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Introduction

1 Introduction

1.1 Alzheimer’s disease

Alzheimer’s disease is the most prevalent neurodegenerative disease of the world-
wide growing aged population. With a total of 50-70% of all diagnoses of demen-
tia, it is the most common cause of the dementia syndrome. It affected 47 million
people around the globe in 2015 and is expected to reach at least 75 million by
2050 [1]. The high economic burden is mostly carried by the family and health

care system and is estimated to be 27 fold compared to non-demented people [2].

According to the International classification of disease (ICD) 10 standards (F00-
F03), dementia is defined as a syndrome combination of symptoms affecting fol-
lowing brain functions: long-, short-term and episodic memory, disorientation,
cognitive decline, changes in personality and speech, impaired judgement, com-
prehension, emotional regulation, social behaviour and motivation with a mini-

mum duration of six months.

In the Diagnostic and statistical manual of mental disorders (DSM) 5, dementia is
redefined as a group of neurocognitive disorders with different causes: Alzheimer’s
disease (AD), Dementia with Lewy bodies DLB, M. Pick/frontotemporal demen-
tia, vascular dementia, Parkinsons’ disease dementia (PDD) and diagnostic cri-
terias like complex attention, executive functions, learning and memory, speech,
social cognitions, perceptual and motor functions. AD is categorized in the Late
Onset (LOAD, 95% of the cases) and the familial, autosomal, dominant form
(FAD, ~5% of the cases) [3].
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Characteristic for AD is subtle beginning and continous progress of dementia,
which can be categorized in the Late Onset (LOAD, 95% of the cases) and the
familial, autosomal, dominant form (FAD, ~5% of the cases) [3]. The early form
usually goes along with loss of higher cognitive functions and a faster progression,
whereas the LOAD form progresses slower with impaired consolidation of memory
as its main symptom and is supposed to be linked to mutations of different genes
Amyloid precursor protein (APP) and APOE, whereas the sporadic form is more

associated to genes presenilin 1 and 2 [4], [2].

The progress of AD can clinically be staged in three phases by testing the pa-
tients’ score of correct answers in the mini mental status examination (MMSE)
(<10/<20/>20), a standardized survey of 30 tasks and questions to evaluate

potential cognitive deficits.

1.2 The neuropathology of dementia

The neuropathological classification of misfolded aggregated proteins, can be di-
vided in two main groups: Gain-of-toxic and loss-of-function. In Gain-of-toxic
diseases proteins are misfolded, aggregate, finally leading to cell death with clin-
ical symptoms according to the brain region of the affected cells. Mucoviscidosis
serves as an example for loss-of-function where the cystic fibrosis transmembrane
conductance regulator (CFTR) gene mutation, misfolding and degradation cause

clinical symptoms due to its lack [5].

In prion diseases, like Creutzfeld-Jakob Disease or Kuru, together grouped as
gain-of-toxic diseases, misfolded proteins cause other correctly folded proteins to
misfold thus forming a self-amplifying cascade that renders other proteins mis-

folded. As soon as the amount of protein degradation capability is exceeded,
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the aggregation becomes toxic and leads to cell-cell transmittion and further cell
death. Based on this distinct spread mechanisms a potential underlying prion-
like pathomechanism for diseases like Huntington disease, Parkinson’s disease or
frontotemporal dementia has been discussed [6]. In AD the so called neuropatho-
logical hallmark of the progressive neurodegenerative disease is characterized by
the accumulation of two different peptides: extracellular APP processed to AfS
plaques and intracellular neurofibrillary tangles (NFT) consisting of abnormally
phosphorylated tau protein. APP (753-770 amino acids) is cleaved by - and -
secretase to form the AS peptide with either 40 or 42 aminoacids, depending on
the cleavage [7]. The peptide folds into 4-8 -sheets that aggregate to fibrils that
form macroscopically visible plaques. Clearance of these aggregates by microglia
and to a lesser extent by astrocytes comes within limits, as these aggregates are

highly resistant to cleavage [8].

The tau peptide (352-441 amino acids), encoded by the "Microtubule-associated
protein tau" (MAPT) gene on chromosome 17, binds and stabilizes microtubules
to regulate axonal dynein/kinesin transport in neurons [9]. In pathological con-
dition, tau hyperphosphorylation through the activity of a variety of different
kinases and phosphatases leads to the aggregation of paired helical filaments and
finally of NFT, neuropil threads or dystrophic neurites near Ag plaques [9], [10].
Once it is oligomerized, phospho-tau (P-tau) loses its original function to stabilize
the formation of microtubules. It is then able to sequestrate and induce normal
tau proteins to misfold and aggregate [10]. Finally this leads to the disruption
of microtubules and axonal transport with toxic aggregation of NF'T throughout
the cell and can even be detected in the CSF of AD patients [4], [11]. The precise
mechanism of the interaction of NFT and AfS plaques is still under discussion,

and not yet clearly determined [12].
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Activated glia cells form clusters around plaques and apoptotic neurons. The
induction of reactive gliosis e.g. around plaques is accompanied by extensive neu-
roinflammation [13]. Synaptic toxicity, synaptic loss and finally neuronal death
lead to cerebral atrophy and dysfunction with the clinical symptoms of demen-
tia [14]. Final stages are macroscopically characterized by brain atrophy most

prominent in medial temporal (hippocampus), frontal and occipital lobe [15].

1.2.1 The biochemical, cellular and clinical phase

The progression and complexity of the pathological processes, can be separated
into three different phases: The biochemical phase characterized by accumulation
of APP/AS and NF'T, the following cellular response in the tissue (cellular phase)

and the final clinical phase of dementia (see figure 1.1, [14]).

Between the biochemical, proteopathic phase and final, irreversible clinical symp-
toms lie complex cellular compensatory responses as shown in figure 1.1. As a
multifactorial approach, the inflammatory response of microglia and astrocytes to
proteopathic stress in self-amplifying, apoptotic cascades is regarded as the most
important cause for the neuronal cell death and final clinical stages [14]. Further,
the cellular phase reflects the potential cause of different neurological, psychiatric
symptoms of AD as a consequence of inflammation and dysbalanced signalling of
glia and neurons. As this study later on focusses on the growth factor receptor
protein expression of astrocytes in AD, it is first important to understand the

different pathological factors which interfere in the early stages of the disease.
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Figure 1.1:

The biochemical phase on the left side of the figure with accumulation of

phosphorylated tau and A accumulation. On the bottom of the figure, different genetic
risk factors are displayed with different functions as indicated by the colored dots on the
right bottom. The second phase is located in the middle, where different cell types and
their impaired physiology is illustrated. The final phase is illustrated on the right side, with
macroscopic changes of the brain and neurological symptoms [14].

Concerning the first biochemical or neuropathological phase, different methods
of staging have been established in the past decades. Current guidelines of the
National Institute on Aging-Alzheimer’s association for neuropathological assess-

ment propose the "ABC" stage to evualuate the load of (A) AS, (B) NFT and
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(C) neuritic plaques [16]. This includes the previous work of Braak & Braak
[15], Thal [17] and the Consortium to Establish a Registry for Alzheimer’s Dis-
ease (CERAD) protocol [18], see below table 1.1, and 2.4 applied for human brain
samples from this work. The different Thal phases classify the distribution of AS

deposition in different brain regions.

Thal phase for Braak & CER?.D
A A plaques B Braak NFT C lneurl 1
[17] stage [15] plaque score
[18]
0 0 0 None 0 None
1 1or2 1 I orlIl 1 Sparse
2 3 2 IT or I1I 2 Moderate
3 4 orb 3 V or VI 3 Frequent

Table 1.1: The summarized ABC score for neuropathological changes in AD, from [16].
The three most established and internationally acknowledged staging methods, including
different hallmarks of AD neuropathology (A, B, C) were unified in scores from 0 to 3.
Column A: Thal phases of AfS plaque distribution, B: Braak & Braak NFT staging, C:
CERAD neuritic plaque score.

In the first phase the cortex is affected with preferential involvement of allocortical
regions in phase II. Phase three is characterized by deposition in the diencephalon
and striatum, together with nuclei of the brain stem in phase four. The final
fifth phase includes the occurance in the cerebellum and other brain areas. The
CERAD protocol categorizes the density of neuritic plaques in several regions of
neocortex (entorhinal cortex, midfrontal cortex, middle temporal cortex, inferior
parietal cortex). The staging by Braak & Braak analyzes the distribution of NF'T
in different brain areas by the definition of five phases. Phase one and two with
affection of the entorhinal cortex, stages III and IV with limbic regions (e.g. the

hippocampus), and five and six including the neocortex.
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Even though high proteopathic load with high ABC scores correlates with the
occurance of dementia, it is not regarded as a deterministic hypothesis [14],
[15]. The translational impact of hypotheses that regard the proteopathic load as
monocausal did not end up in successful, therapeutical cures [19]. The german
medical guidelines recommend treatment with neurotransmission modulators like
choline esterase inhibitors and NMDA receptor antagonist Memantin at severe,
later stages of AD (evidence level 1la), although effects remain limited with no
effects on the progression [2]. Furthermore high Aj load and some extent of tau
deposition seems to be common for aging [20] and moreover the amount of re-
active glia cells is supposed to have a higher correlation to dementia compared
to load of A or NFT [21]. This points towards the need to better understand
additional e.g. genetic risk factors of glia cells and their different inflammatory

responses as a major contribution factor.

1.3 Neuroinflammation and glial activation

As displayed in Figure 1.1 the proteopathic load leads to an inflammatory cellular
response, a final stage of cell death which further leads to the induction of inflam-
matory responses by microglia and astrocytes which lead to cell death and to a
cascade of amplified inflammatory responses including 1L6, IL15, C3/Clq, COX2
and TNFa and apoptotic markers like Cleaved Caspase 3 and Fas9 [22]. These
pathological conditions lead to a change of morphology and expression profile of
mediating glial cells. In the lower part of figure 1.1, crucial genetic risk factors
are displayed to show the broad range of dysbalanced immune response, APP and

lipid metabolism and their respective clearance mechanisms, where microglia and

10
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astrocytes are involved. Microglia are able to induce neurotoxic astrocytes [23]

and play a major role in the mediation of synapse loss [24].

1.3.1 Reactive astrocytes and astrogliosis

The astrocyte is a highly abundant cell type in the human brain. Developmentally,
it originates from the ectoderm, and is derived from the neuroepithelium [25]. As
a scaffolding cell it is involved in different pivotal pathways like the genesis and
homeostasis of synapses, ion balance and the secretion and recycling of neuro-
and gliatransmitters, trophic support for neurons, the formation of the blood-
brain-barrier and the glial scar to separate healthy from damaged tissue and the

integration and processing of extracellular signalling [26].

In disease conditions astrocytes are able to react in a regulative response. The
detrimental or protective effects of this reaction is designated by the terms as-
trogliosis or reactive astrocytosis. This refers to a change in cellular gene expres-
sion which is further reflected in a different composition of translated receptor
proteins in the cells membrane, e.g. by glial fibrillary acidic protein (GFAP) up-
gregulation [27], [28]. The induction of the reactive state of astrocytosis can be
mediated by different cytokines e.g. from microglia [23] and many other extracel-
lular, inflammatory molecules like TNF«, IL6 or 1115, which are also upregulated
in other neurodegenerative/-inflammatory diseases and hence are used to mimic

AD conditions for in-vitro experiments [29].

11
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1.4 Anatomy of the hippocampus

The medial temporal lobe, which contains the hippocam-

pus as an important hub of memory consolidation is often i
severely affected in AD. Therefore, it is important to have -
S N
a profound anatomical and physiological knowledge of the \
different sectors and projections of the hippocampus to bet-
&)

ter understand the symptoms of dementia in AD.

As part of the phylogenetically older archicortex, the hip- Figure 1.2: The

hippocampus during
cerebral development.
Arrow points towards
medial part [30].

pocampus consists of two major parts: the dentate gyrus
(DG) and the Cornu ammonis (CA). During development,
the CA (in grey) and DG (dotted) roll up as U-shapes in-
side each other (figure 1.2). Each lamina of the archicortex is made up of a group
of three layers, divided in six layers in the CA. The hippocampus is folded into
the entorhinal cortex, from where most of the neuronal input originates. The vul-
nerability and therefore rate of neuronal death and gliosis in AD differ between
the CA sectors of the hippocampus. Until now, CAl is supposed to be most
vulnerable and CA3 most resistant in cytotoxic conditions like hypoxia and other
neuropathological conditions [30]. Therefore it is important to highlight that CA
structures differ in their ability to compensate cytotoxic stress, as this thesis in
part focuses on the CA1 sector. The CA1 sector, also called the Sommer’s sector,
is supposed to be an import hub for corticocortical in- and output. Axons from
CA1 form most of the output via the alveus that is continued by the fimbria-fornix

pathway.

Further circuits throughout the brain consolidate short- to longterm memory as a

part of the Papez’ circuit. In figure 1.3 the pathways between the different brain

12
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regions are illustrated, providing a connection to the hippocampus to almost all
brain areas. A: (1) hippocampus — (2) fornix — (3) mamillary bodies — (4)
mammillothalamical tract — (5) thalamus — (6) cingulate gyrus — (7) cingulum

— (8) parahippocampalal gyrus and perforant pathway).

Figure 1.3: Archicortex of the hippocampus, coronal section, picture A, Papez’ circuit, 1:
Hippocampus, 2: Fornix, 3: Mamillary bodies, 4: Mammillothamalical tract, 5: Thalamus,
6: Cingulate gyrus, 7: Cingulum, 8: Parahippocampal gyrus, 9: Perforant pathway. Picture
B: layers of the hippocampus, 1: Dentate gyrus, 2: Subiculum, 3: CAl, 4: CA2, 5: CA3,
6: CA4, 7: Entorhinal cortex, 8: hippocampal fibers, 9: Alveus, 10: Stratum oriens, 11:
Stratum pyramidale, 12: Stratum moleculare, 13: Radiate layer, 14: Lacunar layer, 15:
Granular layer, 16: Molecular layer, 17: lateral ventricle. Picture C, projections of hip-
pocampal neurons: 1: Entorhinal cortex, 2: Pyramidal cells of the parahippocampal gyrus,
3: Perforant pathway, 4: granular cells, dentate gyrus, 5: mossy fibers, 6: pyramidal cells of
CA3, 7: projections between CA3 and CAl, 8: pyramidal neuron in CA1l, 9: hippocampal
fibers, [31].

Memory consolidation as described above is the result of a neuronal network that
loops, connects, amplifies and inhibits afferent excitations from and to the cortex.
It is differentiated in a direct, perforant path and a polysynaptic path. Pyramidal
cells from the entorhinal cortex of the parahippocampal gyrus (Figure 1.3, C, 2)
project to the subiculum through the perforant pathway (3) into the hippocampus
to the molecular layer where they contact distal dendrites from the granule cells
of the dentate gyrus (4). Their efferent projections reach the pyramidal cells in

CA3 sector (6) via the mossy fibers (5). These pyramidal cells from CA3 connect

13
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to CA1 passing via the Schaffer collaterals, which project back to the entorhinal
cortex through the subiculum thus establishing an excitatory loop. The repetition
and amplification of stimuli by this loop leads to changes of synaptical receptor
protein expression as a major prerequisite for neuronal plasticity and learning,
referred to as long term potentiation (LTP) [31], [32]. Efferent projections from
pyramidal neurons of CA1-3 leave the hippocampus as fimbria-fornix pathway
shaping the fornix to connect back to other brain regions via the Papez’ circuit

31).

Taken together, the hippocampus constitutes a hub for a vast number of neuronal
projections to and from different cortical regions connected through the CA sec-
tors of the hippocampus, emerging to the complex phenomenon of memory. This
detailed description displays the high number of different neuronal and glial sub-
populations in the CA sectors which demonstrates the importance of a profound

anatomical knowledge of the hippocampus regarding this study.

