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Astrocytes are the most numerous macroglia in the central nervous system. Their role in
brain physiology is vast and constantly being redefined and debated within the neuroscience
community. It is clear that astrocytes are crucial in basic homeostatic functions in the brain,
including regulating the extracellular ionic and water balance, maintaining the blood-brainbarrier, regulating synaptic numbers and strength, playing an important role in immune signaling,
and controlling cerebral blood flow and energy metabolites for neurons (Mishra 2017). The
influence of astrocytes in the physiology of neuronal signaling is becoming clearer with recent
research highlighting their roles in fine-tuning of synaptic signaling (Schwarz et al. 2017), gating
of NMDA receptors (Papouin et al. 2017), and regulating neuroendocrine-hypothalamic circuits
(Clasadonte & Prevot 2017).
Inevitably due to their close relationship with neurons and other macro- and microglia in the
surrounding microenvironment, astrocytes also are intimately connected with brain pathology
and may be critical in either brain repair or conversely may contribute to further damage in the
disease process. Under pathological conditions astrocytes alter their morphology, they become
hypertrophic and upregulate the intermediate filaments vimentin and GFAP, and undergo a
process what is referred to as reactive gliosis: how this changes their functional state is currently
being uncovered and is the main topic of this thesis. In Alzheimer’s disease glia react to amyloid,
and this is a model of chronic reactive gliosis (this in contrast to acute reactive gliosis upon
a brain trauma or stroke). The research focused in this thesis addresses several fundamental
questions concerning astrocyte physiology and how reactive gliosis affects their functional state.
Firstly, transcriptomic changes in astrocytes were studied to determine global cortical changes
occurring in a mouse model of Alzheimer’s disease (APP/PS1) – chapter 2. A question that arose
from this research was subsequently addressed in chapter 3, namely whether the functionality of
potassium channel Kir4.1 is compromised in APP/PS1 mice due to reactive gliosis and amyloid
deposition. Lastly, from previous research it has become clear that astrocytes in the APP/PS1
model show alterations in Ca2+-signaling. We were interested in whether these same changes in
Ca2+ dynamics could be found in the dentate gyrus and what the consequence of these alterations
might be for neuronal function (chapter 4).
Our research is an attempt to better define the state of reactive gliosis and its functional
consequences (e.g. glia-neuron interactions, effects on neuronal circuits) in relation to
Alzheimer’s disease. Characteristic of this disease is the prevalence of reactive gliosis in the
10

activated state of astrocytes to disease etiology and progression remains unclear. If astrocytes
alter their functional role at the synapse this may ultimately be of great consequence for neuronal
communication within and between brain regions. Altered functioning in the hippocampus may
deregulate local microcircuitry required for the assimilation of short-term memories and the
deposition of plaques and accompanied reactive gliosis in the frontal cortex may lead to the
progressive dementia characteristic of Alzheimer’s.
Crucial for the maintenance of neuronal function is the surrounding extracellular milieu;
astrocytes maintain the balance in this environment by taking up excess K+ and releasing it in
areas of low K+ concentration. If this function is compromised as a result of exposure to either
amyloid beta deposits or soluble oligomers of amyloid beta this basic homeostatic mechanism
alone could affect proper neuronal function. The disturbances could be subtle, effecting very
local domains or weakening their synchronicity and fine tuning as opposed to larger scale
increases and decreases in K+ that lead to seizure activity and spreading depression, respectively.
Combined and progressive local effect may then compound into more widespread deficits if
the communication between brain regions is compromised. Similarly, the finding that Ca2+signaling is altered as a consequence of reactive gliosis surrounding amyloid pathology could
have additional consequences. The association of astrocytic Ca2+ increases and glia-neuron
communication at the trisynaptic complex suggests that alterations in signaling patterns could
directly influence neuronal synaptic transmission. If the tuning of multiple synapses is altered
as a result of reactive gliosis, progressive loss of this function could also lead to deterioration or
conversely to hyperexcitability of local clusters of neurons.
Investigating functional consequences of reactive gliosis is critical to understanding the
progression of Alzheimer’s disease. In doing so new light is shed on disease mechanisms
thereby increasing the potential of discovering new and effective therapies against the ravages of
cognitive decline.
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Abstract
Alzheimer’s disease is the main cause of dementia in the elderly and begins with a subtle decline in
episodic memory followed by a more general decline in overall cognitive abilities. Though the exact
trigger for this cascade of events remains unknown the presence of the misfolded amyloid-beta
protein triggers reactive gliosis, a prominent neuropathological feature in the brains of Alzheimer’s
patients. The cytoskeletal and morphological changes of astrogliosis are its evident features, while
changes in oxidative stress defense, cholesterol metabolism, and gene transcription programs are
less manifest. However, these latter molecular changes may underlie a disruption in homeostatic
regulation that keeps the brain environment balanced. Astrocytes in Alzheimer’s disease show
changes in glutamate and GABA signaling and recycling, potassium buffering, and in cholinergic,
purinergic, and calcium signaling. Ultimately the dysregulation of homeostasis maintained by
astrocytes can have grave consequences for the stability of microcircuits within key brain regions.
Specifically, altered inhibition influenced by astrocytes can lead to local circuit imbalance with
farther reaching consequences for the functioning of larger neuronal networks. Healthy astrocytes
have a role in maintaining and modulating normal neuronal communication, synaptic physiology
and energy metabolism, astrogliosis interferes with these functions. This review considers the
molecular and functional changes occurring during astrogliosis in Alzheimer’s disease, and
proposes that astrocytes are key players in the development of dementia.

16

Chapter 1: Astrogliosis: An integral player in the pathogenesis of Alzheimer’s disease

Table of Contents
1. Astrocytes: active players in physiology and pathology
2. Reactive astrocytes in Alzheimer’s disease
2.1 Introduction
2.2 A brief overview of the physiological functions of astrocytes
2.3 Astrocytes in the AD brain
		

2.3.1 Astrogliosis

		

2.3.2 Cytoskeletal and morphological changes in reactive astrocytes

		

2.3.3. GFAP in reactive astrocytes

3. Aβ clearance and processing by astrocytes
3.1 Soluble Aβ
3.2 Aβ clearance
3.2 Amyloidogenic processing of APP
4. Molecular changes of astrocytes in AD
4.1 Aging & Oxidative stress
4.2 Cholesterol & ApoE
4.3 Transcription factors & miRNA
5. Changes in homeostatic regulatory mechanisms of astrocytes in AD
5.1 Glutamate transport and the glutamate-glutamine cycle
5.2 GABAergic signaling
5.3 Potassium homeostasis
5.4 Cholinergic and purinergic signaling
5.5 Calcium signaling
6. The greater consequence of astrogliosis
6.1 Metabolism and vasculopathies
6.2 Astrogliosis has the potential to dysregulate network function
6.3 Potential disruption in homeostatic synaptic scaling
7. Concluding remarks

17

I. Astrocytes: active players in physiology and pathology
More than a century ago, Santiago Ramón Y Cajal and Camillo Golgi proposed astrocytes as
functional in a capacity beyond simple structural support (García-Marín et al., 2007; Kettenmann
and Verkhratsky, 2008). Their innovative thinking only truly began to take hold within the past
several decades and the classical view of astrocytes as simply passive support cells to neuronal
function began to change. Astrocytes are now considered an intricate element in the information
processing microcircuit because of their calcium dynamics, and respond to specific neuronal signals
that can in turn modulate synaptic function (Araque et al., 2014, 1998; Di Castro et al., 2011;
Fellin et al., 2004; Khakh and McCarthy, 2015; Navarrete et al., 2012; Perea and Araque, 2007;
Rossi, 2015; Rusakov, 2015). These highly specialized and multi-functional glial cells express
metabotropic and ionotropic membrane receptors allowing them to sense neuronal activity. They
also express transporters for glutamate, gamma-aminobutyric acid (GABA), and glycine. As the
major provider of glutamine to neurons and crucial players in the spatial regulation of extracellular
potassium, astrocytes are highly relevant to neuronal excitability (Halassa and Haydon, 2010;
Kofuji and Newman, 2004). From the past two decades of research it is clear that not a single
feature of astrocytes facilitates their role as modulators of synaptic transmission, but the interplay
of structural, anatomical, and functional characteristics allows them to exert their influence on
neuronal signaling. Astrocytes bring unique forms of molecular, morphological, and functional
plasticity to the information processing microcircuit. In brain diseases, including Alzheimer’s
disease (AD), molecular and cellular features of astrocytes distinctly change. This process is
known as astrogliosis. The consequences of this change for astrocyte function and the connected
neuronal networks are just becoming clear.

2. Astrocytes in Alzheimer’s disease
2.1 Introduction
Alzheimer’s disease (AD) is the main cause of dementia in elderly and one of the most
economically burdensome health conditions in our society. At the clinical level, a subtle decline
in episodic memory is followed by a more general decline in overall cognitive abilities (Querfurth
and LaFerla, 2010) beginning with an inability to recall the recent past, followed by loss of longterm memories, personality changes, and loss of other cognitive functions including language and
attention. Histopathologically, the disease is characterized by amyloid-beta (Aβ) aggregates forming
18

developing intracellular neuronal tangles. The Aβ plaques are surrounded by a sphere of reactive
astrocytes and activated microglia. The role of these activated glial cells is a topic of great scientific
interest as, on the one hand, glial activation has been considered as an endogenous defensive
mechanism against plaque deposition, while on the other hand, the persistent activation and
associated inflammation may also contribute to the progression of AD.
Over the last decades, the identification of several causal genetic mutations in a small patient
subset has revealed detailed information on molecular pathways involved in AD. Unfortunately,
this has not yet led to a breakthrough in AD therapy, which is expected as the vast majority of
AD patients (>95%) do not suffer from a monogenic form of AD. In these patients additional
risk factors, such as age, Apolipoprotein E (ApoE) genotype and vascular changes are involved
(Bettens et al., 2013). Although AD is commonly seen as a neuronal disease, a complex interaction
between the different cell types in the brain exists. It is therefore conceivable that a pathological
change in this interaction is responsible for the cognitive decline. Interestingly, several of the causal
and risk factor genes for AD – amyloid precursor protein (APP), presenilin-1, presenilin-2, ApoE,
clusterin (CLU), Phosphatidylinositol-Binding Clathrin Assembly Protein (PICALM), Triggering
Receptor Expressed on Myeloid Cells 2 (TREM2) – are not only expressed by neurons but also,
if not predominantly, by astrocytes (Orre et al., 2014a). Corroborating the idea that astrocytes are
important players in AD pathogenesis.

2.2 A brief overview of the physiological functions of astrocytes
Under physiological conditions astrocytes play many roles in the brain and their highly branched
morphology and intimate contact with neurons make them highly conducive to maintaining a milieu
that is balanced and favorable for proper neuronal function. A summary of the essential physiological
functions of astrocytes is depicted in Fig. 1. In the past two decades astrocytes have garnered a
new place in the hierarchy of brain physiology. The discovery of bidirectional communication
between astrocytes and neurons points to an active role for astrocytes in brain signaling and
modulating synaptic communication. Well established homeostatic functions of astrocytes include
their unmissable role in buffering potassium and regulating the extracellular ionic environment,
providing metabolites for neurons, giving structural support to synapses, and maintaining the blood
brain barrier (Wang and Bordey, 2008). Astrocytes play a protective role at the tripartite synapse.
19
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extracellular deposits (plaques) in the brain, and by the presence of abnormally phosphorylated tau

Figure 1, 90mm
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Fig. 1. Astrocytes are essential to physiological maintenance of and functioning
within the brain environment. Glutamate (Glu) and GABA are taken up via GLT1/EAAT2 and GAT3/4, respectively. This uptake shapes synaptic transmission
and is essential for recycling these neurotransmitters back to neurons in the
form of glutamine. Uptake of potassium by astrocytes is crucial for maintaining
balance in the extracellular ionic environment. Potassium is distributed through
the glial syncytium and in times of excess potassium release from neurons,
may be cleared via astrocyte endfeet into the blood circulation. Astrocytes take
up glucose from the blood via the glucose transporter GLUT-1 and is stored
in astrocytes in the form of glycogen or converted to lactate and in times of
high energy demand can be transported to neurons, this is termed the astrocyteneuron-lactate-shuttle (ANLS). The release of angiogenic and other factors
from astrocytes is essential for the maintenance, stability, and permeability of the
BBB. Astrocytes produce the majority of ECM proteins and release substances
that modify, restructure and break down this matrix, which is important in
synaptogenesis. The release of neurotrophic factors by astrocytes plays an
essential role in synapse formation, maintenance, and stability. Astrocytes also
communicate with microglia, regulating and influencing the resident immune
system of the brain.

bioenergetic substrates lactate,
glycogen-derived lactate and,
to a lesser extent, pyruvate
(Bélanger

et

al.,

2011;

Magistretti and Allaman, 2015;
Wang and Bordey, 2008). It
is also clear that astrocytes
actively communicate back to
neurons, thereby modulating
synaptic plasticity via the
release

of

gliotransmitters

like glutamate and D-serine
(Henneberger et al., 2010; Min
and Nevian, 2012; Navarrete
et al., 2012). As observed in
neurodegenerative disease and
brain injury, astrocytes can
undergo morphological and
functional changes, termed
astrogliosis. Astrogliosis is

most often evidenced by increased glial fibrillary acidic protein (GFAP) expression (Eng et al.,
2000) and is associated with the increased production of factors that may either be beneficial or
20

that in concert with microglial derived cytokines play a role in the immune response of the brain
(Wang and Bordey, 2008).

2.3 Astrocytes in the AD brain
In AD, Aβ is considered to be the principle factor responsible for inducing and chronically
stimulating glial cell activation. This chronic response is a likely player in the degenerative cascade
of synaptic loss telltale of AD. Astrogliosis is a predominant feature of AD pathology. In light of
the role astrocytes play in brain homeostasis and neuronal information processing, it is important to
understand if and how the functional role of astrocytes changes during and contributes to cognitive
decline in AD. What happens when the homeostatic functions of astrocytes are compromised and
what are the consequences for neighboring neurons and contacted synapses? Several important
questions need to be addressed: Do astrocytes contribute to AD pathology? Is reactive gliosis in
AD protective or detrimental in disease progression? Could localized changes in astrocyte function
lead to alterations in network function and overall cognitive decline symptomatic of AD?

2.3.1 Astrogliosis
Astrogliosis encompasses a wide range of both molecular and functional changes in astrocytes
and occurs in a wide range of brain diseases. The process of astrogliosis is graduated (Sofroniew,
2009). It varies from subtle changes to gross morphological alterations, like the formation of glial
scars, and likely differs between brain diseases. The full consequence of these changes for astrocyte
function remains unclear. Classically astrocytes are defined as star-shaped, non-neuronal cells, the
majority of which express GFAP. It is important to note that this review article focuses specifically
on protoplasmic, or gray matter, astrocytes as opposed to the fibrous astrocytes of the white matter.
Non-reactive astrocytes are highly ramified cells with spongiform processes that extend from thicker
processes arising from the soma. Interestingly, the processes do not interdigitate with neighboring
astrocytes thereby ensuring that each protoplasmic astrocyte occupies its own distinct territory
(Bushong et al., 2002; Ogata and Kosaka, 2002). Astrogliosis is conventionally characterized by
the upregulation of the intermediate filament (IF) proteins GFAP, vimentin (VIM), nestin and
synemin, and morphologically by the hypertrophy of the main processes (Hol and Pekny, 2015).
21
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harmful to surrounding cells (Pekny et al., 2014). In addition, astrocytes produce a host of factors

A wide range of stimuli can trigger astrogliosis: adenosine triphosphate (ATP), secreted mediators
like endothelin-1, and pro-inflammatory cytokines like interleukin-1 and tumor necrosis factor α
(TNFα) (For extensive review see Buffo et al (2010) and Burda and Sofroniew (2014). Many of
these factors are secreted by microglia and astrocytes and in the case of astrocytes can act in an
autocrine and paracrine manner.
In AD specifically, microglia produce an array of pro-inflammatory cytokines and mediators
in response to Aβ. This in turn activates astrocytes. Activated astrocytes in AD become a part
of the inflammatory process when, in addition to microglia, they start to secrete the cytokines
interleukin-1 and TNFα (Heneka et al., 2010). This vicious neuroinflammatory cycle is an important
avenue for AD research but is beyond the scope of this review. For an updated, detailed analysis of
neuroinflammation in AD see Heneka et al (2015). The stimuli for inducing astrogliosis are present
in the AD brain and indeed astrogliosis is a pathological hallmark of AD, clearly identified by the
increased expression of GFAP and the hypertrophy of astrocytes surrounding deposits of Aβ (see
Fig. 2). Processes of astrocytes surround senile plaques and are even found to penetrate into the
core of the plaque (Kamphuis et al., 2014; Kato et al., 1998) and may serve as protective barriers
to neurons (Wegiel et al., 2000). However, while astrogliosis increases linearly with cognitive
decline, plaque pathology plateaus (Serrano-Pozo et al., 2011). As Simpson et al. (2011) show,
astrocytes isolated from post-mortem tissue from varying Braak stages point to dysfunction in this
cell population during disease progression. In particular the downregulation of transcription for
genes associated with cell structure, like myosin family and actin- and adhesion-related genes, and
those involved in intracellular signaling pathways (Simpson et al., 2011).
A number of studies show the benefits and neuroprotective effects of reactive astrocytes on
surrounding neurons. Reactive astrocytes act to limit damage, repair the blood brain barrier (BBB),
remodel tissue, and provide energy substrates when supply is low or alternate substrates supply is
needed (Buffo et al., 2010). Disrupting the initiation of astrogliosis has proven detrimental in some
instances. Attenuating astrogliosis by disrupting the signal transducer and activator of transcription
3 (STAT3) pathway, one of the pathways by which many signaling molecules communicate to
induce astrogliosis, actually leads to increased oxidative stress (Sarafian et al., 2010). Though this
has not yet been determined in an AD model, astrocytes do respond to acute insult by increasing
the production of antioxidant compounds that act to protect surrounding cells from damage. On
the other hand, disrupting the calcineurin/nuclear factor of activated T cell (NFAT) pathway, an
immune signaling pathway, in hippocampal astrocytes reduced astrogliosis and Aβ levels, and
22

improved cognitive performance and synaptic function (Furman et al., 2012). The shift towards a
more immune genetic profile (Orre et al., 2014a) of AD astrocytes may indeed point to the loss of
homeostatic function of astrocytes leading to the degeneration of cells reliant on these functions.

2.3.2 Cytoskeletal and morphological changes in reactive astrocytes
A myriad of changes in reactive astrocytes potentially contribute to or are implicit in the development
and progression of AD. Clear morphological changes of astrocytes are an upregulation of the IF
cytoskeleton and apparent hypertrophy, as can be seen in Figure 2b. The upregulation of GFAP
and VIM of the IF network are hallmarks of astrogliosis in general (Hol and Pekny, 2015) and
also occurs in reactive astrocytes near plaques in AD patients and mouse models (Kamphuis et
al., 2014; Kamphuis et al., 2012). Although reactive astrocytes do appear hypertrophic when
observing histological hallmarks of astrogliosis, namely increased immunohistochemical staining
for GFAP and VIM, this is perhaps misleading. For instance, astrogliosis caused by lesioning the
entorhinal cortex (EC) does not increase the volume they occupy and astrocytes remain in their
own domains, showing little interdigitation or overlap of territories (Wilhelmsson et al., 2006).
Similar observations have been made for reactive astrocytes around plaques in an AD mouse
model (Kamphuis et al., 2015).
23
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Figure 2. a) Plate depicting glia (glz) surrounding an Aβ plaque (P1) and neighboring neurons (gaz) as drawn by Alois
Alzheimer, orginially published in Alzheimer and Förstl, Über eigenartige Krankheitsfälle de späteren Alters (1911).
Retrieved from https://becker.wustl.edu/about/news/art-alois-alzheimer b) Reactive astrocytes stained with GFAP-DAKO
(red), DAPI (blue) and 6E10 (green) surrounding an amyloid plaque in hippocampal tissue obtained from an AD patient –
male, aged 70, Braak stage 5, amyloid score C –, tissue from the Netherlands Brain Bank.

Research points to the heterogeneic response of astrocytes to AD development and progression.
Cytoskeletal atrophy of astrocytes is present in the medial prefrontal cortex of a triple transgenic
mouse model prior to plaque deposition and remains during disease progression with no correlative
relationship to plaque accumulation (Kulijewicz-Nawrot et al., 2012). However, Kamphuis and
Mamber et al. (2012) found that in the cortex of this model not all plaques are surrounded by
astrocytes with increased GFAP expression. Additionally, astrocytes in the EC appear atrophied
and have fewer processes prior to plaque pathology and do not undergo the characteristic
upregulation of GFAP seen in other brain regions when plaques appear (Yeh et al., 2011). Though
this atrophy is present in some brain regions, it is not clear whether this points to increasing cell
death or simply loss of function. Astrocyte atrophy and associated loss of function is indeed often
present in other neurological disorders including major depressive disorders and amyotrophic
lateral sclerosis (ALS) (Verkhratsky et al., 2015). The degree of astrocytic cell death in AD remains
unclear with conflicting findings reported in the literature. Li et al (1997) found increased apoptosis
in frontal cortex and CA4 region of the hippocampus of postmortem AD tissue with less than 13%
of apoptotic cells being astrocytes. Another study found no correlation between apoptotic cells
and the degree of astrogliosis or plaque load (Overmyer et al., 2000), supporting the generally
accepted paradigm of pervasive neuronal loss in AD pathogenesis. On the contrary, some studies
point to apoptotic markers present in astrocytes, particularly in those astrocytes surrounding senile
plaques (Kobayashi et al., 2004; Smale et al., 1995). Damaged astrocytes surrounding plaques and
lining blood vessels in AD patient tissue showed increases in caspase-3 cleaved GFAP fragments
pointing to the stimulation of apoptotic pathways in astrocytes damaged by Aβ (Mouser et al.,
2006). Also in AD tissue and in an AD mouse model, astrocytes surrounding Aβ plaques express
phophoprotein enriched in astrocytes 15 (PEA-15), a death effector domain containing protein
that promotes autophagy but also has regulatory functions that include proliferation, glucose
metabolism, adhesion and migration (Thomason et al., 2013) . In this instance, PEA-15 potentially
serves to protect astrocytes from apoptosis during inflammatory states (Kitsberg et al., 1999).

2.3.3 GFAP in reactive astrocytes
GFAP is the signature IF of astrocytes and this protein is clearly upregulated in AD astrocytes. To
date 10 different isoforms of GFAP have been described (Hol and Pekny, 2015), and the transcript
levels of all GFAP isoform variants, except for two, increase with increasing AD progression.
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(Roelofs et al., 2005; van den Berge et al., 2010), but recently an upregulation of GFAPδ has been
observed in reactive hippocampal astrocytes in AD patients (Kamphuis et al., 2014). In astrocytes
surrounding plaques, GFAPδ expression was increased but only in the CA1-3 subregion of the
hippocampus and the subiculum. Additionally, Kamphuis et al (2014) found an increase in the
number of a human-specific subpopulation of astrocytes positive for a frame-shifted GFAP isoform,
GFAP+1, which correlated with increasing Braak stage pathology. Outside of these findings
on human-specific GFAP isoform expression in AD, there are other clear differences between
astrogliosis in mouse models and AD patients. Astrogliosis is consistent around plaque deposits in
AD mice while in humans plaques with no associated astrogliosis are often observed (Kamphuis
et al., 2014, 2012). Little is known about the functional implications of increased expression of
GFAP isoforms, although a recent study showed a link with the regulation of the extracellular
matrix (ECM) molecule laminin (Moeton et al., 2014). Furthermore, it is interesting to note that
GFAPδ can interact with presenilin 1 and 2 (PSEN1, PSEN2) in transfected cells in vitro (Nielsen
et al., 2002). Though this interaction remains unknown for astrocytes it should be investigated
when considering the changes seen in GFAPδ and the mutations in PSEN1 and PSEN2 associated
with AD.
Astrocytes interact closely with Aβ plaques and even extend processes into the plaque core. This
interaction is diminished in AD mice that do not express the IFs GFAP and VIM (Kamphuis
et al., 2015; Kraft et al., 2013). In these APPswe/PS1dE9xGFAP-/-VIM-/- mice a decreased
interaction with Aβ plaque deposits was observed but there is conflicting evidence whether this
is associated with a changed plaque deposition. Kamphuis et al. (2015) did not observe a change
in plaque load as a consequence of the absence of either GFAP or GFAP and VIM; while, Kraft et
al. (2013) found increased plaque load and prevalence of dystrophic neurites in a similar mouse
model. This discrepancy may be due to subtle differences in genetic background. Interestingly,
the Kamphuis et al. (2015) study found that the deletion of these IFs appeared to have a protective
effect for the expression of genes involved in neuronal support functions which were shown to be
downregulated in this mouse model with an intact IF network (Orre et al., 2014a). However, the
apparent preservation of this gene expression profile may be overshadowed by dysfunction at the
level of protein trafficking.
The IF network plays a role in the trafficking of vesicles and glutamate transporters (Hughes
et al., 2004; Potokar et al., 2010, 2007) and therefore the alteration of this network during
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Expression of the isoform GFAPδ is typically enriched in the neurogenic niches of the adult brain

astrogliosis may have farther reaching consequences than simply diminishing the interaction of
astrocytes with plaques. For instance, interferon-γ induces the trafficking and surface expression
of vesicles containing major histocompatibility complex (MHC) class II molecules in astrocytes;
this is dependent on GFAP and VIM (Vardjan et al., 2012). The surface expression of Glutamate
transporter-1 (GLT-1) is regulated in an activity dependent manner and actively shapes glutamatergic
transmission at the synapse (Murphy-Royal et al., 2015). In GFAP-/- mice the surface expression
of GLT-1 is reduced due to compromised trafficking (Hughes et al. 2004) pointing to a link between
the IF network and protein trafficking. It is conceivable that if the IF network is disrupted in
astrogliosis that this could lalter the surface expression of transporters and receptors, ultimately
contributing to impaired astrocyte-neuron communication at the tripartite synapse.

3. Aβ clearance and processing by astrocytes
3.1 Soluble Aβ
Though Aβ plaque burden seems to correlate poorly with the development of cognitive decline in
AD patients, the accumulation of senile plaques is an early event in disease pathology and precedes
astrogliosis, tau pathology, and loss of synapses. It has been suggested that the protofibrils and
oligomers of Aβ peptide fragments may be the actual culprits causing neurotoxicity as opposed to
the plaques themselves (Walsh et al., 2002). Even before plaques and neurofibrillary tangles are
present synaptic function is compromised (as reviewed in Eisenberg and Jucker, 2012). In addition,
several studies of APP transgenic mice show impairment of synaptic transmission in hippocampal
neurons before the ascertainable accumulation of Aβ plaques (Chong et al., 2011; Larson et al.,
1999; Moechars et al., 1999; Végh et al., 2014). Since its inception, the amyloid cascade hypothesis
has been revised in order to accommodate growing experimental data supporting the role of soluble
oligomers of Aβ as the neurotoxic species behind early cognitive impairment and disruption of
synaptic plasticity (Cleary et al., 2004; Klyubin et al., 2005; Walsh et al., 2002). It is generally
believed that oligomers of Aβ initiate subtle functional changes and both the aggregation state and
deposition of Aβ set processes in motion that ultimately lead to neuronal malfunction (Karran et
al., 2011; Walsh and Selkoe, 2004).
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Astrocytes not only cordon off plaque deposits from the surrounding neuropil but are also capable
of degrading Aβ (Pihlaja et al., 2008; Wyss-Coray et al., 2003). A first clue that astrocytes are
capable of degrading Aβ was obtained from observing post-mortem tissue samples from AD
patients. In this tissue intracellular deposits of Aβ were found in astrocytes surrounding plaques
(Kurt et al., 1999; Thal et al., 2000; Yamaguchi et al., 1998). Additionally, tissue from AD patients
showed an astrocyte-specific increase in the expression of a chaperone complex, heat shock protein
8 – BCL2-associated athanogene 3 (HSPB8-BAG3), important for degradation of misfolded
aggregated proteins with a potential role in cytoskeletal remodeling specifically in areas of high
neuronal damage and degeneration (Seidel et al., 2012). This underscores the capacity of astrocytes
to respond to the accumulation of Aβ. Though astrocytes appear capable of degrading Aβ and
(see Figure 3), this process may be impaired in AD (Koistinaho et al., 2004). ApoE, which is
predominantly secreted by astrocytes helps in this degradation and clearance of Aβ and is also
linked to AD pathology. The role of ApoE is further discussed below in Section 4.2. Also, it is
important to note that although astrocytes are capable of taking up Aβ, microglia are the more
likely candidate for the bulk of clearance and degradation of Aβ.
All different isoforms of Aβ -- oligomers, monomers, and fibrils -- can be detected in cortical
samples taken from AD patients. Of particular interest is the capacity of astrocytes to take up these
forms of Aβ. Astrocytes in postmortem tissue samples from AD patients show the internalization
of protofibrils (Lasagna-Reeves and Kayed, 2011) and non-fibrillar Aβ into lysosome-like granules
(Funato et al., 1998) (see Fig. 3). Aβ alone does not seem to consistently induce a response in
astrocytes but Mulder et al (2012) found that gene expression of scavenger receptor class B
member 1 (SR-BI) was upregulated when Aβ was present along with amyloid-associated proteins,
ApoE or serum amyloid P – complement component 1, q subcomponent (SAP-C1q). SR-BI is a
receptor often linked with the uptake of Aβ (Wyss-Coray et al., 2003) and is expressed in adult
mouse and human astrocytes (Husemann and Silverstein, 2001). However, this upregulation of
gene expression was induced only in astrocytes cultured from non-demented controls and not
in astrocytes cultured from AD patients, which may point to dysregulation at the transcriptional
level (Mulder et al., 2012). Wyss-Coray and colleagues (2003) noted a disruption in the ability
of astrocytes to clear Aβ via the scavenger receptor family in AD mice. In vitro experiments by
Allaman and colleagues (2010) also showed that astrocytes take up Aβ via the type A scavenger
receptor family; signaling via this uptake pathway alters astrocyte metabolism with negative
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3.2 Aβ clearance

outcomes for surrounding neurons.
Astrocytes in vitro preferentially take up oligomeric Aβ (Nielsen et al., 2010). The uptake of AΒ
is believed to occur via surface receptors for ApoE, low-density lipoprotein receptor (LDLR) and
low-density lipoprotein receptor-related protein 1 (LRP-1) (Kanekiyo et al., 2014), the main ApoE
receptors in the brain. LRP-1 is most highly expressed in neurons, while LDLR is predominantly
expressed in astrocytes. Whether the uptake of Aβ is ApoE-dependent is under debate. A study
blocking ApoE, Aβ or the low-density lipoprotein receptor family showed Aβ uptake via astrocytes
was ApoE-dependent (Koistinaho et al., 2004) while another study showed that Aβ competes with
ApoE for uptake via LRP-1 expression in astrocytes with no direct interaction between ApoE and
Aβ apparent (Verghese et al., 2013). The uptake of Aβ via LDLR also appears to occur independent
of the association of ApoE with Aβ (Basak et al., 2012; Katsouri and Georgopoulos, 2011). Fig. 3
provides an overview of the various pathways of Aβ uptake.

3.3 Amyloidogenic processing of APP
The uptake of Aβ is proposed as potential source of plaque accumulation when astrocytes that take
up Aβ subsequently lyse and deposit their contents, contributing to overall Aβ plaque burden (Nagele
et al., 2003). However, there are currently no follow-up studies to corroborate this hypothesis and
the evidence for a loss of astrocytes in AD tissue is not compelling. Although the source of Aβ
deposition remains a question, there is general consensus that neurons are the primary source of
APP and Aβ. However, astrocytes also possess the necessary machinery to synthesize Aβ and
several studies demonstrate this ability of astrocytes. Grolla et al (2013) postulate that astrocytes
are a potential source of misfolded Aβ by showing that detectable protein levels of the enzymes
necessary for Aβ production, β-secretase 1 (BACE1) and γ-secretase, as well as APP are present in
cultures of primary hippocampal astrocytes. BACE1 is involved in amyloidogenic APP processing
pathway by cleaving the APP to produce a soluble extracellular fragment of protein before cleavage
of the remaining fragment by gamma-secretase to produce Aβ (see Fig. 3). BACE1, initially thought
to be primarily expressed by neurons, is also present in reactive astrocytes surrounding Aβ plaques
in transgenic mice (Jin et al., 2012; Orre et al., 2014b; Yamamoto et al., 2007) and AD patients
(Hartlage-Rübsamen et al., 2003; Roßner et al., 2005). Yamamoto and colleagues (2007) found that
TNFa increased the production of BACE1 in astrocytes and enhanced Aβ deposition. Zhao et al
(2011) corroborated this finding and showed that TNFα, interferon-γ, and Aβ1-42 upregulate APP,
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Figure 3. Astrocytes take up Aβ via a number of endocytic pathways that are activated via the receptors for lipoprotein
uptake and therefore share in common and potentially compete with the ApoE uptake pathway. Aβ is a lipophilic peptide
and interacts with ApoE. This pathway includes the low-density lipoprotein receptor (LDLR), low-density lipoprotein
receptor-related protein 1 (LRP1), scavenger receptor classes A and B1 (SR-A and SR-B1). The machinery for the nonamyloidogenic processing of APP including ɑ-secretase and the γ-secretase complex – also necessary for the amyloidogenic
pathway – are constitutively expressed in astrocytes. More recently, activated astrocytes in vitro have been shown to
produce Aβ likely because of the upregulation of β-secretase (BACE1). Increased BACE1 expression present in astrocytes
surrounding senile plaques in tissue from AD patients suggests this APP processing pathway may be active in vivo.

BACE1, and the release of Aβ in astrocytes in vitro. Further evidence to support the involvement of
astrocytes in the initial disease process comes from in vitro primary cortical cultures of astrocytes
that increase the expression of BACE1 via activation of the transcription factor NFAT4 after
exposure to Aβ1-42 (Jin et al., 2012). Additionally, Oberstein and colleagues (2015) found that
astrocytes and microglia in vitro preferentially produce N-truncated Aβ over neurons. On the
other hand, a mouse model of AD with the expression of human-APP under the astrocyte GFAP
promoter ultimately showed little Aβ deposition and low BACE-1 activity calling into doubt the
ability for astrocytes to be the source of Aβ (Zhao et al., 1996) and perhaps the above findings
are artifacts of the in vitro environment. However, in situ upregulation of BACE1 expression in
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Figure 3, 140mm

reactive astrocytes in both transgenic mice and AD patients points to this upregulation as more than
simply an in vitro phenomenon.
The processing of the APP, whether non-amyloidogenic or amyloidogenic, produces a small fragment
called the APP intracellular domain (AICD). AICD is suggested to play a role in cytoskeleton
dynamics, gene transcription, and apoptosis but the role of this fragment in the pathology of AD
remains inconclusive (Müller et al., 2008). A study looking at how APP modulates cholesterol
metabolism showed that AICD negatively regulates the transcription of LRP1, indicating that Aβ
production may lead to the decreased expression of LRP1 and ensuing cholesterol dyshomeostasis
seen in AD (Liu et al., 2007). Additionally, a study linking the expression of aquaporin 1 to
regulation by AICD (Huysseune et al., 2009) may provide insight into increased expression of
this protein in reactive astrocytes surrounding Aβ plaques (Hoshi et al., 2012; Misawa et al., 2008;
Pérez et al., 2007).

4. Molecular changes of astrocytes in AD
Astrocytes in AD change in response to pathology showing significant alterations in their IF
network and clear astrogliosis surrounding plaques, as discussed in section 2. Both oligomers and
fibrillar deposits of Aβ, as well as degenerating neurons and dendrites, can trigger astrogliosis in
AD. The genetic profile of astrocytes in AD reveals alterations in stress defense (Allaman et al.,
2010; Mandal et al., 2012), cholesterol metabolism (Kanekiyo et al., 2014; Orre et al. 2014a), and
gene transcription (Ben Haim et al., 2015; Li et al., 2004, Femminella et al., 2015). Keep in mind
that far more is altered in astrogliosis than morphology alone, many of the molecular changes
triggered during astrogliosis inevitably affect astrocyte-neuron communication.

