min to stabilize under anesthesia.
Then the hippocampus was perfused at 5.0 ul/min with
ACSF for 60 min to determine the basal concentration of
extracellular zinc. The perfusate was collected every 20
min. The perfusate samples (50 ul) were diluted with 2%
nitric acid (100 pl).

Analysis of the samples in triplicate was conducted using
a flameless atomic absorption spectrophotometer (Shimadzu
AA6800F, Kyoto, Japan). The accuracy was checked by
analysis of the samples in the presence of a standard solu-
tion of zinc.

SPRINGER NATURE
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3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) viability assay of hippocampal slices

Acute hippocampal slices were treated + different A forms
in carboxygenated ACSF at 36 °C (AP or APasnis, 15 UM)
for 10 min. Then the slices were treated with KCI (50 mM)
or NaCl (50 mM) for 5 min. Then the slices were washed
twice with ACSF, whereupon they were incubated
+CaEDTA (0.1 mM) for 3h in carboxygenated ACSF
solution (1 ml) at room temperature. Hence, the toxicity of
AP could only be attributed to material that had precipitated
(e.g., by endogenous Zn>" release) and been trapped on the
slices, and not been washed off. After 3 h we added 0.1 ml
MTT (stock solution 5 mg/ml) to the chamber for 30 min.
The reduction of MTT was stopped by transferring the
slices from ACSF to ice-cold ddH,0. We then transferred
the slices to pure dimethyl sulfoxide for 30 min to dissolve
the formazan precipitate, followed by absorbance assay at
550 and 620 nm. The results were normalized with the
formula: (ODssy — ODgyp)/area of slice (mm?) = 100% in
control rats.

Multi-electrode array (MEA) electrophysiology

One acute hippocampal slice was placed in a 3D-MEA chip
with 60 tip-shaped and 60-um-high electrodes spaced by
100 um (Ayanda Biosystems, S.A., CH-1015 Lausanne,
Switzerland). The surrounding solution was removed, and
the slice was immobilized by a grid. The slice was con-
tinuously perfused with carboxygenated ACSF (1.5 mL/min
at 34 °C) during the whole recording session. Prior to an
experiment, slices were washed twice with ACSF, and then
incubated (+CaEDTA 0.1 mM to reverse the Zn**-induced
Ap aggregates) for a further 1 h in the incubation chamber,
to ensure that that the preparation was not affected by
residual K or peptide remaining in the media. The slices
were then stabilized for 30 min on the MEA chip.

Data were recorded with a Multi Channel System (MCS
GmbH, Reutlingen, Germany). The Schaffer-collateral was
stimulated by injecting a biphasic current waveform (100 +
100 ps) through one selected electrode at 0.033 Hz. Care
was taken to choose the stimulating electrode in the same
region from one slice to the other. The peak-to-peak
amplitudes of field excitatory postsynaptic potentials
(fEPSPs) at the proximal stratum radiatum of CAl were
analyzed. Following a 30 min incubation period, slices were
continuously stimulated with medium-strength stimuli.
When stable evoked fEPSPs were detected (for at least
20 min), the stimulus threshold was determined, and a sti-
mulus strength—evoked response curve (i.e., input—output,
I-O curve) was recorded by gradually increasing stimulus
intensity until the maximal stimulus strength was reached.
The I-O curve for each slice did not show any significant
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differences between the treatment groups (not shown),
indicating normal basal synaptic function. The stimulus
intensity was continuously increased from 0 to 120 pA with
10 A steps. Stronger stimulation led to large Faradic
effects on the electrodes causing artifacts. Three datasets
were recorded for each stimulation intensity. The intensity
of the test stimulus was set to be 30% of the threshold and
maximum stimulus strength interval. After recording a 10
min stable control sequence, long-term potentiation (LTP)
was induced by applying theta-burst stimulation (TBS;
trains of 15 x 100 Hz bursts, 5 pulses per burst with a 200
ms interburst interval), at the maximum stimulation inten-
sity, then fEPSPs were recorded for 60 min Normal LTP
could be induced in the K'-treated slices, demonstrating
that the underlying pathways of LTP remained intact.

Statistical analysis

Analysis was performed by an operator blinded to group
status. Data are reported as means + SEM, with the n for
technical and experimental replicated detailed in the figure
legends, unless otherwise noted. Pilot experiments ascer-
tained the estimated effect size, powered with o =0.8.
Generally, significance levels of ANOVA results are
reported (after confirming that groups are comparable for
variance), with multiple testing or post-hoc corrections
noted in the figure legends. Significance was set at p < 0.05.

Results

Activated hippocampal slices from aged and female
rats release more zinc

Slices from young (10-week old) rats released Zn>"upon 50
mM K7 stimulation, in a Ca2+-dependent manner (Fig. 1a),
as reported previously [26]. Using this system, we found
that the maximal extracellular Zn>" concentrations pro-
duced by K7 stimulation were significantly greater
(+50-70%; ANOVA p<0.001) in slices from old rats
(65 weeks) (Fig. 1b). While there was no difference
between young males and females in the amounts of Zn**
released, old male hippocampi released =50% more
Zn*" than young males, and old females released ~70%
more Zn>" than young males and significantly more
(10-15%; p < 0.001) than old males (Fig. 1b). These results
were confirmed using two different impermeant Zn’>"
indicators, RhodZin3 and ZnAF2 (Fig. 1b). Post-synaptic
Cu®" release during neurotransmission [32] could not
account for these results since Cu’suppresses RhodZin3
and ZnAF2 fluorescence (Fig. S2).

While the increased release of Zn>' could be due to
greater ZnT3 expression in female hippocampus [4, 33],
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Fig. 1 Age and sex affect Zn>" release from rat acute hippocampal
slices. a Release of Zn>' from slices taken from 10-week-old male
rats, depolarized with high K in HEPES buffered saline (HBS)
supplemented with the cell-impermeable Zn**-indicator RhodZin3
(10 uM). Zn’*-selective chelators CaEDTA (0.5mM) or TPEN
(0.1 mM, not shown) abolished the fluorescent signal. Data are means
+SEM, n =35 experiments. b Increased depolarization-induced Zn**
release from older and female slices. Data are mean AF,,,x (+SEM,
n = 60) of two different impermeant Zn>* fluorophores (RhodZin3 and

hippocampal ZnT3 levels fall with aging [34]. Indeed,
hippocampal Timm’s staining, a proxy for ZnT3-mediated
vesicular Zn>* [35], was not increased in old rats
(Fig. S3A). Yet interstitial zinc levels measured by in vivo
microdialysis confirmed that extracellular zinc levels are
approximately four-fold elevated in the brains of old ani-
mals compared with young adults (Fig. S3B; p<0.01).
Thus, the extracellular Zn*" from stimulated hippocampal
explants that was increased with age and sex (Fig. 1) could
have resulted from impaired reuptake of released Zn>'.
Sustained levels of extracellular Zn>* are neurotoxic [36],
therefore synaptic Zn>" must rise only briefly during neu-
rotransmission. We hypothesized that the net increase in
extracellular Zn*" that we observed in the hippocampal
tissue was not only a product of synaptic release but also the
robust, energy-dependent reuptake of Zn>" previously
described [37].

ZnAF2, indicated) taken 120's after depolarization with high K*. The
AZn>" was significantly greater from old (65 weeks) rat tissue than
young (10 weeks) rat tissue, and old female tissue released sig-
nificantly more Zn*" than old males. Slices were observed separately
in a multiwell format, one slice per well, adjusted for the surface area
of each individual slice. ***p <0.001, compared with the mean AZn
of young male and female slices; #p <0.001, between old male and
female slices, Tukey’s multiple comparison test.

Indeed, using a double-labeling method, intracellular
Zn*" rose seconds after high K stimulation of slices
induced extracellular Zn>" release (Fig. 2a). To confirm that
the Zn>" released is subject to reuptake, we stimulated the
slice with high K™ in the presence of CaEDTA (rather than
adding it after stimulation), so that 7Zn*" released was
captured by the impermeable chelator. Indeed, CaEDTA
abolished the rise in intracellular Zn2+(Fig. 2b), consistent
with the released Zn>" normally being recycled. Ca-free
medium, which prevents vesicular release of Zn**t, also
suppressed the poststimulation rise in intracellular Zn*"
(Fig. 2b). NMDA receptor block by either memantine (p <
0.05) or MK801 (p<0.001) modestly but significantly
increased the levels extracellular Zn>" post stimulation, and
concomitantly inhibited the subsequent rise in intracellular
Zn*" (Fig. 2b; p <0.01), consistent with inhibition of some
Zn*" re-entry through the Ca®" channel [38, 39].

SPRINGER NATURE
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Fig. 2 Effects of age, sex and mitochondrial function on Zn*t
uptake in rat acute hippocampal slices. a Slices from young male
rats were preloaded with zinquin, which detects free intracellular Zn>™,
then placed into HBS supplemented with RhodZin-3, which detects
extracellular Zn?". Stimulation with high K* caused an immediate
increase in extracellular Zn*, shortly followed by increased intracel-
lular Zn?>" reflecting reuptake. As controls, application of the cell-
impermeable Zn*"-chelator, CaEDTA, quenched the fluorescence of
extracellular but not intracellular Zn?". The cell-permeable Zn?'-
chelator, TPEN, quenched both signals. b The maximal rise in extra-
cellular and intracellular free Zn>* in slices from young compared with
old rats following K stimulation is shown. ¢ Differential rise of
intracellular Zn>* monitored by zinquin in male and female, young
and old rat hippocampal slices, following high K* stimulation.
d Residual extracellular Zn** (Zinc,) levels in ACSF bathing

To test whether decreased reuptake could contribute to
the increased extracellular Zn>* we observed in stimulated
old rat slices (Fig. 1b), we compared Zn>" uptake following
K™ stimulation of slices from old and young rats. The rate
and maximal reuptake of Zn*>" released from old rat slices
were both significantly less than the reuptake into young rat
slices, for both males and females (Fig. 2c; p <0.0001).
While there was no difference in Zn>" uptake in young
tissue from either sex, old male tissue took up significantly
more released Zn>" than old female tissue (Fig. 2c; p <
0.0001). This pattern was in concordance with the levels of
extracellular Zn*"released by excitement of the respective
tissues (Fig. 1b), indicating that the elevated extracellular

SPRINGER NATURE

hippocampal slices 30 s (baseline) and 10 min after introducing 2 uM
ZnS0Oy4. RhodZin3 readings were corroborated by ZnAF2. The drop in
Zinc,, reflecting uptake into the tissue, was significantly inhibited with
slices from old (65 week) rats compared with young (10 week) rats.
The mitochondrial toxin DNP abolished the drop in Zinc, (consistent
with preventing tissue uptake), in contrast to pyrithione, a Zn**-
ionophore, which increased uptake as expected. There were no sig-
nificant differences between males and female means for any condi-
tion. e High concentrations (50 uM) of AB1-42 block the apparent
uptake of Zinc, reflected by a rise in intracellular zinc fluorescence
assayed by zinquin. Data are means (+SEM, n =15 chambers, each
containing 10 slices). P values are shown for One-way ANOVA with
Dunnett’s multiple comparison test. *p<0.05, **p<0.01, ***p<
0.001. For b, comparisons against ACSF.

Zn*" observed in older and especially older female tissue
was caused, at least partly, by slower Zn>" reuptake.

To confirm that slices from older rats have more limited
Zn*" uptake, we studied uptake when a fixed amount of
Zn*" was added to the incubation media of rat hippocampal
slices. We observed that ~40% of the Zn>" (2 uM, a sub-
toxic concentration) was cleared within 10 min from the
media of young slices, but significantly less Zn*" (=20%)
was cleared from the media of old slices (Fig. 2d;
p<0.001). As a reference, the Zn>" ionophore pyrithione
[40] increased the drop in extracellular Zn>* at 10 min
(Fig. 2d; p <0.01), consistent with the loss of fluorescence
being caused by extracellular Zn>" uptake. Treatment of the
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slices with a sub-toxic concentration of the mitochondrial
uncoupler 2.4-dinitrophenol (DNP) [41] (0.3 mM, Fig. S4)
markedly impaired the uptake of Zn>* by young slices
(Fig. 2d), indicating that the brain mitochondrial impair-
ment of aging [42] might contribute to sluggish Zn>"
reuptake. These results were confirmed using both extra-
cellular zinc indicators, RhodZin3 and ZnAF2, and no
difference in uptake between male and female slices was
observed under these conditions (Fig. 2d). Therefore, the
higher extracellular Zn*" from K'-treated older female
slices that is then transferred intracellularly (Figs. 1b, 2c)
probably reflects greater Zn>" release, which would be
consistent with previous reports of higher ZnT3 expression
in female rodents [4].

We previously reported that AB1-42 injected into the rat
hippocampus at physiological (picomolar to low nanomo-
lar) concentrations promotes the uptake of Zn*" into dentate
granule cells [5, 43]. Notably, extracellular Ap1-42 applied
to the slices at higher concentrations, reflecting accumula-
tions in AD (50 uM), markedly inhibited Zn>* reuptake
following high K' stimulation of hippocampal slices
(Fig. 2e). Trapping of extracellular Zn** by Ap aggregates
could interfere with electrophysiological functions by pre-
venting Zn>" reaching post-synaptic targets, leading to
consequences such as lowering the expression of NMDA
receptor subunits and post-synaptic scaffolding defects
[34, 44].

More zinc-induced AB1-42 oligomers are formed by
aged and female tissue

The rat sequence of AP has substitutions of key residues
that mediate Zn>" coordination, and is not readily pre-
cipitated by Zn>", possibly explaining why endogenous Ap
aggregation does not occur in rat brain [7]. Therefore, we
studied synthetic human AP1-42 added to the explant
media to test whether its aggregation could be induced by
Zn*" release from the hippocampal slices. We monitored
aggregation with bis-ANS, a fluorophore for peptide
assembly that detects prefibrillar, low-order oligomers of
AP [45] that exhibit increased toxicity [22, 46]. As a con-
trol, we studied a synthetic mutant of Af1-42 with
histidine-to-alanine substitutions at residues 13 and 14 that
attenuate interactions with Zn>* [47] (APa2nis)-

Before applying human AB1-42 to hippocampal slices,
we first characterized its response to Zn>" in cell-free sys-
tems. We found that bis-ANS detected marked aggregation
of AB1—42 (50 uM) induced by Zn>* (50 uM) within sec-
onds, which was rapidly reversed by addition of the
impermeant Zn*"-selective chelator, CaEDTA (0.5 mM,
Fig. S5A,B). In the absence of Zn>", Ap1—42 aggregated
comparatively slowly and incompletely (Fig. S5A) and was
not influenced by K* 50 mM (used next to stimulate slices).

A K* or Na* CaEDTA
_ 14+ — AB
E 124 — AB +50 mM K*
° 104 — AB + 50 mM K*/Ca-free
L 8l — AB +50 mM Na*
= — ABagyis + 50 MM K*
k] — AB o
5 4 A2His
2 5] — bis-ANS alone on slice (no AB)
2
& 0
g 2
B #

]

—_ [ Male
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1

=
(5]
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(Fnax~ Fo)/mm?
S

o

Young Old

Fig. 3 AP aggregation on hippocampal slices assayed by bis-ANS.
a Slices from young male rats were incubated with Ap1-42 (50 uM) or
mutant AP1-42 lacking Zn2+-c00rdinating histidines (APaopis)- After
60 secs high K* or Na™ (an osmotic stress control) was introduced to
the media. At 300s the Zn>*-selective chelator CaEDTA (0.1 mM)
was introduced. Ca*'-free HBS was used to determine if the A
aggregation was associated with synaptic vesicular release. Data are
mean AF+SEM, n=25 slices per condition, normalized for the
surface area of each slice. b Age and sex modulate Af aggregation
monitored by bis-ANS fluorescence. The data are mean AF,,,, of bis-
ANS fluorescence induced by high K™ treatment of hippocampal sli-
ces. As with AZn>" changes (Fig. Ic), AAP aggregation was sig-
nificantly greater on old (65 weeks) rat tissue than young (10 weeks)
rat tissue, and old female tissue induced significantly more AAP
aggregation than old males. ***p <0.001, #p<0.002, ANOVA with
post hoc #-tests, n = 30 slices per condition.

APaomis aggregation by 50 uM Zn>" was markedly atte-
nuated, as expected (Fig. S5A).

We then tested whether the endogenous Zn>" released
from rat hippocampal slices could induce oligomerization of
exogenous synthetic human Ap1-42. Bis-ANS detected that
AP1-42 aggregation was rapidly induced when the slices
were stimulated with 50 mM K (Fig. 3a). This could not be
explained by the direct effects of K™ on the peptide
(Fig. S5A). Rapid Ap1-42 aggregation from the slices was
inhibited when Ca>" was deleted from the high K" buffer
(Fig. 3a), consistent with the aggregating factor being
released upon synaptic activation. Aggregation could be
reversed by the zinc-selective chelator, CaEDTA, and no
aggregation was observed with high K treatment of slices
in the presence of Afaym;s (Fig. 3a), consistent with the
aggregating factor being Zn*" released by the hippocampus
upon depolarization. Could Cu* that is released post-
synaptically during neurotransmission [32] account for
these changes? While Cu®" can bind AP, it does not
aggregate Ap at physiological pH [48], and the fluorescence
from the bis-ANS indicator in the presence of synthetic
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AP1-42 was not increased by Cu’' at concentrations
(50 uM) that would be beyond maximal in the system
(Fig. S5C).

Hippocampal slices from older (65 weeks old) rats
treated with high K™ induced significantly more aggregation
of AP1-42 than slices from younger (10 weeks old) rats
(Fig. 3b; p<0.001), and slices from older female rats
induced significantly more aggregation than slices from
older male rats (Fig. 3b; p <0.05). These observations are
consistent with more AP aggregation being induced by the
increased extracellular Zn>* levels from older and female
slices that we observed under these conditions (Fig. 1b).

Fluorescent microscopy determined the sites of A
attachment detected by bis-ANS on the Ap-treated slices.
Slices from young rats treated with Af1-42 (50 uM) and
high K, as in Fig. 3, were washed with ACSF to remove
unbound Ap, yet showed strong labeling of cells that had
the morphology of neurons but not glia in the granule cell
layer, CA3 pyramidal cell layer, as well as hilar pyramidal
neurons and the mossy fibers (Fig. 4a—e). The sites of AP
attachment are consistent with the sites of high extracellular
Zn*" flux in the tissue. To determine whether this fluores-
cence was due to Ap1-42 adhering to the surface, we stu-
died the effects of carbonate pH 12 washing of the slices
after being treated with AB1—42 and high K*. This tech-
nique for stripping surface-bound polypeptides removed
much of, but did not abolish, the bis-ANS signal (Fig. 4f, g).
The signal we detected was not non-specific since the
fluorescence of bis-ANS treated tissue, without added A,
was negligible under these conditions (Fig. 5a).

Using bis-ANS fluorescence microscopy we examined
the reversibility of AP oligomer attachment by washing
+CaEDTA after the slices had been exposed for 10 min to
endogenous or exogenous Zn>" to induce oligomerization.
Treatment with AP alone induced only slight bis-ANS
fluorescence (Fig. 5b). However, both depolarization of Af-
treated slices with K, or aggregation of the Ap with added
Zn2+, caused markedly increased bis-ANS fluorescence of
the same hippocampal structures observed in Fig. 4a
(Fig. 5c, e). Ap-treated slices treated with K™ or Zn*>* and
then washed with CaEDTA exhibited far less bis-ANS
fluorescence (Fig. 5d, f) than slices washed with ACSF
alone. This is consistent with CaEDTA reversing the
aggregation of Af induced by K* on slices (Fig. 2a).