1.5 The family of the epidermal growth factor

receptors

Amongst the risk factors for AD, altered expression rates of the epidermal growth
factor receptors (EGFR), also called the erythroblastic leukemia viral oncogene
(ErbB) receptors or human epidermal growth factor receptors (HER) and its
ligands were reported [33]. The ErbB growth factor receptors belong to the family
of receptor tyrosine kinases. The abbreviation ErbB derives from the discovery of
an oncogenic retroviral protein of the avian erythroblastosis virus to infect chicken

cells. As the gene of the oncogenic, viral protein was found out to be homologous

14
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to the gene of the epidermal growth factor receptors, the synonymous term ErbB

has been introduced [34].

In total, there are four different receptor protein isoforms: EGFR1/ HER1 (ErbB1),
HER2 (ErbB2), HER3 (ErbB3) and HER4 (ErbB4). Except from haematopoietic
cells the ErbB proteins are expressed in cells orginated from mesoderm and ec-
torderm. They are located in the basolateral compartment of the epithel- ium
mediating mesenchymal-epithelial interactions. Invertebrates like C. elegans and
drosophila carry a single ErbB-like receptor that can be activated by a single
ligand [35].

The protein structure of ErbB re-
ceptors can be divided into three

different domains: a ligand-binding

ECD

cystein-rich ectodomain, a single-
pass type 1 transmembranous (jux-

tamembranous) domain and ac-

TMD

terminal intracellular domain con-
taining a tyrosine kinase and its au-

tophosphorylation sites. After lig-

ICD

and binding, the activated receptors

undergo a conformational change
Figure 1.4: Extra-/intracellular (ECD/ICD)
and untether their dimerization arm  and transmembranous domains (TMD), black ar-
rows: ligand binding sites, white arrows: au-
to form hetero- or homodimers in  tophosphorylation sites, dashed circles: dimeriza-
tion loops. Red crosses: no ligand binding site
different combinations. This forma-  for ErbB2, and lack of downstream activity for

_ _ _ ~ ErbB3.
tion allosterically activates the ki-

nases to autophosphorylate both c-terminal domains. For ErbB3 (no intracellular

15
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tyrosine kinase activity) and ErbB2 (weak ligand binding site) a heterodimer for-
mation with ErbB1 or ErbB4 are essential to successfully activate a downstream
signalling casacade. The phosphorylated tyrosine residues can bind different
adapter proteins to further activate downstream pathways Ras/ERK, PI3K /Akt,
PLC-v1, Sre, She and STAT [36], [37].

Until now two non-canonical pathways have been identified: endosomal internal-

ization for ErbB1 [38] and ErbB2 [39] and proteolytic cleavage for ErbB4 [40].

1.6 ErbB4 signalling in AD

As the fourth member of the Epidermal growth factor receptors, it is expressed in
different tissues including brain, testis, skeletal muscle, heart and kidney. There-
fore the receptor is important for a variety of different cell types and functions
in each organ. The molecular weight of the whole, uncleaved receptor amounts
to 180 kDa. After ligand binding, dimerization and autophosphorylation, pro-
teolytic cleavage by extramembranous shedding by A disintegrin and metallo-
proteinase (ADAM) 17 also called tumor necrosis factor alpha-converting en-
zyme (TACE) leads to the release of the N-terminal ectodomain that contains

the ligand binding site.

Interestingly, the remaining 80 kDa membrane anchored carboxy-terminal part
gets cleaved by the intramembrane protease complex, called y-secretase complex,
which releases the ErbB4 intracellular domain (E4ICD), containing autophospho-
rylated residues. As the Presinilin subunit of the y-secretase is also involved in
the degradation of Amyloid precursor protein (APP) it is important to highlight
this potential common element of downstream pathways of AD pathology and

ErbB4 signalling.

16
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The ErbB4 receptor is the only member of the ErbB growth receptor family,
where the juxtamembranous (JM) isotype a (JM-a) of ErbB4 can be cleaved by
the ~y-secretase [41]. Alternative splicing leads to four different ErbB4 proteins:
cytoplasmic (CYT) 1 and 2, JM-b and JM-a. Not all isoforms undergo the cleav-
age by the ~-secretase, as only the c-terminal region of isoform JM-a CYT-2 and
CYT-1 contain the E4ICD unit which is able to dimerize and translocate to the
nucleus to regulate transcription [42], [43]. This allows further nuclear transloca-
tion to bind promoters and alter the expression of different genes. This underlines
the potential impact on malfunctional gene transcription through impaired ErbB4

signalling.

Further, the multitude of different receptor isoforms that forward different down-
stream pathways underlines the complexity of growth factor receptor signalling
and illustrates the multiplicity of potential targets/isoforms e.g. for designing

expression analysis experiments.

1.6.1 Neuregulins: important ligands of the ErbB receptors

ErbB4-Neuregulin signalling is complex and includes a variety of different functions
throughout different brain areas. ErbB4 is the only member of the epidermal
growth factor receptor family that can bind Neuregulins and at the same time

initiate a downstream signal after homodimerization (see table 1.2).

NRGs are a family of structurally related polypeptides, each of which contains an
epidermal growth factor (EGF)-like domain, distuingished into Neuregulin 1 to
6 [44]. NRG1 binds to ErbB3 and ErbB4 and potentially ErbB2 if it has bound
to ErbB3 or ErbB4. As the kinase activity of ErbB3 is impaired, downstream

pathways for ErbB2 and ErbB3 are dependent on heterodimers with each other or
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ErbB4. As ErbB4 can also form homodimers with itself to forward NRG signal,
it is supposed to be the main binding partner of NRG1 [33]. Impaired NRG1
signalling after ErbB4 deletion highlights the importance of ErbB4 for NRG1

signalling [45].

The ErbB ligands specifically bind to their respective receptor, as shown in the
overview of table 1.2 from Linggi et al. [46]. However, there exists a certain dis-
crepancy between different authors regarding specificity, as discussed by Iwakura

et al [47].

ErbB1 ErbB2 ErbB3 ErbB4

EGF +

TGFa +

HB-EGF +
Amphiregulin + - -

+

+

+

Betacellulin
Epigen

Epiregulin -
Neuregulin-1 - - +
Neuregulin-2 - - +
Neuregulin-3 - - +
Neuregulin-4 - - -
Neuregulin-5 - - -
Neuregulin-6 - - +

et e S SR

Table 1.2: Specificity of ErbB receptors and ligands [46]. As illustrated in
figure 1.4, no ligands have yet been discovered for ErbB2 due to inexisting extracellular
binding sites. ErbB4 has a the highest number of eight binding partners, ErbB1 with
seven and ErbB3 with four ligands.

Previous findings related to ErbB4-NRG signalling in different diseases or ex-
perimental conditions could highlight its importance in different neurophysiolog-
ical pathways like neurodevelopment, LTP, regulation of inhibitory pathways,
motor functions and cell growth [45], [48]-[50]. Being enriched in the postsy-
naptic density (PSD) associating with AMPA through PSD95, the complex in-
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terplay of ErbB ligands with different neurotransmitters regulate the expression
of neurotransmitter transporters glutamine synthase, glutamate aspartate trans-
porter (GLAST) and glutamate transporter 1 (GLT1) [51] and act on septal
cholinergic and mesencephalic dopaminergic neurons through glia cells [52], that
all are crucial for memory related pathways and therefore of specific importance

for AD research [44].

Scar-forming astrocytes overexpress NRG6 that can bind to ErbB3 and thus het-
erodimerize and stimulate ErbB4 on astrocytes around plaques or apoptotic neu-
rons [53]. Further, S-site APP-cleaving enzyme that produces the amyloid pre-
cursor protein, has been shown to regulate the proteolytic processing of NRG1
and its effect on neuroprotection and myelination [54] which could be blocked by

ErbB4 siRNA inhibition [55].

1.7 ErbB4 knock-out mice

Between 10 and 11 days after fertilization ErbB4 knock-out (KO) mice die during
mid-embryogenesis from heart failure due to the lack of myocardial trabeculae
[56]. ErbB4 KO mice with reintroduction of transgenic ErbB4 expression are
able to survive and show behavioural deficits [57] with anxiety-like behaviour, fear
conditioning and hyperactivity in the open field test [58]. Mice with Cre-inducible
ErbB4 in mesencephalic Tyrosin-Hydroxylase positive neurons show deficits in
learning, spatial and working memory related behaviour that could be restored by
tamoxifen administration [50]. Due to its role in neuro-/gliogenesis, the number
of GFAP+ cells in the developing cerebral cortex of KO mice was reduced by 46%
[59]. Interestingly, these behavioural studies on KO mice demonstrate a possible

connection between ErbB4 expression and different neurological impairements.
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Nevertheless, concerning the implication for a transfer towards ErbB4 signalling in
AD, conclusions from behavioural observations from mice to human neurological

symptoms of dementia should be drawn with caution.

1.8 Impaired ErbB4-Neuregulin signalling

To investigate a potential link between neurological symptoms of AD and ErbB4-
Neuregulin signalling in the hippocampus, recent publications have been studied.
The multiplicity of different pathways and targets of the Neuregulin ligands and
their respective effect concerning AD is challenging to recapitulate. AD related,
suspected pathways therefore include memory and LTP, motor function and spa-
tial orientation, inhibition and regulation of behaviour and emotion with a ma-

jority of studies related to psychotic symptoms and schizophrenia.

30-60% of LOAD patients show multiple psychotic symptoms (LOAD+P). The
inheritabilty of LOAD+P is estimated to be around 61% and to be associated
with a more severe, earlier form of cognitive decline and further progression
of dementia [60], [61]. This underscores the importance of genetic risk factors
involved in pathways associated with psychotic symptoms during the progression
of AD. Amongst these different risk factors, polymorphisms for ErbB4 ligand
NRG1 were reported to be associated with psychotic symptoms, delusions and

hallucinations for LOAD+P patients [62].

Concerning memory related pathways, it seems that NRG1 is important for
the functionality of the regulation of LTP excitation, as the mutation of the
NRG1 gene was reported to be associated to LTP dysregulation in AD pathol-
ogy [63]. This could be partially confirmed for murine in-vivo experiments as

microdialysed NRG1 added into dorsal hippocampus reversed LTP at CA1 glu-
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tamatergic synapses. At the same time motor functions were restored via the
Dopamine receptor 4 that activated and rapidly increased extracellular Dopamine
concentration [49]. Another in-vivo study demonstrated a potential beneficial ef-
fect of NRG1 by using a neuroinflammatory, encephalopathic mouse model which
measured disrupted hippocampal NRG1 levels at the beginning. The dysregu-
lated LTP together with the observed cognitive impairment, could be restored

after NRG1 was administrated [64].

Confirming the beneficial inhibitory effect, the overexpression of NRG1 was shown
to prevent the occurance of seizures in epilepsy patients by promoting inhibitory
GABAergic neurotransmission [65]. This inhibitory characteristic of NRG1 has
likewise been reported for its binding partner. Recently, it has been demonstrated
that ErbB4 activity regulates the formation of inhibitory projections and synpases
via the expression and activity of AMPA / NMDA receptors of GABAergic neurons
[66]-[68] and further via the secretion of GABA from parvalbumin interneurons

[69)].

1.9 Proinflammatory pathways linked to ErbB4

Amyloid protein deposition and subsequent plaque formation interferes with the
activity of growth and differentiation molecules such as members of the NRG
family. Colocalization of the expression profiles of ErbB4 and their Neuregulin
ligands of the glial cells were associated with neuritic plaques [70]. The neuropro-
tective effects of NRG1 administration was demonstrated by antagonising apopto-
sis [71]. Further, it induces neurite extension and arborization in cultured neurons
[72] and has anti-apoptotic, neuroprotective effects via PI3K/Akt pathway [71].

In a mouse model of chronic cerebral hypoperfusion used to mimic inflamma-
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tory, neurodegenerative conditions, ErbB4 correlated with the apoptotic marker
Cleaved-Caspase-3. And further, in the RNA sequence data of Ben Barres, re-
active, neuroinflammatory astrocytes in aged mice upregulate ErbB4 expression,
as illustrated in figure 4.2 [73]. These studies demonstrate the profound role of

ErbB4 in neuroinflammatory pathways.

1.10 ErbB4 and cell growth

As a growth factor receptor, ErbB4 is expressed in different cancer types. In the
past, the ErbB network has been intensively studied revealing a variety of thera-
peutic targets especially for breast cancer. Interestingly, for prostate, renal, and
pancreatic cancer, ErbB4 expression is downregulated, whereas in medulloblas-
tomas, thyroid, gastric, breast and colon cancer it is upregulated. This different
ErbB4 expression in neoplasia is assumed to be linked to a different expression
pattern of the four ErbB4 isoforms in the respective tissue types, that act via
different downstream signalling pathways [74]. Concerning astroglial brain tu-
mours, ErbB4 expression seems to be lower for Glioblastoma (GB) compared to
non-neoplastic control brains [75] and to be higher in low-grade gliomas as com-
pared to GB [74]. As a potential hypothesis, upregulation of ErbB4 is suspected to
act as a tumor suppressor of malignant transformation with pro-apoptotic effects
against aggressive brain tumours. Mechanistically, the cleavage of the intracellu-
lar 4ICD unit acts as a BCL-2 homology, 3-only protein in the mitochondrium
and leads to programmed cell death via cytochrome c efflux [76]. The effect could
be confirmed for in-vivo conditions by the transfection of an activating, mutated
ErbB4 allele in breast, prostate and ovarian cancer cell lines which lead to a

enhanced autophosphorylation as well as other pro-apoptotic effects.
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1.11 Astroglial ErbB4-NRG expression

Expression of NRG I in astrocytes increases as a response to neuronal activity
[77] and lipopolysaccharide (LPS) treatment [78]. Around areas from induced rat
brain injury activated astrocytes upregulate Neuregulin I expression; a finding
reproducible with in-vitro astrocyte cultures and forskolin treatment, an induc-
tor of reactive astrogliosis [79]. The NRG1 expression by reactive astrocytes can
also be observed during the formation of a glial scar mediated via autocrine and
paracrine signalling [80]. Concerning the inflammatory responses of ErbB4 for
reactive astrocytes in AD, immunopositive GFAP and ErbB4 astrocytes were ob-
served around neuritic plaques [70]. Additionally, in different pathological condi-
tions in a mouse model of spinal cord injury, both ErbB4 and GFAP in astrocytes

were found to be colocalized [81].

Sardi et al. could show that the cleaved E4ICD unit inhibits GFAP expression
in wild type mice [48]. This is supposed to play a crucial role for early neu-
rodevelopment to favor neurogenesis by suppressing GFAP and promoting sub-
sequent astrocytogenesis. Since astrocytogenesis depends on the translocation
of the E4ICD, altered activity of Presinilin/~y-secretase could affect ErbB4 JM-a

processing [82].

Taken together, NRG1-ErbB4 signalling in astrocytes is involved in multiple path-
ways correlating with inflammation, injury and repair mechanisms. Of note, the
relatively low number of references (only 13 results of the pubmed search "GFAP
+ ErbB4") demonstrates the lack of studies concerning ErbB4 expression in re-

active astrocytes.
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1.12 Aim of this study

The aim of this study was to further investigate ErbB4 expression in the human
hippocampus with a focus on reactive astrocytes. As the involvement of dysbal-
anced astroglial ErbB4 signalling in AD is still unclear, this work seeks to address

the following questions:
1. Is the overexpression of ErbB4 in AD associated with reactive astrocytes?
2. Is ErbB4 associated with pro- or antiinflammatory markers?
3. How is the expression of ErbB4 distributed throughout the hippocampus?

