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EPIGRAPH

The Cosmos are also within us; we are made of star stuff. We are a way for the Cosmos to
know itself.

Carl Sagan, Cosmos: A Personal Voyage, PBS, 1980

Astrocytes: they do stuff!

Matt Boisvert, at most MNL-A meetings, circa 2017
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ABSTRACT OF THE DISSERTATION

Identifying astrocyte-secreted protein factors linked to
altered neuronal development in neurodevelopmental disorders

by

Alison Leigh McKenzie Caldwell

Doctor of Philosophy in Neurosciences with a Specialization in Anthropogeny

University of California San Diego, 2019

Professor Nicola Allen, Chair
Professor Shelley Halpain, Co-chair

Astrocytes secrete proteins that are critical for normal neuronal development, but while
work has identified some important proteins in this process, little is known about the protein
secretion of astrocytes at time points when they are most actively involved in supporting
neuronal outgrowth and synapse formation. This dissertation seeks to elucidate the protein
secretion profile of murine astrocytes at postnatal day 7, using a newly developed
immunopanning technique to prospectively isolate astrocytes. These astrocytes are maintained
in vitro in minimal media in order to examine their secreted proteins to identify key mediators of
neuronal development. By comparing the protein secretion profiles of wild-type astrocytes to

those of astrocytes isolated from mouse models of genetic neurodevelopmental disorders
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associated with autism, this work also seeks to identify alterations in protein secretion in
disordered astrocytes that play a role in the pathology of autism.

Using mass spectrometry, | identified over 1200 proteins secreted by astrocytes in vitro
and nearly 100 proteins that show differential secretion patterns in wild-type astrocytes
compared to three different genetic neurodevelopmental disorders (Rett Syndrome, Fragile X
Syndrome, and Down Syndrome). Furthermore, | identified two proteins that show dramatically
increased secretion in astrocytes from all three disorders compared to wild-type: insulin-like
growth factor binding protein 2 (IGFBP2) and bone morphogenetic protein 6 (BMP6), implicated
in the pathology of Rett Syndrome and Fragile X Syndrome, respectively. Wild-type astrocyte
conditioned media (ACM) is capable of supporting neuronal outgrowth compared to a minimal
media while disordered ACM results in outgrowth deficits. Addition of IGFBP2 to wild-type ACM
leads to outgrowth deficits in vitro, which can be blocked with the application of an IGFBP2-
neutralizing antibody. Addition of IGFBP2-neutralizing antibody can rescue deficits induced by
Rett Syndrome but not Fragile X Syndrome ACM. Conversely, BMP6 treatment of wild-type
astrocytes generates ACM that is similarly incapable of supporting neuronal outgrowth, and
blocking BMP activity in Fragile X astrocytes with the application of noggin protein can rescue
the aforementioned outgrowth deficits. Thus | have identified astrocyte-secreted proteins that
may prove to be critical for neuronal development, and provide targets for therapeutic

treatments of these genetic neurodevelopmental disorders.
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Chapter 1: Introduction

Formatting note: every chapter in this dissertation has its own, self-contained introduction and
discussion. The introduction and conclusion chapters are intended to broadly frame and
contextualize the dissertation. All methods are confined to a single methods chapter at the end of

the dissertation.



An overview of neuronal pathfinding and synaptogenesis

The human brain is comprised of roughly 100 billion electrically excitable neurons, and
nearly as many non-neuronal brain cells, collectively known as glia, or “brain glue”. With such a
vast number of players, the formation of proper circuitry in the brain is a delicate and complex
process, requiring careful coordination of signaling between the many different cells populating
the brain. What are the signals being produced by the different cell types in the brain, and what
role do those signals play in genetic neurodevelopmental disorders associated with functional
changes in neuronal circuitry? In this dissertation, | will describe a new approach to identifying
signals from non-neuronal brain cells that play important roles in neuronal growth.

Axonal pathfinding

Before they can exchange signals, neurons must first find the appropriate partner. During
development, neurons begin to find their targets by extending an axon, and concurrently develop
their own dendrites to receive information from other neurons. Axons grow toward their targets by
means of the axonal growth cone, which is exquisitely sensitive to local environmental cues. A
number of critical axonal guidance molecules found in both the extracellular matrix (ECM) and on
adjacent cell surfaces have been identified, which may have attractive effects (as in the case of
laminin and nerve growth factor) or inhibitory effects (such as Slits or Semaphorins) or differential
effects depending on the nature of their expression and receptor interactions (netrins, ephrins,
sonic hedgehog) (Alberts et al., 2002; Cavalcante et al., 2002; Kuhn et al., 1995; Peng et al.,
2018; Runker et al., 2008; Serafini et al., 1996; Sofroniew et al., 2001; Yokoyama et al., 2001).
Furthermore, various brain cells produce neurotrophic factors to support the survival of young
neurons; many newborn neurons receive trophic support from surrounding cells and will apoptose
when they do not receive enough of these factors (Squire et al., 2014). Those that do survive are
thus properly positioned to form active synaptic connections with their targets.

Neuronal synaptogenesis




Synapses are specialized structures between the presynaptic terminal of one neuron and
the postsynaptic terminal of another neuron that enable the chemical communication between
neurons, allowing neurons to pass on the electrical signals that control and coordinate the entire
body and mind. At the functional synapse, neurotransmitters are released from the presynaptic
terminal of the axon into the synaptic cleft, and bind to receptors on the postsynaptic terminal on
the dendrite to activate them and pass on the signal (Waites et al., 2005).

Synaptogenesis is the process by which neurons establish connections with the correct
targets. Synaptogenesis and morphological modification of synapses are controlled by diverse
factors, none of which can induce development of a fully mature synapse on their own. Neurons
produce intrinsic factors that contribute to the development of the synapse, such as neurexin (at
the presynapse) and neuroligin (at the postsynapse), which bind with each other across the
synaptic cleft to induce receptor clustering and the recruitment of scaffolding proteins (Craig and
Kang, 2010), and brain derived neurotrophic factor (BDNF), which enhances synaptic vesicle
docking and protein production (Suzuki et al., 2007). Other factors are secreted by surrounding
cells and are required for the formation and development of mature synapses.

Glutamatergic neurotransmission

A large number of neurotransmitters and their associated receptors have been identified,
such as y-aminobutyric acid (GABA), dopamine (DA), norepinephrine (NE), and serotonin (5-HT).
In the scope of this discussion, | will focus on glutamatergic synapses, in which glutamate is the
primary neurotransmitter. The two primary glutamate receptors on the postsynaptic terminal are
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs) and N-methyl-D-
aspartate receptor (NMDARs). AMPARSs are ionotropic transmembrane receptors that require
glutamate binding for activation and are responsible for much of the fast excitatory
neurotransmission in the central nervous system (CNS) (Shepherd and Huganir, 2007). NMDARs

are likewise ionotropic receptors but unlike AMPARS, require binding of both glutamate and a co-
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agonist (D-serine or glycine) before the channel will open for the exchange of Na*, K+, and Ca2*
ions.

Glutamate receptors play critical roles in the development and plasticity of most excitatory
synapses (Dongen, 2009). A number of disorders associated with synaptic function have
implicated alterations in NMDAR and AMPAR expression, trafficking, and signaling in the
pathology of the disease. Glutamate signaling at the synapse can have other, secondary effects
in addition to ion exchange and excitatory signaling. Metabotropic glutamate receptors (mGlIuRs)
are G-protein-coupled receptors expressed in both neurons and glial cells. mGluRs are involved
in cytoskeleton regulation, scaffolding functions and synaptic plasticity. Defects in mGluRs are
linked to several pathological conditions which involve loss of memory due to altered synaptic
plasticity and synaptic strength fluctuations (Mukherjee and Manahan-Vaughan, 2013). In
addition, glutamate clearance and recycling at the synapse can have dramatic effects on synapse
function. Glutamate is cleared from the synaptic cleft by uptake transporters on nearby astrocytes,
where it is enzymatically transformed to glutamine. The glutamine is then recycled to neurons to
synthesize glutamate to maintain synaptic transmission (Danbolt, 2001). Excessive glutamate
release at the synapse and/or deficits in glutamate clearance can lead to excitotoxicity at the
synapse and has been linked to a number of psychiatric conditions associated with synaptic
dysfunction (Jia et al., 2015).

Dendritic spines and synaptic plasticity

Spines are actin-rich structures that protrude from the dendritic shaft and contain the post-
synaptic machinery, including postsynaptic AMPA and NMDA receptors, mGluRs, and numerous
scaffolding proteins that are responsible for the clustering, trafficking and surface expression of
these receptors (Kasai et al., 2010; Verpelli et al., 2012). Spine size and morphology correlate
with synaptic strength and determine the efficiency of synaptic transmission. For example, the

larger mushroom spines are considered to be relatively stable and contain functional synapses,
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while thin filopodia-type spines are considered immature or unstable (Yoshihara et al., 2009).
Spines are plastic structures (Hotulainen and Hoogenraad, 2010; Shirao and Gonzalez-Billault,
2013), and are rapidly formed and eliminated in the developing brain. In the mature adult brain,
spine elimination decreases and a higher percentage of spines are stable (Alvarez and Sabatini,
2007). It has been proposed that loss of synapse and spine stability at later life stages may trigger
neurodegenerative disorders where memory, learning and cognition are compromised (Kasai et
al., 2010; Koleske, 2013).

Synaptic plasticity is the process by which synaptic strength is modulated over time in
response to changes in synaptic activity. It is the cellular phenomenon underlying learning and
memory in the brain. Long-term potentiation (LTP) is the long-lasting strengthening of a synaptic
connection in response to repeated activation, while long-term depression (LTD) has the opposite
effect (Malenka and Bear, 2004). Activation of neurons through NDMA receptors plays an
important role in most forms of LTP, as glutamate binding to the NMDAR opens the channel and
allows intracellular Ca2+ concentrations to rise, which in turn activate protein kinases that
phosphorylate AMPARSs (improving the conduction of cations) and recruit additional receptors to
the postsynaptic membrane (LlUscher and Malenka, 2012). This results in enhanced postsynaptic
excitation in responses to a given presynaptic stimulus and thus, a stronger synaptic connection.
Alterations to NMDAR and AMPAR expression and trafficking may therefore have significant

impacts on synaptic plasticity.

Astrocytes in the mammalian brain

Neurons only comprise about half of the cells in the mammalian brain (von Bartheld et al.,
2016). The remaining half of the brain is made up of a group of cells collectively called neuroglia,
a Greek word that literally translates to “brain glue”. While glia were identified and catalogued by

early neuroscientists such as Rudolf Virchow and Santiago Ramén y Cajal, for many decades it
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was assumed that these cells acted as no more than connective tissue or scaffolding for neurons,
and little attention was paid to their morphology and function (Somjen, 1988). Since the 1980s,
however, researchers have begun to appreciate the critical roles these cells play in the brain
throughout the lifetime.

Neuroglia subtypes in the central nervous system (CNS) include microglia (often
considered the brain’s immune cells) and oligodendrocytes (which myelinate axons and act as
insulation for neuronal electrical signals). In the mammalian brain, however, astrocytes are one
of the most abundant cells, making up about 40% of all glial cells (Allen and Lyons, 2018; von
Bartheld et al., 2016). Neurons and glia arise from the same pool of neuroepithelial cells, which
in the cortex first differentiate into radial glia cells to generate neurons before differentiating into
astrocytes once neurogenesis has mostly completed (Reemst et al., 2016). These newborn
astrocytes then divide, expand, and begin to develop elaborate processes concurrently with
neuronal axonal and dendritic outgrowth and spine and synapse formation (Farhy-Tselnicker and
Allen, 2018). Astrocytes are star-shaped cells with numerous functions (Figure 1.1). These
morphologically and functionally diverse cells tile the brain, connecting to one another via gap
junctions, extending endfeet to contact the blood vessels of the brain, and wrapping fine
processes around neuronal synapses (Barres, 2008). In this way, astrocytes are poised to support
neurons in the adult brain.

Astrocytes maintain homeostasis and provide metabolic support for neurons

Positioned between neurons and blood vessels, astrocytes act as messengers, shuttling
nutrients such as glucose and oxygen from the blood vessels directly to the neurons (Molofsky et
al. 2013). Astrocytes can also store glycogen and release lactate in response to glutamate uptake
(Stobart and Anderson, 2013). This provides neurons with the metabolic support required for their
function and enables the coordination of neuronal function and blood flow (Molofsky et al. 2013).

Unlike neurons, astrocytes are not electrically excitable, and instead use alterations in the
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intracellular concentration of calcium as a means of signaling (Perea et al., 2009). Astrocytes
respond to neuronal activity, such as the release of glutamate, via transient elevation of calcium
concentrations (Bazargani and Attwell, 2016). This allows astrocytes to release gliotransmitters
(such as ATP, adenosine and D-serine) that act to regulate synaptic transmission and plasticity
(Figure 1.1) (Allen, 2014).

At the majority of excitatory synapses in the CNS, fine astrocytic processes, together with
the pre and postsynaptic terminals, form the tripartite synapse. During neurotransmission,
neurons release transmitters into the synaptic cleft. Synaptic transmission is regulated by
astrocyte transporters that clear glutamate from the synaptic cleft, and astrocytes can recycle
glutamate by converting it to glutamine and releasing it back to neurons (Allen and Barres, 2009).
The main transporters expressed in astrocytes that are responsible for glutamate clearance from
the synaptic cleft are GLAST and GLT1 (Perego et al., 2002). Neurons also release potassium
(K+) during neuronal signaling. Astrocytes can modulate neuronal networks by buffering
extracellular K+ after its release, removing excess potassium and preventing its accumulation,
which if not removed can lead to inappropriate neuronal depolarization and epileptic activity
(Gabriel et al., 2004; Walz, 2000).

Astrocytes support neuronal survival and outgrowth

In addition to their roles in the adult brain, it is now known that neurons require astrocytes
to grow and develop normally. In vitro studies have demonstrated that neurons grown in isolation
have decreased survival, stunted neurite outgrowth and defects in synapse formation, whereas
the presence of astrocytes or astrocyte secreted proteins (ACM) is sufficient to reverse these
deficits and promote neuronal development (Banker, 1980; Pfrieger and Barres, 1997; Ullian et
al., 2001).

Astrocytes have since been found to produce proteins critical for neuronal survival and

outgrowth, including glial-derived neurotrophic factor (GDNF) and ciliary neurotrophic factor
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(CNTF) (Chen et al., 2010), brain derived neurotrophic factor (BDNF) (Dougherty et al., 2000),
and insulin-like growth factor 1 (IGF1) (Labandeira-Garcia et al., 2017; Recio-Pinto et al., 1986).
Astrocytes also secrete proteins that influence neuronal guidance. During brain development,
astrocytes express laminin and fibronectin, two extracellular matrix (ECM) proteins important for
axon elongation and pathfinding (Liesi and Silver, 1988; Tonge et al., 2012), while conversely, a
particular subset of astrocytes in the ventral spinal cord express semaphorin-3a (SEMA3a), a
protein involved in repulsion of the axonal growth cone (Molofsky et al., 2014). Some regional
populations of astrocytes expressing extracellular matrix proteins such as tenascin, chondroitin
sulfate proteoglycan (CSPG), and heparan sulfate proteoglycan (HSPG) can restrict neurite
outgrowth, contributing to the refinement of neuronal circuit formation (Cavalcante et al., 2002;
Powell et al., 1997). Directional, coordinated astrocytic calcium waves triggered by neuronal
activity can attract axonal growth cones in vitro (Hung and Colicos, 2008). Additionally,
perisynaptic astrocyte processes and axonal growth cones express ephrins and their receptors,
an interaction that plays a role in a wide variety of function including cell proliferation and
migration, repulsion of the growth cone, and neurite extension and branching (Cahoy et al., 2008;
Carmona et al., n.d.; Ethell et al., 2001; Filosa et al., 2009; Murai and Pasquale, 2011). These
studies provide insight into the roles of astrocytes in supporting neuronal outgrowth and process
elaboration, but many questions remain about the effects of astrocyte secreted proteins during
this process.

A role for astrocytes in neuronal synapse formation and function

Synapse formation and stabilization are processes mediated by numerous factors,
including proteins released by astrocytes that directly influence synaptogenesis (Figure 1.2).
These factors include thrombospondin, hevin, cholesterol, glypicans, SPARC, transforming
growth factor-B (TGFp), tumor necrosis factor-a (TNFa), Wnt, activity-dependent neurotrophic

factor (ADNF), and chondroitin sulfate proteoglycans (CSPGs) (Allen et al., 2012; Beattie et al.,
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2002; Bialas and Stevens, 2013; Blondel et al., 2000; Christopherson et al., 2005; Jones et al.,
2011; Kerr et al., 2014; Kucukdereli et al., 2011; Mauch et al., 2001; Pyka et al., 2011). Exposure
of neurons to astrocyte secreted factors is enough to promote synaptogenesis, as evidenced by
the fact that contact between astrocytes and neurons is not necessary to see the synaptogenic
effect of astrocytes (Christopherson et al., 2005; Pfrieger and Barres, 1997; Ullian et al., 2001).
Thrombospondin and hevin are capable of inducing the formation of structurally mature synapses,
but they lack functionality (Christopherson et al., 2005; Kucukdereli et al., 2011). Thrombospondin
interacts with a281 and neuroligin at synaptic sites to induce synapse formation. Other astrocytic-
secreted factors are responsible for inducing functional synaptic transmission, such as glypican
4 (GPC4) and chordin-like 1 (CHRDL1). GPC4 is a heparan sulfate proteoglycan that recruits
GluA1-containing AMPARSs to the surface of dendrites, inducing synapse formation and synaptic
activity (Allen et al., 2012). Conversely, CHRDL1 mediates the transition from immature, plastic
synapses to mature, stable synapses by recruiting calcium-impermeable GluA2-containing
AMPARSs to the synapse (Blanco-Suarez et al., 2018). ADNF from astrocytes increases synaptic
NMDA glutamate receptors (Blondel et al., 2000). Not all factors identified have synaptogenic
functions. For instance, astrocytes produce and release secreted protein acidic and rich in
cysteine (SPARC), an anti-synaptogenic factor that blocks synapse formation and decreases

AMPAR levels at synapses (Kucukdereli et al., 2011).

Neuronal defects in genetic heurodevelopmental disorders

Autism Spectrum Disorder (ASD) is a sporadic and variable disorder that occurs in an
estimated 1% of children globally. Around 10-20% of ASD patients have a known genetic mutation
to which the condition can be attributed, and that number may rise to as high as 30-40% as
detection technology improves (Beaudet, 2007; lossifov et al., 2014). ASD and multiple other

neurodevelopmental disorders (NDs) give rise to similar cellular defects in the developing brain,
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including altered dendritic arbor growth and defects in neuronal synapse formation and function.
For example, Rett’s syndrome (RTT) is a genetic disorder caused by mutations to methyl-CpG
binding protein 2 (MECP2) on the X-chromosome (Amir et al., 1999). It presents as a progressive,
severe neurological disorder, affecting predominantly females (Hagberg et al., 1983). Children
develop normally for 6-18 months before experiencing a regression of motor and language skills
and the loss of purposeful hand movements. As regression continues, many symptoms of autism
arise, including hand stereotypies, intellectual disabilities, and respiratory irregularities (Neul et
al., 2010). MECP2 is an important regulator of synaptogenesis and synaptic pruning (Calfa et al.,
2011). RTT pathology is associated with abnormalities in dendritic morphology, including
reductions in dendritic complexity and decreased spine density (Xu et al., 2014).