4.1 Aging & Oxidative stress
Reactive astrocytes surrounding plaques change their molecular profile to take on a more immuneresponsive role. This comes with a cost to their important role in neuronal support and bidirectional
communication at the tripartite synapse. A study of the transcriptional profile of aged AD mice
shows this molecular switch to an immune response profile in astrocytes isolated during a time
when astrogliosis is rampant throughout the cortex (Orre et al., 2014a). This immune profile switch
is also seen in the activation of the Janus kinase/signal transducer and activator of transcription 3
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plaques in two distinct AD mouse lines (Ben Haim et al., 2015). Upregulation of the immune
response in astrocytes is also seen in postmortem tissue from AD patients that shows increased
glial expression of glia maturation factor, a pro-inflammatory brain protein, surrounding Aβ
plaques (Thangavel et al., 2013). This molecular profile switch may however be a process set into
motion in the acute stages of pathology and only truly takes hold in chronic disease states. In fact,
inflammatory factors produced and secreted by astrocytes – in concert with activated microglia
– may neutralize protective factors concurrently released by astrocytes (Heneka et al., 2015).
Keeping this in mind, attenuating astrogliosis can lead to worse outcomes. Chronicity may tip the
scales in favor of a pro-inflammatory, non-protective profile for reactive astrocytes, pulling them
away from their normal physiological duties. However, the scales may already be tipped before
gross pathology is even evident.
Unfolding in the background during AD pathogenesis is the process of aging. Expression profiling
of astrocytes isolated from aged wild-type mice show an increased inflammatory phenotype when
compared to younger mice while expression of genes involved in neuronal signaling remains high
(Orre et al., 2014b). Considering that astrocytes in the aged brain show reduced expression of
genes involved in protection against oxidative stress (Liddell et al., 2010; Orre et al., 2014b) this
downregulation may exacerbate the toxic effect of Aβ (García-Matas et al., 2010). Senescence
is a process characterized by functional alteration of the cell accompanied by the production of
molecules that affect neighboring cells, creating a proinflammatory milieu. Using senescence
biomarker cyclin-dependent kinase inhibitor 2A (p16INK4a) and matrix metalloproteinase-1,
Bhat and colleagues (2012) showed an increase in the number of senescent astrocytes in the frontal
cortex of postmortem tissue collected from AD patients. In this same study, in vitro exposure of
astrocytes to Aβ1-42 also triggered senescence and was accompanied by increased production of
interleukin-6. In the same instance, exposure to Aβ alters the metabolic phenotype of astrocytes
and increases their production of reactive oxygen species, reducing neuronal viability (Allaman et
al., 2010). Glutathione (GSH) is an antioxidant. The precursors for GSH synthesis by neurons are
supplied by astrocytes and help protect neurons against oxidative damage (Sagara et al., 1993).
Aβ depletes GSH in both neurons and astrocytes, leaving neurons vulnerable to oxidative damage
(Abramov et al., 2003). Magnetic resonance spectroscopy of patients with AD revealed reduction
in GSH levels when compared to healthy subjects of the same sex and indicated reduced levels in
subjects with mild cognitive impairment (Mandal et al., 2012). This reduction in GSH increases
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(JAK/STAT3) pathway, a classical immune-activated pathway, in reactive astrocytes surrounding

vulnerability to oxidative stress in the AD.
This vicious cycle only adds insult to injury. The protective role of astrocytes in oxidative stress
management may be compromised early on the course of AD. An interesting approach may be to
boost these neuroprotective and beneficial roles of astrocytes in order to lessen disease severity
and delay onset. This approach was implemented in treating another disease model, ALS. GSH
synthesis is regulated by nuclear factor erythroid 2-related factor 2 (Nrf2). By overexpressing Nrf2
under the GFAP promoter researchers were successful in delaying the onset of disease in two ALS
mouse models (Vargas et al., 2008). Oxidative stress may be an early trigger in the progression
of neurodegeneration. When coupled to the age-related decline in the ability to combat oxidative
stress this trigger may be amplified.

4.2 Cholesterol & ApoE
Lipid and cholesterol production and metabolism in the brain is dependent on astrocytes (Pfrieger
and Ungerer, 2011) and may be compromised in the AD brain. Orre et al (2014a) showed that
astrocytes isolated from aged AD mice have reduced gene expression for a family of genes related
to cholesterol metabolism (see Fig. 4a). In AD, increased levels of free fatty acids may be a risk
factor. Ceramide is a metabolite of palmitate, an abundant fatty acid in dietary saturated fats. Levels
of ceramide are increased in AD tissue and subsequently lead to increased Aβ production (Cutler
et al., 2004; Geekiyanage and Chan, 2011; Panchal et al., 2014; Patil et al., 2007). This increase in
AD patients coupled with increased free phospholipid levels are positively correlated with disease
severity in the frontal cortex (Cutler et al., 2004). Increased ceramide levels induce the production
and release of inflammatory cytokines by astrocytes; this ultimately leads to increased BACE1
activity and Aβ1-42 production in neurons (Liu and Chan, 2014; Liu et al., 2013a, 2013b; Patil et
al., 2006). Additionally, there may be a feedback loop that exists between neurons and astrocytes
>>Figure 4. a) Cholesterol metabolism is an important function in astrocytes in the brain and in an aged APPswe/PS1dE9
mouse model of AD, enrichment analysis of a microarray performed on isolated astrocytes and microglia pulls up the gene
ontology (GO) term of “cholesterol metabolism” as a downregulated gene group in AD astrocytes and microglia. Adapted
from Orre et al (2014b), Figure 2,c. Reprinted with permission. b) The ABCA1 transporter is important for the lipidation
of ApoE, in the case of AD, increased free fatty acids in astrocytes leads to increased BACE1 activity in neurons and the
amyloidogenic cleavage of APP that in turns leads to the downregulation of ABCA1 expression in astrocytes thereby
reducing the amount of ApoE lipidation. The lipidation state of ApoE may determine how ApoE is taken up via receptors.
The uptake of cholesterol occurs via LDLR and LRP1 receptor and in the case of AD, Aβ may either interact with ApoE
directly or may compete with ApoE for binding on uptake receptors.
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a general non-cell specific promoter (Bien-Ly et al., 2012). In transgenic mice, ApoE genotype
determines glial activation severity upon immune insult and the ApoE4 genotype leading to the
highest amount of glial activation, a prolonged immune response, and increased synaptic loss
(Zhu et al., 2012). Interestingly, some studies show that the cellular source of ApoE4 determines
the detrimental effects of expression of this gene. One study showed that astrocytic ApoE4 is
not detrimental to surrounding neurons whereas neuronal ApoE4 (generally only expressed under
stress conditions) leads to spine dystrophy (Jain et al., 2013). Another study also found that ApoE4
derived from astrocytes appeared to be protective against this excitotoxicity while expression of
ApoE4 by neurons led to neuronal death after excitotoxic challenge (Buttini et al., 2010). This may
be due to proteolytic cleavage of neuronal ApoE4, which is not observed in astrocytes. ApoE4 is
more susceptible to cleavage than other ApoE isoforms and expression of truncated ApoE4 protein
under a neuronal promoter in transgenic mice is both neurotoxic in vitro (Huang et al., 2001)
and leads to AD-like neurodegeneration in vivo (Harris et al., 2003). The protective function of
astrocyte-derived ApoE4 is suggested to result from the ratio between neuronal- and astrocytederived ApoE production, the real cause of detriment being the imbalance between these two
distinct sources of ApoE (Buttini 2010). Yet, if astrocyte-derived ApoE4 is protective than this
would suggest that the expression of the ApoE4 allele is only a risk factor under stress conditions
when neurons are also pushed to increase ApoE4 production.
It is well established that the expression of ApoE4 is associated with worse disease outcomes
and accelerated pathogenesis. Altered gene expression patterns in astrocytes isolated from human
post-mortem material from ApoE4 allele carriers do indeed point to dysfunction earlier on in
disease progression as compared to non-allele carriers (Simpson et al., 2011). This could in part
be due to the modulatory effect of ApoE4 on chemokine release from astrocytes in response to an
immune challenge, influencing astrocyte communication with microglia (Cudaback et al., 2015).
Additionally, astrocytes in vitro take up oligomeric Aβ and in the presence of ApoE this uptake is
reduced (Nielsen et al., 2010). From the research of Nielsen et al (2010) and Mulder et al (2014)
it was posited that there is no direct interaction between ApoE and soluble Aβ but that they likely
compete for the same uptake pathway in astrocytes, potentially involving the LRP1 (see Fig. 4b).
Therefore in the presence of ApoE Aβ deposition is increased. However, in AD patients ApoE is
found to co-deposit with Aβ plaques (Namba et al., 1991) although the association with diffuse Aβ
plaques is not consistent (Kida et al., 1994) and points to a role for ApoE in the fibrillogenesis of Aβ.
Interestingly, a study in which the expression of ApoE in astrocytes was reduced in an AD mouse
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fractions were reduced, irrespective of the isoform, ApoE3 or ApoE4, even though expression of
ApoE4 led to higher accumulation overall (Bien-Ly et al., 2012). In a mouse model overexpression
of ApoE4, and not ApoE3, led to increased deposition of Aβ (Holtzman et al., 2000); a pattern
also seen in AD patients carrying the ApoE4 allele (Schmechel et al., 1993). The lipidation state
of ApoE and Aβ likely determines their interaction and uptake. It is important to note that Aβ
is a lipophilic part of the transmembrane protein APP. It is therefore likely to interact with the
lipoprotein ApoE. The increased accumulation of Aβ in AD may further exacerbate the innate
immune response tipping the scales towards chronic inflammatory states in a more progressive
manner in the ApoE4 carriers. The research on the role of ApoE in clearance and deposition of Aβ
is at times contradictory and warrants continued investigation.
Astrocytes are essential to cholesterol metabolism but also of interest is the relatively high
cholesterol content of their membranes in comparison to neurons. An in vitro study showed that
this high cholesterol membrane content led to a heightened susceptibility to Ca2+-dependent influx
triggered by Aβ (Abramov et al., 2011). This calcium influx in astrocytes leads to the activation
of nicotinamide adenine dinucleotide phosphate (NADPH)-oxidase (Abramov et al., 2004) and
the production of free radicals which in turn over stimulates the production of poly-adenosine
diphosphate-ribose polymerase (PARP), a DNA repair enzyme which in turn depletes the pool of
nicotinamide adenine dinucleotide (NAD+) (Abeti et al., 2011). This may exacerbate oxidative
stress and subsequently deplete glutathione and its precursors. Ultimately this leaves neurons
vulnerable to oxidative stress due to lack of trophic support from astrocytes (Abramov et al., 2003)
and is a contributing factor to neuronal degeneration and cell death.

4.3 Transcription factors & miRNA
CCAAT/enhancer-binding protein delta (CEBPD) is a member of the C/EBP family of transcription
factors important in the regulation of genes involved in immune signaling. This transcription factor
is upregulated in transgenic AD mice (Ko et al., 2012). In astrocytes it is involved in regulating
the production of complement-bound Ptx3. When bound to the membrane of apoptotic cells, Ptx3
inhibits phagocytosis and leads to the failure of macrophages to remove damaged neurons (Ko et
al., 2012). This potentially exacerbates inflammatory stress. Interestingly, upregulation of CEBPD
makes activated astrocytes surrounding plaques resilient to apoptotic, inflammatory stressors
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model showed a reduction of total Aβ accumulation (Bales et al., 1997); soluble and insoluble

(Wang et al., 2015). Increased CEBPD expression was also observed in astrocytes surrounding
plaques in post-mortem tissue samples of AD patients (Li et al., 2004). Also, as mentioned above
in section 4.1, the JAK/STAT3 pathway is activated in two AD models (Ben Haim et al., 2015),
signaling a switch in the transcriptional profile of astrocytes and the induction of astrogliosis in
AD.
Alteration in small non-coding RNA involved in post-translational modulation of gene expression
called microRNAs (miRNA) is also implicated in pathological processes like AD (Femminella
et al., 2015). Substantial changes in miRNA expression patterns were observed corresponding to
dense plaque deposition in gray matter of tissue samples from AD patients (Wang et al., 2011).
Little is known about the effects of miRNA in astrocytes in neurodegenerative disease, but some
research points to the dysregulation of angiogenesis in the AD brain (For review see PimentelCoelho and Rivest, 2012) and interestingly one study has shown that astrocytes may contribute
to this dysregulation via the activation of a specific miRNA, miRNA-135 (Ko et al., 2015).
Additionally, in a triple transgenic AD mouse a miRNA associated with proinflammatory regulation
is upregulated in astrocytes prior to the appearance of Aβ plaque deposition (Guedes et al., 2014).
This hints at a process set in motion early in disease pathology. More information on these miRNA
pathways could provide novel biomarkers for the early detection of AD pathogenesis. It may also
provide clues for novel therapeutics to combat the disease at prodromal stages where the best
outcomes for disease treatment may be gained.

5. Changes in homeostatic regulatory mechanisms of astrocytes in AD
It is crucial to understand the consequence of the molecular changes in astrocytes at the functional
level and in regards to how the astrocyte functions at the neuron-astrocyte synaptic unit. These
functional changes, if emerging before pathology is present, may underlie disease pathogenesis
itself and if occurring after the disease process is set in motion may aid in the chronic degeneration
characteristic of this disease (see Fig. 5). As discussed above in section 2.3.2, generalized atrophy of
astrocytes in the frontal and ECs of an AD mouse model likely points to changes in how astrocytes
interact with surrounding neurons and their synapses (Kulijewicz-Nawrot et al., 2012; Yeh et al.,
2011). In addition, lysyl oxidase, an enzyme that modulates the ECM, is highly expressed by
reactive astrocytes surrounding senile plaques (Wilhelmus et al., 2013) and may further alter the
ability of astrocytes to interact and provide trophic support to neurons in the surrounding neuropil.
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the mobility of AMPA receptors at the synaptic cleft (Frischknecht et al., 2009). If astrogliosis
alters the ECM then plasticity in these areas is likely affected. The generalized atrophy of astrocytes
could in part account for loss of synaptic maintenance leading to neuronal atrophy and ultimately
the cognitive decline associated with the disease. In either scenario atrophy or hypertrophy may
ultimately result in prolific changes in astrocyte homeostatic function and thereby both have
detrimental effects on surrounding neuron function.
Just as astrocytes appear to form a barrier surrounding Aβ plaques, astrocytes may also modify
their homeostatic functions to further act as a protective barrier in areas of increased excitotoxic
glutamate release. Astrocytes are known to release molecules that guide neurite growth and
synaptogenesis (Wang and Bordey, 2008) but this homeostatic function would potentially be
detrimental in regenerative processes where the external milieu is unfavorable to healthy synaptic
interactions. The expression of repulsive axonal guidance molecule (RGMa) is increased in
astrocytes surrounding Aβ plaques and in vitro treatment of astrocytes with transforming growth
factor beta (TGFβ) and the Aβ peptides, Aβ1-40 and Aβ1-42, increased RGMa protein expression
(Satoh et al., 2012). The production of this repulsive factor for axonal growth by reactive astrocytes
surrounding Aβ plaques may contribute to regenerative failure of axonal outgrowth in AD but it
may in fact also serve as a protective signal warning that the area is not fit for axonal growth.
Indeed astrocytes appear to survey the surrounding environment and can thereby relay information
throughout the astrocyte network but also to other glial cells and neurons in the environment.
Hippocampal astrocytes in close proximity to Aβ plaques of a AD mouse model showed increased
responsiveness to AMPA/kainate glutamate receptors and therefore may serve as a sensor for
increased extracellular glutamate levels (Peters et al., 2009). Hyperexcitablity is evident in neurons
and neuronal networks in early stages of AD (Busche and Kenneth, 2015). Astrocytes may in turn
dampen hyperexcitability by increasing the production and release of GABA as discussed below.

5.1 Glutamate transport and the glutamate-glutamine cycle
Astrocytes are crucial for the removal and recycling of access neurotransmitters, in particular
glutamate at glutamatergic synapses, a process referred to as the glutamate-glutamine cycle (see
Fig. 1). Astroglial glutamate clearance via Excitatory Amino Acid transporter-1 and -2 (EAAT1,
EAAT2), and their rodent orthologs Glutamate aspartate transporter (GLAST) and GLT-1, are
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The ECM, consisting of proteoglycans and glycoproteins secreted by glia and neurons, determines

Figure 5, 190mm
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Figure 5. Astrocytes are essential for proper neuronal functioning. They provide protection against oxidative stress
by supplying neurons with glutathione and are also the predominant source of cholesterol for membrane repair and
maintenance. Additionally, astrocytes are a source of metabolites for neurons in times of high energy demand. Astrocytes
buffer potassium and also take up and recycle glutamate and GABA via the transporters GLT-1 and GAT3/4 respectively.
Glutamine synthetase converts glutamate into glutamine which is then transported back to neurons for subsequent
conversion to glutamate, this is known as the glutamate-glutamine cycle; the GABA-glutamine cycle involves a different
pathway not depicted here, but also results in conversion to glutamine which is again shuffled back to the neuron for GABA
production. In the case of AD many of these functions are altered including a decrease in GLT-1 transporters and glutamine
synthetase leading to the reduced glutamate clearance and recycling. Reactive astrocytes increase the expression of GAT3/4
and synthesize or store and release GABA which may subsequently act to increase tonic inhibition in the surrounding
area of these astrocytes. Prolonged inhibition may in turn contribute to synaptic loss associated with AD. In addition
to compromised glutamate/GABA-glutamine cycling the production of glutathione is reduced in reactive AD astrocytes,
leaving neurons open to oxidative damage which due to the downregulation of ABCA1 is exacerbated by the reduction
in cholesterol availability for membrane damage repair. The increased release of TGFβ1 by reactive astrocytes adversely
affects blood vessels by increasing the deposition of Aβ on the vessel walls. A reduced expression of aquaporin 4 and Kir4.1
also compromises osmotic regulation and the release of excess potassium via coupling to the brain blood supply. It remains
unclear if potassium uptake/clearance at the tripartite synapse is compromised in AD and warrants further investigation.
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the mature mammalian brain (Danbolt, 2001) and activity-dependent surface trafficking of this
transporter plays a role in shaping glutamatergic synaptic transmission (Murphy-Royal et al.,
2015). The deletion of this transporter leads to pathological conditions like spontaneous seizures
and increased susceptibility to acute cortical injury (Tanaka et al., 1997) while conditional
knockdown of GLT-1 leads to over-excitation at cortico-striatal synapses and repetitive behavior
(Aida et al., 2015). Interestingly, changes in GLT-1 expression and glutamate homeostasis may in
part contribute to the increased prevalence of seizures in AD patients (Scarmeas et al., 2009).
Compromised glutamate homeostatic mechanisms were found in triple transgenic AD mice
showing a decrease in glutamine synthetase (Kulijewicz-Nawrot et al., 2013; Olabarria et al., 2011)
but this was not necessarily coupled with reduction in GLT-1 expression (Kulijewicz-Nawrot et al.,
2013). Kulijewics-Nawrot and colleagues (2013) observed this reduction in glutamine sythetase
in the frontal cortex from 6 months of age and onwards and Olabarria et al. (2011) in the dentate
gyrus from 12 months on in this AD model; this precedes the dendritic loss observed in this AD
model from 15 months and onwards in the frontal cortex and hippocampus (Bittner et al. 2010). It
should be noted that several studies show reduced EAAT2 protein expression in the hippocampus
and frontal cortex of AD patients (Jacob et al., 2007; S. Li et al., 1997; Tian et al., 2010), this is in
contrast to the above study which studies which showed no reduction in this glutamate transporter.
Disruption of the glutamate-glutamine cycle was also observed when astrogliosis was induced
with lentiviral vector-mediated overexpression of green fluorescent protein (eGFP) in astrocytes
(Ortinski et al., 2010). This induced astrogliosis resulted in the downregulation of glutamine
synthetase. It is therefore feasible that astrocyte dysfunction precedes detectable synaptic loss
and indeed instigates the decline of neuronal viability in AD. These changes at the glutamatergic
tripartite synapses are depicted in Fig. 5.
As discussed previously, astrogliosis can function as a protective mechanism against excitotoxicity
and preventing astrogliosis through for instance prohibiting the increase of GFAP and VIM can
actually lead to reduced glutamate uptake (Li et al., 2008). This may reflect an acute, protective
phase in astrogliosis since free radicals released during oxidative stress bind to GLT-1 and may
alter glutamate uptake function (Lauderback et al., 2001). Intriguingly, splice variants of EAAT2
in AD may also account for reduced glutamate uptake efficiency in AD (Scott et al., 2011). Upon
exposure to Aβ1-42 in vitro, astrocytes reduce surface expression of GLT-1 (Scimemi et al., 2013)
and impaired glutamate homeostasis is also evident in two tauopathy transgenic mice models
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essential for proper functioning of synapses. GLT-1 is the predominant glutamate transporter in

of AD (Dabir et al., 2006; Nilsen et al., 2013). There is perhaps something to be learned from
other pathologies when determining the intricacies of astrocyte function in the progression of AD
pathogenesis. As seen in a model of focal cortical dysplasia, astrocytes in the hyperexcitable zone
surrounding the lesion site show reduced glutamate transporter currents (Campbell et al., 2014).
In fact, in chronic states it may be that homeostatic function of astrocytes is already disrupted
to the point that the synapse, no longer supported by its astroglial partner begins to suffer. Yang
et al. (2009) showed in a mouse model of ALS that it is the dysfunction of the pre-synapse that
ultimately leads to the down-regulation of GLT-1 in astrocytes, the signal for GLT-1 transcription
and expression in astrocytes apparently regulated by the pre-synapse.
GLT-1 expression in astrocytes is in part influenced by insulin signaling pathways in the brain.
The presence of insulin (Ji et al., 2011) and activation of the PI3K/Akt insulin signaling pathway
increases the protein expression of GLT-1 in astrocyte in vitro (Li et al., 2006; Wu et al., 2010).
Insulin signaling pathways are evidently altered in AD with abnormal distribution of insulin
receptors in neurons (Moloney et al., 2010), insulin resistance indeed appears to be a common
feature of early cognitive decline in AD patients (Talbot et al., 2012). In turn, the loss of GLT1 expression can subsequently lead to abnormalities in insulin signaling as demonstrated in an
AD mouse model in which GLT-1 expression is intentionally knocked down (Meeker et al.,
2015). Knock-down of GLT-1 was used to assess the role of reduced glutamate clearance in the
development of AD pathology.

5.2 GABAergic signaling
Ortinski et al (2010) showed that the induction of astrogliosis led to the reduction in glutamine
synthetase and decreased inhibition by GABAergic interneurons. Disruption in the glutamate/
GABA-glutamine cycle leads to this inhibition by limiting the metabolic substrate provided by
astrocytes to interneurons essential to the maintaining the release of GABA at active inhibitory
synapses (Liang et al., 2006). Under non-pathological conditions, TGFβ from astrocytes regulates
inhibitory GABAergic synapse formation and is dependent on glutamatergic activity (Diniz et al.,
2014). Increased TGF-β is found in AD patients with the levels detected correlating strongly with
plaque deposition and cerebral amyloid angiopathy (Wyss-Coray et al., 1997) and promotes Aβ
production and deposition in transgenic mice (Lesné et al., 2003). Aberrant TGFβ activity may
therefore disturb inhibitory-excitatory balance and plasticity in the AD brain.
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are pointing to GABA-related anomalies in reactive astrocytes of AD (see Fig. 5, GABAergic
inset). For instance, Mitew and colleagues (2013) found that GABAergic synapses were largely
undisturbed in AD patients and mouse models of AD, but that glutamate decarboxylase activity, the
enzyme that converts glutamate to GABA, was increased in the glial synaptosome fraction isolated
from areas of high plaque deposition. This points to increased GABA production in astrocytes
and corresponds to findings from a later study showing that both GABA and GABA-transporter
3/4 (GAT3/4) are increased in astrocytes surrounding AΒ plaques in patient material and an AD
mouse model (Wu et al., 2014). This study by Wu et al (2014) also demonstrated increased tonic
inhibition in the dentate gyrus of the AD mice where they found an increase in astrocytic GABA.
These finding were further corroborated by Jo et al (2014) in another AD mouse model and found
that GABA production was increased in dentate gyrus astrocytes surrounding plaque deposits,
though they attributed this to another enzyme capable of producing GABA, Maob. Interestingly,
these findings were not seen in younger transgenic animals but were always associated with plaque
pathology, hinting that this is a reactionary change in astrocytes in response to increased exposure
to Aβ. This response may indeed be a protective mechanism turned on in astrocytes in an attempt to
regulate a hyperexcitable environment in incipient AD. Astrocytes may dampen hyperexcitability
by increasing the production and release of GABA as seen in reactive astrocytes near and
surrounding Aβ plaques of the hippocampus. Eventually this increased production of GABA could
have a detrimental effect tipping the balance of excitation/inhibition too far in the direction of
inhibition and leading to cognitive impairment associated with hippocampal dysfunction.

5.3 Potassium homeostasis
Astrocytes membranes have a high potassium (K+) conductance mainly due to their abundant
expression of inwardly rectifying potassium channels, predominantly Kir4.1 and Kir5.1 (Butt and
Kalsi, 2006; Hibino et al., 2010, 2004). This inward rectification is the main determinant of the
low resting membrane potential of astrocytes, close to the equilibrium potential for potassium.
Also, a single astrocyte contacts thousands of synapses and is directly electrically coupled with
neighboring astrocytes into a large syncytium. The combination of these characteristics make
astrocytes optimal for the uptake of K+. This mechanism is referred to as potassium buffering
and it minimizes the deleterious effects of local prolonged increases in extracellular potassium
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([K+]o) resulting from neuronal activity; (Butt and Kalsi, 2006; Chever et al., 2010; GardnerMedwin, 1983; Kofuji and Newman, 2004; Somjen et al., 2008) (see Fig. 5). Via this mechanism
of clearance and regulation of extracellular potassium, astrocytes modulate neuronal excitability
and contribute to functions that depend on the transmembrane potassium gradient; for example,
astrocytes contribute to short-term plasticity at hippocampal synapses (Sibille et al., 2014).
The upregulation of these inward rectifiers could therefore effect the dynamics of potassium
homeostasis and have a protective role by limiting the hyperexcitability often associated with
AD. One study showed an increased expression of subtypes of Kir normally only expressed under
pathological conditions (Kang et al., 2008); this upregulation may indeed serve as a protective
mechanism but, it may also reflect an early, acute as opposed to chronic disease state where
downregulation of neuronal support genes is likely to occur. Astrocyte atrophy has been reported
in some brain regions of AD mouse models and in tissue samples from AD patients as discussed in
section 2.3.2, possibly compromising the homeostatic function of astrocytes. This was demonstrated
in the down-regulation in astrocytes of gene transcript levels corresponding to neuronal support
function, including genes involved in potassium homeostasis (Orre et al., 2014a). Compromise of
astrocyte potassium buffering capacity may have further reaching consequences. Down-regulation
of Kir4.1 also has consequences for the uptake of glutamate since the electrogenic transport of
this neurotransmitter is intimately linked to Na+ and K+ ionic gradients (Danbolt, 2001) and as
demonstrated by impaired glutamate clearance in cultured astrocytes in which Kir4.1 transcription
was knocked down (Kucheryavykh et al., 2007).
The Na/K-ATPase is also an important transporter in the restoration of potassium gradients
via astrocytes and works in concert with inwardly rectifying Kir channels for the clearance
and maintenance of [K+]o (D’Ambrosio et al., 2002; Larsen et al., 2014) (see Figure 1). Total
homogenate from frontal cortex of AD patients show alterations in Na/K-ATPase activity due to
altered binding affinity for Na+ (Kairane et al., 2002) this would lead to disruption of maintenance
of ionic gradients and the transport of K+ across the cell membrane. Though this study did not
distinguish between astrocytes and neurons it does point to dysregulation of potassium homeostasis
under these pathological conditions. Shifts in the levels of cations, including Na+ and K+, have
been detected in the hippocampus of tissue isolated from AD patients and included a decrease in
the levels of potassium which correlated with the loss of glutamatergic neurons and decreases in
glutamate levels (Gramsbergen et al., 1987).
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involved in the maintenance of other ion gradients. Astrocytes show activity-dependent fluctuation
in intracellular sodium (Na+) due to the expression of many exchangers and transporters which
move Na+ into the cell (Kirischuk et al., 2012). These transporters allow for the transport of
glutamate, GABA, calcium, and chloride, among others, and can thereby contribute to shaping
synaptic communication. The proper functioning of these channels and transporters that maintain
the extracellular environment is clearly necessary for the proper functioning of neurons.
Downregulation and upregulation of these transporters affect ionic homeostasis and the actual
physiological functioning of these transporters and channels can change under pathological
circumstances. Curiously, under conditions of extremely low extracellular potassium (0.2 mM),
inwardly rectifying K+ channels may conduct Ca2+ into cells (Dallwig et al., 2000; Härtel et al.,
2007). Although it is not clear under which physiological conditions such concentrations occur, this
phenomenon could potentially account for some of the aberrant calcium oscillations and increased
resting calcium levels seen in reactive astrocytes of an AD mouse model (Delekate et al., 2014a;
Kuchibhotla et al., 2009).

5.4 Cholinergic and purinergic signaling
Another neurotransmitter that is known to play a role in AD is acetylcholine (ACh).
Butyrylcholinesterase (BCHE), expressed by reactive astrocytes in AD, is an enzyme that hydrolyzes
acetylcholine thereby regulating cholinergic neurotransmission. This enzyme is increased in the
cortex of AD patients even though the substrate enzyme, acetylcholine, comes into short supply as
the disease progresses (Darvesh et al., 2003). BCHE appears to play a role in regulating astrocyte
function, immune signaling, and extracellular ACh levels. Depending on the genotype variant of
the enzyme expressed, BCHE activity may lead to different rates of cognitive decline and disease
progression in AD, the BCHE-K gene variant is associated with the worst phenotypic outcomes
due to its weaker activity (Darreh-Shori et al., 2013). Another AD risk factor discussed above,
ApoE4, potentially interacts with BCHE, ACh, and Aβ mimicking or exacerbating the phenotype
associated with the BCHE-K variant by reducing the activity of BCHE (Darreh-Shori et al., 2013).
Aβ oligomers bind to cellular prion protein (PrPc) (Ganzinger et al., 2014) and may in part
mediate the toxic effects of this soluble amyloid species (Gimbel et al., 2010; Kudo et al.,
2012; Laurén et al., 2009; Peters et al., 2015; Um et al., 2012). An astrocyte-secreted protein,
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stress-inducible phosphoprotein-1, interacts with PrPc and forms a complex that signals via α7
nicotinic acetylcholine receptors (α7nAChRs) in hippocampal neurons (Beraldo et al., 2010) and
inhibits binding of oligomeric Aβ to PrPc (Ostapchenko et al., 2013) which may contribute to the
neuroprotection against apoptosis triggered by this complex (Lopes et al., 2005; Zanata et al.,
2002). The expression of stress inducible phosphoprotein-1 is upregulated in AD patients and a
mouse model of AD (Ostapchenko et al., 2013). Astrocytes also express α7nAChRs that can be
activated by Aβ1-42 and lead to calcium transients in these cells, a transgenic mouse model with
significantly elevated levels of Aβ1-42 showed aberrant calcium transients similar to those elicited
by α7nAChRs agonist in hippocampal slices from wild-type littermates (Pirttimaki et al., 2013).
This aberrant calcium activity could be indicative of a process dysregulated early on in AD when
Aβ levels are increasing and ACh levels are still at relatively physiological levels (see Fig. 6). The
consequence of this aberrant calcium activity may in fact have direct consequences for neurons by
inducing the release of glutamate from astrocytes. Talantova et al (2013) found that oligomerized
Aβ stimulated astrocytes in vitro to release glutamate in an α7nAChR-dependent manner. This
observation was then observed as elevated glutamate levels in an AD mouse model and these
levels were reduced to that of wild-type controls when these mice were bred with α7nAChR-null
mice (Talantova et al., 2013). As astrogliosis, BCHE, and Aβ levels increase, a transient elevation
of ACh at cholinergic synapses could lead to dysregulation in hippocampal network oscillations in
part under the control of cholinergic inputs.
The influence of adrenergic signaling is also an avenue of research worthy of increased attention
especially considering recent findings that astrocytic purinergic signaling is linked to memory
formation. Aβ enhanced astrocyte adenosine A2A receptor expression, a G-coupled receptor that
triggers the intracellular cyclic adenosine monophosphate signaling pathway, in cultured astrocytes
and led subsequently to the decreased expression of glutamate transporters (Matos et al., 2012).
Hippocampal astrocytes in humans with AD and in aged AD mice corroborate this finding and
show increased expression of A2A receptors (Orr et al., 2015). Orr and colleagues (2015) elegantly
showed that astrocytic A2a appears to have a regulatory role in either memory consolidation or
retention since the knock-out of the gene encoding for this receptor in astrocytes led to enhanced
memory in mice and improved memory outcomes in aged AD mice, while enhancement of the
receptor worsened memory outcomes. Adenosine is a molecule that accumulates during wake and
is essential for homeostatic sleep regulation (Richter et al., 2014). It is important to note that AD
patients often exhibit disturbed sleep patterns and that sleep architecture is also often disrupted
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impairment (Lucey and Bateman, 2014). The importance of astrocytes and their role in homeostatic
clean-up functions during sleep has also recently been brought to light and may play a critical role
in the removal of soluble Aβ from the brain during sleep (Iliff et al., 2012). This avenue of research
clearly warrants further investigation in light of its potential for targeted therapeutics that could
alleviate the cognitive decline characteristic of the pathogenesis of AD.

5.5 Calcium astrocytes AD
Calcium signaling is an extremely important multifunctional process in all cells. Aberrant calcium
signaling occurs in the neurodegenerative pathology of AD (LaFerla, 2002), though most often
this signaling is considered compromised in neurons, astrocytes are also affected. The effects of
Aβ on Ca2+ signaling in astrocytes are suggestive of their contribution to neurodegeneration in
AD pathology (see Fig. 6). In mouse models of AD both genetic mutations linked to familial
AD and exposure to soluble forms of Aβ elicit calcium responses in astrocytes. Calcium waves
of greater amplitude, frequency, and velocity and traveling greater distances were observed in
astrocytes in response to Aβ exposure when compared to controls (Haughey and Mattson, 2003;
Lee et al., 2014). Of note is that neurons co-cultured with astrocytes do not show this same calcium
response upon exposure to Aβ (Abramov et al., 2003). Generally, astrocytes in mouse models of
AD show a higher frequency of spontaneous Ca2+ oscillations; this anomaly is also observed
in response to intravenous administration of Aβ (Takano et al., 2007). In vivo calcium imaging
of APP/PS1 transgenic mice with Aβ plaque deposition also show increased spontaneous Ca2+
activity including waves spreading out radially from plaques (Delekate et al., 2014b; Kuchibhotla
et al., 2009). The consequences of AD on astrocyte physiology do indeed appear to extend beyond
physical contact with plaques and may be the consequence of interaction with soluble oligomeric
Aβ. Plaques themselves may act as reservoirs of soluble oligomeric Aβ and thereby locally have
a neurotoxic effect (Koffie et al., 2009; Mucke and Selkoe, 2012). Though whether plaques are a
source of oligomers remains unclear.
The source of aberrant astrocyte calcium signaling in AD is not entirely clear. In vitro the increase
of intracellular Ca2+ upon exposure to oligomers of Aβ is potentially due to the activation or
dysregulated activity of ryanodine receptors (Alberdi et al., 2013). A potentiated calcium response
may also be the functional result of increased metabotropic glutamate receptor 5 (mGluR5)
45

Chapter 1: Astrogliosis: An integral player in the pathogenesis of Alzheimer’s disease

in older individuals; consequently, changes in sleep duration are linked to cognitive decline and

Figure 6. Increased calcium signaling
and calcium waves are observed in
astrocytes exposed to Aβ in vitro
and in mouse models of AD in vivo.
Immunohistochemical
approaches
reveal upregulation of L-type Ca2+
channels and metabotropic glutamate
receptor 5 (mGluR5) in astrocytes
surrounding Aβ plaques. The role of
L-type channels is unclear. Glutamate
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expression as demonstrated by Grolla and colleagues (2013) after exposing neuron-astrocyte cocultures to mGluR5 agonist dihydroxyphenylglycine after incubation with Aβ1-42. Astrocytes
may in fact switch their gene expression profiles and upregulate genes which were previously
downregulated in the normal process of aging. For instance the switch from mGluR5 to mGluR3
expression may be reversed, or gene transcription for mGluR5 may simply be turned back on
in the process of reactivity. This same upregulation is seen in situ. APPswe/PS1dE9 mice show
increased mGluR5 immunohistochemical reactivity in astrocytes surrounding Aβ plaques
whereas the expression of this receptor is generally very low in age-matched wild-type littermates
(Shrivastava et al., 2013). Most interestingly, this same increased expression pattern of mGluR5
has also been observed in human post-mortem AD hippocampal tissue (Lim et al., 2013) (see Fig.
6). The question remains whether these molecular changes in reactive astrocytes translate to a gain
of detrimental functions or simply the loss of normal physiological and homeostatic functions?
It is not only in vitro responses that help to uncover the underlying mechanism of abnormal Ca2+
signaling in AD astrocytes. In an AD mouse, astrocytes increased L-type Ca2+ channel expression,
this was specific to astrocytes surrounding Aβ plaque deposits, and yet at the same time there
were no mRNA transcript changes detected (Daschil et al., 2013). In this case functional changes
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activated channels only open in response to strong membrane depolarization not typically seen
in astrocytes and therefore their functional consequence remains unclear. Changes in calcium
signaling may be detectable before the first signs of pathology are apparent. Transgenic AD mice
show increased frequency of spontaneous calcium events in hippocampal CA1 astrocytes and
subsequently increased frequency of slow inward currents (SICs) in CA1 pyramidal neurons;
this is suggestive of an increase in the release of glutamate from astrocytes (Pirttimaki et al.,
2013). Because gliotransmission is at least in part regulated by a Ca2+-dependent mechanism, Aβ
induced aberrant glutamate release by astrocytes could contribute to excitotoxicity and contribute
to neuronal loss in AD (Peters et al., 2009).
The dysregulation of Ca2+-dependent processes in AD mice suggest that the Ca2+/calmodulindependent protein kinase II (CaMKII) pathway is disrupted even in early stages of the disease
(Chakroborty et al., 2012; Min et al., 2013; Reese et al., 2011). When this pathway was boosted it
improved cognitive abilities in an AD mouse model (Wang et al., 2013). It is worth noting that this
rescue effect is not solely neuron-specific but highly dependent upon the activation of this signaling
pathway in astrocytes. Also, a compounding factor may be the presence of ApoE4, which targets
and down-regulates CaMKII (Qiao et al., 2014). Calcium signaling in astrocytes may be further
compromised by Aβ when considering that the expression of store operated calcium channels,
which function to replenish calcium in the endoplasmic reticulum, appears to be regulated by APP
(Linde et al., 2011). Though there is currently no research to show that Aβ affects store operated
channels in astrocytes, it is worth investigating when considering the dysregulation apparent in
calcium signaling in astrocytes in response to AD pathology. Erratic calcium signaling in astrocytes
may impair astrocyte-neuron metabolic coupling and may have far reaching implications in a
syncitium of functionally coupled astrocytes.