4. Can the expression of ErbB4 be regarded as cell specific, as previously argued

[57], [70]7

5. How is the astroglial expression of ErbB4 in other diseases and therefore

different pathological conditions when compared to AD?

6. Are the results from immunofluorescence on human brain sections repro-

ducible in-vitro?

7. Does the stimulation of astrocyte cultures with ErbB4 receptor ligands lead

to an ErbB4 activation?

8. Does the receptor stimulation lead to pro- or antiinflammatory responses?
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2 Materials and Methods

Antibody Host /Target [conc.] M:l?lffc- Rerfle;flg(e:i
Primary antibodies
a-Tubulin mouse 1/5000 Abcam ab7291
B-Actin Rabbit 1/1000 Abcam ab8227-50
Clq Rabbit 1/200 Dako A0136
g;‘iﬁi_g Rabbit 1/200 R&D Syst. AF835
Cox2 Rabbit 1/500 Sigma HPA001335
ErbB3 Rabbit 1/500 Abcam ab93739
ErbB4 Rabbit 1/200 Thermofisher ab32375
ErbB4 (N-term.)  Mouse, clone Ab77 1/250 Thermofisher MA5-12888
ErbB4 (C-term.)  Rabbit, clone HFR1 1/200 Thermofisher MA1-861
Phospho-ErbB4 Rabbit, polyclonal 1/250 Abcam ab61059
Phospho-Erk Rabbit 1/2000 Abcam ab08115
GFAP iﬁ;iigff 1/500 Synaptics 173004
Ibal Rabbit 1/500 Wako 019-19741
Ibal Goat 1/500 LSBio LS-B2402
Secondary antibodies
AlexaFluor®405 Donkey anti-mouse 1/200 Jackson 715-475-150
AlexaFluor®405 Donkey anti-guineapig 1/200 Jackson 706-475-148
AlexaFluor®488 Donkey anti-mouse 1/400 Jackson 715-545-150
AlexaFluor®488 Donkey anti-rabbit 1/400 Jackson 711-545-152
AlexaFluor®555 Donkey anti-rabbit 1/400 Jackson AB 162543
AlexaFluor®647  Donkey anti-chicken 1/200 Jackson 703-605-155
AlexaFluor®647  Donkey anti-guineapig 1/200 Jackson 706-605-148
AlexaFluor®647 Donkey anti-rabbit 1/200 Jackson 711-605-152
HRP horse anti-rabbit 1/2000 Cell signaling 7074
HRP horse anti-mouse 1/2000 Cell signaling 7076S
IRDye800CW® Donkey anti-mouse 1/10000 LI-COR 926-32212
IRDye680LT® Donkey anti-rabbit 1/10000 LI-COR 26-68023

Table 2.1: Antibody data sheet
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Product Species [conc.] Manufacturer Rejﬁﬁggi
Treatments
EGF human 100 ng/ml Sigma, SRP6253-10 ug
NRG1b1 human 100 ng/ml Bii‘;gfals H8916-10 ug
NRG4 human 100 ng/ml Sino Biological 12183-HNCE-5
TNF-« human 50 ng/ml Sigma H8916-10 ug
Cells

C8-D1A

immortalized mouse - ATCC CRL-2541
astrocytes

iicejilxlfeldPSC human - Fujifilm ASC-100-020-
astrocytes 001-PT

MACS® - magnetic cell sorting
Slill"i]l;)ea ds mouse - Miltenyi Biotec 130-093-634
MACS column - - Miltenyi Biotec 130-042-401
MACS system - - Miltenyi Biotec 13? 3:8%553?92%
Culture medium

BSA bovine - Sigma A3059
DMEM F-12 - - Lonza BE04-687FV1
DMEM - - Gibco 41965-039
FBS bovine - Gibco 10270-106
HEPES - - Sigma SLBC4362
N-2 Supplement - 100X Gibco 17502048
Laminin human 10 pg/ml Sigma L2020
PBS - pH 7.4 Sigma P3813
gfrilgiglmnycin 101(()) (iggtjnrl)ler Gibeo 15140-122
Poly-L-Lysine - 1:1000 Sigma P1274

Table 2.2: Cell culture - used materials
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Product description Manufacturer Reference

number

Protein extraction and quantification

Femto Kit chemilumenescent detection Thermofisher 34094
Protease inhibitors 1%/ well Thermofisher 78440
Protein Assay Kit protein quantification BIO-RAD 5000001
RIPA lysis buffer 120 pl / well Fisher Scientific 89900
TGX agarose gels precast, 4-15% gradient BIO-RAD 4561086
Transblot Turbo gel electrophoresis, transfer BIO-RAD 17001915

Transfer Kit

RNA extraction and quantification

innuPREP
DNA/RNA Mini
Kit

IM-Prom-II RT
System

iQ5 qPCR Kit

extraction kit analytikjena
Reverse transcription Promega
Fluorophore, polymerase, BIO-RAD

buffers, nucleotides

845-KS-20800

A3800

170-8860/75

Table 2.3: Protein and RNA quantification, used materials

Both IgG isotype control and a staining with secondaries only on a human hip-

pocampus sample turned out negative with unspecific staining. To test the

interaction of primary antibodies as a possible artefact, stainings with differ-

ent antibodies/epitopes for GFAP and ErbB4 could reproduce the observed

GFAP* /ErbB4" immunoreactivity. ErbB4 only stainings showed ErbB™ cells

with astrocyte morphology, therefore no interaction could be detected.

2.1 Human brain samples

Human brain samples from table 2.4 were obtained from the Douglas-Bell Brain

Bank of Canada as part of the McGill University Health Centre in a collabora-

27



Material and Methods

tion with the University of Luxembourg. All performed experiments on human
samples were approved by the Ethics Review Panel of the University of Luxem-
bourg. In average, the age of the samples was 83,3 years, with a male to female
ratio of 1:1.7 and a mean postmortem time of 22.1 hours. For AD samples, the
average neuropathological ABC score (see table 1.1) was A = 2, B = 2.8, C =
2.5. According to clinical observations and neurohistopathological examinations

of the McGill University, samples were classified as non-demented control (CTL).

The samples were first rinsed in phosphate-buffered saline (PBS) and icubated in
30% sucrose solution in PBS for 36 hours at 4 °C. Samples were then embedded
in M-1 embedding matrix (Thermo Scientific, Waltham, MA) and cut into 50 pm
thick coronal slices on a sliding freezing microtome. After cryosectioning, slices of
samples were stored in a cryoprotectant solution containing ethylene glycol (30%)
and glycerol (30%) in 0.05 M phosphate buffer (PB, pH 7.4) until processed for

immunostaining.

The following protocol of immunohistochemistry was used: (1) 24 hours UV light
treatment to prevent autoflourescence. (2) PBS containing 0.5% Triton-X 100
treatment for permeabilization for 30 minutes at room temperature (RT). (3)
PBS containing 2% horseserum and 0.5% Triton-X 100 treatment for 2 hours
for blocking unspecific epitopes. (4) Primary antibody in PBS containing 0.5%
Triton-X 100 and 2% horseserum, incubation for 72 hours at 4 °C, with different
concentrations for each antibody (table 1). (5) Washing 3 times for 10 minutes
with PBS at RT. (6) Incubation of secondary antibody for 2 hours at RT in PBS
containing 0.5% Triton and secondary antibodies (table 1) covered in aluminium
foil (7). Two washings for 10 minutes in PB at RT in aluminium foil. (8) One

washing with PB containing 1% Triton. (9) One washing with PB.
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The confocal Microscope Zeiss LSM-71 with a 20x objective was used for acqui-
sition. Laser (488 nm, 555 nm, 647 nm) strength, amplification, and resolution
were manually adjusted to the amount of emission of applied antibodies. Larger
tile scan overviews were performed as maximum intensity projections based on

10 z-stacks (1 pum each step).

Brain tumor samples were deparaffinied with Xylene and rehydrated via the
ethanol series (100% - 70%, each 3 minutes), incubated in cresyl violet for 5 min-
utes, rinsed in distilled water, incubated 3 minutes each in 95%/100% ethanol and
cleared in xylene 2 times for 5 minutes and mounted with permanent mounting
medium. For immunohistochemistry, samples were heated 20 minutes at 50 °C,
then samples were rehydrated with the ethanol series as above. Then the samples
were boiled with antigen retrival solution for 15 minutes and cooled in citrate
buffer for 20 minutes. Afterwards, blocking and antibody incubation steps were

performed as described.
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Diagno- ABC
Case b Age Sex sigs PMD (h) Stage
1 1669 87 M AD 21.8 A2B3C2
2 1631 87 M AD 10.8 N/A
3 1565 83 M AD 43.3 B3
4 1523 86 M AD 27.3 A2B3C2
5 1504 91 M AD 25 A2B3C2
6 1494 85 M AD 31.1 A2B3C3
7 1296 80 M AD 15.5 B4
8 1780 90 M AD 26.1 A3B2C3
9 1939 90 M AD 32 A2B2C3
10 1763 83 M AD 16.8 N/A
11 1326 82 M AD 11.5 A2B3
12 1923 87 F AD 17 A1B2C2
13 1534 96 F AD 26.5 B3
14 1352 83 F AD 15 N/A
15 1501 83 F AD 25 A2B3C3
16 1725 7 F AD 24.3 B3
17 1839 74 F AD 27.6 -
18 1696 81 F DLB 8.58 -
19 1629 83 F DLB 17.8 -
20 975 7 F DLB 19.5 -
21 1671 82 M DLB 22 -
22 1573 64 M DLB 17.3 -
23 488 86 F CTL 5.8 -
24 808 80 F CTL 17.5 -
25 1117 82 F CTL 32.6 -
26 1547 95 F CTL 23.8 -
27 1895 55 F CTL 21.1 -
28 1443 83 F CTL 35.8 -
29 1374 89 F CTL 23.6 -
30 1582 85 M CTL 26.8 -
31 1709 93 M CTL 18 -
32 1881 89 M CTL 32 -
33 1419 80 M CTL 13 -
34 1582 85 M CTL 26.8 -
35 1389 89 M CTL 32.3 -
36 2003 81 M CTL 72h (autopsy) -
37 AMKE36 51 M GB postop. -
38 AMKE37 72 F GB postop. -

Table 2.4: Human brain samples, paraformaldehyde (PFA) fixed
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2.1.1 Semiquantitative analysis

A semiquantitative analysis of ErbB4/GFAP proteins on different samples was
carried out with parameters for different characteristics of IHC micrographs as
shown in table 2.5. Morphological criteria were quantified in frequency of ErbB4
immunoreactivity in each image as percentage of cells with nucleic, cell body
and proximal processes, the amount of GFAP positive area that colocalizes with
ErbB4 and the GFAP overall intensity. Total number of samples was n=31, with
groups AD (n=17) and control (n=14). Different confocal images per sample
from CAL1 sector of ErbB4 and GFAP staining were evaluated. Mann-Whitney-
U tests and visualisation with Box-Whisker plots with interquartile range for
non-parametric ordinal/interval scale were performed with R 4.0.4 and ggplot2

package on resulting data.

Grade 1 2 3 4 5
Frequency 0-1% 1-25% 25-50% 50-75% >75%
Intensity sparse medium high
Coloc. sparse medium high

Table 2.5: Semiquantitative grading scale for IHC

For the statistical analysis a Mann-Whitney-U-Test for non normal distributed
interval and ordinal scale was calculated to determine if there were differences be-
tween AD and control for occurance of ErbB4 staining as nucleic and cell body or
proximal processes, and colocalization (with ErbB4) and intensity of GFAP fluo-
rescence. Means for interval scale for frequency (cell body, nucleic) and medians

for ordinal scale for intensity (colocalization, fluorescence) were calculated.
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Murine whole brain samples

Murine control brains (p100 C57BL/6 mice, p300 Wistar rats) were anesthetized
with halothane, decapitated, post-fixed with PFA 2% (wt/vol) and cryosectioned
in coronal slices at 30 pm. Blocking, staining and mounting steps were performed

according to IHC protocol on free floating samples from section 2.1.

2.2 Cell culture

The overview (see supplemental table 6.1) shows the different experiments on
different astrocytic cell types (immortalized, primary, iPSC) with cell counts and
treatments with duration, amount, reagents and which kind of extraction was

done afterwards. All used reagents are shown in table 2.2.

2.2.1 Murine C8-D1A immortalized astrocytes

8-D1A astrocytes (type 1 clone, ATCC CRIL-2541) were cultured in the incuba-
tor at 37 °C, 5% COs in DMEM (Dulbecco’s Modified Eagle’s Medium, gibco
30-2002) containing 10% fetal bovine serum, as well as 1% Pen Strep (Thermo
Fisher Catalog No. 15070063) as antibiotics (table 6.1). After thawing, cells were
centrifuged for 5 minutes at 10 000 g at 4 °C. The pellet was resuspended in
DMEM medium and transferred for passaging in 25 ml flask. Once cells reached
confluency they were detached with Trypsin-EDTA 2% and transferred either to
a 12 multiwell plate for protein extraction or to coverslips for further immunos-
taining. After different treatments, cells were washed with PBS. For cell lysis and

total protein extraction see section 2.2.5.
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2.2.2 Murine primary astrocytes

All animal experiments were carried out according to the 2010/63/EU European
Union Directive and internal ethical committee regulations. The protocols were
approved by the Animal Experimentation Ethics Committee (AEEC) of the Uni-
versity of Luxembourg. All efforts were made to minimize suffering. Newborn

mice were decapitated.

For mixed glial cultures from newborn C57BL/6J mice from Charles River (France)
we used the culture medium DMEM (Gibco), together with 10% FBS (Gibco)
and 1% antibiotics (10 000 U/ml Pen - 10 000 pg/ml Strepto). After dissectioning
the head of the 1 to 3 days old mice, the 2 hemispheres of the brain were seperated

and the cerebellum and the meninges were removed in a petri dish with PBS 1X.

With a 18 G and 21 G needle the brain was mechanically dissociated. Then 30-40
ml of culture medium was added and centrifuged at 1100 rpm for 10 minutes at
4 °C. After removal of the supernatant the cells were mixed with some media
and transferred to a 75 cm? flask coated with poly-L-Lysine (Sigma). Following
incubation at 37 °C, 5% COy of 5 to 7 days, the media was removed and one

washing step with PBS was performed to remove debris.

After 14-16 days mixed glial cultures were confluent and after one washing step
with PBS, Trypsin-EDTA 2% was added to dissociate the cells, then put in the
incubator (37 °C, 5% CO,). Equal volume amount of media was then added to
inhibit the Trypsin. After centrifugation of the suspension at 1100 rpm for 10

min at 4 °C the supernatant was removed.
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Magnetic cell sorting - purification of astrocytes cultures

To limit the analysis to the response of astrocyte cultures after pro-inflammatory
treatments, microglial cells were removed from the mixed glial cultures by mag-
netic cell sorting (MACS; Miltenyi Biotec). The pellet was first resuspended with
20-30 ml of MACS buffer (Sigma). The suspension was then filtered with a 70 pm
filter. After centrifugation at 1100 rpm for 10 minutes at 4 °C the supernatant
was removed and 90 pl per 10 million of cells MACS buffer at 4 °C were added.

Then 10 pl of CD11b antibody coated microbeads (Miltenyi) per 10 million cells
were added and put in the tube at 4 °C in the fridge for 10 minutes, then resus-
pended and put back at 4 °C for another 10 minutes. After incubation, 2 ml of
MACS buffer for each 107 cells was added. The suspension was then centrifuged

at 1100 rpm for 10 minutes at 4 °C, the supernatant was then removed and 500

ul of MACS buffer at 4 °C added.

The columns (Miltenyi) of the magnetic system (MidiMACS/ QuadroMACS sep-
arators) were then first filled with each 3ml of MACS buffer at 4 °C. Then the cell
suspenion was applied on the rinsed column to magnetically pull microglia out of
the mixed glial culture to the magnetic column and let astrocytes pass through

it. After that, 3 washing steps with MACS buffer each 3 ml were performed.