Nuclear sparing was observed (Fig. 4b—e), indicating that
some of the peptide may have entered the neurons. How-
ever, since much of the signal was reversed by CaEDTA or
carbonate treatment, it is likely that most of the AP aggre-
gated on the neuronal surface. The possibility of some
intraneuronal uptake of peptide aggregates could not be
excluded. Slices that were first fixed with ethanol or for-
maldehyde and then treated, as above, with ABiK+ or
Zn>" did not label with bis-ANS (data not shown). Thus
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Fig. 4 Bis-ANS fluorescence of adherent Af1-42 predominantly on
neuronal dendrites and soma of acute hippocampal slices. Acute
hippocampal slices from 10-week old male rats were treated with
freshly prepared AB1-42 (50 uM) for 10 min in HBS, then +50 mM
KCl for 5 min, washed again with HBS, labeled with bis-ANS (10 uM
in HBS, 10 min), washed again, and analyzed by fluorescent micro-
scopy. a Image of bis-ANS labeling of a complete slice. The box
indicates the field of interest for b—e and Fig. 5. Scale bar = 300 p. b-e
Enlargements of subiculum, hilus, CA1 and CA3 pyramidal cell layer
showing that bis-ANS detects neurons but not glia. Scale bar = 50 p.
Effect of carbonate wash on bis-ANS labeling. The slices were pre-
pared as for a, but after washing off the unbound bis-ANS, the slices
were washed with either f ACSF or g 110 mM NaCl, 50 mM Na,COs,
pH=12, for 5min, and then washed twice with ACSF before
microscopy. pH 12 treatment removed much of the surface-bound Af
detected by bis-ANS. Parallel slice-free control experiments on AP
solutions showed that the bis-ANS fluorescence is not perturbed by
bringing the mixture to pH 12 and back to pH 7.4 (not shown). Data
are representative of n =10 replicates.

AP:Zn*" complexes can be detected by bis-ANS only on
living neurons, obviating the possibility of examining fixed
human or APP transgenic mouse post-mortem tissue for bis-
ANS fluorescence.
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No
Ap
Zn+K*

" CaEDTA

Fig. 5 Bis-ANS fluorescence within acute hippocampal slices
treated with AB1-42. The slices in a—c were treated with bis-ANS in
buffer conditions as indicated without AB1-42. The remaining slices
were treated with AB1—42 and prepared as for Fig. 3 (x50 mM K™ or
50 uM Zn?" treatment, as indicated) but after washing off the unbound
bis-ANS, the slices were washed with either d, e, g HBS, or
f, h CaEDTA (0.5 mM in HBS), for 5 min, and then washed twice with
HBS before microscopy. Data are representative of n = 10 replicates.

The pattern of AP attachment detected by bis-ANS does
not fully match the sites of greatest likelihood of Zn>*
release during neurotransmission. For example, the dentate
granule cells are a prominent site for Af attachment despite
being a site where Zn>" release is not anticipated. Despite
not being a major projection target for zincergic terminals,
the granule cells of the dentate gyrus must have a very
active zinc uptake mechanism, since they are the origin of
the mossy fiber pathway, which is dense with vesicular
Zn*" that is ultimately released remotely e.g., CA3. Indeed,
one of the earliest reports of Zn>" release described highly
avid granule cell uptake of zinc [37]. In agreement, we
reported in vivo zinc uptake into the granule cells that is
exaggerated by the presence of pM-nM concentrations of
exogenously applied AP [5, 43], while our current findings
show that it could be blocked by higher (uUM) concentrations
(Fig. 2e) that might emulate the effects of amyloid pathol-
ogy. So, we hypothesize that the distribution of exogenous
AP attaching to K'-stimulated slices could reflect sites of
zinc uptake, rather than sites of zinc release. Notably, the
rise in intracellular zinc occurring upon high K* stimulation
was blocked by NMDA receptor blockade (Fig. 2b). Ap has
been described to adhere to the NMDA receptor in a zinc-
dependent manner [49], and NMDA receptors are found
throughout the fields [50] where we observed Af attach-
ment. In physiological systems, it has been reported zinc

can act in a paracrine manner to be taken up at a distance
from where it is released [51, 52]. Consistent with this
extrasynaptic diffusion of zinc contributing to amyloid
deposition in vivo, zinc-enriched amyloid plaques form
prominently at sites in the hippocampus remote from mossy
fiber projections [53].

Zinc-induced AB1-42 oligomers induce more
impairment of aged hippocampus

We tested whether Zn>"-induced Ap aggregation affects the
function and viability of the hippocampus. Using multi-
electrode array (MEA) observations of slices from 10-week
old male rats, we studied long-term potentiation (LTP)
induced by TBS, a canonical method for studying memory
circuitry. Acute slices were treated with Af1-42 (15 uM in
ACSF) for 10 min, followed by high K™ (50 mM in ACSF)
for 5 min to induce Zn>" release and Ap aggregation.

Hippocampal slices treated with AB1-42 (15 uM) + high
K™ exhibited markedly impaired LTP compared with slices
treated with high K™ alone (Fig. 6a). CaEDTA, applied to
slices after Ap/high K* treatment, rescued this LTP sup-
pression (Fig. 6a), consistent with the reversal of Zn*'-
induced A aggregates (Figs. 3a, 4, 5, S5A). CaEDTA
alone, applied after high K* treatment, slightly inhibited
LTP (Fig. 6a), which could reflect Zn*" flux needed for
optimal LTP [54, 55].

We tested for the toxicity of Zn*'-induced Ap1-42
aggregates by adding Ap+Zn>* (both 15uM) to acute
hippocampal slices that had not been exposed to high K.
MTT assay of the slices indicated that, after 3-h treatment,
Zn* or Ap alone did not inhibit viability, but when added
together AP1—42 4+ Zn>" was toxic (Fig. 6b; p<0.001).
There was no loss of viability following a 1 h incubation.
To determine whether the toxicity of AP could be induced
by endogenous Zn>", we performed MTT viability assays
on hippocampal slices that were treated as in the LTP stu-
dies (Fig. 6a) with Ap1-42 (15 uM) for 10 min followed by
adding high K (or high Na®, 50mM, to control for
changed osmolarity) for 5 min, then washed twice, and
incubated +CaEDTA (0.1 mM) for 3 h in carboxygenated
ACSEF. Indeed, Ap-induced toxicity only occurred with high
K", where the slices release Zn>" (Fig. 6¢; p <0.001). The
toxicity was abolished by CaEDTA added after the high K™
treatment (Fig. 6¢), consistent with the disaggregation of
Zn*"-induced AP aggregates (Figs. 3a, 4, 5, S5A). APaonis
was not toxic with high K* (Fig. 6¢), consistent with its
inability to form Zn’'-induced aggregates (Figs. 3a and
S5A). The responses of old (65 weeks old) and young
(10 weeks old) male hippocampi were compared. The via-
bility of the older tissue was significantly more impaired
after high Kt exposure (Fig. 6¢; p <0.05), consistent with
the higher extracellular Zn>" levels achieved by older
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Fig. 6 Effects of Zn>"-Ap complexes on acute hippocampal slice
electrophysiology and viability. Data are means = SEM. a A sup-
pression of LTP on depolarized tissue is rescued by Zn>*-chelation.
Slices (10 weeks old male) were treated with AB1-42 (15 uM, 10 min),
followed by depolarization with KCI (50 mM, 5 min), washed twice,
and then incubated +CaEDTA (0.1 mM) for 1 h. Slices then underwent
TBS (at time 0). LTP was impaired by Ap + K*, which was rescued
by CaEDTA. fEPSP slope analysis and representative fEPSPs are in
Fig. S6. b Zn>"-Ap complexes inhibit slice viability. Slices (10 weeks
old male) were treated +Ap1-42, Zn>* or both (each 15 uM) for 3 h,
and then assayed for mitochondrial MTT reductase activity. ***p <
0.001, ANOVA post hoc Bonferroni, n =10 slices. ¢ Hippocampal
depolarization induces AP toxicity that is rescued by Zn>*-chelation.
Male slices (n = 10) were treated with AP or ABasyis (15 uM) for 10
min, followed by KCI (50 mM) or NaCl (50 mM) for 5 min The slices
were then washed twice and incubated for 3 h +CaEDTA (0.1 mM).
Mitochondrial MTT reductase activity was then assayed. ***p<
0.001, ANOVA post hoc Bonferroni; A inhibited viability only with
depolarized tissue (*p < 0.05, tissue from 65 weeks old rats was more
affected, n =30 slices for this comparison), which was rescued by
Zn*"-chelation.

hippocampi upon high K exposure (Fig. 1b), leading to
greater AP aggregation (Fig. 3b).
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Discussion

A host of genetic, biochemical and other evidence impli-
cates AP or its precursor in the pathogenesis of AD. Yet, a
large succession of phase 3 clinical trials targeting cortical
amyloid pathology have failed to demonstrate clinical
benefit despite lowering the burden of fibrillar amyloid
(reviewed [56]). One school of thought to explain this is
that because AP aggregates in the brain are highly poly-
morphic [21], neurodegenerative toxicity might be mediated
by a minor oligomeric species that has not yet been suc-
cessfully engaged by the various broad spectrum interven-
tions tested in phase 3 so far. Our current findings propose
one such A oligomer that forms under conditions that are
exaggerated by age and female sex, conforming to the
natural neuropathology of AD.

We showed that AP1-42 could be rapidly aggregated
into bis-ANS reactive species by endogenous hippocampal
Zn*" (Fig. 3a), and that LTP and hippocampal viability is
inhibited as a consequence (Fig. 6). This is consistent with a
recent report [22], but at variance with previous findings
that Zn>" inhibited the toxicity of Ap in cell culture [57]. It
is likely that the soluble oligomeric species detected by bis-
ANS is relatively short-lived, formed in minutes and toxic
within hours, as we have observed. After days, the bis-ANS
positive Zn>*-induced soluble Ap oligomers organize into
fibrils [22], which lose toxicity. This may explain why the
burden of amyloid neuropathology in AD, while markedly
enriched with Zn>* [8, 9, 18, 58, 59], corresponds poorly to
cognitive loss [60].

The mechanism of toxicity of bis-ANS positive Zn*"-Ap
oligomers remains uncertain. Soluble AP oligomers have
been described to be toxic [21, 61], although these are
formed by an alternative assembly mechanism and are not
readily detected by bis-ANS fluorescence [22]. The
mechanism of LTP inhibition that we observed (Fig. 6a)
could be due to toxicity from the bis-ANS positive oligo-
mers induced by Zn>" (Fig. 6b, c), or it is possible that A is
attracted into glutamatergic synapses by the high local flux
of Zn*" and then traps Zn>", preventing it from facilitating
LTP [54, 55]. Indeed, soluble AP oligomers have been
reported to attach to the NMDA receptor in hippocampal
slices, causing Zn”>"-dependent synaptotoxicity [49].

There are caveats with the translatability of the slice
system that we have studied. Notably, the AP peptide
concentrations were deliberately supraphysiological to per-
mit bis-ANS detection, which was used for dynamic studies
of peptide oligomerization that would have been cumber-
some by immunoassays. This way the peptide acted as an
indicator of the extracellular Zn*>" being released by the
tissue. By implication, the aggregation of Af could occur at
much lower peptide concentrations in response to the same
Zn*t dynamics, but this remains to be confirmed. Similarly,
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the toxicity of AP that was promoted by Zn*" involved
supraphysiological peptide concentrations, and we could
not evince this effect at lower peptide concentrations under
the conditions and time-intervals we studied. Again, this
may mean that toxicity promoted by Zn>" at the lower Ap
concentrations of the living brain might be less aggressive
than in our experimental system. Nonetheless, as previously
observed [49], AB-Zn*" complexes at lower concentrations
may irritate the synapse and lie upstream in the chain of
events that leads to neurodegeneration in AD. Even so, bis-
ANS may be detecting only a small fraction of the total
added peptide [22]. The hippocampus is not greatly affected
by amyloid plaque pathology in AD but its function may be
impaired by forms of soluble oligomeric A such as the Ap-
Zn*" complexes studied here, as well as forms such as
ADDLs that are not detected by bis-ANS [22]. The
respective contribution of these soluble AP species to neu-
rodegeneration in AD is uncertain, but recent data indicate
that the Ap-Zn®>" oligomers detected by bis-ANS are more
cytotoxic than ADDLs [22]. Despite the caveats, our find-
ings indicate that age and sex are the major risks for Ap
accumulation in the natural history of AD potentially
because of their impacts on extracellular Zn>* regulation in
the brain.

We propose a model that, as a consequence of energy
failure with aging, the tissue does not efficiently reassimi-
late Zn>" released during neurotransmission (Fig. 2), which
leads to increased average extracellular Zn>" promoting Ap
aggregation (Fig. 7). AP is also released by synaptic activity
[62]. Both the Ap and the Zn>" are trapped into aggregates
that initially form close to the synapse and contribute to
synaptic dysfunction [6]. Failure of Zn>" to enter the
cytoplasm suppresses the expression of ZnT3, which may,
in turn play an indirect role in the uptake of extracellular
Zn*" [63] (Fig. 7). The reuptake mechanisms employed to
reassimilate synaptically-released Zn>" remain to be ela-
borated. There are 24 zinc transporter proteins specialized to
traffic Zn>" into or out of the cytoplasm and into specific
compartments (e.g., ZnT3 into glutamatergic synaptic
vesicles) or out of the cell [64]. Additional ports of uptake
into the cell include the Divalent Metal Transporter 1,
AMPA/kainate and NMDA receptors [38, 39, 65], and
presenilin expression promotes cellular uptake [66]. Our
data confirm [67] that the NMDA receptor can mediate
some Zn>" uptake (Fig. 2b), but the NMDA receptor is not
known to be a significant route for Zn>" entry. However,
Zn*" binds to and inhibits the activity of the NMDA
receptor [68-70], and so we hypothesize that the Zn*"
intake that was blocked by memantine and MK-801
(Fig. 2b) might reflect internalization through recycling of
the NMDA receptor [71]. This could be consistent with the
report of Zn>" promoting attachment of Af to the NMDA
receptor [49]. Nonetheless, the Zn>" uptake mechanism that

might attract AP attachment remains to be confirmed, and
how female sex in old age (Fig. 2c) or mitochondrial
uncoupling (Fig. 2d) act to impair this requires further
study.

In one possible model, we conjecture that extracellular
exchangeable Zn?' levels increase with age in female
rodent hippocampi because, as has been reported, estrogen
loss induces an increase in ZnT3 protein levels in mice [72]
(Fig. 7). Although we did not measure ZnT3 directly, an
elevation relative to males might explain why hippocampal
tissue from old female rats releases more Zn>" upon
synaptic activation, so inducing increased Af aggregation
(Figs. 1b, 3b). Indeed, ZnT3 genetic ablation attenuates
brain amyloid deposition in both sexes of APP transgenic
mouse, but abolishes the differential amyloid increase in the
females [4].

The importance of ZnT3 to cognitive resilience has
recently been underscored by unbiased large-scale pro-
teomic analysis of post-mortem brain from two tissue
banks, which identified hub proteins associated with ante-
cedent cognitive preservation in late life. In that study,
higher levels of ZnT3 were associated with slower cognitive
decline even when adjusted for AD pathology [73]. Con-
sistent with ZnT3 influencing cortical function independent
of its role in amyloid pathology, ZnT3 knockout mice
(lacking amyloid neuropathology) express memory
impairment in later life [34] that is corrected by the Zn*"
-ionophoric effects of clioquinol [74]. Indeed, lower cortical
7ZnT3 levels observed in Lewy Body and Parkinson’s Dis-
ease dementia tissue [33] are associated with more severe
neuropsychiatric symptomatology [75, 76]. Thus, the
decrease in cortical ZnT3 expression observed in AD tissue
[34, 77] might itself contribute to cognitive dysfunction in
AD outside of its effects on amyloid oligomerization.
Therefore, we hypothesize that amyloid accumulation could
be a pathological marker for functional ZnT3 fatigue in
species that express the human sequence. In this model,
amyloid plaques are absent in aged rodents because their AP
sequence contains substitutions, similar to the inert A2His
AP variant we studied (Figs. 3a, 6¢), which abolish Zn*t-
induced oligomerization [7].

More work will be needed to elaborate the mechanism by
which ZnT3 expression influences extracellular Zn>"
reuptake and its presumed trafficking through the cytoplasm
towards synaptic vesicles. Our current findings show that
the interplay of aging and sex on this machinery may reveal
insights into the influence of these risk factors on amyloid
pathology in AD. Our model of slow Zn>" reuptake at the
synapse (Fig. 7) also supports facilitation of Zn>" reuptake
as the potential therapeutic mechanism of ionophores like
PBT?2, which rapidly reversed cognitive loss not only in AD
mouse models [15, 78], but also corrected cognitive deficits
in normal aged mice without amyloid pathology [79].

SPRINGER NATURE
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Fig. 7 Model for synaptic Zn>" release in the pathogenesis of AD.
Zn** is released upon synaptic activity and is normally rapidly taken
up by energy-dependent mechanisms. With age, mitochondrial energy
is decreased, leading to more sluggish reuptake of extracellular Zn>".
This allows Zn>" to react with AP, which is also released upon neu-
rotransmission. The illustration shows a notional synapse, but the Zn>*

Notably, PBT2 induced cognitive benefit within 12 weeks
in a phase 2 clinical trial in AD patients [16, 80], although it
had marginal benefits on amyloid accumulation [81]. This
class of therapeutic approach could yet warrant further
investigation.
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may migrate to other hippocampal vicinities and form Ap-Zn**
complexes that adhere to targets (e.g., NMDA receptor) at a distance
from where the Zn>* is released. Each unit of AP may trap three
equivalents of Zn>* with abnormally increased affinity caused by

precipitation, which creates a perturbed equilibrium [82]. This will
prevent Zn** reuptake, which can lead to metabolic impairments.
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It is difficult task to measure precisely the toxic effect of beta-amyloid (A 1-42) peptides and also the
protective effect of novel drug candidates against AB-peptides. The widely used MTT-assay in cell lines
or primary cell cultures could be insensitive against AR-peptides.

We describe here an easy and relevant method for testing A3 1-42 toxicity on acute hippocampal slices
derived from rat. Brain slice viability in different conditions was measured using MTT and LDH assays.
The concomitant use of these two assays can give detailed and relevant results on the toxic effect of AR
1-42 in oxygen-glucose deprived (OGD) acute brain slice model. Both assays are capable of quantifying
tissue viability by measuring optical density (OD). We found that simultaneous application of OGD and
AR 1-42 treatment induced a more intensive decrease in hippocampal slice viability than their separate

Keywords:
Amyloid-beta
Hippocampus

Brain slice
MTT effects.
LDH The use of MTT and LDH assay for quantifying brain slice viability proved to be an easy ex vivo method for

investigating AP toxicity. Testing brain slices is more relevant in Alzheimer’s Disease research than using
in vitro cell cultures, due to maintenance of the three dimensional cellular network, the cell variability
and intact cell connections.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Beta-amyloid (A) toxicity may be crucial in Alzheimer’s dis-
ease (AD) pathology [6]. Measuring the toxic effect of different
AP aggregation species as well as the neuroprotective effect of
novel drug candidates requires a reliable and relevant assay. Till
now (beside other methods, e.g. electrophysiology) MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, a yellow
tetrazole) assay has been the most commonly used method for
measuring Af3 toxicity.

MTT assay has been used in studying the toxicity of 3-amyloid
peptides on various cell types such as SH-SY5Y neuroblastoma cells

Abbreviations:  ACSF, artificial cerebrospinal fluid; AD, Alzheimer’s dis-
ease; AP, amyloid-beta; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid; LDH, Lactate dehydrogenase; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide; OD, optical density; OGD, oxygen-glucose
deprivation.
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[3] and primary rat neuronal cells [17,15]. Murine embryonic stem
cells and hematopoietic progenitor cells in culture have also been
exposed to AP 1-42 oligomers [14] and then cell viability changes
were measured with MTT test.