6. The greater consequence of astrogliosis
6.1 Metabolism and vasculopathies
Morphologically, astrocytes extend and ensheath much of the surface area of vasculature in the
brain while extending other processes to enwrap synapses. With the brains high energy demand
accounting for 20-25% of overall glucose-derived energy (Mergenthaler et al., 2013), the intimate
relationship of an astrocyte with both the vasculature and neuronal synapses favors the formation
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were not predicted or preceded by changes in the molecular profile. However, these high-voltage-

of an astrocyte bridge coupling neurons with the vasculature. Disruption in brain metabolism and
impaired glucose utilization are evident in early stages of AD and further deterioration parallels
disease progression (Berent et al., 1999; For review see Cunnane et al., 2011; Small et al., 1995;
Tamminga et al., 1987). Disrupted mitochondrial gene expression in astrocytes isolated from
AD material (Sekar et al., 2015) is also indicative of metabolic disturbance as a consequence of
pathology. Similar energy metabolism deficits have been observed in an AD mouse model (Pedrós
et al., 2014). Functional hyperemia refers to the dilation of blood vessels in response to neuronal
activity and is coupled to the supply of energy metabolites to neurons. Astrocytes functionally couple
neuronal activity to blood flow via glutamate-mediated Ca2+ responses (Zonta et al., 2003). Glial
involvement in this process remains controversial with several studies emphasizing the absence or
lack of necessity of glial calcium signaling during functional hyperemia or the unfavorable timing
of glial calcium signaling (Bonder and McCarthy, 2014; Nizar et al., 2013). However, other studies
show astrocytic calcium signaling preceding vasodilation. Astrocytic microdomain increases in
Ca2+ precede functional hyperemia by seconds, emphasizing that astrocytes react in a time-frame
appropriate for their involvement in neurovascular coupling (Otsu et al., 2015). Of great importance
is the dysregulated calcium signaling seen in astrocytes of AD as discussed above. Aberrant Ca2+
signaling may lead to vascular instability as a functional consequence. This instability may even be
present before overt AD pathology is detected as observed in several mouse models of AD (Takano
et al., 2007). The frequency of cerebrovascular changes, namely vasodilation and vasoconstriction,
in APPswePS1dE9 transgenic mice is higher with vasoconstriction dominating over dilation
(Delekate et al., 2014b).
There is a strong association between AD and vasculopathies with increases in risk factors for
cardiovascular disease concomitantly increasing the risk for developing AD with cerebrovascular
cerebral amyloid angiopathy (CAA) often detected at autopsy of AD patients (Kalaria and Ballard,
1999). CAA is characterized by deposition of Aβ on blood vessel walls which can lead to structural
changes in these vessels; diffuse astrogliosis can be seen throughout the cortex and adjacent to
blood vessels laden with Aβ deposits (Shin et al., 2002). Additionally, astrocytes in mouse models
and humans with CAA with and without cortical pathology show decreased levels of aquaporin
4 and Kir4.1 expression and reduced GFAP in astrocytic endfeet, pointing to loss of functional
integrity of the neuro-vascular unit (Wilcock et al., 2009). Chronic elevation of TGF-β1 by
overexpression from astrocytes leads to cerebrovascular Aβ deposition as seen in AD (Wyss-Coray
et al., 2000). Increased expression of vascular endothelial growth factor has been observed in
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Aβ leads to expression of vascular endothelial growth factor with proinflammatory molecules also
increasing production from astrocytes (Chiarini et al., 2010). Vascular endothelial growth factor is
important for angiogenesis; the production of this growth factor by astrocytes may be a protective
and compensatory mechanism in response to Aβ exposure upon dysfunction of endothelial cells in
response to vascular Aβ deposition.
Regulation of the blood brain barrier may additionally be compromised via the increased
inflammatory environment of the AD brain. The pro-inflammatory cytokine interleukin-1β
increases BBB permeability via endothelial cells and astrocytes by suppressing the expression of
Sonic hedgehog, in turn downregulating tight junctions in endothelial cells (Wang et al., 2014).
Sonic hedgehog secreted by astrocytes increases the expression of tight junction proteins in
endothelial cells (Alvarez et al., 2011) under physiological conditions. Compromised blood brain
barrier function may also be related to astrocyte atrophy as postulated by Mouser et al (2006) upon
finding a predominance of damaged astrocytes lining blood vessels in tissue collected from AD
patients (as discussed above in Section 2.3.2).

6.2 Astrogliosis has the potential to dysregulate network function
Ultimately, the coordination and synchronization aspect of astrocyte function on neural networks
is increasingly important in understanding the role of gliotransmission in disease states. The
dysregulation of communication at the level of the tripartite synapse may be implicit in the
cumulative effects of disease progression seen in neurodegenerative diseases such as AD. There
is a hypothesis that neural networks disruption is causal for the underlying neurodegeneration
typical of AD. If we consider the role of astrocytes at the level of the synapse as well as research
showing that astrocytes are involved in network function it is important to understand the effect of
dysfunction of astroglia at the level beyond that of the single cell. Several studies show increased
connexin immunoreactivity and dye-coupling surrounding cortical Aβ deposits in transgenic AD
mice (Nagy et al., 1996; Peters et al., 2009). Alterations in the astrocyte network indicate that
astrocytes are potentially affecting areas beyond the immediate area of a single astrocyte where
for instance initial contact is made with Aβ plaque deposits. In addition to signaling through
the astrocyte syncytium as seen in Ca2+-dependent signaling, purinergic crosstalk also extends
beyond the tripartite synapse from which the initial synaptic stimulus was received and diffuses
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reactive astrocytes in AD postmortem tissue (Kalaria et al., 1998; Tang et al., 2013) and in vitro

into the surrounding synaptic environment reaching neurons and astrocytes further away. This type
of signaling can be seen in physiological astrocyte-dependent network effects on sleep homeostasis
(Fellin et al., 2009), a process disturbed in aging and poor sleep is prevalent in many AD patients
(Lucey and Bateman, 2014).
Palop et al (2006) proposed that dysfunction of synapses as opposed to loss of neurons is likely the
underlying mechanism behind neurological and cognitive impairment in AD. For local synaptic
modulation changes may be small and nearly negligible, but at the network level astrocytes may
regulate the firing rate of neurons allowing for the existence of two stable states either supporting
increased or conversely decreased firing modes (Gordleeva et al., 2012). Depending on the
gliotransmitter and the levels of local release, the flow of excitation and inhibition in a network can
be regulated (Gordleeva et al., 2012).
Also, when looking at the timeline of pathological events occurring in the progression of AD,
neuritic dystrophy and restructuring follows Aβ plaque formation (Meyer-Luehmann et al., 2008).
This later structural rearrangement could be a consequence of astrocytes abandoning their role
at the synapse. Chronic alterations to plasticity and neurotransmission could lead to changes in
signaling pathways and gene expression (Palop et al., 2006) and ultimately this may exacerbate
pathological changes already in progress compounding disease pathology and symptomatology.
The beginnings of network disruption in AD may be the cell autonomous effects described above
with the consequence of these changes being that networks in which the affected cell is incorporated
becomes compromised (Palop et al., 2006). Though plaque burden does not correlate well with
symptomatic disease progression, increases in soluble Aβ species do correlate with progression
of clinical symptoms (Haass and Selkoe, 2007; Lue et al., 1999; McLean et al., 1999; Näslund
et al., 2000). Mouse models of AD also show disruption of synaptic transmission and plasticity
(Hsia et al., 1999) as well as alterations in molecular markers (Palop et al., 2003) independent
of plaque formation. Interestingly, Aβ plaque deposition is most prevalent in the “default-mode
network” (Buckner et al., 2005), a network that is preferentially active during rest and functionally
connected with the hippocampus and episodic memory formation (Greicius et al., 2004). This
high endogenous activity appears to increase concentrations of soluble Aβ and ultimately plaque
depositions predominantly found in these regions, as observed in an AD mouse model (Bero et
al., 2011). More intriguing data on the relationship of the default network in relation to AD is
that inhibition of this network occurs in individuals with normal cognition during memory tasks
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network failure or a general failure of the inhibitory system in certain brain regions as a result of
astrogliosis. This falls in line with research showing hyperexcitablity in AD patients especially in
early stages of the disease (Busche and Konnerth, 2015), and AD mice (Busche et al., 2012, 2008).
Compensatory inhibitory mechanisms may be compromised leading to further imbalance in a
potentially hyperexcitable network. Ortinksi and colleagues (2010) demonstrated this very effect
as a consequence of reactive astrogliosis suppressing interneuron activity due to the decrease in
the glutamine-glutamate cycle. However, Palop et al. (2007) found that AD mice show aberrant
excitatory activity in the form of spontaneous, non-convulsive seizures which subsequently leads
to GABAergic sprouting and enhanced inhibition in the DG. This reorganisation of inhibitory
control and subsequent increase in inhibition is likely a compensatory response to overexcitation
and likely leads to network disorganization (Palop et al., 2007). The difference in these findings
likely reflects the mechanism by which acute versus chronic changes lead to disruption of the
inhibitory circuitry. Whereas the Ortinski et al. findings may reflect an acute disease states, the
Palop et al. findings may reflect a more chronic situation. However, one does not preclude the
other, especially when considering that astrogliosis occurs in a progressive and graded manner.
This is speculative, and the true role of astrogliosis in both acute and chronic network changes
warrants further investigated.

6.3 Potential disruption in homeostatic synaptic scaling
Homeostatic scaling of synaptic efficacy is an activity driven mechanism that regulates the
overall excitability of a neuron by adapting synaptic coupling strength using either presynaptic or
postsynaptic mechanisms. Synaptic scaling is particularly relevant during development, but it has
also been described in the mature brain. Many processes that govern synaptic scaling are modulated
and/or influenced by the activity of astrocytes as discussed above. Scaling is often accompanied
by changes in α–amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR)
expression (Turrigiano and Nelson, 2004) and is in part mediated by factors consequently released
by glia, specifically TNFα. It is a slow process and therefore one that could be modulated by
astrocytes that more aptly function on longer timescales. In fact astrocytes modulate trafficking
and surface expression of AMPARs in neurons (Stellwagen and Malenka, 2006). In a mouse
model of AD, age-related AMPAR is indicative of disruption in homeostatic scaling, which is
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but this inhibition is apparently lacking in AD patients (Vincent et al., 2010). This could point to

also reflected in disturbances in memory related phenomena like long-term potentiation and
depression (Chang et al., 2006). Additionally, the constitutive expression of TNFα functions as
a homeostatic mechanism that enhances synaptic strength via astrocyte-mediated activation of
presynaptic N-methyl-D-aspartate receptor subtype 2B receptors (Santello et al., 2011). However,
this constitutive expression is likely greatly increased and dysregulated in AD, as evidenced by
increased TNFα levels observed in AD patients and as discussed in section 2.3.1. Small (2008)
proposes that networks become dysfunctional because small groups of neurons become hypoactive
which then leads to a scaling up of healthy neurons within the system, making these neurons more
susceptible to calcium-dependent neurodegenerative processes. As discussed in section 5.2, tonic
inhibition is increased in the dentate gyrus of AD mice (Wu et al., 2014) and GABA production
is increased in reactive astrocytes surrounding plaques, evident in both mouse models and human
AD tissue samples (Jo et al., 2014; Mitew et al., 2013; Wu et al., 2014). Tonic inhibition via
release of GABA from reactive astrocytes could permanently shift the balance between excitation
and inhibition towards inhibition scaling up the neurons surrounding such hypoactive areas. This
may in part explain the susceptibility of neurons in AD to calcium-dependent neurodegenerative
processes and excitotoxicity.

7. Concluding Remarks
Astrocytes are integral members of the brain community where the proper functioning of one cell
population is intricately connected with and reliant upon the proper functioning of its neighbors.
The astrocytic syncytium interacts more strongly with the neuronal microcircuit than originally
thought. Both systems possess specific forms of plasticity and each influences the homeostatic
mechanisms of the other. Operating on different spatio-temporal scales, the interaction of these
two cell populations expands the information processing dynamics of the brain. What happens
when the functioning of an integral member of this community, astrocytes, undergoes extensive
molecular and functional changes as a result of astrogliosis, as seen in AD? We propose that
astrocytes play a critical role in tuning neuronal networks and balancing the local environment and
that astrogliosis in AD perturbs this tuning capacity leaving the system reliant on compensatory
mechanisms that overtax neurons and destabilize their connectivity within and between brain
regions. This disconnect begins locally and brings imbalance to small local networks which then
leads to system-wide perturbations and manifests in cognitive failure.
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a progressive decline in cognition. Breaking this cycle by boosting the protective functions of
astrocytes and preventing the chronicity of immune signaling in this cell population would likely
benefit surrounding neurons by leaving the homeostatic function of astrocytes at the tripartite
synapse intact. Including a role for astrocytes in AD pathogenesis is crucial to developing therapies
that will ensure the resiliency of the tripartite synapse thereby staving off the cognitive decline
associated with this devastating disease.
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Astrogliosis in AD begins in response to protecting the brain from injury and ultimately instigates
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Abstract
Reactive astrocytes and microglia are associated with amyloid plaques in Alzheimer’s disease
(AD). Yet, not much is known about the molecular alterations underlying this reactive phenotype.
To get an insight into the molecular changes underlying AD induced astrocyte and microglia
reactivity, we performed a transcriptional analysis on acutely isolated astrocytes and microglia
from the cortex of aged controls and APPswe/PS1dE9 AD mice. As expected, both cell types
acquired a proinflammatory phenotype, which confirms the validity of our approach. Interestingly,
we observed that the immune alteration in astrocytes was relatively more pronounced than in
microglia. Concurrently, our data reveal that astrocytes display a reduced expression of neuronal
support genes and genes involved in neuronal communication. The microglia showed a reduced
expression of phagocytosis and/or endocytosis genes. Co-expression analysis of a human AD
expression data set and the astrocyte and microglia data sets revealed that the inflammatory
changes in astrocytes were remarkably comparable in mouse and human AD, whereas the microglia
changes showed less similarity. Based on these findings we argue that chronically proinflammatory
astrocyte and microglia phenotypes, showing a reduction of genes involved in neuronal support
and neuronal signaling, are likely to contribute to the neuronal dysfunction and cognitive decline
in AD.
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Alzheimer’s disease (AD) is a severe neurodegenerative disorder characterized by irreversible
memory loss and impaired cognitive functions, associated with the characteristic hallmarks of
the disease, namely the deposition of extracellular aggregated amyloid-β (Aβ) in plaques and
the presence of intra neuronal aggregates of hyper-phosphorylated tau (Beach et al., 1989;
Selkoe, 2001). Plaques are surrounded by reactive astrocytes and activated microglia (Beach et
al., 1989; Itagaki et al., 1989; Kamphuis et al., 2012; Orre et al., 2013). The exact changes in
molecular pathways during glial activation and the functional consequences of this activation are
not entirely clear. Both beneficial and detrimental effects of amyloid-associated glial activation
have been reported (reviewed in Sofroniew, 2009; Sofroniew and Vinters, 2009). In the healthy
brain, astrocytes are involved in regulating central nervous system (CNS) homeostasis, such as
extracellular potassium buffering, glutamate recycling, and regulation of water balance; moreover,
astrocytes are also involved in the modulation of neuronal signaling (reviewed in Sofroniew
and Vinters, 2009; Volterra and Meldolesi, 2005; Wang and Bordey, 2008). Microglia are the
parenchymal macrophages within the CNS and functions as surveyors; they rapidly detect and
act upon the CNS insults (Kettenmann et al., 2011; Nimmerjahn et al., 2005; Perry et al., 2010).
In response to Ab plaque formation, microglia aggregate around plaques and acquire an activated,
proliferative, phenotype (Kamphuis et al., 2012; Mrak, 2012; Orre et al., 2013). Their role in AD
plaque pathology still remains unclear, and several studies have shown that microglia activation
may result in removal of plaques, but can also aggravate plaque deposition, or even lack a major
impact on Aβ load (reviewed in Aguzzi et al., 2013; Morgan et al., 2005).
A substantial number of studies have investigated the astrocyte and microglia response to Aβ,
mainly using in vitro culture approaches and/or immunostainings of mouse and human AD tissue.
Several previous studies have characterized the changes in transcriptome in relation to mouse
plaque pathology and to human AD pathology in RNA isolated from brain homogenates (Bossers
et al., 2010a; Wirz et al., 2013; Zhang et al., 2013). These studies invariably used whole tissuederived messenger RNA samples. However, a cell type-specific characterization of transcriptional
changes in relation to AD would provide a more detailed characterization of changes within the
different cell types, along with an increased resolution as compared with whole tissue expression
analysis.
Here, we describe the results of such a cell type-specific characterization of the molecular changes
in astrocytes and microglia in response to Ab plaque pathology in the APPswe/PS1dE9 transgenic
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1. Introduction

AD mice (Jankowsky et al., 2004) compared with wild type (WT) littermates. At 15 months, these
AD mice display severe plaque load, extensive activation of astrocytes and microglia, increased
inflammatory signaling, and memory impairments (Kamphuis et al., 2012; Wirz et al., 2013; Xiong
et al., 2011) which is why this age was chosen for cell isolation.We acutely isolated adult cortical
astrocytes and microglia based on the expression of GLT-1 and CD11b/CD45, respectively, as
described in Orre et al. (2014). Our findings showthat both astrocytes and microglia acquire a more
inflammatory phenotype accompanied by a loss of neuronal support functions, such as glutamate
recycling and neuronal signaling for astrocytes and a reduction in endocytosis for microglia.
Moreover, we performed a weighted network analysis to identify modules of genes affected by AD
pathology in the astrocyte and microglia populations, and investigated if these modules were also
present in a human AD data set (Bossers et al., 2010a). We found 1 astrocyte module, implicated in
immune signaling, that was preserved in the human AD data set. Taken together, our data suggest
that a “chronic” activation of astrocytes in AD coincides with a reduction of their neuronal support
function and may contribute to the dysfunction in neural communication underlying the cognitive
decline present in AD.
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2.1. Mice
In this study, the APPswePS1dE9 double-transgenic AD mouse model was used (Jankowsky et al.,
2004; Kamphuis et al., 2012; Orre et al., 2013). Cells were isolated from the total cortex of 15to18 month-old AD mice and WT littermates were used as controls. All animals were housed under
standard conditions with access to water and food ad libitum. Animal handling and experimental
procedures were reviewed and approved by the ethical committee for animal care and use of
the Royal Netherlands Academy for Arts and Sciences, acting in accordance with the European
Community Council directive of November 24, 1986 (86/609/EEC). All efforts were made to
minimize suffering and the number of animals used for the study was presented here.

2.2. Isolation of different glial cell populations
Preparation of single cell suspensions and fluorescence-activated cell sorting (FACS) procedures
were described in detail in Orre et al. (2014). In short, the mice were anesthetized by pentobarbital
and transcardially perfused with HBSS (-Ca/-Mg) (Invitrogen). Thereafter, cortical tissue was
macro dissected and, subsequently, used for mechanical dissociation using a Tissue Chopper, the
tissue was subjected to enzymatic dissociation using Papain (Worthington) at a final concentration
of 8 U/mL in combination with DNase I at 80 Kunitz units/mL final concentration (Sigma; D4263)
in a PIPES based buffer with addition of L-cystein- HCl and EDTA in 37°C incubator for 50
minutes on a rocker, followed by the addition of another 25 Kunits/mL DNase I and a further
incubation at 37°C for 15 minutes. A Percoll gradient and myelin removal were performed on
single cells before labeling (Myelin Removal Beads II [MiltenyiBiotec; 130-096e733]) according
to the manufacturer’s protocol.

2.2.1. FACS sorting procedure
Pelleted cells were resuspended in PBS (0.5% BSA) and stained with unconjugated rabbit
polyclonal GLT-1 (1:100, custom made, Biomatik, 0.6 mg/mL), mouse anti O4 (1:400, Millipore,
MAB345), CD11b-APC (1:200, eBioscience, 17-0112-82), CD45-(1:200, eBioscience, 12-045182), Fc-receptor block CD16/32 (1:200, BD Pharmingen, 553142), and polyclonal rabbit IgG
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2. Methods

isotype control (1:150; Thermo Scientific, NC-100-P1) (at 4°C for 30 minutes). After washing,
secondary anti-rabbit biotin antibody (1:100, Jackson Immunoresearch, 111-065e144) and PE
conjugated goat anti-mouse (1:125, eBioscience, 12-4010-82) (for visualization of O4 staining)
was added and incubated for 30 minutes at 4°C. After washing, streptavidin-APC-Cy7 (1:125,
Biolegend, 405208) was allowed to incubate for 15 minutes at 4°C in the dark. The cells were
washed and resuspended in GKN/PBS and cell viability staining 7AAD (BD bioscience). Using
BD FACS Aria I (BD bioscience), GLT1 positive cells were sorted on GLT1+/CD11b- expression
and microglia cells were sorted on CD11b+/CD45+ Expression after gating away the dead cell
population on 7AAD signal. The sorted cells were directly subjected to RNA isolation.

2.3. Laser dissection microscopy
Sections from snap frozen brains from WT and AD littermate couples aged 9 months were mounted
onto glass slides with PEN foil membrane (Zeiss) and subjected to laser microdissection as
previously described (Orre et al., 2013). RNA was isolated from the dissected samples as described
below. Expression was normalized on Ef1a and Rn18s.

2.4. RNA isolation, sample labeling, and hybridization
Sorted cells or laser dissected tissue were incubated in TRIsure (Bioline) for 5 minutes on ice with
thorough mixing and/or vortexing. For all samples, RNA was isolated by overnight precipitation
in isopropanol to which 20 mg of glycogen had been added. For quantitative polymerase chain
reaction (qPCR) analysis, total RNA was DNase I treated and used as a template to generate
complementary DNA following the manufacturer’s instructions (Quantitect- Qiagen). Diluted
complementary DNA served as a template in real-time quantitative PCR assays (SYBR Green
PCR Master Mix; Applied Biosystems). For primers see Supplementary Table 1.
For microarray studies, labeling and hybridization of the RNA samples were performed according
to the manufacturer’s instructions and as previously described (Bossers et al., 2010a), where Mouse
GE 4x44k V2 microarrays (Agilent) were used. The arrays were scanned at a resolution of 5 mm
at 5% and 100% photomultiplier tube (PMT). Scan data were extracted using Agilent Feature
Extraction software (version 8.5.1, Agilent).
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Raw data from the extraction software was imported to R statistical processing environment using
a LIMMA/Bioconductor package. Nonuniformity outliers and background outliers were removed.
Data were normalized using between-array normalization with the “quantile” algorithm (Bolstad et
al., 2003). The Cy3 and Cy5 normalized log2 intensities were used as separate channels for further
analysis, as previously shown in Bossers et al. (2010b). Inter-sample gene variation because of
technical reasons, such as, contamination of myelin, were defined using the Weighted Gene Coexpression Network Analysis (WGCNA) (Langfelder and Horvath, 2008) as shown previously
(see Orre et al., 2014) and excluded before normalization in this current analysis. For analysis
of differential gene expression between AD and WT astrocytes, a linear LIMMA fit was used on
normalized log2 transformed intensities. p-values were corrected using the Benjamini-Hochberg
algorithm, where genes with a p < 0.05 and a normalized log2 intensity >7 were accepted as
significant, for downstream Gene Ontology analysis. An additional cutoff of FC > 2 was used for
the astrocyte genes and FC > 1.5 for microglia.

2.5.1. Module preservation between mouse astrocyte and microglia AD samples and human frontal
cortex AD samples
To allow comparison of gene expression data from the human control-AD data set and the mouse
data sets, we used BioMart to extract genes that were orthologous between human and mouse
(www.ensembl.org). To reduce the number of genes for computational purposes, genes with a
log2 expression >5 were used in the downstream WGCNA. This analysis defines genes that show
a coexpression pattern among samples in an unsupervised way, creating a co-expression network
based on the adjacency of genes within the network, where closely related genes are assigned to
the same gene cluster (module), as described in Langfelder and Horvath (2008) and Miller et al.
(2010). The mouse astrocyte WT-AD, microglia WT-AD, and human prefrontal cortex control-AD
data sets were independently processed usingWGCNA. Thus, 3 different adjacency networks were
generated. For mouse-human comparisons, the modules were defined within the mouse AD-WT
data sets and imposed on the human control-AD network. Module preservation was performed,
generating Z scores as a preservation measure. Z values of 5e10 are considered a moderate
preservation, and values >10 are considered a high preservation (Miller et al., 2010).
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2.5. Extraction, normalization, and analysis of microarray data

2.5.2. Gene ontology and pathway analysis
To interpret biological processes and functions of the significant genes and modules, the different
gene lists were submitted to the DAVID (http://david.abcc.ncifcrf.gov/) web tool. Functional
annotationwas performed with a medium stringency and annotations with a p-value <0.05
(Benjamini-Hochberg corrected) were considered significant. All genes present on the array with
a normalized log2 intensity over 6 were used as a background. For genes preserved in human AD,
all genes used for the WGCNA analysis were used as background. Gene interaction clusters were
created using Ingenuity pathway analysis (Ingenuity Systems, Inc; May 2013).

2.5.3. Comparison to other array data sets
To allow comparison of our AD astrocyte data set with previously published astrocyte data sets
from lipopolysaccharide (LPS) injected mice and a mouse stroke model (MCAO) (Zamanian et
al., 2012); the text matrix files from this data set (GSE35338)were downloaded from the GEO
database (http://www.ncbi.nlm.nih.gov/geo/). Genes were matched between the data sets using
their Entrez gene annotation (16,586 genes in total). Genes were normalized using between-array
normalization with the “quantile” algorithm, differential expression between experimental group
and control group were tested for significance using LIMMA fit as previously mentioned. The log2
FC from genes that showed a differential expression in AD was used for downstream k-means
clustering between AD, LPS, and MCAO samples using the Genesis software (Sturn et al., 2002).
Within the different k-means clusters, the samples were clustered based on hierarchical clustering
(average linking), and heatmaps were made based on the log2 FC (all using the Genesis software).

2.6. Immunohistochemistry
AD and WT mice were deeply anesthetized by pentobarbital and transcardially perfused with 4%
paraformaldehyde in PBS. Brains were isolated, post fixed for 2 hours, and frozen on dry ice after
overnight incubation in 20% sucrose-PBS. Coronal cryosections (10 mm) were mounted on glass
slides and were post-fixed in 4% paraformaldehyde in PBS, pH 7.0, at room temperature. Sections
were blocked with 0.05 M PB supplemented with 10% normal donkey serum and 0.4% Triton
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(Sigma) and Iba1 (Wako) diluted in 3% normal donkey serum and 0.4% Triton X-100 in PB at
room temperature. For mouse tissue, fluorescence visualization was used with Cy3- or Alexa488conjugated secondary antibodies (Jackson ImmunoResearch). Sections were washed and coverslipped in Vectashield, including DAPI as a nuclear dye (Vector Laboratories) and viewed witha
Leica DMRE fluorescence microscope.

2.7. Statistics
For statistical analysis of array expression data, we used R (with the Bioconductor LIMMA and
WGCNA packages), as described previously. For the laser dissection microscopy (LDM) data, a
factor correction was performed as described in Ruijter et al. (2006) to reduce intra-experimental
variation because of different LDM sessions. Data were tested for normal distribution using the
Shapiro-Wilk test for normality. For LDM samples, significance was tested using a Kruskal-Wallis
test with Dunn multiple comparison; in all cases p < 0.05 was accepted as significant.
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X-100, incubated overnight with the primary antibodies glial fibrillary acidic protein (GFAP)

3. Results
3.1. Increased proliferation and CD45 expression in AD microglia
From the age of 15 months onward, the cortical Aβ plaque burden in the AD mice is substantial.
At this stage, most cortical astrocytes express high levels of the intermediate filament protein
GFAP and can be defined as activated. The cortex is also filled with a large number of activated,
proliferative, microglia, as we have previously shown (Kamphuis et al., 2012). Reactive astrocytes
cluster around Aβ plaques (as indicated by arrowheads) together with IBA1 labeled activated
microglia (Fig. 1A and A0). To assess the cell-type specific molecular changes in astrocytes
and microglia in response to Ab pathology, we applied specific cell-surface markers and FACS
to isolate astrocytes and microglia from the cortex of 15- to 18-month-old AD mice and agematched littermate controls. Microglia was sorted based on their expression of CD11b+/CD45+
(Fig. 1B), and astrocytes were sorted based on their expression of glutamate transporter-1 (GLT-1).
An empty (FITC) channel was used to control for potential auto-fluorescence (Fig. 1C and Orre et
al., 2014). Here, we refer to the cells isolated from cortices of the APPswePS1dE9 mouse model
as AD astrocytes and AD microglia and the cells isolated from WT littermate cortices as WT
astrocytes and WT microglia. Flow cytometric quantification of the sorted cell populations showed
that the AD microglia were significantly more numerous compared with the WT microglia. The
AD microglia also showed elevated CD45 expression, but no difference in CD11b expression (Fig.
1D). In both WT and AD samples, only 1 microglia population was observed, although there was
no separate population with a distinct CD11b+/CD45high phenotype that could represent invading
monocytes (Supplementary Fig. 1). The astrocyte populations of AD and WT mice did not differ in
number or GLT-1 expression (Fig. 1E).

3.2. Identification of AD regulated genes
To allow for a genome wide analysis of the transcriptome of AD and WT astrocyte and microglia
populations, we hybridized labeled RNA from the sorted GLT-1+ astrocytes and CD11b+/CD45+
microglia onto Agilent whole genome mouse arrays. Samples were subjected to hierarchical
clustering, which showed that astrocytes and microglia samples clustered separately from each
other (Fig. 1F). To find differentially regulated genes between the AD and WT cell populations,
astrocytes and microglia from AD (astrocytes: n = 4 and microglia: n = 7) and WT (astrocytes: n
= 4 and microglia: n = 7) mice were compared using linear regression (LIMMA fit). We analyzed
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the Wilcoxon signed rank test between littermate AD and WT couples, astrocytes: n = 4 AD-WT pairs and microglia: n
= 7 AD-WT pairs, * p < 0.05. (F) Based on hierarchical clustering, astrocytes (orange) and microglia (green) clustered,
separately. (G) Total number of astrocyte and microglia genes significantly regulated in AD compared with WT. (H) qPCR
validation of the array expression showed a strong correlation in fold change (FC); x-axis shows array FC over WT and
the y-axis shows qPCR FC over WT, n = 12 genes. Enriched astrocyte genes (I) and microglia genes (J) (Orre et al., 2014)
overlaid with the AD regulated genes, numbers show percentage of regulated genes compared with total. Abbreviations:
Ab, amyloid-b; AD, Alzheimer’s disease; As, astrocyte; FC, fold change; Mg, microglia; qPCR, quantitative polymerase
chain reaction; SEM, standard error of the mean; WT, wild type.

fewer astrocyte samples, as in the first attempts the astrocyte population was contaminated with
oligodendrocytes, because of the presence of myelin debris (see Orre et al., 2014). Astrocytes
isolated after myelin removal were free from contaminating oligodendrocytes (Orre et al., 2014)
and were used for the current analysis.
For the astrocyte comparison, genes were accepted as significantly different with a Benjamini
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Fig. 1. Isolation and flow cytometric analysis of astrocytes and microglia from AD and WT mice. (A-A’) Reactive GFAP+
astrocytes and activated IBA1+ microglia surround Aβplaques (6E10 and arrowheads) in cortical sections of 15-month-old
AD mice. (B-C) Gating plots used to isolate microglia based on CD45+/CD11b+ co-expression and astrocytes based on
a high GLT-1 expression together with the FITC signal on the x-axis to control for potential. All axes show fluorescence
signal in log10 scale. (D) Graphs show number of isolated AD and WT microglia and expression of CD45+, CD11b+
fluorescence signal measured with flow cytometry. (E) Graphs show number of isolated astrocytes and GLT-1 fluorescence
signal. (D-E) All bars depict group average of the geometric mean, error bars show SEM. Significance was tested using

Hochberg corrected p-value <0.05 and a fold change >2.0; this identified 807 upregulated and 571
downregulated genes in AD astrocytes (Fig. 1G). The top 5 upregulated genes in AD astrocytes were
all involved in immune signaling. These genes were Cst7 (23.6), Ccl4 (12.3), Il1b (12.0), Clec7a
(10.3), and Tyrobp (9.9), the number indicates the observed fold change. The downregulated genes
in AD astrocytes showed a lower fold change; the top 5 downregulated genes in AD astrocytes
were Hes5 (-4.9), Fam123a (-4.0), Gpd1 (-3.9), Igfbp2 (-3.9), and Ppp1ar3g (-3.9).
Due to a larger sample size of the microglia, the increased power allowed us to reliably detect
smaller changes; therefore, a fold cutoff of >1.5 and a Benjamini-Hochberg corrected p-value
<0.05 was used. This resulted in 695 upregulated genes and 424 downregulated genes in the AD
microglia compared with WT (Fig. 1G). The top 5 upregulated genes were Gpnmb (59.9), Mamdc2
(55.4), Egln3 (35.9), Cst7 (28.3), and Etl4 (17.8). The top 5 downregulated microglia genes were
Dnahc2 (-3.3) Klf2 (-3.0), Rasd2 (-2.8), Irf4 (-2.7), and Slco4a1 (-2.7). Array expression was
validated by qPCR expression in a set of 12 genes. The log2 FC was strongly correlated between
array analysis and qPCR analysis (r2: 0.91, p < 0.0001, linear regression analysis) (Fig. 1H).
Cst7, the gene for Cystatin F, a cathepsin inhibitor (Hamilton et al., 2008) has thus far not been
implicated in AD and is, interestingly, present among the top 5 regulated genes in both astrocytes
and microglia. The top 50 upregulated and downregulated genes from astrocytes and microglia with
corresponding fold changes are presented in Table 1 and Table 2, respectively. Earlier we defined
a set of highly enriched astrocyte and microglia genes (Orre et al., 2013). Overlaying these lists
with the AD regulated genes, as defined here, gives more detailed insight into the specific response
of astrocytes and microglia to AD pathology (Fig. 1I and J). We found that in both populations,
6%-7% of the cell type enriched genes were upregulated in response to AD pathology, whereas a
larger fraction of the cell type-enriched genes were downregulated. In the AD astrocyte population,
21% of the astrocyte enriched genes were downregulated (Fig.1I), indicative of an impairment of
normal astrocyte function. Of the microglia enriched genes, 12% were downregulated in AD (Fig.
1J).