The residing astrocytes in the solution were then centrifuged at 1100 rpm for 10
minutes at 4 °C, the supernatant was removed and then the pellet was solubilized
with complete culture medium. To achieve a purified astrocyte culture (less then
0.5% microglia cells) the MACS steps from above were repeated after incubating

the cells for days to reach confluency.
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2.2.3 Human induced pluripotent stem cell (iPCS) astrocyte

culture

Human induced pluripotent stem cells (iPSC) derived astrocytes (No.#11 in ta-
ble 6.1) were purchased from Fujifilm as iCell® astrocytes and stored in liquid
nitrogen at -150 °C until further use. Twelve well plates were coated with laminin
by incubation for 1 hour (laminin concentration 10 pug/ml) at 37 °C prior to the
transfer of cells and washed with PBS afterwards. Complete culture medium
DMEM/F-12 HEPES (97 ml), FBS (2 ml) and N2 supplement (1 ml) was then
added. The vial with cells was thawed in the incubator for 10 minutes and cen-
trifuged at 300 g for 5 minutes to remove the freezing solution. Afterwards the

cell pellet was resuspended in 3 ml of maintenance medium.

Total amount of 1.35 million cells were counted and for 12 well a seeding density
of 100 000 cells/well in 0.5 ml was distributed in all 12 wells and for immunocy-
tochemistry analyses 10 wells of a 96 well plate were used with a density between
10 000 and 20 000 cells in 0.1 ml. Well plates were then incubated at 37 °C/5%
COs. Half of medium was changed every 2 days. After 72 hours, total proteins of
cells in 12 well plates were extracted as described in section 2.2.5 and cells in 96
well plates were fixed with 4% PFA and incubated with antibodies as described

in section 2.2.4.

2.2.4 Immunofluorescence

The astrocytic cell cultures (less then 0.5% microglia) with approximately 700.000
cells per well were treated for 24 h as indicated, see table 6.1. After 24 hours the

media was removed. The cells were then fixed for 20 minutes with a 4% PFA
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dilution in PBS at RT and washed 2 times with pre-cooled PBS at 4 °C. For
immunocytochemistry analyses, one coverslip of each condition was treated at RT
with following steps: one hour permeabilization step with PBS containing 0.5%
Triton, 2 hours blocking unspecific epitopes with PBS (Thermofisher) containing
2% HS and 0.5% Triton, 3 washings with PBS 10 minutes each and 2 hours
with different primary antibodies. After 3 washing steps with PBS, secondary
antibodies were added and incubated for 2 hours. After 3 additional washings
for 10 minutes with PBS (Gibco) the coverslips were mounted on slides using

antifade mounting medium.

2.2.5 Protein extraction, gel electrophoresis and western

blotting

The purified astrocyte cultures were treated for 24 hours. After 24 hours the me-
dia was removed and 150 ul RIPA lysis buffer (Fisher) with 1% Protease inhibitor
and 1% Phosphatase inhibitors (Thermofisher) were added to each well which were
then scraped. The solution was then centrifuged for 10 minutes at 1100 rpm at 4
°C to separate debris from proteins. The supernatant was then removed from the
pellet and stored at -20 °C. Protein content was determined using the Bio-Rad
Protein Assay Kit according to the manufacturer’s protocol. For denaturation
of proteins, 2X Laemmli loading buffer (4% SDS, 10% 2-mercaptoethanol, 20%
glycerol, 0.004% bromophenol blue, 0.125 M Tris-HCIl, pH 6.8) was used. The

samples were then heated at 90 °C for 5 minutes for further degeneration.

To be able to compare the different conditions, an equal amount of protein was
then added to the gel containing a gradient of 4 to 15% of SDS. and migration
with buffer (25 mM Tris, 190 mM glycine, 20% ethanol, diluted in HyO) was
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performed for 45 minutes. The proteins on the gels were transferred along the
applied current onto the nitrocellulose membranes with wet transfer for 2 hours

at RT with 20% ethanol.

The membranes were then blocked for 2 hours at RT under agitation with FBS
3%. Afterwards, incubation with primary antibodies in PBS + Tween 0.1% and
BSA 3% for 24 h at RT, subsequently with secondary antibodies (in PBS + Tween
0.1% and BSA 3%) for 2 hours at RT on agitation. They were then washed 3
times for 10 minutes in PBS-tween 0.1%. For chemiluminescent detection the
membranes were incubated in 500ul of each reagent of Femto kit substrate for 5
minutes prior to detection. For immunofluorescent detection, after incubation for
2 hours with IRDye secondaries, membranes were washed 3 times in PBS-tween

0.1% prior to acquisition.

2.2.6 RNA extraction, cDNA and gPCR analysis

For RNA extraction of the samples in 12 well plates, the innuPREP RNA Mini Kit
(analytikjena) was used. Reverse Transcription was done with the IM-Prom-II

Reverse Transcription System (Promega).

To have single stranded RNA, a mix of total RNA and 1 ug RNAse free water (9
pl, Promega), and 1 pl of OligodT was heated at 70 °C for 5 minutes. Samples
were then put on ice for 5 minutes. For the reverse transcription a buffer mix
(see table 2.3) of 8 ul RT buffer was used, 6 pl MgCly (25mM), 2 pl ANTP mix
(10mM), 1 pl RNAsine inhibitors, 2 ul reverse Transcriptase and 11 pul RNAse

free water (all from Promega kit).
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After a short centrifugation at RT for 1 minute at 10 000 g the reverse transcrip-
tion was done in following steps: annealing (5 minutes, 25 °C), elongation (60
minutes, 42 °C), inactivation of the enzyme (15 minutes, 70 °C). The comple-
mentary DNA (cDNA) was then kept at -20 °C. For the qPCR analyses, primers
were designed with PrimerBLAST and NucleotideBLAST from NCBI to span
exon-exon junctions to increase specificity. For the following PCR, materials

from the iQ5 kit of Bio-Rad was used.

First, 1 pl of cDNA in 3 ul of water was put into each well. 8 ul SYBR Green
(nucleotides, polymerase 50 U/ml, 6 mM MgCl, and 20 nM flourescent) 0.8 pul
of forward and reverse primers (12.5 uM) and 6.4 ul of RNAase free water were
then added. To eliminate bubbles and to pull down the liquid to the bottom of

the well, the plates were centrifuged at 1000 g for 2 minutes.

The PCR steps with a total of 40 cycles were as follows: 3 minutes at 95 °C for
the activation of the enzyme, 10 seconds at 95 °C for denaturation, 30 seconds
at the annealing temperature according to the primers. For establishing the melt
curves the probes were treated for 1 minute at 95 °C, 1 minute at the specific

melt temperature of the primer and cycles for 30 seconds increasing to a final 95

°C.

The concentration of the nucleic acid (in this case cDNA) of each gene of interest
(GOI), targeted by a primer, is antiproportional to the number of cycles needed
until the fluorescence of SYBR green fluorophore (highest when bound to DNA)

reaches a predefined threshold.

Normalization for each gene was done by subtracting Ct value of housekeeping

gene RPL27 from GOI ACt = Ctgor - Ctger. Expression of each gene as AACt =
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ACtey - ACtgor was calculated for each technical replicate and plotted on figure
3.19 as log2 fold relative to control. High AACt values indicate upregulation
of gene, low values downregulation. No statistical analysis due to small size of

biological replicates (n=1) was performed.

Gene Forward Reverse

ErbB4 AGTGGTTTTGCCTATGCCTGA ACAGATGGACAACAAATTCCAGT

NRG4 ACACTATACTCTGCTTGATTCCTC CTTCCCCCGTGGGTAAATAGA

ErbB1 ACACGCGCTAGTTTACCAGT CATGAAATGAAGACAGGAACACA

NRG1 CAGTACCCACCCGGAAGAAC TCCGAGCTGGAGAAGGGAAG
IL6 TCCTACCCCAATTTCCAATGCT TAACGCACTAGGTTTGCCGA

GFAP CACGAACGAGTCCCTAGAGC GCAAGTGCCTCCTGGTAACT

Table 2.6: Nucleotide sequences of used primers

2.3 Analyis of immunofluorescence by
quantification of pixel intensity

The set of the included samples for the digital analysis amounted to a total of
n = 16, with Control (n = 7) and AD (n = 9). The age of cases ranged between
55 and 96 (u = 83.63, SD = 9.2, u CTL = 85.8, u AD = 82.3), with a gender
ratio of 56% male to 44% female (see table 2.4). The multi-tile images covering

a total area of 1118 ym? were obtained with Zeiss confocal microscope.
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The 20X objective was positioned
at the CA1l sector between the
stratum radiatum (4) and stratum

oriens (2) as demonstrated on the

red box in figure 2.1. A tissue

depth of z = 10 stacks with a thick-

ness of 1 um per stack was set

~ Figure 2.1: Exemplary coronal plane of the
for each sample to cover approxi- hyman hippocampus. Red square: area of the

images for digital analysis. Drawing from Du-

mately one cell layer. vernoy et al. [30]

2.4 Fiji macro

To quantify the level of flourescence intensity for the analysis of images from IHC
experiments, Fiji (ImageJ with scientific plugins) and its macrolanguage were
used. For GFAP and ErbB4 expression analysis in astrocytes, a mask around
astrocytes cell body was created via the GFAP channel. This was done by the
k-means plugin from ij-tools [83] by the detection of GFAP pixel clusters that
were further "Converted to Mask". This mask contains the calculated clusters as
so called "regions of interest" (ROI) that are stored in a database of the software

(ROI manager).

This ROI manager contains the coordinates of these regions as a mask that can be
"hold" onto the images like a template. After the template was created, the raw
images were opened to apply the ROI (mask). Measurements on these defined
areas achieve the desired output of seperating cells from background. Different

sizes can then be measured under respective regions.
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To quantify the amount of flourescent intensity under the area, in a way that
it is proportional to the amount of expression or amount of protein of the cell,
integrated density was used. Where integrated density is defined as "the sum of
the values of the pixels in the image or selection. This is equivalent to the product
of area and mean gray value' [84], [85]. In case of varying sizes - like the soma
of astrocytes in different conditions - the sum of all pixel values (which is also
defined to be proportional to size) "collects" all pixel values under the area and

can therefore be seen as proportional to the abundance or expression of protein.

The following sequence was performed on all samples: Z-stacks of each image were
split in stacks (n=10) and saved to folder. To create a mask to measure, the GFAP
channel was used for following preprocessing steps: background subtraction with
radius of 50, despeckle, median with radius of 2, which were equally applied to all
images. Intensity thresholds for creating the mask have been globally adjusted

once for each stack/image.

Next, by using k-means clustering from ImageJ Plugins toolkit [83] each pixel was
initially randomly assigned to image seeds distributed by k-means++ algorithm
[86]. According to the pixels vector values in space and intensity (RGB value),
proximity to each random seed was iteratively summarized and minimized to
reallocate and finally find cluster centroids with local optima. Clusters were then
transferred to the ROI manager to serve as a cell mask that is held on the original,
unprocessed GFAP and ErbB4 images. The whole macro code is attached (see

section 6.2), with explanatory comments highlighted in green.
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Figure 2.2: Sequence of analysis with Fiji macro from step 1 to 6. The generated
mask with ROI as astrocytes from the GFAP channel is applied on the original image
for step 6, the measurement of fluorescent intensity.

2.4.1 Statistical analysis

Statistical analysis between groups (AD vs. Control) and correlation between
protein expression (ErbB4 and GFAP) was done with SPSS. Unpaired t-test was
conducted to test differences in GFAP and ErbB4 intensities between AD and
control groups. The precondition for a t-test is a Gaussian normal distribution
of the data, which was recommended to be confirmed with a Shapiro-Wilk test
(small sample size n<30) on a significance level of «=.05. Pearsons’ r correlation
coefficient was calculated between groups of ErbB4 and GFAP for a two sided

t-test on a significance level of a=.05.
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3 Results

3.1 ErbB4 immunofluorescence in control condition

Control - CA4 - case #23
N-terminal ErbB4
7 C
L\

Sﬁm
Control - CA1 - case #25

N-terminal ErbB4
E F G Hy i

25pm o o . %
Control - CA1 - case #32

N-terminal ErbB4
: J 4 K 4

4 4

"

Control - CA1 - case #33

N-terminal ErbB4

M, : N O
: 4 4

Figure 3.1: Human hippocampus, control condition, cases No.#23 (A - D), No.#25
(E - H), No.#32 (I - L), No.#33 (M - P). Columns: N-ErbB4, GFAP, SST/PV

interneuronal marker, COX2 proinflammatory marker.
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Control hippocampi stainings in figure 3.1 from page 43 show different interneu-
ronal somatostatin (SST), parvalbumin (PV), and Cyclooxygenase 2 (COX2) in-
flammatory marker. Morphological features of astrocytes in physiological, resting
state can be well observed in picture F and J with thin processes and eutrophic
cell body. The low signal for COX2 in pictures K and O indicate a low inflam-
matory activity. ErbB4 is present in putative neurons with triangle-like cell body
(white arrowheads in pictures A, L, M). No ErbB4 staining in GFAP™ cell bodies
or proximal processes in pictures D, H, L, P. The observed nuclear-like staining
for astrocytes appears to be present in pictures H and P, to a weaker extent in

picture L.

In figure 3.2 (sample No.#29) with ErbB4, GFAP and Parvalbumin staining and
close-up view in image D on a Parvalbumin™ neuron, shows clear distuinguishable
layers of the CA1 sector. Strong GFAP immunoreactivity along a blood vessel
in the center of the image. In contrast to control, ErbB4 seems unspecific and
primarily nuclear-like (arrowhead in picture E). No ErbB4 signal for GFAP™ cell
bodies or processes. Concomitant with AD is the high density of ErbB4™ nuclei

T neuron is indicated with

along the dentatue granule cell layer. One Parvalbumin
arrowheads, counterstaining the nuclei with ErbB4. Compared to AD condition,
the morphological features of astrocyte reactivity seems to be less prominent with

smaller cell bodies and thinner processes.
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Control - CA 1 - case #29

N-terminal ErbB4
A =] C

Figure 3.2: Human hippocampus, control condition, case No.#29., CAl sector. A:
ErbB4, B: Cleaved-Caspase 3, C: Iba, D: merge, E: close-up view.
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3.1.1 Mouse and rat control cortex

control rat - neocortex

N-terminal ErbB4
B C D

A 4 7N

A 'y A

control mouse - neocortex

+ N-terminal ErbB4 + +

Figure 3.3: Control neocortex of rat and mouse. A: N-ErbB4, B: GFAP, C: NeuN,
D: merge, E: N-ErbB4 + TOPRO nuclear dye, G: N-ErbB4, GFAP, TOPRO nuclear
dye.

In the whole brain coronal sections of mouse and rat neocortex, some ErbB4"/
NeuN™ neurons from merged region D are indicated with white arrowheads and
demonstrate a triangle-like shaped cell body. The GFAP staining appears quite
low with few dots in B, possibly due to poor ITHC (antibody binding/loss of
epitope). Despite weak GFAP immunoreactivity the lower series of pictures shows
a similar cell body shape for ErbB4 signal, that could be most compatible with
neuronal cell body shape. Overall GFAP appears less colocalized with ErbB4 and
with a lower signal strength (E - G) compared to NeuN. Single immunostaining
to exclude a possible antibody interaction, with ErbB4 primaries only (images E

+ F) could confirm the observed neuron-like staining of images G and D.
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3.2 ErbB4 immunofluorescence in AD

Alzheimers' D. - CA1 to CA4 - case #15 - stage A2B3C3

N-terminal ErbB4 merge
A B C D)

orientation

Figure 3.4: Human hippocampus, AD, CA1 - CA4 sectors, DG, case No. #15, stage
A2B3C3. A: ErbB4, B: GFAP, C: P-ErbB4, D: merge, arrowheads: dentate granular
layer, x in D: CA4 sector, E: close up view, arrowheads: clusters of astrocytes.