Like RTT, Fragile X Syndrome (FXS) is an X-linked genetic disorder. The disease is
caused by a failure to express Fragile X mental retardation protein (FMRP) due to an expansion
in the CGG trinucleotide repeat in the Fragile X mental retardation 1 (FMR1) gene (Yudkin et al.,
2014). FXS is associated with an autism-like phenotype in many individuals with the disorder,
including hand stereotypies, intellectual disability, and social anxiety (McDuffie et al., 2015). FXS
has been linked to defects in synaptic development and plasticity (Berry-Kravis, 2014). Post-
mortem analysis of neocortical morphology has found that Fragile X patients have long, thin, and
immature-appearing dendritic spines (Hinton et al., 1991; Rudelli et al., 1985), a morphology also
seen in FMR1 knock-out (KO) mice (Irwin et al., 2000; Nimchinsky et al., 2001). FMRP is highly
expressed in the brain (Feng et al., 1997; Pacey and Doering, 2007), and is essential for spine
maturation.

Abnormalities in dendritic spine morphology are characteristic of Down’s Syndrome (DS)
(Marin-Padilla, 1976; Suetsugu and Mehraein, 1980; Takashima et al., 1989). DS is the most
common genetic cause of intellectual disability (Presson et al., 2013; Ross and Olsen, 2014) and

is due to trisomy of chromosome 21. Neurons in DS brains have reduced numbers of spines, and
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these spines frequently show a long, tortuous morphology (Benavides-Piccione et al., 2004),
which has been linked to the development of Alzheimer’s Disease in adults with DS (Ferrer and
Gullotta, 1990). A study on induced pluripotent stem cells (stem cells derived from human
fibroblasts, iPSCs) derived from monozygotic twins, where one twin had DS while the other did
not, demonstrated that DS lineage cells show increased astroglial and oligodendrocyte cell
populations, along with decreased neurogenesis. Neuronal cells derived from DS iPSCs show
deficits in dendritic development and reduced expression of both pre and postsynaptic proteins,

including postsynaptic density protein 95 (PSD95) and SYNAPSIN (Hibaoui et al., 2014).

A role for astrocytes in the pathology of genetic nheurodevelopmental disorders

With an abundance of roles in the brain and their involvement in many key processes,
astrocytes are poised to have dramatic impact on neuronal function. It is clear that these cells are
important for normal neuronal development. As discussed, astrocyte proteins are critical for
neuronal survival, growth, and synapse formation. In the case of genetic neurodevelopmental
disorders associated with neuronal defects, astrocyte dysfunction may play a role in the pathology
of the disorders.

Astrocytes in Rett Syndrome

Studies have implicated astrocyte dysfunction in disorders associated with ASD. Studies
in mouse lines and cells derived from patient-obtained induced pluripotent stem cells (iPSCs)
have demonstrated that RTT astrocytes fail to support the development of wild-type neurons in
vitro, while conditioned media from wild-type astrocytes rescues dendritic defects in RTT neurons
(Ballas et al., 2009; Freitas et al., 2012; Williams et al., 2014). Additional examination revealed
that the addition of insulin-like growth factor-1 (IGF1) or GPE (a peptide containing the first 3
amino acids of IGF1) to RTT human iPSC astrocyte and neuron co-cultures was sufficient to

significantly improve the outgrowth of neurons in vitro (Williams et al., 2014). It is particularly
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interesting that this effect is seen with the application of conditioned media (the solution the
astrocytes have been grown in), as it indicates that contact between astrocytes and neurons is
not required to induce deficits in neuronal outgrowth or to rescue them. Systemic delivery of
MECP2 protein rescues some of the behavioral phenotype in mice (Garg et al., 2013), and
importantly, rescuing MECP2 expression selectively in astrocytes attenuates disease outcomes
in vivo (Lioy et al., 2011). Additionally, treatment with IGF1 significantly improves dendritic and
synaptic deficits as well as breathing abnormalities in MECP2 knock out mice in vivo (Tropea et
al., 2009). MECP2-null astrocytes show enrichment for a number of genes associated with LTD,
including corticotropin-releasing hormone (CRH), PPP2R2B encoding protein phosphatase 2,
and GRIA1 encoding glutamate receptor (Yasui et al., 2013), which may influence the efficacy of
active synapses in RTT.

Astrocytic regulation of glutamate at the synapse is an important component of synaptic
maintenance and plasticity. Additional research has demonstrated that MECP2 plays a role in
glutamate clearance by astrocytes through regulation of the glutamate transporters EAAT1 and
EAAT2 and glutamine synthetase. MECP2-null astrocytes demonstrate impaired downregulation
of EAAT1/2 expression and higher levels of glutamine synthetase protein following exposure to
glutamate in vitro, and these changes may lead to deficits in glutamate clearance at the synapse
and thus, synaptic dysfunction (Okabe et al., 2012). Other work in mice has found that MECP2-
deficient medullary astrocytes have impaired CO. sensitivity, which may contribute to the
respiratory irregularities seen in patients with this disorder. Restoration of MECP2 to these
astrocytes leads to normal respiratory patterns (Turovsky et al., 2015). These studies indicate
that impaired interactions between astrocytes and neurons in RTT are part of the pathology of the
disease, and further work is required to understand how that interaction affects the disease
phenotype and outcomes.

Astrocytes in Fragile X Syndrome
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Co-culture studies have demonstrated roles for astrocytes in FXS. Wild-type hippocampal
neurons grown in culture with astrocytes from an FXS mouse show abnormal dendritic
morphology and impaired synaptic protein clustering at 7 days in vitro (DIV), but not 21 DIV
(Jacobs et al.,, 2010; Jacobs and Doering, 2010), indicating a delay in normal neuronal
development. In contrast, FXS neurons that are grown on wild-type astrocytes develop normally.
Alterations in AMPARs have been noted in FXS. The FMRP-regulated proteins STEP and Arc
are associated with endocytosis of AMPARs (Berry-Kravis, 2014). Impairments in AMPAR subunit
GluA1 delivery to the synapse, connected to changes in Ras-phosphoinositide 3-kinase (PI3K)-
protein kinase B (PKB) signaling, have been noted in FMR1 KO mice, resulting in impaired LTP
(Hu et al., 2008). Additional work has demonstrated that FMRP directly promotes GluA1
membrane delivery, while its paralog FXR2P acts to increase GluA1 mRNA stability (Guo et al.,
2015). Astrocytes can regulate synaptic recruitment of AMPARSs via secretion of GPC4 (Allen et
al., 2012), but it is not yet known whether alterations in GPC4 play a role in FXS.

Glutamate clearance dysfunction may also play a role in the pathology of FXS. In FMR1
KO mice, reduced GLT1 expression leads to a reduction in glutamate reuptake by astrocytes
(Higashimori et al., 2013). In addition, mGIluR5 has been shown to play a role in FXS. In the
absence of FMRP, excessive mGIuR signaling has been linked to abnormal dendritic spine
morphology and maturation (Berry-Kravis, 2014) and alterations in LTD. This hypothesis is
supported by work demonstrating that chronic pharmacological inhibition of mGIuR5 rescues the
abnormal dendritic spine phenotype and leads to significant recovery from cognitive deficits
associated with FXS in mice (Michalon et al., 2012). Conversely, there is evidence that FMRP-
dependent downregulation of mGIuR5 in astrocytes underlies the reduced GLT1 expression and
the reduction in glutamate reuptake, contributing to abnormal neuronal excitability in FXS mice
(Higashimori et al., 2013). Further research has found that there is a reduction in astrocyte

presence at hippocampal CA1 synapses in Fmr1 KO mice, in addition to immature synaptic
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densities (Jawaid et al., 2018). The research has thus far been promising and future work on the
role of astrocytes in the morphological deficits in FXS may provide better insight into potential
treatments.

Astrocytes in Down Syndrome

Astrocytes have been implicated in the pathology of Down Syndrome through co-culture
studies, identifying thrombospondin-1 (TSP-) as a critical secreted astrocytic factor; decreased
TSP1 release by DS astrocytes leads to alterations in spine density and morphology in DS (Garcia
et al., 2010). In addition, hippocampal neurons grown on top of TSP1 KO astrocytes exhibit a
dramatic increase in filopodia-like spines, much like the pathology described in DS, and the
addition of TSP1 to neuronal cultures grown in DS astrocyte conditioned media can reverse the
reduced synapse number seen in culture (Garcia et al., 2010). While TSP1 KO mice show
dendritic spine abnormalities and behavioral deficit similar to those seen in DS (Torres et al.,
2018), it remains unknown whether or not application of TSP1 might rescue the DS spine
pathology in vivo. Further research on DS astroglial cells derived from iPSCs has found that these
cells exhibit increased levels of S1008, GFAP, and reactive oxygen species (ROS), indicating that
they are in a reactive state. Medium collected from these cells does not support normal neurite
outgrowth or synapse formation, resulting in abnormal dendritic and spine morphology. This
phenotype was partially rescued through the application of minocycline (Chen et al. 2014),
indicating promise for therapeutic treatment. DS astrocytes also demonstrate deficits in amyloid
precursor protein (APP) metabolism and secretion, associated with mitochondrial dysfunction
(Busciglio et al., 2002), which may contribute to the comorbidity of DS and Alzheimer’s disease
(Takashima et al., 1989). Increased deposition of APP during development in DS brains may
result in inflammatory responses that hinder normal dendritic growth and development
(Benavides-Piccione et al., 2004). Further research into the connection between APP deposition,

inflammation, and dendritic alterations may reveal a role for astrocytes in this pathology.
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Astrocytes: A new hope for therapeutic targets in ASD

The overlapping neuronal phenotypes and their connection to astrocytes suggest there
may be common alterations in the molecular mechanisms of neuronal development across
multiple NDs that can be targeted therapeutically. However, while a number of astrocyte-secreted
proteins have been identified as being important for normal neuronal development, there are still
many questions to be answered. In particular, the popular method for the isolation of rodent
astrocytes makes it difficult to determine if these cells represent an accurate picture of astrocyte
behavior in vivo. Since it is difficult to study secreted proteins in vivo, the development of new and
more advanced methods to isolate various brain cell types in vitro is critical to better understand
their individual roles in the brain, and in the case of this dissertation, to get a clear understanding
of the secretome of astrocytes.

Several changes in astrocyte-secreted proteins have been determined to play a role in
some of these disorders individually, which will be discussed in chapter 3. To date, however, there
has not been an in-depth examination of the secretome of wild-type or ND astrocytes at a time
point when astrocytes are involved in the process of neuronal development, dendritic outgrowth,
and synapse formation. This thesis sets out to investigate: 1) What does the normal, wild-type
astrocyte secretome look like? 2) How does astrocyte protein secretion change in genetic
neurodevelopmental disorders? 3) Are there common changes in protein secretion and gene
expression in RTT, FXS and DS? This dissertation seeks to answer these questions by taking an
unbiased approach to study astrocyte secreted proteins in a new model of astrocytes in vitro,
using an updated protocol to isolate astrocytes at a physiologically relevant time point under
serum-free culture conditions. This approach generates astrocytes that more closely resemble
astrocytes in vivo when compared to traditional methods for culturing astrocytes. This provides

an opportunity to conduct deep analysis of astrocyte secreted proteins via mass spectrometry,
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while conducting concurrent RNA sequencing analysis of gene expression in the same samples.
With this technique, | have isolated astrocytes from WT, RTT, FXS, and DS mouse brains at
postnatal day 7 (P7), cultured them, and identified over 1200 unique proteins secreted by
astrocytes in vitro. This research has generated a database of proteins secreted by astrocytes
and their gene expression profiles across these three disorders as well as in WT healthy brains,
to allow for a better understanding of the roles astrocytes play in the brain during normal

development and in neurodevelopmental disorders.
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Figure 1.1: Astrocytes perform critical functional roles in the brain. Astrocytes (green) express cell-
specific markers that determine their cellular identity (top left astrocyte), contact blood vessels and neuronal
synapses to engage in metabolism and homeostatic functions (center astrocyte), and bind and respond to
neurotransmitters released by neurons (lower right astrocyte).
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Figure 1.2: Astrocytes secrete factors important for synapse formation at the tripartite synapse.
Astrocytes induce synapse formation by secreting factors such as thrombospondins 1 and 2 (TSP/2) and
SPARCL1 (also called hevin), which bind to a2d1 and neuroligin to induce structural synapse
formation, and GPC4/6, which recruits GluA1-containing AMPA receptors to the synapse. Astrocytes can
also block synapse formation and modulate synapse maturation and plasticity through the secretion of
factors like TGFpB, which regulates synaptic pruning, SPARC, which prevents synapse formation and
decreases the level of AMPARs at synapses, and chordin-like 1 (CHRDL1), which increases the presence
of GluA2-containing AMPARSs.
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Chapter 2: Development of a novel protocol for the isolation of neonatal murine cortical

astrocytes and neurons

Formatting note: every chapter in this dissertation has its own, self-contained introduction and
discussion. The introduction and conclusion chapters are intended to broadly frame and
contextualize the dissertation. All methods are confined to a single methods chapter at the end of

the dissertation.
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Introduction

Astrocytes play critical roles in normal neuronal growth and development, and in particular,
the proteins they secrete are known to be important for synapse formation and plasticity (Blanco-
Suarez, Caldwell, & Allen, 2016; Bosworth & Allen, 2017; Farhy-Tselnicker & Allen, 2018).
However, due to methodological limitations, it has thus far been challenging to accurately survey
the astrocyte secretome, even in animal models. Secreted proteins are challenging to study in
vivo. In the context of the whole brain, it is difficult to quantify individual protein levels, and nearly
impossible to determine which cells are producing which proteins. Thus it is necessary to isolate
individual cells types in vitro to better understand their protein secretion patterns.

For several decades, researchers have used a popular and highly effective method for the
isolation of rodent astrocytes, dubbed the MD method for its developers, Ken McCarthy and Jean
DeVellis. The MD method of astrocyte isolation involves isolating the cerebral cortices from rat or
mouse pups at postnatal day 0-2 (P0-2) and digesting the tissue in a papain solution before
dissociating the tissue with a serological pipette and plating the single cell suspension in poly-D-
lysine (PDL)-coated flasks with a serum-containing growth medium. At PO-2, the neurons are not
viable under these conditions, and rapidly die in culture; the remaining glial cells form layers, with
astroglia on the bottom, firmly attached to the flask surface. After several days, unwanted
oligodendrocytes and floating microglia are removed by vigorous shaking to dislodge the top
layers of cells, leaving the astroglia still attached to the flask (De Vellis and Cole, 2012; McCarthy
and De Vellis, 1980). These isolated astroglial cells grow readily in culture in a serum-containing
medium, and resemble astrocytes in several ways, but ultimately do not accurately recapitulate
the morphology and behavior of astrocytes in vivo and appear to be more like astrocyte-precursor
cells (Cahoy et al., 2008). There are a number of concerns regarding MD astrocytes and their
utility in understanding astrocyte function, including 1) these cells have a flat, irregular

morphology, compared to the bushy, process-bearing morphology of astrocytes in vivo; 2) MD
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astrocytes continue to divide long after isolation, while in vivo astrocytes show limited division
(Foo etal., 2011); 3) their gene expression profiles are more similar to those of astrocyte precursor
cells than in vivo astrocytes (Cahoy et al., 2008); 4) isolating astrocytes at PO-2 means that the
cells are not isolated during the time when they are involved in neuronal outgrowth and synapse
formation (Farhy-Tselnicker and Allen, 2018), raising questions about whether or not these cells
can accurately recapitulate the behavior of astrocytes at this critical time point; and 5) the
presence of serum in the culture results in nonphysiological conditions, as serum is an undefined
solution of proteins that are generally unlikely to cross the blood-brain barrier and may have a
large impact on astrocyte properties in vitro (Foo et al., 2011).

These concerns create the necessity for a better method for the prospective isolation of
astrocytes at a more physiologically relevant time point if we are to understand their roles in
neuronal development. The innovative immunopanning approach pioneered by the Barres lab
represents such an opportunity. Immunopanning involves the dissociation of neural tissue into a
single cell suspension before passing that cell suspension over sequential Petri dishes coated
with antibodies against cell-specific surface proteins to deplete unwanted cell types before a final,
positive panning dish, where the desired cells are bound to the surface and unwanted cells are
discarded. These viable isolated cells can then be collected and cultured for further analysis. In
2013, Lynette Foo published a protocol for the purification of rat astrocytes via immunopanning
(Foo 2013) and demonstrated the viability of this technique for generating highly-enriched
astrocyte cultures in serum-free medium from the rat brain at time points from P1 up until P18,
that more closely resemble in vivo astrocytes when compared to MD astrocytes (Foo et al., 2011).
However, while the Barres lab saw success in isolating rat astrocytes with this approach, it was
not optimized for use in mice.

This presented a barrier in our research, as rat models of most genetic disorders are not

readily available. In order to profile the proteins secreted by astrocytes under healthy, wild-type
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(WT) conditions and in multiple genetic neurodevelopmental disorders (NDs), it was necessary to
work with mice. Research has developed a new antibody targeting an astrocyte cell surface
protein, astrocyte cell surface antigen-2 (ACSA2), now known to be ATPase Na+/K+ Transporting
Subunit Beta 2 (ATP1b2), that may be utilized to isolate murine astrocytes across all
developmental stages (Batiuk et al., 2017; G. Kantzer et al., 2017). This protein shows highly
overlapping expression with the astrocyte marker GLAST, does not label non-astroglial cells, and
is not papain-sensitive, making it a prime candidate for use with the immunopanning technique.

We have thus adapted the Foo et. al. astrocyte isolation protocol for use with an anti-
ACSA2 antibody for the prospective isolation of mouse astrocytes at P7, when astrocytes are
known to be involved in neuronal outgrowth and synapse formation (Figure 2.1A). Astrocytes
isolated by immunopanning using this antibody show high expression of astrocyte markers by
both gPCR/gene expression analysis and by immunocytochemical staining. The absence of
serum in the media also enables us to identify the proteins secreted by astrocytes at this time
point by conditioning the astrocytes in minimal protein-free media and collecting the media for an
unbiased mass spectrometry analysis. This has allowed us to profile the proteins secreted by WT,
Rett Syndrome (RTT), Fragile X Syndrome (FXS), and Down Syndrome (DS) astrocytes isolated
from mouse models. This has, in turn, allowed us to compare the protein secretion profiles of WT
and neurodevelopmental disordered (ND) astrocytes to identify changes that may play a role in
the pathology of the NDs.

Beyond examining the protein secretome of WT and ND astrocytes in vitro, we also
needed a system by which we could test any candidate proteins identified by the screen for effects
on neuronal development. It was necessary to identify a means by which we could culture central
nervous system (CNS) neurons under minimal media conditions to observe the effects of
astrocyte-conditioned media (ACM) on neuronal growth. Many past studies on the role of

astrocytes in neuronal development have involved mixed culture systems, wherein retinal
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ganglion cells (RGCs) isolated from the retinas of neonatal rats are cultured with astrocyte-
conditioned media or astrocyte inserts produced from cortical cell suspensions (Winzeler and
Wang, 2013). This work has demonstrated important roles for astrocytes in supporting neuronal
development and survival (Allen et al., 2012; Blanco-Suarez et al., 2018; Christopherson et al.,
2005; Pfrieger and Barres, 1997; Ullian et al., 2001), but does not accurately recapitulate the full
complexity of the interactions between neurons and astrocyte proteins in vivo. Additionally, the
many studies that serve as the foundation for this dissertation used a multitude of mixed culture
approaches; techniques ranged from growing rat hippocampal neurons on human fetal astrocytes
(Garcia et al., 2010), to embryonic mouse hippocampal neurons grown with mouse cortical MD
astrocyte feeder layers (Jacobs and Doering, 2010), to early postnatal mouse hippocampal
neurons grown in rat cortical MD astrocyte-conditioned media (ACM) (Ballas et al., 2009), to
human induced pluripotent stem cell (iPSC) mixed cultures (Chen et al., 2014). In no case had
any one approach been used to consistently demonstrate the effects of astrocyte secreted
proteins on the neurons they normally interact with in all three NDs.