3.3. Gene ontology pathways and functions regulated in astrocytes
Gene ontology (GO) functional annotation clustering was performed using the DAVID tool (http://
david.abcc.ncifcrf.gov/, April 2013) using all genes differentially expressed between AD and WT
astrocytes as input. The AD upregulated genes were significantly annotated for 470 GO classes
66

AD upregulated astrocyte genes
a

Genes

WT

Cst7
Ccl4
Il1b
Clec7a
Tyrobp
Trem2
Ctss
Cnn1
Ccl6
Pln
Ly86
Cd52
Myl9
Gng13
Cald1
Kif5a
Grem2
Bcl2a1d
Pdlim3
Ccl5
Tuba1c
Perp
Mrvi1
Rgs5
C1s
Pde1a
Myom1
Thbs1
Gja4
Dock10
Myocd
Tpm2
Itgax
Itga8
Filip1l
Egr1
Myh11
Ifi27l2a
Gkn1
Des
Cd14
Cspg4
Egr2
Dusp2
Aoc3
Ccl3
Klhl30
Cpxm2
C1qc
Npy1r

4.7
6.4
5.0
4.3
6.5
6.9
7.8
9.6
4.8
8.0
6.3
6.0
14.1
5.6
9.3
9.3
7.3
6.2
9.6
5.6
11.2
10.5
9.8
10.7
8.4
7.4
7.8
5.3
10.3
7.2
7.5
12.1
4.7
7.8
10.4
9.0
11.4
7.8
7.4
7.3
6.0
10.4
4.8
6.4
9.0
6.0
7.0
7.4
7.1
9.0

AD

a

9.2
10.0
8.6
7.7
9.8
10.2
10.9
12.5
7.6
10.8
9.0
8.7
16.9
8.4
12.1
12.0
9.9
8.9
12.2
8.2
13.8
13.0
12.3
13.2
10.9
9.9
10.3
7.8
12.8
9.7
9.9
14.6
7.1
10.3
12.7
11.4
13.8
10.2
9.7
9.6
8.3
12.8
7.2
8.7
11.3
8.3
9.3
9.7
9.4
11.3
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Table 1. Top astrocyte genes regulated in AD
AD downregulated astrocyte genes
FC

p-value (BH)

Genes

WTa

ADa

FC

p-value (BH)

23.6
12.3
12.0
10.3
9.9
9.7
8.0
7.4
7.2
7.0
6.8
6.8
6.7
6.7
6.6
6.4
6.2
6.2
6.1
6.0
6.0
5.9
5.8
5.8
5.7
5.6
5.5
5.5
5.5
5.4
5.4
5.4
5.3
5.3
5.2
5.2
5.2
5.1
5.1
5.1
5.1
5.1
5.0
5.0
5.0
5.0
4.9
4.8
4.8
4.7

8.0 × 10−5
9.8 × 10−4
6.9 × 10−4
2.5 × 10−4
5.5 × 10−4
5.9 × 10−4
1.5 × 10−3
1.3 × 10−3
7.0 × 10−4
7.9 × 10−3
1.8 × 10−3
1.2 × 10−3
1.1 × 10−3
2.0 × 10−4
5.2 × 10−4
3.9 × 10−5
2.9 × 10−3
5.1 × 10−3
2.9 × 10−3
7.1 × 10−4
1.3 × 10−3
3.9 × 10−3
3.8 × 10−3
3.1 × 10−3
4.8 × 10−3
2.0 × 10−3
3.7 × 10−3
9.5 × 10−4
2.2 × 10−3
1.3 × 10−3
6.4 × 10−3
7.9 × 10−3
1.4 × 10−3
3.0 × 10−3
6.6 × 10−3
6.6 × 10−4
2.5 × 10−3
2.0 × 10−3
3.8 × 10−3
1.6 × 10−2
1.1 × 10−3
2.4 × 10−3
5.6 × 10−3
2.5 × 10−3
9.9 × 10−3
5.6 × 10−3
3.3 × 10−3
3.7 × 10−3
8.4 × 10−3
7.7 × 10−3

Hes5
Fam123a
Gpd1
Igfbp2
Ppp1r3g
Rpe65
Sc4mol
Fam181b
Sqle
Dbx2
Etv5
Fam176a
Fzd10
Btbd17
Abcb9
Arx
Gjb6
Hmgcs1
Slc25a18
Chst1
Lhx2
Gstm5
Mvd
Tubb2b
Foxg1
Aldh1l1
Enho
Dio2
Cbr3
Ngef
Dmrta2
Acot11
Inhbb
Htra1
Sox9
Dbp
Tubb2a
Mid1ip1
F3
Il18
Entpd2
Sema4b
Ndp
Grm3
Fam59b
Acsbg1
Nat8
Slc13a5
Slco4a1
Aldoc

15.6
10.7
11.8
11.1
13.0
10.1
15.9
13.7
13.5
13.5
13.3
12.8
9.3
13.9
14.2
11.1
15.0
13.8
13.3
15.3
13.3
14.9
10.7
15.4
13.0
14.7
15.1
12.8
13.7
14.3
8.9
12.8
10.4
17.1
11.4
13.8
15.8
14.3
15.4
13.5
13.7
11.5
11.9
12.3
12.3
14.8
12.5
13.1
7.3
16.6

13.3
8.7
9.8
9.1
11.0
8.1
14.0
11.9
11.7
11.8
11.6
11.1
7.6
12.2
12.5
9.4
13.3
12.1
11.6
13.6
11.7
13.2
9.0
13.7
11.3
13.1
13.4
11.2
12.0
12.7
7.3
11.2
8.8
15.5
9.8
12.3
14.2
12.8
13.9
11.9
12.1
9.9
10.3
10.7
10.7
13.3
11.0
11.6
5.8
15.1

−4.9
−4.1
−3.9
−3.9
−3.9
−3.8
−3.7
−3.6
−3.4
−3.4
−3.3
−3.2
−3.2
−3.2
−3.2
−3.2
−3.2
−3.2
−3.2
−3.2
−3.2
−3.2
−3.1
−3.1
−3.1
−3.1
−3.1
−3.1
−3.1
−3.1
−3.1
−3.0
−3.0
−3.0
−3.0
−3.0
−3.0
−3.0
−3.0
−3.0
−3.0
−3.0
−3.0
−3.0
−2.9
−2.9
−2.9
−2.9
−2.9
−2.9

8.9 × 10−4
6.7 × 10−5
1.3 × 10−4
8.0 × 10−5
1.6 × 10−4
9.7 × 10−5
1.4 × 10−4
3.1 × 10−4
5.2 × 10−5
4.4 × 10−4
5.0 × 10−4
1.4 × 10−4
1.3 × 10−4
3.5 × 10−4
1.6 × 10−4
9.7 × 10−4
5.0 × 10−4
4.1 × 10−6
6.5 × 10−4
6.5 × 10−4
4.6 × 10−4
1.6 × 10−4
3.9 × 10−5
4.7 × 10−4
7.1 × 10−4
6.2 × 10−4
2.1 × 10−4
1.8 × 10−3
2.4 × 10−4
5.7 × 10−4
3.1 × 10−4
4.6 × 10−4
5.0 × 10−4
4.0 × 10−4
6.6 × 10−4
8.5 × 10−4
4.0 × 10−4
5.2 × 10−5
1.2 × 10−3
4.0 × 10−4
1.1 × 10−3
5.1 × 10−4
1.7 × 10−4
3.5 × 10−4
2.5 × 10−3
5.4 × 10−4
4.0 × 10−4
5.3 × 10−3
1.1 × 10−3
3.5 × 10−4

Fold change AD/WT (— indicate negative fold change), p-value indicates Benjamini-Hochberg corrected p-values obtained
using LIMMA fit. Genes in bold are genes that were astrocyte enriched based on Orre et al. (2014).
Key: AD, Alzheimer’s disease; FC, fold change; WT, wild type.
aAverage log2 normalized expression.
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Table 2. Top microglia genes regulated in AD
AD upregulated microglia genes
a

Genes

WT

Gpnmb
Mamdc2
Egln3
Cst7
Etl4
Gm1673
Lpl
Tcap
Fabp5
Tm7sf4
Fabp5l2
Ch25h
Il12b
Ero1l
Rgs16
Fabp3
Chst3
Ptgs2
Tmem178
Bhlhe40
Cxcl1
Cdkn2a
Apoe
Spp1
Cox6a2
Areg
Efr3b
Bcar3
Tmem51
Cdkn1a
Actr3b
Cd5
Axl
Ptchd1
Cpeb1
Cd200r4
Slc2a6
Prr15
Nexn
Fxyd6
Ldlr
Phlda3
Procr
Pdcd1
Itgax
Il1b
Clec7a
Ak3l1
Tbc1d4
Cspg4

6.1
5.0
5.3
10.5
4.7
7.8
8.5
7.2
9.6
6.7
9.9
6.5
6.4
5.2
5.6
8.3
5.7
9.1
4.9
7.3
7.5
5.2
14.4
8.1
10.0
5.1
7.4
5.5
6.1
10.0
6.6
7.1
9.5
6.8
4.9
5.3
8.8
5.8
5.8
7.6
6.7
6.4
8.0
8.1
11.0
12.9
11.6
4.9
7.9
6.3

AD

a

12.0
10.8
10.4
15.3
8.8
11.8
12.4
11.0
13.2
10.3
13.5
10.0
9.9
8.6
9.0
11.6
9.0
12.3
8.0
10.3
10.5
8.2
17.4
11.0
12.9
8.0
10.3
8.4
9.0
12.8
9.4
9.8
12.2
9.5
7.5
7.9
11.5
8.4
8.4
10.1
9.3
8.9
10.5
10.6
13.6
15.4
14.1
7.3
10.3
8.6

AD downregulated microglia genes
FC

p-value (BH)

Genes

WTa

ADa

FC

p-value (BH)

59.9
55.4
35.9
28.3
17.8
15.9
14.9
13.4
12.4
12.4
11.8
11.2
11.1
10.5
10.5
9.8
9.8
9.2
8.9
8.1
8.0
7.9
7.7
7.7
7.6
7.5
7.5
7.4
7.3
7.2
6.9
6.6
6.5
6.3
6.3
6.3
6.2
6.1
6.1
5.9
5.9
5.8
5.8
5.7
5.7
5.7
5.6
5.3
5.2
4.9

1.0 × 10−11
< 1.0 × 10−12
9.6 × 10−10
1.0 × 10−11
8.0 × 10−11
0
1.5 × 10−9
< 1.0 × 10−12
< 1.0 × 10−12
< 1.0 × 10−12
< 1.0 × 10−12
< 1.0 × 10−12
1.9 × 10−8
8.6 × 10−10
4.0 × 10−11
2.0 × 10−11
1.7 × 10−8
4.2 × 10−8
1.0 × 10−11
1.0 × 10−9
5.7 × 10−8
3.3 × 10−7
5.7 × 10−7
1.2 × 10−7
1.3 × 10−10
7.6 × 10−7
1.0 × 10−11
2.0 × 10−10
3.7 × 10−8
7.3 × 10−10
3.0 × 10−9
9.0 × 10−11
8.4 × 10−9
< 1.0 × 10−12
1.1 × 10−8
3.8 × 10−8
1.0 × 10−7
2.2 × 10−10
7.4 × 10−7
2.4 × 10−9
7.3 × 10−10
1.3 × 10−7
< 1.0 × 10−12
5.3 × 10−7
4.6 × 10−10
2.7 × 10−7
1.9 × 10−8
1.1 × 10−7
4.7 × 10−9
7.1 × 10−7

Dnahc2
Klf2
Rasd2
Irf4
Slco4a1
Serpinf1
Bank1
Gm129
Ndrg4
Tmem204
Fbxl16
Ctnnd2
Crybb1
Gp9
Duoxa1
Tmem44
Cx3cr1
Clec10a
Sema4b
Selplg
Slc26a11
Tmem119
Snph
Gdf15
Csf1r
Camk2n1
Nr1d1
Hlf
Slc39a12
Ada
Serinc3
Dlgap3
Ccl24
Upk1b
Unc5a
Camkv
Tspan18
Trnp1
Gm3513
Ggta1
Bcan
Hes1
Lrba
Chst8
Ubc
Pf4
Cd209f
Ecscr
Tgm2
Mtss1

7.7
11.8
8.4
7.9
10.8
11.3
8.9
7.3
7.5
9.2
8.3
8.7
12.3
10.2
9.0
8.8
17.1
9.5
7.9
15.7
8.4
14.9
9.1
14.6
17.1
10.0
8.2
8.1
7.5
7.0
16.0
7.8
9.9
10.3
7.5
7.7
11.0
7.5
7.7
7.1
8.6
8.3
13.2
10.6
16.4
12.1
10.9
12.1
13.1
8.9

6.0
10.2
6.9
6.4
9.3
9.8
7.4
5.9
6.2
7.8
6.9
7.4
11.0
8.9
7.7
7.5
15.7
8.2
6.6
14.4
7.1
13.6
7.8
13.3
15.9
8.7
6.9
6.8
6.2
5.8
14.8
6.5
8.6
9.1
6.3
6.5
9.8
6.3
6.6
5.9
7.5
7.2
12.1
9.5
15.3
11.0
9.8
11.0
12.0
7.9

−3.3
−3.0
−2.8
−2.7
−2.7
−2.7
−2.7
−2.7
−2.6
−2.6
−2.6
−2.6
−2.5
−2.5
−2.5
−2.5
−2.5
−2.5
−2.5
−2.5
−2.5
−2.4
−2.4
−2.4
−2.4
−2.4
−2.4
−2.4
−2.3
−2.3
−2.3
−2.3
−2.3
−2.3
−2.3
−2.3
−2.2
−2.2
−2.2
−2.2
−2.2
−2.2
−2.2
−2.2
−2.2
−2.1
−2.1
−2.1
−2.1
−2.1

1.3 × 10−5
4.8 × 10−7
2.2 × 10−4
8.1 × 10−8
3.8 × 10−8
5.7 × 10−8
2.2 × 10−4
2.7 × 10−5
1.1 × 10−6
5.0 × 10−8
3.3 × 10−7
1.1 × 10−7
1.2 × 10−6
7.6 × 10−7
1.9 × 10−8
4.1 × 10−9
2.3 × 10−5
1.1 × 10−3
6.1 × 10−9
1.9 × 10−6
2.5 × 10−7
4.0 × 10−7
9.5 × 10−9
4.2 × 10−6
5.8 × 10−6
7.5 × 10−7
2.0 × 10−5
7.7 × 10−7
6.1 × 10−5
5.4 × 10−5
4.4 × 10−6
4.2 × 10−6
6.1 × 10−5
4.6 × 10−8
4.9 × 10−9
7.8 × 10−6
1.7 × 10−6
3.7 × 10−5
1.9 × 10−5
4.9 × 10−4
1.6 × 10−3
3.3 × 10−3
4.3 × 10−8
7.3 × 10−7
1.6 × 10−4
8.7 × 10−5
6.1 × 10−4
2.3 × 10−7
2.1 × 10−6
1.5 × 10−8

Fold change AD/WT (— indicate negative fold change), p-value indicates Benjamini-Hochberg corrected p-values obtained
using LIMMA fit. Genes in bold are genes that were microglia enriched based on Orre et al. (2014).
Key: AD, Alzheimer’s disease; FC, fold change; WT, wild type.
a Average log2 normalized expression.
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The top annotation clusters within the AD upregulated genes contained several classes involved in
inflammatory response, such as “defense response” and “positive regulation of immune response,”
but also classes involved in “complement activation,” “antigen presentation,” “extracellular
matrix,” and “cytoskeletal function” were overrepresented (Table 3). The genes downregulated
in AD astrocytes were significantly annotated for 227 GO classes (MF: 36, CC: 28, BP: 163).
Several of these GO classes were involved in the regulation of synaptic transmission, neurogenesis,
and brain and neuron development. The most enriched GO class was “cholesterol biosynthetic
processes” (for the top GO clusters and corresponding genes see Table 3). We subsequently
performed a second GO analysis, restricted to astrocyte-enriched genes that were changed in AD.
Of the highly enriched astrocyte genes (Orre et al., 2014), and (Fig. 1I) the genes with elevated
expression in AD were significantly overrepresented for GO classes with genes involved in
“actin organization/ regulation” and “calcium ion binding.” In the list of astrocyte enriched genes
with a lower expression in AD, we observed an overrepresentation of a larger set of GO classes;
“cholesterol/sterol biosynthesis,” “forebrain development,” “neurological system process,” and
“transmission of nerve impulse.”

3.4. Gene ontology pathways and functions regulated in microglia
Total genes upregulated in AD microglia were significantly annotated for 247 GO classes (MF: 17,
CC: 13, and BP: 217). Here, top GO classes were “cytokine activity,” “defense response,” “T-cell
activation,” “cholesterol metabolic processes,” and both positive and negative “regulation of
programmed cell death.” Downregulated genes in AD microglia were enriched for 59 GO classes
(MF: 11, CC: 6, BP: 42). The top annotation clusters contained GO terms related to “carbohydrate
binding,” “nucleoside-triphosphatase regulator activity,” and “endocytosis” but also “immune
response” and “cytokine activity.” The latter 2 indicate that microglia show an ambiguous
immune regulation in response to AD, because they are both upregulating and downregulating
genes involved in immune responses. As for astrocytes,we also subjected the cell-type-enriched
microglia genes that were regulated in AD from Orre et al. (2014) and Fig. 1J to GOanalysis. The
genes that were upregulated in AD were significantly overrepresented for classes such as “cytokine
production,” “antigen processing and presentation,” and “lysosome,” as top examples; whereas the
microglia-enriched genes downregulated in AD were only significantly enriched for the GO class
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(molecular function [MF]: 55, cellular compartments [CC]: 55, biological processes [BP]: 360).

Table 3. Gene ontology classes overrepresented in upregulated and downregulated astrocyte genes in AD
Upregulated astrocyte genes
Category and GO
class
BP

GO:0006958

Name

FE

p-value (BH)

Complement activation,
classical pathway
Antigen processing and
presentation

21.0

3.05 × 10−5

13.2

1.62 × 10

−9

BP

GO:0019882

BP

GO:0002684

Positive regulation of
immune system process

7.4

2.61 × 10−12

BP

GO:0006952

Defense response

7.0

1.22 × 10−18

BP

GO:0045087

Innate immune response

6.8

7.90 × 10−6

BP

GO:0030029

Actin filament-based
process

6.4

3.72 × 10−13

BP

GO:0007229

6.2

4.07 × 10−3

BP

GO:0048514

Integrin-mediated signaling
pathway
Blood vessel morphogenesis

5.6

2.09 × 10−9

BP

GO:0015674

Di-, tri-valent inorganic
cation transport

5.3

1.60 × 10−5

BP

GO:0045944

positive regulation of
transcription from RNA
polymerase II promoter

3.8

3.0360 × 10−6

BP

GO:0043066

Negative regulation of
apoptosis

3.3

1.86 × 10−4

BP

GO:0043067

Regulation of programmed
cell death

2.9

1.67 × 10−7

CC

GO:0005924

Cell-substrate adherens
junction

8.8

1.07 × 10−8

CC

GO:0031012

Extracellular matrix

6.3

7.99 × 10−15

MF

GO:0001871

Pattern binding

6.9

9.37 × 10−6

MF

GO:0005125

Cytokine activity

6.2

4.00 × 10−4

MF

GO:0008092

Cytoskeletal protein binding

4.5

3.16 × 10−13
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Genes
C1Qa, C1Qb, C1ra, Gm5077, Serping1, C1s, C1Qc
H2-Q2, H2-Q10, H2-Q5, H2-D1, Loc68395, H2-Q6,
H2-Q7, H2-Q8, Cd74, Psmb8, B2m, Psmb9, Slc11A1,
Procr, Loc547349, H2-Bl, Fcer1g, H2-T23, H2-T10
Tlr2, Loc68395, C1s, Cd24a, C1Qc, Cd74, B2M, Stat6,
Irak3, C1Ra, Slc11A1, Klhl6, Myd88, Cfh, Fcer1G,
Thbs1, H2-Q2, Tgfbr2, Serping1, Cd40, H2-Q6, H2Q7, H2-Q8, Foxp1, C1Qa, C1Qb, Cd83, Bcl2a1d,
Cdkn1a, Gm5077, Clec7A
Cxcl1, Il1r1, Ccl3, Ifih1, Tnf, Nfkbid, Ly86, H2-D1,
Tlr2, Loc68395, C1s, Ccl5, C1Qc, Cd24a, Ccl4, Cd74,
Trf, Cxcl10, B2m, S1pr3, C1ra, Slc11a1, Myd88, Cfh,
Bcl3, Fcer1g, Il1B, Thbs1, H2-Q2, Nfkbiz, Bmp2,
Ifi47, Serping1, H2-Q6, H2-Q7, H2-Q8, C1Qa, C1Qb,
Ggt5, Gm5077, Abcc9, P2rx1, Clec7a, Cd14, F2r
Il1r1, Ifih1, Tlr2, Serping1, C1s, C1Qc, C1Qa, C1Qb,
Slc11a1, C1Ra, Gm5077, Myd88, Cfh, Clec7a
Myl6, Rhoj, Tln1, Pdlim7, Pdgfb, Tcap, Pdlim3, Itgb1,
Srf, Arhgap6, Sorbs1, Gsn, Cnn2, Cnn1, Ehd2, Pls3,
Fmnl3, Arhgef2, Rock1, Acta1, Actn4, Actn1, Tmsb10,
Gm8894, Myh9, Flna, Coro1c, Loc100048142, Epb4.1,
Myh11, Tmsb4x, Neurl2, Apbb2, Lcp1
Itga9, Adamts14, Itgax, Ctgf, Itga8, Itga10, Itga4, Itgb1
Mef2c, Pgf, Cspg4, Elk3, Srf, Gjc1, Ctnnb1, Sema5A,
Gpx1, Myocd, Ctgf, Casp8, Tgm2, Il1b, Angpt1,
Nr2F2, Angpt2, Col18a1, Tgfbr2, Itga4, Myh9, Epha2,
Junb, Ecscr, Foxc2, Eng
Trpm4, Cacna2d1, Slc8A2, Trpc3, Trpv2, Itpr3, Itpr1,
Trf, Slc11A1, Atp2b4, Atp2a3, Pln, Trpv4, Cacna1H,
Slc40a1, F2R
Mef2c, Tnf, Tgfb3, Srf, Ctnnb1, Stat6, Slc11a1, Fos,
Myd88, Myocd, Bcl3, Foxd1, Maf, Egr1, Bmp2, Egr2,
Cebpb, Ntf3, Smad4, Nr4A1, Npas4, Ets1, Csrnp1, Irf1,
Foxc2
Gm5618, Cebpb, Rock1, Pim1, Tgfb3, Hspa1a, Cd74,
Atf5, Gpx1, Cdkn1A, Ywhah, Casp4, Btg2, Bag1,
Loc100048875, Cx3Cr1, Tpt1, Fcer1G, Foxc2, Bcl3,
Apbb2, F2r
Gm5618, Ifih1, Tnf, Nfkbid, Tgfb3, Hspa1A, Cd24a,
Cd74, Serinc3, Irak3, Gpx1, Casp4, Bag1, Rps3a,
B230120H23Rik, Casp8, Tgm2, Tpt1, Fcer1g, Bcl3,
Skil, Traf5, Col18a1, Cebpb, Rock1, Ntf3, Actn4,
Arhgef7, Pim1, Nr4a1, Atf5, Bcl2a1d, Cdkn1A,
Ywhah, Loc100048875, P2Rx1, Btg2, Cx3cr1, Foxc2,
Perp, Apbb2, F2R, Ifi204
Jub, Tln1, Lims2, Actn1, Fblim1, Nexn, Flnb, Tenc1,
Tns1, Sorbs1, Layn, Gm5492, Zyx, Tgfb1I1, Neurl2,
Tes
Aspn, Fmod, Adamtsl1, Ltbp1, Wnt5B, Adamts14,
Mamdc2, Adamts15, Tgfb3, Vtn, Trf, Ogn, Lamb2,
Crispld2, Ctgf, Tgm2, Entpd1, Col18a1, Lgals3,
Lgals1, Ntn4, Mmp17, Nid1, Ecm2, Ntn1, Col4a5,
Col14a1, Fbln2, Lamc3, Lama5, Thsd4, Fbln7,
Adamts1, Lamc1
Lpl, Mamdc2, Susd2, Vtn, Tinagl1, Ecm2, Crispld2,
Ctgf, Layn, Fbln7, Cfh, Adamts1, Clec7a, Thbs1
Cxcl1, Ccl3, Bmp2, Tnf, Il1B, Il34, Ccl5, Grem2, Ccl4,
Ccl6, Cxcl10
Tln1, Cald1, Pdlim3, Mylip, Tpm2, Tpm1, Dstn, Gsn,
Pacsin2, Cnn2, Msn, Cnn1, Pls3, Mtus2, Fmnl3,
Arhgef2, Myo1C, Actn4, Myo1B, Myo1D, Enc1,
Actn1, Tmsb10, Myh9, Nexn, Palld, Flnb, Flna, Mprip,
Coro1c, Arpc1b, Ywhah, Loc100048142, Syne2, Tns1,
Epb4.1, Mtap1b, Gm5492, Myh11, Tmod3, Synm,
Tmsb4x, Mylk, Lcp1

Downregulated astrocyte genes
Category and GO
class

Name

FE

p-value (BH)

20.1

2.62 × 10−9

14.8

1.33 × 10−2

GO:0050808

Cholesterol biosynthetic
process
Cell proliferation in
forebrain
Synapse organization

7.1

2.72 × 10−3

BP

GO:0030900

Forebrain development

5.1

1.17 × 10−6

BP

GO:0046394

Carboxylic acid biosynthetic
process

4.9

2.90 × 10−5

BP

GO:0045664

4.5

4.83 × 10−3

BP

GO:0050804

4.2

1.35 × 10−2

BP

GO:0031644

4.1

9.37 × 10−3

BP

GO:0050767

Regulation of neuron
differentiation
Regulation of synaptic
transmission
Regulation of neurologic
system process
Regulation of neurogenesis

3.8

9.49 × 10−3

BP

GO:0030182

Neuron differentiation

3.3

1.25 × 10−6

BP

GO:0048666

Neuron development

3.0

7.92 × 10−4

BP

GO:0007268

Synaptic transmission

3.0

2.74 × 10−2

MF

GO:0019842

Vitamin binding

4.0

2.43 × 10−2

BP

GO:0006695

20.1

2.62 × 10−9

BP

GO:0021846

14.8

1.33 × 10−2

BP

GO:0050808

Cholesterol biosynthetic
process
Cell proliferation in
forebrain
Synapse organization

7.1

2.72 × 10−3

5.1

−6

BP

GO:0006695

BP

GO:0021846

BP

BP

GO:0030900

Forebrain development

1.17 × 10

Genes
Tm7Sf2, Cyp51, Mvd, Hmgcr, Dhcr7, Insig1, Fdps,
Hmgcs1, Idi1, Hsd17b7, Dhcr24, Fdft1
Arx, Emx2, Pou3F3, Pou3F2, Fabp7
Wnt7b, Cadm1, Dok7, Nlgn1, Nlgn3, Nrxn1, Cdh2,
Cacna2D2, Wnt7a
Egfr, Fgfr3, Rfx4, Sox1, Emx2, Sox2, Bcan, Gli3,
Nr2E1, Gli1, Aplp1, Arx, Fezf2, Slc1A2, Lhx2, Foxg1,
Pou3f3, Id4, Pou3f2, Fabp7, Dclk1, Nr2f1
Sc5D, Scd2, Ptgs1, Psph, Gm4949, Qk, Sc4Mol, Cth,
Glul, Slc1a3, Elovl4, Elovl2, Phgdh, Elovl6, Gsto1,
Psat1, Tmem195, Prodh, Cbs
Hes5, Mapt, Ntrk2, Sox2, Foxg1, Nlgn1, Pou3f2, Id4,
Sema4D, Meis1, Nr2e1, Wnt7a
Slc1a3, S100B, Grin2c, Ntrk2, Nlgn1, Ctnnd2, Nlgn3,
Cspg5, Celsr1, Lgi1, Cacna2D2
Grm3, Slc1A3, S100B, Grin2c, Ntrk2, Nlgn1, Ctnnd2,
Nlgn3, Cspg5, Celsr1, Lgi1, Cacna2d2
Sox2, Nlgn1, Nr2e1, Meis1, Hes5, Mapt, Foxg1, Ntrk2,
Id4, Pou3f2, Sema4d, Bmp7, Wnt7a
Fgfr3, Sox1, Sox2, Rorb, Rpe65, Gli3, Nr2E1, Nrcam,
Arx, Slc1A3, S1pr1, Lhx2, Lgi4, Olig1, Pou3f2, Olig2,
Dclk1, Etv4, Dfna5, Ptprz1, Emx2, Slitrk2, Fezf2,
Hes5, Foxg1, Ntrk2, Vegfa, Phgdh, Id4, Ngfr, Bmpr1b,
Bmp7, Wnt7a, Slitrk5, Loc100047843
Sox1, Ptprz1, Rorb, Rpe65, Gli3, Nr2e1, Slitrk2,
Nrcam, Arx, Fezf2, Slc1A3, Lhx2, Ntrk2, Foxg1,
Vegfa, Phgdh, Lgi4, Ngfr, Bmpr1b, Bmp7, Slitrk5,
Loc100047843, Dclk1, Etv4
Gabrg1, Nlgn1, Timp4, Nlgn3, Nrxn1, Grm4, Grm3,
Grin2C, Trim9, Syn2, Abat, Apba2, Ncan, Wnt7a
Cth, Agxt2l1, Ttpa, Sdsl, Abat, Gpt, Psat1, Rlbp1,
Gpt2, Slc46a1, Cbs, Gldc
Tm7Sf2, Cyp51, Mvd, Hmgcr, Dhcr7, Insig1, Fdps,
Hmgcs1, Idi1, Hsd17b7, Dhcr24, Fdft1
Arx, Emx2, Pou3F3, Pou3F2, Fabp7
Wnt7b, Cadm1, Dok7, Nlgn1, Nlgn3, Nrxn1, Cdh2,
Cacna2D2, Wnt7a
Egfr, Fgfr3, Rfx4, Sox1, Emx2, Sox2, Bcan, Gli3,
Nr2E1, Gli1, Aplp1, Arx, Fezf2, Slc1A2, Lhx2, Foxg1,
Pou3f3, Id4, Pou3f2, Fabp7, Dclk1, Nr2f1

p-value indicates Benjamini-Hochberg corrected values. The gene symbols annotated within the GO class are shown. All
GO classes were obtained using DAVID (http://david. abcc.ncifcrf.gov), April 2013.
Key: AD, Alzheimer’s disease; BP, biological process; CC, cellular compartments; FE, fold enrichment of the GO term;
GO, gene ontology; MF, molecular function.
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Table 3 (continued)

Table 4. Gene ontology classes overrepresented in upregulated and downregulated microglia genes in AD
Upregulated microglia genes
Category and
GO class

Name

FE

p-value
(BH)

Genes

MF GO:0005125 Cytokine activity

7.2

1.60 × 10−5

Cxcl1, Csf1, Gm10169, Cxcl2, Tnfsf9, Mif, Tnfsf8, Cxcl10, Ccl6,
Cxcl14, Il1b, Il12b, Areg, Gm16379, Il1a, Spp1

MF GO:0001871 Pattern binding

10.1

5.56 × 10−7

Lpl, Mamdc2, Enpp1, Lrpap1, Nod2, Serpine2, Rspo1, Apoe, Vegfa,
Adamts1, Clec7a, Thbs1, Gpnmb, Fgf1

BP

GO:0006952 Defense response

4.9

1.53 × 10−8

Cxcl1, Fgr, Cxcl2, Tlr2, Bnip3, Loc68395, Cd74, Mif, Cxcl10, Nod2,
Bcl2, Clec2d, Il1b, Bcl3, Mx1, Thbs1, Gm16379, Il1a, Lyz2, Lyz1, H2M3, Gm10169, Chst2, Malt1, H2-Q6, Nlrp3, Hif1A, H2-Aa, Clec7a,
Hdac9, Cd14

BP

GO:0006954 Inflammatory response

4.8

1.80 × 10−4

Cxcl1, Gm10169, Cxcl2, Chst2, Tlr2, Nlrp3, Mif, Cxcl10, Nod2, Hif1A,
Il1b, Clec7a, Hdac9, Thbs1, Gm16379, Il1a, Cd14

BP

GO:0043069 Negative regulation of
programmed cell death

3.9

2.28 × 10−4

Mitf, Bnip3, Adora1, Cd74, Sod2, Atf5, Cdkn1a, Bcl2, Vegfa, Chst11,
Bcl3, Bcl6, Prnp, Apbb2, Cacna1a, Angptl4, Spp1, Dhcr24

BP

GO:0043068 Positive regulation of
programmed cell death

3.4

1.27 × 10−3

Bnip3, Pmaip1, Zbtb16, Niacr1, Gch1, Cdkn1a, Cdkn2a, Apoe, Bcl3, Id3,
Eaf2, Perp, Apbb2, Phlda3, Cd5, Cd28, Ifi204

BP

GO:0001817 Regulation of cytokine
production

6.7

1.48 × 10−6

H2-M3, Tlr2, Loc68395, Nlrp3, H2-Q6, Card11, Irak3, Nod2, Rnf128,
Bcl3, Glmn, Il1b, Bcl6, Clec7A, Il1a, Srgn, Cd14, Cd28

BP

GO:0042110 T cell activation

6.7

5.22 × 10−5

H2-M3, Relb, Malt1, Fkbp1B, Cd74, Card11, Bcl2A1D, Itgax, Cxcr4,
Bcl2, Bcl3, Il12B, Cd28

CC

GO:0005764 Lysosome

4.0

2.11 × 10−4

5430435G22Rik, Ctsz, Gusb, Ggh, Il4I1, Cd63, Cd74, Glb1, Ctsl, Cd68,
H2-Ob, Mt1, H2-Aa, Ctsb, Slc15A3, Dpp7, Srgn

BP

GO:0030182 Neuron differentiation

4.3

2.53 × 10−4

Cck, Egr2, Nrp1, Rora, Prkg1, Sod2, Cxcr4, Bcl2, 6530402F18Rik,
Vegfa, Efna5, Id3, Apbb2, Cacna1A, Etv4, Myh10

BP

GO:0016477 Cell migration

4.4

4.06 × 10−4

Pvr, Nrp2, Cck, Nrp1, Cxcl2, Cspg4, Prkg1, Hif1A, Cxcr4, St14, Vegfa,
Il1b, Scarb1, Apbb2, Myh10

BP

GO:0050801 Ion homeostasis

4.6

2.67 × 10−5

Myo5a, Scd2, Egr2, Bnip3, Adora1, Fkbp1B, Aplp2, Mbp, Sod2, Hif1a,
Apoe, Nab2, Bcl2, Nab1, Mt2, Mt1, Il1b, Prnp, Cacna1a

BP

GO:0008203 Cholesterol metabolic
process

8.7

5.22 × 10−5

Srebf1, Ldlr, Apoe, Ch25H, Dhcr7, Fdps, Apoc1, Hmgcs1, Scarb1, Idi1,
Dhcr24

BP

GO:0019882 Antigen processing and
presentation

12.1

1.06 × 10−6

H2-M3, Relb, H2-Ab1, Loc68395, H2-Q6, Cd74, Procr, Loc547349, H2Bl, H2-Ob, H2-Aa, H2-T10, Mr1

MF GO:0004857 Enzyme inhibitor activity 5.2

7.66 × 10−4

Aplp2, Cdkn1a, Bcl2a1d, Cdkn2A, Serpinb6a, Serpine2, Cst7, Gm11428,
Serpinb6c, Tnfaip8, Serpine1, Dgkz, Angptl4

BP

2.46 × 10−5

Nod2, Klhl6, Il18Bp, Irf7, Relb, Vegfa, H2-Aa, Bcl3, Bcl6, Nfkb2, Cd74
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GO:0002250 Adaptive immune
response

9.8

Downregulated microglia genes
Category and
GO class

Name

FE

p-value
(BH)

Genes

8.4

8.47 × 10−9

Mrc1, Cd209a, Lgals4, Cd209f, Bcan, Ccl8, Cd209g, Pf4, Cd209b,
Clec10a, Clec4n, Ccl7, Lyve1, Stab1, Cd33, Clec4a1, Hbegf, Clec4a3,
Selplg

MF GO:0060589 Nucleosidetriphosphatase regulator
activity

5.3

5.14 × 10−7

Fgd2, Ralgps2, Tbc1d2b, Sipa1, Rab3Il1, Cyth4, Arhgap27, Rasgef1a,
Dock3, Rgs14, Dock4, Tbc1d16, Garnl3, Arhgap22, Hmha1, Tagap1,
Psd, Plekhg5, Rapgef5, Dock10, Arhgef10l

BP

GO:0006955 Immune response

4.1

8.89 × 10−5

Gpr183, Lst1, Adora3, Ccl8, Pf4, Tlr5, Il7r, Fcgr1, Ada, Ccl7, Clec4n,
Cfp, Ccl24, Tmem173, Ccr5, Loc100048875, Cd300a, Lilrb3, Cx3Cr1,
C1rl, Cd79b, Gbp3

MF GO:0005125 Cytokine activity

7.4

7.30 × 10−4

Ccl24, Bmp2, Il16, Ccl8, Pf4, Gdf9, Gdf15, Cmtm6, Ccl7, Lefty1

−4

Maf, Klf7, Bmp2, Thra, Cebpd, Sox4, Arid2, Hes1, Adrb2, Hes5,
Mapk14, Jun, Tef, Usp21, Irf4, Klf2, Myc, Etv5, Loc100047419

MF

GO:0030246 Carbohydrate binding

BP

GO:0045941 Positive regulation of
transcription

3.9

7.53 × 10

BP

GO:0006935 Chemotaxis

8.6

9.84 × 10−4

Ccl24, Il16, Loc100048875, Ecscr, Cx3Cr1, Ccl8, Pf4, Fert2, Cmtm6,
Ccl7

BP

GO:0006897 Endocytosis

5.3

2.79 × 10−3

Mrc1, Adrb2, Cd209a, Hck, Arhgap27, Bin1, Cd209b, Fcgr1, Dnm1,
Epn2, Elmo1

BP

GO:0030182 Neuron differentiation

4.8

2.95 × 10−3

Cdkn1C, Hes1, Klk8, Klf7, Lst1, Slc1a3, Hes5, Efnb1, Clu, Lgi4, Epha2,
Ntn3

BP

GO:0045321 Leukocyte activation

4.6

7.46 × 10−3

Gpr183, Adora3, Loc100048875, Lilrb3, Cx3cr1, Sox4, Irf4, Nfam1,
Bank1, Il7r, Pik3r1, Ada

BP

GO:0048584 Positive regulation of
response to stimulus

4.8

1.17 × 10−2

Cfp, Adora3, Il16, Tgm2, C1Rl, Cd79b, Nfam1, Fcgr1, Ada, Sash3

BP

GO:0009611 Response to wounding

5.6

1.63 × 10−6

Klk8, Bmp2, Adora3, F13a1, Ccl8, Pf4, Tlr5, Fcgr1, Ccl7, Gp9, Cfp,
P2ry12, Ccl24, Ggt5, Slc1a3, Ccr5, Stab1, C1Rl, Pla2G7, Hbegf

p-value indicates Benjamini-Hochberg corrected values. The gene symbols annotated within the GO class are shown. All
GO classes were obtained using DAVID (http://david. abcc.ncifcrf.gov), April 2013.
Key: AD, Alzheimer’s disease; BP, biological process; CC, cellular compartments; FE, fold enrichment of the GO term;
GO, gene ontology MF, molecular function.

“GTPase regulator activity” (for the top regulated GO clusters and corresponding genes see Table
4).

3.5. Astrocytes show a stronger induction of inflammatory genes than microglia
As shown previously, several GO clusters such as “inflammatory response,” “antigen processing
and presentation,” and “cholesterol biosynthesis/metabolism,” were overrepresented in AD
regulated genes in both the astrocyte and microglia populations. To investigate and compare the
regulation of genes within these classes between astrocytes and microglia, we analyzed their
respective fold induction and expression levels in both cell types. Astrocytes showed a greater
number and fold induction of inflammatory genes compared with microglia. However, the
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Table 4 (continued)

expression level (log2 intensity) of most of these inflammatory genes was substantially higher in
microglia than in astrocytes (Fig. 2A). Several inflammatory genes such as Ccl4, Ccl5, and Tgm2
(Transglutaminase 2), displayed a high fold upregulation in astrocytes but were nonregulated or
even downregulated in microglia. A closer analysis of immune signaling molecules showed that
of the CC-chemokines only Ccl6 was upregulated in AD microglia, whereas Ccl24 and Ccl8 were
downregulated. In contrast, in AD astrocytes, Ccl3, Ccl4, Ccl5, and Ccl6 were all significantly
increased 4- to 8-fold compared with WT astrocytes, as mentioned above. Of the Cxc-chemokines;
Cxcl1, Cxcl2, Cxcl10, and Cxcl14 were all increased in AD microglia, as was the Cxcr4 receptor.
The messenger RNA levels of Cxcl7, Cxcl12, Cxcl1, and Cxcl10 were also increased 2.5- to 3-fold
in AD astrocytes, whereas Cxcl14 expression was reduced 2.8-fold. The interleukin response
was stronger in microglia; Il12b, Il23, and Il1b were all highly increased, along with the Il13
receptor, although Il16 and the Il6receptor were reduced. Only in AD astrocytes did Il1b and Il34
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within the “antigen processing and presentation” GO cluster showed an equal fold-induction and
equal expression levels, in both astrocytes and microglia (Fig. 2B), suggesting that the antigen
presentation pathways were equally induced in astrocytes and microglia. Conversely, genes
involved in cholesterol metabolism showed similar expression levels in astrocytes and microglia,
although they were mainly downregulated in AD astrocytes and upregulated in AD microglia; the
genes Ch25h, Apoe, and Ldlr showed the greatest differences between the 2 cell types (Fig. 2C).