Although the MTT assay (performed on cell lines or primary cell
cultures) proved to be suitable for measurements of AP toxicity,
these in vitro methods have some disadvantages. We found that
SH-SY5Y cells can be insensitive against A3 peptides. The use of
primary neuronal cultures is complicated, expensive and often not
physiologically relevant. The most physiological MTT assay would
use brain tissue slices where neuronal connections and glial envi-
ronment remain at least partly intact.

MTT assay has already been used for toxicity measurement of
Cd%* [16] and H,0; [5] on acute hippocampal slices. The neurotoxic
effects of mercurials were also measured quantitatively with MTT
assay in cerebral cortex slices [13]. Brain slice MTT assay has never
been used till now for measuring Af3 toxicity to our knowledge.

Our goal was to develop a rapid and reliable assay for AP toxicity
measurement using brain slices. We chose rat hippocampal slices to
develop the AP toxicity assay. We need to mention that acute hip-
pocampal slices contain very different cell types (neuronal, glial and
endothelial cells), however, all of these cells are sensitive against
A toxicity [11,9].

The hippocampus plays a central role in the progression of AD,
and hippocampal atrophy is considered to be the most predictive
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dx.doi.org/10.1016/j.brainresbull.2012.02.005
http://www.sciencedirect.com/science/journal/03619230
http://www.elsevier.com/locate/brainresbull
mailto:mese859@gmail.com
mailto:hunya@dnt.u-szeged.hu
mailto:paniko@bio.u-szeged.hu
mailto:pbotond@mdche.szote.u-szeged.hu
mailto:datkiz@yahoo.com
dx.doi.org/10.1016/j.brainresbull.2012.02.005

522 E. Mozes et al. / Brain Research Bulletin 87 (2012) 521-525

structural brain biomarker for AD [8]. It is easy to prepare rat hip-
pocampal slices for toxicity studies [16]. Cerebral hypoperfusion
(anearly eventin AD) increases the risk of AD [10] and has also been
shown to be associated with amyloid accumulation [7]. Thus appli-
cation of a short and mild oxygen-glucose deprivation (OGD) to the
medium of hippocampal slices may simulate the early events seen
in AD. Mielke et al. [12] and Cechetti et al. [2] already studied the
response of different brain slice systems (acutely prepared and cul-
tured) to OGD by MTT as well as LDH assay. Ischemic-like conditions
significantly decreased synaptic and mitochondrial activity within
acutely prepared slices. Measuring A3 toxicity on acute hippocam-
pal slices could be a relevant model and an easy ex vivo method for
quantitive analysis of tissue viability. LDH assay can be also used
to quantify effects of OGD [18]. LDH released to the supernatant
medium suggests an increase of tissue and membrane damage.

We describe here an easy and relevant method for testing AP
1-42 toxicity on acute rat hippocampal slices, using the MTT and
LDH assay. The concomitant application of OGD pretreatment fol-
lowed by AP treatment of hippocampal slices provides a relevant
ex vivo model of the aging brain.

2. Materials and methods
2.1. Materials

AR 1-42 was synthesized in our laboratory [1]. Stock solution of oligomeric AR
1-42 (stock solution: 0.4 mM) was freshly prepared in distilled water (pH > 5.0) and
stored for maximum 10 min.

NacCl (cat. No. S9888), KCl (cat. No. P3911), CaCl, (cat. No. C8106), MgCl, (cat.
No. M0250), HEPES (cat. No. H4034), NaHCOs (cat. No. 401676), p-glucose (cat.
No. G7528), MTT (cat. No. M5655) and 96-well plates (Costar, cat. No. CLS3695)
were obtained from Sigma-Aldrich, Hungary. The mini-chamber system (Fig. 1.)
was obtained from our institute [4]. The animal protocols applied in this study
were approved by the National Institute of Health, and by the University of Szeged;
permission number: 1-02442/001/2006.

The following HEPES-containing ACSF solutions were used in the experiments
(concentrations are given in mM):

H-ACSF/1: NaCl 122, KCI 3, CaCl; 0.3, MgCl, 3.7, NaHCO3 25, HEPES 5, p-glucose 10,
pH7.4.

H-ACSF/2: NaCl 132, KClI 3, CaCl, 2, MgCl, 2, NaHCOs3 25, HEPES 5, pH 7.4.
H-ACSF/3: NaCl 120, KCI 3, CaCl; 2, MgCl; 2, NaHCO3 25, HEPES 5, p-glucose 12, pH
7.4 (with normal calcium, magnesium and glucose levels).

95/5% : 0,/CO,

Throttle valve

Cap
02/(:02_

— Chamber-tube
— Needle

1 ml media —

| Tissue slices
(area: 8+0.7 mm?)

bubble

Fig. 1. Schematic structure of ExViS mini tube chamber.

2.2. Preparation and treatment of acute hippocampal slices

A slightly modified version of the method reported by Datki et al. [4] was used
in our slice viability experiments. After anesthesia with chloral hydrate (0.4 g/kg),
10 + 1-week-old male Wistar rats were decapitated and the whole heads (without
scalp-leather) were put in ice cold distilled water for 1 min. The brains were quickly
removed and immersed in H-ACSF/1 preparation solution containing HEPES with
very low Ca?* and with elevated Mg?* at 4°C [4]. Brain slices (thickness: 400 pm)
were prepared from the hippocampus with a Mcllwain tissue chopper at 4°C.

2.3. Treatment of hippocampal slices

Freshly prepared slices in ice cold H-ACSF/1 solution were photographed to
measure the slice area. Slices (with an area of approximately 9 mm?2) were quickly
transferred into a mini-chamber (Fig. 1; maximum 5 slices in 1 ml H-ACSF/1) for
conditioning (30 min) in the carboxygenated (95/5%: 0,/CO,) preparation solution
at room temperature (24°C).

After 30 min hippocampal slices were transferred from the mini-chamber into
a plastic Petri dish and was left to rest at room temperature in glucose- and
carboxygen-free H-ACSF/2 (3 ml/Petri dish) for 1h. “Carboxygen-free” means that
the tissue slices in H-ACSF/2 take up the oxygen and the carbon-dioxide only from
the atmosphere, since they are removed from the mini-chamber system presented
in Fig. 1. (The Petri dish was continuously being stirred at 370 rpm by a modified
BIOSAN TS-100 thermo shaker). After 1h oxygen-glucose deprivation the super-
natant (H-ACSF/2) in the Petri dish was changed to H-ACSF/3 solution (3 ml/Petri
dish). The slices were quickly transferred into the mini-chambers (maximum 5 slices
in 1ml) and treated with freshly prepared oligomeric A 1-42 peptide by adding
50wl stock solution of the peptide into 950 .l H-ACSF/3 in each chamber (final
concentration of A 1-42: 20 wM). Foaming was inhibited by a floating plastic ball
(diameter: 5 mm) applied in the mini tube chambers. Classic apoptotic factors (e.g.
NaN3, H>0,, KCN and Thapsigargin) were used as controls in these experiments.

2.4. MTT and LDH measurements

After treating the slices with 20 uM A3 1-42 for 4 h, supernatant (to be used in
LDH assay) was removed and replaced by fresh H-ASCF/3 (0.9 ml/chamber) to which
0.1 ml MTT stock solution (5 mg/ml H-ACSF/3) was added (MTT final concentration:
0.5mg/ml). The chamber was left to rest for 15 min without carboxygenation. To
stop further reduction of MTT, the medium (H-ACSF/3) was removed. The slices
were transferred into 96-well plate, then pure DMSO (100 wl/slice/well) was added
for dissolving formazane from the slices. (30 min in a 96-well plate). Then 70 pl
DMSO solution from each slice (well) was transferred into another 96-well plate. The
optical density (OD) of the dissolved formazane was measured at 550 and 620 nm.
The following formula was used for standardizing the data: (ODss0—ODg;p)/area of
slice (mm?)=100% in control (AR 1-42 untreated slices).

For LDH measurements the above-mentioned supernatants (H-ACSF/3) from the
4h AR 1-42 treatment of slices were used. Supernatants were centrifuged at 500 x g
for 10 min and the LDH activity was measured with a standard LDH kit (Sigma, TOX7-
1KT). The results were calculated with the following formula: (OD450-0Dg20)/mean
area of slices (mm?)=100% in control (AR 1-42 untreated chamber).

2.5. Statistical analysis

Data are presented as means + standard error of mean (S.E.M). Student’s-t test
and ANOVA, Bonferroni was used for statistical evaluation using Microsoft Excel and
SPSS 10.0 for Windows software. The data (from n =40 slices) were compared with
the control measurements of each condition. Differences were considered statisti-
cally significant at p <0.001 or p <0.05.

3. Results and discussion

We solved the problem of survival of hippocampal slices (4-10
slices) in carboxygenated ACSF by using a simple mini-tubing-
chamber (ExViS, Fig. 1.). Slices can survive several hours under these
conditions.

The scheme of steps of our novel and rapid method for mea-
suring toxicity of Af3 peptides is summarized in Fig. 2. This figure
illustrates the most important steps of the novel method:

(1) Resting the slices for 30 min in carboxygenated H-ACSF/1 at
24°C for conditioning.

R, 0OGD , T M
30min ¥ 1 hour Ll 4 hours m

Fig. 2. Schematic illustration of steps of the novel slice viability method.
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(2) Mild oxygen-glucose deprivation of the slices (1 h) in H-ACSF/2
solution in Petri dish.

(3) Treatment of the slices in the mini-chamber with oligomeric
A 1-42 peptide for 4 h in H-ACSF/3 solution.

(4) Measuring slice viability with MTT and LDH assay.

The concomitant use of these two assays gives a relevant
result for the toxic effect of AR 1-42. Both MTT and LDH col-
orimetric assays are adequate for quantifying tissue viability
by measuring optical density (OD). In MTT assay the level of the OD
is directly proportional with viability, while in LDH it is inversely
proportional.

Fig. 3 summarizes the results of the different assays. The results
of both MTT and LDH assays show that 1-h resting under mild
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oxygen-glucose deprivation reduces brain tissue viability (Fig. 3A
and B).

Four-hour treatment of slices with oligomeric AR 1-42 alone
also decreased cell viability (Fig. 3C and D) compared to A
untreated control.

Simultaneous treatment of slices with both OGD and oligomeric
AP 1-42 induced the most intensive decrease in hippocampal slice
viability (Fig. 3E and F).

The synergistic effect of OGD with different toxic agents on hip-
pocampal slices was measured (Fig. 4). The toxic agents used (H, 0>,
NaN3, KCN, Thapsigargin) caused significant decrease in cell viabil-
ity in both assays, however there were differences between their
toxicity. In the MTT assay NaNs3, while in the LDH assay H,0, had
the most toxic effect. The possible explanation of the phenomenon
is that the LDH assay measures the necrosis (loss of membrane
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Fig. 3. Measuring the acute hippocampal slice viability with MTT and LDH assay in different conditions (OGD and A3 treatment).
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Fig. 4. Treatment of acute brain slices with different toxic agents after OGD.

integrity) while the MTT assay measures the decreased viability
(mitochondrial activity) and the cell death together. The results
obtained from MTT assay are influenced not only by the amount
of dead cells (apoptosis and necrosis), but also by the reduction
capacity of living cells. The simultaneous use of the two assays can
provide a more detailed view on the toxic effects of a particular
agent.

The results show that the mild OGD-pretreated slice prepa-
rations are suitable for measurements of standard cell toxic
agents.

4. Conclusion

Application of MTT and LDH assay to quantify brain slice viability
proved to be an easy ex vivo method for studying A 1-42 toxicity
in brain tissue. This novel method is more relevant in AD studies
than using in vitro cell cultures, due to the three dimensional struc-
ture of the brain slice, the cell variability and the almost intact cell
connections. Applying OGD pretreatment and Af3 1-42 treatment
together on hippocampus slices can provide a good ex vivo model
of the aging brain.

This instrument can hold maximum 10 slices, but optimally 4
brain slices in small amount of solution (1 ml) and provides car-
boxygenated conditions (95/5%: O,/CO,) for the tissues.

After resting (30 min) in the (95/5%: O,/CO,) H-ACSF/1 solu-
tion at room temperature (24 °C), the brain slices were removed
from the ExViS mini-chamber into the plastic Petri dish and were
left in glucose- and carboxygen-free H-ACSF/2 solution for 1h
(OGD). Slices were quickly transferred back into the ExViS mini-
chamber for a4 h treatment with A3 1-42 peptide. After treatment,
viability was measured with MTT and LDH assay. R=resting,
OGD = oxygen-glucose deprivation, T=treating with 20 uM A3
1-42, M = measuring slice viability with MTT and LDH assay.

In each case the mean of optical densities is given as percentages
relative to the control. Effect of OGD on hippocampal slice viability
was measured with MTT (A) and LDH (B) assay. Both assays show
that OGD treatment reduces brain tissue viability (in LDH assay OD
is inversely proportional with viability).

Effect of AR 1-42 on hippocampal slice viability measured with
MTT (C) and LDH (D) assay shows reduction of the brain tissue
viability.

OGD and AP 1-42 together have a synergistic negative effect
on hippocampal slice viability measured with MTT (E) and LDH
(F) assay. In both assays the decrease of viability was signifi-
cant.

For MTT assay we measured the OD of formazane dissolved
in DMSO with the formula (ODs59-ODgyg)/area of slice (mm?).
The supernatant of brain slices was also measured with LDH
kit and the results were calculated with the following formula:
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(OD450-0Dg20)/mean area of slices (mm?). Statistical analysis was
made with Student’s t-test. n=40 (slices); ***p <0.001.

After 1h of pretreatment in glucose- and carboxygenated-free
H-ACSF/2 solution, hippocampal slices of rat were treated with
different toxic agents. The toxic effect and slice viability were quan-
tified with MTT (A) and LDH (B) assay. “With OGD” stands for the 1 h
long pretreatment in glucose- and carboxygenated-free H-ACSF/2
solution. The media were changed to H-ACSF/3 solution for the
treatment with toxic agents, but also in the control. Both colori-
metric assays show that every treatment was toxic. In MTT assay
the 0.1 mM NaNg3, in LDH assay the 0.2 mM H, 0, had the most toxic
effect on hippocampal slices.

The MTT assay was measured by detecting the OD of formazane
dissolved in DMSO with the formula (OD559-ODgyg)/area of slice
(mm?). The supernatant of brain slices was also measured with an
LDH kit, and the results were calculated with the following formula:
(OD450-0Dgy0)/mean area of slices (mm?). Statistical analysis was
made with ANOVA, Bonferroni n =40 (slices); ***p <0.001 vs. control
(A), *p<0.05 vs. treatments (B).
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The cell-impermeant oligomer-(e.g. beta-amyloid-, or tubulin-) specific fluorescent dye, bis-ANS (4,4'-
bis-1-anilinonaphtalene-8-sulfonate), was successfully used for labeling mechanically damaged but still
viable neuron bodies, neurites and neurite cross sections in acute brain slices.

Acute hippocampal brain slices of rats were co-stained with bis-ANS and the cell-impermeant, DNA-
specific dye propidium iodide (PI) and were then analyzed using fluorescence and confocal microscopes.
Both the neuron bodies and the neurites were found to exhibit increased fluorescence intensities, suggest-

gg_vx;rsds" ing that using this method they can be detected more easily. In addition, bis-ANS showed good region - but
Fluorescence not cell specific co-localization with the neuron-specific fluorescent dye Dil (1,1’-Dioctadecyl-3,3,3',3'-
Neuron tetramethylindocarbocyanine perchlorate). These two dyes label different neuronal structures: Dil binds
Hippocampus specifically to intact cell membranes while bis-ANS can enter cells with compromised cell membranes
SH-SY5Y and then stain the microtubules in the cytoplasm. For a quick (10 min) staining of acute brain slices with
Acute slice bis-ANS both HEPES and NaHCO3; were needed in order to achieve high signal intensity.

Labeling with bis-ANS fluorescent dye is an easy method for imaging the neuronal structures on the
surface of acute brain slices.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Recently, there has been a renewed interest in the use of
extrinsic fluorescent dyes such as ANS, bis-ANS, Nile Red and
Thioflavin T because of their versatility, sensitivity and suitability
for high-throughput screening. These non-covalent, extrinsic fluo-
rescent dyes find widespread application in various fields of protein
analysis, e.g. to characterize folding intermediates, to measure
surface hydrophobicity, and to detect aggregation or fibrillation
[9].

The oligomer-specific bis-ANS (4,4’-bis-1-anilinonaphtalene-8-
sulfonate), first described by Rosen and Weber in 1969, is a dimeric
analogue of ANS. The fluorescence properties of this dye strongly
depend on their interaction with proteins, which results in changes

Abbreviations: DG, dentate gyrus; CA, cornus ammonis; Hil, hilus; PI, propidium
iodide; SM, stratum moleculare; Sub, subiculum.
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0361-9230/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
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in the polarity and viscosity of the environment [17]. The fluores-
cence is sensitive to the environment of the dyes with respect to
polarity, viscosity and temperature [15]. Hydrophobic and electro-
static interactions have been suggested as possible mechanisms for
binding of bis-ANS to proteins [2,8,11,12].

Bis-ANS exhibits a chaperone-like activity, effectively sup-
pressing protein aggregation and preventing a certain degree of
heat-inactivation of enzymes [5]. Horowitz et al. have recently
shown that bis-ANS binds to tubulin, inhibiting the formation of
microtubules [2,11]. Their experiments demonstrate the presence
of more than one site for the binding of bis-ANS to tubulin, and
additional binding sites may appear as a function of time and tem-
perature. Tubulin apparently has two types of bis-ANS binding
sites: a primary site responsible for the inhibition of microtubule
assembly with a kd of 2mM and six secondary sites with a kd
of 19mM [14]. Chakraborty et al. [2] reported that the binding
of bis-ANS to tubulin occurs instantaneously, specifically at one
high affinity site when 1 mM guanosine 5'-triphosphate (GTP) is
present in the reaction medium. However, in the absence of GTP,
binding of bis-ANS increases with time and occurs at multiple sites,
but substantial portions of the secondary structure along with the
colchicine-binding activity of tubulin are lost upon bis-ANS binding
[2,8].