Astrocyte heterogeneity is increasingly appreciated within the astrocyte biology
community. Several studies have demonstrated that there are a wide variety of astrocyte
subtypes, and that their gene expression varies across brain region, as well as across the life
time (Bayraktar et al., 2014; Boisvert et al., 2018; Molofsky et al., 2014; Zhang and Barres, 2010).
There is an increasing awareness, therefore, of the importance of recapitulating not only the
relevant animal age using in vitro systems, but also the correct brain region. For the purposes of
this research, we decided to adapt both the astrocyte immunopanning protocol (Foo 2013) and
an existing cortical neuron immunopanning protocol (Steinmetz et al., 2006) to produce age-
matched cortical neuron cultures. The approach is similar to the astrocyte immunopanning
isolation, but instead of a prospective isolation for astrocytes, cortical neurons are selectively

isolated using an antibody for neural cell adhesion molecule L1 (NCAM-L1). This method
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produces viable neuronal cultures that survive in minimal media and show a 2-3 fold increase in
neurite outgrowth in the presence of WT ACM (Figure 2.2). This has allowed us to study the
effects of ACM from WT and ND astrocytes on age-matched cortical neurons to give deeper

insight into the roles of astrocyte-secreted proteins on neuronal outgrowth in vitro.

Results and Discussion

Development of an immunopanned mouse astrocyte in vitro cell culture model.

To study astrocytes from the developing mouse cortex we used immunopanning to isolate
the cells, modifying the procedure developed for rat astrocytes (Foo, 2013; Foo et al., 2011). The
full protocol for the isolation of astrocytes can be found in Appendix 1, on page 188. Briefly, the
cerebral cortices from P7 mice were isolated and the meninges removed before the tissue was
digested with papain and manually triturated with a serological pipette to produce a single cell
suspension. Cells were allowed to rest in solution at 34°C for at least 45 minutes to allow cell
surface antigens to return to the surface for proper antibody binding. The cell suspension was
then passed over antibody-coated plates to deplete irrelevant cell types. To obtain the most pure
astrocyte cultures possible, we selected antibodies against most other cell types in the brain:
Lectin to deplete endothelial cells, CD11b to deplete microglia, CD45 to deplete macrophages,
and two separate plates of O4 for the depletion of oligodendrocyte precursor cells (OPCs).
Positive selection of astrocytes was performed using an antibody against astrocyte cell surface
protein 2 (ACSA2; against ATP1b2) (Figure 2.1A) (Batiuk et al., 2017; G. Kantzer et al., 2017).
The remaining unbound cells (primarily neurons) were poured off and astrocytes were removed
from this panning dish using trypsin, then resuspended in a minimal media.

Our approach included several additional changes compared to the Foo protocol for
mouse astrocytes (Figure 2.1A). Firstly, we replaced a dish containing secondary antibody only,

designed to deplete unwanted microglia and macrophages, with a plate containing lectin, to
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capture microglia, macrophages, and endothelial cells. We next added a plate coated with CD11b
antibody, to further deplete microglia, and an additional O4-coated plate to further deplete OPCs.
Additionally, due to the nature of the genetic mutations causing RTT and FXS, we encountered
difficulties achieving more than 3-4 animals of the appropriate genotype in any given mouse litter.
Thus we further adapted the protocol for use with smaller Petri dishes and antibody volumes,
allowing us to isolate the astrocytes from 2-4 brains at a time. This approach yielded
approximately 1.2-1.5 million astrocytes per isolation, or roughly 300,000-400,000 astrocytes per
mouse.

Isolated astrocytes were grown on poly-d-lysine (PDL)-coated glass coverslips in 24 well
plates at a density of 40K-80K per well for immunocytochemical analysis, and in PDL-coated 6-
well plastic tissue culture plates at 270K-350K to generate ACM. Cells were maintained in a 50:50
Neurobasal:DMEM serum-free media with the addition of the growth factor HB-EGF (heparin
binding epidermal growth factor) to support cell survival, with the absence of serum essential to
prevent the induction of genes associated with reactive astrocytes (Foo et al., 2011). These cells
grew readily in culture, achieving confluence in 5-7 days.

We performed immunostaining quantification of the astrocyte cultures to determine
astrocyte purity, and found that many cells express known astrocyte markers glial fibrillary acidic
protein (GFAP) and aquaporin 4 (AQP4), while neurons and microglia are almost never detected,
and OPCs are rarely detected (Figure 2.1D). However, this approach was challenging, as only
around 35% of the cells expressed GFAP protein, while around 45% express Aqp4 (Figure 2.1E).
This is likely due to variability of astrocyte expression of these proteins, rather than a problem
with the isolation system; in images, it was clear that some cells expressed AQP4 and GFAP at
much higher levels than others (Figure 2.1D). As GFAP protein expression is considered a marker
of reactivity in astrocytes in vivo, and is induced by serum exposure in vitro, we took it as a

promising sign that the astrocytes did not express high levels of GFAP. Further immunostaining
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cultures for cell-specific markers showed the majority of cells are positive for the astrocyte marker
GLAST (SLC1a3) (Figure 2.1B).

For a more accurate determination of astrocyte cell culture purity, we turned to a
quantitative PCR approach. We designed gPCR primer pairs against genes that have been
identified as cell-specific markers, including Gfap (astrocytes), Syt1 (neurons), Mog
(oligodendrocytes), Cspg4 (OPCs), Cd68 (microglia), and Fgfr4 (fibroblasts). qRT-PCR analysis
of astrocyte mRNA determined that immunopanned astrocytes are highly enriched for astrocyte
markers and depleted for other cell type markers (Figure 2.1C). These results demonstrate that
the immunopanning approach utilizing the ACSA2 antibody is a viable method for the isolation
and culture of astrocytes. With this approach, we have successfully isolated and cultured

astrocytes from WT and ND mouse models.

Generation of astrocyte conditioned media (ACM) for proteomics analysis and neuronal outgrowth

assays.

To examine the protein secretome from WT and ND astrocytes, it was necessary to grow
the cells in a very minimal media, containing no additional protein except for a small amount of
the growth factor HB-EGF to support astrocyte survival, thus ensuring that the only protein present
in the ACM would be proteins secreted by the astrocytes. This media was then collected and
examined by mass spectrometry (see chapter 7, page 162). Additionally, ACM protein was also
used for neuronal outgrowth assays in vitro, to study the effects of WT and ND astrocyte secreted
proteins on neurite growth. Astrocytes were cultured after isolation for 5 to 7 days until confluent,
then switched to a protein-free conditioning media for 5 days (50% phenol red-free neurobasal,
50% phenol red-free DMEM, pyruvate, glutamine, N-acetyl cysteine, penicillin, streptomycin,
carrier-free HB-EGF). Astrocyte conditioned media (ACM) was concentrated 30-fold using a 3kDa

cut-off centrifugal concentrator, to deplete small molecules and enrich for secreted proteins over

37



3kDa in size, giving a final protein yield of approximately 15ug in roughly 200 pl of ACM from 3
wells of a 6-well plate. Our initial mass spectrometry experiments determined that the presence
of bovine serum albumin (BSA) in HB-EGF produced in the presence of BSA was sufficient to
contribute to a high proportion of peptide spectra detected, necessitating the need to use carrier-
free growth factors to enable detection of a high number of secreted proteins. This approach was
used to analyze a large sample set of ACM (n=6 each for WT, RTT, FXS, and DS) for mass
spectrometry analysis and whole cell lysate RNA (n=6 each for WT, RTT, and FXS; n=4 for DS)
for RNASeq analysis (see chapter 3).

These results highlight the potential of this approach for generating consistent, matched
ACM samples for deep quantitative examination of protein secretion in astrocytes from WT and
disordered mice at P7, an important timepoint in the development and growth of neurons and in
the formation of neuronal spines and synapses. This will allow for better study of the effects of
astrocyte proteins on these processes. Furthermore, it demonstrates the importance of culturing
astrocytes under completely serum free conditions to accurately detect astrocyte secreted
proteins in vitro, as the presence of serum even as a stabilizing carrier protein for supportive
factors is sufficient to dominate the peptides counted by mass spectrometry and may mask many
low abundance proteins in an ACM sample. Thus the immunopanning approach represents an
importance advancement in the study of astrocyte secreted proteins. One such application of this
approach will be discussed in chapters 3-5 of this dissertation, as we describe the results of mass
spectrometry analysis of astrocyte secreted proteins and the identification of protein factors that

inhibit neuronal outgrowth.

Development of an immunopanned cortical neuron assay.

Previous studies demonstrated that WT neurons cultured with WT ACM or astrocytes

show enhanced neurite outgrowth compared to neurons grown alone, whereas RTT, FXS and
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DS astrocytes induce stunted outgrowth in WT neurons (Chen et al., 2014; Jacobs and Doering,
2010; Williams et al., 2014). However, this had not been studied using age-matched cortical
neurons and cortical astrocytes in vitro, nor with cells isolated via immunopanning. To determine
if ACM from immunopanned astrocytes has the same effects on neurite outgrowth as MD
astrocyte ACM, we developed an immunopanning protocol to isolate age and region matched
neurons from the P7 mouse cerebral cortex, using an antibody against the neuronal protein
neuronal cell adhesion molecule L1 (NCAM-L1) (Figure 2.2A) (Steinmetz et al., 2006). Cortical
neurons were plated in serum free medium (alone condition), or with ACM (3 pg/ml) added at the
time of plating. To assess neurite outgrowth neurons were cultured for 48 hours and stained for
MAP2 (dendrites) and Tau (axons) (Figure 2.2B,C), a time period used in previous studies to
investigate effects of ND astrocytes on neurite development (Maezawa et al., 2009; Williams et
al.,, 2014). At this early timepoint the longest processes are Tau positive, while the shorter
processes are MAP2 positive (Fig 2.2C). We analyzed a number of parameters including total
neurite outgrowth (axon + dendrite), longest neurite, and number of branches (Fig 2.2F). WT
cortical neurons grown in isolation show minimal neurite outgrowth, and addition of WT ACM
significantly increases total neurite outgrowth by 2 to 3-fold. ACM from astrocytes isolated from
mice with null mutations in MECP2, a model of Rett’s syndrome (RTT ACM), does not significantly
increase neurite outgrowth compared to neurons alone (Figure 2.2D-F). We saw no significant
changes in the number of processes or number of branches per process. These data demonstrate
that immunopanned astrocytes from WT mice are able to support neurite outgrowth, whereas
those from models of ND e.g. RTT cannot, and validate the cortical neuron outgrowth assay as a
system to monitor functional differences between ND and WT astrocytes.

With these results, we determined that immunopanning is an appropriate method for the
isolation of cortical neurons in vitro, and an assay by which we can test WT and ND ACM in vitro,

and to examine the effects of candidate proteins identified by a proteomics analysis.
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Immunopanning produces cortical astrocytes and neurons from age-matched postnatal mice,
generating cultures that are more likely to recapitulate the interactions of these cells in the
corresponding in vivo brain. This assay thus resolves some of the concerns surrounding astrocyte
heterogeneity in the brain and further age-matches cortical neurons to cortical astrocytes at the
relevant developmental timepoint, resulting in an assay that will be helpful for future studies on
the roles of astrocytes in neuronal development. This approach also yields a consistent method
by which to isolate neurons and astrocytes in vitro, to better compare the effects of ND and WT
ACM on neurons and to further examine the similarities and differences between each ND and
WT ACM, which will be discussed in chapter 3. This approach is used to assess the effects of ND
and WT ACM, as well as individual protein factors identified as potential outgrowth inhibitory

factors, and will be discussed in chapters 4 and 5 of this dissertation.
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Figure 2.1: Development and validation of mouse astrocyte immunopanning procedure. A.
Schematic of the procedure: P7 mouse cortex is digested with papain to produce a single cell suspension,
which undergoes a series of negative selection steps to deplete unwanted cells (endothelia, microglia,
oligodendrocytes), followed by positive selection for astrocytes using an antibody against ACSA2. Neurons
remain in the single cell suspension at the end of the procedure. B. Immunostaining IP-astrocyte cultures
for the astrocyte marker GLAST (Slc1a3) demonstrates the majority of cells express this protein. C. gRT-
PCR for cell-type markers from mRNA collected from IP astrocytes compared to P7 mouse cortex
demonstrates enrichment for astrocytes (Gfap), a depletion of neurons (Syt1), microglia (Cd68), fibroblasts
(Fgfrd), and a decrease in oligodendrocyte precursor cells (OPCs; Cspg4) in WT and ND IP astrocyte
cultures. Averaged from N=6 cultures per genotype. D,E. Immunostaining IP-astrocyte cultures for cell type
markers reveals that the majority of cells express astrocyte-associated proteins Gfap and Aqp4, while rarely
expressing NeuN (neuronal marker), Ibal (microglial marker) or NG2 (oligodendrocyte precursor cell
marker). Images are representative. For quantification, n=15 total astrocyte cultures (3WT, 1 RTT, 3 FXS,
8 DS), with at least 3 ROls analyzed per coverslip, 1 coverslip per assay per cell marker. No differences
were observed between ND and WT expression of cell markers.
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Figure 2.2: WT ACM supports WT neurite outgrowth, whereas RTT ACM does not. A. Schematic of
the immunopanning procedure to isolate cortical neurons: P7 mouse cortex is digested with papain to
produce a single cell suspension, which undergoes a series of negative selection steps to deplete unwanted
cells (endothelia, microglia), followed by positive selection for neurons using an antibody against NCAM-
L1. All other cells remain in the single cell suspension at the end of the procedure. B-F. Culturing WT
cortical neurons for 48 hours with WT astrocyte conditioned media (ACM) increases neurite outgrowth,
whereas RTT ACM does not. B. Example images of neurons in each condition, as analyzed by the
MetaMorph software Neurite Outgrowth module. C. Example images from B, prior to processing and
analysis. Neurons immunostained with MAP2 (dendrites, green) and tau (axon, red). D,E. Quantification of
total neurite outgrowth (dendrite + axon) for each condition. Example experiment shown, experiment
repeated 3 times with same result. F. Examination of other measures of neurite outgrowth (mean process
length, maximum process length, etc.) reveal that there is an overall difference in outgrowth but not in
process number or number of process branches. Bar graph represents mean + s.e.m. Number inside bar
= number of neurons analyzed. Statistics by one-way ANOVA, p values marked above each condition
compared to neurons alone.
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Chapter 3: In-depth profiling of the protein secretion and gene expression profiles of

wild-type and neurodevelopmental disordered astrocytes in vitro

Formatting note: every chapter in this dissertation has its own, self-contained introduction and
discussion. The introduction and conclusion chapters are intended to broadly frame and
contextualize the dissertation. All methods are confined to a single methods chapter at the end of

the dissertation.
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Introduction

The study of secreted proteins presents a challenge. There are no methods to
quantitatively examine protein secretion in vivo, while in vitro approaches must include the caveat
that isolated primary cell cultures cannot fully recapitulate the conditions of a living brain. Thus
while a number of astrocyte-secreted proteins important for normal brain development and
synapse formation have been identified, there are many questions still to be answered about the
functional impact of astrocyte-secreted proteins during development in both wild-type (WT) and
neurodevelopmental disordered (ND) brains.

A number of studies have attempted to profile the protein secretion of astrocytes in vitro.
Short-term (24 hour) conditioning of astrocytes isolated at PO-P1 using the traditional method
(McCarthy and De Vellis, 1980) identified 187 unique astrocyte-secreted proteins using a shotgun
proteomics and bioinformatics approach; proteins identified included SPARC, Complement C3,
insulin-like growth factor binding protein 5 (IGFBP5), insulin-like growth factor binding protein 2
(IGFBP2), apolipoprotein E (APOE), SPARC-like protein 1 (SPARCL1), and Carboxypeptidase E
(CPE) (Dowell et al., 2009), most of which are also expressed at high levels in astrocytes by gene
expression analysis (Zhang, Trautmann, Artelt, Burnet, & Schluesener, 2006). A similar study
showed significant overlap in the secreted proteins detected, including SPARCL1 and CPE
(Keene et al.,, 2009). Further research identified 516 proteins in astrocytes, 92 of which
demonstrated significantly enriched levels in astrocyte conditioned media (ACM) compared to cell
lysates, including APOE and SPARC (Greco et al., 2010).

It is important to note, however, that these studies faced certain limitations; in all cases,
astrocytes were initially grown in serum-containing media, which has been found to profoundly
alter the gene expression profiles of astrocytes in vitro and induces a reactive morphology (Cahoy
et al., 2008; Foo et al., 2011). Furthermore, these studies were done using immature astrocytes

isolated at PO-P1, making the results of limited use for identifying astrocyte proteins that might be
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linked to neuronal outgrowth and synapse formation, which occur at later stages. Finally, these
studies focused primarily on the secretome of WT astrocytes or WT astrocytes treated with
individual protein factors; none attempted to identify functional changes between WT and ND
astrocytes.

As discussed, astrocytes have been implicated in the pathology of a number of genetic
neurodevelopmental disorders associated with autism. Research on the proteomics of ASD has
generally been focused on the identification of biomarkers using noninvasive approaches, and
little is known about protein alterations in glia. Proteomics analysis on post-mortem ASD brains
across a wide age range and in both genders found an increased expression of glial markers such
as GFAP (in the cerebellum), and myelin basic protein (MBP) and myelin-oligodendrocyte
glycoprotein (MOG) (in the frontal cortex), while seeing a decrease in synaptic release associated
proteins such as synapsin-2 (SYN2), and synaptotagmin-1 (SYT1) compared to controls (Broek
et al., 2014), which may indicate changes in the number of glia and synaptic connectivity in ASD
brains. Analysis of ASD patient plasma and serum has found alterations in proteins associated
with the inflammatory response and with lipid metabolism compared to controls, such as
increased levels of alpha-2-macroglobulin (A2M) and apolipoprotein E (APOE, in female patients)
and lower levels of apolipoprotein J (APOJ) (Cortelazzo et al., 2016; Guest and Martins-de-Souza,
2017; Steeb et al., 2014). Other work has found changes in the levels of amyloid precursor protein
(APP) and bone morphogenetic proteins (BMPs), proteins implicated in synapse formation and
maintenance in ASD (Guest and Martins-de-Souza, 2017; Steeb et al., 2014).

There has been some research focused on protein changes in specific NDs associated
with ASD. For example, proteomics analysis of neurons and synaptosomes in FXS mice showed
increased levels of APP, while proteomic analysis of fibroblasts from DS patients saw
upregulation in proteins such as APP and growth-arrest-specific gene 6 (GAS6) (Liu et al., 2017),

which has been found to protect against apoptosis in neurons and oligodendrocytes (Shankar et
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al., 2003; Yagami et al., 2002). Research on induced pluripotent stem cells from RTT patients
and their fathers found alterations in the ratio of neurons to astrocytes during differentiation
indicating a skew toward the expression of neuronal markers, which may bias overall proteomics
data (Kim et al., 2019). Mass spectrometry analysis of the cortex of adult RTT mice showed a
decrease in the expression of APOJ, corresponding to the results seen in human ASD patients
(Cortelazzo et al., 2016; Pacheco et al., 2017). However, none of these studies have focused
specifically on the roles of glial cells in the pathology of ASD or in genetic disorders associated
with the condition, and the study of secreted proteins in plasma and serum has focused on the
identification of biomarkers as opposed to therapeutic targets for the condition.