3.6. Confirmation of regulated genes in laser microdissected plaque and non-plaque areas
Using laser-microdissection, we analyzed the expression of a selected number of regulated genes in
younger AD and WT mice (9 months of age), where the plaque load and reactive astrogliosis is less
extensive. We dissected plaque and non-plaque areas from the cortex of AD mice and similar sized
areas from WT mice, and determined, by qPCR, whether the AD regulated genes were associated
with gliosis around plaques or whether they are also regulated in non-gliotic areas more distant
from plaques. AD upregulated genes such as Vim, Aif, and Tyrobp were significantly more highly
expressed around plaques compared with WT areas; Vim and Clec7a also showed an increase in
plaque compared with non-plaque areas (Fig. 3A). Several WT samples and non-plaque samples
did not show any Cst7 expression, whereas all plaque samples showed upregulated expression,
although none of it is significant because of lack of power in the WT and non-plaque groups (Fig.
3A). Genes involved in astrocyte glutamate signaling and recycling such as Slc1a3 and Glul, were
significantly decreased in AD non-plaque areas compared with WT; although only Glul was also
decreased in plaque areas compared with WT areas (Fig. 3B). The expression levels of 2 other
highly enriched astrocyte genes, r3 and Hes5, downregulated in AD astrocytes of 15- to 18-monthold AD mice, did not yet differ significantly between WT areas and AD areas in younger (9-monthold) mice (Fig. 3B).
<<Fig. 2. Analysis of gene regulation and expression of AD and WT astrocytes and microglia. (A-C) The heatmaps to the
left show log2 fold change (FC) (AD/WT) from both the astrocytes and microglia, where blue indicates downregulation
in AD and red indicates upregulation in AD. The heatmaps to the right show the normalized expression intensities of both
the astrocyte and microglia populations. Genes were clustered with hierarchical clustering based on log2 FC. Several
genes involved in “inflammatory signaling” (A) and “antigen presentation” (B) showed higher log2 FC in the astrocytes
compared with microglia, though their expression (intensity) was much higher in microglia than in astrocytes. (C) Genes
within the “cholesterol metabolism” GO class in which most genes were downregulated in AD astrocytes and upregulated
in AD microglia. Astrocytes: n = 4 and microglia: n = 7. Abbreviations: AD, Alzheimer’s disease; As, astrocyte; FC, fold
change; Mg, microglia.
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show increased expression, whereas the Il18 and Il33 expression levels were decreased. Genes

Fig. 3. Analysis of transcript levels in laser micro-dissected plaque and non-plaque areas. A selection of genes, with a
differential expression in the array in either astrocytes or microglia, were analyzed for their expression between AD and WT
in 9-month-old mice. To localize the expression of these genes to plaque or non-plaque areas in AD; laser dissected samples
were collected from cortical non-plaque areas and plaque-areas (based on Thioflavin-T staining), and from cortical areas of
equal size from littermate WT (Orre et al., 2013). (A-A’) Show transcript levels of genes that were found to be upregulated
in the microarray. (B) Shows expression of astrocyte-enriched genes found to be downregulated in AD astrocytes. (A-B)
Lines indicate the median of the normalized mRNA expression, n . 7e8. Significance was tested using Kruskal-Wallis with
Dunn multiple comparisons, # p < 0.05, ## p < 0.01, ### p < 0.001. Abbreviations: AD, Alzheimer’s disease; mRNA,
messenger RNA; WT, wild type.

3.7. Comparison of reactive astrocyte gene expression with other brain injury models
To compare the reactive response induced by AD plaque pathology in astrocytes with the response
induced by other brain insults, the present AD astrocyte data set was compared with 2 other
astrocyte injury data sets; LPS injection, mimicking bacterial infection, and the Middle Cerebral
Artery Occlusion (MCAO) stroke (Zamanian et al., 2012). These astrocytes were isolated from
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~1-month-old mice based on the expression of the reporter gene Aldh111-eGFP. The fold-over
control values of all genes significant in AD astrocytes were subjected to k-means clustering (using
7 clusters). This enabled us to find clusters of genes specific to AD astrocytes or gene-clusters
showing a similar regulation in all disease models. Two clusters contained genes only regulated
in AD astrocytes (Fig. 4A), whereas 2 clusters contained gene upregulated or downregulated in
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Fig. 4. Co-regulation of genes from different reactive astrocyte mouse models. AD astrocytes were compared with astrocytes
isolated from LPS injected mice and from a mouse stroke model, 1 day after reperfusion; (MCAO1), and 3 days after
reperfusion (MCAO3), (Zamanian et al., 2012). (A) Two gene clusters contained genes regulated only in the AD samples,
upregulated in AD only (left) and downregulated in AD only (right). (B) Two clusters contained genes that were upregulated
(left) or downregulated in all groups (right) in astrocytes from all injury models. For clustering of groups average-linked
hierarchical clustering was used as shown in inserts. (C) Heatmap showing the top 20 upregulated and downregulated
genes regulated in AD astrocytes only. (D) A heatmap of genes regulated in reactive astrocytes from all astrocyte disease
models. Colors indicate log2 FC over controls. (E) Genes significantly regulated compared with their controls (p < 0.05,
LIMMA fit, Benjamini-Hochberg corrected) were overlaid with the significant AD genes and the number of co regulated
regulated genes are shown. Bars show number of co-regulated genes, red bars indicate upregulated and blue bars indicate
downregulated genes. Abbreviations: AD, Alzheimer’s disease; FC, fold change; LPS, lipopolysaccharide, MCAO, middle
cerebral artery occlusion.

all astrocyte data sets (Fig. 4B). Based on hierarchical clustering of samples within the common
clusters, the AD samples showed a greater similarity to the MCAO samples than to the LPS
samples. This was also evident considering the number of co-regulated genes, as MCAO1 (1
day after reperfusion) showed the largest number of co-regulated genes with AD. Moreover, the
number of downregulated co-regulated genes was greater than the number of upregulated genes
(Fig. 4E). Top genes specifically upregulated or downregulated in AD astrocytes are shown in the
heatmap in (Fig. 4C), whereas commonly upregulated and downregulated genes are shown in (Fig.
4D). Most of the top upregulated astrocyte genes such as Cst7, Trem2, Tyrobp, and Clec7a were
also present among the AD specific genes. Top downregulated AD genes such as Igfbp2 and Gdp1
appeared to be AD specific, whereas the most downregulated astrocyte gene, Hes5, was present
among the genes downregulated in all disease models. Genes such as Cd14, S1pr3, and Seping1
were highly upregulated in all disease models.

3.8. Inflammatory genes are preserved in human AD
Finally, we asked to what degree clusters of genes regulated in AD astrocytes and microglia
are involved in human AD pathology. To find preservation of genes in the mouse AD astrocyte
or microglia data sets and in a human prefrontal cortex data set we performed a weighted gene
expression analysis using the WGCNA package for R (Langfelder and Horvath, 2008; Miller et al.,
2010). The human transcriptome data set used for this comparison was obtained from postmortem
prefrontal cortex tissue of all stages of AD from nondemented controls to advanced AD donors at
different pathologic stages (Braak stages) (Bossers et al., 2010a; Braak and Braak, 1991; Thal et
al., 2000), and it is named the human AD data set here. The WGCNA analysis method identifies
clusters of genes (modules) that show strong co-expression between samples and contain genes that
are highly connected. Each module has a module Eigengene (the first principal component of the
module), and represents the expression patterns of the genes within each module. Each gene has a
kME value indicating the similarity of its expression to the module Eigengene (for more details see
Langfelder and Horvath, 2008; Miller et al., 2010). WGCNA modules were identified in the mouse
WT-AD astrocyte data set (Fig. 5A), in the mouse WT-AD microglia data set, and in the human
AD data set, separately. The modules generated in the mouse data sets were analyzed for their
preservation in the human data set, by imposing the module labels obtained in the respective mouse
modules onto the human co expression network (Fig. 5A and B, for astrocytes). The preservation
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Fig. 5. WGCNA analysis of mouse and human AD data sets. (A) Modules of co-regulated genes between the mouse
astrocyte and the human AD data sets were determined in the mouse data set using WGCNA; the branches represent genes
and the length of the branched (y-axis) shows the level of co expression (lower value . greater similarity). Gene clusters
with a great similarity of co-expression are assigned to the same module, as indicated with separate colors on the x-axis
(A). The generated mouse modules were imposed onto the human co-expression network (B) and the respective modules’
preservation was determined by calculation of Z values. The yellow module was preserved between the astrocyte and the
human data set (Z = 8.3), highlighted with an arrow in (A-B). The module Eigengene (principal component 1) of the yellow
module was increased in AD astrocytes compared with WT astrocytes (C) and increased with severe AD pathology in the
human data set (D). (E) Genes preset in the yellow module, with a high correlation (>0.5) to the module Eigengene (kME)
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in both the mouse and human data set (highlighted in [E]) were used for GO analysis. The highest correlating genes are
written out in (E). (F) Genes within the top enriched GO classes were fed into IPA (ingenuity pathway analysis) to depict the
functional clusters. Abbreviations: AD, Alzheimer’s disease; GO, gene ontology; WGCNA, weighted gene co-expression
network analysis.

of the module belonging between the 2 data sets was determined by calculating the Z score, where
a score between 5 and 10 is considered to be a moderate preservation of the module (Miller et al.,
2010). The “yellow” astrocyte module was positively and significantly correlated between the ADWT astrocyte data set and the human AD data set (0.26, p = 1.7 x 10-6), and showed a moderate
preservation (Z = 8.3). Its module Eigengene was higher in the AD astrocytes compared with the
control (Fig. 5C) and was increased with AD severity in the human AD data set (Fig. 5D). Genes
present in the yellow module with a high correlation (>0.5) to both the mouse and human module
Eigengene (kME) were used for subsequent GO analysis (Fig. 5E). Genes showing high correlation
to both the mouse astrocyte and the human module were Tyrobp, Myo1f, and Stk10. The most
overrepresented GO class within the yellow module genes was “defense response” and contained
some of the top regulated genes from both the AD astrocytes and microglia, such as Tyrobp, Cd14,
and Tlr2. Also TLR signaling, complement, and coagulation (activation) were highly enriched, as
depicted in Fig. 5F. The modules generated within the microglia data set did not show any module
preservation reaching moderate preservation (Z < 5) and are therefore not shown here. Taken
together, this shows that the increased immune signaling, most prevalent in AD astrocytes, is also
implicated in later stages of human AD pathology.
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The molecular changes in astrocytes and microglia as they become activated, in response to Aβplaque
pathology, are to a large extent unknown. In this study, we investigated the gene expression pattern
of isolated reactive astrocytes and activated microglia induced by Aβplaque deposition in vivo
in an AD mouse model. Our data show that both cell types upregulated genes involved in innate
immune signaling and inflammatory response, whereas astrocyte genes, especially, those involved
in neuronal support and signaling were downregulated.
The increase of the innate immune response is a known alteration of both astrocytes and microglia
in response to brain injury (Ransohoff and Brown, 2012), although the much more pronounced
relative increase in immune signaling molecules in astrocytes was unexpected. When looking at
the genes specifically upregulated in AD astrocytes, 8 of the top 20 genes were present in the
astrocyte module that was preserved in the human AD data set (such as Cst7, Ccl4, Ctss, Trem2, and
Tyrobp). The latter 2 genes were recently highlighted for their implication in human AD pathology
(Zhang et al., 2013). Cystatin F (Cst7) induction was observed in both astrocytes and microglia and
has not been described in relation to AD until now. Cystatin F serves as an endogenous inhibitor
of Cathepsin C, an activating enzyme for several serine peptidases, which, in turn, activate the
cytokines IL1b and TNFa (Hamilton et al., 2008; Ma et al., 2011). Increased cystatin F expression
is found in demyelinating multiple sclerosis lesions (Ma et al., 2011) and in Aicardi-Goutières
syndrome, an encephalopathy with a strong neuro-immune component (Cuadrado et al., 2013).
Interestingly, a knock out of another cystatin (cystatin B) in AD mice, led to a reduction of plaque
load, indicating that cystatin expression may have a negative effect on Aβdegradation (Yang et al.,
2011) and may be a novel target for inhibitory compounds.
In AD astrocytes, the increased expression of immune genes is paralleled by a reduction of several
important supporting genes normally highly expressed by astrocytes. The same was observed
in astrocytes from the other injury models (LPS injected and MCAO), where a larger overlap
was found with the AD downregulated genes than with the upregulated ones. This indicates
that a reduction of normal function is a more general change that occurs in astrocytes as they
become reactive, whereas the induced genes may depend on the specific stimulus causing the
astrocyte reactivity. Many of the functions enriched within these downregulated genes were
also identified as highly enriched in astrocytes under normal conditions (Orre et al., 2014). This
suggests that, as a consequence of the chronically reactive phenotype, astrocytes reduce the
expression of genes involved in fundamental astrocyte functions. Examples of such functions are
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“cholesterol biosynthesis,” “regulation of neuron development/ differentiation,” and “synaptic
transmission’/’transmission of nerve impulse.” Many genes implicated in glutamate signaling are
present within the latter functions, which is in line with evidence for dysfunctional glutamate
signaling and/or recycling in AD (Abdul et al., 2009; Chen et al., 2011; Seifert et al., 2006; Steele
and Robinson, 2012; Walton and Dodd, 2007). The reduction of the glutamate transporter GLAST
(Slc1a3) may affect the capacity to buffer extracellular glutamate from the synaptic cleft nearby
plaques. Glutamate uptake in astrocytes is linked to K. buffering via K. transporters, such as Kir
4.1 (Kcnj10) that, in turn, is dependent of water uptake mediated by aquaporin 4 (Aqp4) (Xiao and
Hu, 2014). Aqp4 together with several of the K. transporters as well as glutamine synthetase were
all downregulated in the AD astrocytes. This provides novel evidence that chronically activated
astrocytes induce alterations in glutamate glutamine cycling and neurotransmission that is likely
to propagate neuronal dysfunction. Interestingly, the data from the LDM dissection of plaque
versus non-plaque areas showed that the decrease in GLAST expression was mainly observed
in the astrocytes farther away from plaques, indicating that the astrocyte dysfunction may not
be restricted to reactive astrocytes around the plaques. Evidence for astrocyte dysfunction with
respect to neurotransmitter and calcium signaling was also found in GFAP positive astrocytes
isolated from human AD tissue by means of laser capture micro-dissection (Simpson et al., 2011).
Yet overall, the regulated genes in the Simpson data set did not show a clear overlap with the
regulated astrocyte genes in this study. This can be because of the fact that the astrocyte isolation
methods were different, and LDM-collected samples may be contaminated by other cell types in
particular by nearby activated microglia.
The Notch-response gene Hes5 is the most downregulated gene in AD astrocytes and has normally
a high constitutive expression in cortical astrocytes (Orre et al., 2014). Notch is a substrate for
γ-secretase and/or presenilin, because our AD model carries a PS1 mutation, Hes5 transcript levels
could be altered as a direct consequence of a change in Notch signaling. However, Hes5 expression
was also reduced in astrocytes from the MCAO and LPS models, suggesting that Notch signaling
may generally be reduced in astrogliosis. The role of the Notch-Hes5 pathway in mature astrocytes
is not fully understood, but it has been described to be involved in astrocyte immune activation
(Morga et al., 2009). During development Notch and Hes5 signaling drives neural progenitors into
an astrocytic fate and regulates GFAP expression (Breunig et al., 2007; Chenn, 2009; Kanski et al.,
2013; Namihira et al., 2009). GFAP can in turn act as a suppressor of Notch signaling, creating a
negative a negative feedback loop (unpublished observations R. Kanski, E.M. Hol). It is therefore
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reduced expression in reactive astrocytes may partly be responsible for the global reduction of
astrocyte gene expression.
In both AD astrocytes and microglia an increased TLR2 and CD14 expression was observed. These
molecules serve as main receptors for innate activation of cells and have conserved functions
between human and mice and recognize the same threats (Bryant and Monie, 2012). The fact that
these molecules, among others, showed significant preservation in their response to human AD
pathology proves that these pathways are of importance to AD (plaque) pathology irrespective of
species. Although, we cannot exclude that the lack of significant module preservation in microglia
compared with the human brain can be because of species differences in innate immune activation.
Interestingly, also Cst7, which we identified as new plaque pathology related molecule, was also
among the preserved molecules between the human AD data set and AD astrocytes. Admittedly, the
AD mouse model used in this study does not reflect all the hallmarks of human AD, for example,
its lack of tangle formation and the absence of major neuronal loss. However, the reactive gliosis
and the plaque pathology is extensive in this model, it shows a similar shift in Ab1-40/1-42 levels
as observed in human AD pathology and the mice display clear memory deficits (Sabbagh et al.,
2013). Therefore, the data obtained using this AD model provides valuable insight into the plaque
related changes in astrocytes and microglia.
The increase in genes involved in antigen processing and presentation together was observed in
AD astrocytes and AD microglia. Targeting the antigen presentation pathway by inhibiting the
immunoproteasome reduce the expression of Tlr2, Cd14, and other proinflammatory genes in
microglia isolated from AD mice (Orre et al., 2013). This may be an interesting treatment strategy
to reduce the elevated immune signaling in AD.
When comparing astrocyte and microglia expression and fold changes of inflammatory genes,
the genes are more numerous with a higher fold increase in AD astrocytes compared with AD
microglia. Although, the astrocyte transcript levels are low when comparing the absolute levels of
the expression of these inflammatory genes of astrocytes and microglia; therefore, it is unlikely that
reactive astrocytes are the major contributors to the pro-inflammatory molecules detected in AD.
Nevertheless, a continuous astrocyte mediated secretion of molecules such as Ccl4, Ccl5, and Tnf,
together with an increased number of complement molecules such as C1q and C4b, may contribute
to maintain microglia in an activated state.We have previously shown that microglia in AD have an
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likely that Hes5 signaling may drive and/or maintain expression of vital astrocyte genes, and its

activated proliferative phenotype (Kamphuis et al., 2012). Their increased CD45 expression and
their elevated expression of proinflammatory mediators Il1b, Tnfa, and Il12b, clearly indicate an
activated microglia phenotype. Further evidence for an activated microglia phenotype in AD is the
reduction of Cx3cr1 expression, a receptor responsible for keeping microglia activation suppressed
(Wolf et al., 2013). Factors released from reactive astrocytes have an inhibitory effect on microglia
phagocytosis (DeWitt et al., 1998). Chronic microglia activation has also previously been linked to
a reduced phagocytic capacity of Ab, and reduced expression of binding receptors (Hickman et al.,
2008), which is in line with the reduction of genes involved in endocytosis. Conversely, the pathway
for cholesterol metabolism, including genes such as Apoe and Ldlr, was enriched in microglia,
which has been shown to be important for Aβuptake and clearance to the bloodstream (Castellano
et al., 2012; Jiang et al., 2008). Thus, a potential shift from endocytosis-based engulfment to an
ApoE/LDLR-based engulfment may occur in AD microglia. Notably, in contrast to microglia, the
AD astrocytes showed a reduction of genes involved in cholesterol metabolism including Apoe
and Ldlr and may also have reduced capacity of Aβclearance via this pathway. Taken together, the
chronic nature of the inflammatory signaling from astrocytes may be responsible for maintaining
the microglia in a chronically activated state which, in the late stages of the disease, may lead to
an infiltration of additional immune cells, such as T-cells, resulting in a further exacerbation of the
immune response (Browne et al., 2013).
To conclude, we show that Aβ induced astrocyte reactivity may compromise normal astrocyte
functioning, leading to a less favorable support for neurons. Supported by our findings, we argue
that targeting of the chronic inflammation in AD may be an important step to reverse the reduced
phagocytic capacity of microglia and to prevent the reduction of astrocytic neuronal support/
signaling genes. This, in turn, may ultimately lead to a more favorable neuronal milieu and
improved cognitive function in the AD brain.
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Supplemental Figure 1. CD45 and CD11b expression of WT and AD microglia. Dot plots show the fluorescent signal of
CD45+, CD11b+ in AD and WT microglia (blue gate), measured with flow cytometry. AD microglia show a slight increase
in CD45 expression while the CD11b is unchanged between WT and AD populations (see Fig 1D for quantification). No
separate CD11b+/CD45High population that could represent infiltrating monocytes was observed in any of the samples.
MG= Microglia.

Supplemental table 1A Primers used for q-PCR fold change comparison
Gene
Hprt
Gapdh
Slc1a2
Aldh1l1
Itgax
Itgam
Ptprc
Aif

Primers forward
ATGGGAGGCCATCACATTGT
TGCACCACCAACTGCTTAGC
GCGCATGTGCGACAAGCTGG
ATTCCCAAGGGTGTGGTCAAC
ATCCTTGTCTACCCCAGTGC
GGGTCATTCGCTACGTAATTGG
TACGCAAAGCACGGCCTGGG
ACAAAGAACACAAGAGGCCAACT

Primers reverse
ATGTAATCCAGCAGGTCAGCAA
GGCATGGACTGTGGTCATGA
GCGATGCCAAGCGAAGCAGC
CATCAGGGTGGTCTGAGAGTCTCT
CATCCAGGGCTAGCTGAAG
CGTGTTCACCAGCTGGCTTA
GGGCGGGATAGATGCTGGCG
TGTGACATCCACCTCCAATCAG

Supplemental table 1B Primers used for q-PCR on LDM material
Ef1a
Rn18s
Aif
Slc1a3
Fgfr3
Cst7
Clec7a
Tyrobp
Aldh1l1
Glul
Vim
Hes5

CTGGATGCTCGCCATCAAA
GGACCAGAGCGAAAGCATTT
ACAAAGAACACAAGAGGCCAACT
GAAGCCATCATGCGATTGG
GGCCCTTTTTGACCGAGTCTA
CCTGCCTTGAAGCGGACTC
GCTCCCAGCTAGGTGCTCATC
CACATTGCTGAGACTGAGTCGC
ATTCCCAAGGGTGTGGTCAAC
GAAGCCATCATGCGATTGG
TCCAGAGAGAGGAAGCCGAA
CGAAGTTCCTGGTCACCACC

GGCGCTTTTCCTCTTGAAGAA
TCGTCTTCGAACCTCCGACTT
TGTGACATCCACCTCCAATCAG
CAACAATCTTCCCTGCGATCA
CCCAGCGTAAAGATCTCCCAG
CACCTCAAAACTGTGGAGCCA
TGTTTGGCTTTCAATGAACTCAA
TTGAGGTCACTGTATACTTCTGGTCTCT
CATCAGGGTGGTCTGAGAGTCTCT
CAACAATCTTCCCTGCGATCA
GCAAGGATTCCACTTTCCGTT
AAAGTCCTCTACGGGCTGGG
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Abstract
Alzheimer pathology is accompanied by reactive gliosis, these activated astrocytes may directly
affect neuronal communication. We analyzed microarray data from astrocytes isolated from the
cortex of a 15-18 month-old mouse model of Alzheimer’s disease (APP/PS1) and found significant
changes in genes associated with ion homeostasis, in particular a 60% down-regulation of the
mRNA of the K+ inward rectifier channel Kir4.1/kcnj10. This decrease was confirmed in the
hippocampus. Focusing on K+ channels in the membrane using patch-clamp recordings from
both plaque- and non-plaque associated hippocampal astrocytes, we characterized the membrane
properties of reactive astrocytes and found that the Ba2+-sensitive Kir conductance in astrocytes
surrounding plaques was apparently not affected by changes of Kir4.1/kcnj10 at the molecular
level. Immunohistochemical analysis of Kir4.1 protein expression in the hippocampus of the APP/
PS1 mice revealed localized increases in astrocytes surrounding amyloid plaque deposits. Our
results suggest that astrocytes in the APP/PS1 hippocampus are resilient in their K+ clearance
mechanism and attempt to rectify imbalances in K+ concentration to restore normal neuronal and
synaptic function, possibly by redistribution of K+ through Kir channels. Our earlier data showed
that chronically activated astrocytes loose their neuron support function, ultimately interfering
with synaptic efficacy, as they change to a more immunogenic molecular phenotype. Here we
show that, despite the clear decrease of Kir mRNA at the molecular level, astrocyte Kir channel
dysfunction is likely not involved in the pathogenesis of Alzheimer’s disease.
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Alzheimer’s disease (AD) is the main form of dementia in the elderly and yet the exact mechanism
behind the cause of dementia in this disease remains unknown (Querfurth & LaFerla 2010). A
common hallmark, along with neurofibrillary tangles and amyloid-β (Aβ) plaques, is the prevalence
of reactive astrocytes (Kamphuis et al. 2012; Kamphuis et al. 2014; Pekny et al. 2016). Classically
gliosis is characterized by morphological changes of astrocytes and an increase in the expression
of the intermediate filament protein glial fibrillary acidic protein (GFAP) (Pekny et al. 2016), yet
functional changes in astrocytes in AD remain relatively under-examined. Given the intimate
relationship astrocytes have with neurons – recycling neurotransmitters, energy metabolism, and
K+ homeostasis – changes in astrocyte functions are likely a critical component in the progression
of the cognitive decline in AD (Osborn et al. 2016).
Both AD patient and mouse model data reveal that astrocytes alter their molecular phenotype
in response to AD pathology (Bossers et al. 2010; Orre et al. 2014; Sekar et al. 2015). Based on
transcriptomics analysis we have shown that the astrocytes shift towards an immune signaling
phenotype, and genes involved in the neuronal support function of astrocytes are down-regulated
(Orre et al. 2014). Functional phenotypic changes in reactive astrocytes have been reported and
include reduced glutamate transporter expression (Jacob et al. 2007; Malm et al. 2007; Schallier
et al. 2011), impaired insulin signaling (Meeker et al. 2015; Moloney et al. 2010), increased
responsiveness to AMPA/Kainate receptors and changes in coupling (Peters et al. 2009).
Additionally, reactive astrocytes have been shown to lead to an over-activated neuronal network
(Ortinski et al. 2010), an increase in astrocytic Ca2+ signaling (Delekate et al. 2014; Kuchibhotla
et al. 2009), and an increase in GABA release from reactive astrocytes (Jo et al. 2014; Wu et
al. 2014). Na+ and K+ ion imbalances are also evident in tissue from AD patients and primary
astrocyte cultures exposed to Aβ increase intracellular Na+ and K+ (Vitvitsky et al. 2012). Ion
homeostasis is an essential role of astrocytes (Rose & Verkhratsky 2016); this includes the
buffering of extracellular K+ (Steinhäuser et al. 2012).
The astrocytic plasma membrane is characterized by a high K+ conductance, entailing a very
negative resting membrane potential close to the K+ equilibrium potential. Astrocytes are directly
electrically coupled to neighboring astrocytes (Butt & Kalsi 2006; Newman 1986; Somjen 1975;
Wallraff et al. 2004), and are estimated to contact thousands of synapses (Bushong et al. 2002).
This makes them optimal for the uptake of K+, which minimizes deleterious effects of locally
prolonged increases in extracellular K+ resulting from neuronal activity (for review see: Butt
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& Kalsi 2006). The buffering of extracellular K+ by astrocytes ultimately modulates neuronal
excitability. The inward rectifier channel Kir4.1 is essential to the clearance and redistribution
of increased extracellular K+. But under pathological conditions, reactive astrocytes often show
impaired Kir4.1 function and this leads to disturbance of the K+ homeostasis and neuronal
dysfunction as has been shown in epilepsy (Bedner & Steinhäuser 2013; Dai et al. 2015; Ferraro et
al. 2004) and Huntington’s disease (Tong et al. 2014). Because epilepsy and epileptiform activity
(and thus neuronal hyper-excitability) is a common phenomenon in AD mice (Corbett et al. 2013;
Del Vecchio et al. 2004; Gurevicius et al. 2013; Hazra et al. 2016; Minkeviciene et al. 2009; Palop
et al. 2007) and has been reported in AD patients (Noebels 2011; Rao et al. 2009; Vossel et al. 2013;
Vossel et al. 2016), understanding the contribution of astrocyte K+ buffering in AD can help shed
light on potential underlying mechanisms contributing to network disturbances in this disease.
Previously published research from our group showed a significant shift in gene expression
of astrocytes isolated from cortices of 15-18 month-old APP/PS1 towards immune signaling
and away from neuronal support (Orre et al. 2014). Here we investigated whether this shift in
molecular profile leads to functional changes in astrocytes in AD pathology. In particular we aimed
to determine if and how K+ clearance mechanisms are disrupted at the molecular and physiological
level. To answer this question we chose 9-month-old mice where plaque distribution is prevalent
enough in the hippocampus to allow systematic recording of reactive astrocytes surrounding
Aβ plaques but also scarce enough to record from areas free of plaque deposition. We chose the
hippocampus so that we could evoke synaptic responses and measure subsequent K+ currents in
astrocytes. Using quantitative polymerase chain reaction (qPCR), we demonstrated changes in the
KCNJ10 (Kir4.1) gene expression. Localized increases in Kir4.1 protein expression in astrocytes
associated with amyloid-plaques were determined with immunohistochemistry. We also applied
increased extracellular K+ concentration ([K+]o) to determine differences in Kir4.1 current density
between plaque- and non-plaque-associated astrocytes in 9-month-old APP/PS1 mice and reveal
that despite these changes the important role of astrocytes in K+ uptake apparently remains intact
in the relatively early to mid-stage of AD progression.
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Mice
Heterozygous double-transgenic APPswePS1dE9 mice (APP/PS1) (Jankowsky et al. 2004) and
their wild-type age-matched littermates of either sex were studied. We originally received the
mice from Dr. Borchelt and backcrossed them to C57BL/6. APP/PS1 mice were maintained as
hemizygotes by crossing with C57BL/6 mice (Harlan, the Netherlands). Genotype was determined
by performing real-time PCR with primers targeted to two transgenes expressed by the APP/
PS1 mice — human/mouse chimeric APP with K595N/M596L Swedish mutation and human
PS1 carrying the exon 9 deletion. For further details on this transgenic line see also The Jackson
Laboratory [strain B6.Cg-Tg(APPswe, PSEN1dE9)85Dbo/Mmjax; stock number 35832; http://
jaxmice.jax.org/]. Animals were housed under standard conditions and were provided food and
water ad libitum. All experiments were performed in accordance with protocols and guidelines
approved by the Institutional Animal Care and Use Committee (UvA-DEC) operating under
standards set by EU Directive 2010/63/EU.

Gene of interest generation and qPCR validation
In previously reported research, glutamate transporter 1 (GLT1)-positive astrocytes were FACsorted from the cortices of 15-18 month-old APP/PS1 mice and wild-type littermates. A database
of astrocyte-enriched genes derived from microarray analysis was compiled (Orre et al. 2014).
Genes of interest (GOIs) were determined by searching specific ‘GO terms’ as defined in AmiGO
1.8 (http://amigo1.geneontology.org/cgi-bin/amigo/go.cgi), noting their subclasses (both defined in
Table S1), and cross-referencing these lists with that of our astrocyte-enriched database (Orre et al.
2014). Selection of GOIs was further narrowed to create a functional-GOI list (fGOI) by subjecting
the cross-comparison matches to the following criteria (1) genes were astrocyte-enriched and not
detectably expressed by microglia above a background cut-off intensity set at log2 >5, (2) had
normalized log2 intensity >7.5, (3) were significantly (p<0.05, Benjamini-Hochberg corrected)
down-regulated by a fold-change >2 in the APP/PS1 group compared to wild-type littermates and
(4) were related to measurable astrocytic physiological functions.
GOIs were then validated with quantitative polymerase chain reaction (qPCR) on RNA isolated
from FAC-sorted GLT1-positive cells. In brief, total isolated RNA was first treated with DNase I
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and then used to generate complementary DNA (cDNA) (Quantitect-Qiagen) using Oligo(dT) and
random hexamer primers. cDNA was further diluted 1:20 and used as a template for qPCR (SYBR
Green PCR Master Mix; Applied Biosystems).
In this study we focused on the gene that encodes the potassium channel Kir4.1,
which is highly expressed in astrocytes. The differential expression of Kir4.1 was
probed using a forward (5’-ATGGCTTGAGACTGGAGCTT-3’) and a reverse primer
(5’-GCAGAGCCCATAGAGTGACT-3’). Transcript expression was normalized to the geometrical
mean of three reference genes (Gapdh, Actb, Hprt) from the same cDNA pool, as described before
(Kamphuis et al. 2012).

Immunohistochemistry
Snap frozen brain tissue from 3, 9, and 15-month-old APP/PS1 and wild-type littermate pairs were
used for immunohistochemistry. Coronal sections (12 μm thick) containing both hippocampus
and cortex were thaw-mounted on Superfrost Plus slides (Thermo Scientific) and stored at -20°C
until the day of staining. Sections were post-fixed in 4% paraformaldehyde in phosphate buffered
saline (PBS; 13.7 mM NaCl, 0.27 mM KCl, 0.81 mM Na2HPO4, 0.15 mM KH2PO4, pH 7.4) at
room temperature, washed with PBS and then blocked with PBS supplemented with 10% normal
donkey serum and 0.4% Triton X-100. Sections were incubated overnight with primary antibodies
for glial fibrillary acidic protein (GFAP) (Sigma, G3893, monoclonal), Kir4.1 (Alomone Labs,
APC-035 & AGP-012, polyclonal), AB6E10 (Covance, SIG-39300, monoclonal), or Iba1 (Wako,
019-19741, polyclonal). Primary antibodies were then labeled with secondary Alexa488- and
Cy3-conjugated antibodies and imbedded in Vectashield Antifade Mounting Medium with DAPI
(Vectorlabs, H-1200).

Slice preparation and electrophysiology
Acute horizontal slices (290 μm) of the ventral hippocampus were obtained from 270-290 days
old (9 months) APP/PS1 mice and wild-type littermates. Mice were decapitated and the brain was
rapidly removed to ice-cold oxygenated (95% O2 - 5% CO2) modified artificial cerebrospinal
fluid (mACSF; 87 mM NaCl, 60 mM sucrose, 2.5 mM KCl, 1.25 mM NaH2PO4, 7 mM MgCl2,
0.5 mM CaCl2, 10 mM d-glucose, 25 mM NaHCO3, pH 7.4). Slices were cut with a vibratome
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(1 μM, S7635, Sigma) was added and the slices were incubated for 20 min at room temperature
to selectively stain astrocytes (Schnell et al. 2015). Next slices were transferred to ACSF (126
mM NaCl, 3 mM KCl, 2 mM CaCl2, 2 mM MgSO4, 1.25 mM NaH2PO4, 10 mM d-glucose, 26
mM Na2HCO3), kept at room temperature and gassed with (95% O2 - 5% CO2). Shortly before
recording started, slices were placed for 12 min in ACSF that also contained Methoxy-X04 (10
μM in 0.01% DMSO, cat. # 4920, Tocris) to visualize amyloid plaque deposits (Klunk et al. 2002).
Slices were continuously perfused with ACSF (2.5 ml/min) and kept at 28°C during recording.
Whole-cell voltage and current clamp recordings were obtained from astrocytes in the middle
molecular layer of the dentate gyrus (DG) with an Axopatch 200B (Axon Instruments). Recording
pipettes were pulled from borosilicate glass (Science Products) and had a resistance of 3-5
MΩ when filled with pipette solution (136 mM potassium D-gluconate, 10 mM NaCl, 10 mM
2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES), 0.5 mM ethylene glycol-bis(2aminoethylether)-N,N,N´,N´-tetraacetic acid (EGTA), 5 mM Mg-ATP, 0.5 mM Na2-GTP, pH
adjusted to 7.3, osmolarity adjusted with sucrose to 300 mOsmol). The response to a small 10
mV voltage step in uncompensated voltage-clamp configuration was used to determine membrane
resistance, cell capacitance, series resistance and resting membrane potential according to the
method described by (Akopian et al. 1997) This allowed for off-line correction of voltage error
and was used in subsequent figures to report voltage values. The Kir component of the K+ current
was isolated by washing in 100 μM BaCl2 (Coetzee et al. 1999). To evoke synaptic responses
a 0.2 ms bi-phasic current pulse (Digitimer) was given by locating a bipolar tungsten electrode
(WPI) to the perforant path at a distance of up to 300 μm from the recorded cell. Evoked astrocytic
responses were recorded after either a single current pulse or a tetanic stimulus of 1 s at 100 Hz at
half maximal response intensity, repeated three times at 4-s intervals. K+ puffs, with ACSF where
7 mM NaCl was replaced by 7 mM KCl, were given through a micropipette by a pressure pulse
applied from a picospritzer (General Valve). Cells were visualized with an upright microscope
(SliceScope Pro 6000, Scientifica) equipped with oblique illumination and a 40X water immersion
objective. Astrocytes were visually identified by their small soma size and irregular shape and were
checked for SR101 positivity using a 585 nm LED (pE-100, CoolLED) and mCherry-Texas Red
filter cube (Chroma). Recordings were obtained using an Axopatch 200B patch-clamp amplifier
(Axon Instruments). Data acquisition and analysis were performed with in-house software running
in Matlab (MathWorks). Signals were filtered at 2 kHz and sampled at 20 kHz using an NI USB-
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(VT1000S, Leica, Germany) and transferred to mACSF of 35°C for 20 min. Sulforhodamine 101

6259 digitizer (National Instruments). Liquid junction potential (-14 mV) was corrected online.