Figure 3.4 (case No.#15) with a triple staining of Phospho-ErbB4, ErbB4 and
GFAP, from case No.#15 (staged A2B3C3) demonstrates a representative exam-
ple for ErbB4 expression in AD hippocampus. For orientation, the anatomical
scheme [30] is shown in the left part of the figure. From the GFAP staining the
outer borders of the alveus and the stratum oriens of the sample can be esti-
mated. In the magnified region E, clusters of astrocytes positive for ErbB4 and
GFAP, are shown in CA1 sector, as indicated by the arrowheads. Colocalization
with ErbB4 seems to be present mostly on proximal cell body and in parts of

the proximal processes. White arrows in the merged section D indicate strong
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nuclear-like expression of Phospho-ErbB4 and ErbB4 (A) in the dentate granule
cells. The CA4 sector (x) with low signal to noise ratio, shows high Erbb4 and
GFAP signal, also with high reactivity along the GD. Signal from Phospho-ErbB4
is morphologically round, and most probably nuclear, potentially associated with

granular cells. Interestingly, P-ErbB4 expression is limited to the dentate gyrus.

Alzheimers' D. - CAl to CA4 - case #7 - Braak IV D

N-terminal ErbB4
A $o0pm B C

orientation

Figure 3.5: Human hippocampus, AD, CA1 - CA4 sectors, DG, case No.#7, Braak
4. A: ErbB4, B: GFAP, C: Parvalbumin, D: merge, arrowheads: dentate granular
layer, E + F: close up views, arrowheads: cluster of astrocytes.

The overview in figure 3.5 (case No.#7, staged Braak 4) on CA sectors 1 to 4 shows
a triple staining of ErbB4, GFAP, and Parvalbumin. Magnified regions show parts
of CA3 and GD. Arrowheads on magnified region F point to histopathological
hallmarks of putative neuritic plaques with clusters of astrocytes. High level of

astrocytic reactivity with hypertrophic proximal processes and cell bodies. GFAP
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channel shows different clusters of astrocytes, most prominent in ventral and

dorsal CA3 and on the transition to CA4.

Alzheimers' D. - CAl to CA4 - case #2

N-terminal ErbB4
A S . ' ) ] C

Figure 3.6: Human hippocampus, AD, CA1 sector, case No.#2, no staging available.
A: ErbB4, B: Cleaved-Caspase 3, C: Ibal, D: merge, E: close-up view, arrowheads:
cluster of astrocytes.

ErbB4 signal is present in nuclei of neurons almost throughout the entire hip-
pocampus, with enhancement in the granular and pyramidal layer of CA1 as
observed in figure 3.4 from page 47. Magnified regions show strong ErbB4 im-
munoreactivity on neurons and glial cell bodies. Some putative ErbB4" /GFAP~

neurons are surrounded by clusters of astrocytes as shown in region F. Parvalbu-
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min staining looks similar to Phospho-ErbB4 from figure 3.4 along nuclei of the

neurons in the dentate granule layer.

Figure 3.6 (case No.#2) shows a large part from the CA1 sector. ErbB4 appears
as an almost GFAP-like signal where multiple clusters of astrocytes in the pyra-
midal layer and stratum oriens can be seen. Reactive astrocytes with long spiny
processes and along strong immunoreactivity for Cleaved-Caspase 3, an indicater
for apoptotic cell death, inside acquired CA1 sector. The triangle shaped mor-
phology of Cleaved-Caspase 3T cell bodies indicate that these cells most probably
correspond to apoptotic neurons surrounded by reactive astrocytes. Thus, there
seems to be a high level of codistribution between ErbB4™ regions and Cleaved-
Caspase 3 T regions. In E these areas with apoptotic neurons surrounded by
ErbB4* astrocytes and Ibalt microglia are magnified. ErbB4 immunoreactivity
seems to be limited to astrocytes, although some microglia show a nuclear-like
staining. The previously observed round, nuclear-like signal for ErbB4 is limited

to some single cells on the lower end of the image.

In figure 3.7 inflammatory markers COX2, Clq, Cleaved-Caspase-3 in AD condi-
tion partially colocalize with ErbB4. Pronounced ErbB4 immunoreactivity accu-
mulates around plaque-like cluster of Iba™ cells as indicated with the red circles
in images D and H. Further, images A, E, I and M show ErbB4 positivity for the
soma and proximal processes, counterstaining for GFAP, as demonstrated in im-
age H (red circle) and image P (arrow). Remarkably, GFAP™ astroyctes that are
not associated to the plaques, seem to be immunonegative for ErbB4, as indicated

with arrowheads in pictures E - H.
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Figure 3.7: Human hippocampus, AD, case No.#16, stage Braak III (CA1 sector,
images A - D), case No.#7, stage Braak IV (CAl, images E - L), case No.#6 stage
A2B3C3 (CA1, M - P). Red circles around plaque-like Ibal™ clusters of reactive
microglia.
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In nearly all images, ErbB4 stains for some additional nuclei, probably neurons.
Interestingly, there is no COX2 staining around the plaque in picture B. No
visible ErbB4 signal was found for Ibal™ microglial cells in picture C, G and
K. Arrowheads in picture I, J, K and L indicate an immunopositivity for the
proinflammatory marker C1q complement factor together with ErbB4 surrounded
by multiple Ibal™ cells. Only weak nuclear-like signal for ErbB4 in picture I.
Apoptotic marker (arrowheads in picture M - P) show the positivity for GFAP,
Cleaved-Caspase-3 and ErbB4 around the cell body. In summary the shown
inflammatory microenvironments could be characterized by reactive astroglial

cells, strongly expressing ErbB4 and clustering around plaques.

As ErbB4 is able to dimerize with other members of the EGFR family, the pattern
of binding partners ErbB4 and EGFR, were analyzed in figure 3.8. As an addition
to the previous figure, a distinct image with Parvalbumin™ cells on can be seen
on sample AD1669. Strong reactivity of clustered astrocytes can be observed in
picture B, F and J. Arrowheads in pictures A - D and E - H show some smaller cell,
nuclear-like parts that are positive for both ErbB4 and ErbB3/EGFR. Overall
nucleic signal for both dimerizing partner, with less strength in signal and no
staining in cell body or proximal processes. Distinct nucleic signal of ErbB4 in
picture I, costaining with Parvalbumin™ cells as indicated with white arrows in

pictures I - L, which confirms that ErbB4 is expressed in interneurons.
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Alzheimers' D. - CA1 - case #15 - A2B3C3
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Figure 3.8: Human hippocampus, AD, case No.#15 (CA1 sector, images A - D), case
No.#5 (CA1, images E - H), case No.#1 (CA1, images I - L). Immunostaining: N-
ErbB4, GFAP, ErbB4 dimerization parners ErbB3, EGFR and interneuronal marker
PV.

3.3 ErbB4 immunofluorescence in DLB and GB

Adressing the question number #7 (section 1.12) in order to investigate the ex-
pression of ErbB4 during inflammatory responses to different pathological condi-
tions, DLB and GB samples were analyzed. In figure 3.9 two images from sam-

ples with DLB are shown to observe the colocalization of ErbB4, interneuronal
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marker Parvalbumin and GFAP. Reactive astrocytes form several clusters, possi-
bly around a plaque-like structure, as indicated with the arrowheads highlighting

GFAP*/ErbB4™" double positive cells in images A to D.

Dementia with Lewy bodies - CAl - case #22
N-terminal ErbB4

A B C

. v

Dementia with Lewy bodies - CA1 - case #19

N-terminal ErbB4
E e ‘ = €]

3

Figure 3.9: Human hippocampus, DLB, case No.#22 (CA1 sector, images A - D),
case No.#19 (CA1, images E - H), Immunostaining: N-ErbB4, GFAP, PV.

For images E to H, ErbB4 seems to be weaker and more nuclear-like, with no im-
munopositivity for the soma and the processes for astrocytes. Concerning the ob-
servation of interneurons expressing ErbB4 from previous AD and CTL samples,
there seems to be no visible colocalization of Parvalbumin positive nuclear-like

staining in image G, neither for GFAP nor ErbB4.

Figures 3.10 and 3.11 display the results from Glioblastoma brain tumor cases
#37 and #38. Nissl stainings were also analyzed as overviews together with

double immunohistochemistry (ErbB4 and GFAP) and TOPRO®nuclear staining.
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Magnified regions of interest are outlined with rectangular boxes. The arrowheads

indicate ErbB4™ astrocytes, with strong signal in cell body and processes.

Glioblastoma - case #37

N-terminal ErbB4
= 4 H

Figure 3.10: Glioblastoma brain tumor, case No.#37, Nissl stainings (A, B), box in A
around close-up view of immunostainings (C - E), and from area E (F - H), arrowheads
with ErbB4™ and GFAP™ astrocytes.
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Glioblastoma - case #38

N-terminal ErbB4 merge +
C

50 um

N-terminal ErbB4 merge +
F

Figure 3.11: Glioblastoma brain tumor, case No.#38, Nissl stainings (A, B), box in
A around close-up view of image B. Close-up view of image H with ErbB4" /GFAP*
astrocytes.
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Figure 3.11 shows images taken from Glioblastoma sample No.#38. with high cell
density and picture E + H with decent colocalization of both GFAP and ErbB4,
which seems mostly perinuclear and on the proximal cell body including some
processes. ErbB4 seems to be expressed in the soma of astrocytes in GB tissue,
including activated and dividing astrocytes. Compared to AD an overall lower

nuclear-like signal can be observed.

3.4 ErbB4 immunofluorescence in-vitro

Based on the results from human brain sections, the question No.#6 was ad-
dressed to investigate whether the findings of ErbB4 positive astrocytes were
reproducible in-vitro. Astrocyte cultures and treatments would additionally al-
low a protein and RNA expression analysis, which human brain sections could
not provide due to PFA fixed tissue. To date, no publication exists concerning
the stimulation of ErbB4 in astrocyte cultures with receptor ligands and proin-
flammatory TNFa. Therefore question No.#7 and concerning the effect of culture
treatments, was addressed after the astrocyte culture model has been established.
The easy accessible and fast dividing murine immortalized C8-D1A astrocytes
turned out to be a suitable cell line. Next, we utilized primary murine astro-
cytes of newborn mice, as this culture system resembles the in-vivo system more
closely. Subsequently, question No.#8 was addressed by the extraction of protein
and RNA after treatments for the analysis of putative anti- or proinflammatory
responses. To reassure that the ErbB4 antibody equally renders a specific epi-
tope binding for the murine culture model, negative controls with only secondary

antibodies and IgG isotype control turned out negative.
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3.4.1 Murine C8-D1A immortalized astrocyte culture

The immunostaining from figure 3.12 on C8-D1A astrocyte cultures was done with
two antibodies for ErbB4 (N-terminal extracellular domain and the activated,
phosphorylated tyrosine domain), the astroglial marker GFAP and nuclear dye
DAPL.

N-terminal ErbB4

NRG4 100ng 24h

EGF 100ng 24h

TNFa 50ng 24h

Figure 3.12: Immunofluorescence on C8-D1A immortalized astrocyte culture. Anti-
bodies: N-ErbB4, Phospho-ErbB4 and GFAP and nuclear dye DAPI. A - E: Control
condition, 24 h treatments in images F to J (NRG4), K to O (EGF) and P to T (TNF«).
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From top to bottom, each row displays different 24 h treatment with respec-
tive ligand and its effect on the immunofluorescence (see headers above images).
Different treatment conditions with ErbB4-specific receptor ligand NRG4, ErbB1-

specific receptor ligand EGF and proinflammatory TNFa.

In control condition of figures A - E, groups of astrocytes with few short and spiny
processes with no full confluent cell layer is illustrated. ErbB4 and GFAP seem to
be mainly expressed in the cells membrane, whereas the signal for Phospho-ErbB4
seems more pronounced around the nucleus. In images F - I, immunofluorescence
after treatment with ErbB4 specific ligand NRG4 was performed. The expression
of all three proteins appears increased, with no visible cell processes for the dense
group of cells. Images K - L show the effects of EGF receptor ligand, which is

specific for ErbB1 receptor but is able to dimerize with ErbB4.

Compared to control no specific upregulation for neither ErbB4, GFAP nor P-
ErbB4 can be observed, possibly due to no direct activation of EGF on ErbB4.
The change of immunofluorescence after TNFa treatment in images P - T is
surprisingly small and can be compared to control. Overall, the treatment with
receptor ligand NRG4 seems to induce the highest expression change for ErbB4,
GFAP and Phospho-ErbB4.

3.4.2 Murine primary astrocyte culture

Figure 3.13 shows stainings with ErbB4, GFAP and DAPI nucleic dye, the com-
parison of control condition (images A - D) and further 24 h treatment conditions

in the following lines. First, images E - H display 24 h treatment with ErbB4
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ligand NRG4. GFAP and ErbB4 expression seems to be upregulated. The pro-
cesses appear to be thicker and more dense when compared to control. After 24 h
EGF treatment (I - L) there seems to be a higher cell number with higher DAPI
signal, and a higher GFAP upregulation compared to ErbB4. Morphologically,

the number, volume and length of processes seems to be increased.

Images M - P from treatments with proinflammatory TNFa display a stressed
cytoarchitecture with long and branched processes, with GFAP and ErbB4 up-
regulation. On the last row (Q - T) with TNFa and NRG4 treatments, ErbB4
upregulation seems to be highest, with lower GFAP expression compared to TNFa

treatment only.

The stressed cells with even longer and branched processes stretch almost over
half of the image. Not all of the ErbB4™ cells are positive for GFAP. Interestingly,
strong nucleic ErbB4 signal as observed for human brain samples in control (e.g.
figure 3.1) does not appear to be present here, and seems to be expressed equally
along the cell membrane, without preference, although picture A in control con-

dition shows a slight accentuated cell soma, with reactivity along the processes.

In EGF and NRG4 conditions, the cells appear less stressed with shorter processes
and a more organized, less chaotic cell arrangement. Further, the expression for
GFAP and ErbB4 seem to be less upregulated and seems to be higher after TNFa.
Overall, in increasing order, GFAP and ErbB4 expression rates range from NRG4
to EGF to TNFa or TNFa + NRG4 treatments with less GFAP upregulation

after EGF treatment.
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Figure 3.13: Primary astrocyte cell culture, 24 h treatments.
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3.4.3 Human iPSC astrocyte culture

The human iPSC culture experiments could not provide
reliable results, due to a unfortunate high cell death rate.

Therefore, no treatments with receptor ligands and sub-

sequent immunohistochemical analysis was performed.
In figure 3.14 a preliminary snapshot through a bright- Figure 3.14: Human

iPSC astrocytes
field microscope of a few human astrocytes can be seen.

3.5 Quantitative analysis

A quantitative analysis, using the scale from table 2.5, has been performed. There
was no statistically significant difference in the frequency of a nuclear-like ex-
pression of ErbB4 between AD (Mean=3.6) and control (Mean=4), U=87.00,
7=-1.331, p=.183. There were statistically significant differences of ErbB4 being
expressed in the cell body or the proximal processes between AD (Mean=4,41)
and CTL (Mean=2.14), U=33, Z=-3.606, p<.001, as well as between medians
(AD Mdn=4, CTL Mdn=2.5) for colocalization of ErbB4 with GFAP, U=28.5,
7Z=-3.705, p=<0.001, as between medians (AD Mdn=4, control=3) for intensity

of GFAP fluorescence, U=16.50, Z=-4.321, p<.001.