The use of fluorescent neuron labeling methods has become
increasingly important in research on the nervous system and its
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Fig. 1. Using the fluorescent dye bis-ANS to label neurons in acute brain slices. Samples labeled in NaHCO3-free (only HEPES-buffered) solution (F) exhibited no fluorescence
during 10 min. Samples fixed (before staining, G; after staining, H) in 4% formaldehyde showed the same non-specific (homogenous) bis-ANS signal emitted from the tissue
structure in contrast to the viable (A-E; heterogenous labeling) slices. We used hippocampal (A-C, F-H), neocortical (D) and cerebellar (E) slices for these fluorescent
investigations. CA: cornus ammonis; Sub: subiculum; Hil: hilus; DG: dentate gyrus; Pur: Purkinje cells. Scale bar: 200 pm.

related pathological processes. The oxazine alkaloid Darrow Red,
first described by Powers et al. [13] is one of Nissl staining dyes.
Darrow Red was successfully combined with silver impregnation to
visualize the neurofibrillary changes characteristic of Alzheimer’s
disease [1]. Compared to Nissl type stains, a more sensitive and
definitive marker of neuronal degradation, Fluoro Jade, was first
reported by Schmued et al. [16]. Fluoro-Jade is an anionic fluo-

rochrome capable of selectively staining degenerating neurons in
brain slices. This dye can be combined with other fluorescent tech-
niques including immunofluorescence, fluorescent axonal tracing,
and fluorescent Nissl counterstaining [16]. Fluorescent lipophilic
carbocyanine dyes, Dil and DiO, have an extensive history of use
in cell biology, but their use as neuronal tracer has been intro-
duced recently. Honig and Hume [10] reported that these dyes

Fig. 2. Co-localization of bis-ANS (in neuronal somata and neurites) and PI (in the nuclei) fluorescence on acute hippocampal slices. The cells can be identified by the presence
of PI-stained nuclei. This image is a composite of confocal images taken using a 40x objective. We identified cells and their neurites (highlighted with asterisks on A and B)
in different regions of hippocampus: in CA1 (A), CA2 (B) and dentate gyrus (C). We also identified the cross sectional view of dendrites and axons (C). CA: cornus ammonis;

DG: dentate gyrus; SM: stratum moleculare. Scale bar: 20 pm.
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were applied in neurons placed in culture, and they initially labeled
the processes (anterograde and retrograde tracing) as well as the
cell bodies of cultured neurons, and that they were seemingly non-
toxic. Lateral diffusion in the membrane was the major mechanism
for the translocation of these molecules, rather than fast axonal
transport [10]. Godement et al. [7] reported that these dyes can be
used to label axonal and dendrite projections in fixed tissues, as
well. Our recent work presents a novel application of the bis-ANS
for the detection of mechanically damaged neurons. Our results
suggest that bis-ANS could be used for neuronal staining in the sur-
face of acute brain slices, owing to the tubulin-binding properties
of this dye.

2. Materials and methods
2.1. Materials

Cell-impermeant forms of bis-ANS (4,4’-Dianilino-1,1’-binaphthyl-5,5'-
disulfonic acid dipotassium salt, cat. no. D4162), propidium iodide (cat. no. P4170),
Dil (1,1’-Dioctadecyl-3,3,3’,3'-tetramethylindocarbocyanine perchlorate, cat. no.
42364), chloral hydrate (cat. no. 23100), and general reagents were obtained from
Sigma-Aldrich, Hungary. The animal protocols applied in this study had been
approved by the National Institutes of Health and by the University of Szeged;
permission/licence numbers: 1-02442/001/2006.

2.2. Neuroblastoma cell culturing

SH-SY5Y cells were obtained from Sigma-Aldrich (Hungary) and were used with
amethod slightly modified from Datki et al. [3]. The cells were plated for24 hat 37°C
in Petri dishes (Sigma) at a density of 3 x 10 cells per well to confluency with 5%
CO; in a humidified atmosphere with Dulbecco’s modified Eagle’s medium (MEM):
F-12 (1:1) with phenol red (Sigma). L-Glutamine (4 mM; Gibco, Europe), penicillin
(200 units/ml; Gibco), streptomycin (200 pg/ml; Gibco), MEM non-essential amino
acid solution (100x liquid mg/L; Gibco) and 10% fetal bovine serum (FBS; Gibco)
were added to the medium. After mechanically damaging the cells by cutting a
straight line on the Petri dish surface with a blade they were incubated in the
presence of bis-ANS (10 wM) and PI (3 wM) for 10 min.

2.3. Preparation of acute brain slices

A modified version of the method reported by Datki et al. [4] was used in our
experiments. Following narcosis with chloral hydrate (0.4 g/kg), 3-months-old male
Wistar rats were decapitated and the heads (without scalp-skin) were placed in ice
cold distilled water for 30s. The brains were quickly removed and immersed in
minimal Ca*-containing ACSF (preparation solution) with elevated Mg?* at4°C. The
composition of the preparation solution was the following (in mM): NaCl 127, KCI 2,
MgCl; 3.5, CaCl; 0.5, NaHCOs; 25, p-glucose 10, pH = 7.4. Brain slices with a thickness
of 400 wm were prepared from the hippocampus with a Mcllwain tissue chopper
(Campden Instruments, Loughborough, UK) at 4 °C and were rapidly transferred into
the Petri dish for labeling.

2.4. Cell line and acute slice labeling

SH-SY5Y human neuroblastoma cells and the acute hippocampal brain slices
(with an area of approximately 8 mm?) were labeled with the fluorescent dyes (bis-
ANS, Pl or Dil) in a labeling solution at room temperature (24 °C). This solution was
composed of the following (in mM): NaCl 129, HEPES 20, NaHCO; 10, sucrose 10
(pH=7.4), supplemented with 10 M bis-ANS, 3 wM propidium iodide (PI) or 50 uM
Dil (with 1% DMSO in solution). Bis-ANS and PI were used simultaneously (10 min),
but in bis-ANS/Dil co-labeling experiments we first added Dil for 15 min, and after
washing with labeling solution, we added bis-ANS for 10 min. After labeling and re-
washing we transferred the slices to a cover slip mounted glass slide. In every case
we controlled the distance (0.4 mm) between two glasses with an adhesive-paper
(thickness 0.4 mm). As a result, all of the anatomically undamaged hippocampal
slices from the median part (+2 mm from middle) of hippocampus could be used
for the experiments.

2.5. Fluorescence microscopy

Measurements were performed at room temperature (24°C). Images
(Figs. 1, 3 and 4) were taken by a 24-bit digital Colour-View Il FW camera (with
CCD arrays of 2080 x 1544 pixels) interlocked with the imaging system of an
OLYMPUS IX71 inverted research fluorescence microscope. Image acquisition and
analysis were performed by analySIS 3.2 software (OLYMPUS, Budapest, Hungary).
To detect the fluorescence of the dyes we used the following wavelengths (ex./em.):
380/535 nm (bis-ANS), 530/620 nm (PI) and 550/620 nm (Dil).

Fig. 3. Using bis-ANS and PI to label neuroblastoma cells incised by a blade. By a
dint of a blade an incision was made on viable, monolayers of non-differentiated
SH-SY5Y human neuroblastoma cells (A), then the monolayers were labeled with
bis-ANS, staining the cell bodies in green (C) and propidium iodide (PI), staining
the nuclei in red (D). The samples were analyzed by fluorescent microscopy and
the obtained pictures were merged (B). Scale bar: 20 wm. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
the article.)
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Fig. 4. Region-specific co-localization of bis-ANS (in mechanically damaged neurons, green) and Dil (in intact viable neurons, red) fluorescence in acute hippocampal brain
slices. We detected co-localization in granule cells of DG (B) or in CA1 (A) regions. In higher magnification (450x, C) we can see that the staining properties of bis-ANS and
Dil are differently related to the cell bodies and neurites. Bis-ANS is specific for damaged cell bodies and neurites and allows the imaging of neurite cross sections, while Dil
labels the horizontal intact neurites. CA: cornus ammonis; DG: dentate gyrus; Hil: hilus; SM: stratum moleculare; Sub: subiculum, Den: dendrites. Scale bar: 0.5 mm on A,
200 wm on B and 20 wm on C. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

2.6. Confocal microscopy

Fluorescence detection (Fig. 2) was performed by using an Olympus Fluoview
FV1000 confocal laser scanning microscope (Olympus Life Science Europa GmbH,
Hamburg, Germany). The microscope configuration was the following: objective
lens: UPLFLN 40x oil immersion objective with the numerical aperture of 1.30;
scanning dimensions: 800 x 800 pixel; sampling speed: 8 s/pixel; confocal aper-
ture: 211 wm; zoom: 1x or 2x; line averaging: 2x; scanning mode: sequential
unidirectional; excitation: 405nm (bis-ANS) and 543 nm (PI); laser transmissiv-
ity: 1% and 10% were used for bis-ANS and PI, respectively; main dichoroic beam
splitter: DM405/488/543; intermediate dichoroic beam splitter: SDM 490; bis-ANS
was detected between 410 and 490 nm using spectrum separation, PI was detected
between 584 and 684 nm. Using Olympus Fluoview software (version 1.7.2.2) bis-
ANS and Pl images were pseudo colored green and red, respectively.

3. Results and discussion

Using the non-covalent extrinsic fluorescent dye bis-ANS for
staining acute hippocampal slices, we observed that the dye could
label the tissues along with neuronal structures in dentate gyrus
(DG), cornus ammonis (CA) 1-3 regions, hilus (Hil) and subiculum
(Sub) (Fig. 1A-C). As we studied the labeling properties of bis-ANS
on rat acute brain slices, we found that formaldehyde-fixed tissue
samples (before staining, Fig. 1G; after staining, Fig. 1H) emitted
non-specific homogenous fluorescence in contrast to the viable
slices taken from the hippocampus (Fig. 1A-C) neocortex (Fig. 1D)
and cerebellum (Fig. 1E). In non-fixed viable tissues the neurons
exhibited heterogeneous and higher fluorescence intensities com-
pared to fixed tissues, especially in the hippocampal Sub (Fig. 1A),
in CA2 region (Fig. 1B), Hil (Fig. 1C) and in cerebellar Purkinje cells
(Fig. 1E). In the NaHCO;-free (only HEPES-buffered) solution no
specific bis-ANS signals could be detected after 10 min of staining
(Fig. 1F). We concluded that the fluorescence emission of bis-ANS
is NaHCOs-dependent (the mechanism is unknown).

In addition to bis-ANS, we stained the neuronal nuclei with PJ,
a DNA-specific dye that can only stain cells having damaged cell
membranes. Then confocal images were taken of live acute hip-
pocampal slices, where the cells were identified by their PI-stained
nuclei (Fig. 2).In all regions of the hippocampus (Fig. 2A-C), bis-ANS
and PI were co-localized and the cross-sectional view of neurites
(mainly dendrites) was identified (Fig. 2C).

It was necessary to prove that the extrinsic fluorescent dye
bis-ANS only labels damaged cells. For this assay we used non-
differentiated SH-SY5Y human neuroblastoma monolayer cell
culture (Fig. 3). An incision was made by a dint of a blade on the
cells settled in the Petri-dish (Fig. 3A), then it was labeled with

bis-ANS (Fig. 3C) and PI (Fig. 3D). After 10 min we analyzed the
samples using fluorescence microscopy and co-localizing pictures
(Fig. 3B). We noticed that exclusively the cells near the cut absorbed
the dyes. These cells were damaged by the blade. It is important to
note that neurons in the acute hippocampal slices were damaged
only around the cutting area, but the whole structure remained
anatomically intact.

Using the well-known fluorescent dye Dil (specific for intact
viable neurons), we observed region-specific co-localization with
bis-ANS in mechanically damaged neurons in acute hippocampal
slices. These co-localization patterns were found in granule cells of
DG (Fig. 4B) or in CA1 (Fig. 4A) regions. In a higher magnification
(450x; Fig. 4C) we could see that the staining properties of bis-ANS
and Dil were different in the neuronal structures (e.g. neurites and
cell bodies). Bis-ANS is specific for damaged cell bodies and neurites
and allows the imaging of neurite cross sections, while Dil labels
the horizontal intact neurites.

4. Conclusion

Labeling with bis-ANS fluorescent dye is an easy method for
imaging the neuronal structures on the surface of acute brain slices.
The dye only labels damaged cells in non-fixed tissue and co-
staining with different fluorescent dyes (e.g. Dil) allows detailed
imaging of brain tissue structures.
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Disturbances in intraluminal endoplasmic reticulum (ER) Ca?* concentration leads to the accumulation of
unfolded proteins and perturbation of intracellular Ca?* homeostasis, which has a huge impact on mito-
chondrial functioning under normal and stress conditions and can trigger cell death. Thapsigargin (TG) is
widely used to model cellular ER stress as it is a selective and powerful inhibitor of sarcoplasmic/endo-
plasmic reticulum Ca®* ATPases. Here we provide a representative proteome-wide picture of ER stress
induced by TG in N2a neuroblastoma cells. Our proteomics study revealed numerous significant protein
expression changes in TG-treated N2a cell lysates analysed by two-dimensional electrophoresis followed
by mass spectrometric protein identification. The proteomic signature supports the evidence of increased
bioenergetic activity of mitochondria as several mitochondrial enzymes with roles in ATP-production, tri-

Keywords:
Endoplasmic reticulum stress
Thapsigargin

Grp78
Two-dimensional electrophoresis carboxylic acid cycle and other mitochondrial metabolic processes were upregulated. In addition, the
Proteomics upregulation of the main ER resident proteins confirmed the onset of ER stress during TG treatment. It

Neurodegenerative disorder has become widely accepted that metabolic activity of mitochondria is induced in the early phases in
ER stress, which can trigger mitochondrial collapse and subsequent cell death. Further investigations
of this cellular stress response in different neuronal model systems like N2a cells could help to elucidate
several neurodegenerative disorders in which ER stress is implicated.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction the regulation of intracellular Ca?* homeostasis (Stutzmann and

Mattson, 2011). Owing to its role as an intracellular Ca?* reservoir,

The endoplasmic reticulum (ER) is a membrane-bound orga-
nelle presented in all eukaryotic cells, where it has a role in storing,
modifying and transporting newly synthesized proteins and in
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the ER functions as an excitable system that is capable of spreading
Ca?*-related signals throughout the cell (Berridge, 2002). Changes
in intracellular Ca®* concentration regulate the activity of numer-
ous proteins with roles in different cellular processes (Berridge
et al., 2003). Disturbances in intraluminal ER Ca®* concentration
lead to protein unfolding because of the Ca?*-dependent nature
of several ER chaperones, such as glucose-regulated protein 78
(Grp78), Grp94 and calreticulin (Ma and Hendershot, 2004). These
proteins are involved in protein folding, post-translational modifi-
cation, Ca®" storage and release, and lipid synthesis and metabo-
lism (Michalak et al., 2002). A recent study suggests that ER may
contain transient receptor potential cation channel subfamily V
member 1 inducing Ca?* leak (Gallego-Sandin et al., 2009). In addi-
tion, calcium homeostasis modulator 1 is able to decrease the Ca®*
content of the ER, which produces ER stress leading to cell death
(Gallego-Sandin et al., 2011). Accumulation of unfolded proteins
triggers the unfolded protein response (UPR), which is an evolu-
tionarily conserved cell stress response that initially aims to com-
pensate for damage, but can trigger cell death if the ER dysfunction
is severe or prolonged (Xu et al., 2005).
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Thapsigargin (TG) is a sesquiterpene alkaloid that is a highly
selective and powerful inhibitor of sarcoplasmic/endoplasmic
reticulum Ca®* ATPase (SERCAs) pumps. By the inhibition of SER-
CAs, TG prevents Ca®" transport into the ER lumen and subse-
quently increases the Ca®* level in the cytosol (Lytton et al.,
1991; Sagara and Inesi, 1991). TG induced a rapid rise followed
by a sustained increase in free cytosolic Ca®* in the murine hypo-
thalamic cell line, GT1-7 (Wei et al., 1998). Furthermore TG trig-
gered ER stress-induced apoptotic cell death in primary rat
cortical neurons (Chung et al., 2011).

Besides many other human diseases, ER stress and UPR are also
implicated in different neurological disorders (Matus et al., 2011).
Investigations of clinical samples confirm that ER stress is one of
the main pathological events in Parkinson’s disease, Alzheimer’s
disease and multiple sclerosis (Hoozemans et al., 2007; Hoozemans
et al., 2009; Cunnea et al., 2011). In addition, very recent studies
provide direct evidence of upregulation of UPR in motor neuron
disease models suggesting that ER stress plays a major role in
amyotrophic lateral sclerosis (Prell et al., 2012). Despite the
accumulated knowledge, the exact mechanism of the neuronal ER
stress remains obscure. However, the UPR-related signalling
pathways and related metabolic processes could be a potential
therapeutic target for the treatment of neurological disorders.

In this study, we used two-dimensional electrophoresis (2-DE)
along with mass spectrometry (MS) to identify protein expression
changes in TG-treated N2a neuroblastoma cells. We showed that
several ER chaperone proteins were upregulated on TG treatment,
which could confirm the activation of TG-induced ER stress. Here
Grp78 expression was validated meticulously by Western blot
analysis. Besides ER chaperones, majority of the upregulated pro-
teins belonged to the mitochondrial proteome suggesting a strong
crosstalk between ER stress and mitochondrial bioenergetic
changes. Morphological changes of cells were also observed after
TG treatment resulting in a marked reduction in the number of
neurites. This correlated well with the fact that a significant por-
tion of the downregulated proteins control cytoskeletal
organisation.

2. Materials and methods
2.1. Materials

High performance liquid chromatography grade acetonitrile,
formic acid, dimethyl sulfoxide (DMSO), Tris, urea, thiourea, 3-
[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate
(CHAPS), dithioerythritol (DTE), iodoacetamide (IAA), glycerol and
TG were obtained from Sigma-Aldrich (Budapest, Hungary). So-
dium dodecyl sulphate (SDS) and piperazine diacrylamide were
purchased from Bio-Rad (Hercules, CA, USA). Acrylamide was pro-
cured from GE Healthcare (Little Chalfont, UK).

2.2. Cell culture, treatment and cell viability assay

A slightly modified method of Datki et al. (2003) was used for
cell culturing. Mouse N2a cells (Sigma-Aldrich, Hungary) were
grown for 2 days on 96-well plates reaching a density of 3 x 10*
cells per well to confluency with 5% CO, in a humidified
atmosphere with Dulbecco’s modified Eagle’s medium (DMEM).
L-Glutamine (4 mM; Gibco, Europe), penicillin (200 units/mL;
Gibco), streptomycin (200 pg/mL; Gibco), MEM non-essential ami-
no acid solution (100 x liquid mg/L; Gibco) and 10% fetal bovine
serum (FBS; Gibco) were added to the medium. The cells were trea-
ted with 1 uM TG dissolved in DMSO (stock solution 1 mM) or 0.1%
DMSO as control. EZ4U assay was performed to measure the toxic
effect of TG on cell viability. N2a cells grown on 96-well plates

were treated with 1 M TG or 0.1% DMSO for 24 or 48 h, and the
media was changed to FBS-free media during treatments. After
24 or 48 h incubation, 10 uL of EZ4U stock solution (one kit
dissolved in 2.5 mL activator solution and 2.5 mL distilled water;
Biomedica, Hungary) was added to each well, containing a 90 pL
FBS-free medium, and the mixture was incubated for 2 h. The
optical density was measured with a 96-well plate ELISA reader
at 490 nm, with the reference filter set to 620 nm. Each cell viabil-
ity assay was triplicated.

2.3. Sample preparation, 2D gel-electrophoresis and image analysis

For 2-DE and Western blot analysis N2a cells were grown in
60 mm Petri-dishes and were treated with TG as described above.
After 24 h of treatment cells were washed three times with phos-
phate-buffered saline (PBS), then collected in 1.5 mL ice cold PBS.
The suspensions were centrifuged at 1000g for 10 min at 4 °C.
The supernatants were removed and the cell pellets were stored
at —80 °C until lysis. Each pellet was lysed in 100 pL 2-DE lysis buf-
fer (7 M urea, 2 M thiourea, 4% CHAPS, 50 mM DTE) supplemented
with a 1% (v/v) protease inhibitor cocktail (Sigma-Aldrich). The
samples were incubated on ice for 15 min then the cells were phys-
ically disrupted by sonication for 6 cycles (10 s sonication/10s
break) on ice. The lysates were centrifuged at 14,000g for 30 min
at 4 °C. The supernatants were then pipetted into clean Eppendorf
tubes. Four samples per group were pooled to obtain a sufficient
amount of protein for 2-DE (12 Petri-dishes/group). On the whole
three independent gels were made and analysed per group. The
protein concentrations were determined by a Non-Interfering
Protein Assay Kit (Calbiochem, Gibbstown, NJ, USA). A volume of
samples containing 400 pg of total protein was supplemented with
a 2-DE lysis buffer to a total volume of 450 pL plus 2.5 pL Bio-Lyte
3-10 buffer (Bio-Rad, Hercules, CA, USA) and left on 24 cm, pH 3-
10, NL IPG strips (Bio-Rad) for overnight rehydration. Isoelectric
focusing and subsequent SDS-polyacrylamide gel-electrophoresis
(SDS-PAGE) were performed as described previously (Foldi et al.,
2011). After SDS-PAGE, the gels were stained with ruthenium (II)
bathophenanthroline disulphonate (RuBPs) according to the proto-
col of Rabilloud et al. (2001). Following staining, the gels were
scanned on a FLA-5100 laser scanner (Fujifilm, Tokyo, Japan) using
a 473 nm laser and the 575 nm Ip filter at 100 pm resolution, and
the photomultiplier (PMT) was adjusted to 400 V. Digitised 2-D gel
images were analysed by Progenesis Samespots software version
3.3.3420.25059 (NonLinear Dynamics, Newcastle Upon Tyne, UK).
Software-based analysis focused on those spots that were 100%
matched across all the gels.