Statistics
Reported numerical values are given as mean and standard error of the mean (± SEM). Unless
otherwise mentioned single comparisons were made using Student’s t-test. Multiple comparisons
were performed with an ANOVA followed by the appropriate post-hoc test. For all statistical
evaluations we assumed that p<0.05 indicates rejection of the null hypothesis.
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Genes involved in ion homeostasis are down-regulated in reactive astrocytes.
Analysis of microarray data comparing differential gene expression in FAC-sorted cortical astrocytes
from 15-18 month-old APP/PS1 mice and wild-type littermate controls showed large numbers
of genes associated with neuron-glia interactions at the tripartite synapse that are differentially
regulated in APP/PS1 cortical astrocytes (Orre et al. 2014). Many of these differentially expressed
genes, that are astrocyte-enriched, were down-regulated within the subclasses of genes related to
neuronal support function (Fig. 1a, for a list of GO terms identifying GOIs see Supplemental Table
1). Functional GOIs were selected from a larger gene list comprising down-regulated, differentially
expressed genes in APP/PS1 cortical astrocytes. Specifically, 6 genes associated with ‘Potassium
channel activity’, 1 gene important for ‘Regulation of membrane potential’, 4 genes for ‘Regulation
synaptic transmission, glutamatergic’, 1 gene related to ‘Purinergic receptor activity’, 1 gene for
‘Cannabinoid signaling pathway’, 2 genes related to ‘Calcium ion transport’, 2 genes regulating
‘Gap junctions’, and 5 genes involved in ‘Cell-cell adhesion’ met the selection criteria as described
in the Methods section (Fig. 1a). Among these genes are Atp1a2, Adora2b, Kcnk10, Slc1a2,
Slc1a3, Kcnj10, Kcnj16. Ion channels and transporters involved in ion homeostasis, including

a
Potassium channel activity
Regulation synaptic transmission,
glutamatergic
Cell-cell adhesion
Calcium ion transport
Gap junction
Cannabinoid signalling pathway
Purinergic receptor activity
Regulation membrane potential

Normalized expression

b
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Figure 1. Differentially regulated genes
in APP/PS1 astrocytes related to neuronglia interactions and K+ homeostasis.
(a) Functional-GOIs were selected from
a larger gene list comprising downregulated, differentially expressed genes
in APP/PS1 cortical astrocytes. Among
these genes inward rectifier channel
Kir4.1, a major contributor to the K+
homeostatic function of astrocytes, is
differentially regulated in APP/PS1
mice. (b) Findings of down-regulation
of Kir4.1 from microarray data using
FAC-sorted astrocytes isolated from
15-month old APP/PS1 mice (n = 5, red)
and wild-type (n = 5 black) littermates
were validated with quantitative PCR (p
= 0.025; expression was normalized to
the following reference genes: Gapdh,
Actb, Hprt).
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Results

those crucial to the K+ buffering capacity of astrocytes, are among these down-regulated genes,
e.g. Kcnj10, Kcnj16 and Atp1a2. A selection of these down-regulated genes from the microarray
was validated with qPCR (Supplementary, Table S2). Specifically the expression of Kcnj10, the
gene encoding the inward rectifier Kir4.1, was 2.62 fold lower (p = 0.0016) in cortical astrocytes
from 15-18 -month-old APP/PS1 mice than in those from littermate controls. Q-PCR on mRNA
isolated from the FAC-sorted astrocytes used for the microarray study confirmed the microarray
data (Fig. 1b). Kcnj10 transcript expression was reduced by 2.24 fold in cDNA isolated from FACsorted astrocytes from APP/PS1 mice when compared to wild-type littermates (APP/PS1 (n=5);
wild-type (n=5); p = 0.02556).
One of the main questions we asked here was whether this altered gene expression pattern was
associated with disturbed astrocyte function.

Kir conductance in reactive hippocampal astrocytes is unaltered
Electrophysiological properties of 9-month old APP/PS1 mice and their wild-type littermates were
studied to further understand how astrocytes functionally change as they are reactive. At this age
there are numerous plaques present in the DG as well as considerable plaque free areas enabling
Table 1. Membrane properties of patch-clamped astrocytes from 9-month-old APP/PS1 mice and wild-type littermate
controls. APP/PS1 astrocytes in the middle molecular layer of the dentate gyrus generally show membrane characteristics
similar to wild-type astrocytes. APP/PS1 astrocytes are further split into two subpopulations depending on their distance to
the nearest visible plaque, proximal: within 80 μm or distal: further than 100 μm away.

Table 1.

Cm (pF)

Vr (mV)

Rm (MΩ)

Rs (MΩ)

Gm (μS)

Gm/Cm (nS/pF)

Ba2+
blocked (%)

Wild-type
(33)

32.9 ± 1.9

-77.9 ± 0.4

4.3 ± 0.3

9.1 ± 0.4

0.24 ± 0.01

7.3 ± 0.3

28.3 ± 2.9
(15)

APP/PS1
(50)

35.5 ± 2.9

-77.3 ± 0.3

4.6 ± 0.4

9.3 ± 0.4

0.26 ± 0.02

8.1 ± 0.5

Proximal
(23)

40.9 ± 4.9

-77.4 ± 0.4

4.2 ± 0.6

9.1 ± 0.5

0.29 ± 0.02*

8.2 ± 0.9

25.0 ± 4.4
(11)

Distal
(27)

30.6 ± 3.0

-77.3 ± 0.4

4.9 ± 0.4

9.4 ± 0.5

0.23 ± 0.02

7.9 ± 0.6

23.0 ± 4.3
(10)

--

Footnotes. Capacitance (Cm), resting membrane potential (Vr), membrane resistance (Rm), series resistance (Rs), slope
conductance at Vr(Gm), normalized slope conductance and fraction of current blocked by Ba2+ (this group is a subset of the
total population, number of astrocytes in brackets).* indicates significant difference between the proximal and distal group.
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Fig. S1 & S2). Astrocytes of the dentate gyrus middle molecular layer positive for SR101 were
recorded in the whole-cell configuration. The basal membrane characteristics of 9-month-old
astrocytes matched characteristics described in the literature including low membrane resistance,
low resting membrane potential, and a linear current-voltage (IV) relationship around resting
potential (Table 1, Fig. 2b, c, d).
The mean resting membrane potential did not differ between cells recorded in wild-type and APP/
PS1 mice (Table 1). Membrane conductance of wild-type and APP/PS1 DG astrocytes was then
determined as the slope of each individual IV-relationship around resting membrane voltage (all
values given in Table 1). None of these basic values showed a difference between astrocytes in
control and APP/PS1 mice.
APP/PS1 astrocytes were then split into two groups based on their proximity to visible Aβ
plaques, identified by positive staining for methoxy-X04 (Fig. 2e, blue) and/or their characteristic
appearance under bright field illumination. Proximal astrocytes were in close proximity, within 80
μm, of a plaque, while distal astrocytes were farther than 100 μm from a visible plaque. Although
the slices were 290 um thick, we cannot exclude that in adjacent slices a plaque was present near
the astrocyte that we patched.
Dividing the APP/PS1 group into either proximal or distal revealed some differences in passive
membrane properties related to location in respect to plaques (Table 1, Fig. 2f). While series
resistance (Rs), membrane capacitance (Cm) and resting membrane potential (Vm) were similar
between proximal and distal astrocytes; membrane conductance (Gm) was higher in proximal
astrocytes (p = 0.0098, Mann-Whitney) (Table 1).

No difference in Ba2+-sensitive current in 9-month-old APP/PS1 compared to wild-type astrocytes
In order to determine whether a decrease in Kcnj10 mRNA was associated with disturbed Kir
functionality, Ba2+-sensitive currents were isolated in some of the astrocytes shown in Fig. 2 and
in additionally patched astrocytes. Low concentration (100 µM) of Ba2+ was washed-in after initial
whole-cell patch clamp recordings were established. The difference in IV-relationships between
pre- and post-wash-in revealed the Ba2+-sensitive current (Fig. 3a, b), which was quantified by
the slope conductance around resting membrane potential (Fig. 3c). Conductance of the Ba2+99
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recordings from astrocytes close to as well as those farther away from plaques (Supplementary,
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Figure 2. Electrophysiological characterization of whole-cell patch-clamped astrocytes in the middle molecular layer of the
hippocampal DG. (a) Patched SR101 positive astrocyte filled with Alexa 568 (40 μM) showed spongiform morphology of
the fine processes with larger processes extending from the soma. Additionally, some SR101 positive astrocytes can be seen
surrounding the filled astrocyte (out of focal plane) and the bright-field image shows the K+ puff pipette to the upper right
of the patch electrode. (b) Patched astrocytes were voltage-clamped at -80 mV holding potential and stepped to varying
potentials between -350 and 90 mV for 50 msec before correcting for voltage error offline and the resulting current response
was determined at 45 msec after the voltage-step, example trace shown. (c) The IV-relationship was plotted and the slope
conductance was determined around resting membrane potential between -90 and -70 mV. Wild-type astrocytes (n = 33)
had an average slope conductance of 0.24 ± 0.01 μS and (d) APP/PS1 astrocytes (n = 50) had a slope conductance of 0.26 ±
0.02 μS. (e) Astrocytes were classified by their proximity to the nearest visible Aβ plaque labeled with methoxy-X04 (blue)
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sensitive current was similar between APP/PS1 and wild-type astrocytes close to the plaques and
more distant (wild-type, 0.09 ± 0.01 µS; proximal, 0.08 ± 0.02 µS; distal, 0.07 ± 0.02 μS), also
when normalized for cell capacitance (Fig. 3e; wild-type, 2.2 ± 0.3 nS/pF; proximal, 2.2 ± 0.4 nS/
pF; distal, 2.2 ± 0.5 nS/pF). The fraction of conductance blocked by Ba2+ amounted to around
25% of the total conductance in all groups (Fig. 3f & Table 1). Although astrocytes showed a
considerable variation in Kir fraction (between 19% and 31% of the total conductance (Fig. 3f))
we did not observe any difference between control and APP/PS1 astrocytes or between proximal
and distal astrocytes in respect to plaque.

Evoked inward current in astrocytes reveals local differences in response to perforant path
stimulation and high K+ application
Next we studied whether reactive astrocytes displayed differences in evoked responses. When
astrocytes are voltage-clamped near resting membrane voltage and [K+]o is increased, the resulting
difference in reversal potential for K+ leads to a change in driving force and induces an inward
potassium current. Three different methods for evoking changes in [K+]o were used: (1) singlepulse stimulation of the perforant path (PP) evoking neuronal activity with K+ release into the
extracellular space; (2) direct pressure application of enhanced [K+]o from a pipette, and (3) 100
Hz PP stimulation to induce large increases in [K+]o. In voltage-clamped astrocytes, increases in
[K+]o were recorded as inward currents (Fig. 4a) and were unaffected by glutamate transporters
(as observed by adding 100 nM of the blocker TFB-TBOA; data not shown).
All astrocytes showed inward currents in response to single PP stimulation (Fig. 4a; wild-type,
0.30 ± 0.05 pA/pF; proximal, 0.32 ± 0.05 pA/pF; distal, 0.25 ± 0.04 pA/pF). Using the GoldmannHodgkin-Katz current equation the estimated increase in [K+]o after single PP stimulation was
approximately 10-14 µM. These estimated increases were variable within groups.
Pressure application from a pipette that contained ACSF in which [K+]o was enhanced to 10 mM
by substituting K+ for Na+ and placed in the neighborhood of the patched astrocyte, also induced
a K+ current (Fig. 4b). The variability of the induced currents was large: wild-type: 21 - 499
101
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or visible in bright-field illumination, within 80 μm for proximal and >100 μm for distal astrocytes. (f) Proximal astrocytes
(n = 23, magenta symbols) had a slope conductance of 0.29 ± 0.02 μS and distal astrocytes (n = 27, blue symbols) of 0.23
± 0.02 μS. The mean of the slopes fitted to individual current-voltage relationships was significantly greater in proximal
astrocytes (**p = 0.0098, Mann-Whitney).
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Figure 3. Isolation of inward rectifier current in APP/PS1 and wild-type astrocytes after wash-in of Ba2+. (a) K+ current
in APP/PS1 and wild-type astrocytes before (left column) and after wash-in of 100 μM Ba2+ (middle column). Subtraction
leaves the Kir current component that was blocked by this low concentration of Ba2+ (right column). Top traces (black) are
from an astrocytes obtained from a wild-type mouse, middle traces (magenta) from an astrocyte proximal to a plaque, and
bottom traces (cyan) from an astrocytes distal to a plaque. (b) Current-voltage relationship of the isolated Kir currents. (c)
Slope conductance at resting membrane potential (-90 - -70 mV) was calculated from the data in (b) (wild-type, 0.09 ± 0.01
μS; proximal, 0.08 ± 0.02 μS; distal, 0.07 ± 0.02 μS), none of the differences between groups reached significance. (d) Cell
capacitance was determined from the uncompensated voltage step responses (see Materials and Methods) and was similar
between all groups (wild-type, 37.5 ± 3.2 pF; proximal, 36.4 ± 4.7 pF; distal, 30.6 ± 4.4 pF). (e) Conductance normalized
to cell capacitance was also similar between groups (wild-type, 2.2 ± 0.3 nS/pF; proximal, 2.2 ± 0.4 nS/pF; distal, 2.2 ±
0.5 nS/pF). (e) Percentage of Ba2+-sensitive conductance indicates the fraction of total K+ conductance attributable to Kir
(wild-type, 28.3 ± 2.9 %; proximal, 25.0 ± 4.4 %; distal, 23.0 ± 4.3 %).
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inward currents were recorded in whole-cell patched
astrocytes after local pressure application of 10 mM KCl
(inset schematic and trace, scale bars 100 ms, 50 pA) and
normalized for cell capacitance. The puff pipette was
placed approximately 30 μm distant from the patched
astrocyte. No significant differences are seen between
wild-type and APP/PS1 groups (wild-type, 10.8 ± 2.3
pA/pF; proximal, 10.0 ± 2.6 pA/pF; distal, 5.6 ± 1.0 pA/
pF). (c) PP stimulation (schematic) resulted in membrane
depolarizations in whole-cell patched astrocytes in
current-clamp and reflected changes in local field
potentials (seen as fast peak on inset trace) (inset trace,
scale bars 10 ms, 0.2 mV). Depolarization as a result of
enhanced [K+]o was determined 50 ms post stimulus.
Membrane depolarization was similar in all groups (wildtype, 0.15 ± 0.02 mV; proximal, 0.20 ± 0.02 mV; distal,
0.13 ± 0.02 mV).

0.4

distal astrocytes (ANOVA, Tukey’s multiple

0.3

comparisons corrected p-value: 0.021), this

0.2

was due to differences in capacitance as

0.1

groups were similar after normalization to

0.0
wild-type

proximal

distal

cell capacitance (wild-type, 10.8 ± 2.3 pA/pF;
proximal, 10.0 ± 2.6 pA/pF; distal, 5.6 ± 1.0
pA/pF).

Local field potential recordings via the astrocyte patch pipette (afEPSP) are possible because
of the low membrane resistance of astrocytes due to serial coupling with the surrounding field
(Henneberger & Rusakov 2012). This approach was used to simultaneously record the afEPSP and
the astrocytic depolarization. [K+]o increase-induced depolarizations were recorded in current103
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Figure 4. Induced inward current and membrane
depolarization in response to electrical stimulation and
pressure application of K+ is not altered in APP/PS1
astrocytes. (a) Maximal inward current evoked upon
stimulation of the PP recorded in whole-cell patched
astrocytes 100 ms after stimulation in the dentate
gyrus (schematic & inset trace, scale bars 50 ms, 5 pA)
and normalized for cell capacitance. All groups were
comparable (wild-type, 0.30 ± 0.05 pA/pF; proximal,
0.32 ± 0.05 pA/pF; distal, 0.25 ± 0.04 pA/pF). (b) Peak

a

clamp and taken 50 ms after PP stimulation (Fig. 4c). Current clamp recordings were discarded
if the form of the afEPSP was distorted by the population spike or showed form variation that
compromised the peak detection. The estimated membrane depolarization resultant from [K+]o
increase in the proximal and distal astrocytes were not significantly different (wild-type, 0.15 ±
0.02 mV; proximal, 0.20 ± 0.02 mV; distal, 0.13 ± 0.02 mV; p = 0.0612, Mann-Whitney). Using the
Goldman-Hodgkin-Katz equation an estimated increase of 37-56 μM in [K+]o led to the membrane
depolarizations reported above.

Reactive astrocytes maintain their buffering capacity
An important function of astrocytes is clearance of activity-dependent [K+]o increase. As explained
above membrane currents in voltage-clamped astrocytes reflect changes in [K+]o and can thus be
used to monitor neuronal activity. In order to initiate a substantial increase in [K+]o that activates
K+ clearance mechanisms, we challenged the DG with repetitive PP stimulation. Two 1 s, 100 Hz
tetani were given 6 s apart while the patched astrocyte was clamped at resting membrane voltage
(~-80 mV). During the stimulation, astrocytic K+ currents increased in line with the accumulation
of K+ in the extracellular space; followed by an almost exponential decay reflecting K+ clearance.
We quantified the decay after a fixed time period of 5 s as a first estimate of the time constant of
K+ clearance (Fig. 5a).
The peak amplitude that was reached at the end of the first tetanic stimulation was similar in all
groups (wild-type 384 ± 67 pA, proximal astrocytes 413 ± 60 pA and distal astrocytes 326 ± 33
pA; Fig. 5b). Normalization to cell capacitance did not change this conclusion (wild-type, 8.9 ± 1.7
pA/pF; proximal, 11.6 ± 1.4 pA/pF; distal, 14.9 ± 2.2 pA/pF). In the 5 s following stimulation the
current declined to: wild-type 40.3 ± 4.9%, proximal astrocytes: 38.6 ± 4.1% and distal astrocytes:
39.3 ± 2.7% (Fig. 5c). These numbers were not different; K+ clearance in the three groups was
similar, showing that the buffering capacity of the astrocytes is unaffected at this stage of pathology
in these mice.

Kir4.1 protein is redistributed in APP/PS1 astrocytes in cortex and hippocampus
The reactive astrocytes in the DG of the APP/PS1 mice showed no differences in K+ buffering
and conductance, although we observed a clear reduction in the Kcnj10 mRNA expression in
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Figure 5. Tetanus stimulation of the PP leads to increased [K+]o and indicates maintenance of buffering efficiency in astrocytes
of APP/PS1 mice. (a) Traces are responses recorded after two 100 Hz stimuli (gray shaded band) given 6 sec apart with
the darker traces (wild-type, black; proximal, purple; distal, dark cyan) representing baseline (●) and initial stimulus with
peak at ▲, baseline prior to second stimulus (♦) and the response after the second tetanus represented by the lighter traces
(wild-type, gray; proximal, magenta; distal, cyan). Scale is the same for all traces (black scale bars 200 pA and 500 ms). (b)
The initial amplitude of the inward current, reached after initial stimulus, appeared on average to be similar between distal
to plaque astrocytes (326 ± 33 pA), proximal to plaque (413 ± 60 pA) and wild-type (384 ± 67 pA) astrocytes (distal, 14.9 ±
2.2 pA/pF; proximal, 11.6 ± 1.4 pA/pF; wild-type, 8.9 ± 1.7 pA/pF). (c) The percentage of the residual current is determined
from calculating the percentage of current remaining 5 sec after the 1st stimulus and just before giving the 2nd stimulus
(♦ - ●/ ▲ x 100) and is not different between groups.

FAC-sorted astrocytes. Therefore, we asked the question whether we isolated a sub-population
of reactive astrocytes. We looked at gene expression profiles of homogenates of the cortex and
hippocampus in order to determine global changes in Kir4.1 gene expression (Fig. S3) in these
regions. There was no global difference in Kcnj10 expression between wild-type and APP/PS1
cortices, and there was no change during aging. The hippocampal homogenates suggested a global
trend towards increased Kcnj10 expression with age and plaque pathology. In addition, we studied
with immunocytochemistry whether the mRNA changes reflect the changes at the Kir4.1 protein
expression level. Staining of Kir4.1 was diffuse and densely distributed throughout the wild-type
cortex and hippocampus, often showing increased expression surrounding blood vessels (Fig. 6
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a

Figure 6. Neocortical expression of Kir4.1 is locally increased surrounding Aβ plaques. (a) In the somatosensory cortex of
wild-type mice Kir4.1 expression (represented as intensity in the b/w plates and in red in the colored plates) was relatively
consistent across 3-, 9-, and 15-month-old cortices. Expression of Kir4.1 appeared to be somewhat stratified with lower
expression at the border of layer 4 and 5 and a distinct band of expression within layer 5; this was more obvious in 9and 15-month-old mice (cortical layers delineated by yellow lines and layer numbers). GFAP expression (green) was
undetectable in 3-month old mice and is more prevalent though sparse in 9- and 15-month-old mice. Kir4.1 staining is
increased surrounding blood vessels (yellow asterisks). (b) In the somatosensory cortex of APP/PS1 mice Kir4.1 expression
(represented as intensity in the b/w plates and in red in the colored plates) showed a similar distribution pattern in 3-monthold pre-pathology transgenic animals when compared to controls. Kir4.1 expression was locally increased surrounding
plaques. The location of plaques was determined in the DAPI channel, (blue) and are represented by arrows in the middle
and right plates (yellow arrows, top plates; white arrows, bottom plates); plaques were absent in wild-type littermates.
Kir4.1 was still visible surrounding blood vessels (yellow asterisks). GFAP expression was also characteristically increased
surrounding plaque pathology and is virtually absent in the cortex of pre-pathological transgenic mice and wild-type
littermates of all age groups.
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Figure 7. Hippocampal expression of Kir4.1 is locally increased surrounding Aβ plaques. (a) In the dentate gyrus of
wild-type mice Kir4.1 expression (represented as intensity in the b/w plates and in red in the colored plates) was relatively
consistent across 3-, 9-, and 15-month-old mice. Expression of Kir4.1 appeared increased surrounding blood vessels
(yellow asterisks). GFAP expression (green intensity) was visible in 3-, 9-, and 15-month-old wild-type mice. (b) In the
dentate gyrus of APP/PS1 mice Kir4.1 expression (represented as intensity in the b/w plates and in red in the colored plates)
showed a similar distribution pattern in 3-month-old pre-plaque pathology APP/PS1 mice when compared to controls with
increased expression surrounding blood vessels (yellow asterisks). The location of plaques was determined in the DAPI
channel (blue), and are represented by arrows in the middle and right plates (yellow and white arrows); plaques were absent
in wild-type littermates. Kir4.1 expression was locally increased surrounding plaques of 9- (middle plates) and 15-monthold (right plates) APP/PS1 mice. GFAP expression was also characteristically increased surrounding plaque pathology
though expression in the hippocampus was apparent in both APP/PS1 mice and wild-type littermates of all age groups.
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& 7, yellow asterisks, top plates). Kir4.1 protein expression before pathology was present (in
3-month-old APP/PS1 mice) resembled that of the expression pattern in wild-type littermates.
This suggests that pre-pathology astrocytes resemble the non-pathological state as related to
Kir4.1 protein expression in both the cortex and hippocampus (Fig. 6a,b & 7a,b; left plates).
This expression pattern changed with the appearance of age-related Aβ plaque pathology. The
distribution of Kir4.1 staining was more patchy and concentrated around plaques and vasculature
in the cortex (Fig. 6) and hippocampus (Fig. 7) of 9- and 15-month-old APP/PS1 mice. Layers
of the somatosensory cortex and the location of Aβ plaques were visible in the DAPI channel.
Kir4.1 protein was clearly upregulated surrounding plaque pathology, both in the cortex (Fig. 6b,
arrows middle and right panels) and particularly in hippocampal tissue sections of the 9- (Fig.
7b, arrow middle plate) and 15-month (Fig. 7b, arrows right plate) age groups. This increase in
Kir4.1 staining was correlated to plaque pathology and the presence of GFAP-positive reactive
astrocytes in all ages we studied. Increased gliosis was most prominent in cortical APP/PS1 tissue
and increased from 9- to 15-months old (Fig. 6b, green). GFAP expression surrounding Aβ plaques
was also increased in DG hippocampal tissue sections (Fig. 7b, green), though the expression of
GFAP in wild-type hippocampal astrocytes made this effect less obvious than in cortical tissue
where GFAP expression under non-pathological conditions is low. Increasing GFAP expression
with age in APP/PS1 mice has previously been quantified for the cortex by Wirz et al. (2013) and
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Figure 8. Quantification of Kir4.1 staining and confocal image analysis showed increased Kir4.1 expression surrounding
Aβ plaques. Kir4.1 staining was quantified by determining average grey-values in the Kir4.1 channel in concentric 5-10
μm wide rings surrounding Aβ plaques up to 100 μm distant. All values were normalized to the average value of the
last concentric ring at 80-100 μm. (a) In the cortex, both 9- and 15-month-old mice showed increased Kir4.1 staining
(repeated measures ANOVA; p = 0.0002 (N = 27) & p < 0.0001 (N = 32), resp.) up to 60 μm from the Aβ plaque (Dunnett’s
multiple comparison test). (b) In the dentate gyrus (right), both 9- and 15-month-old mice showed increased Kir4.1 staining
(repeated measures ANOVA; p < 0.0001 (N = 17), p < 0.0001 (N = 16), resp.) up to 30 μm from the plaque center (Dunnett’s
multiple comparison test).
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the yellow crosshairs. The crosshairs
are centered over individual GFAP
positive, astrocyte filament bundles
proximal to Aβ-plaques (DAPI, white
asterisk) to reveal colocalization of the
red GFAP signal with the green Kir4.1
signal. GFAP filament staining only
partially represented the full volume of
an astrocyte and is not present in the
fine filapodia of these cells where Kir4.1
protein was located.

additional qPCR quantification is provided in Supplementary figures (Fig. S4). Mouse monoclonal
antibody for GFAP led to background staining of blood vessels.
Quantitative analysis of Kir4.1 immunofluorescence showed significantly enhanced mean
fluorescence within 60 μm of the center of an Aβ plaque in the cortex (Fig. 8a, p = 0.0002) and
30 μm in the DG (Fig. 8b, p < 0.0001, repeated measures ANOVA followed by Dunett multiple
comparison test). Beyond these regions intensity tapered off to background immunofluorescence as
defined at 80-100 μm from the center of the plaque. In order to average over multiple preparations,
all values within a single image were normalized to the mean value of this 20 μm wide ‘background’
ring (Fig. 8). Confocal image analysis revealed that Kir4.1 expression proximal to Aβ plaques is
localized to astrocytes (Fig. 9). The spongiform morphology of an astrocyte positive for GFAP was
clearly abutting a deposition of Aβ (Fig. 9, asterisks). Z-stacks of a 12 μm cryo-section obtained
from a 9-month-old APP/PS1 mouse revealed co-localization of the signals for GFAP and Kir4.1
in two different astrocytes proximal to two separate plaques in the DG (Fig. 9, coordinates x1, y1
& x2, y2).
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Figure 9. Kir4.1 expression was
increased in astrocytes surrounding Aβplaques in the dentate gyrus. Z-stacks
show Kir4.1 staining (green) localizing
with and surrounding GFAP filament
staining (red). The main image shows
one section from a confocal z-stack with
x1 and y1 corresponding to all z-stacks
along the white crosshairs and x2 and
y2 corresponding to all z-stacks along

Discussion
Brain function arises from the interplay of many different cell types, including astrocytes and
neurons. In many diseases astrocytes become reactive yet the consequences of this activated state
on cell function are not known. The exact type of cellular reactivity and the consequences for
brain function are likely disease-specific (Pekny et al. 2016). AD is a highly prevalent disease
characterized by high levels of reactive gliosis, but little is known about the role gliosis plays in this
disease. In order to adequately assess AD pathogenesis in light of the essential roles astrocytes play
in healthy brain functioning it is key to also understand how astrocytes contribute to the disease
process. In this study, we started with transcriptomics data from our earlier studies to investigate
the expression of genes involved in K+ homeostasis. Subsequently, we assessed functional changes
related to Kir4.1 channel expression by patch-clamp recording from astrocytes proximal and distal
to Aβ plaques, and we studied the localization of Kir4.1 protein in relation to gliosis. Our findings
demonstrate that despite significant changes in gene expression, no changes in Kir4.1 currents
were observed suggesting that K+ clearance by astrocytes is unaltered in AD. This might be due to
the redistribution of Kir4.1 protein closer to plaques, which might be a homeostatic mechanism to
compensate for potential local [K+] changes. In human AD post-mortem brain material indeed no
change in [K+] was observed (Graham et al. 2015), which corroborates our data.
We found no evidence of changes in passive membrane properties between wild-type and AD
astrocytes. Low membrane resistance, negative resting membrane potential, and a large – mainly
K+ – conductance are key characteristics of these cells, also in AD. We also found no dramatic
changes in passive current profiles. This is in contrast to observations in other diseases such as
temporal lobe epilepsy (Bedner et al. 2015) and stab-wound injury (Sirko et al. 2013) where the
current profiles of reactive astrocytes are no longer dominated by a passive K+ conductance. This
points to reactive gliosis as a heterogeneous response, not a universal principle, that is dependent on
environment and the specific pathological process (Sofroniew 2009). Our findings do not exclude
potential changes in the composition of the passive K+ conductance observed in these cells. For
instance, changes in the expression of individual channel types might compensate for each other so
that the overall current pattern remains similar.
When we subdivided APP/PS1 astrocytes into proximal (within ~80 μm of an Aβ plaque) and
distal (>100 μm distance to Aβ plaque) groups we again found no significant differences between
groups. This was contrary to our expectation. Astrocytes within 50-80 μm of an Aβ plaque edge
undergo distinct phenotypic changes independent of Kir expression (Bouvier et al. 2016; Galea
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are less well defined. While basic membrane properties and the proportion of Ba2+-sensitive
currents remained unchanged, our immunostaining indicated that reactive astrocytes surrounding
Aβ plaques up-regulated Kir4.1 protein. A caveat in ascertaining proximity to an Aβ plaque ex vivo
is that the slice preparation removes cells from their 3-dimensional surroundings and may therefore
falsely categorize astrocytes as distal. This is a potential source of variability within this group.
Additionally, the low input resistance and gap junction coupling of astrocytes in situ significantly
impair temporal and spatial clamp conditions and hence limit any quantitative functional analyses
(Ma et al. 2014; Seifert et al. 2009; Seifert et al. 2016) . Also, the density of Kir4.1expression
is enriched in the distal processes of adult astrocytes (Higashi et al. 2001; Moroni et al. 2015),
which escape control during patch clamp recording. This potentially explains why changes in the
transcriptome and immunohistochemistry are not reflected by the functional data. Use of astrocytes
freshly isolated from the tissue (Seifert et al. 2009) and utilizing mice with genetically uncoupled
astrocytes (by crossing the APP/PS1 mouse with Cx30-/-, Cx43fl/fl GFAP:Cre mice; (Wallraff
et al. 2006) would help improving space clamp conditions. Additionally, we chose to record in 9
month-old mice in order to make comparisons between those astrocytes proximal to Aβ plaques
and those further away. In older APP/PS1 mice the plaque density within the DG is too high to
make such comparisons (Jankowsky et al. 2004). We assumed that those astrocytes close to
plaques would be most affected since it is this population that shows hypertrophy and increased
GFAP and vimentin expression, classical markers of gliosis also present in the hippocampus (Hol
& Pekny 2015; Kamphuis et al. 2014). We cannot exclude that the reduction in Kir expression, as
found in the transcriptome data, may be a result of chronic astrogliosis specifically in the cortex of
15-18 month-old APP/PS1 mice.
Discrepancy in our results may in part be due to the age ranges used in our experiments and
the differences found between methods. We have performed qPCRs at 9 and 15 months on RNA
isolated from homogenates of hippocampi (Supplemental Figure 3). These data underscore that
mRNA findings are not per se consistent with the protein data especially considering that this tests
a pool of cells as opposed to a specific subpopulation. Isolating astrocytes from hippocampi is
feasible, however the size of the population needed in order to isolate sufficient material for FACS
was prohibitive and the isolation of a population of cells as mentioned above remains unavoidable.
In our opinion, the protein data (immunostaining) are the most robust and reliable, as it is known
that RNA cannot always be directly translated into protein data; this is depending on the state
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et al. 2015; Jo et al. 2014; Serrano-Pozo et al. 2013) while changes in more distal astrocytes

of the cell as well as multitude of other factors (See Liu et al 2017, Cell). Additionally, in 1518 month-old mice it is not possible to distinguish proximal vs. distal plaques because of the
density of plaques present at this time point. Patterns of change were already apparent in 9-month
immunohistochemistry, and therefore the aim was to look at change in astrocytes as they become
reactive. It was therefore essential to be able to compare astrocytes further away from plaques that
are often classically seen as “less reactive” based on less GFAP expression than those astrocytes
directly surrounding plaques (qPCR of GFAP expression in HPC at 9 months is significantly
upregulated indicating increased reactivity, Supplemental Figure 4).
Despite the above limitations, our data indicate that the buffering capacity for K+ is robust and
unchanged in astrocytes of 9 month-old AD mice. Both the percentage of inward current remaining
after tetanic stimulation and the time constant for relaxation of the current back to baseline suggested
that the ability to dissipate increased [K+]o does not differ between wild-type and AD astrocytes.
FACS sorting astrocytes may bias selection towards astrocytes more easily isolated from tissue
homogenates. FAC-sorting is limiting in that it is more difficult to isolate dispersed cells, RNA in
fine cellular processes may be lost, and isolation procedures can potentially induce changes in gene
expression (Gay et al. 2013). This is a similar limitation in other cell-specific isolation methods
reliant on physical dissociation of cells such as immunopanning that can induce the expression of
apoptosis genes (Okaty et al. 2011). Mechanical dissociation techniques also generally shear away
fine processes thereby limiting gene expression profiles by missing nascent mRNAs translated in
more vulnerable subcellular compartments. This may in part explain how the down-regulation of
Kir4.1 we detected with our microarray analysis was not corroborated by immunohistochemistry or
electrophysiology. A next step would be to implement cell-type specific RNA isolation techniques
that are capable of detecting actively translated RNA in fine processes. Translating ribosome
affinity purification (TRAP) allows for the capture of actively translated mRNAs in complex cells
(Heiman et al. 2014; Sakers et al. 2017) and is a tool that may provide a clearer characterization
of Kir4.1 actively translated in the finer processes of astrocytes in contact with amyloid beta.
Additionally, cell specific promoter driven expression of epitope-tagged mRNA-binding protein
can be used to tag mRNA and isolate it from specific cell populations (Roy et al. 2002), also
avoiding loss of mRNA to mechanical dissociation of cells. Newly synthesized RNA can also be
tagged with a modified uracil analog, a method called TU-tagging, and can be spatially restricted
to specific cells making isolation of RNA from difficult to dissociate or isolate cell populations
possible while at the same time reducing background and increasing sensitivity of subsequent
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In this instance, non-plaque associated, more distal astrocytes may be isolated more easily
considering changes in the extracellular matrix that have been found in this AD model (Végh
et al. 2014). Astrocytes within the DG are not homogeneous in their response to pathology. It is
clear that astrocytes surrounding plaque deposition in the cortex and hippocampus of AD mouse
models are hypertrophic and increase GFAP expression (Girard et al. 2014; Kamphuis et al. 2012;
Norris et al. 2005; Olabarria et al. 2010). Though classical markers for astrogliosis – increased
GFAP and vimentin expression and hypertrophy – are not present in this population of non-plaque
associated astrocytes they may represent a different class of reactive astrocytes. In fact, one study
of PDAPP-J20 mice showed decreased cell volume and increased process complexity in nonplaque associated astrocytes when compared to wild-type littermates; these changes were also
evidently different to plaque-associated astrocytes (Beauquis et al. 2013). These changes are
perhaps indicative of multi-stage and milieu-dependent reactivity that may also depend on the
presence and concentration of oligomeric Aβ. Other studies of a triple-transgenic mouse model of
AD found the presence of astrocytic atrophy preceding plaque deposition (Kulijewicz-Nawrot et
al. 2012; Olabarria et al. 2010; Yeh et al. 2011).
Our immunohistochemical staining revealed redistribution of Kir4.1 in proximal GFAP+ astrocytes.
This is seen in both the cortex and the hippocampus and is plaque-dependent, seen at both 9- and
15-months of age. At 9-months the pattern of increased expression is most obvious in the DG
in comparison to the cortex. Though staining is also visible in non-plaque associated areas it is
difficult to ascertain immunohistochemically potential quantitative changes of Kir4.1 in non-plaque
associated astrocytes. What was apparent is that increases in Kir4.1 expression were heterogeneous
since not all GFAP+ astrocytes proximal to Aβ plaques showed the same levels of increased Kir4.1
expression. The increase in Kir4.1 surrounding Aβ deposition could also be due to its presence
in other cell types. Kir4.1 has been found to be present in Olig2+ cells of the hippocampus and
cortex confined to the soma of these cells but in far lower concentration than found in astrocytes
(Moroni et al. 2015). Additionally, Kir4.1 is expressed in NG2 cells displaying complex current
patterns (Hsu et al. 2011; Schröder et al. 2002; Steinhäuser et al. 1994; Tang et al. 2009). However,
our confocal imaging of Kir4.1 shows clear co-localization of Kir4.1 with GFAP, underscoring its
presence in astrocytes. However, immunostaining itself does not attest to the functionality of the
channels present. Increased staining could also be suggestive of redistribution of Kir4.1 channels
and/or the failure to recycle older and perhaps non-functional channels.
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comparison methods (Gay et al. 2013; Miller et al. 2009).

Astrocytes within the DG are heterogeneous in their Kir conductance, the variability of which
increases under the pathology of the APP/PS1 model. There may in fact be a gradient of changes
occurring as distance increases from plaque deposition, blurring the putative functional distinction
between individual astrocytes proximal and distal to plaques. Our research shows that astrocytes
maintain their ability to clear K+ in spite of AD pathology and Kir channel dysfunction is likely
not attributable to plaque deposition. The Kir4.1 protein, however, shows redistribution towards
plaque associated astrocytes.
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Supplemental Data
Table
AmiGO GO terms and subclasses used to identify genes of interest differentially expressed in APP/PS1 astrocytes
TableS1.
S1.
compared to wild-type, age-matched littermates.