\ Distribution of N-ErbB4 morphology | Colocalization and intensity of ErbB4 and GFAP |

*k *% **

| | | 1
AD CTL AD CTL AD CTL AD CTL

Figure 3.15: Boxplots of semiquantitative analysis, abbreviations: NUC=nuclear-like,
CB/P=cell body/processes, COL=colocalization, INT=intensity, n.s.=non significant, p values: ** =<.001.
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3.5.1 Digital flourescence analysis on human samples

Unpaired t-test was conducted for testing difference in GFAP and ErbB4 intensi-
ties between AD and control groups. The precondition for a t-test is a Gaussian
normal distribution of the data, which was recommended to be confirmed with a
Shapiro-Wilk test (small sample size n<30) on a significance level of a=.05, which
was not significant for all conditions, therefore the analyzed data is normally dis-
tributed (confirmed normality assumption): GFAP Control (p=.334), GFAP AD
(p=.654), ErbB4 Control (p=.425), ErbB4 AD (p=.918). Results of t-test show
there was a statistically significant difference in ErbB4 values between AD and
control, t(14)=5.854, p<.001, d=2.95. For GFAP values between AD and con-
trol ¢(14)=3.355, p<.005, d=1.69. There was a strong correlation between groups
ErbB4 and GFAP throughout all samples (Control + AD samples, n=16), r=.606,
p<.013, with a=.05 for two sided t-test. The correlation factor of r=.606 shows

a correlation between ErbB4 and GFAP values.

Protein Group Mean SD
Control 132.3 89.83
ErbB4
AD 542.05 154.04
Control 538.95 264.16
GFAP
AD 1270.75 449.92

Table 3.1: Mean pixel intensity under areas: AD vs. Control samples.
Intensities as pixel value in AU (arbitrary units).
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3.5.2 Western blot

In Western blot analyses of total protein extractions from primary and immor-
talized astrocyte cell cultures, ErbB4 bands at molecular weights of ~60 kDa and
~260 kDa were detected. As this differs from the manufacturers’ specifications
in the data sheet (~80/180 kDa) and other published results of ErbB4 protein
in astrocyte cell culture, different materials and methods were tested for error

diagnostics.

Different antibodies (Phospho-, C-term, 2x N-term), HRP or immunofluorescent
secondary antibodies, semidry or wet transfer for high /medium molecular weight,
sonication of the pellet, with no effects on the result. Clean bands for a-Tubulin,
GFAP, 5-Actin, P-Erk show good migration and transfer conditions and approx-

imately equal amounts of pipetted total proteins.

Primary astrocyte cell culture - chemiluminescent HRP

KkDa #2 N-term ErbB4 (180 kDa) #8 N-term ErbB4 #9 N-term ErbB4 #11N-term ErbB4
250 - L1888 ~—_s@wse
150
S - ’
100 v '
75 v N . . - 8
— . - — ot —— - ..
50 e —-—w -!':' ::::,-"* =- ’
[cTL TnFo EGF NRed i TB | [CTL ™F« EGF NRINRGH (e, RP | |CTL TNFa EGF NRGI NRG4 IS, RP | [cTL ctL RP] [cTL cTL RP
aTubulin (50kDa) GFAP (55kDa) GFAP
50 KDa - W= S — e w—— _————-= — =

Figure 3.16: Western Blots of primary astrocyte cultures (see table 6.1), after 24 h
treatments. TB: Total mouse brain, RP: Recombinant protein.
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Immunoblot #2 - sonication, pellet/supernatant

A B C D sonication
B-Actin (42 kDa) B-Actin (42 kDa) phospho-Erk (42kDa) N-term ErbB4 (180kDa) 30s/60s

kDa kDa
250 250
150 150

100 100
75 75

50 )
37 . 37

CTL TNFa NRG4 CTL TNFo NRG4 CTL NRG4 TNFo
30s 30s 30s 60s 60s 60s

Figure 3.17: Western Blots of primary astrocyte culture (see table 6.1, after
24 h treatments, conditions: pellet/supernatant seperated and 30s/60s sonicated.
SN: Supernatant, PLL: Pellet.
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Figure 3.18: Western Blots of C8SD1A immortalized cell culture with different treat-
ments
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3.5.3 qPCR

The scatterplot shows
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Figure 3.19: qPCR AACH. values for primers on cDNA
of primary astrocyte culture after 24 h treatments

for each gene/primer with different symbols on the right. As expected, high values

for IL6 expression after TNFa administration were measured, as an inflammatory

response. NRG1 seems to be upregulated in TNFa and TNFa+NRG4 conditions.

Surprisingly, GFAP and ErbB4 are downregulated in inflammatory conditions

with similar range of values for different treatments. Concerning potential anti-

inflammatory effects after ErbB4 activation, the administration of ErbB4 specific

ligand NRG4 lead to an 2-fold increase of IL6 expression.
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4 Discussion

4.1 ErbB4 overexpression in reactive astrocytes

The induction of reactive astrogliosis, as a common hallmark of different neu-
rological diseases is accompanied by the upregulation of GFAP. The primarily
observed expression of ErbB4 in reactive astrocytes in immunostainings on sam-
ples of human AD hippocampi, as addressed in question No.#1, demonstrated
the upregulation of ErbB4 in inflammatory conditions. ErbB4 expression was also
present in putative neurons in human control hippocampus samples in GFAP neg-
ative, pyramidal-like cells. This finding of ErbB4 positive neurons in control was
confirmed in the immunofluorescence of control cortex of mouse and rat, with
ErbB4 positivity for NeuN™ neurons, but not for GFAP™ astrocytes. This points
to a possible relationship between the induction of the reactive state and the ex-
pression of ErbB4. The colocalization of GFAP' and ErbB4™ astrocytes confirms
the previous finding of ErbB4" astrocytes around neuritic plaques by Chaudhury
et al. [70].

Interestingly, ErbB4 negative but GFAP positive astrocytes were spatially not as-
sociated with plaque-like structures, as demonstrated in figure 3.7. This finding
of a subpopulation around putative plaques, suggests a possible link to a num-
ber of pathways that are involved e.g. in processing of APP or degradation of
the plaque. The 7-secretase complex is both involved in ErbB4 cleavage of the

intracellular domain E4ICD [82] and APP. In AD conditions, the excessive accu-
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mulation of APP leads to higher concentrations of the intracellular domain AICD
which is cleaved by the y-secretase complex. The accumulation of AICD could in
turn lead to a comparatively lower E4ICD concentration in the nucleus. In neuro-
developmental studies on mice, the regulation of the E4ICD unit was involved in

the inhibition of GFAP expression, as observed during astrocytogenesis [48].

As a potential hypothesis, the AICD unit could antagonize the E4ICD on a com-
petitive transcriptional level, resulting in a combined GFAP and ErbB4 over-
expression. In short, the interaction of ErbB4 and APP processing could fail
to inhibit GFAP upregulation, resulting in GFAP overexpression as observed in
this thesis. This assumption would describe the observed GFAP and ErbB4 pos-
tive astrocytes in a subpopulation of astrocytes in the hippocampus of human AD
samples around plaque-like structures. The involvement of the presinilin pathway
could therefore serve as a potential molecular link between the observed altered

GFAP and ErbB4 signalling of reactive astrocytes in AD pathology.

Additionally, the observation of a subpopulation of astrocytes expressing ErbB4,
might be associated with paracrine signalling. As a potential mechanism, previous
studies demonstrated astrocyte cultures overexpressing and secreting NRG1 after
LPS treatment [78] or around induced traumatic sites after in-vitro forskolin treat-
ment as an inductor of astrogliosis [79]. As cAMP is able to induce elevated NRG1
and GFAP expression it could constitute an additional link between ErbB4 and
GFAP pathways. A further investigation of the ErbB4 activity around plaques,
together with an immunostaining against on ErbB ligands (NRG1, NRG6, NRG4)
as potential agents could elucidate a possible paracrine mechanism behind sub-

populational ErbB4 activity.
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Concerning the ErbB4 expression patterns in reactive (AD) vs. resting (CTL)
astrocytes in human hippocampus, the observations ranged from homogeneously
nuclear-like (for CTL cases), to a more pronounced membranous signal along the
cell soma and the processes (for AD cases). The strong nuclear-like staining in
control conditions was not expected, as the applied N-terminal antibody is sup-
posed to target the extracellular part of the transmembranous ErbB4 protein and
should therefore result in a more membrane targeted signal. Possibly, the nuclear
expression pattern is due to the internalization and translocation of membrane to

the nucleus.

Concerning AD condition, the observation of ErbB4 upregulation in the cell body
showed less pronounced nuclear-like signal in inflammatory conditions of human
hippocampal samples. This could be reproduced for astrocyte culture treatments
with receptor ligands and proinflammatory TNF«, to address question No.#7 of

this study.

Regarding primary cell cultures, treatments with pro-inflammatory molecule
TNFa alone, as well as in combination with NRG4, lead to a 2-fold elevation
of NRG1 expression in qPCR experiments. This would confirm the observation
of a upregulation for the ErbB4-NRG1 axis of reactive astrocytes. Interestingly,
ErbB4 and GFAP expression is downregulated after TNF« treatment, possibly
due to a shorter incubation time (24 h) compared to chronic reactive states of
astrocytes in AD. Nevertheless, the qPCR experiment is limited to only one tech-
nical replicate which limits the explanatory power of these observations. Un-
fortunately, no comparative experiments or publicationsas have been performed

yet.
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4.2 Correlation of ErbB4 and GFAP

The measured correlation factor of ErbB4 and GFAP expression through AD and
CTL samples is r=0.606 (p<.013, «=.05). Therefore, the question of No.#1 con-
cerning a potential correlation of ErbB4 and GFAP applies for low GFAP /ErbB4
values in control and for higher values in AD condition. It confirms the morpho-
logical observation of ErbB4 positive reactive astrocytes, as GFAP is upregulated
in reactive astrogliosis. Hence, a correlation of two proteins does not necessarily
imply a causal effect. The upregulation of ErbB4 can be induced by a multi-
tude of different causes, through different pathways and transmitters. Whereas
ErbB4 overexpression seems to be associated with GFAP upregulation, ErbB4~

cells with no proximity to plaque-like structures seem to be GFAP negative.

Assumptions from this study with a comparatively small number of cases and
observations, are potentially prone to a lack of representability. Therefore, con-
clusions deduced from this data should be carefully drawn, as they only reflect
results from small populations of cells. To investigate whether the observed corre-
lation of GFAP and ErbB4 can be confirmed, a comparison to larger scale analyses
from online available sequencing atlases (R2, Ben Barres and scREAD) will be

described in the following part of the discussion.

On R2, a large-scale sequencing database with microarray data from AD dataset
gse48350 includes a high number of samples (n=253, age 20-99 years), extracted
from four brain regions (hippocampus, entorhinal cortex, superior frontal cortex,

post-central gyrus), see figure 4.1.
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Figure 4.1: Results from R2 online sequencing atlas: Relation for ErbB4 and GFAP
expression a 2log scale from RNA extraction from human AD brain samples from the Cotman
dataset. Sample size is n=253. Each dot represents a sample. ARDC: Alzheimer disease
research center, University of Washington. Cotman: Carl Cotman, University of Illinois,
MAS5.0: gene expression detection algorithm. ul33p2: GeneChip Human Genome U133
Plus 2.0 Array, r=-0.165, p<0.01 [87]

Each dot represents sequencing data from one case, including all four brain re-
gions. On the y-axis, the 2log scaled expression of GFAP is displayed, whereas on
the x-axis the respective 2log scaled expression of ErbB4 is shown. Overall, this
sample set demonstrates a significant inverse relation of ErbB4 and GFAP ex-
pression ( r=-.165, p>.001). Although this data is more reliable due to its larger

scale, it still needs to be cautiously interpreted, as it might be inaccurate due to
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obliterated expressional differences of different cell types and subpopulations as

well as due to different brain areas that were sequenced together.

From another sequencing database

Cortex

of Ben Barres, the murine ErbB4

expression in the hippocampus

FPKM

and cortex is demonstrated for

¢ &
different ages [73]. On the y-axis
Hippocampus the expression rate, as indicated
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Figure 4.2: ErbB4 expression of aged mice, mouse hippocampus and cortex.
Ben Barres sequencing database. Y-axis, FPKM:

Fragments per kilobase of transcript per million The y-axis illustrates the differ-
fragments mapped. x-axis, age of mice: P7 =7

days, P32 = 32 days. Black strokes indicate the ent ages of included mice. Con-
range of standard deviation [73].)

cerning ErbB4 expression, it is

interesting to see that ErbB4 expression is increasing continously with the age.

Concerning the relation to AD and the connection to ErbB4, it should be noted
that aged mice were reported to contain elevated levels of astrocyte reactivity
[73]. Therefore, aged mice that are known to express elevated levels of pro-
inflammatory molecules like Clq, TNFa and 1113, correlate with higher ErbB4
expression levels. This correlation is consistent with the results from the current
thesis revealing higher ErbB4 expression around inflammatory regions like AD

related plaques and after TNFa administration. Prospectively, further analyses
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on the cases from this study regarding a potential correlation of ErbB4 and age

or AD staging need to be performed.

Hence, the interpretation of the results of this study with larger sequencing atlases
R2 and Ben Barres has to be done with some caution. As this sequencing atlas is
not cell specific, different expression levels of different cells are omitted. Possibly,
the ErbB4 expression in (inter-)neurons is diminished in AD which will further
lower the global expression level. Thus, these analyses do not provide a solid basis

to analyse ErbB4 expression specifically in astrocytes.

Moreover reactive astrocytes in AD condition that surround the neuritic plaques
in the hippocampus were shown to become hypertrophic, whereas in other regions
they tend to become atrophic [88]. This demonstrates cell specific differences in
different brain areas, that are not respected in the R2 sequencing atlas. Sin-
gle cell analyses (e.g. astrocytes in AD vs. CTL) from astrocytes in entorhinal
cortex in AD could show that astrocytes change their gene expression profile in
coordinated ways compared to other cell types highly dependent on the microenvi-
ronmnent [89], [90]. Therefore the authors suggest the differentiation of different
groups of astrocytes (e.g. brain region/anti-/inflammatory) to improve earlier
differentiations for reactive astrocytes like A1/A2 that did not respect the diverse
interaction with the environment. This could include the observation of coordi-
nated groups of astrocytes that interact with each other e.g. around plaques to
express the observed ErbB4™ /GFAPT feature. For example, scREAD, an online
single cell database was conducted, (n=73, multiple brain regions) where ErbB4

is upregulated in subpopulations of astrocytes in the entorhinal cortex [91].
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4.3 Digital image analysis

Standardizing the settings for the acquisition of scientific images with the confo-
cal microscope can be a challenging procedure due to a multitude of parameters.
This can range from the different quality and post mortem times of the tissue up
to large sizes of micrographs (see figure 3.4) as well as the difficulty of precise
horizontal alignments of the focal plane. Next, one seeks to minimize a poten-
tial observer bias by clear experimental designs with defined settings like prefixed
laser strength for all samples. Additionally, predefined but at the same time ran-
domly picked areas and z-levels of analysis make it difficult to provide micrographs
suitable for further quantification. However, for control samples with lower cell
number and lower immunoreactivity and correspondingly lower GFAP signal it
was necessary to search for regions with preferably higher cell number. Therefore,
the selected regions are dependent on the observer. For future analyses, multiple
areas from each region should be included for each sample to increase the power

of the image analysis.