Some work has been done using other in vitro models to study astrocyte protein secretion
in NDs; in particular, Krencik et. al. used induced pluripotent stem cells (iPSCs) from human
patients with Costello syndrome as well as WT controls to generate astroglial cells for the study
of alterations in the astrocyte secretome. Costello Syndrome, caused by a mutation in the Harvey
rat sarcoma viral oncogene homolog (HRAS), is a genetic disorder that leads to alterations in the
Ras/MAPK signaling pathway and has been associated with ASD (Garg et al., 2017; Schwartz et
al., 2017; Young et al., 2018). Krencik et. al. found that astroglial cells differentiated from iPSCs
derived from Costello Syndrome patient fibroblasts show accelerated maturation compared to
wild-type counterparts, and demonstrate a dramatic increase in cell area. Transcriptional and
proteomics analysis found that these cells overproduce extracellular matrix remodeling factors
and proteoglycans (including CSPGs, HSPGs, SPARC, TSP1, and GPC6) (Krencik et al., 2015),
indicating that there may be hyperactivation of astrocyte-to-neuron signaling in this disorder.
However, this work did not explore the protein secretion profiles of other NDs associated with
autism, nor did it utilize a serum-free model.

Here, we have focused our study on three NDs in particular: Rett Syndrome (RTT), Fragile

X Syndrome (FXS), and Down Syndrome (DS). All three conditions present with similar neuronal
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defects, including changes in dendritic arborization and altered dendritic spine and synapse
formation. Previous research has been conducted on astrocytes from individual NDs to identify
candidate factors that contribute to altered neuronal development. These studies showed that
astrocytes from patients with DS have decreased expression of synaptogenic proteins
thrombospondin and glypican (Chen et al., 2014; Garcia et al., 2010; Torres et al., 2018) and
mouse FXS astrocytes release excess neurotrophin 3 (NT3) which inhibits dendrite growth, as
well as decreased levels of synaptogenic thrombospondins and hevin (Blanco-Suarez, Caldwell,
& Allen, 2016; Cheng, Lau, & Doering, 2016; Wallingford, Scott, Rodrigues, & Doering, 2017;
Yang et al., 2012).

These studies of individual NDs and the limited proteomics studies of ASD provide
compelling evidence that alterations in astrocyte function and protein secretion contribute to
aberrant neuronal development, and raise the possibility that there may be alterations shared
across multiple disorders that represent new therapeutic targets for sporadic ASD. We therefore
set out to identify what the alterations in protein secretion are from astrocytes from multiple mouse
models of NDs (FXS, RTT, DS) compared to WT, and determine which of these alterations
functionally impact neuronal development. As there are currently no methods to identify
alterations in protein secretion from specific cell types in vivo, as described in chapter 2, we
developed an in vitro approach using immunopanning to prospectively isolate astrocytes from the
postnatal day 7 (P7) mouse cortex of WT and ND mouse models and maintained the astrocytes
in serum free media (Foo et al., 2011). We selected P7 as it is an active time of neurite outgrowth
and synapse formation in the developing cortex, making this a relevant timepoint to identify
alterations between astrocytes from WT and NDs (Farhy-Tselnicker and Allen, 2018).

Using this approach we identified for the first time the quantitative protein secretion profile
of WT astrocytes from the developing brain, identifying ~1200 proteins present at more than

0.01% of total protein. We further determined how astrocytes from 3 models of ND differ in protein
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secretion from WT, identifying unique changes for each disorder, as well as 88 proteins that are
significantly increased in secretion across all NDs. Interestingly, although gene expression was
altered between WT and ND astrocytes, there was little overlap in protein secretion and gene
expression changes, highlighting the importance of a proteomics approach when studying
secreted proteins. This work has generated a database of astrocyte-secreted proteins and gene
expression profiles from WT and ND astrocytes that can be used to inform future studies on the
roles of astrocytes in neuronal development and the functional impact of genetic disorders on
astrocyte function. This unbiased approach allowed us to identify new candidate proteins and

pathways that may present therapeutic targets for ASD.

Results

Identification of protein secretion and gene expression profile of immunopanned astrocytes.

The cortical neuron outgrowth experiments described in chapter 2 demonstrate that ACM
from RTT astrocytes does not support neurite outgrowth (Figure 2.2B-F), meaning that a
difference in the composition of proteins secreted from the astrocytes is likely responsible. To
analyze what the differences are we compared protein secretion and gene expression from
astrocytes from 3 mouse models of NDs to strain matched WT control: 1) RTT, Mecp2 KO (Jax
003890), male KO mice; 2) FXS, Fmr1 KO (Jax 003025), male and female KO mice; 3) DS, Down
syndrome transgenic (Jax 005252), male and female mice with one copy of the duplicated
chromosome; 4) WT control C57BI6J (Jax 000664), male and female mice. We chose to use KO
rather than heterozygous mice to make astrocyte cultures for RTT and FXS, as heterozygous
cultures would be a mixture of WT and KO cells due to the gene of interest being present on the

X chromosome and random inactivation of the X chromosome occurring.
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For mass spectrometry analysis of protein secretion, ACM from 6 separate cultures per
genotype was analyzed, giving a total of 24 samples. For each sample 5ug of ACM was analyzed
in triplicate using a Thermo Orbitrap Fusion Tribrid Mass Spectrometer (technical replicates, 15ug
total protein analyzed). Peptide spectra were assigned to proteins, and the number of spectra per
protein normalized to the total number of spectra in the run, to give a quantitative readout
represented as % of total protein in ACM (Supplemental Table 1). To focus on proteins that are
robustly detected we filtered for proteins that were present as at least 0.01% of total protein in at
least one of the genotypes. This identified 1236 unique proteins in WT ACM. Patternlab software
was used to determine if proteins were present at significantly different levels between ACM from
WT and each ND, with significance set at p<0.05, abundance >0.01%, fold change between WT
and ND =1.5. For RNA sequencing analysis of gene expression, 6 separate cultures of WT, FXS
and RTT, along with 4 separate cultures of DS were analyzed, giving a total of 22 samples
(Supplemental Table 2). For WT astrocytes, 12451 genes are present at FPKM>1. Significance
for differential expression was defined as adjusted p<0.05, calculated with EdgeR using
Benjamini-Hochberg’s procedure for multiple comparisons, along with expression FPKM>1 and

fold change between ND and WT >1.5, comparing each ND and WT.

Analysis of immunopanned astrocyte properties.

We first asked if immunopanned astrocytes resemble in vivo astrocytes at P7 by analyzing
expression levels of genes commonly associated with astrocyte function (Figure 3.1A,B). This
included astrocyte markers Gfap, Agp4 and Aldh1/1, all of which are expressed at high levels by
immunopanned astrocytes. Of note, there are no significant differences in marker gene
expression between WT and ND astrocytes, except the calcium binding protein S71004 which is
significantly more highly expressed by DS astrocytes than WT. We next examined ion channels

and transporters commonly associated with astrocyte function, including the potassium channel
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Kir4.1 (Kcnj10), the glutamate uptake transporters Glt1 (Slc1a2) and Glast (Slc1a3), and
metabolic enzymes including Ldha (lactate dehydrogenase) and Srebf1 (lipid synthesis). These
are all expressed at high levels by immunopanned astrocytes, with similar levels detected across
genotypes for most genes, except G/t1 which is decreased in FXS and the GABA uptake
transporter Sic6a11 which is decreased in both FXS and DS. The decreased expression of Glt1
in FXS astrocytes reproduces a finding previously reported for astrocytes in vivo in FXS KO mice,
validating the immunopanning model for studying astrocyte properties in vitro (Higashimori et al.,
2016, 2013). We further asked if expression of neurotransmitter receptors was altered between
astrocytes from ND and WT, and determined that the metabotropic glutamate receptors Grm3
and Grmb5, as well as the metabotropic GABA receptor Gabbr1 are downregulated in FXS
astrocytes, while Grmb5 is decreased in DS. As with Glt1, the decrease in Grm5 has previously
been reported in FXS astrocytes in vivo (Higashimori et al., 2013).

As a next approach to validate the immunopanning model, we determined the top 15 most
abundant proteins (out of 1236) secreted by and top 15 genes (out of 12451) most highly
expressed by WT immunopanned astrocytes (Figure 3.1B,C). Both lists include well known
astrocyte-secreted proteins such as DBI (diazepam binding inhibitor), APOE (apolipoprotein E, a
component of astrocyte lipid particles) and SPARC (an inhibitor of synapse formation and
function) (Allen and Eroglu, 2017; Christian and Huguenard, 2013). At the gene expression level
there were few significant differences between WT and each ND in the top 15, with just an
upregulation in Mt1 and Mt2 (metallothionein family members, zinc binding proteins) in DS
astrocytes. There were more differences in protein secretion detected, of note a significant
increase in IGFBP2 (a secreted binding protein for insulin-like growth factors 1 and 2 (IGF1/IGF2),
CPE (carboxypeptidase E, a component of the secretory pathway) and APOE, from all 3 ND

astrocytes compared to WT.
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Svnapse requlating factors in immunopanned astrocytes.

Having determined that immunopanned astrocytes express many of the same genes as
developing astrocytes in vivo, we next asked if they produce known astrocyte-secreted synapse
regulating proteins (Figure 3.1E-l). Synaptogenic proteins are present at varying abundances in
WT ACM, for example SPARCL1/hevin (induces silent synapse formation) is the most abundant
at 0.26%, glypican 4 (GPC4, induces immature GluA1 AMPAR-containing synapses) is at 0.11%,
and thrombospondin 2 (TSP2, induces silent synapse formation) is the least abundant at 0.002%
(Figure 3.1F) (Allen et al., 2012; Christopherson et al., 2005; Kucukdereli et al., 2011). This
demonstrates that the abundance of a protein in ACM is not necessarily indicative of its functional
effect. When comparing protein levels between WT and each ND, this identified a significant
increase in chordin like 1 (CHRDL1, induces synapse maturation via recruitment of GIuA2
AMPARSs, (Blanco-Suarez et al., 2018)) in DS ACM, an increase in GPC4 and GPC6 in RTT and
DS ACM, and an increase in SPARCL1 in RTT ACM, providing additional evidence that
alterations in astrocyte secreted synaptogenic factors may be involved in these disorders. When
looking at gene expression, only Chrdl1 was also significantly altered at the mRNA level (Figure
3.1G). Conversely Tsp2 mRNA was significantly decreased in FXS astrocytes, with no alteration
in protein secretion (although the levels of protein are very low, making it challenging to detect a
difference). As summarized in the introduction, previous studies of astrocytes from DS and FXS
prepared from the PO0-2 cortex and cultured in serum had detected decreased levels of
synaptogenic genes including glypicans, thrombospondins and SPARCL1, a result not
reproduced here, perhaps reflecting the difference in age of isolation or culture condition of the
cells.

When looking at proteins implicated in developmental synapse elimination a similar
pattern was seen, with more differences detected in secreted protein level than in gene

expression (Figure 3.1H,l). For example, an increase in the extracellular portion of the membrane
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protein MEGF10 (involved in phagocytosis of synapses) was detected in ACM from all NDs, with
no corresponding change in mRNA level (Chung et al., 2013). TGFp2 (transforming growth factor
beta 2), which regulates expression of components of the complement cascade involved in
synapse elimination, is also upregulated at the protein level across disorders with no change in
mRNA (Bialas and Stevens, 2013). SPARC (a negative regulator of synapse formation) is highly
abundant in WT ACM, present at 1.97%, and is further upregulated in DS to 3.58%, with no
change in gene expression. Interestingly, two components of the complement cascade that are
expressed by astrocytes show opposite changes in DS at both the protein and mRNA level, with

C3 being increased and C4b decreased (Sekar et al., 2016; Stevens et al., 2007).

ND immunopanned astrocytes are not more reactive than WT astrocytes.

A hypothesis for why astrocytes in NDs have a negative impact on neuronal development
is that they are in a reactive state and produce damaging inflammatory mediators (Russo et al.,
2018; Yuskaitis et al., 2010), and some proteomics research has implicated increased expression
of inflammatory factors in ASD (Guest and Martins-de-Souza, 2017). We compared the fold-
change in gene expression between each ND and WT for a panel of reactive astrocyte genes
recently described (Liddelow et al., 2017). No consistent upregulation of reactive genes was
detected (Figure 3.1J). While this does not rule out that astrocytes are reactive in NDs in vivo,
this culture system allows dissociation of reactive changes from other alterations to astrocyte
function. These results indicate that IP astrocytes are a physiologically relevant in vitro model to

examine protein secretion and gene expression differences of astrocytes in NDs.

Identification of altered protein secretion and gene expression between astrocytes from WT and

individual NDs.
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Having determined that immunopanned astrocytes are a good model to identify astrocyte
protein secretion and gene expression, we next asked how astrocytes from each individual ND
are altered from WT. We separately determined significantly upregulated and downregulated
secreted proteins and genes for each disorder, as well as the overlap between protein and gene
expression changes for each category (Supplemental Tables 3-5).

Fragile X Syndrome (FXS)

In FXS, levels of Fmr1 gene expression were down, as expected. We found that 125
proteins showed increased secretion in FXS ACM compared to WT, while 524 genes showed
increased mMRNA expression. 4.6% of upregulated protein also showed altered mRNA levels in
FXS, with six targets overlapping (Gas6, Sema3e, Bmp6, Pltp, Fmod, Igfbp5) (Figure 3.2A,B).
104 proteins showed decreased secretion in FXS ACM compared to WT, and 219 genes showed
a decrease in mRNA levels, with 4 targets overlapping (Arhgdib, Atp1a2, Vin, Mcam) for a 3.7%
rate of overlap in downregulated proteins also showing alterations at the mRNA level in FXS
(Figure 3.2G,H). Our results did not replicate previous work demonstrating increased secretion of
NT3 from FXS astrocytes (Yang et al., 2012), which may be due to the difference in astrocyte
isolation methods used, as Yang et. al. used the more traditional MD method. Furthermore, while
others have reported decreased levels of synaptogenic factors in FXS in vitro (Blanco-Suarez et
al., 2018; Cheng et al., 2016; Wallingford et al., 2017), we did not see changes in the levels of
synaptogenic proteins such as GPC4, GPC6, and SPARC.

PANTHER pathway analysis of secreted proteins found upregulation in proteins related to
the Alzheimer disease-amyloid secretase pathway and the blood coagulation pathway, while
Reactome pathway analysis found increases in proteins relating to post-translational protein
phosphorylation, regulation of IGF transport and uptake by IGFBPs, glycosaminoglycan
metabolism, plasma lipoprotein remodeling, and degradation of the extracellular matrix.

PANTHER protein class analysis found increases in extracellular matrix protein, serine protease
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inhibitor, and complement component (Figure 3.2M). These results support a role for astrocyte
secreted proteins in supporting neuronal metabolism, regulating gene expression, and regulating
neurotrophic protein factors, along with having effects on the extracellular environment.

Rett Syndrome (RTT)

In RTT, Mecp2 mRNA expression was significantly decreased. 187 proteins showed
increased secretion in RTT ACM compared to WT, while only 25 genes showed an increase in
mRNA expression. Interestingly, there was no overlap between the mRNA and protein level
increases; 0% of upregulated protein was also altered at the mRNA level in RTT (Figure 3.2C,D).
Conversely, 199 proteins showed a decrease in secretion in RTT compared to WT, while 17 genes
had a decrease in mMRBRNA expression, with an overlap of 1 target (Ktcd12), with 0.5% of
downregulated protein also showing a decrease in mRNA levels (Figure 3.21,J). Several proteins
showing significant increases in secretion in RTT overlapped with candidates previously identified
by transcriptomic analysis in RTT (Sanfeliu et al., 2019), including EFEMP1 and C1QTFN5, but
these did not show concurrent increases in gene expression. One hypothesis regarding the
pathology of RTT is that a deficiency in IGF signaling contributes to the pathology of the condition;
as will be discussed in chapter 4, we saw a significant decrease in secretion of IGF2 and a slight
decrease in IGF1 in RTT ACM, while there was increased secretion of several IGFBPs, including
IGFBP2, IGFBP3, IGFBP4, and IGFBP5. However, we did not see a significant decrease in the
mRNA levels for IGF1 or IGF2, or a significant increase in mRNA levels for the IGFBPs (Figure
4.2B).

PANTHER protein pathway analysis found an increased in secretion of proteins
associated with the Alzheimer disease-amyloid secretase pathway and the integrin signaling
pathway, while Reactome pathway analysis found increased release of proteins in several
pathways, including post-translational protein phosphorylation, regulation of IGF transport and

uptake by IGFBPs, glycosaminoglycan metabolism, regulation of the complement cascade,
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plasma lipoprotein remodeling, degradation of the extracellular matrix, and NCAM1 interactions.
PANTHER protein class analysis found increases in extracellular matrix protein, serine protease
inhibitor, and complement component (Figure 3.2M). This similarly highlights the importance of
astrocyte secreted proteins for maintaining a proper extracellular environment and in regulation
of the expression and activity of downstream proteins.

Down Syndrome (DS)

In DS, several genes associated with this disorder were found to show increased mRNA
expression, including App, Istn1, and Adamts1 (Hunter et al., 2011; Lana-Elola et al., 2011; Miguel
et al., 2005; Trazzi et al., 2013). Additionally, APP showed increased protein secretion, which is
associated with high rates of Alzheimer’s Disease in DS patients. In total, there were 235 proteins
that showed increased levels in DS ACM compared to WT, while 352 genes showed increased
mRNA expression. There was an overlap of 37 targets (Scg5, Ecrg4, Ifnar2, Omd, Sema3e,
Efemp1, C1ra, Fbin7, Gas6, Npvf. see Supplemental Table 5 for full list) for a 13.6% overlap of
upregulated proteins showing increased mRNA levels in DS (Figure 3.2 E,F). Conversely, 490
proteins showed a decrease in secretion in DS ACM compared to WT, while 186 genes showed
a decrease in gene expression, with 10 targets overlapping from both lists (Ahcy, Angpt2, C4b,
Eno1, Gnpdal, Hmgail, Ptbp2, Qpct, Rrm2, Hn1l) with 2% of downregulated proteins also
showing decreased mRNA levels in DS astrocytes (Figure 3.2K,L). Increased expression of MT3
protein in glia in DS patient brains has been previously reported (Arai et al., 1997), which showed
increased secretion in our DS ACM. Additionally, we saw an increase in secretion of EFEMP1,
which has been associated with DS pathology as having a significant dosage effect (Vilardell et
al., 2011). We did not see the increased secretion of SPARC and other synaptogenic proteins
others have reported, as described above; this may be due to the differences in the method of
astrocyte isolation or in the age of the astrocytes at the time of isolation, indicating that DS

astrocytes may differentially secrete synaptogenic proteins at different times.
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Protein PANTHER pathway analysis of DS ACM found enrichment in a number of
pathways; in particular, there was increased secretion of proteins associated with the amyloid
secretase pathway in Alzheimer’s disease, the integrin signaling pathway, and the CCKR
signaling map. Reactome pathway analysis found increased release of proteins associated with
post-translational protein phosphorylation, regulation of IGF transport and uptake by IGFBPs,
glycosaminoglycan metabolism, regulation of the complement cascade, peptide hormone
metabolism, degradation of the extracellular matrix, and axon guidance. PANTHER protein class
analysis found changes in extracellular matrix protein, serine protease inhibitor, and growth factor
(Figure 3.2M). These pathways implicate astrocyte secreted proteins in protein metabolism and
neuronal outgrowth, further supporting a role for alterations in DS as contributors to the pathology

of the condition.

Overlap in protein secretion differences between astrocytes from multiple NDs.