GO terms
Regulation of membrane potential (GO:0042391)

Regulation of synaptic transmission, glutamatergic (GO:
0051966)
L-glutamate transport (GO:0015813)

Potassium channel activity (GO:0005267)

Potassium ion transport (GO:0006813)
Synaptic vesicle (GO:0008021)
Synaptic vesicle transport (GO:0048489)
Anion channel activity (GO:0005253)

Calcium channel activity (GO:0005262)
Calcium ion transport (GO:0006816)

Cannabinoid signaling pathway (GO:0038171)

Regulation of synaptic transmission, GABAergic (GO:
0032228)
Gap junction (GO:0005921)
Purinergic receptor activity (GO:0035586)
Cell-cell adhesion (GO:0098609)
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subclasses
Regulation membrane potential; positive regulation of
excitatory postysnaptic membrane
potential; regulation of resting membrane potential/
membrane hyperpolarization; regulation
of resting membrane potential/membrane
hyperpolarization; regulation of inhibitory postsynaptic membrane potential; myelination; axon
ensheathment
Regulation glutamate transport; positive regulation
synaptic transmission, glutamatergic; negative regulation
synaptic transmission, glutamatergic; glutamate transport;
glutamate uptake involved in synaptic transmission;
synaptic transmission, glutamatergic; production of
prostaglandins, PGE2 in particular facilitates excitatory
glutamatergic synaptic transmission
Potassium channel activity; potassium ion homeostasis;
inward rectiQier potassium channel activity; delayed
rectiQier potassium channel activity; regulation membrane
repolarization; small conductance, Ca-activated potassium
channel activity; calcium-activated potassium channel
activity
Sodium potassium exchanging ATPase activity; negative
regulation of potassium ion transmembrane transport;
negative regulation of potassium ion transport; positive
regulation of potassium ion import; potassium ion import
Synaptic vesicle endocytosis; regulation of synaptic vesicle
transport; anterograde synaptic vesicle transport; synaptic
vesicle transport; positive regulation of synaptic
Chloride channel activity; GABA-A receptor activity;
voltage-gated chloride channel activity; regulation anion
transport; intracellular calcium activated chloride channel
activity; extracellular-glycine-gated chloride channel
activity
Calcium ion import; calcium ion transmembrane transport;
cellular calcium ion homeostasis; calcium ion
transmembrane transport; positive regulation of clacium
ion import; voltage-gated calcium channel complex; Gprotein coupled receptor activity; inositol phosphatemediated signaling; calcium ion import; calcium
transporting ATPase activity
Regulation endocannabinoid signaling pathway;
endocannabinoid signaling pathway
Negative regulation of synaptic transmission, GABAergic;
neurotransmitter transport; allosteric modulator of GABAa
receptor channels; sodium- and chloride-dependent GABA
transporter
Negative regulation of TGFbeta receptor signaling pathway;
gap junction; cell communication by electrical/chemical
coupling; cell-cell signaling; calcium ion transport
G-protein coupled adenosine receptor activity; G-protein
coupled purinergic nucleotide receptor activity; purinergic
nucleotide receptor activity
Positive regulation of excitatory postsynaptic membrane
potential; positive regulation of synaptic transmission,
glutamatergic; regulation membrane potential; positive
regulation of calcium mediated signaling

validated using qPCR
Gene
Name

‘GO’ term

Kcnj10

Potassium channel
activity
Potassium channel
activity
Potassium channel
activity
Potassium channel
activity

Kcnj16
Kcnk1

Kcnn2
Kcnn3

Kcnk10
Ntrk2
Egfr
Slc1a2
Slc1a3
Ntsr2
Atp2b2
MgII

Atp1b2
Adora2b
Ncam1
Nrxn1
Cdh2
Nlgn1
Ank2
Gjb6
Gja1

Potassium channel
activity
Potassium channel
activity
Regulation of
synaptic
transmission,
glutamatergic
Regulation of
synaptic
transmission,
glutamatergic
Regulation of
synaptic
transmission,
glutamatergic
Regulation of
synaptic
transmission,
glutamatergic
Calcium ion
transport

Calcium ion
transport
Cannabinoid
signaling pathway
Regulation
membrane
potential
Purinergic receptor
activity
Cell-cell adhesion
Cell-cell adhesion
Cell-cell adhesion
Cell-cell adhesion
Cell-cell adhesion
Gap junction
Gap junction

Log foldchange
FAC-sort

p-value
FAC-sort

-2.8

0.008

-2.6

0.002

-2.7

0.004

-2.8

0.011

Log foldchange
qPCR

p-value
qPCR

Primer sequence

-2.2

-1.2

0.026

-3.2

0.006

0.002

--

Fwd: ATGGCTTGAGACTGGAGCTT
Rev: GCAGAGCCCATAGAGTGACT
Fwd: CATCCCACCAGTCCAGAAGT
Rev: CTGCAAGCAGTTCACCTTGT
Fwd: GGGAAGGCTACAACCAGAAG
Rev: TTCACAGAAGGTCTCCAGGA
Fwd:
GTGTGAAGATGGAACAGAGGAA
Rev:
ACATGATATTCTGGGTCTTTGCC
Fwd: CGAACTCACCAAAGCAGAGA
Rev: CGGCATTCTTGATCCGTTTG
--

-4.8

< 0.001

-2.0

0.042

-2.0

0.039

-2.3

0.004

-1.6

0.031

-2.1

0.008

--

Fwd: ATCTTCACCTACGGCAAGCA
Rev: CTCTTCCCTGGGTGATGCA

-2.2

0.016

--

--

--

-2.6

0.006

--

--

--

-2.9

0.003

--

--

--

-2.6

0.010

-1.9

0.050

-2.0

0.013

-3.0

0.022

-2.0

0.019

-1.9

0.008

Fwd: CCATCGTGGCTGTGTATGTCA
Rev:
AGCTGACATAGAAGAGCGTGTT
Fwd: ACGTCTTTGACGGGATCTTC
Rev: AACTGCACGATCACTATCTGG
Fwd: TGTCCTGCCAAATATGACCTT
Rev: TACAGGTCAACCTCCGACTT
Fwd: CCTTGGCCACTTTGTCATGT
Rev:
GGAACTTTACAGCCACCAAAGG
Fwd:
CGCTCAGGTATAAAGGTTTGGT
Rev: CAATCCAATGCCAAAGGCAAG
-------

-2.5

0.005

-1.9

0.025

-2.5

0.009

-2.1

0.006

-2.3
-2.7
-2.9
-2.1
-2.5
-3.2
-2.4

0.004
0.027
0.002
0.007
0.002
0.002
0.025

--------

--------
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Table S2.
Table
S2. Down-regulation of genes detected in a microarray of FAC-sorted cortical astrocytes with a selection of genes

Figure S1. Proximal and distal Aβ plaques zones in the dentate gyrus of 9-month-old APP/PS1 mice. Aβ plaques are
identified using the antibody 6E10 (upper right panel, green) and used in the composite (upper left, DAPI, blue; lower left,
Kir4.1, red) image to depict an area of 100 μm surrounding Aβ plaques (lower right panel, yellow dashed lines; scale bars,
white, 100 μm). Where these lines do not intersect represent distal areas. Astrocytes in these zones are referred to in the text
as distal astrocytes, while those within 80 μm of plaques are referred to as proximal astrocytes.
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Fig. S2. Proximal and distal Aβ plaques zones in the dentate gyrus of 9-month-old APP/PS1 mice. Aβ plaques are identified
in the the DAPI channel (upper left panel, blue) and used in the composite (upper right, GFAP, green; lower left, Kir4.1,
red) image to depict an area of 100 μm surrounding Aβ plaques (lower right panel, yellow dashed lines; scale bars, white,
100 μm). Where these lines do not intersect represent distal areas, as can be seen the right half of the dentate gyrus is a
distal zone. Astrocytes in these zones are referred to in the text as distal astrocytes, while those within 80 μm of plaques are
referred to as proximal astrocytes.
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Figure S3. Whole cortex and hippocampus homogenates containing all cell populations (neurons and macro- and microglia)
from 3-, 9-, and 15-month old APP/PS1 mice and wild-type littermates reveals general up-regulation of Kir4.1 expression
in late stages of AD pathology. (a) Quantitative PCR of homogenates of cortex from 3-, 9-, and 15-18-month old mice
reveal increasing Kir4.1 expression in older APP/PS1 mice. Kir4.1 is significantly increased in the APP/PS1 15-month mice
(red) compared to wild-type (grey) (p = 0.034) while at 9- this difference does not reach significance. (b) Hippocampal
homogenates from 3-, 9-, and 15-month old mice show significant increases in Kir4.1 expression with increasing age (Twoway ANOVA, p < 0.0001) and in the 9- and 15-month old APP/PS1 populations the Kir4.1 expression increase is more
pronounced, with expression at 15-months significantly increased compared to wild-type (p = 0.01). Quantitative PCR data
was normalized to the reference genes: Gapdh, Actb, Hprt (number of mice per experimental group, wild-type vs. APP/PS1
respectively: 3-months (7, 9), 9-months (9, 7), 15-months(11, 5)).

Figure S4. Quantitative-PCR of hippocampal
GFAP expression in APP/PS1 mice expressed
as fold change from wild-type age-matched
controls. RNA was isolated from homogenates
of hippocampi collected from 3-, 6-, 9-,
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12-, 15-, and 18-month old transgenic and
wild-type mice. Number of mice used in
quantification for wild-type and APP/PS1
respectively: 3-months (6, 8), 6-months (3, 3),
9-months (10, 9), 12-months (4, 6), 15-months
(10, 7), 18-months (17, 12).
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CHAPTER 4

Hippocampal astrocytes display longer
calcium transients with increased frequencies
during disease progression in the APP/PS1
mouse model of Alzheimer’s disease.
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Abstract
Astrocytes are critical for healthy brain function. They are located in close proximity to synapses
and the vasculature and communicate through calcium transients. In Alzheimer’s disease (AD),
astrocytes become reactive, which is thought to represent changes in their signaling properties.
In this study, we measured spontaneous and ATP-induced calcium transients in hippocampal
astrocytes of the dentate gyrus of 6 and 9 months-old APP/PS1 mice. We investigated the frequency
and duration of the calcium transients in relation to the proximity of the astrocyte to β-amyloid
plaques, and in relation to AD disease progression.
In astrocytes of 6 months-old AD mice, no changes were found in spontaneous calcium transients,
whereas increased calcium transients were present in response to purinergic input. In 9 monthsold AD mice, more astrocytes were hyperactive, that displayed increased spontaneous calcium
transients that were also longer in duration. In response to purinergic input, the calcium transients
were decreased, irrespective of their proximity to an amyloid plaque. Moreover, the likelihood and
degree of spontaneous wave formation was also increased in this age group as compared to wildtype littermates.
Our findings suggest that alterations in calcium signaling occur in hippocampal astrocytes of AD
mice, that are exacerbated by aging and by amyloid-related disease progression. These alterations
in calcium dynamics of the astrocytes may help to understand changes in synaptic communication
and cognition, ultimately leading to dementia.
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Alzheimer’s disease (AD) is the leading form of dementia in the elderly that is characterized
by prominent glial and neuropathological changes. β-amyloid oligomers are thought to be early
initiators that may trigger subsequent microgliosis and astrogliosis. As astrocytes are closely
associated with synapses in the so-called tri-partite synapse and can modulate neuronal vesicle
release e.g., changes in astrocyte properties may affect synaptic and cognitive functions that could
play an important role in AD etiology (Osborn et al., 2016; Pekny et al., 2016).
Reactive astrocytes are in close contact to β-amyloid plaques (Daschil and Humpel, 2016; Kamphuis
et al., 2015; Kraft et al., 2013), which may on the one hand, be beneficial, e.g. in cognitively normal
individuals with β-amyloid plaques, where astrocytes were found to have an increased expression
of the astrocyte glutamate transporter GLT-1 that can compensate for glutamate-induced neuronal
damage (Kobayashi et al., 2018). Alternatively, a prolonged reactivity of astrocytes may be
detrimental, as this may affect synaptic functions, as suggested before (Orre et al., 2014a).
The transentorhinal and entorhinal cortices (EC) are among the first brain regions to be severely
affected by AD pathology (Braak et al., 1996). Afferents from these areas project onto the dentate
gyrus (DG), an area essential for spatiotemporal encoding and longterm memory formation
(Madroñal et al., 2016). As observed in AD brain tissue, neurodegeneration in the EC is associated
with reductions in synaptic and neuron density in the DG (Bertoni-Freddari et al., 2003; Masliah et
al., 2006). Coincidently, astrocytes in the EC appear reactive in all patients showing AD pathology,
irrespective of whether dementia is present or not (Kobayashi et al., 2018). The presence of reactive
astrocytes is not restricted to the EC but is coincident with the appearance of β-amyloid plaques in
the hippocampus (Kamphuis et al., 2014; Olabarria et al., 2010).
Reactive gliosis is a phenomenon that has been recognized as a general characteristic of
neurodegenerative diseases including AD, but the exact consequences of this particular process
for brain function remain elusive. Changes in astrocyte physiology and function are thought to
follow initial changes in β-amyloid deposition, that can then further trigger cognitive dysfunction
and aggrevate AD pathogenesis (Osborn et al., 2016). For instance, aberrant GABA release by
astrocytes in AD mice has been shown to increase tonic neuronal inhibition in the DG (Jo et al.,
2014; Wu et al., 2014), and may therefore play a role in the disruption of hippocampal function.
Astrocytes communicate with each other and with neurons in the tripartite synapse through calcium
transients and waves (Araque et al., 2014). A few reports have now shown that calcium signaling
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Introduction

in the astrocytes of AD mice appears to be dysregulated, although the functional implications of
these changes are not yet understood (Delekate et al., 2014; Kuchibhotla et al., 2009; Takano et al.,
2007). Cortical astrocytes in the APP/PS1 mouse model show elevated calcium levels, independent
of plaque proximity, and exhibit more frequent calcium transients that are synchronized in
waves across longer distances (Kuchibhotla et al., 2009). These calcium transients, starting at
plaques, continue throughout the astrocyte networks, and are not directly affected by neuronal
activity (Kuchibhotla et al., 2009). It further appears that purinergic signaling plays a role in this
hyperactivity, via either P2Y1 receptors or hemi-channel-mediated nucleotide release (Delekate et
al., 2014).
The experiments described in this chapter focus on calcium activity measures of astrocytes in the
hippocampal DG of APP/PS1 mouse, an established AD mouse model that develops extensive
plaque pathology at later ages (Jankowsky et al., 2004). The first plaques in the hippocampus are
detectable at 5 months, corresponding to early-stage AD, after which plaque deposition increases
over time and resembles mid-stage AD by 9-months (Jankowsky et al., 2004; Kamphuis et al., 2012).
The current APP/PS1 and wild-type littermate mice express GCaMP3 under a GFAP promoter and
were recorded at both 6-months and 9-months of age, allowing the distinction between early and
mid stages of disease progression. We performed extensive wave-pattern analysis to determine if
hippocampal dentate gyrus astrocytes display similar patterns to what has been observed in the
cortex. Additionally, we sought to understand if proximity to plaques and the effects of ATP on
calcium dynamics was involved in the dysregulation of astrocytic calcium signaling.
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Mice
Heterozygous double-transgenic APPswePS1dE9 mice (APP/PS1) (strain B6.Cg-Tg(APPswe,
PSEN1dE9)85Dbo/Mmjax; stock number 35832; http://jaxmice.jax.org/) (Jankowsky et al.,
2004); originally received from Dr. Borchelt and back-crossed to C57BL/6) were crossed with
homozygous GCaMP3f/f mice (a gift from Dr. C. Levelt, NIN, the Netherlands; https://www.jax.
org/strain/014538). Mice from these litters were then back-crossed to homozygous GCaMP3f/f
mice to maintain a hemizygous APP/PS1 line with homozygous GCaMP3f/f mice. APP/PS1-/+
x GCaMP+/+ mice were then crossed with GFAP-CreERT2+/+ mice (a gift from Dr. C. Levelt,
NIN, the Netherlands; https://www.mmrrc.org/catalog/sds.php?mmrrc_id=16992). Genotype
was determined by performing real-time PCR with the following primers (sequence from 5’ to
3’): GFAP-CreERT2, TTGCTTATAACACCCTGTTACG, CGATGAGTTGCTTCAAAAATCC;
GCaMP3f/f,

CCAAAGTCGCTCTGAGTTGTTATC,

CTTCAAGATCCGCCACAACATCG,
GACTGACCACTCGACCAGGTTCTG,

GAGCGGGAGAAATGGATATG,

TTGAAGAAGATGGTGCGCTCCTG;
CTTGTAAGTTGGATTCTCATATCC;

APP,
PS1,

AATAGAGAACGGCAGGAGCA, GCCATGAGGGCACTAATCAT.
Intraperitoneal injection of 120 mg/kg of Tamoxifen (Tocris, cat. No. 0999) dissolved in corn
oil (20 mg/ml) was given for 4 days, 10-14 days prior to recording. Animals were housed under
standard conditions and were provided with food and water ad libitum. All experiments were
performed in accordance with protocols and guidelines approved by the Institutional Animal Care
and Use Committee (UvA-DEC) operating under standards set by EU Directive 2010/63/EU.

Slice preparation
Acute horizontal slices of the hippocampus were obtained from 6- or 9-months old APP/PS1/+ x GCaMP3+/+ x GFAP-CreERT2-/+ mice, hereafter AD6 and AD9, respectively, and nonAD littermates (APP/PS1-/- x GCaMP3+/+ x GFAP-CreERT2-/+), hereafter WT6 and WT9,
respectively. Mice were decapitated, the brain was rapidly removed and stored in ice-cold
oxygenated (95% O2 - 5% CO2), modified artificial cerebrospinal fluid (mACSF: 87 mM NaCl, 60
mM sucrose, 2.5 mM KCl, 1.25 mM NaH2PO4, 7 mM MgCl2, 0.5 mM CaCl2, 10 mM d-glucose,
25 mM NaHCO3, pH 7.4). 290 μM thick slices were cut with a vibratome (VT1000S, Leica)
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Methods & Materials

and transferred to mACSF of 35°C for 20 min, to recover. Sulforhodamine 101 (SR101, S7635,
Sigma) was added to a concentration of 1 μM and the slices were incubated for 20 minutes at room
temperature to selectively stain astrocytes (Kafitz et al., 2008; Nimmerjahn et al., 2004). Next,
slices were transferred to ACSF (126 mM NaCl, 3 mM KCl, 2 mM CaCl2, 2 mM MgSO4, 1.25
mM NaH2PO4, 10 mM d-glucose, 26 mM Na2HCO3), kept at room temperature and gassed with
(95% O2 - 5% CO2). During recording slices were continuously perfused with ACSF (2.5 mL/
minute) and kept constant at 28°C.

Electrophysiology
Whole-cell voltage and current clamp recordings were obtained from randomly selected neurons in
the outer two-thirds of the granule cell layer of the DG (Axopatch 200B, Axon Instrument, Molecular
Devices, USA). Recording pipettes were pulled from borosilicate glass (Science Products) and had
a resistance of 3-5 MΩ when filled with pipette solution (136 mM potassium d-gluconate, 10 mM
NaCl, 10 mM 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES), 0.5 mM ethylene
glycol-bis(2-aminoethylether)-N,N,N´,N´-tetraacetic acid (EGTA), 5 mM Mg-ATP, 0.5 mM Na2GTP, pH adjusted to 7.3, osmolarity adjusted with sucrose to 300 mOsmol). Series resistance and
cell capacitance were monitored during recording. To evoke synaptic responses, a 0.2 ms bi-phasic
current pulse (Digitimer) was given by locating a bipolar tungsten electrode (WPI, USA) to the
perforant path at a distance of up to 300 μm from the recorded cell. Electrophysiological recordings
were made using an Axopatch 200B patch-clamp amplifier (Molecular Devices, USA); signals
were low-pass filtered at 2 kHz and sampled at 5 kHz using an NI USB-6259 digitizer (National
Instruments, USA). The liquid junction potential (-14 mV) was corrected online. Data acquisition
and analysis were performed with in-house software running in Matlab (MathWorks, USA).

Calcium imaging
Cells were visualized with an upright microscope (SliceScope Pro 6000, Scientifica, UK) equipped
with oblique illumination and a 40X water immersion objective. Images were acquired with an
Orca-Flash4.0 v2 digital CMOS camera (Hamamatsu Photonics, Japan) and Hokawo imaging
acquisition software (Hamamatsu Photonics, Japan) running in external trigger mode. Images were
acquired over a period of 420 seconds with a sample frequency of 8 Hz and 2x2 binned (1048x1048
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were visually identified by their GCaMP3 positivity, expressed under the GFAP promoter, using
a 470 nm LED and 525 nm emission filter and were checked for SR101 positivity using a 585
nm LED (pE-100, CoolLED, UK) and mCherry-Texas Red filter cube (Chroma, USA). A pipette
containing caged-ATP was strategically placed in the recording field to ensure proper distribution
upon timed TTL-pulse pressure application from a picospritzer (General Valve Corp, USA) and
uncaging with a 360 nm LED (CoolLED, UK) flash.

Calcium data analysis
The fluorescence signal was quantified by manually selecting GCaMP positive somatic regions of
interest (ROIs) from the mean image made from all frames. Selected ROIs were then checked for
SR101 positivity and only SR101 positive cells were used in subsequent analyses. The average
GCaMP signal from all pixels within the ROI was determined for all frames and used as the raw
signal for further analysis utilizing an in-house MATLAB program. Raw signals were fitted with
an 8th order polynomial which was then subtracted from the raw signal (∆F) and subsequently
divided by the fit (F) to give the change in florescence over time (∆F/F) as adapted from Balkenius
et al (Balkenius et al., 2015). Subsequently, the value in baseline was determined for each astrocyte
individually, by taking the average signal per 8 consecutive frames and binning these values to
determine a distribution of baseline values. If the bin with the greatest number of values fell within
the lower third of the intensity distribution, the average of all values within these bins was set as
the baseline. Bins above this lower third contained the calcium transient peaks. Otherwise the
distribution was observed to be Gaussian and representative of background noise, in which case
the average of the entire signal was used to set the baseline value.
In order to determine the frequency and timing of calcium transients, peaks were detected
using the built-in Matlab function findpeaks. Transients included for analysis had to meet three
criteria: 1) the height of the peak had to be at least 2.5 times the standard deviation of the baseline
signal (‘MinPeakHeight’); 2) the minimal time between two peaks had to be at least 3 seconds
(‘MinPeakDistance’); and 3) the peaks need to have a minimum relative importance of 1 standard
deviation of the baseline (‘MinPeakProminence’). Next, it was determined whether the transients
detected were single events or whether the transient contained multiple peaks before going below
baseline. Multiple peaks within one transient were dubbed supra-events and the width at half-height
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pixels) and synchronized to electrophysiological data acquisition using TTL impulses. Astrocytes

of each individual transient was used to estimate the duration of these supra-events. Single event
durations were determined by finding the points at which the signal crossed 2.5 times standard
deviation of the baseline in either direction. Analysis of acquired data was carried out using Matlab
2014b.

Calcium wave analysis
The strength of coupling between astrocyte pairs and the presence of spontaneous waves was
done as follows: First the pairs of astrocytes were identified that were at least 50 μm distance from
each other and that showed transients that were less than 3 seconds apart. Events matching the
above criteria and involving more than 3 steps were considered waves. This pairwise step was then
further carried out in order to determine how far the connections could be made, up to 8 steps, with
each subsequent pair meeting the above criteria. If a sequence of astrocytes was present in a longer
wave, i.e. 4 steps and 5 steps, then this sequence was eliminated from the shorter wave in order
eliminate redundancy and determine unique wave combinations. The average number of cell pairs
was determined by calculating how often a single astrocyte received input from and sent output to
another astrocyte, following the same above criteria. The recurrence of certain astrocyte pairs was
determined and unique seeds were identified by establishing which astrocytes routinely initiated
the formation of wave combinations. All analyses were done using in-house Matlab script running
in version 2014b.

Statistics
All values are reported as mean ± SEM for normally distributed values and median with interquartile
range (IQR) for not normally distributed data. Statistical significance was assessed using Student’s
t-test and Mann-Whitney or Wilcoxon non-parametric paired test, ANOVA with Tukey’s post hoc
multiple comparison test, or Kruskal-Wallis with Dunn’s post hoc multiple comparisons where
appropriate. P<0.05 was assumed to reject the null hypothesis. The number of slices and animals
are listed in the figure legends.
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Measuring calcium transients in astrocytes over time
In order to determine differences in calcium transients between astrocytes in AD mice and WT
littermates, we recorded fluorescence signals from GCaMP3-expressing SR101+ astrocytes in
the DG of hippocampal slices. By labeling the astrocytes with the astrocyte-specific dye SR101,
we ensure that the analyzed fluorescence signals are originating from astrocytes. Astrocytes were
recorded in close proximity to a β-amyloid plaque or in slices that showed no visible β-amyloid
plaque pathology in the slice. This ensured that separation of astrocytes into distinct groups, those
within 80 µM of a plaque and those further away, was possible. The position of the pipette that
released ATP (Figure 1a, white asterisk) was noted as well. Plaques were identified by their rugged,
dense appearance with a defined border using oblique illumination (Figure 1a, white arrows). The
fluorescence marker methoxy-X04 used in live brain tissue to identify plaques could not be used
in our setup to identify plaques (Klunk et al., 2002), as this would interfere with the wavelength of

Figure 1. Genetically encoded GCaMP3+ reveals detectable somatic changes in calcium over time ex vivo. a) Plaques
in AD mice (AD9 depicted) were identified using oblique illumination characterized by a rugged, dense appearance with
a defined border (upper left panel, white arrows); the position of the ATP pipette was noted (white asterisk). Astrocytes
were identified as SR101+ (upper right panel, numbered cells GCaMP3+). Not all SR101+ cells are GCaMP3+. Astrocytes
recorded showed clear fluctuations in somatic calcium as can be seen in cell 5 at 15 seconds (lower left panel) while this
same cell has reached baseline fluorescence at 210 seconds (lower right panel). b) Transient changes in somatic calcium
(ΔF/F) were recorded as changes in fluorescence over time; cell numbers correspond with figures in the panels to left. Scale
bar 50 μm.
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Results

the GCaMP3 signals.
The plane for recording the somatic calcium transients was determined by the focal plane with
greatest number of in focus SR101+/ GCaMP3+ astrocytes. Not all SR101+ cells are GCaMP3+ as
can be seen by comparing the SR101+ staining and GCaMP3 signal (Figure 1a). There are SR101+
cells just above cells 1 and 2 (Figure 1a, right upper panel) which are not expressing GCaMP3
(Figure 1a, lower panels). Astrocytes showed clear changes in somatic calcium levels as can be
seen in cell 5 in the lower left panel of Figure 1 that showed increased somatic calcium elevation at
15 seconds. Cell 4 showed a slight peak in calcium at 210 seconds, but was inactive for a number
of frames before this endpoint. In conclusion, SR101+/ GCaMP3+ astrocytes showed measurable
somatic changes in calcium over time.

Frequency and duration of calcium transients in astrocytes increases in older WT mice and is more
pronounced in AD mice
To assess whether DG astrocytes have a different physiological phenotype in early or mid-stage
AD mice, we quantified the frequency and duration of the somatic calcium transients in WT6,
WT9, AD6, and AD9 hippocampal slices. There was a clear increase in the frequency of astrocytic
calcium transients in older mice, as WT9 and AD9 had a higher percentage of astrocytes with more
transients per minute, relative to WT6 and AD6 animals (Figure 2a). In addition, AD6 and AD9
showed a shift to more astrocytic calcium transients per minute, when compared to WT6 and WT9,
respectively.
We found that the average somatic calcium transients per minute were less frequent in WT6 when
compared to WT9 mice (Figure 2b, Table 1; WT6: 1.1 ± 0.2 min-1; WT9: 1.6 ± 0.1 min-1). Average
calcium transients in AD6 mice were also on average less frequent than in AD9 mice (Figure 2b,
Table 1. Comparison of calcium transient frequency and duration before and after ATP uncaging.

Table 1. Comparison of calcium transient frequency and duration before and after ATP uncaging
Calcium transients (min-1)

WT6§

AD6#

WT9§§

AD9##

Spontaneous
ATP
Duration of calcium
transients (s)
Spontaneous
ATP

1.1 ± 0.2
1.5 ± 0.2

1.5 ± 0.1
1.9 ± 0.1*

1.6 ± 0.1
1.7 ± 0.1

2.3 ± 0.1
1.9 ± 0.1****

5.7 (3.5-8.9)
5.9 (6.9-8.4)**

6.1 (4.0-10.1)
5.7 (6.9-7.7)

5.3 (3.6-7.9)
5.8 (7.0-7.7)****

6.6 (4.1-11.6)
7.4 (9.2-9.8)***

§ 37 cells from 4 slices from 3 mice; # 85 cells from 9 slices from 3 mice; §§ 154 cells from 12 slices from 4 mice;
## 253 cells from 17 slices from 5 mice
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a

^^Figure 2. Calcium transients are more frequent, hyperactive, and increase in duration in mid-stage astrocytes of AD9
mice. a) Frequency of transients WT6 and AD6 astrocytes (left panel) and WT9 and AD9 astrocytes (right panel). b) The
average frequency of transients for all four groups. c) Categorization of astrocytes as inactive (0 transients min-1), active
(>0-2 transients min-1), or hyperactive (>2 transients min-1). d) Distributions of transient durations for WT and AD6 (left
panel) and WT9 and AD9 (right panel) e) The average duration of calcium transients. f) The proportion of single events
versus supra-events. (WT6: 37 cells from 4 slices from 3 mice; AD6: 85 cells from 9 slices from 3 mice; WT9: 154 cells
from 12 slices from 4 mice; AD9: 253 cells from 17 slices from 5 mice; * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤
0.0001)

Table 1; AD6: 1.5 ± 0.1 min-1; AD9: 2.3 ± 0.1 min-1). Average calcium transients per minute were
significantly increased in AD9 mice when compared to all groups (Figure 2b; ANOVA, p<0.0001;
WT6 vs APP9, p<0.0001; WT9 vs APP9, p<0.0001; APP6 vs APP9, p<0.0001).
We also determined the activity levels of astrocytes in relation to disease progression and set
criteria for inactive (0 transients per minute), active (>0-2 transients per minute), or hyperactive (>2
transients per minute) astrocytes (Figure 2c). A higher percentage of WT6 astrocytes were inactive
compared to all other groups, though some cells displayed “hyperactivity” under the criteria we set
(Chi-square: WT6-WT9, p = 0.0056; WT6-AD6, p = 0.0063; WT6-AD9, p < 0.0001). Interestingly,
AD6 astrocytes were similar to WT9 astrocytes in activity levels (Chi-square, p = 0.8660). Age
and β-amyloid pathology led to a higher¬ proportion of active and hyperactive astrocytes when
compared to WT6 (inactive: 6%, active: 40%, hyperactive: 55%). The AD9 group differed from all
groups tested (Chi-square; WT6-AD9, p < 0.0001; AD6-AD9, p = 0.0003; WT9-AD9, p < 0.0001).
The distribution and average of the astrocytic transients duration in 6- and 9-month old mice were
comparable, both in WT (Figure 2d left panel and Figure 2e; WT6 5.7 s (3.5-8.9), WT9 5.3 s
(3.6-7.9)) and in AD (Figure 2d and Figure 2e right panel; AD6 6.1 s (4.0-10.1), AD9 6.6 s (4.111.6)). However, a significant increase was detected in the duration of transients in AD6 and AD9
compared to WT controls (Figure 2e; Kruskal-Wallis p<0.0001; WT6 vs AD6, p=0.0273; WT6 vs
AD9, p<0.0001; AD6 vs WT9, p=0.0006; WT9 vs AD9, p<0.0001). The duration of the transients
were further examined to determine if there were differences in the proportions of single events
(single transient) versus supra-events (i.e. multiple events within a larger transient) to check if the
differences found in average duration was attributable to the duration of either the single or supraevents events alone (Figure 2f). These proportions in events were similar in WT6, WT9, and AD6
astrocytes. However, the AD9 group displayed a higher proportion of supra-events compared to
earlier stage AD astrocytes (Chi-square: AD6-AD9, p = 0.0083).
The duration of single events in AD9 astrocytes was significantly longer compared to these events
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(4.8-11); Kruskal-Wallis p<0.0001; WT6 vs AD9, p=0.0262; AD6 vs WT9, p=0.0002; AD6 vs
AD9, p=0.0460; WT9 vs AD9, p<0.0001). Additionally, the average duration of supra-events was
generally longer in AD astrocytes compared to WT astrocytes (WT6 3.3 s (2.7-6.5), AD6 5.0 s
(2.8-10.1), WT9 4.6 s (2.4-8.7), AD9 5.8 s (3.4-10.3)). AD9 astrocytes had significantly longer
supra-events than both WT groups (Kruskal-Wallis, p<0.0001; WT6 vs AD9, p=0.0019; WT9 vs
AD9, p=0.0004).
Thus, both aging and presence of β-amyloid pathology changed the properties of the somatic
transients in DG astrocytes. In early stages of AD pathology (AD6) the frequency of calcium
transients did not change and the duration of the transients increased; in mid-stage AD astrocytes
(AD9) calcium transients were more frequent, there was a higher percentage of hyperactive
astrocytes, and the duration of the transients was lengthened.

a

c

AD6

AD6 ≤80 um

AD9

b

AD6 >80 um

AD6

AD9

AD9 ≤80 um

AD9 >80 um

inactive
active
hyperactive

Figure 3. In early-stage AD pathology hyperactivity is correlated to plaque proximity in DG astrocytes. Astrocytes were
divided into those measured ≤ 80 μm and > 80 μm from a visible plaque deposit. a) No relationship between the proximity
of an astrocyte to a plaque and the frequency of calcium transients was found. b) Duration of transients is also unaffected
by plaque proximity. C) The activity levels were compared in the AD groups and more AD9 astrocytes are hyperactive >
80 μm from a plaque than AD6. (AD6: 85 cells from 9 slices from 3 mice; AD9: 253 cells from 17 slices from 5 mice)
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in all other groups (WT6 5.8 s (4.3-8.5); AD6 6.3 s (4.5-9.2); WT9 5.4 s (4.1-7.3); AD9 6.9 s

Mid-stage AD astrocytes are more hyperactive regardless of plaque proximity
One of our aims was to determine whether proximity of an astrocyte to a plaque in the DG was
correlated with property changes of the somatic calcium transients. Astrocytes were recorded in
areas where plaques were clearly visible within the image field either at the focal plane, or more
superficial, or deeper in the slice. Additionally, recordings were made in slices of AD mice without
visible plaques. Astrocytes were divided into those measured within 80 μm and those further than
80 μm from a visible plaque or where no plaque is visible. No correlation between the proximity
(within 80 μm or further away) of an astrocyte to a plaque and the frequency of calcium transients
(Figure 3a; AD6, proximal: 1.8 ± 0.3 min-1, distal: 1.5 ± 0.1 min-1; AD9, proximal: 2.4 ± 0.1 min1, distal: 2.2 ± 0.1 min-1) or their duration (Figure 3b; AD6, proximal: 5.8 s (3.6-11.3), distal: 6.0 s
(4.1-9.1); AD9, proximal: 6.4 s (4.3-10.0), distal: 6.4 s (4.2-11.1)) was found. When comparing the
activity levels of AD6 and AD9 astrocytes (Figure 3c), the proportion of hyperactive astrocytes >
80 μm away from a plaque, was greater in the AD9 than the AD6 group (Chi-square, p = 0.0042).
Comparison of AD6 and AD9 > 80 μm away from a plaque with AD6 and AD9 < 80 from plaque,
respectively, showed no differences. It appears that 15-25% of active cells from the early-stage AD
a

b
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non-zero
WT6

AD6

number of steps in wave
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>>Figure 5. AD9 astrocytes are strongly coupled in
complex wave patterns. As wave patterns became longer
in a) AD9 and b) WT9 involving up to 8 steps, recurrent
couples in consequentially longer wave patterns were
increasingly evident. The heat map represents the number
of times a couple occurs in a unique wave pattern as the
length of the wave pattern grows from 2 to 8 steps. c)
Specific unique seeds are more strongly coupled than
others and show the largest number of connections in
potential wave patterns. The heat map represents the
number of occurrences of pairing between astrocytes in
consecutively longer waves. (WT6: 37 cells from 4 slices
from 3 mice; AD6: 85 cells from 9 slices from 3 mice;
WT9: 154 cells from 12 slices from 4 mice; AD9: 253
cells from 17 slices from 5 mice)
<<Figure 4. The number of coupled astrocytes and the
occurrence of spontaneous waves increase in mid-stage
pathology a) The number of GCaMP3+ connected
astrocytes in WT6 and AD6, and WT9 and AD9 b) Age
and the stage of pathology increased the number of
potential steps in an individual wave. c) Total possible
wave combinations for the number of steps (1 – 8) and the
number of unique seeds (right panel; 2-way ANOVA, p =
0.0001; p < 0.0001) within different wave combinations
also differed between groups. (WT6: 37 cells from 4 slices
from 3 mice; AD6: 85 cells from 9 slices from 3 mice;
WT9: 154 cells from 12 slices from 4 mice; AD9: 253
cells from 17 slices from 5 mice)

became hyperactive in mid-stage AD.