The utilized Fiji macro, programmed to analyze z-stacks from multiple samples
provides an effective and largely unbiased tool for quantification and comparison
of THC images with the differentiation of cell regions from background to specify
the region of interest (ROI). In contrast to supervized algorithms, no user based
preselection of areas had to be made. On the other hand, the unsupervized algo-
rithm failed to reliably detect all ROIs/cells. Due to the large differences of cell
density and fluorescence intensity in the acquired images between AD and CTL,
a first effort to apply one fixed setting for segmenting failed to succeed for all

samples. The preselection randomly assigned seeds, the average deviation of the
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ROI from the center of the seed and number of iterations were therefore adjusted
for each sample, with better segmentational results. Unfortunately, with impact
to the initial idea of an unsupervized algorithm. Nevertheless, the major part of
the segmentation still equally applies to all samples and can therefore be regarded
as unbiased. Still, the adjustments of the mentioned parts of the mentioned algo-
rithm led to significant differences concerning the results and should be improved
with non-user controlled thresholds to regain the advantages of unsupervized seg-

mentation.

For future acquisitions, a merged three dimensional analysis of voxels instead of
pixels would permit the calculation of a more cell based representation of cellular
protein expression. Through the acquisition of large z-stacks, a higher amount of
whole cell bodies could be included in such analyses. This would save the time-
consuming step of stack-wise separation and demanding iterative ROI generation.
In addition, potential calculations regarding the number of cells e.g. forming a
cluster as a subpopulation around a plaque could be performed. Subsequently,
comparisons of average fluorescence intensities could be done. This spatial com-
parison would also allow to detect potential similar distribution patterns of protein

expression throughout the tissue in a more precise manner.

As higher fluorescence levels and larger sizes of ROI create higher average values,
small cell regions in control condition create low values and large clusters for AD
create high values. Therefore, this analysis reflects hypertrophic astrocytes that
form clusters, but should not be seen as an average value for each cell. High
values for standard deviations therefore are due to larger areas that are summed

together, and cannot be reduced to differences in fluorescence intensity. However,
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this is not contradictory to the assumption of ErbB4/GFAP upregulation, as
each mask that was created from the GFAP channel of the image is used for the
measurements for both channels. Accordingly the analysed area under mask is
spatially and nominally equal for both channels for each image. Therefore, it
can be assumed that this pair-wise relation of the measurements of ErbB4 and
GFAP under a defined mask can be compared as a correlation between samples

by appropiate statistical calculations.

4.4 ErbB4 and inflammatory pathways

Results from immunofluorescence experiments demonstrated the colocalization of
ErbB4 with proinflammatory markers Clq, COX2 and the inductor of apoptosis
Cleaved-Caspase 3. This indicates a possible correlation of ErbB4 with inflamma-
tory pathways, but does not determine whether ErbB4 activation leads to further

pro- or antiinflammatory effects.

Concerning the colocalization with apoptotic marker Cleaved-Caspase-3, ErbB4
is able to induce pro-apoptotic signalling via the translocation of the E4ICD unit

as well as programmed cell death via cytochrome c efflux [76].

In contrast to the observed strong GFAP/ErbB4 correlation, findings from the
neurodegenerative mouse model of middle cerebral artery occlusion (MCAQO) and
chronic cerebral hypoperfusion mouse model, ErbB4 correlated with neuronal
apoptosis, but not with glial activation [80]. GFAP upregulation of activated
astrocytes in periinfarct regions (penumbra) did not lead to the upregulation of

ErbB4. This is in contrast to the present documentation of observations of reac-
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tive astrocytes around plaque-like structure overexpressing GFAP together with
ErbB4 and Clq or COX2. Nevertheless, studies from MCAO mouse model do
not necessarily reflect the different levels of impaired signalling nor the profound
global changes in expression from AD. Possibly, the diverging expression levels of
ErbB4 in inflammatory conditions, it is possible that due to the involvement of
the y-secretase and the proteolytic cleavage of APP, the interference with AICD

for example leads to the activation of ErbB4.

Moreover, the administration of NRG1 in the left lateral ventricle of mice re-
duced GFAP expression [92], leading to reduced levels of neuronal apoptosis and
inflammatory markers [93]. In addition, administration with ErbB4 specific lig-
and NRG4 induced apoptosis in activated human macrophages and is therefore

regarded as antiinflammatory [94].

Possibly, different ErbB4 isoforms are expressed in different subpopulations. This
may lead to the activation of different downstream pathways that are not able
to promote the cleavage of the 4EICD domain that leads to inhibition of GFAP
expression [48]. The preliminary results from the current qPCR expression anal-
ysis of primary astrocyte cultures showing upregulation of NRG1 after TNF«
treatment, partially confirm the theory of a changed NRG1-ErbB4 axis in astro-
cytes in AD. However, the downregulation of ErbB4 after TNFa administration is
not in agreement with this theory. Instead, we expected that the observed ErbB4
overexpression of human samples in AD hippocampi with high TNF« levels could
be reproduced by TNF«a administration in-vitro. Concerning antiinflammatory
effects, administration of ErbB4 ligand NRG1 or NRG4 led to a 2-fold increase

of IL6 expression. As no expression analyses of e.g. IL10 or Arginase-1 were per-

77



Discussion

formed, question No.#2 (concerning antiinflammatory effects) remains an open
issue. Therefore, conclusive statements cannot be made on the basis of the current

study.

Unfortunately, not all human AD brain samples were neuropathologically staged
according to the ABC method as recommended by established guidelines. There-
fore, a correlation to the proteopatic load could apparently not be established.
In future experiments, the regulation of ErbB4 in astrocytes and its effects on
the expression of pro-/antiinflammatory as well as inhibitory pathways that are
involved in AD should be investigated. As a first approach, an ELISA detect-
ing the upregulation of different (anti-)inflammatory pathways on extracted total
protein of treated cells could result in a valuable method for screening possible

downstream targets.

4.5 ErbB4 cell specificity and distribution

To address the question #3 of the study, the tile scans displayed in figures 3.5
and 3.4 of whole hippocampus images provide a detailed overview on the ex-
pression pattern of ErbB4 in AD. Furthermore, the descriptive characterization
of the ErbB4 expression in AD throughout the differenct hippocampal sectors
revealed that ErbB4 and Phospho-ErbB4 are mainly expressed in a nuclear-like
morphology of putative neurons in the dentate gyrus. In addition, ErbB4 seems
to be expressed in astrocytes close to histopathological hallmarks like putative
B-Amyloid plaques throughout the different CA sectors preferentially in CA1 and
CA3.
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Unfortunately, a double staining of ErbB4 with established neuronal markers
(NeuN, MAP2 and others) were not able to provide specific results. Likewise,
markers for GABAergic interneurons (GADG67, SST) did not reveal a reliable
[HC staining, limiting further analyses regarding the colocalization of ErbB4 with
interneurons to parvalbumin™ cells. A factor contributing to the technical lim-
itation could be high post mortem intervals of aged brains containing partially
destroyed epitopes/proteins with unfavorable signal to noise ratio. This technical

constraint limited conclusions of this study.

Nevertheless, the dentate-granular layer that mostly contains neurons, turned
out to be Phospho-ErbB4*, which indicates a putative expression of ErbB4 in
neurons. Apart from the dentate granule layer, ErbB4 seems to be expressed in
the nuclei of interneurons (Parvalbumin®™/SST™). Furthermore, in some samples
the ErbB4 expression appears to be present in pyramidal-like cells observed in
CA1, CA4 and DG sectors (figures 3.5 and 3.1) and showed co-expression with
NeuN in the control rat brain (figure 3.3). This demonstrates that pyramidal cells
indeed express ErbB4 and therefore the finding of a selective expression limited to

interneurons, as it was reported by Vullhorst et al. [57], could not be confirmed.

In contrast to Chaudhury et al. [70] microglia did not show any immunoreactiv-
ity using phospho-/N-/ or C-terminal antibodies. In other studies on inflamma-
tory conditions after induced MCAQ, penumbra-associated microglia expressed
ErbB4 whereas neighbouring astrocytes were ErbB4 negative [93]. From murine
anatomical studies on the distribution of ErbB receptors throughout the different
brain areas, ErbB4 was ubiquitusly expressed in glia cells [95]. However, as it

is challenging to find clear statements in the literature concerning cell specificity

79



Discussion

of ErbB4 expression, it is challenging to draw conclusive comparisons with the

current study.

A more systematic experimental design for IHC and confocal investigation on
each sample would allow to investigate the distribution of different expression
patterns of astrocytes and different neuronal subtypes in different CA sectors of
the hippocampus. Therefore, multiple images of CA1, CA4 and DG of human
samples with higher number of z-stacks would provide deeper insight regarding

the distribution of ErbB4™ in distinct cell types.

4.6 Regulation of ErbB4 inhibitory signalling

As NRG1 and ErbB4 is presumably expressed by inhibitory interneurons [57], the
expression of ErbB4 mainly for GFAP™ astrocytes in the majority of the observed
cases from this study was unexpected. At the same time, it is difficult to make
statements regarding ErbB4 expression of neurons from post mortem samples, as
the majority of the established neuronal markers failed to work. Regarding the
functional implication of ErbB4 signalling, the impaired neuronal inhibitory net-
work in the hippocampus of AD patients could lead to disturbed LTP and further
neurological symptoms [96]. As the majority of neuroscientific research on ErbB4
focusses on schizophrenia, it is important to understand that the impairment of
inhibitory signalling is a potential common mechanism for different neurodegener-
ative diseases that share dysrhythmic signalling (e.g. impaired gamma oscillation)
and concording expressional changes also for AD. More specifically, reactive astro-

cytes in AD condition potentially secrete inhibitory neurotransmitters like GABA
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which might interfere with ErbB4 activation via NRG1 [97]. Moreover, astrocytes

exert some functions of inhibitory neurons to act as GABAergic cells [98].

A possible factor of NRG1 accumulation and further activation of astrocytes, is
that the proinflammatory conditions lead to the secretion of different molecules
like e.g. EGF or NRGs to stimulate cell growth related pathways. Due to the
ability of astrocytes to secrete Neuregulins after injury, the changes in ErbB4
expression in cell body /processes could be due to a para-/autocrine signalling that
could be amplified in clusters of cells [51]. High levels of NRGs through different
stimulating factors could then contribute to impairement of important memory-
related circuits [66]. Further, increased neuronal apoptosis could also diminish
the level of NRG uptake by neurons. This could lead to higher extracellular
levels of NRG which subsequently could lead to the observed ErbB4 activation of

astrocytes.

Next, experiments with rodents on ErbB4 and A will be described. Interestingly,
ErbB4 is able to interact with AS. The ablation of ErbB4 receptor in transgenic
A3 overexpressing mice in Parvalbumin® interneurons led to the restoration of
LTP, spatial memory and synaptic plasticity [99]. Obviously, the expression of the
ErbB4 receptor in astrocytes is regulated by AS accumulation. Recently, Zhang
et al. demonstrated that APP cleaved by the ~-secretase leads to the intracellu-
lar accumulation of the AICD intracellular unit, that migrates to the nucleus to
regulate transcription of EGFR by binding to the respective promoter [100]. As
ErbB4 is able to dimerize with EGFR, ErbB4 signalling is potentially affected.

Furthermore, AS could also activate the ErbB4 promoter directly. Further exper-
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iments should be done to better understand the target of AS regarding regulation

of ErbB4 expression.

To get a better picture of ErbB4 distribution in inter-(neurons), additional stain-
ings with neuronal markers e.g. in tissue with preserved epitopes e.g. in AD-
related mouse models would help to better differentiate between cells. This could
lead to a superior understanding of affected interneurons to draw a more spe-
cific conclusions on the involvement of ErbB4 in inhibitory pathways. A more
functional study design focussing inhibitory signalling e.g. with ErbB4 receptor
activation and patchclamp stimulation could also provide further insight into the

functional implication of ErB4 dysregulation.

4.7 Growth factor receptors and Glioblastoma

To address the question No.#5, the expression of ErbB4 in Glioblastoma tissue
has been analyzed. Subsequently, the observation of ErbB4 upregulation in reac-
tive astrocytes in human AD hippocampi has been to the expression in reactive
astrocytes in Glioblastoma brain tumors. The observed expression of reactive
astrocytes with GFAP*/ErbB47" in some GB cases provided further evidence of
reactive astrocytes expressing ErbB4 in AD condition. In principle, the observed
expression of ErbB4 in astrocytes in GB brain tumor confirms previous publi-
cations that reported ErbB4 overexpression in GB, where ErbB4 activation or
phosphorylation level was linked to increased proliferation [75], [101]. In con-
trast, other studies proposed ErbB4 to be a tumor suppressor being associated

with prolonged survival in astrocytic glioma cells [76], [102].
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The discrepancy between studies regarding ErbB4 activation and further onco-
genic or tumor suppressing effects, may be related to the GB specific type of
expression of different splice variants. This could explain the low expression of
ErbB4 in most of the samples and cases in this study. Specifically, the isoform
JM-A CYT-1 and isoform JM-A CYT-2 but not isoform JM-B CYT-1 nor iso-
form JM-B CYT-2 can be cleaved by the y-secretase ADAM17 also called TACE,
therefore only CYT-1/CYT-2 which are able to induce pro-apoptotic effects via
E4ICD [41].

As GB cells are diverse concerning protein expression, a profound conclusion - in
this context ErbB4 activition - it would be necessary to characterize the different
ErbB4 isoforms of the tissue . This heterogeneity of GB expression profile and at
the same time complexity of ErbB signalling reflects the difficulty regarding causal
relationships e.g. concerning results of immunofluorescence. Methodologically,
the antigen retrival on GB paraffine embedded tissue remains a major challenge

in this context.

4.8 ErbB4 in dementia with Lewy bodies

In DLB the neuropathological changes of accumulation of a-synuclein as so called
Lewy bodies with concording inflammatory states of the CNS and reactive tis-
sue were expected to confirm ErbB4 upregulation in astrocytes similar to AD.
The observed ErbB4 expression in astrocytes of DLB samples appeared more
nuclear-like with a comparatively low signal in the proximal cell body. Next, Par-

valbumin positive interneurons turned out to be ErbB4 negative. Noteworthy,
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the regulation of ErbB4 in DLB has not been studied before, to the best of our
knowledge. As there is no publication on DLB and ErbB4 for astrocytes neither
for concording NRG ligands nor putative expression changes, it is therefore dif-
ficult to contextualize the inconsistency with AD. As a possible hypothesis, the
missing activation of the y-secretase through APP and further internalization and
proteolytic cleavage with translocation of the AICD unit does not occur in DLB.
This may result in a lower activation or level of cleavage of ErbB4. Results from
investigations on potential impaired EGFR pathways have thus been published
for other diseases with Lewy body accumulation, like PD [103], [104]. Regard-
ing the current finding of a more nuclear-like expression of ErbB4 in astrocytes
of DLB cases, only one study on idiopathic PD reported a reduced serum level
of NRG1 [103]. However, in the current sample, the low number of included
DLB cases (n=5) with no further histopathological staging regarding the severity
and Lewy body distribution of the cases make it difficult to draw a conclusion.
As a potential future experiment, the stimulation of astrocytes with a-synuclein
with subsequent analysis of ErbB4 expression, compared to A stimulation would

contribute to a better understanding of the observed differences.

4.9 Astrocyte culture and 24 h treatments

Adressing question No.#6 in order to provide a more mechanistic insight, in-vitro
experiments with astrocyte cultures have been conducted. Is the upregulation of
ErbB4 in reactive astrocytes - as observed in human AD hippocampi - repro-
ducible with pro-inflammatory treatments on astrocyte cultures? Results from

Immunofluorescence on primary astrocyte cell culture treatments showed an in-
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crease of GFAP and ErbB4 intensity after treatment with inflammatory TNF«
molecule and ErbB4 ligand NRG4, compared to control. This corroborates our
observed results of immunofluorescence on human AD hippocampus samples, with

colocalization of proinflammatory markers Clq and COX2.