We identified a number of changes in protein secretion in each individual ND. Next, we
asked whether there were proteins or genes that showed common changes in all three NDs
compared to WT. We found that there were 88 proteins that showed an increase in secretion in
all 3 NDs vs. WT, including IGFBP2, CPE, and APOE, while only 6 genes showed an increase in
mRNA level in all 3 NDs, with none of the proteins upregulated in the NDs showing similar
alterations in mRBNA levels (0% overlap) (Figure 3.3A-D, Supplemental Tables 6 and 7). In
contrast, only 32 proteins showed a decrease in secretion in all 3 NDs compared to WT, with only
1 gene (Serinc2) showing a decrease in mMRNA expression, which did not match any of the targets
showing decreased protein secretion (0% overlap in downregulated protein also altered at mMRNA
level) (Figure 3.3E-H, Supplemental Tables 6 and 7).

Protein PANTHER pathway analysis found an increase in the secretion of proteins in the

Alzheimer disease-amyloid secretase pathway, while Reactome pathway analysis found
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increased release of proteins involved in regulating post-translational protein phosphorylation,
regulation of IGF transport and uptake by IGFBPs, glycosaminoglycan metabolism, and regulation
of the complement cascade. PANTHER protein class analysis showed an increase in extracellular
matrix protein and serine protease inhibitory in all three NDs compared to WT (Figure 3.3l). The
overlapping pathways between all NDs provides insight into the critical roles of astrocytes in
supporting proper protein activation and processing, and highlight the similarities between all

three NDs compared to WT.

Identification of candidate astrocyte protein factors that may be involved in the pathology of

multiple NDs.

Based on the limited overlap between the proteomic and gene expression data, we
focused on the proteomics data to select candidates. Due to the nature of the mutations causing
RTT, FXS, and DS, all of which are associated with increased gene expression, we decided to
focus first on proteins that show increased secretion in all three NDs. While our list of 88 matching
secreted proteins presented a number of interesting candidates, we chose insulin-like growth
factor binding protein 2 (IGFBP2), carboxypeptidase E (CPE), and bone morphogenetic protein 6
(BMP6) based on their increased secretion, relative abundance, and known roles in the brain. All
3 show upregulated protein secretions in ND, which may indicate that overexpression of one or
more of these proteins by astrocytes is inhibiting normal neuronal development.

IGFBP2 is highly abundant in ACM, at 2.7% of all spectra counted in WT ACM, and shows
an increased secretion of >50% in all 3 NDs (4.6% in FXS, 5.0% in RTT, 6.2% in DS). IGFBP2 is
highly expressed by P7 astrocytes in the developing mouse cortex, and expression is enriched in
astrocytes compared to other cell types (Zhang et al., 2014). IGF signaling is altered in multiple
models of ASD (de Souza et al., 2017; Deacon et al., 2015; Vanhala et al., 2007; Williams et al.,

2014), indicating a potential role for IGF signaling pathways in the pathology of the disorder.
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IGFBP2 binds and inhibits insulin-like growth factor 1 (IGF1), as well as having IGF-independent
functions (Kawai et al., 2011). IGF1 has been studied extensively for its role in RTT and its
potential for treating the condition. Research has demonstrated that application of IGF1 or GPE
(the first three amino acids of IGF1) can significantly ameliorate the neuronal deficits induced by
RTT ACM in iPSCs (Williams et al., 2014), while treating Mecp2-/y mice with IGF1 can improve
behavioral and physiological symptoms of RTT (Castro et al., 2014). In FXS mice, administration
of NNZ-2566, a synthetic analog of GPE improves the behavioral phenotype and normalizes the
alterations in dendritic spine density (Deacon et al., 2015). IGF1 is currently in Phase 2 clinical
trials for treating RTT and FXS in human patients (Erickson et al., 2017; Khwaja et al., 2014). Due
to the high levels of IGFBP2 seen in ACM, and the dramatic increase in ND ACM, we asked if a
change in IGFBP2 protein levels might contribute to the phenotypes of these disorders by acting
directly on the neurons to have an inhibitory effect on their development. These results are
discussed in chapter 4.

At roughly 1% of WT protein, CPE is another protein that is highly abundant in ACM, and
its level is increased by >50% in ACM from all 3 NDs (1.7% in FXS, 1.8% in RTT, 2.3% in DS).
Similarly to IGFBP2, CPE is highly expressed by astrocytes in the developing cortex at P7, and
shows enrichment in astrocytes compared to other brain cell types (Zhang et al., 2014). CPE is a
secretory sorting molecule involved in regulated secretion and peptide maturation, including
activating BDNF, and overexpression of CPE is neuroprotective (Woronowicz et al., 2010). Mice
that lack CPE show more complex dendritic arbors compared to WT in adult neurons, suggesting
that it could inhibit process outgrowth (Woronowicz et al., 2010). However, preliminary testing did
not show an effect of CPE on neuronal outgrowth when adding the recombinant protein to WT
ACM; in fact, when added to WT ACM at roughly 4x the concentration in WT ACM/2x the ND

concentration (160ng/ml), CPE appeared to have a beneficial effect on neuronal outgrowth
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(Figure 4.5A,B). For this reason, and due to the results we saw with IGFBP2 and BMP6, we have
not pursued CPE any further at this time.

BMP6, while present at extremely low levels in WT ACM (0.005%), showed a significant
increase in secretion in all three NDs (0.012% in FXS, 0.011% in RTT, 0.019% in DS). Prior work
has demonstrated a role for BMPs in the functional maturation and morphology of astrocytes in
vitro, inducing process elaboration, regulating GFAP expression, and inhibiting proliferation
(Scholze et al., 2014). We found that BMP target genes, including /d3, Id4, and Smad9 were
significantly upregulated in FXS and DS astrocytes but not RTT, so we opted to focus on those
two NDs. Astrocytes are not known to express BMP6, indicating an aberrant expression of the
protein in these NDs. Due to the known role for BMPs in astrocyte morphology and function, we
focused our attention on the cell autonomous effects of BMP6 in astrocytes and its effects on
astrocytes’ ability to support neuronal outgrowth in vitro. These results are discussed in chapter

5.

Discussion

Through the use of our unique immunopanning assay, we were able to isolate astrocytes
from WT and three different ND models, maintain them in vitro, and conduct quantitative analysis
of their protein secretome through mass spectrometry. Thus for the first time, we have been able
to profile the protein secretion of astrocytes at a time point when they are known to be involved
in neuronal outgrowth and synapse formation. We identified over 1200 unique proteins secreted
by WT and ND astrocytes in vitro, and concurrently conducted gene expression analysis on the
same astrocyte cultures to generate matched databases of the properties of P7 WT and ND
murine astrocytes in vitro. Our results demonstrated that astrocytes secrete a multitude of
astrocyte-associated proteins, and their gene expression profiles resemble those of acutely

isolated astrocytes, providing support for our approach to this work.
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Our approach identified a number of differences between each individual ND and WT,
including a number of changes that have been previously described in individual disorders in vivo,
further validating our approach. Furthermore, we found 88 proteins that are upregulated in their
secretion from all 3 ND models compared to WT. We were also able to identify 32 proteins that
showed decreased secretion in all 3 NDs compared to WT. We collected the astrocytes
themselves from the same cultures for RNASeq gene expression analysis, and similarly identified
a number of unique changes in each individual ND, as well as 6 genes that all show similar
increases in gene expression and 1 gene that shows a common decrease in expression across
all 3 NDs.

Due to the nature of these genetic mutations, it was not unexpected that we detected more
increases in protein secretion and gene expression in ND compared to WT, rather than the
reverse. The key protein in FXS, FMRP, is an RNA-binding protein believed to act as a negative
regulator of translation. In RTT, the MECP2 protein is believed to act as a gene silencer. Their
loss in FXS and RTT are predicted to lead to an increase in protein expression. DS is caused by
chromosomal trisomy, which is also likely to lead to an increase in protein expression. Thus, we
selected three protein candidates that showed significantly increased secretion in all 3 NDs
compared to WT. In chapter 4, we will discuss the potential role of IGFBP2 in the pathology of
RTT, and in chapter 5 we will discuss the impact of BMP6 protein on astrocyte function and its
possible impact in FXS.

We also identified CPE as a potential candidate protein, but did not pursue it at this time
due to the fact that purified recombinant protein did not have an inhibitory effect on neuronal
outgrowth in vitro. Given the known roles for CPE in secretory pathways and peptide maturation,
it may be that our approach simply did not highlight the functional effects of CPE. An alternative

approach that should be tested in the future would be to overexpress CPE in WT astrocytes in
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vitro, to determine if the internal actions of CPE in astrocytes contributes to alterations in protein
secretion and neuronal function.

There are a number of other proteins altered in ND ACM that may regulate different
aspects of neuronal development and will be the focus of future study. Secreted semaphorins
(class 3) are upregulated in ACM from all NDs, and these are inhibitory to neurite outgrowth, so
may be contributing to the inhibitory effect of ND ACM (Degano et al., 2009; Duan et al., 2014;
Menon and Mihailescu, 2007; Molofsky et al., 2014). APOE is another protein upregulated in NDs
that is important for the packaging and transportation of cholesterol (Vance et al., 2000) and its
E4 isoform has been linked to Alzheimer’s disease in humans (Strittmatter et al., 1993) and
decreased grey matter in infants (Dean et al., 2014). Some work has implicated an APOE
deficiency in the reduced complexity of dendritic arbors of adult newborn neurons in the
hippocampus (Tensaouti et al., 2018); it may be that its overexpression in NDs plays a role in the
altered dendritic arborization associated with these disorders.

It is interesting to note that alterations in the Alzheimer’s disease-amyloid secretase
pathway, and in particular the increased secretion of APP and APOE, are found in all 3 NDs.
While DS has previously been associated with early onset Alzheimer’s Disease (AD), this has not
been seen in RTT or FXS. In the case of RTT, this may be due to a shorter life expectancy in
patients (likely around 40-50 years, (Coppus, 2013)). In FXS, it is possible that symptoms of
Alzheimer’s Disease are masked by other symptoms of the disorder, or complicated by the
specific nature of the FXS mutation; in adulthood, many patients with FXS are affected by Fragile-
X associated Tremor/Ataxia Syndrome (FXTAS), which in addition to manifesting with intention
tremors and difficulty with movement and balance, leads to cognitive deficits such as short term
memory loss and loss of executive function, on par with the cognitive deficits as those seen in
AD, though not an exact match (Seritan et al., 2008). The increased secretion of APP in FXS,

however, is supported by research demonstrating that FMRP binds to and inhibits the translation
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of App mRNA; its loss in FXS is therefore predicted to lead to an increase in APP protein levels
(Malter et al., 2010). Additional research has found other similarities in the molecular profiles of
these two diseases, including overlapping changes in synaptojanin (SYNJ1), involved in
synaptogenesis, and T-cell lymphoma invasion and metastasis-inducing protein 1 (TIAM1) and
Tetratricopeptide repeat protein 3 (TTC3), involved in neurogenesis, in addition to increased APP.
In future work, it will be interesting to examine the similarities and differences in the profiles of DS
and FXS astrocytes in particular.

Beyond the proteins showing increased secretion, there are a number of proteins that
show decreased secretion in NDs compared to WT that will be worth examining. Two proteins in
particular - SULF2 and HDGFRP3 - are secreted by ND astrocytes at less than half the level seen
in WT astrocytes, and a lack of sufficient expression of these proteins may prevent normal
neuronal development. Sulfatase 2 (SULF2) influences the activity of heparan sulfate
proteoglycans (HSPGs) by selectively removing 6-O-sulfate groups from heparan sulfate (Kalus
et al.,, 2015, 2009). Research out of our lab has previously identified HSPG family members
glypicans 4 and 6 (GPC4/6) as critical for the formation of active excitatory synapses (Allen et al.,
2012) and the possible interactions between SULF2 and GPC4/6 make it a good candidate for
further examination. Hepatoma-derived growth factor-related protein-3 (HDGFRP3) is the only
member of its family expressed in the CNS and has been implicated as a neurotrophic factor and
supports neurite-outgrowth (Abouzied et al., 2010). Its decreased secretion in ND astrocytes
merits further examination. The nature of the database we have generated is such that it can be
explored almost endlessly to ask questions about the functional roles of astrocytes during

development.
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Figure 3.1: Characterization of the protein secretion and RNA profiles of immunopanned WT and
ND astrocytes. A,B. WT and ND immunopanned astrocytes express many known astrocyte markers at
high levels. A. Astrocytes (green) express cell-specific markers that determine their cellular identity (top left
astrocyte), contact blood vessels and neuronal synapses to engage in metabolism and homeostatic
functions (center astrocyte), and bind and respond to neurotransmitters released by neurons (lower right
astrocyte). B. The corresponding heatmap shows few differences between ND and WT expression of
astrocyte identity and function markers. C. Heatmap of most abundant proteins detected in WT ACM with
corresponding ND values. D. Heatmap of most abundant mRNA detected in WT astrocytes with
corresponding ND values. E. Schematic of the tripartite synapse displaying astrocyte-secreted proteins
important for regulating synapse formation and function. F-l. Corresponding heatmaps of the abundance of
secreted synaptogenic proteins in ACM (F) and expression of synaptogenic genes (G), as well as the
abundance of synapse eliminating proteins in ACM (H) and corresponding expression of synapse
elimination genes (l). J. Reactive astrocyte markers from pan reactive, A1 reactive (inflammatory) and A2
reactive (supportive) astrocytes are not consistently altered in IP astrocyte cultures from ND compared to
WT, demonstrating cultures are not reactive. Data taken from RNA sequencing. For proteomics, N=6
cultures per genotype, *p<0.05, abundance >0.01%, fold change between WT and ND =1.5. For RNASeq,
N=6 cultures WT, RTT, FXS; 4 cultures DS. Significance for differential expression defined as adjusted
p<0.05, calculated using Benjamini-Hochberg’s procedure for multiple comparisons, FPKM>1 and fold
change between ND and WT >1.5, comparing each ND and WT after adjustment for multiple testing.
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Figure 3.2: Characterization of the protein secretion and gene expression profiles of each ND
compared to WT. A, G. Heatmap of top proteins and mRNA increased (A) or decreased (G) between WT
and FXS ACM and astrocytes. B, H. Venn diagrams showing the overlap between proteins and genes
showing increased expression (B) or decreased expression (H) in FXS ACM and astrocytes. C, I. Heatmap
of top proteins and mRNA increased (C) or decreased (I) between WT and RTT ACM and astrocytes. D, J.
Venn diagrams showing the overlap between proteins and genes showing increased expression (D) or
decreased expression (J) in RTT ACM and astrocytes. E, K. Heatmap of top proteins and mRNA increased
(E) or decreased (K) between WT and DS ACM and astrocytes. F, L. Venn diagrams showing the overlap
between proteins and genes showing increased expression (F) or decreased expression (L) in DS ACM
and astrocytes. For proteomics, N=6 cultures per genotype, p<0.05, abundance >0.01%, fold change
between WT and ND =1.5. For RNASeq, N=6 cultures WT, RTT, FXS; 4 cultures DS. Significance for
differential expression defined as adjusted p<0.05, calculated using Benjamini-Hochberg’s procedure for
multiple comparisons, FPKM>1 and fold change between ND and WT >1.5, comparing each ND and WT
after adjustment for multiple testing. M. Pathway analysis of proteins identified in ACM demonstrates unique
alterations in astrocyte function in each ND compared to WT.
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Figure 3.3: Astrocytes from NDs show overlapping altered protein secretion compared to WT
astrocytes. A,B. 88 proteins show increased secretion in all 3 NDs compared to WT. Venn diagrams
showing number of proteins increased (A) and corresponding heatmap of most abundant proteins detected
(B) in ND ACM by mass spectrometry analysis, for WT and each ND ACM, as ranked by expression in
FXS, represented as row z-score (red upregulated, blue downregulated). C,D. Venn diagrams showing
number of genes showing increased expression (C) and corresponding heatmap of most abundant mRNA
in ND astrocytes, as ranked by expression in FXS, represented as row z-score (red upregulated, blue
downregulated) E,F. Venn diagrams showing number of proteins decreased (E) and corresponding
heatmap of least abundant proteins detected (F) in ND ACM by mass spectrometry analysis, for WT and
each ND ACM, as ranked by expression in WT, represented as row z-score (red upregulated, blue
downregulated). G,H. Venn diagrams showing number of genes showing decreased expression (C) and
corresponding heatmap of least abundant mRNA in ND astrocytes, as ranked by expression in WT,
represented as row z-score (red upregulated, blue downregulated). For proteomics, N=6 cultures per
genotype, p<0.05, abundance >0.01%, fold change between WT and ND =1.5. For RNASeq, N=6 cultures
WT, RTT, FXS; 4 cultures DS. Significance for differential expression defined as adjusted p<0.05,
calculated using Benjamini-Hochberg’s procedure for multiple comparisons, FPKM>1 and fold change
between ND and WT >1.5, comparing each ND and WT after adjustment for multiple testing. I. Pathway
analysis of proteins identified in ACM demonstrates overlapping alterations in ND astrocyte function
compared to WT.
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Chapter 4: Increased secretion of IGFBP2 from Mecp2 KO astrocytes induces deficits in

neuronal outgrowth in vitro, which can be rescued with the application of an IGFBP2

neutralizing antibody

Formatting note: every chapter in this dissertation has its own, self-contained introduction and
discussion. The introduction and conclusion chapters are intended to broadly frame and
contextualize the dissertation. All methods are confined to a single methods chapter at the end of

the dissertation.
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Introduction

Using immunopanning, we successfully isolated and cultured astrocytes from three
different models of genetic neurodevelopmental disorders (NDs), as well as wild-type astrocytes
(WT) at postnatal day 7 (P7), a time point when astrocytes are known to be involved in neuronal
development and synapse formation. With this approach, we conducted an unbiased analysis of
the astrocyte protein secretome in vitro, and identified over 80 proteins that showed significantly
increased protein secretion in all three NDs compared to WT. One of the proteins identified by
the analysis was insulin-like growth factor binding protein 2 (IGFBP2), which is one of the most
abundant proteins in astrocyte conditioned media (ACM) (roughly 2% of total peptide spectra
detected) and shows at least a 0.5-fold increase in all three NDs. IGFBP2 is one of six IGF binding
proteins which act as carrier proteins for IGF1 and modulate its activity. IGFBPs can have either
inhibitory effects on IGF1 signaling by sequestering IGF1 away from the IGF receptor or they may
enhance IGF1 activity by interacting with matrix components to concentrate IGF1 near its receptor
(Siwanowicz et al., 2005). IGFBPs can also have IGF-independent effects due to their ability to
interact with extracellular matrix (ECM) proteins and other binding partners, as well as their ability
to locate to the nucleus (Forbes et al., 2012). IGFBP2 is one of the most abundant IGFBPs in the
central nervous system (Dyer et al.,, 2016; Hwa et al., 1999; Ocrant et al., 1990), is highly
expressed by astrocytes in vivo (Zhang et al., 2014), and shows coordinated expression with
neuronal IGF1 expression during development (Lee et al., 1992), thus making IGFBP2 an
intriguing candidate for better understanding astrocyte effects on neuronal development.

As discussed in chapter 3, insulin-like growth factor 1 (IGF1) is a promising candidate in
the search for therapeutic treatments for autism spectrum disorder (ASD) (Vahdatpour et al.,
2016). IGF1 is a member of a superfamily of related hormones, including insulin, IGF1, and IGF2.
IGF1 is a potent growth factor that plays a number of critical roles in early brain development

(Wrigley et al., 2017). IGF1 is synthesized primarily by the liver, but is also produced in the brain
83



and is found in circulation throughout the body. Binding of IGF1 to IGF receptors (IGFRs) leads
to autophosphorylation of the receptor, which subsequently leads to the phosphorylation of insulin
receptor substrate 1 (IRS1). This reaction is the start of a complex cascade of downstream
signaling, including activation of the canonical PI3K-AKT pathway. The phosphoinositide 3-
kinase-protein kinase B (PISK-AKT) pathway is highly conserved across species, and is important
for many developmental processes. When PI3K is activated via IRS phosphorylation, its catalytic
domain converts phosphatidylinositol (3,4)-bis- phosphate (PIP2) lipids to phosphatidylinositol
(8,4,5)-tris- phosphate (PIP3). This in turn allows for activation of PKD/AKT; once activated, AKT
can further phosphorylate proteins in both the cytoplasm and nucleus, leading to many
downstream effects including cell survival, protein synthesis, glucose metabolism, and
neuroprotection (Hemmings and Restuccia, 2012) (Figure 4.1).