2.4. Mass spectrometric analysis and protein identification

RuBPs stained gels were overstained with colloidal Coomassie
blue G-250 according to the “Silver Blue” staining protocol (Candi-
ano et al., 2004). Individual spots of interest were excised from the
gel, destained, and then subjected to in-gel digestion with trypsin
for 24 h at 37 °C using modified protocol of Shevchenko et al.
(1996). Tryptic peptides extracted from gel pieces using 50% aceto-
nitrile and 5% formic acid were dried under a vacuum. MS analysis
was performed on a Waters NanoAcquity UPLC system coupled
with a Micromass Q-TOF premier mass spectrometer (Waters,
Millford, MA, USA) as described previously (Foldi et al., 2011). All
the obtained data were processed and peaklists were generated
by the Waters Proteinlynx Global Server, ver. 2.4 software using
default settings. Each MS/MS sample was analysed using a Mascot
2.2.07 (Matrix Science, London, UK). The Mascot device was set up
to search in a Swissprot 2011_05 database (528048 entries) where
the selected digestion enzyme was trypsin. A database search was
performed with a fragment ion mass tolerance of 0.15Da and a
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Table 1

Proteins identified and used for categorisation.
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Spot#*  Protein name Accesion  Gene Fold t-Test®  Cellular Biological process?
number®  symbol change localisation®
Up regulated proteins
1183 78 kDa glucose-regulated protein P20029 Hspa5 2.2 0.0025 ER, Cyt, Nuc, Protein folding (chaperone activity), negative
Perinuclear regulation of apoptosis
region
1194 78 kDa glucose-regulated protein P20029 Hspa5 2.1 0.0091 ER, Cyt, Nuc, Protein folding (chaperone activity), negative
Perinuclear regulation of apoptosis
region
366 Aconitate hydratase, mitochondrial Q99KIO Aco2 1.9 0.0114 Mit, Nuc Energy metabolism (TCA cycle)
2021 Acyl-coenzyme A thioesterase 2, Q9QYR9  Acot2 1.5 0.0018 Mit Metabolic process (lipid and acyl-CoA metabolic
mitochondrial process)
2118 Adenylate kinase 2, mitochondrial QIWTP6  Ak2 1.7 0.0019 Mit Energy metabolism, nucleotide synthesis
2118 Coiled-coil-helix-coiled-coil-helix domain- Q9CRB9 Chchd3 1.7 0.0019 Mit Scaffold protein (maintaining mitochondrial
containing protein 3, mitochondrial crista architecture and protein import, Darshi
et al. (2011))
1207 Aspartate aminotransferase, mitochondrial P05202 Got2 1.6 0.0020 Mit, Plasma Metabolic process (amino-acid metabolism),
membrane lipid transport
1638 ATP synthase subunit beta, mitochondrial ~ P56480 Atp5b 19 0.0001 Mit, Plasma Energy metabolism (ATP synthesis), proton
membrane transport
1986 Calreticulin P14211 Calr nd® - ER, Nuc, Cyt, Protein folding (chaperone activity), regulation
Golgi of gene expression and cell cycle
1237 Cathepsin B P10605 Ctsb 25 0.0022 Lys, Mit, Cyt Proteolysis, negative regulation of cell death
1309 Coproporphyrinogen-III oxidase, P36552 Cpox 1.7 0.0169 Mit Metabolic process (heme biosynthesis)
mitochondrial
2001 Cytosol aminopeptidase QICPY7 Lap3 1.6 0.0001 Cyt, Mit, Nuc,  Proteolysis
Golgi
820 Dihydrolipoyl dehydrogenase, 008749 DIid 1.6 0.0009 Mit Energy metabolism (pyruvate dehydrogenase
mitochondrial subunit), proteolysis
628 Dihydrolipoyllysine-residue Q8BMF4  Dlat 1.5 0.0059 Mit Energy metabolism (pyruvate dehydrogenase
acetyltransferase component of pyruvate subunit)
dehydrogenase complex, mitochondrial
1038 Endoplasmic reticulum resident protein 44 Q9D1Q6  Erp44 1.6 0.0041 ER Protein folding, cell redox homeostasis
1593 Enoyl-CoA hydratase, mitochondrial Q8BH95  Echsl 1.5 0.0149 Mit Metabolic process (lipid metabolism)
1724 Ferritin light chain 1 P29391 Ftl1 1.7 0.0086 - Cellular iron ion homeostasis
1718 Glucosamine 6-phosphate N- Q9JK38 Gnpnat1 1.5 0.017 Golgi, ER- Metabolic process (glucosamine metabolism)
acetyltransferase Golgi
intermediate
519 Heat shock protein 75 kDa, mitochondrial Q9CQN1  Trapl 1.5 0.0016 Mit Protein folding (chaperone activity), response to
oxidative stress
1362 Heat shock protein HSP 90-beta P11499 Hsp90ab1 1.5 0.0009 Cyt, Mit Protein folding (chaperone activity), response to
stress
2113 Heterogeneous nuclear ribonucleoprotein ~ Q9Z204 Hnrnpc 1.5 0.0059 Nuc mRNA processing
C1/C2
1429 Hydroxyacyl-coenzyme A dehydrogenase, Q61425 Hadh 1.5 0.0066 Mit, Nuc, Cyt Metabolic process (lipid metabolism)
mitochondrial
1234 Isocitrate dehydrogenase [NAD] subunit Q9D6R2  Idh3a 1.5 0.0035 Mit Energy metabolism (TCA cycle), NADH
alpha, mitochondrial metabolic process
2090 Lamin-B1 P14733 Lmnb1 1.5 0.0154 Nuc Components of nuclear lamina, regulation of
JNK cascade and cyclin-dependent protein kinase
activity
1584 NFU1 iron-sulfur cluster scaffold homolog, Q9QZ23 Nful 1.5 0.0176 Cyt, Mit, Nuc Iron-sulfur assembly
mitochondrial
1057 Ornithine aminotransferase, mitochondrial P29758 Oat 1.5 0.0083 Mit, Cyt Metabolic process (arginine and proline
metabolism)
804 Endoplasmic reticulum resident protein 57 P27773 Pdia3 2.2 0.0028 ER Protein folding, cell redox homeostasis
1576 Putative ATP-dependent Clp protease 088696 Clpp 1.6 0.0082 Mit Proteolysis
proteolytic subunit, mitochondrial
2104 Pyruvate dehydrogenase E1 component P35486 Pdhal 1.5 0.0022 Mit Energy metabolism (pyruvate dehydrogenase
subunit alpha, somatic form, mitochondrial subunit)
371 Src substrate cortactin Q60598 Cttn 1.8 0.0029 Cyt Cytoskeleton organisation
1700 Superoxide dismutase [Mn], mitochondrial P09671 Sod2 1.5 0.0084 Mit Cell redox homeostasis, response to oxidative
stress
1453 Voltage-dependent anion-selective Q60932 Vdacl 1.8 0.0041 Mit, Plasma Transport (ion transport), neuron-neuron
channel protein 1 membrane synaptic transmission
2091 Voltage-dependent anion-selective Q60930 Vdac2 1.5 0.0044 Mit Transport (ion transport), regulation of intrinsic
channel protein 2 apoptotic signalling
2144 V-type proton ATPase subunit B, brain P62814 Atp6v1b2 1.5 0.01 Plasma ATP hydrolysis coupled proton transport
isoform membrane,
Cyt, Golgi
Down regulated proteins
2083 26S proteasome non-ATPase regulatory Q8BG32 Psmd11 -1.6 0.0020 Cytoplasm Proteolysis (regulatory subunit of 26S
subunit 11 (proteosome) proteosome)
1643 28 kDa heat- and acid-stable Q3UHX2  Pdap1l -1.8 0.0110 - Cell growth and proliferation (PDGF-associated

phosphoprotein

protein)
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Spot#*  Protein name Accesion  Gene Fold t-Test®  Cellular Biological process?
number®  symbol change localisation®
1147 Activator of 90 kDa heat shock protein Q8BK64 Ahsal -1.5 0.0191 Cyt, ER Protein folding (co-chaperone that activates
ATPase homolog 1 Hsp90 ATPase activity)
1102 Adenosylhomocysteinase P50247 Ahcy -1.5 0.0019 Cytoplasm Metabolic process (amino-acid metabolism)
2174 Adenosylhomocysteinase P50247 Ahcy -1.7 0.0165 Cytoplasm Metabolic process (amino-acid metabolism)
724 Asparagine synthetase [glutamine- Q61024 Asns -1.7 0.0043 Cyt Metabolic process (amino-acid metabolism),
hydrolyzing] response to glucose starvation, toxin and amino
acid stimulus
732 Asparagine synthetase [glutamine- Q61024 Asns -1.5 0.0001 Cyt Metabolic process (amino-acid metabolism),
hydrolyzing] response to glucose starvation, toxin and amino
acid stimulus
735 Asparagine synthetase [glutamine- Q61024 Asns -1.7 0.0064 Cyt Metabolic process (amino-acid metabolism),
hydrolyzing] response to glucose starvation, toxin and amino
acid stimulus
745 Asparagine synthetase [glutamine- Q61024 Asns -1.6 0.0001 Cyt Metabolic process (amino-acid metabolism),
hydrolyzing] response to glucose starvation, toxin and amino
acid stimulus
1996 Aspartyl-tRNA synthetase, cytoplasmic Q922B2 Dars -1.5 0.0002 Cytoplasm tRNA processing
455 Cytoplasmic dynein 1 intermediate chain2 088487 Dyncli2 2.7 0.0004 Cytoplasm Cytoskeleton organisation (intracellular
retrograde transport)
716 Dihydropyrimidinase-related protein 3 Q62188 Dpysl3 -1.8 0.0029 Cytoplasm Cytoskeleton organisation (axon guidance,
actin crosslink formation)
2098 Dihydropyrimidinase-related protein 3 Q62188 Dpysl3 -15 0.0083 Cytoplasm Cytoskeleton organisation (axon guidance,
actin crosslink formation)
2195 DNA damage-binding protein 1 Q3U1)4 Ddb1 -1.6 0.0053 Nuc, DNA repair (response to DNA damage stimulus),
Cytoplasm ubiquitination and subsequent proteosomal
degradation of target proteins
1077 Eukaryotic translation initiation factor 3 Q9Z1D1 Eif3 g -1.7 0.0155 Cytoplasm, Translation
subunit G Nuc
444 Ezrin P26040 Ezr -1.5 0.0056 Cytoskeleton, Cytoskeleton organisation (actin filament
cyt, plasma bundle assembly)
membrane
1167 Glutaredoxin-3 QICQM9  GIrx3 -1.5 0.0067 Cytoplasm Cell redox homeostasis
835 Inosine-5-monophosphate dehydrogenase P24547 Impdh2 -1.8 0.01 Cytoplasm, Metabolic process (purine metabolism)
Nuc
2027 Inositol-3-phosphate synthase 1 Q9JHU9 Isynal -1.7 0.0148 Cytoplasm Metabolic process (inositol biosynthesis)
2111 Leukotriene A-4 hydrolase P24527 Lta4 h -1.5 0.0170 Cytoplasm, Metabolic process (leukotriene biosynthesis),
Nuc proteolysis
717 Phosphoglucomutase-1 Q9DOF9 Pgm1 -1.9 0.0091 Cyt, Metabolic process (glucose metabolism)
Cytoskeleton
2030 Programmed cell death 6-interacting Q9WU78  Pdcd6ip -1.5 0.0021 Cyt, Cell growth and proliferation (regulation of
protein Cytoskeleton both cell proliferation and apoptosis)
1045 Proliferation-associated protein 2G4 P50580 Pa2g4 -1.5 0.0016 Nuc, Cell growth and proliferation (rRNA processing,
Cytoplasm regulation of transcription)
798 Protein RCC2 Q8BK67 Rcc2 -1.8 0.0134 Nuc, Cell growth and proliferation
Cytoplasm
1512 Purine nucleoside phosphorylase P23492 Pnp -1.6 0.0004 Cyt, Metabolic process (purine metabolism)
Cytoskeleton
452 Radixin P26043 Rdx -1.8 0.0049 Cytoskeleton, Cytoskeleton organisation (actin filament
Plasma capping)
membrane
1146 Septin-5 Q9Z72Q6 Sept5 -1.5 0.0105 Cytoskeleton, Cytoskeleton organisation (regulation of
Plasma exocytosis and cell division)
membrane
1525 tRNA (adenine-N(1)-)-methyltransferase Q80XC2 Trmt61a -1.7 0.0044 Nuc tRNA processing
catalytic subunit TRMT61A
2031 tRNA (cytosine-5-)-methyltransferase Q1HFZ0 Nsun2 -1.5 0.0016 Nuc, tRNA processing
NSUN2 Cytoplasm
91 Vinculin Q64727 Vcl -1.7 0.0017 Cytoskeleton, Cytoskeleton organisation (regulation of cell
Plasma migration)
membrane
¢ Numbers are identical with spot numbers illustrated in Fig. 2.
b Swiss-Prot/TrEMBLE accession number.
¢ Significance level of Student’s t-test calculated by Progenesis SameSpots software (p < 0.05 was considered statistically significant).
d

common terms are in bold and used for subsequent categorisation (Fig. 3).
¢ This spot was not detected (n.d.) on control gels.

parent ion tolerance of 50 ppm (6 ppm average mass error of vali-
dated hits, 95% below 20 ppm). An iodoacetamide derivative of
cysteine was specified as a fixed modification in Mascot, while
the oxidation of methionine was specified as a variable modifica-
tion. No efforts were made to identify protein modifications, iso-
forms or alternative splicing products, the applied protocols were

Cell compartment (Cyt - cytosol, ER - endoplasmic reticulum, Nuc - nucleus, Mit - mitochondria) and biological process terms assigned to each protein. The most

focused on identification of proteins. Theoretical pl and Mw values
of identified proteins were calculated using the Compute pl/Mw
tool at the Expasy website (http://www.expasy.org/tools/
pi_tool.html). Scaffold (version Scaffold_3_05_00, Proteome
Software Inc., Portland, OR) was used to validate MS/MS based
identifications of peptides and proteins. Protein identifications
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were accepted if they could be established at greater than 95.0%
probability and contained at least four identified peptides. For mul-
tiple identifications, only the protein assumed to be present in
largest amount was used for subsequent categorisation. Protein
quantity was estimated by the total number of MS/MS spectra as-
signed to the identified protein.

2.5. Functional classification

Proteins were categorised manually according to the informa-
tion found on the Uniprot (www.uniprot.org) and/or on the Gene-
Ontology (GO) websites (www.geneontology.org). As most of the
proteins have multiple roles and/or localisations, for manual cate-
gorisation only the most common role and localisation of each pro-
tein were used. However, the multiple cellular localisations and
biological roles of each protein were summarised in Table 1. Be-
sides the manual classification, a GO-based analysis was performed
using the Database for Annotation, Visualisation and Integrated
Discovery (DAVID) web-based knowledge database (Huang da
et al., 2007). DAVID provides a functional annotation tool which
performs a gene-GO term enrichment analysis to find the most sig-
nificant GO terms associated with a given list compared to back-
ground protein set - in our case the whole mouse genome
annotated in DAVID. In order to present which categories were sig-
nificantly overrepresented in our list “cellular compartment”- and
“biological process”-associated GO terms were analysed and the
significance level was set to p < 0.05. A network analysis of proteins
was also performed using STRING web-based interaction database
(Jensen et al., 2008). After exporting the data from STRING, the net-
work was visualised and edited using Medusa 1.5 graph visualisa-
tion tool (Hooper and Bork, 2005).

2.6. Western blot

Whole cell lysates from two independent cell passages (n=6)
containing 20 pg of total protein were separated by 8% SDS-PAGE
(6 x 8cm) and transferred onto nitrocellulose membranes (Bio-
Rad). After blocking in Tris-buffered saline (TBS) containing 5% bo-
vine serum albumin (BSA), the membrane was incubated with
anti-Grp78 (Stressgen, Victoria British Columbia, Canada, 1:2000)
diluted in TBS containing 0.1% Tween-20 and 5% BSA (TBST-BSA),
then incubated with horseradish peroxidase (HRP)-conjugated
anti-mouse IgG (Dako, Glostrup, Denmark, 1:10000) also diluted
in TBST-BSA. After probing the membranes with anti-Grp78 the
same membranes were stripped in buffer containing 0.2 M glycine
pH 2.0, 0.1% SDS, 1% Tween-20 and re-probed with anti-beta-actin
(Sigma-Aldrich, 1:1000). Then, Grp78 intensities were normalised
to beta-actin band intensities.

Subcellular fractions were made by using Qproteome cell com-
partment kit (Qiagen, Valencia, CA, USA) according to the manufac-
turer’s instructions. A volume of fractions containing 10 pg of total
protein was loaded onto polyacrylamide gels. The subsequent wes-
tern blot procedure was performed as described above. Here, the
Grp78 band intensities were normalised using the total protein
intensities of the same membrane visualised by Ponceau red stain-
ing (Sigma-Aldrich). Supplementary Fig. 1 presents the Ponceau
red stained membranes. A volume of fractions containing 10 pg
of total proteins were also separated by 15% SDS-PAGE and after
the transfer the nitrocellulose membrane was incubated with
anti-histone H3 (Abcam, Cambridge, UK, 1:10000) and with HRP-
conjugated anti-rabbit IgG (Dako, 1:10000).

For each Western blot the immune complexes were detected
with a chemo-luminescent substrate of peroxidase (Pierce, Rock-
ford, IL, USA) according to the manufacturer’s instructions by expo-
sure to X-ray film (Sigma-Aldrich). X-ray films were digitised on a
FLA-5100 laser scanner using the digitising mode at 50 pum resolu-

tion. Ponceau red stained membranes were also digitised on the
same scanner with the same parameters. The digitised images
were analysed by Image] software (Schneider et al., 2012).

2.7. Statistical analysis

In 2-DE, software-based analysis was filtered to detect different
spots having a p <0.05, power > 80% and fold change > 1.5. To
control the multiple testing we used the sequential goodness of
fit (SGOF) statistical test with SGoF software, where only spots hav-
ing SGoF-adjusted p < 0.05 were accepted as significant difference
(Carvajal-Rodriguez et al., 2009). For further statistical analysis
the normalised spot volumes were exported from Progenesis
SameSpots software to calculate the coefficient of variation
(CV%), which is defined as the ratio of the standard deviations of
normalised spot volumes to the means, expressed in percentage
terms. The variations of each group were characterised by the
median CV% and the CV¥% that encompassed 95% of the spots
(95th percentile position). In the EZ4U and Western blot analysis,
the differences between treated and control samples were deter-
mined by applying Student’s t-test with a two-tailed distribution.
Student’s t-test was performed with or without Welch’s correction
depending on the equality of variances of compared groups calcu-
lated by F-test. Statistical analysis was performed on GraphPad
Prism 5 software (GraphPad software, CA, USA). Here a p <0.05
was considered statistically significant.