Interestingly, the expression pattern for phospho-ErbB4 appeared more mem-
brane associated - rather than nuclear - as observed in human samples, where
it appeared strictly nuclear-like for astrocytes. Further, the ErbB4 expression
of astrocyte cultures of C8D1-A as well as primary murine cell lines in control
condition appeared to be more pronounced in the membrane. In comparison to
the expression observed in human CTL hippocampi samples, where it appeared

more nuclear-like.

Subsequent Western blot analysis aimed to investigate whether the potentially
increased expression level changes are reproducible. This repeatedly led to the
revelation of bands for ErbB4 (50 kDa, 260 kDa) outside of the spectre of known
and published molecular weights (80 kDa, 180 kDa). Therefore, further modifica-
tion of applied methods with different antibodies and e.g. a ponceau red staining
to investigate a possible transfer problem is required. The true nature of the size
of the unexpected bands (260 kDa) remains to be further defined. For example a
possible dimerization of different parts of the protein could be possible, as differ-
ent receptor subunits could bind to each other. In order to prevent this potential
formation denaturated conditions prior the migration and sonication of samples
were performed, however with no obvious impact on the result. Control bands
for a-Tubulin, GFAP, §-Actin, phospho-Erk showed apparently good migration

and transfer conditions.
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At the gene expression level, the qPCR analysis showed strong NRG1 upregulation
after TNFa treatment, with similar range of GFAP and ErbB4 gene expression
throughout different treatments. This confirms and extends the expected result
that astrocytes upregulate NRG expression in pro-inflammatory conditions along
with higher GFAP levels [79]. The current findings must be replicated by a higher
number cell culture experiments. In addition, the optimization of primers has to
be improved, as this step in the qPCR analysis is error-prone. Further, detailed
analysis of different NRG isoforms has to be done, as this has a huge impact on
subcellular location (membrane vs. nuclear), expression (cell specific) and the
type of secretion [105]. Therefore, low NRG expression in cell culture treatments

could be due to the specificity of the isoform to a certain other cell type.

For profound additional statements regarding the comparison of the different
expression levels after treatments, the application of the digital segmentation
algorhithm - as performed in human samples - should be applied. This would allow
a more unbiased approach to test for significant differences between control and
treatment. According to the low number of performed technical replicates (n=1,
for primary and C8D1A cultures) to date, it would thus not lead to significant

results.

A high cell death rate for iPSC derived astrocytes, as indicated in table 6.1,
where no treatments have been performed, led to contacting the manufacturer
for error diagnostics. For future experiments with iPSC derived astrocytes, it
was recommended to strictly comply with the data sheets. It is important to

stick to the recommended number of cells per well, the centrifugation time, and
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to leave out an additional PBS washing after laminin coating as this may cause

detachment of cells.

4.10 Open questions for future ErbB4 expression
analyses

The broad methodological scope of this study, investigating different fields of cell
growth and cancer, neuroinflammation and neurodegeneration, can only provide
a preliminary approach towards the complexity of the ErbB4 network. Different
diseases of the central nervous system can share similar symptoms with each
other and are therefore suspected to share common cellular response mechanism.
In particular, the vast number of connections of the ErbB4 signalling to different
intra- and extracellular pathways, made it difficult to narrow the observed ErbB4

overexpression in reactive astrocytes down to a potential cause and/or effect.

To provide a more mechanistic insight into the ErbB4 signalling it is necessary for
future studies to focus on comprehensive quantification of a single pathway. As
one of the most intensively studied receptor networks, ErbB signalling serves as
a hub for a huge amount of different external stimuli that are further distributed
in a broad number of different intracellular pathways. Therefore, future studies
regarding ErbB4 should focus preferentially on one of the questions stated in the

aim of the current thesis (see section 1.12).
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5 Summary

Morbus Alzheimer is characterized by AfS plaques, neurofibrillary tangles and
different inflammatory conditions that finally lead to neuronal death and neuro-
logical symptoms of dementia. Monocausal therapeutic approaches that target
amyloid or NFT could not improve clinical symptoms nor the overall outcome and
progression of the disease. Accumulation of protein is common for ageing and is
not regarded to be necessarily linked to symptoms of dementia. Furthermore,
glial response mechanisms to proteopathic load are suspected to have a higher
correlation to final clinical stages than load of NFT or Amyloid-5. Therefore,
it is crucial to characterize changes of receptor protein expression in glial cells
which are able to interact between different pathways of inflammation, cell death
and brain circuitry. Specifically, the ErbB4 receptor, a member of the epider-
mal growth factor receptor family, is suspected to be involved in AD associated

pathways.

For the characterization of ErbB4 expression in astrocytes, brain tissue from hu-
man (hippocampus, Glioblastoma) and murine samples (whole brain) in control
and disease were investigated. Additionally, cultures from murine astrocytes (pri-
mary, C8D1A immortalized) and human astrocytes (iPSC derived) were treated
with receptor ligands and inflammatory molecule TNF« for 24 h. Subsequently,
immunohistochemistry on coverslips, Western Blot and qPCR were performed
to detect changes of expression. Immunofluorescent analysis of ErbB4, GFAP,
Cleaved-Caspase 3, COX2, Clq and interneuronal markers was performed on
postmortem PFA-fixed human samples of hippocampus in AD (n=17) and con-
trols (n=14). The spatial distribution and morphological characteristics of ErbB4
was then analyzed and quantified. In addition a digital segmentation and mea-
surement of fluorescence of ErbB4 and GFAP was performed with ImageJ. Im-
munofluorescence analysis of astrocytes in the CAl sector of the human hip-
pocampi indicated that the ErbB4 expression correlated with GFAP throughout
all samples. Higher intensities for ErbB4/GFAP in AD condition compared to
controls were measured on qualitative and quantitative analyses. Astrocytes in

resting state showed ErbB4 expression limited to the nucleus with no expression
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in the somatic cytoplasm or processes, in contrast to ErbB4 expression found in
astroglial processes in AD samples. Different pathological conditions (Glioblas-
toma, dementia with Lewy bodies) showed similar ErbB4 expression patterns in
somata and proximal astroglial processes. In addition, analysis of whole human
hippocampal sections showed ErbB4 expression in the dentate gyrus and CA4
sector with triangular shaped cell bodies for ErbB4 and Phospho-ErbB4 in the
nuclei and somata of neurons and interneurons. The observation of neuronal
ErbB4 expression could be reproduced by NeuN/ErbB4 double positive stain-
ings from controls (rat and mouse). Immunofluorescence on primary and immor-
talized astrocyte cultures showed higher intensities for ErbB4 and GFAP after
TNFa treatment. The previously reported selective expression of ErbB4 limited
to interneurons [57] could not be confirmed, as pyramidal neurons also expressed
ErbB4. Likewise, in contrast to previous studies, microglia was immunonegative
for ErbB4. Preliminary results from total RNA extraction/RT/qPCR of primary
astrocyte cultures after TNFa administration (24 h) demonstrated upregulation
of the ErbB4 ligand NRG1. Unexpectedly, the Western Blot showed bands for
ErbB4 at 50 kDa and 230 kDa, reproducible with Phospho- and C-terminal ErbB4
antibodies, not reported in previous studies. Accordingly, these bands were ex-

cluded from further quantification.

The current thesis also documents a codistribution of ErbB4 with inflammatory
markers Clq, Cleaved-Caspase 3 and COX2, indicating a possible induction of
inflammatory pathways. This putative neuroinflammatory response may lead to
the release of cell growth and neuroprotective molecules suggestive for an anti-
inflammatory response. For future experiments, analyses at RNA and protein
levels of different anti-/proinflammatory molecules after treatments would help
to further understand the effects of ErbB4 activation. Additional stainings with
different neuronal markers would allow a deeper understanding on cell specific
upregulation of ErbB4. Finally, more comprehensive image analysis including
multiple scans from all hippocampal areas could provide a more detailed pattern
of ErbB4 expression. Taken together, the increased ErbB4 expression revealed in
the current thesis is in agreement with previous studies, highlighting the potential

relevance of ErbB4 signalling pathway as a potential therapeutic target in AD.
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6 Supplemental materials

6.1 Primary murine culture treatments

Cell- s /
# type celis Experimental conditions in ng/uL Analysis
well
Date
C8D1A TNFa  EGF NRG4  TNFa + .
1 94.10.18 700.000 Control 50 50 / 100 NRGA Proteins (6 h)
P2 TNF« EGF NRG4 TNFo + Proteins (24
2 941018 700000 Control Ty, 50 / 100 NRGA4 h)
P2 TNFa EGF NRG4 TNFa + Coverslips (24
3 oririg 700000 Control 50 50 / 100 NRG4 h)
P2 TNF« EGF NRG1 NRG4 TNFa + Proteins (24
4 130319 800000 Control 50 50 100 100 NRG4 h)
P2 TNFa EGF NRG1 NRG4 TNFa +
5 o319 800000  Control e P 100 100 NRC4 RNA (24 h)
P2 TNFa EGF  NRGlI NRG4 TNFa +  Coverslips (24
6 o705.19 800000 Control 50 50 100 100 NRG4 h)
7 P2 800.000  Centrol hTNFa PSP pNrG1 nNmRaa PTNFO T pNa (241
26.02.20 50 hNRG4
50 100 100
8 g 1;22 oo 800000  Comtrol hTNFa hE5§F hNRG1 hNRG4 hENNgg 4+ Pmte}‘l‘)ls (24
b 50 100 100
9 E? 5y 800000  Control hTNFa hE5€’F hNRG1 hNRG4 hgggg 4+ P mteflr)ls (24
. 50 100 100
0 Eg o9 700000 Control ~hTNFa h%ﬁF hNRG1 hNRG4 hENNgg 4+ Coveri’gps (24
e 50 100 100
L iCell®  100.000/  Control (if; / / / / Pro;e)mj (72
160720 15.000  (MW12) (g0 coverslips
P2 hEGE hTNFa + Proteins (24
12, 7. 450000 Control hTNFa . BNRGI hNRG4 hNRG4/ h)+ RNA (6
e 50/100 100 100 + hNRG1 h)
- LEGEF hTNFa +
13 o790 450000 Control hTNFa .*"  hNRGL hNRG4 hNRG4/  RNA (24h)
s 50,/100 100 100 + hNRG1
- LEGE hTNFa +
14 gipoo 600000  Control KWTNFa " hNRGlL hNRG4 hNRG4/  RNA (24h)
Y 50 100 100 + hNRG1
- LEGEF hTNFa +
15 giog0 600000  Control hTNFa /" hNRGL hNRG4 hNRG4/  RNA (24h)
Y 50 100 100 + hNRG1

Table 6.1: Overview of cell culture experiments.
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6.2 Imagel Macro

41 getDimensions(w,h,channels,slices,f);

1 // 1) Split stack to single images 42 print ("Channels: "+channels+" Slices:
<« "+slices);

43 print ("ImageDir: "+ImageDir);

2

3 // 1.1 Settings
4 44 print ("ImageTitle: "+ImageTitle);
5

filetype = ".czi"; // Set your image file
— type here

6 print("\\Clear");

46 if (channels+slices > 1) {

47 File.makeDirectory(ImageDir+ImageTitle+"#");

7 setBatchMode (true); 48 saveDir = ImageDir+ImageTitle+"#/";
8 MainDir = getDirectory("Choose starting 49 File.setDefaultDir (saveDir) ;

— directory..."); 50 run("Image Sequence... ",
9 checkFiles(MainDir) ; < "format=TIFF digits=2
10 — name=img");
11 // 1.2 List array of all files to be 51 images = getFileList (saveDir);

— split inside folder 52
12 53 if (slices>1) {
13 function checkFiles(dir) { 54 for (i=0;i<images.length;i++) {
14 list = getFileList(dir); 55 tempdir =
15 for (i=0; i<list.length; i++) { < substring(images[il,0,7);
16 56
17 if (endsWith(list[il], "/")) { < File.makeDirectory(saveDir+tempdir);
18 checkFiles(""+dir+list[i]); 57 File.copy(saveDir+images[i],
19 b — saveDir+tempdir+"/"+images[i]);
20 58 t = File.delete(saveDir+images[i]);
21 else { 59 }
2 60 }
23 if (endsWith(list[i], filetype)) { 61 }
24 open(dir + list[il); 62 else {
2 splitO; 63 print("File does not contain
26 run("Close A11"); — layers: No operation
27 ¥ « performed.");
28 else { 64 }
29 print("NO IMAGE: " + dir + 65 }

— list[il); 66 print("Finished.");

30 print (" - - ") 67
31 b 68 // 2) Preprocessing of GFAP channel
32 } 69
33 } 70 // 2.1 Settings and "choose folder"
34 ¥ — dialogue for measurement
35 71
36 // 1.3 Create folder for each stack and 7 extension = ".tif":

— save split images with file name 73 showimages = true;

— according to original file 74 print ("\\Clear");
37 75 macro "Density measurement" {
38 function split(){ 76 dirin = getDirectory("Choose input

39 ImageTitle = getTitle(); < directory..."); //

40 ImageDir = getInfo("image.directory"); < /chosen-folder/stack-number/acquisition.czi
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start = getTime();
list = getFileList(dirin);

if (!showimages) setBatchMode(true);
print ("Number of files:" +

— list.length);

for (n = 0; n<list.length; n++) {
print(list[n]);
k = 0;
title = list[n];
print(title + " scanning...");
roiManager ("reset");
actualFolder = dirin + list[n];
actuallist =
— getFilelList (actualFolder);
print("Ordner "+n + " -- " +

< actualFolder);

// 2.2. Go to each stack folder and open
< GFAP and ErbB4 acquisition

// Open GFAP acquisition for GFAP mask

— creation

for (i=0; i<actuallist.length; i++) {
open(actualFolder+actualList[i]);
GFAPmask = getTitle();
print (GFAPmask) ;

// Open GFAP acquisition for GFAP

— measurement

open(actualFolder+actualList[i]);
GFAPmeasure = getTitle();
print (GFAPmeasure) ;

// Open ErbBj acquistition Image for
— measurement

it++;
it++;
open(actualFolder+actualList[i]);
ErbB4 = getTitle();

print (ErbB4) ;

// 2.3 Preprocessing steps
selectWindow (GFAPmask) ;
run("Subtract Background...",

— "rolling=50 sliding");
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/7 3)

/740

// 5)

setMinAndMax (3, 255);
run("Apply LUT");
run("Despeckle") ;
run("Median...", "radius=2");

k-means clustering

run("k-means Clustering ...",
— "number_of_clusters=5

— cluster_center_tolerance=700

— enable_randomization_seed

— randomization_seed=1000

<» show_clusters_as_centroid_value");

setThreshold (6, 255);
Create mask

run("Convert to Mask");

run("Analyze Particles...",

— "si1ze=800-20000

— circularity=0.0-1.00 show=Nothing
< add");

Apply mask on original images

// 6.1 GFAP acquisition

selectWindow (GFAPmeasure) ;
setMinAndMax (10, 255);

run("Apply LUT");

roiManager ("Show All without

— labels");

if (showimages) waitForUser("Klicken,

< um fortzufuehren");

// 5.2 ErbB4 acquisition

/7 6)

selectWindow(ErbB4) ;

setMinAndMax (10, 255);

run("Apply LUT");

roiManager ("Show All without

< labels");

if (showimages) waitForUser("Klicken,

< um fortzufuehren");

Measure denstity under mask
run("Set Measurements...", "mean

— 1integrated redirect=None

< decimal=3");

for(j=0; j<roiManager("count"); j++)

— {
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roiManager("select", j);
IntDen = getValue("IntDen");
setResult(title + "IntDen", k,
< IntDen);
k++;
updateResults();

}

160
161
162
163

164

165

93

roiManager ("Reset");
run("Close Al11");

scripttime = (getTime() -
< start)/1000;
print ("Script execution time:

— "+scripttime+"s");
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