During development, IGF1 is expressed by all major central nervous system (CNS) cell
types throughout the brain, with regional expression in areas where cell proliferation,
differentiation, and synaptogenesis are taking place (Costales and Kolevzon, 2016). CNS
expression of IGF1 drops off across the lifetime and the protein is primarily expressed by the liver
in adulthood (Jones and Clemmons, 1995). Mice lacking IGF1 and IGF1R demonstrate severe
growth deficiencies and die at birth due to respiratory failure (Liu et al., 1993). Low levels of IGF1
in children have been associated with slowed childhood growth and low IQ (Gunnell et al., 2005).
Alterations in IGF signaling contributing to neuronal dysfunction have been found in multiple
genetic disorders known to cause autism (de Souza et al., 2017; Deacon et al., 2015; Williams et
al., 2014). Small studies have found that children with autism have lower levels of IGF1 in their
cerebrospinal fluid (CSF) (Riikonen et al., 2006; Vanhala et al., 2007) and reduced IGF1 urinary
secretion (Anlar et al., 2007) compared to controls, but other studies are conflicting, showing
increased levels of IGF1 in ASD (Reim and Schmeisser, 2017). Additional work has found that

the brains of autistic children have decreased expression of phosphorylated AKT compared to
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controls (Russo, 2015; Sheikh et al., 2010). There is evidence for decreased PISK/mTOR and
ERK pathway activation in RTT brains, contributing to a reduction in protein synthesis initiation
which precedes neurological signs of the disorder (Ricciardi et al., 2011). In contrast, in FXS,
overactive PISK/AKT signaling has been implicated in the impaired trafficking of GluA1-containing
AMPA receptors to the synapse, leading to a loss of GluA1-dependent long term potentiation
(LTP) (Hu et al., 2008). Phosphatase and tensin homolog (PTEN) is a negative regulator of
PIBK/AKT. Mutations in PTEN in mice leads to an autism-like phenotype, including changes in
social behavior and brain overgrowth (Kwon et al., 2006) and PTEN mutations have been found
in autistic individuals with macrocephaly (Butler et al., 2005; Goffin et al., 2001; Ueno et al., 2019).

For these reasons, and for its potent neurotrophic activity, IGF1 makes an appealing
candidate for treating conditions associated with alterations in neuronal development and
synapse formation. Treating RTT mice with the active peptide fragment of IGF1, (1-3)IGF1 (also
called GPE), can significantly improve the behavioral and physiological effects of MECP2
deficiency in vivo (Tropea et al., 2009) and adding GPE to RTT ACM can rescue the neuronal
deficits induced by MECP2 KO astrocytes generated from RTT patient induced pluripotent stem
cells (iPSCs) (Williams et al., 2014). Its effectiveness in treating RTT has led many scientists to
explore the potential for IGF1 in other genetic NDs. In a mouse model of Phelan-McDermid (PD)
Syndrome (SHANK3 KO), daily injections of IGF1 similarly rescued deficits in neuronal and
synaptic function as well as behavioral symptoms (Bozdagi et al., 2013). Treating FXS mice with
NNZ-2566, a synthetic analog of IGF1, corrected learning and memory deficits, rescued abnormal
dendritic spine density, and reduced overactive ERK and AKT signaling in vivo (Deacon et al.,
2015). Early clinical trials have found that IGF1 treatment in children with RTT, FXS, and PD
(Berry-Kravis et al., 2014; Khwaja et al., 2014; Kolevzon et al., 2014; Pini et al., 2014, 2012) have

demonstrated that recombinant IGF1 and the GPE peptide are well tolerated, and patients have
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shown improvement in both behavioral and respiratory symptoms in RTT and in social impairment
in PD (Khwaja et al., 2014; Kolevzon et al., 2014; Pini et al., 2014, 2012).

While IGF1/PI3K/AKT signaling has been implicated in ASD, little work has been done to
determine whether or not alterations in IGFBPs may be affecting IGF1 signaling in these
disorders. However, there is evidence that MECP2 binds to the IGFBP3 promotor and increased
IGFBP3 (the most abundant IGFBP in serum) has been seen in the brains of Mecp2 KO mice and
RTT humans (ltoh et al.,, 2007). Transcriptomic analysis has found that astrocytes show
dysregulation of IGFBP4 in RTT (Yasui et al.,, 2013), while RTT microglia show increased
expression of IGFBP3 (Cronk et al., 2015). Overexpression of IGFBP2 in transgenic mice leads
to a significant decrease in body weight and a modest decrease in brain weight, suggesting it is
inhibiting IGF1 signaling (Hoeflich, 1999).

While there is little evidence of IGFBP2 dysfunction in ASD thus far, the mass
spectrometry results and the relationship between IGF1 and IGFBP2 led us to examine whether
or not the increased secretion of IGFBP2 might be playing a role in the pathology of these NDs.
We conducted Western blot analysis of IGFBP2 levels in both whole brain tissue and
cerebrospinal fluid from RTT mice and their WT littermates, but found the results to be variable.
Next, we determined via immunohistochemical analysis that there are increased levels of
extracellular IGFBP2 in the cortex of P7 RTT mice compared to WT littermates. These results led
us to examine the effects of excess recombinant IGFBP2 on neuronal growth in vitro, where we
determined that the addition of IGFBP2 induces deficits in neuronal outgrowth compared to WT
ACM alone, and those deficits can be prevented by the application of an IGFBP2-neutralizing
antibody. Furthermore, we determined that the addition of an IGFBP2-neutralizing antibody to
RTT ACM, but not to FXS or DS ACM, is sufficient to partially rescue the neuronal outgrowth

deficits seen in RTT in vitro. These results indicate that increased IGFBP2 secretion may play a
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role in the pathology of RTT, and may represent a unique therapeutic avenue for treating the

condition.

Results

IGFBP2 protein is enriched in ND ACM compared to WT

Mass spectrometry analysis identified IGFBP2 as a highly-abundant protein in ACM
showing significantly enriched protein secretion in all 3 NDs compared to WT (2.7% of all spectra
counted in WT ACM, 4.6% in FXS, 5.0% in RTT, 6.2% in DS) (Figure 4.2A). Interestingly, several
other IGFBPs showed increased secretion in ND ACM; IGFBP5 showed significantly increased
secretion in all 3 NDs, while IGFBP3 was increased in FXS and RTT, and IGFBP4 was increased
in RTT. Concurrently, there was a reduction in IGF1 secretion in FXS and IGF2 secretion in both
FXS and RTT, while IGF1 actually showed increased secretion in DS (Figure 4.2A). This provide
support for our hypothesis that there is an overall dysregulation in IGF signaling in astrocytes in
these NDs. Importantly, when we examined gene expression changes in ND astrocytes, we
determined that while there was a slight increase in Igfbp2 expression by RNASeq analysis, it
was not significant (Figure 4.2B); only Igfbp5 showed a significant increase in expression and
only in FXS. Surprisingly, Igfbp4 actually showed significant downregulation in FXS and DS, and
lgfbp7 was significantly downregulated in FXS. Similarly, while we saw trends in decreased
expression of IGF1 and IGF2 in FXS and RTT, and increased expression in DS, the changes did
not reach significance (Figure 4.2B). These results highlight the importance of examining both
protein and gene expression of secreted factors when identifying functional changes in astrocyte
behavior.

We chose to focus more closely on IGFBP2 as a potentially inhibitory factor in ND ACM
because IGFBP2 is very highly expressed in astrocytes compared to other brain cell types (Figure

4.2D), while other IGFBPs show high expression in a variety of cell types, including neurons.
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While Igfbp2 is highly enriched in astrocytes, Igf1 shows high levels of expression in neurons
compared to other cell types (Figure 4.2D); given the known interactions between IGFBPs and
IGFs in the extracellular space, this further supports IGFBP2 as an intriguing astrocyte-secreted
protein factor that may be involved in alterations in IGF signaling in ASD. These results led us to

further examine the role of IGFBP2 in neuronal development in vivo and in vitro.

IGFBP2 is detectable in whole brain lysate and CSF by Western blot in RTT and WT littermate

mice.

We first attempted to validate the mass spectrometry data showing that IGFBP2 is present
in increased levels in ND ACM compared to WT by Western blotting ACM with an antibody against
IGFBP2 (R&D AF797), along with increasing doses of purified IGFBP2 protein (Figure 4.3A,D).
Our results were inconsistent, however. This was likely due to the challenges of performing a
quantitative Western blot analysis on secreted proteins. While we determined the concentration
of ACM by Bradford Assay and loaded 2 ug total protein in each lane, each individual ACM sample
had a very low concentration (typically <1 mg/mL), and it was difficult to ensure that an equal
amount of protein was loaded in each lane. Furthermore, assessing an internal loading control
proved to be challenging, as there were few secreted proteins that showed no changes in
secretion in ND vs. WT that also met other criteria for acting as a control (i.e. present at a high
concentration in ACM, a size of >50 kDa to ensure adequate separation from IGFBP2, the
existence of a specific antibody).

We next examined IGFBP2 levels in vivo by performing a Western blot analysis on whole
cortical tissue lysate isolated from P7 RTT and WT littermate mice (Figure 4.3B,E). Again, we
found our results to be inconsistent. This may be due to the large amounts of total protein load

required to detect IGFBP2. Another possibility is that the total level of IGFBP2 does not change
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in RTT, but that there is an alteration in protein localization, with more present in the extracellular
space, which we next investigated.

Finally, because IGFBP2 is a secreted protein, we decided to examine levels of IGFBP2
in cerebrospinal fluid (CSF). IGFBP2 is found circulating at high levels throughout the body, in
addition to being one of the most abundant IGFBPs in the CNS (Dyer et al., 2016; Ocrant et al.,
1990). IGFBP2 is abundant in CSF (Ocrant et al., 1990), and astrocyte-secreted proteins are
known to contribute to CSF content (Lafon-Cazal et al., 2003). We collected CSF from the cisterna
magna of P7 RTT and WT littermate mice post-mortem and conducted Western blot analysis on
IGFBP2 levels. Again, results were inconclusive (Figure 4.3C,F). Due to the age and size of the
mice, we were unable to obtain large volumes of CSF, and had difficulty obtaining clean samples
without any contamination from blood. We were thus only able to load 5 ug of protein for each
sample; this made it challenging to use total protein load as a loading control, as most methods
for detecting total protein load in a membrane require larger amounts of protein for accurate

detection (Aldridge et al., 2008; Thacker et al., 2016).

IGFBP2 protein is increased in the extracellular space of RTT mice.

Due to the inconsistent results obtained with Western blotting, we next took an
immunohistochemical approach to ask if the intra or extracellular localization of IGFBP2 is altered
in RTT mice. We asked if IGFBP2 protein is increased in the cortex in vivo in ND compared to
WT mice at P7, both in astrocytes and in the extracellular space. To do this, we crossed our RTT
mouse line with an Aldh1L1-eGFP expressing transgenic line, which expresses GFP protein
exclusively in astrocytes. This approach enabled us to easily identify and image astrocytes in vivo
and examine IGFBP2 localization both within and surrounding astrocytes in the cortex. Fixed
tissue was isolated from P7 RTT and WT littermate male mice, sectioned and mounted coronally,

and stained for IGFBP2 using a polyclonal goat anti-IGFBP2 antibody (R&D AF797) and a donkey
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anti-goat Alexafluor 594 secondary antibody. We performed this staining with only a low
concentration of BSA and no goat serum in the buffers, to prevent cross interactions between our
antibodies and serum proteins. Sections were imaged using Zeiss LSM 880 Rear Port Laser
Scanning Confocal Microscope and layer 2/3 astrocytes of the visual cortex were targeted, with
images obtained at 63X magnification across a total thickness of 3.85 um. These images were
analyzed in Bitplane IMARIS software to create surfaces of astrocytes within the region of interest
(ROI) and the IGFBP2 puncta both within the astrocyte surface (intracellular IGFBP2) and outside
the astrocyte surface (extracellular IGFBP2). All work was performed while the investigator was
blinded to the genotypes of the animals. This analysis revealed an increase in the overall intensity
of extracellular IGFBP2 expression per ROl in RTT KO cortex versus WT at P7 (Figure 4.4C),
with no change in the average intensity per puncta (Figure 4.4B). We also saw an increase in the
size of individual IGFBP2 puncta in the extracellular space of layer 2/3 astrocytes in RTT mice
compared to WT, and found a trend toward an increase in the overall volume of extracellular
IGFBP2 signal in each ROI (Figure 4.4D,E). There was no significant change in the volume of

internal IGFBP2 in astrocytes in RTT versus WT P7 cortex (Figure 4F,G).

Excess IGFBP2 inhibits neurite outgrowth when added to WT ACM.

Having determined that extracellular IGFBP2 is increased in the extracellular space of
RTT mice, we next asked if increased levels of IGFBP2 in ND ACM are responsible for the
inhibitory effect of ND ACM on WT neuron outgrowth. To test this we added excess recombinant
IGFBP2 protein to WT ACM, and determined if this ACM now inhibited neuronal outgrowth. We
used our mass spectrometry data to estimate the relative abundance of IGFBP2 in ND vs. WT
ACM to determine how much IGFBP2 should be added to WT ACM to bring it up to the ND level.
As IGFBP2 is present at 2.2% of total protein in WT ACM, we chose to add IGFBP2 at 4x the WT

level, or 2x the ND level, to amplify any potential effect seen in vitro. Additional testing at a higher
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concentration of IGFBP2 (10x) did not show an enhanced effect. IGFBP2 (R&D 797-B2) was
added to WT ACM at 240ng/ml, cortical neurons were treated with WT ACM +/- protein factor,
and total neurite outgrowth measured 48 hours later. Treating neurons with IGFBP2 in the
absence of ACM had no effect on outgrowth, whereas adding IGFBP2 to WT ACM blocked the
neurite-outgrowth promoting effect of WT ACM (N=3 experiments, 3 coverslips per condition per
experiment, at least 10 cells imaged per coverslip). This shows that increasing the level of IGFBP2
in WT ACM is sulfficient to inhibit neuronal outgrowth (Figure 4.5A,B).

IGF1 overcomes the inhibitory effects of RTT ACM on neurite outgrowth (Williams et al.,
2014b), and it is possible that IGF1 does this by binding to IGFBP2 and enabling endogenous
IGF1 to signal to neurons. To test this we treated WT neurons with WT ACM+IGFBP2+IGF1
(100ng/ml). The addition of IGF1 was sufficient to overcome the inhibitory effect of adding excess
IGFBP2 to WT ACM, suggesting that IGFBP2 is inhibiting neuronal outgrowth by blocking ongoing
IGF signaling (Figure 4.5A,B). The positive effect of IGF1 on neurite outgrowth may be unrelated
to IGFBP2, however, and due to IGF1 directly signaling to neurons to enhance neurite outgrowth.
To specifically target IGFBP2 we used an anti-IGFBP2 blocking antibody (IGFBP2 Ab, R&D
MAB797) that overcomes the inhibitory effect of IGFBP2 on IGF signaling. We first validated that
the IGFBP2 Ab could block the inhibitory effect of excess IGFBP2 protein in WT ACM by adding
it at 7mg/ml (2x the ND50) (N=3 experiments, 3 coverslips per condition per experiment, at least
20 cells imaged per coverslip). WT ACM+IGFBP2+IGFBP2 Ab no longer inhibited neurite
outgrowth, demonstrating the functionality of the IGFBP2 Ab (Figure 4.5C-F). Igfbp2 Ab alone

had no effect (Figure 4.5G).

Blocking IGFBP2 activity is sufficient to rescue the inhibitory effect of RTT ACM on WT neurite

outgrowth
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FXS, RTT and DS neurons have decreased dendritic complexity and altered spine
morphology, with an increase in the number of filopodia-like (immature) spines and a decrease in
the number of mushroom (mature) spines (Jawaid et al., 2017; Torres et al., 2018; Tropea et al.,
2009). We next asked if adding the IGFBP2 Ab to ND ACM would be sufficient to overcome the
inhibitory effect of ND ACM on WT neurite outgrowth. RTT ACM did not significantly increase
neurite outgrowth compared to neurons alone, whereas the addition of IGFBP2 Ab to RTT ACM
induced a significant increase in neurite outgrowth (Figure 4.6A-D) (N=3 experiments, 3
coverslips per condition per experiment, at least 20 cells imaged per coverslip). In contrast, while
FXS ACM had a similarly inhibitory effect on WT neurite outgrowth, adding the IGFBP2 Ab to FXS
ACM did not rescue the effect (Figure 4.6E-H) (N=3 experiments, 3 coverslips per condition per
experiment, at least 20 cells imaged per coverslip). Finally, we determined that DS ACM does not
have an inhibitory effect on neuronal outgrowth compared to WT ACM, and addition of the IGFBP2
Ab also had no effect on outgrowth (Figure 4.61-L) (N=3 experiments, 3 coverslips per condition

per experiment, at least 20 cells imaged per coverslip).

Discussion

Our mass spectrometry data identified IGFBP2 as a protein that showed dramatically
increased secretion in all 3 NDs compared to WT, and our in vitro experiments suggest increased
astrocytic IGFBP2 is contributing to aberrant neuronal development in RTT but not FXS or DS.
IGFBPs inhibit secreted IGF1 by binding it and preventing it reaching the IGF receptor, or
alternatively protect it from degradation by acting as a carrier protein (O’Kushky and Ye, 2012).
IGF signaling is also altered in ASD, however depending on the study, increased, decreased or
unchanged levels of IGF1 have been detected in patients (Reim and Schmeisser, 2017). Despite
the discrepancies regarding IGF1 level, treatment with IGF1 or the shorter 3 amino acid form

(GPE) rescues dendritic spine defects in RTT mice, and is in clinical trials for RTT (Vahdatpour
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et al.,, 2016) and FXS (Wise, 2017). As IGF signaling is altered in ASD (Deacon et al., 2015;
Khwaja et al., 2014) and IGFBP2 regulates IGF signaling (O’Kushky and Ye, 2012) we
hypothesize that ND astrocytes negatively impact neurons by inhibiting IGF signaling.
Interestingly studies have shown that IGF signaling is overactive in DS neurons, rather than
deficient (Araujo et al., 2018).

Although IGFBP2 was present at increased levels in ACM from all three NDs, blocking
IGFBP2 was only capable of rescuing the neuronal outgrowth deficits induced by the application
of RTT ACM, and not FXS ACM. This indicates that while IGFBP2 is likely to play a role in the
pathology of RTT, there must be other signals contributing to the outgrowth inhibition in FXS. In
contrast to the other two NDs, DS ACM did not have an inhibitory effect on neuronal outgrowth,
and blocking IGFBP2 had no effect. While there is evidence for abnormal dendritic arborization in
DS, the observed effect may be inhibition or overgrowth, depending on the age of the patient
(Becker et al., 1991, 1986). While research in human iPSCs indicates that DS ACM may stunt
neurite outgrowth compared to WT ACM, the effect observed was small, with a reduction in neurite
length of around 20% (Chen et al., 2014). We found that DS astrocytes have a significant increase
in secretion of IGF1 compared to WT, whereas FXS and RTT astrocytes show decreased
secretion of IGF1, so it is possible that the increase in IGF1 in the DS ACM counteracts the effects
of increased IGFBP2. However, most studies on the roles of astrocytes in DS have focused on
spine and synapse defects, where a wide variety of protein signals are at play during
development. The spine morphology and synaptic deficits observed in DS appear to represent a
more robust phenotype, and it may be that altered secretion of IGFBP2 has an effect on synapse
and spine formation in DS, but that is outside the scope of this dissertation. Alternately, it may be
that other proteins that show differential secretion in DS ACM, for example APP, which shows
dramatically increased secretion in DS and has been implicated in synaptic plasticity (Montagna

et al., 2017), play a role in the filopodia-type spines and decreased synapse density seen in DS.
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Future studies will examine the effects of DS ACM, and our candidate proteins, on spine and
synapse development and morphology.