3. Results
3.1. Cell viability and morphological study

To analyse the toxic effect of TG, murine N2a neuroblastoma
cells were incubated with 1 M TG for 24 or 48 h. Cell viability as-
says revealed a time-dependent effect of TG toxicity: cell viability
reduced significantly after 24 h of treatment (reduced to 81%), and
a more striking decrease occurred after 48 h of treatment, when
the viability reduced to 35% (Fig. 1A). Morphological changes could
also be detected after 24 h of TG treatment resulting in a reduction
of neurites. However, the degeneration of cellular body and neu-
rites were more remarkable after 48 h of treatment (Fig. 1B).

3.2. Two-dimensional electrophoresis and mass-spectrometric
identification

Murine N2a neuroblastoma cells were exposed to 1 uM TG for
24 h. After treatment the cells were harvested and the lysates were
separated by 2-DE. Software-based image analysis of 2-DE gels
gave 910 spots that were 100% matched across all gels. Moreover,
by using the SameSpots approach in the analysis, the spots com-
pared between the gels had identical boundaries. Spot intensity
data were used to assess variation in expression, as characterised
by CV%. The median CV% value was 10.7 in the control group and
10.3 in the treated group. However, 95% of the spots had a CV% be-
low 24.9 in the control group and 22.9 in the treated group.

Software-based analysis revealed 63 (33 up- and 30 downregu-
lated) significantly altered spots (Fig. 2). 95 proteins were identi-
fied by MS, since more than one protein could be identified from
same spots or the same protein could sometimes be identified from
different spots (Supplementary Table 1). For multiple identifica-
tions, only the protein identified with the largest amount was used
for subsequent functional classification (Table 1). Protein quantity
was estimated by the total number of MS/MS spectra assigned to
the identified protein. On the whole, 58 proteins (33 up- and 25
downregulated) were categorised according to function and cellu-
lar localisation.
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Fig. 1. Toxic effect of thapsigargin (TG) measured by EZ4U cell viability assay. Viability of N2a cell reduced significantly after 24 or 48 h of treatment with 1 pM TG (A). Major
morphological changes could also be detected after TG treatment resulted in the reduction of neurites (B). Data values are presented as mean + S.E.M. (*p < 0.05, “***p < 0.001).

Scale bar presents 20 pm.

3.3. Classification of identified proteins

The manual categorisation of the identified proteins revealed
marked changes in the N2a cell proteome that reflect alterations
of the main cellular functioning (Fig. 3). Taking into consideration
only the most common biological functions, the majority of the
upregulated proteins have roles in metabolic processes (22%), en-
ergy metabolism (21%), protein folding (18%) and proteolysis
(9%). In addition, most of the upregulated proteins are localised
to mitochondria (58%) reflecting relatively high number of proteins
involved in energy related processes. The manual classification of
the upregulated proteins was confirmed by the GO-based analysis
using DAVID functional annotation tool (Supplementary Table 2).

Here, the most significant “biological process”-associated GO term
is the “generation of precursor metabolites and energy”
(G0O:0006091, p =4.20E — 07). Moreover, the web-based analysis
also revealed other significantly enriched, metabolic process and
protein folding associated GO terms. DAVID analysis also
confirmed the cellular localisation of the upregulated proteins, as
the most significant GO terms was the “mitochondrion”
(G0O:0005739, p =4.60E — 18). Besides the mitochondrion-associ-
ated GO terms, ER-related terms were also enriched significantly,
such as “endoplasmic reticulum lumen” (GO:0005788,
p=3.34E — 04). Four upregulated ER proteins were identified:
calreticulin (Calr), ER resident protein 44 (ERp44), ERp57 and
Grp78. These proteins each have a role in protein folding and their
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Fig. 2. Representative 2-DE image of a thapsigargin-treated N2a cell lysate. Gel area in rectangle magnified in the bottom image.

increased expression could also be related to ER stress. Amongst
the identified ER resident proteins, Calr showed the most striking
expression difference after TG-treatment (Supplementary Fig. 2).
The distribution and localisation of the downregulated proteins
amongst functional groups differed from that of the upregulated
proteins. After manual categorisation most of the downregulated
proteins are related to metabolic processes (28%), cytoskeleton
organisation (24%), cellular growth and proliferation (16%) and
tRNA processes (12%). The vast majority of the downregulated
proteins belong to the cytoplasmic (40%), cytosolic (20%), nuclear
(20%) or cytoskeletal (16%) proteins. DAVID analysis of downregu-
lated proteins revealed less, significantly enriched, “biological
process”-associated GO terms, than the analysis of the upregulated
proteins did. Most of these terms are related to cellular metabolic
processes and RNA metabolism, which is in correlation with
manual categorisation. DAVID analysis also confirmed the cellular
localisation of the downregulated proteins, as the most significantly
enriched terms were the ‘“cytoplasm” (GO:0005737,
p=6.52E — 06), “cytoskeleton” (GO:0005857, p =7.81E — 04) and
“cytosol” (G0O:0005829, p = 7.46E — 03). However, DAVID analysis
revealed only one nucleus-associated term, “nucleolus”
(G0O:0005730), which was not significantly enriched
(p = 6.8E — 02), therefore it was not listed in Supplementary Table 2.
In addition to the manual and GO-based categorisation, interac-
tion analysis was performed using STRING database. Here, up- and
downregulated proteins were analysed together in order to find
possible interactions between proteins showing significant

alterations after TG treatment. Interaction analysis revealed that
most of these proteins are connected to each other (nodes=52,
edges = 240), although after increasing the confidence value of
interactions to medium level (0.4, default value in STRING data-
base) the number of interacting proteins (nodes =27) and the
number of interactions (edges=45) were reduced dramatically
(Fig. 4A and B). In order to see which cellular processes were asso-
ciated with the most confident interactions, a DAVID analysis was
performed using the sublist of the above mentioned 27 interacting
proteins (Fig. 4C). Here, the most significantly enriched “biological
process”-associated GO term was the “generation of precursor
metabolites and energy” (p = 1.72E — 07). Besides this, the vast
majority of GO terms were related to different metabolic processes,
such as nucleotide, amino acid and glucose metabolism, but the
“protein folding” GO term was also enriched significantly
(p=1.23E - 03).

3.4. Grp78 expression

Besides the 2-DE analysis, the upregulated expression of Grp78
was also confirmed by western blot. Here, Grp78 displayed a sig-
nificant increase in protein expression after analysing whole cell
protein extracts (p = 0.046, fold change = 2.38) (Fig. 5). Due to the
multiple cellular localisations of Grp78, the expression of this pro-
tein was also investigated in different subcellular fractions. Inter-
estingly, the expression of Grp78 was significantly elevated only
in the cytosolic (p = 0.035, fold change = 1.29) and nuclear fractions
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Fig. 3. Categorisation of identified proteins based on the most common functional properties and cellular localisations of each protein listed in Table 1.

(p =0.003, fold change = 2.51), but not in the membrane/organelle
fraction (p=0.590, fold change =0.88) which contained the ER
luminal proteins (Fig. 5). As the most striking induction was de-
tected in the nuclear fraction the purity of this protein extract
was verified by anti-histone H3 Western blot analysis and com-
pared to the other subcelluar fractions (Supplementary Fig. 3).
Here, histone H3 has been detected only from the nuclear fraction.

4. Discussion

ER stress and the UPR are implicated in several human diseases,
such as diabetes, cardiovascular diseases and neurodegenerative
diseases (Zhao and Ackerman, 2006). Further studies are therefore
indispensable to characterise the signalling pathways and meta-
bolic processes related to this cellular stress response.

Exploiting the advantages of high resolution proteomic tech-
niques, Amodio et al. (2011) provided a proteome-wide study in
TG-treated human hepatoma (Huh?7) cells. In that study, several
differentially expressed proteins were identified with Ca?*-depen-
dent functioning, which correlated well with perturbation of Ca%*
homeostasis during ER stress. Assuming a remarkable difference
between hepatoma and neuronal cells, we performed a compara-
tive 2-DE analysis using control and TG-treated murine N2a neuro-
blastoma cell lysates. The weak overlap between our and
previously presented (Amodio et al., 2011) proteomic signatures
in TG-treated cells suggests that ER stress progression could be sig-
nificantly different between different tissue culture cells, such as
hepatoma and neuronal cell lines. Therefore detailed analysis of
ER stress-related processes in different cells types are mandatory.

In our study, besides proteomic analysis cell viability assay and
morphological studies were also performed. TG-induced cell death
has been observed in several cell types (Rao et al., 2004; Torres
et al,, 2010). Our results further revealed a significant decrease in
cell viability after 24 h of TG treatment and a more striking decline
after only 48 h of treatment. Morphological studies also showed a
more remarkable degradation of the cellular body and neurites
after 48 h of treatment. A similar, delayed effect of low concentra-
tion TG (up to 3 uM) on cell viability has also been published (Park
and Kim, 2011).

Comparative 2-DE results revealed numerous significant pro-
tein expression changes (33 up- and 30 downregulated spots),
which reflected marked alterations in the N2a cell proteome after
24 h of TG treatment. The moderate decrease of cell viability after
24 h of treatment suggested that this period of treatment was opti-
mal to obtain ER stress related proteomic signatures in N2a cells.
To demonstrate the reproducibility and reliability of our 2-DE gels,
total variations were calculated for each group and characterised
by CV%. Observed variability was favourable when compared with
others and our previous research papers (Molloy et al., 2003; Foldi
et al,, 2011).

After MS analysis of gel samples, 58 proteins (33 up- and 25
downregulated) were used for subsequent categorisation. Most of
the upregulated proteins have roles in energy-related processes,
protein folding and cellular stress. In addition, the vast majority
of these proteins belong to the mitochondrial or ER proteome.
The elevated expression of ER proteins could confirm the activation
of TG-induced ER stress.

It is well known that the tight functional and structural link be-
tween ER and mitochondria is fundamental for the maintenance of
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Fig. 4. STRING-based network analysis of identified proteins after thapsigargin treatment of N2a cells. The majority of deregulated proteins were connected to each other (A),
although using more stringent confidence value of interactions (medium level, 0.4) the number of connections were reduced dramatically (B). GO-based functional
categorisation was performed using the sublist of proteins connecting to each other with medium or higher level of confidence (C).

cellular homeostasis. It also controls cell metabolism and deter-
mines cell fate under stress conditions (Giorgi et al., 2009). More-
over, the two organelles physically interact through mitochondrial
associated membranes (MAM), which provide direct communica-
tion between the ER and mitochondria (Vance, 1990). Mitochon-
drial voltage-dependent anion channel (VDAC) and ER inositol
trisphosphate receptor (IPsR) physically interact through the chap-
erone Grp75, an interaction that mediates metabolic flow, Ca%*
transfer and cell death signalling between ER and mitochondria
(Szabadkai et al., 2006). On the MAM, ER folding chaperones such
as calnexin and Calr and thioredoxin-related oxidoreductases such
as ERp44 and ERp57 appear to modulate ER Ca?* signalling (Sim-
men et al., 2010). Mitochondrial uptake of Ca®* released by ER
stimulates mitochondrial ATP production by the activation of mito-
chondrial ATP-synthase and several dehydrogenases such as, pyru-
vate dehydrogenase (PDH), isocitrate dehydrogenase (IDH) and
oxoglutarate dehydrogenase (Decuypere et al., 2011; Denton,
2009; Griffiths and Rutter, 2009). Growing evidence suggests that
early phases of ER stress trigger an enhanced mitochondrial
metabolism that depends critically upon organelle coupling and
Ca?* transfer. However, if stress is prolonged, this response pro-
motes mitochondrial collapse and subsequent cell death (Bravo
et al., 2012). In our study a relatively high number of upregulated
ER and mitochondrial proteins were identified, which had roles in
protein folding, the regulation of the crosstalk between ER and
mitochondria, and in mitochondrial energy metabolism. Our 2-

DE analysis also revealed upregulated expression of mitochondrial
VDACs, which are involved in the formation of MAM.

Grp78 is an abundant Ca?*-dependent ER chaperone which
plays an essential role in the folding of newly synthesised proteins.
Its expression is markedly induced under conditions that lead to
the accumulation of unfolded proteins in the ER (Gething, 1999).
Beyond its role as an ER chaperone, Grp78 has multiple localisa-
tions with several atypical functions in cell viability and cellular
signalling (Ni et al., 2011). Grp78 has been detected from cytosolic
fraction of C6 astroglia cells (Qian et al., 2000). Moreover, TG treat-
ment has induced Grp78 expression in cytosolic and nuclear sub-
cellular fractions of human embryonic 293T cells (Rao et al,
2002). In our study, Grp78 also displayed a significant protein
expression increase analysing whole cellular extracts after TG
treatment. Besides whole cellular lysates, we also analysed the
Grp78 expression in typical subcellular fractions. Interestingly, sig-
nificant elevation of Grp78 expression could be detected only from
cytosolic and nuclear fractions. Thus, our results also support the
fact that Grp78 has multiple localisations and suggest that iso-
forms of Grp78 may exist and are localised specifically to different
cell compartments. A novel cytosol specific isoform of Grp78 has
been described that regulates the ER stress signalling (Ni et al.,
2009). Besides the existence of different Grp78 isoforms, the in-
duced level of this protein in different subcellular factions also sug-
gests that ER stress could promote the redistribution of Grp78 into
soluble and nuclear fractions (Rao et al., 2002). In our study, the
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Fig. 5. Protein expression of Grp78 after thapsigargin treatment of N2a cells. Western blot analysis revealed significant upregulation of Grp78 in the whole cell lysate,
cytosolic and nuclear fractions. Band intensities were normalised with beta-actin or the total protein intensities visualised by Ponceau red staining. Data values are presented
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remarkable increase of nuclear Grp78 suggests that this protein
should have specific interaction partners (protein, nucleic acid) in
the nucleus and could directly regulate the gene expression during
ER stress. However, further investigations are required to elucidate
the nuclear function of Grp78.

After 2-DE analysis of N2a cell lysates, Calr displayed the most
striking difference between control and TG-treated groups. Calr is
involved in the folding of newly synthesised proteins, but also acts
as an ER luminal Ca%*-buffering chaperone regulating intracellular
Ca®* homeostasis (Michalak et al., 2009). We also identified two
additional ER resident proteins that have protein disulphide-isom-
erase (PDI) activity (ERp44 and Erp57). PDIs primarily have a role
in oxidative protein folding by catalysing the exchange of a disul-
phide bond with or within substrates. However, their function
has been extended in recent years to include roles in other pro-
cesses, such as ER-associated protein degradation and Ca®* homeo-
stasis (Appenzeller-Herzog and Ellgaard, 2008). ERp44 is involved
in the control of oxidative protein folding, but can also regulate
the ER intraluminal and cytosolic Ca®* concentration by the modu-
lation of IPsR1 (Anelli et al., 2002; Higo et al., 2005). ERp57 (also
known as protein disulphide-isomerase-A3) can also modulate
ER Ca®* signalling by the interaction with SERCA2b and Calr (Fric-
kel et al., 2002; Li and Camacho, 2004).

Besides the proteins involved in protein folding and the regula-
tion of the crosstalk between ER and mitochondria, we also identi-
fied upregulated proteins associated with mitochondrial energy

metabolism. All of the three subunits of PDH enzyme complex (di-
hydrolipoyl dehydrogenase, dihydrolipoyllysine-residue acetyl-
transferase and pyruvate dehydrogenase) had increased protein
expression. Moreover, aconitate hydratase and IDH were also in-
duced after TG treatment. These and the PDH complex proteins
are involved in the tricarboxylic acid cycle and some of them are
modulated by Ca?" signalling. After analysing the proteomic
changes of TG-treated N2a cell lysates, a notable portion of the
upregulated proteins have proteolytic enzyme activity. Amongst
these proteins, cathepsin B had the most striking elevation in its
protein expression (2.2-fold). Cathepsin B is a cystein protease
localised in the lysosomes. Interestingly, increased cytosolic Ca®*
concentration can induce lysosomal cathepsin B leakage by the
activation of calpain (Yamashima et al., 1998). This ‘calpain-
cathepsin’ hypothesis suggests that there is crosstalk between
apoptotic and necrotic neuronal cell death, which could have an
important role in neuronal damages, such as ischaemic injuries
and Alzheimer’s disease (Yamashima, 2004).

Substantial portion of the downregulated proteins were associ-
ated with cytoskeleton organisation. Interestingly most of them
were involved in the maintenance and dynamics of the actin-cyto-
skeleton. Cytoskeleton-determined neuronal morphology is a key
to the transmission of signals in the nervous system (Stiess and
Bradke, 2011). In our study the downregulation of several cytoskel-
eton-associated proteins correlated with morphological changes
after TG-treatment of N2a cells. Amongst up- and downregulated
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protein groups we also identified numerous enzymes that have a
role in different metabolic processes, such as lipid metabolism,
amino acid metabolism and nucleotide metabolism. Interestingly,
the protein expression of the mitochondrial enzymes was in-
creased uniformly, whereas, all of the identified cytosolic enzymes
displayed downregulation. This further suggests that the metabolic
activity of the mitochondria is stimulated during the early phases
of ER stress.

5. Conclusions

Our study aimed to provide a representative proteomic signa-
ture of ER stress in N2a neuroblastoma cells. As this cell line is
widely used in neurobiological investigations our findings could
help to understand the ER stress-related cellular processes in neu-
ronal cells. The presented proteomics results strongly support the
evidence of increased bioenergetic activity of mitochondria in the
early phases of ER stress, which finally can trigger mitochondrial
collapse and subsequent cell death. Further investigation of this
mechanism could provide new potential targets to elucidate cellu-
lar and molecular background of several neurodegenerative dis-
eases in which ER stress has a crucial role.
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Abstract. Alzheimer’s disease (AD) is characterized by the accumulation of amyloid-8 peptides (AB) as perivascular deposits
and senile plaques in the brain. The intake of the polyunsaturated fatty acid docosahexaenoic acid (DHA) has been associated
with decreased amyloid deposition and reduced risk in AD in several epidemiological trials; however the exact underlying
molecular mechanism remains to be elucidated. The aim of the study was to test whether DHA can exert a direct protective
effect on the elements of the neurovascular unit, such as neurons, glial cells, brain endothelial cells, and pericytes, treated with
A4 (15 uM). A dose-dependent high cellular toxicity was found in viability assays in all cell types and on acute hippocampal
slices after treatment with AB4, small oligomers prepared in situ from an isopeptide precursor. The cell morphology also
changed dramatically in all cell types. In brain endothelial cells, damaged barrier function and increased para- and transcellular
permeability were observed after peptide treatment. The production of reactive oxygen species was elevated in pericytes and
endothelial and glial cells. DHA (30 uM) significantly decreased the AB4;-induced toxic effects in all cell types measured by
viability assays, and protected the barrier integrity and functions of brain endothelial cells. DHA also decreased the elevated
rhodamine 123 accumulation in brain endothelial cells pre-treated with A4, indicating an effect on efflux pump activity. These
results indicate for the first time that DHA can protect not only neurons but also the other elements of the neurovascular unit
from the toxic effects of A4, and this effect may be beneficial in AD.
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INTRODUCTION

Neurons and their associated glial cells interacting
with endothelial cells and pericytes of brain microves-
sels are organized into well-structured neurovascular
units. The proper function of this unit is responsible
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not only for the neuronal activity dependent oxy-
gen and nutrient supply of the brain, but also for
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neuro-hemodynamic coupling, neuro-angiogenic cou-
pling, and neuro-trophic coupling [1]. Neurovascular
mechanisms play a crucial role in cognitive decline and
neurodegeneration in Alzheimer’s disease (AD) [2—-6].
Cerebral amyloid angiopathy and senile plaques are
two of the pathological hallmarks in brains of patients
with AD. The major component of amyloid deposition
is the amyloid-3 peptide (AB), cleaved from amyloid-
B protein precursor by secretases. The dysfunction of
the cerebral circulation induces decreased clearance
of AP across the blood-brain barrier (BBB) formed by
brain microvascular endothelial cells and pericytes. In
addition to production of the peptide, transport of A3
across the BBB is essential in controlling A3 levels
in the brain [7, 8]. The dysfunction of the cerebrovas-
cular system leads to disturbed homeostasis, neuronal
dysfunction, and secondary neuronal loss [2, 4, 6]. Pro-
tection of the neurovascular unit from injury is among
the proposed new strategies for the therapy of AD
[1].