The number of astrocytes in a network coupled
through calcium transients increases with age
and is significantly higher in AD mice
In order to determine whether the presence of
β-amyloid pathology results in a difference
in the frequency and spread of spontaneous
calcium waves between astrocytes we analyzed
the coupling strength between astrocyte pairs
and determined the occurrence of multi-step transient patterns. GCaMP3+ astrocytes showed a
mean of 1.3 (WT6), 1.9 (AD6), 3.2 (WT9), and 5.7 (AD9) connections to neighboring astrocytes
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>>Figure 6. ATP reduces the frequency of calcium transients while increasing their duration in mid-stage AD9. a) Calcium
transients were recorded before and after the uncaging of ATP in order to determine purinergic responsiveness in WT6
(upper left panel), WT9 (lower right panel), AD6 (upper right panel), and AD9 (lower right panel). b) The frequency
of calcium transients was not affected by the release of ATP in either of the WT age groups while it increased calcium
transients per minute in AD6 and suppressed calcium transients in AD9. c) ATP increased the duration of calcium transients
except in the AD6 astrocytes. d) ATP effects on calcium transients were not affected by proximity to plaques. e) However,
early-stage AD6 astrocytes further from a plaque had longer calcium transients (Wilcoxon Signed Rank Test; median AD6
duration 6.125, p = 0.0002). (WT6: 37 cells from 4 slices from 3 mice; AD6: 85 cells from 9 slices from 3 mice; WT9: 154
cells from 12 slices from 4 mice; AD9: 253 cells from 17 slices from 5 mice; * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, ****
p ≤ 0.0001)

(Figure 4a; ANOVA, p = 0.0371; post hoc showed no significant differences between groups).
Additionally, AD9 astrocytes exhibited on average a greater number of coupled astrocyte pairs than
their WT6 and AD6 counterparts (Figure 4a; WT6 vs AD9, p = 0.0165; WT9 vs AD9, p = 0.0777;
AD6 vs AD9, p = 0.0346). In WT9 astrocytes coupling was less frequent (Figure 4c, right panel).
AD9 astrocytes had more coupled pairs of astrocytes that persisted even as waves became longer
(Figure 5c).
When we analyzed whether the presence of β-amyloid pathology influenced the occurrence of
pair-wise coupled transients and the extent of wave formation we found that age and the stage of
pathology had an influence (Figure 4b). More pair-wise and multi-step calcium transients were
detected in 9-month-old animals with a lower chance that zero connections occurred. One in 3 of
the AD9 recordings exhibited waves comprised of 8 steps, while 1 in 12 of WT recordings showed
this extent of wave formation. WT6 never made waves consisting of 5 or more steps. Longer waves
were more likely in AD6 and WT9 astrocytes as they showed waves of 5 and 6 steps; and 7 and 8
steps, respectively. The average total possible wave combinations differed between groups (Figure
4c, left panel; 2-way ANOVA, number of possible waves: p < 0.0001) and the number of unique
seeds within different wave combinations also differed between groups (Figure 4c, right panel;
2-way ANOVA, p = 0.0001; p < 0.0001).
The increased amount of coupling in AD9 astrocytes was also seen more often as the number of
coupled transients increased (up to 8 steps) in AD9 astrocytes (Figure 5a); meaning that specific
groups of astrocytes were more likely to form waves together (Figure 5c). In WT9 astrocytes
coupling occurred less frequently (Figure 5b). Thus, β-amyloid pathology increased the density
of coupled astrocytes in mid-stage pathology and both age and pathology influenced the extent to
which cells form spontaneous coupled transients, though their prevalence was greater in AD mice.
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a

ATP suppresses calcium transients and increases their duration in 9 months old AD mice.
Photo-release of ATP allowed us to determine changes in calcium transients in response to purinergic
signaling, and compare changes in responsivity in relation to AD. Altered purinergic signaling may
underlie altered calcium dynamics in AD astrocytes. The position of the ATP containing pipette
(Figure 1a, white asterisk) was noted. The frequency of calcium transients was not affected by the
release of ATP in either of the WT age groups (Figure 6a,b; Table 1). However, ATP had opposing
effects in early- and mid-stage AD pathology (Figure 6a,b) resulting in an increased frequency of
calcium transients in AD6, and suppressed values in the AD9 group (Table 1; AD6, paired t-test, p
= 0.0221; AD9: paired t-test, p < 0.0001). This increased frequency was not affected by proximity
to plaques in the AD group (Figure 6d). ATP increased the duration of calcium transients except
in the AD6 group (Figure 6c; Table 1). However, in these early-stage AD astrocytes, those further
from a plaque, an increase in the duration of calcium transients was observed (Figure 6e; Wilcoxon
Signed Rank Test; theoretical median AD6 duration 6.125, p = 0.0002).
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There remains a gap in our understanding of the mechanisms underlying the cascade of events
that lead to dementia and AD. In recent decades, the contribution of astrocytes to proper neuronal
functioning in the healthy brain as well as their role in pathology has come to light (for review
see Osborn et al., 2016). Investigating astrocyte involvement in AD pathogenesis is important
for understanding synaptic deficits and cognitive decline and might open new avenues for future
treatment targeted at astrocytes.

Properties of spontaneous astrocytic calcium transients in AD
This is the first observation of calcium transients in DG-astrocytes in hippocampal slices of 6 and
9 month-old APP/PS1 mice. Our findings corroborate earlier observations in cortical astrocytes of
6-9 month-old AD mice in vivo, i.e. the same AD mouse model (APP/PS1) as that we used in our
current studies. Cortical astrocytes showed an increase in spontaneous calcium transient frequency
which was independent of plaque proximity (Delekate et al., 2014; Kuchibhotla et al., 2009). The
independence to plaque proximity hints towards a direct effect of soluble β-amyloid oligomers,
and oligomers can indeed directly increase calcium and spontaneous calcium activity in cortical
and hippocampal astrocytes, both in vivo (Arbel-Ornath et al., 2017) and ex vivo (Abramov et al.,
2003; Bosson et al., 2017; Tyurikova et al., 2018). In contrast to our data, Delekate and colleagues
(2014) detected no differences in the duration of spontaneous transients between AD and WT mice
(Delekate et al., 2014). This may be the result of differences in age, since neither study made a
distinction between early- and mid-stage AD astrocytes but instead grouped a range of ages from
6-9 months old (Delekate et al., 2014; Kuchibhotla et al., 2009).
The novelty of our work is in the distinction we made in astrocyte calcium transients coupled to
different stages of amyloid pathology. We found that early-stage AD astrocytes (6-month-old) had
similar frequencies of spontaneous calcium transient activity as WT6 astrocytes, while the duration
of transients was longer in AD6 astrocytes. This is in contrast to an in vivo study in the cortex in
which astrocytes in early and pre-pathological stages of APPswe and some 3xTG astrocytes showed
increased spontaneous calcium activity compared to WT / control (Takano et al., 2007). However,
this study was performed in different AD models (APPswe, 3xTG, Dutch/Iowa) than the APP/PS1
model used in our experiments. Of interest is our observation that aging affected the activity levels
of astrocytes in a similar fashion to early-stage AD pathology. Proportions of inactive, active, and
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Discussion

hyperactive astrocytes were further similar between the two groups we studied, suggesting that
aging alone alters calcium signaling within astrocytes mimicking the AD response.

Astrocytic coupling and calcium waves in WT
Although coupling and wave formation more likely occurred in WT9 astrocytes, both WT groups
showed connected astrocyte pairs and waves. Wave formation was detectable in WT6 astrocytes
as well, although less frequent and with far fewer wave combinations and confined to waves of
shorter lengths. These results are in contrast to previous studies where no spontaneous waves were
detected in WT mice at all. Both Kuchibhotla et al. (2009) and Delekate et al. (2014) used in vivo
imaging in the cortex whereas we focused on ex vivo slice preparation of the DG. Slice preparation
may account for some of these discrepancies by introducing an artifact from in vitro conditions
or by inducing slight reactivity in the WT groups (Takano et al., 2014), yet differences between
groups remained valid as all groups were handled similarly. However, it might also be that DG
astrocytes respond differently than cortex astrocytes.
From our research, WT9 astrocytes showed similar abilities to form long, complex wave patterns,
just as was seen in mid-stage AD9 astrocytes. Aging is known to impact the molecular profile of
astrocytes and appears to direct astrocytes to a more inflammatory phenotype (Orre et al., 2014b).
Recently it has been shown that aging induces a more reactive inflammatory phenotype in astrocytes,
compromising neuronal functioning (Clarke et al., 2018; Orre et al., 2014b). Additionally, the
response to stimulation of ionotropic receptors changes with age in astrocytes; calcium responses
e.g. increase up to 3-6 months and decline thereafter (Lalo et al., 2011). However, a recent study
has shown that the neuron-glia glutamatergic signaling is preserved with aging, and even increased
in early-stage AD, the implications of which are not yet fully evident (Gómez-Gonzalo et al.,
2017). While there is still much ground to be covered in our understanding of the physiological
changes of astrocytes in the context of aging, our research so far points to altered calcium dynamics
in aging astrocytes.

Astrocytic ATP response – spontaneous properties
We observed that the astrocytic response to ATP in AD hippocampal slices was age and pathological
stage dependent. Early-stage AD6 astrocytes showed increased responsiveness, potentially due to
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suppressed in mid-stage AD9 astrocytes. Lalo et al (2011) found that the astrocytic response to
ATP increased up to 3-6 months of age and declined afterwards. This could explain the increased
responsiveness we found in our AD6 group. Though we did not find this significant increase in the
WT6 group, this change might be attributable to a lack of statistical power because of the small
group size. In early-stage AD6 we found that the duration of calcium transients in those astrocytes
that were located in close proximity to the plaques, were unaffected by ATP, while those farther
away from plaques reacted like all other groups tested; i.e. similar responses were found for the
WT6, WT9, and AD9 groups. This may point to altered purinergic signaling near plaques in early
stages of pathology. Though we did not detect differences in the frequency of transients induced
by ATP, this may have been due to the smaller group size of the proximal astrocytes tested in the
AD6 age group.
Future studies are needed to study astrocyte calcium deregulation and purinergic signaling in
depth, and how this then affects neuronal functioning in relation to AD. Gómez-Gonzalo et al
(2017) found that slow-inward currents (SICs) in CA1 neurons were increased in early-stage AD
mice. This phenomenon may account for increased excitability in neuronal networks since these
SICs are thought to be induced by astrocyte-neuron transmission (Fellin et al., 2004; Perea and
Araque, 2005; Shigetomi et al., 2008). Our findings in hippocampal astrocytes corroborate past
experiments in cortical astrocytes of this same AD model (Delekate et al., 2014; Kuchibhotla et
al., 2009). In addition, we find differences between the early- and mid-stage AD pathology groups,
which indicates that astrocytes may change during the progression of pathology and disease
severity. Understanding whether these different roles in early- and mid-stages of AD development
are protective, or otherwise disease promoting, will be important for a correct interpretation of the
role of astrocytes in cognition and AD etiology. As such, this could uncover new therapeutic targets
for a vulnerable brain area.
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an up-regulation of P2Y1 receptors (Delekate et al., 2014), while spontaneous transients were
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Alzheimer’s disease (AD) is a severe and progressive neurodegenerative disorder that affects large
amounts of aged subjects and poses an increasing socio-economic burden to the Western world
(Quaglio et al., 2013). Currently, there is no cure for AD. Its characteristic neuropathological
hallmarks include the age-related deposition of β-amyloid protein, both in intraneuronal, oligomeric
forms as well as in extracellular aggregates in amyloid plaques, the accumulation of intra-neuronal
aggregates of hyper-phosphorylated tau in neurofibrillary tangles (NFTs) in specific brain regions,
as well as the abundant presence of activated microglia and reactive astrocytes throughout the brain
(Querfurth and LaFerla, 2010; Scheltens et al., 2016).
Genetic studies have revealed causative genes and genetic risk factors. In about 13% of the earlyonset cases, AD is caused by autosomal recessive mutations in the genes for amyloid precursor
protein (APP) and the presenilins (PSEN1 and PSEN2)(Bettens et al., 2013). For late onset cases,
ApoE is the main genetic risk factor for AD and it has been calculated that 50% of them carry an
ApoE4 allele (Verghese et al., 2011). Moreover, APOE has recently been implicated as critical
for tau and tangle pathology as well (Shi et al., 2017). Since 2009, more genetic risk factors have
been identified with genome wide association studies (Bettens et al., 2013). Interestingly, some of
these genes are highly and preferentially expressed in astrocytes, such as ApoE, clusterin, CD2AP
(see brainrnaseq.org (Zhang et al., 2014) and our own dataset (Orre et al., 2014b)). In particular,
astrocytes emerge as an important factor in the pathogenesis of AD (Osborn et al., 2016), as they
closely interact with synapses, specifically express AD risk genes, and show profound changes in
AD. Importantly, the presence of reactive astrocytes also correlates to cognitive decline (Ingelsson
et al., 2004; Perez-Nievas et al., 2013).

Astrocytes are an important piece to solving the Alzheimer puzzle
In this thesis, we focused on molecular and physiological changes occurring in astrocytes in
the context of AD-related pathology. We asked how these changes could potentially affect the
surrounding milieu and neuronal functioning. Astrocytes in AD show changes in neurotransmitter
recycling and in glutamatergic, GABAergic, purinergic and cholinergic glia-neuron interactions and
in glia-glia communication. Also, their capacity to buffer extracellular ions, including potassium,
is altered, as are their calcium signaling dynamics (Osborn et al., 2016). We hypothesized that
understanding how these functional changes occur in relation to (the development of) pathological
AD hallmarks is quintessential if we are to develop a clearer picture of how AD develops,
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astrocytes have with their surrounding environment, including interactions with microglia, neurons
and the brain vasculature. All of these components are seemingly effected in parallel during the
processes of aging and AD. This includes changes in genes related to immune signaling in both
aging and AD astrocytes (Orre et al., 2014a) as well as changes in genes predominantly expressed
by astrocytes, that are relevant for causal and risk factor-related AD genes (Osborn et al., 2016).
Although the exact trigger for the cascade of events leading to AD symptoms remains unknown,
the “amyloid hypothesis” has been prominent in the field for decades and postulates that
β-amyloid accumulation is caused by an impaired clearance, production and/or aggregation of
amyloid peptides. The resulting local excess in β-amyloid deposits is considered the initiating,
early factor in AD etiology, that is thought to trigger several other events and ultimately leads
to tangle pathology and cognitive deficits (Musiek and Holtzman, 2015; Querfurth and LaFerla,
2010). β-amyloid is neurotoxic and the extracellular accumulation of soluble amyloid, oligomers
and amyloid plaques can induce a chronic activation of glial cells which is thought to lead to
neuroinflammation, which may subsequently promote and exacerbate neurodegeneration (Heneka
et al., 2015) and tau pathology (Leyns and Holtzman, 2017).
Currently, it is thought that both microglia and astrocytes alike become activated in response to
β-amyloid, producing an array of pro-inflammatory cytokines and mediators (Heneka et al., 2015).
These inflammatory mediators are already present in patients with mild cognitive impairments
and prodromal stages of AD (Brosseron et al., 2014; Tarkowski et al., 2003; Zhang et al., 2013).
Additionally, even before plaques and neurofibrillary tangles are present, synaptic function is
already compromised (Eisenberg and Jucker, 2012) and soluble oligomeric forms of β-amyloid
are likely the culprit in the disruption of synaptic plasticity leading to early cognitive impairment
(Cleary et al., 2004; Klyubin et al., 2005; Walsh et al., 2002).
Reactive gliosis is seen in many different brain disorders and in specific forms of physical brain
damage like stroke or traumatic brain injury (Pekny et al., 2016). AD can be used as a model to
understand gliosis and the functional changes occurring in parallel, e.g. during different stages of
gliosis. Our aim here was to uncover differences in the transcriptome of astrocytes in wild-type
and AD mice, but also to understand the variability in astrocyte changes in response to β-amyloid
deposits in AD pathology, both indirectly and directly. We started with a whole-genome wide
transcriptome analysis glia in aged AD mice compared to control. In general , we found that genes
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progresses, and ultimately how it can be treated. We need to consider the intimate relationship that

encoding neuronal support mechanisms were compromised in AD astrocytes. Subsequently, we
chose to study expression changes in astrocytes located more proximally, and closely associated,
to plaques that display characteristic signs of gliosis, i.e. are surrounded by astrocytes with an
increased GFAP expression (Kamphuis et al., 2012), and compared those to astrocytes located
more distal from plaques which may be affected in different, likely indirect, ways due to changes
in the surrounding extracellular matrix, but possibly also through exposure to soluble oligomers
of β-amyloid. We then determined the functional consequences of a decreased expression of the
potassium channel Kir4.1 followed by an inquiry into calcium dynamics in astrocytes of the
dentate gyrus, a gateway to the hippocampus that is intimately involved in memory formation and
retrieval.

From gene to protein and molecule to physiology
Firstly, in Chapter 2, we looked at the molecular changes in glia that occur in later stages of pathology
(15-18 months of age) in an AD mouse model (APPswePS1dE9 (APPPS1)) and compared these
changes in wild-type age-matched littermates. We found that microglia had strongly increased
their expression of genes involved in immune signaling. In particular, the majority of up-regulated
microglia-enriched genes were those involved in cytokine production and antigen processing and
presentation (i.e. Cst7, Ptgs2, Itgax, Il1b, Clec7a). Interestingly, we further found that astrocytes
showed a stronger inflammatory response. Our findings showed that astrocytes most notably
increased the expression of immune signaling genes, while decreasing the expression of genes
related to neuronal functioning and maintenance. In addition, reductions in glutamate homeostasis
and neurotransmitter recycling genes were present and laser dissection microscopy analysis of
mid-stage pathology, 9-months-old APP/PS1 mice, revealed that glutamine synthase was downregulated in all astrocytes but specifically that GLAST was down-regulated in the area distal from
plaques. These data hinted at differences between astrocytes proximal to β-amyloid deposits and
those further away. In particular the changes we saw in genes regulating potassium homeostasis
(Kcnj16, Kcnj10, Kcnk1, Kcnk10, Kcnn2, Kcnn3, Kcnb1, Kcnq1) and calcium ion-binding (Edn1,
F2r, Pth1r, Atp2b2, Atp2b4, Tbxa2r, P2rx1, Trpv2, Trpv4, Trpm4, Trpc3) led us to our further
inquiries.
One limitation of this study was the inability of our isolation method (Orre et al., 2014b) to discern
between different subpopulations of astrocytes. Our method detected global changes in (pooled)
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associated astrocytes due to differences in the tissue matrix surrounding β-amyloid deposits.
Astrocyte morphology and the expression patterns of astrocyte markers as well as ionotropic
and metabotropic receptors vary among brain regions (Farmer and Murai, 2017; Oberheim et al.,
2012; Schitine et al., 2015). It is therefore likely that differences exist between how astrocytes in
one brain region respond to AD pathology and amyloid oligomers as compared to other regions.
Differences within smaller subpopulations which may yet have significant impact, may ultimately
go undetected by looking at more global, average population changes (Altschuler and Wu, 2010).
Additionally, with our current approach, we were unable to establish if these molecular changes
also occurred in early stages of disease pathology. Our use of older mice ensured mimicking later
stage pathology (Jankowsky et al., 2004) where a large majority of astrocytes are in a reactive state.
However, it is useful to understand how astrocytes change in response to the progression of AD.
Jankowsky et al (2004) define the staging of AD within the APPPS1 model as 6-month, 9-month,
and 20-months, which correspondsto early, mid, and late stage AD pathology, respectively. It would
be beneficial therefore to isolate astrocytes at these varying stages of pathology and pre-pathology
to understand how the development of amyloid pathology changes the transcriptome of astrocytes,
however it will be difficult to isolate only the reactive astrocytes. Understanding alterations at the
transcript level subsequently need to be translated into changes at the protein and a more functional
level, when e.g. considering gene changes encoding neuronal support mechanisms. For instance,
are the changes we observed in GLAST and glutamine synthase directly involved in glutamate
excitotoxicity, a phenomenon often associated with AD (González-Reyes et al., 2017; Zádori et al.,
2018)? Or do alterations in gene transcription levels directly correspond to a functional decline in
receptor activity?

Are changes in Kir4.1 transcription levels compensated at the physiological level?
When looking at molecular changes in astrocytes of later stage AD mice, we observed a decline
in the transcription of genes related to neuronal support (Slc1a3, Glul, Ntrk2, Nlgn1, Grin2c,
Nrxn1, Grm3). We asked how this affected the physiological functioning of astrocytes. Also, since
our work had revealed differences in plaque vs. non-plaque-associated astrocytes, we wanted to
investigate this further also in earlier stages of AD as it is e.g. important to understand if there
are compensatory mechanisms at play, especially in light of the fact that astrocytes tend to form
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cortical astrocytes, and this method may have been more successful in isolating non-plaque-

networks with each other through gap-junctions and may therefore be capable of ameliorating, at
least temporarily, larger scale molecular changes.
In Chapter 3, we looked at the consequences of changes in potassium channel expression as a
follow-up study to some of the molecular changes identified in our microarray data. We found
that astrocytes globally reduce the expression of Kir4.1 in the cortex. This potassium channel is
essential to the maintenance of the extracellular milieu and ionic balance, which is again integral to
the proper functioning of surrounding neurons. We studied the functional changes in hippocampal
astrocytes, as this a well established ex vivo approach to study neuron-glia interactions (PerezAlvarez et al., 2014). Our research was aimed at uncovering differences in hippocampal astrocytes
in relation to Kir4.1 function proximal to β-amyloid deposits and further away. Immunostaining
of Kir4.1 revealed increased expression in astrocytes proximal to β-amyloid deposits, while those
further away from such deposits showed expression patterns similar to wild-types littermates.
This is in contrast to the decreased mRNA expression we found in cortical astrocytes as based on
our microarray data. Despite the differences seen in gene profiling and immunostaining, no clear
differences could be determined in Kir4.1 function in astrocytes when compared to littermates.
This lead to our conclusion that astrocytes maintain their potassium Kir4.1 functional capabilities
in mid-stage AD pathology.
Interestingly, sonic hedgehog (Shh) derived from neurons in the cerebellar cortex was found
to determine the molecular profile of mature astrocytes in particular the expression of Kir4.1,
GLAST, and aquaporin-4 (AQP4) (Farmer et al., 2016). This may also explain differences in Kir4.1
expression when some neurons become more silent, while perhaps others experience glutamate
excitotoxicity. These changes across smaller regions may therefore be compensated for by the
astrocyte syncytium and an increase in their coupling, and by the ability of astrocytes to spatially
buffer increases in extracellular K+. Due to the difficulty in determining quantitative changes
in physiological Kir4.1 functionality in astrocytes in situ (see discussion Chapter 3), changes in
Kir4.1 expression in individual astrocytes could alter redistribution patterns of K+. Though we did
not directly detect such differences, this was a limitation to our research method.
It is further important to look at astrocyte swelling in relation to Kir4.1 distribution and related
functions coupled to AQP4 at astrocyte endfeet. AQP4 was e.g. also down-regulated in our
microarray data (unpublished data) and may effect spatial buffering and cell swelling (Strohschein
et al., 2011) especially in relation to changes in the extracellular matrix (ECM). This may affect local
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(Bonneh-Barkay and Wiley, 2009). Another limitation to our study was looking at individual cells
and their K+ conductance instead of looking at more local gradients of K+ in response to neuronal
activity using a K+ electrode. Again, because astrocytes are coupled in a network it is important to
understand if more regional K+ gradients are compensated despite local changes.

Overexpression in Gene Ontology (GO) class of ‘calcium ion binding’ may explain altered calcium
dynamics in AD mice
Molecular changes in AD astrocytes revealed an increased expression of certain astrocyte-enriched
genes. Among the GO classes that were overrepresented was the class of ‘calcium ion binding’
genes. Interestingly, as discussed in Chapter 4, previous work from Kuchibhotla et al (2009) and
Delekate et al (2014) suggested that calcium signals in cortical astrocytes from APP/PS1 mice
were dysregulated.
Consequently, we were interested in determining if the calcium dynamics of astrocytes in the dentate
gyrus of early- and mid-stage, 6-month and 9-month respectively, APP/PS1 mice was altered. We
found that both aging and the emergence of AD pathology increased the occurrence and duration of
calcium transients in our AD mouse model. Additionally, we found that there were more pairwise
connections between astrocytes and a greater likelihood of spontaneous wave production at greater
lengths in mid-stage AD and aged wild-type littermates. Increases in calcium transient frequency,
duration, coupled astrocytes through calcium transients and spontaneous wave formation, were all
more pronounced in mid-stage AD. Interestingly, we found that ATP suppressed calcium transient
activity in mid-stage AD and lengthened transient duration.
A limitation to this study was the use of tamoxifen-induced GCaMP3 expression. We chose this
approach of heterozygous expression of GCaMP3 under the GFAP promoter in order to ensure a
more sparse expression of the fluorescent indicator and reduce background fluorescence. However,
in 6-month-old wild-type mice, the expression pattern of GCaMP3 was at times limiting and too
sparse to obtain meaningful recordings, thereby reducing the power in this group significantly.
Additionally, tamoxifen injections in the 6-months-old AD mice resulted unexpectedly in an
increased frequency of spontaneous deaths within this group, further limiting the statistical power
of our findings. The advantage of using genetically modified mouse lines over injecting a viral
vector to GCaMP3 is that no reactive gliosis occurs along the injection site (Jeong et al., 2014) or
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neuronal function, particularly in areas of plaque deposits where the ECM is likely already altered

in response to the expression of a viral vector (Ortinski et al., 2010). In understanding astrocyte
function in the context of disease it is essential to mimic the natural milieu as closely as possible
without the artificial induction or exacerbation of reactive gliosis.
It remains unclear how the dysregulation in calcium signaling in AD astrocytes ultimately
manifests and what the consequence of this dysregulation is. Delekate et al. (2014) suggests that a
fraction of the cerebrovascular pathology present in APP/PS1 mice may be attributable to calcium
dysregulation, though findings were inconclusive. Additionally, Delekate et al., (2014) found
that P2Y1 receptors were responsible for hyperactivity in APP/PS1 mice, in particular when they
were in close vicinity to β-amyloid deposits. In our research we found that the application of ATP
(that activates the P2Y1 receptors) increased activity only in early-stage AD mice and suppressed
transients in mid-stage AD. However, the duration of transients for all groups was increased in
particular in early-stage AD astrocytes not proximal to β-amyloid deposits. It is thus necessary
to determine if dysregulated calcium signaling leads to the release of glio-transmitters such as
glutamate. Such changes, coupled to changes in the ECM, and a potential compromise in K+
buffering may together underlie hyperexcitability of neurons in AD.
However, because astrocytes operate on a different time scale (seconds) than neurons (milliseconds)
it is difficult to establish causal mechanisms in astrocyte-neuron communication. In addition,
dysregulated calcium signaling in astrocytes may result from increased immune responsiveness.
Exposure to TGF-β1, LPS and IFNγ can lead to increases in gene expression of certain G-proteincoupled receptors, involved in calcium dynamics and to an accompanied increase in calcium
responsiveness (Hamby et al., 2012). Additionally, ATP release resulting from astrocyte calcium
signaling may in turn stimulate P2X7 receptors on surrounding microglia (Verderio and Matteoli,
2001) and either exacerbate or regulate immune signaling. Understanding the implications of
disturbed astrocyte calcium dynamics in the context of astrocyte-astrocyte, astrocyte-neuron,
and astrocyte-microglia signaling are essential steps that will reveal a more complete picture of
astrocyte responsiveness to pathological states in AD.

Future directions for a more comprehensive understanding of astrocyte contribution to pathological
states
In order to clarify the role of astrocytes in pathological states it is imperative that new astrocytespecific tools are developed. Most molecular tools used to date to study astrocytes have been
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proven effective in revealing astrocyte physiological signaling mechanisms for instance the use
of genetically coded calcium indicators (GECIs) GCaMP3 and more contemporary variants like
GCaMP6. These GECIs allow for the visualization of an apparently essential communication
molecule of astrocytes, i.e. calcium. Recent work has e.g. shown that astrocytes do not only integrate
calcium signals in their soma but also their fine processes are ‘alive’ with calcium signaling activity
(for review see Volterra et al., 2014). To expand our understanding of how calcium signaling
in these fine processes translates into astrocyte functionality, it is important to investigate how
calcium activity in response to neuronal input, can affect gene and protein expression, e.g. in
tripartite synapse astrocytes. This will be especially interesting with respect to the differences
between signaling in fine processes versus the integrated calcium signals of the entire cell soma.
Such approaches will lend itself to looking more closely at differences in astrocyte sub-populations
and to a better understanding of the heterogeneity present within these cells, e.g. when comparing
the prefrontal cortex to the parietal cortex, or CA1 to dentate gyrus (DG) to entorhinal cortex (EC).
The distribution of different receptors within the processes of astrocytes is variable even within
local brain regions, leading to differential responsiveness to neurotransmitter release (Navarrete
et al., 2012; Panatier et al., 2011). In the context of AD, the more precise isolation of subcellular
effects in astrocytes would help to discern more clearly the differences in astrocytes proximal
to β-amyloid deposits as compared to those further away. Single-cell RNA-sequencing (scRNAseq) combined with LDM may prove a useful tool in studying genomic changes at the single cell
level and thereby provide new insights into how astrocytes within specific subregions of the brain
respond differentially to input or pathological insult.
It is also of interest to look more closely at how astrocytes can affect larger functional networks of
neurons, especially in the context of AD where multiple brain regions are affected. Interestingly,
there has been substantial research done in recent years addressing the role of astrocytes in sleep
(Briggs et al., 2018; Clasadonte et al., 2017; Haydon, 2017; Papouin et al., 2017; Szabó et al.,
2017). Sleep disturbances, disruption of circadian rhythms and reduced REM sleep – changes
that are also apparent in prodromal AD patients with mild cognitive impairment– are typical
characteristic of AD (Malhotra, 2018). Though the function of sleep is still elusive in many ways,
fascinating new research hints at relationships between sleep and a metabolic ‘clearance’ of the
brain, especially with regard to the role astrocytes play in this process (Boespflug and Iliff, 2018;
Iliff et al., 2012, 2013; Xie et al., 2013). Additionally, it has been shown that β-amyloid clearance
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adopted from methods developed to probe neuronal function. Many of these tools have indeed

is at least in part attributable to the recently discovered glymphatic system, comprised of astrocytic
endfeet, ensheathing the brain vasculature. These are in an optimal position to facilitate exchange
of cerebrospinal fluid and the movement of solutes and fluids through ECM and brain tissue (Iliff
et al., 2012). Together with a compromised sleep and the prevalence of reactive gliosis in AD, this
is an important avenue of future research for the development of potential therapeutic targets that
may be able to prevent or delay disease progression by beginning at the earlier prodromal stages.

In conclusion
While reactive gliosis in AD may initially serve a protective function, as inflammation becomes
chronic, transcriptome alterations change the functional potential and role of astrocytes. Due
to their altered functional state and widespread presence, close to neuronal synapses and blood
vessels, reactive astrocytes are a potentially important factor in the development of dementia.
Astrocytes provide metabolic support to neurons and modulate synaptic communication. If
this modulatory role in normal neuronal communication is lost, reactive astrocytes are likely to
interfere with synaptic efficacy, synaptic plasticity and/or neuronal excitability. If they, during
aging, no longer invest in supporting neuronal functions, neurons may be left more vulnerable
(Boisvert et al., 2018). As such, altered astrocytes may change the brain milieu such that AD
progression can proceed. In response to pathology, calcium dysregulation may be linked to a
further exacerbation of the microglial response that in turn may further contribute to neuronal
glutamate toxicity and a compromised coupling with the neurovasculature. The functional changes
in astrocytes as a consequence of reactive gliosis in AD are therefore relevant targets that need to
be better investigated fundamentally and in early and prodromal stages of pathology in order to
understand new therapeutic targets for altering the course of AD, primarily in its early stages.
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Ons centrale zenuwstelsel bestaat uit zenuwcellen en steuncellen, zogenaamde glia-cellen. Een
bepaald type glia-cel, de astrocyt, staat in nauw contact met de zenuwcellen, de neuronen, en met
name met hun uitlopers, de synapsen. Astrocyten spelen een belangrijke rol in het goed functioneren
van neuronen, doordat ze zorgen dat de concentratie van neurotransmitters en bepaalde ionen in
en bij de synaps niet te hoog wordt. In dit proefschrift hebben we de moleculaire en fysiologische
veranderingen in astrocyten bestudeerd in een diermodel voor de ziekte van Alzheimer. We hebben
ons vooral gericht op hoe veranderingen in astrocyten de functie van neuronen, aanwezig in hun
directe omgeving, kunnen beïnvloeden.
De interesse voor de rol van de astrocyten in hersenfunctie is de laatste jaren enorm gegroeid.
Dit komt vooral door nieuwe inzichten in de functie(s) van astrocyten. Deze cellen hebben een
essentiële rol in het (handhaven van) de homeostase van het brein, zorgen voor een goede balans
in extracellulaire ionen en voor een goede waterhuishouding. Daarnaast zijn astrocyten betrokken
bij de cerebrale bloedsomloop en de energievoorziening van neuronen. Een relatief nieuwe, en
bijzonder interessante vinding is dat astrocyten in nauw contact staan met synapsen en zelfs
de sterkte van synaptische communicatie tussen neuronen kunnen reguleren. Deze invloed van
astrocyten op neuronale signaaloverdracht via de synaps wordt steeds duidelijker; recent onderzoek
laat zien hoe astrocyten de communicatie tussen synapsen kunnen fine-tunen, door de functies van
bepaalde neurotransmitter receptoren te reguleren. Verder blijkt dat de interacties tussen astrocyten
en hun omliggende milieu, inclusief de interacties met microglia, neuronen en bloedvaten, zeer
waarschijnlijk een rol spelen in het proces van hersenveroudering en het ontstaan van Alzheimer
en dementie.
In de hersenen van Alzheimer patiënten ontstaan extracellulaire ophopingen van het eiwit amyloïd,
eerst in oplosbare vorm en uiteindelijk in zogenaamde amyloïd plaques. Microglia en astrocyten
reageren op deze plaques, waarschijnlijk in een poging om de plaques op te ruimen. In reactie op
het amyloïd veranderen astrocyten van vorm, ze worden hypertroof en verhogen de aanmaak van
de intermediaire filament eiwitten, vimentine en GFAP. Dit proces wordt reactieve gliose genoemd.
Of deze morfologische veranderingen ook de functie van de reactieve astrocyten beïnvloeden, is
nog onbekend en vormt het hoofdthema van dit proefschrift.
Er zijn aanwijzingen dat astrocyten tijdens de ziekte van Alzheimer veranderingen kunnen laten
zien in het recyclen van neurotransmitters, het bufferen van extracellulaire ionen, inclusief kalium,
en in de dynamiek van calcium-signalering. Al deze veranderingen kunnen een effect hebben op
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tussen glia onderling. Een beter begrip van hoe deze, door amyloïd-geïnduceerde, veranderingen
in astrocyten bijdragen tot het ontstaan van dementie is een essentieel onderdeel van de puzzel.
Deze kennis ontbreekt nagenoeg in het veld, en in dit proefschrift hebben we ons daarom vooral
gericht op de functionele veranderingen in astrocyten in een muizenmodel voor de ziekte van
Alzheimer. Als de rol en functie van astrocyten in relatie tot de neuronale synaps verandert in
Alzheimer, dan heeft dit gevolgen voor neuronale communicatie binnen en tussen hersengebieden.
Amyloïd-geïnduceerde veranderingen in astrocyten in de hippocampus zouden bv kunnen leiden
tot het ontregelen van lokale micro-circuits die betrokken zijn bij het korte termijn geheugen. De
voortschrijdende ophoping van het amyloïd in de verschillende hersengebieden van het brein, leidt
tot een reactie van astrocyten in deze hersengebieden, welke uiteindelijk kan bijdragen aan het
ontstaan van dementie.
In dit proefschrift proberen we fundamentele vraagstukken te beantwoorden over de rol van astrocytfysiologie, en de veranderingen hierin, tijdens een reactieve gliose. In hoofdstuk 1 geven we een
uitgebreid overzicht over de verschillende functies van astrocyten in de hersenen, en de mogelijke
veranderingen in relatie tot de ziekte van Alzheimer. Vervolgens hebben we veranderingen in
genexpressie in kaart gebracht in astrocyten en microglia van het APP/PS1 Alzheimermuismodel
(hoofstuk 2). Meer specifiek hebben wij gekeken naar de veranderingen in genen betrokken bij
neuronale communicatie. De astrocyten en microglia vertoonden beiden tekenen van immuunactivatie in 15-18 maanden oude Alzheimer muizen, aangezien de expressie van genen betrokken
bij immuun-signalering sterk verhoogd was. Daarnaast was het opvallend dat in de astrocyten de
expressie van genen die betrokken zijn bij het ondersteunen van neuronale functies verlaagd was.
In hoofstuk 3 hebben we ons gericht op een subklasse van kaliumkanalen, de inward rectifier
Kir4.1, die een belangrijke rol speelt bij (het moduleren van) netwerk functies en mogelijk leren
en geheugenfunctie. De expressie van dit gen in de cortex van de 15-18 maanden oude Alzheimer
muizen was verlaagd, maar het bleek dat het eiwit in astrocyten rondom de amyloïd-ophopingen
in de cortex en dentatus gyrus van de hippocampus juist lokaal verhoogd was. Ondanks deze
veranderingen in mRNA- en eiwit-expressie hebben wij geen verandering in de functie van Kir4.1
in de hippocampus kunnen vinden.
Vervolgens hebben we ons gericht op de calciumveranderingen in astrocyten (hoofdstuk 4) en de
calciumsignalering tussen astrocyten van de dentatus gyrus, vroeg (in 6 maanden oude APP/PS1
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de glutamaterge, GABAerge, purinerge, en cholinerge communicatie tussen glia en neuronen, en

muizen ) en ook later in het zich ontwikkelende Alzheimer proces (in 9 maanden oude dieren). Wij
laten zien dat het verouderings- en Alzheimer ziekteproces de frequentie van de calciumsignalen in
astrocyten verhoogt en de duur van de calciumsignalen verlengt. Daarnaast is er een grotere kans
op spontane calcium golven tussen astrocyten en deze golven leggen grotere afstanden af. In de 9
maanden oude dieren leek ook de purinerge signalering verstoord.
Concluderend, reactieve astrocyten laten een duidelijke verandering zien in genexpressie van
genen betrokken bij neuronale communicatie. Echter, dit heeft niet altijd duidelijk functionele
consequenties: Kir4.1 mRNA levels zijn afgenomen, maar de Kir-kanaal functie lijkt onaangetast.
Echter, we hebben wel duidelijke veranderingen in de calcium-signalering waargenomen in
astrocyten in de hippocampus van Alzheimer muizen. Onze studies zijn een eerste aanzet tot
het verder onderzoeken van de functionele veranderingen in astrocyten in relatie tot de ziekte
van Alzheimer. Het is duidelijk dat deze veranderingen direct de synaps kunnen beïnvloeden, en
daardoor een essentiële bijdrage kunnen leveren bij het tot stand komen van de dementie. Vandaar
dat het van groot belang is om in het Alzheimer-onderzoek niet alleen de neuronen te bestuderen,
maar ook aandacht te hebben voor de neuron-glia interacties en de rol van (geactiveerde) astrocyten.
Hiermee kan een nieuw licht geworpen worden op de pathogenese van de ziekte van Alzheimer, en
dit zal bijdragen aan het ontwikkelen van effectieve therapieën tegen de cognitieve achteruitgang,
die zo kenmerkend is voor de ziekte van Alzheimer.
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