Our in vitro experiments suggest increased astrocytic IGFBP2 is contributing to aberrant
neuronal development in RTT, but it remains to be determined if this is also occurring in vivo. We
are currently working to determine if IGFBP2 has a similar role in the developing cortex in RTT
mouse models, by testing if the IGFBP2 blocking Ab can reverse the dendritic deficits in RTT
mice. We are injecting the IGFBP2 Ab into the cortex of RTT and WT littermate mice at P2, and
collecting at P7, to analyze dendritic arbor size at an early time point that matches the in vitro
data; 1ug of antibody at 1mg/ml will be injected into the upper layers of the visual cortex, following
similar procedures to (Singh et al., 2016). For each time point and ND model there will be 4
conditions, each within one litter of mice: WT + rat isotype control Ab (R&D 6-0001-A); WT +
IGFBP2 Ab (R&D MAB797); RTT + control Ab; RTT + IGFBP2 Ab. To test this approach, IGFBP2-
neutralizing antibody (R&D MAB797) or its control IgG antibody (R&D 6-001-F) were labeled with
Alexa Fluor 594 Succinimidyl Ester (Thermo Fisher Scientific A20004) according to protocol and
1ug of antibody was injected into the cortex of P2 RTT and WT littermate pups at -250 and -150
um at roughly 3.4mm posterior to Bregma. We have determined that we are capable of injecting
the antibody at the correct coordinates, and that the spread of the antibody encompasses our
region of interest (Figure 4.7). Brains will thus be collected at P7 and processed for Golgi staining
using the RD Rapid GolgiStain™ kit (FD Neurotechnologies PK401) and imaged at 20X using a
brightfield microscope to capture entire layer 2/3 neurons for analysis. With the assistance of the
Waitts Advanced Biophotonics Core Facilities at The Salk Institute, we are using Bitplane IMARIS
software to perform pre-processing and automatic tracing analysis of individual cells. With this
approach, we will measure both dendritic arbor branching and dendrite length, to examine the
effects of IGFBP2 Ab on dendritic arbor morphology. Additionally, the Bitplane IMARIS software

is capable of spine morphology analysis and counting, which will allow us to examine spine
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density and morphology in RTT vs WT brains at P7, and to determine whether or not IGFBP2 Ab
has an effect on spines in vivo. The results of these experiments will clarify whether or not
increased IGFBP2 plays a role in the pathology of RTT, and whether the deficits associated with
RTT can be rescued by blocking IGFBP2 activity directly. This will further elucidate the molecular
mechanisms underlying RTT pathology and potentially provide a new direct therapeutic target for

treating the condition.
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Figure 4.2: Protein secretion and gene expression profiles of IGFBP2 in WT and ND astrocytes. A.
Fold change in protein for IGFBP family members in ND ACM compared to WT (log2), red upregulated and
blue downregulated in ND. B. Fold change in gene expression for Igfbp family members in ND astrocytes
compared to WT (log2). For proteomics, N=6 cultures per genotype, *p<0.05, abundance >0.01%, fold
change between WT and ND =1.5. For RNASeq, N=6 cultures WT, RTT, FXS; 4 cultures DS. Significance
for differential expression defined as adjusted p<0.05, calculated using Benjamini-Hochberg’s procedure
for multiple comparisons, FPKM>1 and fold change between ND and WT >1.5, comparing each ND and
WT after adjustment for multiple testing. C. Relative expression of Igfbp family members in purified cell
types in the cortex, shows enrichment for Igfbp2 in astrocytes (Zhang et al., 2014).
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Figure 4.3: Western blotting of IGFBP2 in ND ACM, whole cortex, and cerebrospinal fluid. A,D.
Western blotting for IGFBP2 in WT and ND ACM does not show an increase in IGFBP2 levels in ND ACM.
N=4 blots, 1 culture per genotype per blot, 5 ug protein loaded per lane, normalized to PN1 expression.
B,E. Western blotting for IGFBP2 in RTT and WT littermate whole cortical lysate does not show an increase
in overall IGFBP2 level in RTT cortex. N=3 blots, 3 mice per genotype per blot, 20 ug protein loaded per
lane, normalized to B-tublin expression run on a separate blot (not shown). C,F. Western blotting for IGFBP2
in RTT and WT littermate cerebrospinal fluid (CSF) does not show an increased in secreted IGFBP2 in RTT
CSF. N=4 blots, 1 mouse per genotype per blot, 5 ug protein loaded per lane, normalized to total protein
load via Ponceau S staining.
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Figure 4.4: Staining for IGFBP2 in RTT and WT littermate cortex reveals an increase in extracellular
IGFBP2. A. Example images of layer 2/3 WT and RTT KO astrocytes (green) with IGFBP2 expression
(red). Bitplane IMARIS software was used to generate 3D surfaces of astrocytes and IGFBP2 puncta and
images were masked to analyze intracellular (within the astrocyte surface) or extracellular (outside the
astrocyte surface) IGFBP2 levels separately. B. There is no change in the average intensity of extracellular
IGFBP2 puncta in RTT KO compared to WT. C. There is a trend toward an increase in the overall intensity
of extracellular IGFBP2 staining in RTT KO cortex compared to WT. D,E. There is an increase in the volume
of the individual puncta of extracellular IGFBP2 in RTT KO cortex compared to WT (D), and a trend toward
an increase in the overall volume of IGFBP2 staining (E). F-1. There are no significant changes in the volume
of intracellular IGFBP2 in RTT compared to WT.
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Figure 4.5: IGFBP2 protein inhibits neurite outgrowth in vitro, which can be rescued with the
application of an IGFBP2-neutralizing antibody. A,B. Addition of IGFBP2 protein to WT ACM inhibits
WT neurite outgrowth, which is reversed by adding IGF1. Addition of CPE protein to WT ACM does not
inhibit WT neurite outgrowth and may support neurite outgrowth in the absence of WT ACM. A. Example
images after processing with MetaMorph Neurite Outgrowth module, neurons immunostained with Map2 +
Tau. B. Quantification of total neurite outgrowth (MAP2 + tau). Example experiment shown, experiment
repeated 2 times with same result. C-F. An IGFBP2 blocking antibody overcomes the inhibitory effect of
adding excess IGFBP2 protein to WT ACM. Example images after processing with MetaMorph Neurite
Outgrowth module (C), neurons immunostained with Map2 + Tau before processing (D). E,F. Quantification
of total neurite outgrowth normalized to a control alone condition. G. Igfbp2 neutralizing antibody or a control
IgG antibody alone do not induce changes in neurite outgrowth. Example experiment shown, experiment
repeated 2 times with same result. Bar graphs represent mean + s.e.m. Number inside bar = number of
neurons analyzed. Statistics by one-way ANOVA, p values compared to Alone condition.
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Figure 4.6: Application of IGFBP2-neutralizing antibody can prevent neurite outgrowth inhibition in
RTT but not FXS ACM. A-D. The IGFBP2 blocking antibody partially overcomes the inhibitory effect of
RTT ACM on WT neuron outgrowth. Neurons were stained for Map2 + Tau (B) and analyzed with
MetaMorph Neurite Outgrowth module; example images in (A) are after processing. Bar graphs represent
mean = s.e.m. Number inside bar = number of neurons analyzed. Statistics by one-way ANOVA, p value
compared to Alone condition. E-H. The addition of IGFBP2 neutralizing antibody to FXS ACM does not
rescue neurite outgrowth. I-L. DS ACM does not inhibit neurite outgrowth in vitro and the addition of IGFBP2
neutralizing antibody has no effect. E-L data presented and analyzed in same manner as A-D.
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Figure 4.7: Demonstration of the spread of IGFBP2-neutralizing antibody in P7 cortex. 1 ug of labeled
IGFBP2-neutralizing antibody or an IgG control antibody injected into the cortex at P2 roughly 3.4mm
posterior to Bregma at -250 and -150 um spreads throughout the region and is still present at P7, five days
after injection. This technique will be used to assess the potential for the use of IGFBP2-neutralizing
antibody to rescue neuronal outgrowth defects in RTT in vivo.
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Chapter 5: Increased secretion of BMP6 leads to functional deficits in Fmr1 KO

astrocytes which can be rescued by treating Fmr1 KO astrocytes with the BMP

antagonist noggin

Formatting note: every chapter in this dissertation has its own, self-contained introduction and
discussion. The introduction and conclusion chapters are intended to broadly frame and
contextualize the dissertation. All methods are confined to a single methods chapter at the end of

the dissertation.
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Introduction

The successful isolation and culturing of P7 cortical astrocytes from wild-type (WT) and
neurodevelopmental disordered (ND) brains has allowed us to identify a number of protein factors
that show differential secretion in Rett Syndrome (RTT), Fragile X Syndrome (FXS), and Down
Syndrome (DS) astrocytes compared to WT. This allowed us to identify insulin-like growth factor
binding protein 2 (IGFBP2) as a protein that plays a role in the pathology of RTT in vitro, discussed
in chapter 4. We have also identified bone morphogenetic protein 6 (BMP6) as a protein that
shows dramatically increased secretion in all 3 NDs compared to WT astrocyte conditioned media
(ACM). Unlike IGFBP2, BMP6 is extremely low abundance in astrocyte conditioned media,
present at only about 0.005% of total spectra counted in WT ACM (Supplemental Table 1).
However, as other research and the mass spectrometry analysis described in this dissertation
demonstrate, potent growth factors do not need to be expressed at high levels to have significant
effects on neuronal development (Allen et al., 2012); (Figure 3.1). Furthermore, BMP6 is not
known to be highly expressed by astrocytes; instead it shows high levels of expression in neurons
and oligodendrocyte precursor cells (OPCs) at postnatal day 7 (P7) in vivo (Zhang et al., 2014).
Thus, the increased secretion of BMP6 in NDs (0.011% of all spectra counted in RTT ACM;
0.012% in FXS ACM; 0.019% in DS ACM) represents an aberrant phenotype of these astrocytes
in vitro.

BMPs are members of the transforming growth factor § superfamily (TGFp), made up of
a number of cell regulatory proteins including BMPs, TGFf, growth differentiation factors (GDFs),
and glial cell-derived neurotrophic factor (GDNF) (Attisano and Wrana, 2002; Kingsley, 1994).
BMPs act by binding to heterotetrameric complexes of serine/threonine kinase receptors, known
as BMP receptor type | (BMPR1) and BMP receptor type 2 (BMPR2). BMP binding to the receptor

complex activates BMPR1, which then phosphorylates SMAD1, SMAD5, and SMAD8. Once
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activated, these SMADs form a complex with SMAD4 and translocate to the nucleus (Blanco
Calvo et al., 2009; Miyazono et al., 2010), leading to gene expression changes that include an
increase in the expression of /d genes (Hollnagel et al., 1999) and a reduction in the expression
of epidermal growth factor receptor (EGFR) (Lillien and Raphael, 2000). This pathway influences
a number of important cellular activities, including mitogenesis, cell differentiation, and cell
survival (Figure 5.1).

BMP6 presents an intriguing candidate due to the evidence that BMPs play important roles
in the brain during development, including in synaptogenesis, and in particular, in the maturity
and function of astrocytes. Spatial and temporal expression patterns of TGFp family members,
including BMPs, implicate these proteins in a number of developmental processes, including
neuronal and astroglial differentiation and neuronal growth and survival (Ebendal et al., 1998).
BMP7, also known as osteogenic protein-1 or OP-1, enhances dendritic growth in neurons in vitro
(Guo et al., 1998; Le Roux et al., 1999; Lein et al., 1995; Withers et al., 2000). There is also
evidence that glial-derived BMPs and BMP antagonists such as noggin and follistatin regulate
dendritic outgrowth (Lein et al., 2002).

BMP signaling has been found to influence synapse formation and function in Drosophila
as well as in mammals. In particular, work in Drosophilia has found that the BMP ortholog Glass
bottom boat (Gbb) and Wishful thinking (Wit), an ortholog for human BMPR2, are required in
motor neurons for normal synapse formation and transmission (Aberle et al., 2002; Marqués et
al., 2002; McCabe et al., 2003). BMPs are believed to exert their effect in a retrograde fashion to
enhance synapse size at active synapses by acting on the microtubule system in fly larvae to
enhance synaptic strength (Ball et al., 2015; Berke et al., 2013). Dnlg4, the Drosophila ortholog
of neuroligin 4, regulates synaptic growth through the upregulation of BMP signaling (Zhang et

al., 2017). BMPs have also been found to support the development of large, fast synapses at the
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calyx of Held in mice (Xiao et al., 2013) and to modify synaptic function by regulating the
localization of ionotropic glutamate receptors in the human retina (Shen et al., 2004).

Perhaps more relevant to this dissertation, however, is that BMPs are implicated in the
morphology and function of astrocytes. Like neurons, during development, astrocytes depend on
critical signals from other brain cells to support their survival and growth in vivo (Barres et al.,
1992; Foo et al., 2011; Krueger, 1996) but at this time, little is known about the identities of these
proteins and the mechanisms by which they act. To begin answering this question, Scholze et.
al. used immunopanning to isolate rat astrocytes, maintained them in vitro, and identified a
number of trophic factors that support astrocyte survival (Scholze et al., 2014). BMPs were
targeted specifically because BMP5 is a cytokine that is strongly expressed in pericytes, which
had previously been found to support astrocyte survival (Daneman et al., 2010; Zhang et al.,
2014). Their research determined that BMP5 is a robust trophic factor for astrocytes in vitro,
similar to HB-EGF, which is used in our cultures to sustain astrocyte survival in a minimal media.
Similarly, other members of the TGFf family, including BMP6, were found to support astrocyte
survival, and like BMP5, BMP6 is highly expressed in CNS pericytes. These pericytes are
associated with the blood vessels of the brain, and most astrocytes contact blood vessels with
endfeet by about P14 (Foo et al., 2011), thus placing these cells and their signals in the correct
time and location for their interactions to support astrocyte development.

Additional examination determined that BMP5, BMP4, BMP6, or BMP10 treatment of P7
rat astrocytes promoted a more process-bearing phenotype with smaller, rounded cell bodies and
shorter, highly-branched processes compared to untreated astrocytes (Scholze et al., 2014). BMP
treatment also stimulated GFAP expression in cultured astrocytes and increased expression of
astrocyte markers such as AQP4 and S100p, while Nestin expression was decreased, indicating

that BMPs promote astrocyte maturation. BMP-treated astrocytes also cease to proliferate, and
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have a downregulation of EGFR expression (Scholze et al., 2014). EGFR is important for
numerous aspects of astrocyte development and displays high levels of expression early in
development, with a dramatic reduction in expression as the brain ages (Cahoy et al., 2008; Doyle
et al., 2008; Foo et al., 2011).

Interestingly, the transition from neurogenesis to astrogenesis is mediated by soluble
factors including interleukin-6 (IL-6) and BMP4 (Miller and Gauthier, 2007). When working with
human induced pluripotent stem cells (iPSCs), BMP4, along with ciliary neurotrophic factor
(CNTF), is used to promote astrocyte differentiation in vitro (Chandrasekaran et al., 2016; Liu et
al., 2018). All of this evidence supports a role for BMPs in regulating the maturation of astrocytes
during development, which is likely to lead to functional effects.

Interestingly, little work has been done on the roles of BMPs in the three NDs we are
studying, but there is some evidence that BMPs may play a role in autism spectrum disorder
(ASD). BTBR T+ltpr3tf/d (BTBR) mice, a model of ASD, have been found to have lower levels of
TGFp expression in brain compared to C57BI/6J counterparts (Ansari et al., 2017). A small study
found an increase in BMP6 in the serum of adult male patients with Asperger’s Syndrome but not
females, compared to non-ASD counterparts (Steeb et al., 2014), while other work found an
increase in EGFR levels in the plasma of children with ASD compared to non-ASD children
(Russo, 2014).

There is additional evidence that BMP dysregulation may play a role in the pathology of
FXS in particular. Kashima et. al. determined that BMPR2 is a target of fragile x mental retardation
protein (FMRP). Loss of FMRP due to mutations in fragile x mental retardation 1 (Fmr1) enhances
BMPR2 abundance, which acts via a noncanonical pathway to bind and activate LIM domain
kinase 1 (LIMK1) to stimulate actin reorganization and subsequent neurite outgrowth and synapse
formation in mice, and additional examination found increased levels of BMPR2 and LIMK1

activation in the prefrontal cortex of deceased FXS patients compared to control (Kashima et al.,
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2016a). Reduction of BMPR2 levels in heterozygous Bmpr2 mice (lacking one copy of Bmpr2)
can partially ameliorate the spine deficits seen in FXS (Kashima et al., 2016a).

Another study determined that BMPs may play a role in RTT through their role in silencing
Mecp2 on the inactive X chromosome, by regulating the expression of X-inactive specific
transcript (Xist). By targeting BMP modulation of Xist, it is possible to reactivate Mecp2 on the
inactive chromosome and restore MECP2 expression in cells (Sripathy et al., 2017). As there is
evidence that restoration of MECP2 to individual cell types in the central nervous system can
have profound effects on the physiological and behavioral phenotypes of the condition (Garg et
al.,, 2017; Lioy et al.,, 2011; Ure et al., 2016), this makes an appealing therapeutic avenue.
Additionally, secreted amyloid precursor protein o. (SAPPa) has been associated with gliogenesis;
treatment of human embryonic teratocarcinoma cells (NT-2/D1) with sAPPa induces an astrocyte-
like phenotype, including expression of glial fibrillary acidic protein (GFAP), and an upregulation
of BMP4 mRNA expression and increased pSMAD 1/5/8 (Kwak et al., 2014). As our ND astrocytes
also showed increased secretion of APP, it is possible that the interactions between these
proteins and their expression patterns may be playing a role in the downstream effects of altered
protein secretion.

With some evidence that BMPs are dysregulated in NDs and work demonstrating that
BMPs can have dramatic effects on astrocyte morphology and function, we examined the mass
spectrometry and RNA sequencing data and found that in addition to increased BMP6 secretion
in ND ACM compared to WT, FXS and DS mice also have increased expression of BMP target
genes. Furthermore, FXS mice show an increase in the proportion of astrocytes expression
pSMAD in the visual cortex at P7 compared to their WT littermates. We hypothesized that altered
BMP signaling in NDs may be having a downstream effect on protein secretion and gene

expression. To study this, we treated WT astrocytes with BMP6 in vitro and examined protein
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changes in ACM using mass spectrometry and gene expression changes with RNA sequencing.
Our results demonstrate that BMP6-treated astrocytes show altered morphology compared to
untreated counterparts and partially resemble ND astrocytes in their protein and gene expression
profiles, with nearly half of the proteins showing increased secretion in all NDs also showing
increased secretion in BMP6-treated WT astrocytes. While FXS ACM leads to deficits of neuronal
outgrowth compared to WT ACM in vitro, we also found that treating FXS astrocytes with noggin,
a BMP antagonist, during their conditioning phase was sufficient to prevent these deficits,
restoring outgrowth levels to those seen in WT ACM. These results indicate that altered BMP
signaling in FXS astrocytes may be contributing to alterations in protein secretion that play a role

in the pathology of the disorder.

Results

BMP signaling is upregulated in FXS and DS astrocytes in vitro.