Epidemiological observations suggest that high
unsaturated fatty acid intake has been associated with
decreased risk of dementia [9-12]. In particular long-
chain polyunsaturated w-3 fatty acids (n-3 PUFAs)
found in marine fish have become of major interest.
Docosahexaenoic acid (DHA), the end product of n-3
PUFA synthesis, is essential for brain maturation and as
an important membrane component it plays a primary
role in neurotransmission. DHA is responsible for the
neuroprotective action on developing cholinergic neu-
rons against glutamate cytotoxicity [13]. A reduced
level of DHA was found in AD patients [14] and in AD
postmortem brains [15] compared with age-matched
healthy controls. DHA reduces AB42 peptide produc-
tion in animal models of AD [16, 17] and chronic
DHA treatment improves cognition in 3xTG-AD mice
[18]. However clinical studies found no effect or only
minor effects of DHA on the improvement of cognitive
functions in the very early stage of the disease [19-22].

Based on these data, DHA can be potentially impor-
tant in the prevention of AD, however there are no
data on its effect on the cells of the neurovascular unit,
except neurons [23-25], and its mechanism of action
against APR4, peptide toxicity. Therefore the aim of the
present study was to test the effect of DHA not only
on neurons, but also on other important elements of
neurovascular unit, such as glial cells, brain endothe-
lial cells, and pericytes. In addition, BBB functions
and reactive oxygen species (ROS) production were
also tested on a relevant in vitro BBB model made
from primary rat brain endothelial cells, glial cells, and
pericytes [26, 27].

MATERIALS AND METHODS

All reagents were purchased from Sigma-Aldrich,
Hungary, unless otherwise indicated.

Synthesis of ‘iso-AB42’ and characterization of
oligomers

The synthesis of ‘iso-AB4;” was discussed in details
by Bozso et al. [28]. Briefly the peptide was syn-
thesized using Boc-chemistry on a Boc-Ala-PAM
resin. Acylation of the a-amino groups was done
by activating threefold excess of N* - Boc protected
amino acids (or 2-Cl-Z-Ser(OtBu)-OH for position
26) with DCC/1-hydroxybenzotriazole in DCM/DMF
(dichloromethane-dimethyl formamide, 1: 1) and the
peptide resin was reacted with this mixture for 2h.
If incomplete acylation was detected by the qual-
itative ninhydrin test, the coupling was repeated
with DCC/1-hydroxy-7-azabenzotriazole activation.
Boc and tBu groups were removed by treat-
ing the resin with 50% triflouroacetic acid/DCM
mixture twice (5+25min). Neutralization was per-
formed with 5% N,N-diisopropylethylamine/DCM
(2 x 1 min). Esterification of the hydroxyl group
of Ser’® with Boc-Gly-OH was performed by
treating the peptide-resin with Fmoc-Gly/DCC/N-
methylimidazole (10-fold excess) in DCM/DMF (3: 1)
for2 x 4 h. The peptide was cleaved from the resin with
amixture containing hydrogen fluoride (10 mL), anisol
(0.2mL), dimethyl sulfide (0.8 mL), and dithiothre-
itol (0.1 g) at 0°C for 45 min. The crude product was
precipitated and washed with diethyl-ether, dissolved
in 50% acetic acid/water, lyophilized, and purified by
HPLC. At physiological conditions (37°C and pH 7.4),
is0-AB4y in situ forms oligomeric AB4 via an O-N
acyl-transfer reaction. The aggregates were visualized
by transmission electron microscopy. Iso-Af4, forms
round shaped oligomers, which can be characterized
with a bimodal size-distribution: the small aggre-
gates have an average diameter of 5.3 £ 1.0 nm, while
the large spherical aggregates have 7.9 & 3.3 nm. The
oligomers applied in 15 uM concentration aggregate
slowly in vitro after 24 h of incubation. Protofibrillar
assemblies having a length of 30—100 nm with an aver-
age diameter of 8.4 £ 2.1 nm are present together with
spherical oligomers.

Cell culture

Primary neuronal cultures were prepared from Wis-
tar rat forebrains at embryonic day 16 by mechanical
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dissociation using fire-polished Pasteur pipettes as
described previously [29]. The cell suspension was
filtered through a nylon mesh with a pore diame-
ter of 45 wm to obtain single cells. The cells were
seeded onto poly-L-lysine coated 96-well plates or
glass coverslips with a density of 2.5 x 103 cell/cm? in
Eagle’s Minimum Essential Medium (MEM) supple-
mented with 4 mM glutamine, 40 pwg/ml gentamycin,
and 5% fetal calf serum (FCS; PAA, Austria). The
medium was changed to defined medium (MEM-F12
supplemented with insulin, transferrin, and sodium
selenite) 24 h after plating. The cultures were main-
tained in humidified air atmosphere containing 5%
COa,, at 37°C. The obtained primary cultures has been
extensively studied and characterized and the number
of neurons was above 80-90% of total cell number
[29].

Primary cultures of cerebral endothelial cells were
prepared from 2-week-old rats as described ear-
lier in detail [30-32]. Forebrains were collected
in ice-cold sterile phosphate buffered saline (PBS);
meninges were removed, gray matter was minced
by scalpels to 1 mm> pieces and digested with
1 mg/ml collagenase CLS2 (Worthington, USA) in
Dulbecco’s modified Eagle medium (DMEM) for 1.5 h
at 37°C. Microvessels were separated by centrifuga-
tion in 20% bovine serum albumin (BSA)-DMEM
(1000x g, 20 min) from myelin containing elements,
and further digested with 1 mg/ml collagenase-dispase
(Roche) in DMEM for 1 h. Microvascular endothelial
cell clusters were separated on a 33% continu-
ous Percoll gradient (1000xg, 10min), collected,
and washed twice in DMEM before plating on
collagen type IV and fibronectin coated dishes (Fal-
con, Becton Dickinson). Cultures were maintained
in DMEM/F12 supplemented with 50 pwg/ml gen-
tamicin, 15% plasma-derived bovine serum (First
Link, UK), 1ng/ml basic fibroblast growth fac-
tor (Roche), insulin (5 pwg/ml), transferrin (5 pwg/ml),
sodium selenite (5 ng/ml) (insulin-transferrin-sodium
selenite media supplement), and 100 p.g/ml heparin. In
the first 3 days, culture medium contained puromycin
(4 pg/ml) to selectively remove P-glycoprotein neg-
ative contaminating cells [33]. The endothelial cell
cultures were immunopositive for von Willebrand
factor and negative for the astroglia cell marker
glial fibrillary acidic protein (GFAP) and a-smooth
muscle actin (a-SMA) in accordance with earlier pub-
lished results [33, 34]. When the cultures reached
80% confluency (fourth day in vitro), the puri-
fied endothelial cells were passaged to multiwell
plates or Transwell filter inserts by a brief treat-

ment with trypsin (0.05% wt/vol)-EDTA (0.02%
wt/vol) solution, and used for experiments. To induce
BBB characteristics, brain endothelial cells were
treated with glia/pericyte-conditioned medium or co-
cultured with rat cerebral glial cells and rat pericytes
[26].

Primary cultures of glial cells were prepared from
newborn Wistar rats [31, 32]. Meninges were removed,
and cortical pieces were mechanically dissociated in
DMEM containing 50 pg/ml gentamicin and 10% FBS
and plated in poly-L-lysin coated 12-well dishes and
kept for minimum 3 weeks before use. In confluent
glia cultures, 90% of cells were immunopositive for
GFAP, while the remaining 10% were immunopositive
for CD11b, a marker of microglia. For co-culture, brain
endothelial cells in cell culture inserts were placed into
multiwells containing astroglia at the bottom of the
wells with endothelial culture medium in both com-
partments.

Pure cultures of rat cerebral pericytes were obtained
by a prolonged, 2-week culture of isolated rat brain
microvessel fragments that contain pericytes beside
endothelial cells. The same preparations yield primary
brain endothelial cells except puromycin-treatment.
Pericyte survival and proliferation were favored by
selective culture conditions, using uncoated dishes,
and DMEM supplemented with 10% FBS and antibi-
otics. Culture medium was changed every 3 days. As
described in our previous papers [34, 35], cultured
brain microvascular pericytes show typical morphol-
ogy of large, flat multipolar cells with several branches
in accordance with literature data [36] and look simi-
lar to the pericyte cultures described by Vandenhaute
et al. [37]. Pericyte cultures are regularly checked
and positive for a-SMA (97% positivity) and NG2
(94% positivity) and completely negative for GFAP
and vVWF immunostaining as shown by Nakagawa
et al. [34]. Therefore we can exclude the glial and
endothelial contamination of the pericyte cultures.
Since the cultures are made from brain microvessel
fractions where pericytes are more numerous than
smooth muscle cells, we assume that the number
of smooth muscle cells in our preparations is mini-
mal.

To construct the three cell-type BBB model, Tran-
swell cell culture inserts were placed into multiwell
plates containing astroglia at the bottom of the wells,
pericytes were seeded on the bottom side of the inserts,
and finally endothelial cells were passaged to the upper
side of the inserts coated with fibronectin and colla-
gen type IV with endothelial culture medium in both
compartments [26].
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Preparation and treatment of acute hippocampal
slices

A slightly modified version of the method reported
by Datki et al. [38, 39] was used in our slice
viability experiments. After anesthesia with chloral
hydrate (0.4 g/’kg), 10+ 1 week-old male Wistar rats
were decapitated and the whole heads (without scalp-
leather) were put in ice cold distillated water for
1 min. The brains were quickly removed and immersed
in H-ACSF/1 (preparation solution substituted with
HEPES) with very low Ca?* and with elevated Mg>*
concentration at 4°C. The composition of this prepa-
ration solution (in mM) was the following: NaCl 122,
KCl 3, CaCl, 0.3, MgCl, 3.7, NaHCOj3 25, HEPES
5, D-glucose 10, pH =7.4. Brain slices (thickness was
400 pm) were prepared from the hippocampus with a
Mcllwain tissue chopper at 4°C. After the preparation
of the slices in ice-cold H-ACSF/1 solution, we took
photos of them (to measure the slice area). The slices
(with an area of approximately 9 mm?) were quickly
transferred into the ExViS mini-chamber (maximum
5 slices in 1 ml) for conditioning (30 min) in the car-
boxygenated (95/5%: O2/CO;) preparation solution at
room temperature (24°C).

After resting (30min) in the carboxygenated H-
ACSF/1 solution at room temperature, the transduction
of the brain slices from the mini-chamber into the
plastic Petri dish was executed with cut-off pipettes
(type 200 nl) and was left to rest in glucose- and
carboxygenated-free (glucose-oxygen deprivation) H-
ACSF/2 (4ml/Petri dish) for 1h. The composition
of this H-ACSF/2 (in mM) was the following: NaCl
132, KCl1 3, CaCl; 2, MgCl, 2, NaHCO3 25, HEPES
5, pH=7.4. The Petri dish was continuously being
stirred at 370 rpm (modified BIOSAN TS-100 thermo
shaker). After resting being treated in glucose- and
oxygen-free H-ACSF/2, the content (supernatant) of
the Petri dish was changed to the H-ACSF/3 solution
(3 ml/Petri dish). The composition of this prepara-
tion solution (in mM) was the following: NaCl 120,
KCl1 3, CaCl, 2, MgCl, 2, NaHCO3 25, HEPES 5,
D-glucose 12, pH=7.4 (with normal calcium, mag-
nesium, and glucose levels). The slices were quickly
transferred into the ExViS mini-chambers (maximum
5 slices in 1 ml) for treating with actual AB4y pep-
tide (50l stock solution was added into 950 wl
H-ACSF/3 per chamber; 20 .M A4, in final con-
centration). Before each slice viability assay, the
stock solution of AB4> peptide (0.4 mM) was freshly
prepared (and stored for maximum 10min) in dis-
tilled water (pH=35). The foaming was inhibited by

a floating plastic ball (diameter: 5mm) in mini tube
chambers.

ABy> treatment and cell toxicity assays in cell
culture

Living cells convert the yellow dye 3-(4,5-
dimethyltiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT, Sigma M5655) to purple, insoluble formazan
crystals. For MTT reduction assay the neurons, rat
brain endothelial cells, glial cells, or pericytes were
cultured in 96-well plates. The 75 uM stock solu-
tion of AB4 was freshly prepared in phosphate buffer
and the further dilutions were in cell culture medium.
DHA was diluted in culture medium from a 300 mM
stock solution prepared in ethanol. Control condi-
tions were similar to other treatment conditions except
they did not contain peptide or DHA. The medium
for the controls was also diluted with the vehicle
(PBS) in the appropriate proportion. All stock solu-
tions were prepared freshly and separately, and added
to the cells consecutively. After treatments of AP
(24h; 0.1-30 uM) or DHA (24 h; 1-300 uM in cul-
ture medium) endothelial cells were incubated with
0.5mg/ml MTT solution for 3h in CO; incubator.
The amount of formazan crystals was dissolved in
dimethyl-sulfoxide (DMSO) and determined by mea-
suring absorbance at 595 nm with microplate reader
(Fluostar Optima, BMG Labtechnologies, Germany).

Cell viability assay on acute hippocampal slices

After treating the slices with 20 uM AB4> (or with
30 or 50 uM DHA) for 4h, we changed the super-
natant to H-ASCF/3 and we added 0.1 ml MTT (stock
solution 5 mg/ml MTT dye in H-ACSF) to the wells in
which they were left to rest for 15 min without carboxy-
genation (the H-ACSF/3 solution was saturated with
carboxygen before using). To block the reduction of
the MTT to formazan crystals, we changed the super-
natant on the slices from H-ACSF/3 to pure DMSO and
left the slices rest for 30 min in a 96-well plate (Costar
3595; 100 w1 DMSO/slice/well). After dissolving the
formazan, we transferred 70 .l DMSO from each slice
(well) into another 96-well plate (Costar 3695). The
optical density (OD) of the dissolved formazan was
measured at 550 and 620 nm. To synchronize the data,
we used the following formula: [(ODssg — ODgyq)/area
of slice (mm?)]=100% in control (AB42 untreated
slices).
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Evaluation of the barrier integrity

Transendothelial electrical resistance (TEER), rep-
resenting the permeability of tight junctions for sodium
ions, was measured by an EVOM resistance meter
(World Precision Instruments Inc., USA) using STX-2
electrodes, and it was expressed relative to the surface
area of endothelial monolayer (€2 x cm?). TEER values
of cell-free inserts (90-100 £2x cm?) were subtracted
from the measured data. The TEER of rat primary brain
endothelial monolayers in co-culture varied between
650 and 780 Qx cm?, with an average of 723 +41
Qx cm? (mean £ S.D., n=12).

The flux of sodium fluorescein and Evans blue-
labeled albumin across endothelial monolayers was
determined as previously described [31, 32]. Cell cul-
ture inserts, following treatment of A4 (24 h, 15 pM)
and/or DHA (24 h, 30 M) and measurement of TEER,
were transferred to 12-well plates containing 1.5 ml
Ringer—Hepes solution (118 mM NaCl, 4.8 mM KCl,
2.5mM CaCl,, 1.2mM MgSO4, 5.5mM D-glucose,
20mM Hepes, pH 7.4) in the basolateral compart-
ments. In apical chambers, culture medium was
replaced by 500 .l Ringer—Hepes containing 10 pg/ml
sodium fluorescein (mw: 376 Da) and 165 pg/ml Evans
blue bound to 0.1% BSA (mw: 67 kDa). The inserts
were transferred at 20, 40, and 60 min to a new well
containing Ringer—Hepes solution. The concentrations
of the marker molecules in samples from the upper
and lower compartments were determined. Evans blue
(excitation: 584 nm, emission: 680 nm) and fluorescein
(excitation: 485 nm, emission: 520 nm) concentrations
were measured by a Fluostar Optima (BMG Labtech-
nologies, Germany) plate reader.

Transport was expressed as pl of donor (lumi-
nal) compartment volume from which the tracer
is completely cleared. Transendothelial permeability
coefficient (P¢) was calculated as previously described
[32, 40]. Cleared volume was calculated from the con-
centration (C) of the tracer in the abluminal and luminal
compartments and the volume (V) of the abluminal
compartment (0.5 ml) by the following equation:

Cabiuminal X Vabluminal

Cleared volume (pl) =
Cluminal
The average cleared volume was plotted versus time,
and permeability x surface area product value for
endothelial monolayer (PS.) was calculated by the fol-
lowing formula:

1 _ 1 1
PSendothelial PSiotal PSinsert

PS. divided by the surface area (1 cm? for Transwell-
12) generated the endothelial permeability coefficient
(Pe; in 1073 cm/min).

Functional assay for P-glycoprotein

Efflux pump activity was determined by the mea-
surement of cellular accumulation of rhodamine 123
[41]. While rhodamine 123 is also a substrate of
breast cancer resistance protein (BCRP or ABCG2),
it is widely used as a P-glycoprotein (ABCB1) ligand
[26, 32, 37, 41, 42]. In brief, endothelial monolayers
pretreated with AB4y (15 wM) and/or DHA (30 pM)
for 24h in 24-well plates were washed, and incu-
bated with Ringer—Hepes buffer containing 10 uM
rhodamine 123 for 1h at 37°C. The solution was
quickly removed; endothelial cells were washed three
times with ice-cold PBS, and solubilized in 0.2 M
NaOH. Rhodamine 123 content was determined by
Fluostar Optima (BMG Labtechnologies, Germany)
plate reader with excitation at 485 nm, emission at
520 nm. Verapamil (2 mM, 30 min preincubation) was
used as a reference P-glycoprotein inhibitor.

Western blot

After amyloid and DHA treatment brain endothe-
lial cells were washed in ice-cold PBS and scraped
into 8 M urea/PBS containing 0.1% Triton-X, 1 g/ml
leupeptin, 10 ng/ml aprotinin, 100 wuM phenylmethyl-
sulphonyl fluoride (PMSF), 100 nM dithiothreitol,
200 uM sodium orthovanadate, and 1 mM sodium
fluoride. Cells were lysed with three cycles of snap-
freezing and thawing. The extracts were centrifuged
at 12,000g for 20min and protein concentration in
the supernatant was determined using the method
described by Lowry et al. [43]. For Western blot-
ting, 25 ug protein samples were loaded on 7.5%
Tris-glycine gel (PAGEr® Gold Precast Gel, Lonza,
Rockland, ME, USA) and blotted onto polyvinylidene
difluoride membrane (BioRad Laboratories, Hercules,
CA, USA). Blots were probed overnight at 4°C
with primary rabbit polyclonal anti-P-glycoprotein
antibody (H-241, 1:200, Santa Cruz Biotechnol-
ogy, Inc., Santa Cruz, CA, USA), or for loading
control with primary rabbit anti-actin polyclonal
antibody (1:200, Sigma-Aldrich, St. Louis, MO,
USA) for 1h at room temperature. Then, sec-
ondary antibody (goat anti-rabbit HRP-conjugated
IgG antibody 1:3000, Bio-Rad) were added for 1h
at room temperature. Chemoluminescence method
(SuperSignal West Pico Chemiluminescent Substrate,
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Thermo scientific Rockford, IL, USA) was applied
for detection of P-glycoprotein. For loading control,
3,3’-diaminobenzidine (Sigma-Aldrich) was used.

Detection of reactive oxygen species

To measure ROS, we used a fluorometric detection
probe from Molecular Probes [32]. Chloromethyl-
dichloro-dihydro-fluorescein diacetate (DCFDA) indi-
cator penetrates the cells by diffusion and becomes
deacetylated by intracellular esterases. Oxidation
of CM-H,DCFDA by ROS yields a fluorescent
molecule. Confluent rat primary pericyte, glial, and
brain endothelial cell layers cultured in 96-well
plates were pretreated with Af4 (15uM) and/or
DHA (30uM) for 24h, then washed, and incu-
bated with Ringer—Hepes buffer containing 1 mM
CM-H,;DCFDA for 1h at 37°C. Hydrogen peroxide
pretreatment (100 wM, 15min) served as a positive
control in the ROS assay. The plates were measured
by Fluostar Optima fluorescent plate reader (BMG
Labtechnologies, Germany) with excitation at 485 nm,
emission at 520 nm.

Statistical analysis

All data presented are means £ S.E.M. The values
were compared using the analysis of variance followed
by Dunnett, Bonferroni or Newman-Keuls posthoc
tests using GraphPad Prism 5.0 software (Graph-
Pad Software Inc., San Diego, CA, USA). Changes
were considered statistically significant at p <0.05 or
p<0.001. All experiments were repeated at least three
times, the number of parallel wells or inserts for each
treatment and time point varied between 3 and 16.

RESULTS

The effect of AB42 on the viability of the cells of
the neurovascular unit

The direct effect of oligomeric AB4; peptide on
the viability of neurons, glial cells, brain endothelial
cells, and pericytes was examined by MTT cytotoxicity
assay. The yellow MTT dye was efficiently converted
to purple formazan crystals by non-treated cells, but in
the AB4; treated groups a dose-dependent decrease in
viability could be observed in all four cell types. The
different cell types had different sensitivity for the pep-
tide treatment (Fig. 1). The most sensitive cells were
the neurons and the brain endothelial cells (Fig. 1A, C).
Oligomeric AB4; peptide-treatment in concentrations

of 0.1 M or higher for 24 h significantly decreased
the viability of both cells. In contrast, only 5 uM or
higher doses exerted significant effects in glial cells
and pericytes (Fig. 1B, D).

The effect of DHA on the viability of the elements
of the neurovascular unit

Before testing the potential protective effect of DHA
against oligomeric A4 toxicity, its direct effect on
cell viability was elucidated. Cells were incubated with
DHA in the 1-300 wM concentration range for 24 h,
than MTT assays were performed as shown in Fig. 2.
In neurons (Fig. 2A), glial cells (Fig. 2B), and brain
endothelial cells (Fig. 2C), the highest dose of DHA
(300 M) significantly decreased the MTT conversion.
In pericytes, 10 uM DHA and higher doses signif-
icantly decreased the cellular viability and only the
1 wM concentration of DHA was found to be safe and
non-toxic (Fig. 2D). In the most sensitive cell type,
brain pericytes, these results were also supported by
elevated lactate dehydrogenase release by 10 wM and
higher concentrations of DHA (data not shown) indi-
cating membrane perturbance.

The effect of DHA on AB42-induced damages:
toxicity tests

Based on the results of the toxicity assay (Fig. 1), the
15 wM concentration of oligomeric A4, was selected
to be optimal to reproducibly induce damages to the
cell cultures. The 30 uM dose of DHA was chosen to
be tested as a protective agent against A4 toxicity in
neurons and endothelial and glial cells. In the case of
pericytes, the previously determined non-toxic 1 puM
dose of DHA was selected (Fig. 3). DHA significantly
decreased the AB42-induced toxic effects in all cells of
the neurovascular unit, neurons, glial cells, endothelial
cells, and pericytes measured by MTT viability assays
(Fig. 3). The DHA (30 M) administration was most
effective in brain endothelial cells (Fig. 3C). The pro-
tective effect of DHA was confirmed not only in cell
cultures but also in experiments using acute hippocam-
pal slices (Fig. 4). AB4; treatment induced significant
decrease in the viability of the hippocampal cells that
was dose-dependently inhibited by DHA.

The effect of DHA on AB42-induced damages:
morphological changes

In the primary culture of neurons, the cells have
small and rounded cell bodies connected with long
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Fig. 1. Dose-dependent toxic effect of oligomeric amyloid-B8 1-42 (AB42) in neuronal (A), glial (B), brain endothelial (C), and pericyte (D)
primary cell cultures measured by MTT assay. Values presented are means = S.E.M., n = 8. Statistically significant differences (p < 0.05) between

the controls and AP treated groups (*) are indicated.

neurites (Fig. 5 control). Oligomeric AP4> peptide
treatment (15 wM for 24 h) induced cell death in neu-
ronal cultures; apoptotic cells and loss of cellular
processes were observed. The co-administration of
DHA (30 wM) with AP4, attenuated the level of the
damage in neurons; the network of the neurites was
preserved (Fig. 5). In our culture conditions, glial
cells showed a mature, differentiated phenotype with
astroglia showing multiple, long and thin processes.
After AB4; treatment, glial cells underwent cellular
hypertrophy, and fewer and thicker cell processes and
increased number of apoptotic cells were observed. In
the presence of DHA, more glial cell processes and
less damaged cells could be seen. Brain endothelial
cells formed confluent monolayers (Fig. 5) and the cel-
lular morphology was typical for primary cultures as
described earlier [32]. Treatment with APB4, resulted
in big intercellular gaps in the monolayers and floating
apoptotic cells in the culture medium. At higher magni-
fication, cytoplasmic vacuolization could be observed,
as in our previous study earlier [44]. DHA inhib-
ited these changes; the monolayer integrity was better
preserved and resembled to the control ones. Brain

microvascular pericytes in cell culture may form mul-
tiple cell layers. These cells are multipolar, large and
flat with irregular projections. Even by phase contrast
microscopy, the cytoskeletal fibers are visible (Fig. 5).
After peptide treatment, the cytoplasmic fibers in peri-
cytes were diminished and some rounded cells full with
vacuoles could be observed. DHA (1 uM) was able to
ameliorate the phenotypic changes in pericytes (Fig. 5).

Effect of DHA on AB42-induced changes in barrier
integrity of brain endothelial cells

Treatment of endothelial cell monolayers with
oligomeric AB4> (15 wM) reduced the TEER by 70%
of the control after 24 h (data not shown). In ABa4>
treated monolayers, the flux of the paracellular marker
of fluorescein was 4.6 fold higher as compared to the
control group (Fig. 6A). The P, values for transcel-
lular permeability marker albumin were lower with
one order of magnitude than the values for fluores-
cein, in agreement with literature data [40] and our
previous results [31, 32, 40]. The permeability for
albumin was elevated by 5.9 fold in monolayers treated
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Fig. 2. Dose-dependent effect of docosahexaenoic acid (DHA) in neuronal (A), glial (B), brain endothelial (C), and pericyte (D) primary cell
cultures measured by MTT assay. Values presented are means &+ S.E.M., n =8. Statistically significant differences (p <0.05) between the controls

and DHA treated groups (*) are indicated.

with AB4, (Fig. 6B). Co-administration of DHA could
significantly decrease the flux of permeability mark-
ers through endothelial monolayers (Fig. 6B). DHA
alone had no effect on permeability of brain endothelial
monolayers.

Effect of DHA on AB4>-induced changes in efflux
pump activity and P-glycoprotein expression of
brain endothelial cells

Brain endothelial cells expressed a functional P-
glycoprotein efflux pump (Fig. 7B) similar to our
previous studies [32, 34] and as demonstrated by
the robust effect of verapamil, an inhibitor of P-
glycoprotein used as a reference blocker in this
rhodamine 123 uptake assay (Fig. 7A). Administration
of oligomeric AB4> (15 M for 24 h) as a pre-treatment
significantly decreased efflux pump activity of brain
endothelial cells in the absence of the peptide as indi-
cated by the high level of rhodamine 123 accumulation
(Fig. 7A). The administration of DHA decreased the
rhodamine 123 accumulation in brain endothelial cells

pre-treated with AB4, for 24 h (Fig. 7A). There was
no significant difference in the protein level of P-
glycoprotein in the treated groups as compared to the
control group (Fig. 7B).

Effect of DHA on A4 -induced reactive oxygen
species production in brain endothelial cells

The ROS production in cultured pericytes, glial, and
brain endothelial cells measured by DCFDA assay was
significantly enhanced by oligomeric AB4; treatment
(15 nM, 24 h) compared to that in control cells (1.71
fold in glial cells, 1.4 fold in endothelial cells, 1.67 fold
in pericytes compared to control group) (Fig. 8). DHA
in 30 and 1 pM concentrations, which had no effect
alone, effectively inhibited the AP -induced change in
ROS production in brain endothelial and glial cells, and
pericytes, respectively. Hydrogen peroxide treatment
(100 uM, 15 min), a positive control in the ROS assay,
elevated by 3.4 fold the amount of ROS measured in
brain endothelial cells and 2.5 fold in glial cells and
pericytes.
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Fig. 3. The effect of docosahexaenoic acid (DHA, 1 uM on pericytes and 30 uM on the other three cell types) on oligomeric amyloid-f3 1-42
(AB42, 15 M) induced toxicity in neurons (A), glial cells (B), brain endothelial (C), and pericyte primary cell cultures (D). Values presented
are means = S.E.M., n=_8. Statistically significant differences (p <0.05) between the control and treated groups (*), AB42 and AB4; + DHA
treated groups (#) are indicated.
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Fig. 4. The effect of docosahexaenoic acid (DHA) on oligomeric
amyloid-B 1-42 (AB42, 20 M) induced toxicity on acute hip-
pocampal slices measured by MTT assay. Values presented
are means = S.E.M., n=16. Statistically significant differences
(p<0.05) between the controls and treated groups (*), AB42 and
AB42 + DHA treated groups (#) are indicated.

DISCUSSION

The toxicity of AB4z on the cells of the
neurovascular unit

The direct toxic effect of different AB4y peptides

on cultured neurons and glial cells have been exten-
sively investigated and established [39, 45, 46]. The
present results confirm the toxicity of oligomeric APB42
not only on cultured neurons but also on acute hip-
pocampal slices. Brain endothelial cells are much less
studied, despite their importance in the transport and
clearance of AP4, peptides and the pathological cere-
brovascular changesin AD [2, 4, 7]. Studies on cultured
brain endothelial cells demonstrate that A342 peptides
are directly toxic to these cells [47, 44], disturb the
barrier integrity, and increase the permeability of brain
endothelial cell monolayers as presented in our pre-
vious study [44]. Cultured brain pericytes have been
examined so far only by the group of Verbeek et al.
[48, 49] and were found to be also sensitive to APB42
toxicity. Our results are in agreement with these data.
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(AB42, 15 uM) induced toxicity on the morphology of neuronal, glial, brain endothelial, and pericyte primary cell cultures examined by phase
contrast microscopy. Arrows show processes of neurons or glial cells, arrow heads point to apoptotic cells, asterisks show holes of in endothelial
monolayers, cross signs show cytoplasmic fibers inside pericytes. The pericyte encircled by dotted line has cytoplasmic vacuolization.
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It is important to note that the cellular toxicity of
oligomeric AB42 on the four types of cells was tested
using the same assay conditions, therefore a compari-
son on their sensitivity can be made for the first time.
The highest and similar level of toxicity was observed
in the case of neurons and brain endothelial cells, while
both glial cells and pericytes were more resistant to
the damaging effect of oligomeric AB4>. This novel
observation on cultured cells is in agreement with AD
pathology, where the two hallmarks of the disease are
the cerebrovascular damages and neuronal loss [50]. A
possible explanation for the higher sensitivity of neu-
rons and brain endothelial cells to oligomeric AB42
as compared to glia and perictyes could be the higher
expression level of receptors and transporters related
to AB4y efflux, uptake, or transport, but further com-
parative analysis is needed to prove this hypothesis.

Protection of the cells of the neurovascular unit
against AB4> by DHA

BBB dysfunction initiates and contributes to the
disease process in AD [4]; therefore in addition to
neurons, brain endothelial cells and other elements of
the neurovascular unit are increasingly recognized as
therapeutic targets in AD [1, 3]. There is little data
on the protection of BBB and brain endothelial cells
against the toxic effects of APg4,. Partial protection
was described against ABs5—35 peptide induced cell
damage by carnosine, an endogenous antiglycating
dipeptide, homocarnosine and (3-alanine on a rat brain
endothelial cell line [51] and by simvastatin on a human
brain endothelial cell line [47]. In a recent study on a
human brain endothelial cell line, AB4> cytotoxicity
was reversed by administration of exogenous antioxi-
dants, NADPH oxidase-2 inhibitors, and by blocking

receptor for advanced glycation end products (RAGE)
[52]. In our previous study, pentosan, a clinically used
sulfated polysaccharide, protected rat brain endothelial
cells against AB4, toxicity [44].

The prospect of reducing the risk of AD by preven-
tative strategies such as diet or lifestyle modification
is highly favorable. Several epidemiological studies
[9-12] and growing experimental data have shown that
dietary DHA may improve neuronal development [53],
restore and enhance cognitive functions [18, 54-56],
and increase neuronal resistance to amyloid-induced
oxidative stress [57-59]. Importantly, DHA readily
crosses the BBB by diffusion [60, 61] and can easily
reach glial cells and neurons.

Except for the highest tested dose, DHA was not
toxic for neurons or glial and brain endothelial cells.
Interestingly, pericytes showed an increased sensitiv-
ity to DHA treatment. The DHA content is high in
retina, brain tissue, isolated brain microvessels, and
cultured brain endothelial cells [62]. The high percent-
age of PUFAs in retinal microvessels was hypothesized
to contribute to oxidation products and be involved in
the pathogenic process of diabetic retinopathy [63].
Enrichment of cultured cells with DHA increases lipid
peroxidation [64]. Differences in antioxidant enzyme
activities, especially the higher level of superoxide
dismutase and glutathione peroxidase were observed
in retina endothelial cells as compared to retina per-
icytes, explaining their different behavior during the
pathogenesis of diabetic retinopathy, early cell death
of pericytes, and late endothelial cell proliferation [65].
No data on the ROS producing and antioxidant enzyme
capacities of brain endothelial cells as compared to per-
icytes is available, but the high ROS-tolerance of brain
endothelial cells was described recently [66]. We spec-
ulate that the lower level of ROS-scavenging capacity
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Fig. 8. Effectof docosahexaenoic acid (DHA, 30 uM) on oligomeric
amyloid-B 1-42 (AB42, 15 M) induced changes in reactive oxy-
gen species production in glial (A), brain endothelial cells (B),
and pericyte (C) primary cell cultures measured by chloromethyl-
dichloro-dihydro-fluorescein diacetate (DCFDA). Values presented
are means £S.E.M., n=8. Statistically significant differences
(p <0.05) between the control and treated groups (*), AB42 and AB4
+DHA treated groups (#) are indicated.

of cultured brain pericytes, as compared to other neu-
rovascular cells, might explain the observed sensitivity
to DHA.

The beneficial effect of DHA was investigated in
several model of AD but they were focused on neurons
[17]. In neuroblastoma cells, DHA reduced amyloido-
genic ABPP processing and A4 production [23].
In the present study DHA was not only protective
against oligomeric Af4> toxicity in primary neurons
but also on acute hippocampal slices, a more com-

plex, ex vivo model. Our main results indicate for the
first time that DHA can protect not only neurons but
also the other elements of the neurovascular unit (brain
endothelial cells, glial cells, and pericytes) from the
toxic effects of AB4y. DHA was effective in neuronal,
endothelial, glial, and pericyte cell cultures in toxicity
tests and improved the morphological changes in all
four cell types after oligomeric AB4; treatment, indi-
cating a more extensive and diverse protective effect
than previously supposed. The permeability of cerebral
endothelial monolayers was increased by AB42 simi-
larly to our previous study [44], which was attenuated
by DHA.

The mechanism of the DHA action is not fully under-
stood. While there are no data on how DHA may affect
RAGE, it was demonstrated recently in cultured brain
endothelial cells that A accumulation is lipid raft-
and caveolae-dependent and involves RAGE and the
caveolae-associated Ras signaling [67]. Disruption of
lipid rafts by pretreatment with 3-methyl-cyclodextrin
protected against A3 accumulation in this model. DHA
is a well-known inducer of membrane fluidity [68] and
by reducing cholesterol [23], it has a raft destabilizing
effect and decreases the docking of AR [25], which
may influence RAGE activity and contribute to the
protective effect of DHA.

P-glycoprotein and BCRP are important efflux
pumps at the BBB limiting the flux of drugs and
xenobiotics to brain [69] and participating in AB4
transport [70-72]. Beside changes in barrier func-
tion, AB4 pretreatment inhibited the efflux activity
of brain endothelial cells, in agreement with data
from the literature [73, 74]. However, no change in
P-glycoprotein expression level was observed. There
could be several explanations for this observation: in
addition to protein levels, several other factors influ-
ence the activity efflux pumps, like plasma membrane
lipid composition, intracellular signaling pathways,
and also intracellular ATP levels; and other pumps may
also participate in rhodamine efflux.

The relevance of these results is emphasized by a
recent clinical observation providing the first direct evi-
dence that the P-glycoprotein transporter at the BBB
is compromised in sporadic AD [75]. Since decreased
P-glycoprotein function may be involved in the patho-
genesis of AD [72, 75], our novel finding that DHA can
prevent the decrease in P-glycoprotein activity induced
by AB4; treatment strengthens the therapeutic poten-
tial of DHA.

In AD, the accumulation of A4y increases the
production of ROS resulting in increased lipid per-
oxidation in the brain [76]. Oxidative damage and
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formation of oxidized lipids and proteins have been
observed in the brains of patients with AD dur-
ing postmortem analysis [77]. Lipid peroxide levels
are significantly lower in DHA-administered rats
indicating that dietary DHA contributes to the antiox-
idant defense, decreases oxidative stress, and protects
against memory loss [12]. The levels of ROS in the
cerebral cortex and hippocampus increase significantly
after the infusion of A4 into the cerebral ventri-
cle of rats, but then decrease significantly after the
dietary administration of DHA [58]. In the present
study, ROS production was elevated by oligomeric
A4 in primary brain endothelial cells, in agreement
with data obtained on a brain endothelial cell line [52].
Similarly to cytotoxicity and BBB dysfunction, this
effect could be also inhibited by DHA. These obser-
vations suggest that DHA increases the antioxidant
defense in the brain including the BBB and its mode
of action may be related to direct scavenging of ROS
or to the induction of antioxidant enzymes. Additional
mechanisms cannot be excluded. Since the activation
of the Wnt/B-catenin pathway increases BBB func-
tions [78] and the effect of AB4> on P-glycoprotein is
mediated via Wnt/B-catenin signaling [73], it is tempt-
ing to speculate that DHA may also act through this
pathway.

In conclusion, DHA may be a potent agent to pre-
vent AB4 induced damages on the elements of the
neurovascular unit acting via multiple ways. Based on
these new observations, DHA might exert a protective
effect not only on neurons but also on the BBB and its
functions, and this effect may be beneficial in AD.
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