Mismatched maturation of neurons and astrocytes has been proposed to contribute to
NDs (Sloan and Barres, 2014). The addition of purified recombinant BMPs is sufficient to induce
morphological maturation of astrocytes in vitro (Scholze et al., 2014) and BMP&6 is increased in
ACM from all 3 NDs vs WT (Figure 5.2A). We detected an increase in expression of BMP target
genes, including /d3, Id4, and Smad9, in astrocytes isolated and cultured from FXS and DS mice
compared to WT (Figure 5.2B), evidence that BMP signaling is enhanced. In the WT brain,
pericytes and neurons are the predominant source of BMP6 (Figure 5.2C) (Zhang et al., 2014)

suggesting increased BMP6 in ND astrocytes reflects an aberrant feature of these cells.

An increased proportion of astrocytes express pSMAD in the visual cortex of FXS KO mice

compared to WT
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To determine if the increased expression of BMP6 and BMP target genes in FXS
astrocytes might play a role in vivo, we next examined expression of phosphorylated SMAD 1/5/8
(pSMAD) in the visual cortex of FXS and WT littermates at P7. pPSMAD is a downstream target of
BMPs and an increase in canonical BMP signaling would be reflected by an increase in pSMAD
activation and translocation to the nucleus. To accomplish this, we crossed the FXS mouse line
with the same Aldh1L1-eGFP expressing transgenic mouse line described in chapter 4,
generating WT and FXS KO mice expressing GFP exclusively in astrocytes. Immunostaining for
pSMAD in P7 cortex demonstrated an increase in the proportion of astrocytes positive for pPSMAD
expression, as determined by counting pSMAD labeled cells colocalized with Aldh1L1-GFP,
normalized to the total number of astrocytes (n=3 mice per group, 3 ROIs across 3 sections per
brain) (Figure 5.3 A,B). These results indicate an increase in BMP signaling in astrocytes in the
visual cortex of FXS KO mice at P7 compared to WT counterparts, supporting the hypothesis that

aberrant BMP signaling may be involved in the disorder.

WT astrocytes treated with BMP6 partially resemble ND astrocytes.

Given the increase in BMP6 protein present in ND ACM, and activation of BMP target
genes in FXS astrocytes in vitro and in vivo, we asked whether increased BMP6 is acting on
astrocytes to change their properties, and is upstream of the secretion differences in ND. WT
astrocytes were treated with BMP6 at 10ng/ml (a level sufficient to induce changes in morphology,
(Scholze et al., 2014)) during the conditioning period, and compared to untreated astrocytes from
the same culture (N=6 cultures). Immunopanned astrocytes treated with BMP6 showed distinct
changes in morphology, exhibiting thinner processes and appearing darker and more rounded
than their untreated counterparts. BMP6 treated astrocytes expressed higher levels of AQP4 and
GFAP compared to untreated astrocytes, supporting the evidence from Scholze et. al. that BMP

signaling can alter the expression of astrocytic markers associated with maturation (Figure 5.4).
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Using mass spectrometry and RNA sequencing, we determined that BMP6-treated
astrocytes express all of the same astrocyte marker genes as their untreated counterparts; some
genes were expressed at higher levels, including Apoe, Aldoc, and members of the Slc
superfamily. Other genes were downregulated following BMP6 treatment, including Grm3 and
Grmb5, showing a change in expression similar to that seen in FXS astrocytes. (Figure 5.5A).
BMP6-treated and untreated astrocytes also showed similar secretion patterns and gene
expression of synaptogenic factors, with a significant increase in the secretion of SPARCL1, and
significant increases in the expression of GPC6 and SPARCL1 seen in BMP6-treated astrocytes
(Figure 5.5B,C). Interestingly, BMP6-treated astrocytes secreted significantly more of
complement component proteins associated with synapse elimination compared to untreated
astrocytes, including C1sa, C1sb, C3, and C4b; except for C1sb, these increases in protein
secretion were mirrored by corresponding increases in gene expression (Figure 5.5D,E). These
results indicate that BMP6-treated astrocytes may have an inhibitory effect on synapse formation
and stability.

Next, we examined the changes in protein secretion in BMP6 treated astrocytes compared
to WT. BMP6 treatment induced a >50% increase in secretion of 128 proteins, and a significant
increase in expression of 725 genes, with 45 of the proteins showing increased secretion also
showing increased gene expression (Supplemental Tables 3-5) for a total overlap of 35.2%
(Figure 5.4F,G). We also saw a >50% decrease in secretion of 272 proteins and a decrease in
538 genes, with only 18 of the proteins showing decreased secretion also showing decreased
expression (Supplemental Tables 3-5), for an overlap of 6.6% (Figure 5.5H,1).

We then compared the proteins altered in secretion in all 3 NDs with those altered by
BMP6 treatment, and remarkably found that 43.1% of the 88 proteins that are increased in ND
ACM were also increased in BMP6-ACM (38 of 88), and 43.8% of the 14 downregulated proteins

were also downregulated by BMP6 (14 of 32) (Supplemental Table 6, Figure 5.6A). Furthermore,
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of the 6 genes that showed increased expression in all NDs compared to WT, 2 of the genes were
also increased in BMP6-treated astrocytes, and the gene showing decreased expression in all
NDs, Serinc2, also showed decreased expression following BMP6 treatment. This shows a strong
overlap in the protein secretion and gene expression profiles of ND astrocytes and WT astrocytes
treated with BMP6, indicating that BMP6 treatment induces similar changes in astrocytes as ND
pathology. Interestingly, IGFBP2 and IGFBP5 both showed similar increases in secretion in
BMP6-treated astrocytes and in NDs (Figure 5.6B), providing support for the possibility that BMP6

induces upstream changes in astrocyte function contributing to aberrant IGF signaling in NDs.

ACM from BMP6-treated WT astrocytes inhibits neuronal outgrowth, mimicking ND ACM.

Given the overlap in altered protein secretion induced in WT astrocytes by BMP6
treatment with ND ACM, we next asked if ACM from BMP6-treated WT astrocytes would be
sufficient to inhibit outgrowth of WT cortical neurons. As in the IGFBP2 and ND experiments
described in chapter 4, neurons were cultured for 48 hours alone, with WT ACM or BMP6-ACM,
and process outgrowth analyzed. This demonstrated that BMP6-ACM is not able to enhance
neurite outgrowth compared to neurons grown alone, whereas WT ACM can (Figure 5.7A-C; N=3
experiments, 3 coverslips per condition per experiment, at least 20 cells imaged per coverslip),
strongly suggesting that aberrant BMP signaling in ND astrocytes is upstream of secretion

alterations that lead to changes in astrocyte support of neuronal development.

Blocking BMP6 signaling in FXS astrocytes reverses the neuron-inhibitory effect of ACM.

We determined that ND astrocytes show increased activation of BMP target genes
compared to WT astrocytes, that BMP6-ACM inhibits neurite outgrowth, and that there is strong
overlap between secretion differences induced by BMP6 and ND. We therefore predicted that

inhibiting BMP signaling in ND astrocytes would rescue the inhibitory effects of ND ACM on WT
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neuron development. We chose to focus on FXS for these experiments, as BMP target genes
showed increased expression in FXS and DS astrocytes, and by our analysis, DS ACM does not
induce an inhibition of neurite outgrowth compared to WT. We treated FXS astrocytes during the
conditioning period with the secreted BMP inhibitor noggin at 1 ug/ml as previously described
(Blanco-Suarez et al., 2018) to bind BMP6 and prevent BMP-receptor interaction.

Intriguingly, blocking BMP signaling in FXS astrocytes during conditioning by treating with
noggin allows FXS ACM to support neuronal outgrowth at a level similar to that of WT ACM
(Figure 5.7D-F). We tested adding purified recombinant noggin to WT and FXS ACM at the time
of plating cortical neurons and determined that noggin alone does not enhance neurite outgrowth,
indicating that it is the effects of noggin on FXS astrocytes during conditioning that allows noggin-
treated FXS ACM to support neuronal outgrowth compared to untreated FXS ACM (Figure 5.7G-
). These results support a critical role for BMP signaling in the pathology of FXS and provide a

new target for the treatment of the condition.

Discussion

While BMPs are less studied in the context of ASD than IGF/PI3K/AKT signaling, our
results present evidence for altered BMP signaling in NDs associated with autism. We
determined that ND astrocytes secrete BMP6 at a much higher level than their WT counterparts,
and hypothesized that this abnormal expression of BMP6 protein could be influencing astrocyte
function and causing downstream effects on neuronal outgrowth. Treatment of WT astrocytes
with BMP6 during their conditioning phase alters their morphology and leads to changes in protein
secretion and gene expression that resemble those seen in ND astrocytes, providing support for
the hypothesis that altered BMP signaling in ND astrocytes contributes to changes in protein
secretion. BMP6-treated WT ACM is less sufficient for supporting neuronal outgrowth than

untreated WT ACM, indicating that these alterations in protein secretion have functional effects.
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Importantly, both IGFBP2 and IGFBP5 showed similar increases in secretion in BMP6-treated
WT ACM and in ND ACM, indicating that these changes in BMP signaling may be upstream of
the altered IGF signaling in NDs.

BMPs and their subsequent phosphorylation and activation of the SMAD complex can
have a multitude of effects on cell differentiation and growth (Wang et al., 2014). There is evidence
that BMPs can act via noncanonical pathways to influence synapse formation in FXS (Kashima
et al., 2016b), but given that we saw an increase in the proportion of pPSMAD-positive astrocytes
in the cortex of FXS KO mice compared to their WT littermates, it is likely that enhanced BMP
activity in FXS is leading to activation of the canonical pathway, possibly in addition to its
noncanonical actions. Thus it may be that the increased levels of BMP6 in FXS lead to a cascade
of changes in astrocytes that alter protein secretion and lead to deficits in neurite outgrowth. It is
important to note that while BMP6 treatment of WT astrocytes led to increased secretion of
IGFBP2 and 5, blocking IGFBP2 was capable of rescuing neurite outgrowth deficits only in RTT
ACM in vitro, and not in FXS ACM. This indicates that while enhanced IGFBP2 may have an
inhibitory effect on neurite outgrowth, in FXS, there are additional mechanisms at play. It may be
that there are other protein secretion changes induced by BMP activity in FXS that cannot be
overcome by blocking IGFBP2. It is also interesting to note that while DS astrocytes also showed
increased secretion of BMP6 (and at very high levels indeed, nearly 4x that seen in WT ACM), by
our measure, DS ACM does not induce a deficit in neurite outgrowth. This is particularly intriguing
in light of evidence that there are many similarities in the pathology and underlying molecular
mechanisms in FXS and DS, with dysregulation of amyloid precursor protein (APP) being central
to both (De Toma et al., 2016; Faundez et al., 2018). As discussed in chapter 4, DS astrocytes
also display increased secretion of IGF1, which may prevent the inhibitory effects of IGFBP2 in
vitro, or it may enhance neurite outgrowth by signaling directly to neurons to overcome the

inhibition of IGFBP2. However, DS astrocytes display many unique changes in protein secretion;
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it is also possible that other alterations in DS astrocytes enable them to support neurite outgrowth
despite the presence of inhibitory factors like IGFBP2 and BMP6, and additional research should
explore which protein factors make DS astrocytes uniquely capable of supporting neurite
outgrowth compared to RTT and FXS.

Whether or not increased BMP signaling in astrocytes in FXS has functional effects in vivo
remains unknown. While we saw evidence for increased pSMAD activation in astrocytes in FXS
KO cortex compared to WT, the scope of this dissertation did not address whether or not there
were changes in BMP6 expression itself in the cortex, or whether such a change might have
consequences for neurite outgrowth. It would be interesting to examine the effects of blocking
BMP activity in FXS in vivo, to determine if it is capable of preventing the abnormalities in dendritic
arborization associated with the disease. While application of the BMP antagonist noggin may be
sufficient in vitro, noggin has a wide variety of effects in the developing brain; thus it would be
best to use a BMP selective inhibitor, such as K02288 (Sigma Aldrich SML1307), to test this
question. Importantly, K02288 targets BMPR1 to inhibit pPSMAD activation and not BMPR2. If
BMP6 is acting to influence dendritic outgrowth directly in neurons via the noncanonical
BMPR2/LIMK1 pathway (Kashima et al., 2016b), blocking BMPR1 is not likely to have an effect;
if BMP6 is acting via the canonical BMP signaling pathway, then blocking pSMAD activity with
K02288 is likely to lead to an improvement in the dendritic arborization phenotype. However,
K02288 is a non-selective BMP inhibitor, and would block all BMPs, not just BMP6; thus it would
be difficult to determine if the actions of BMP6 are responsible for any changes seen in vivo
without additional tools.

Additional research should also examine the role of BMPs in synapse formation in these
NDs. There is evidence that BMP signaling is key for normal synapse formation (Xiao et al., 2013)

and that deficits in BMP/BMPR2 activation contribute to abnormal synapse formation in FXS
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(Kashima et al., 2016b). It may be that abnormal BMP activation in ND astrocytes contributes to

the known deficits in spine morphology and synapse formation in these three disorders.
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Figure 5.1: Schematic of canonical BMP signaling pathway. BMP6 binds to BMPR1 and BMPR2, which
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Figure 5.2: BMP6 is increased in ND ACM. A. Fold change in BMP6 protein in ND ACM compared to WT
(log2); red upregulated and blue downregulated in ND. B. Fold change in gene expression for BMP family
members in ND astrocytes compared to WT (log2). For proteomics, N=6 cultures per genotype, *p<0.05,
abundance >0.01%, fold change between WT and ND =1.5. For RNASeq, N=6 cultures WT, RTT, FXS; 4
cultures DS. Significance for differential expression defined as adjusted p<0.05, calculated using Benjamini-
Hochberg’s procedure for multiple comparisons, FPKM>1 and fold change between ND and WT >1.5,
comparing each ND and WT after adjustment for multiple testing. C. Relative expression of BMP family
members in purified cell types in the cortex, shows enrichment for BMP target genes in astrocytes (Zhang
et al., 2014).
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Figure 5.3: There is an increase in the proportion of pSMAD+ astrocytes in FXS KO visual cortex.
A. Example images of astrocytes (green) and pSMAD expression (red) by immunohistochemical staining.
B. Quantification of the proportion of astrocytes that are positive for pPSMAD in the visual cortex in FXS and
WT littermates. Images analyzed using the Imaged Cell Counter plugin, N=3 animals per condition, 3 ROls
counted per animal, normalized to WT.
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Figure 5.4: BMP6-treated astrocytes show changes in morphology and expression of astrocyte
markers. Under brightfield, BMP6-treated astrocytes appear darker and rounder than their untreated
counterparts, with thinner, more branched processes. By immunohistochemical staining, BMP6-treated
astrocytes show increased expression of both GFAP (cyan) and AQP4 (magenta). Example images shown,
experiment repeated 3 times with same effect.

125



A Astrocyte identity genes

B Synaptogenic proteins

Alone BMP6 ACM
ci;?ng - Alone BMP§ Alone BMP6 Alone BMP6
Gja1 Chrdl1 [ Chrdl1
sﬁ\ggﬁ P2rx7 Gpc4 Gpe4 [
Aldh111 P2ry1 Gpc6 - Gpc6 *
Aldoc Itpr2 Sparcl1 Sparcl1 -
A Grm3 5 Thbs1 | Thbs1
Poe Grm5 m Thbs2 Thbs2
. Thbs3 Thbs3
Kcnj10 Gabbr1
Glul FPKMLog2 ~ 'Most Thos4 NN
Slc1a2 ’l % Protein ACM FPKM Log2
Sic1a3
Slc6a11 * I . I .
Sieleed S SR 0 02 04 50 510
Ldha 2 0. :

Srebf1

C Synaptogenic genes D Synapse elimination E Synapse elimination

proteins ACM genes
Alone BMP6 Alone BMP6
Cilra Clra *
C1sa Cilsa *
C1sb Cisb
C3 C3 *
C4b C4b
Megf10 Megf10
Sparc Sparc [
Tgfb2 Tgfb2
% Protein ACM FPKM Log2

0 0204

50 510

F BMP6 vs WT Top 15 up G BwmPs up overlap protein, mMRNA H BMmP6 vs WT Top 15 down I BMP6 down overlap protein, mMRNA

P R Protein Up mRNA Up P R Protein Down mRNA gggvn
Leat Myoc (128)— 2 Sub1 Myt1 ¥ (556)
Serpinf1 Pcp4 y \ \ Smoct Cacng5 \ )
Efemp1 Cidea \ Gpr3711 Hs3st2 / \
Papin Serpinf1 [ \ \ Rplp0 Bmp3 \
Timp4 Ngfr \ g & | cel | Txn lgsec3 \ 2 18 ;‘ 898
Fmod Nog Hmgb1 Pde2a \
omd Lcat Log2 FC g / y Nel Smoc1 Log2 FC\_ /
Npvf Sphk1 ‘l A Ptgds F2ri2 . N ,
Glycam1 Ptchd2 oE —aE Gusb Pdgfra 2 of 979 = 6 |
Ecrg4 Hspb8 024 45 of 128 = 35.2% Eif3b Sox10 18 of 272 = 6.6%
Sorcs1 Msx2 P R P R Hmgb2 Plip -4-20 P R P R
Plxdc2 Kif26b Lcat Fmod Cnpy4 Rnase1 Smoc1 Rpl10a il
Angpt1 Emb Serpinf1 Oomd Fth1 Edil3 Ptgds Pcna
Scg5 Aldh1a7 Efemp1 Npvf Psmb1 Sez6l Hmgb2 Qpct
Hyi 00 Fxyd6 Paplin Glycam1 Snrpd2 Cpix1 Fbin2 Corolc |
Timp4 Ecrg4 Dnpht Egfr =

Figure 5.5: Characterization of the protein secretion and gene expression profiles of BMP6-treated
astrocytes compared to WT. A. Heatmap showing differences between BMP6-treated and untreated
astrocytes expression of astrocyte identity and function markers. B-E. Heatmap of the abundance of
secreted synaptogenic proteins in BMP6-treated and untreated ACM (B) and expression of synaptogenic
genes (C), as well as the abundance of synapse eliminating proteins in ACM (D) and corresponding
expression of synapse elimination genes (E). F, H. Heatmaps of top proteins and mRNA increased (F) or
decreased (H) between BMP6-treated and untreated WT ACM and astrocytes. G, I. Venn diagrams
showing the overlap between proteins and genes showing increased expression (G) or decreased
expression (l) in BMP6-treated and untreated WT ACM and astrocytes. N=6 cultures, with half of each
culture being treated with BMP6 and the other half left untreated, for both mass spectrometry and RNA
Sequencing. For proteomics, *p<0.05, abundance >0.01%, fold change between WT and BMP6 =1.5. For
RNASeq, significance for differential expression defined as adjusted p<0.05, calculated using Benjamini-
Hochberg’s procedure for multiple comparisons, FPKM>1 and fold change between BMP6 and WT >1.5,
comparing BMP6 and WT after adjustment for multiple testing.
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Figure 5.6. BMP6-treated astrocytes show altered protein secretion compared to untreated WT
astrocytes and partially resemble ND astrocytes. A,B. Overlap in protein secretion differences vs WT
for all ND astrocytes and BMP6-treated astrocytes, shows nearly half the proteins are increased in secretion
in all conditions (38 proteins total), while roughly half are also decreased in secretion in all conditions (14
proteins total). Venn diagrams showing number of proteins increased and decreased between WT, all ND,
and BMP6-treated astrocytes (A) and corresponding heatmap of proteins increased between all ND and
BMP6-treated astrocytes vs. WT (B), ranked by abundance in FXS ACM, shown as fold-change vs WT
(log2). N=6 cultures each WT, FXS, RTT, DS, plus 6 cultures +/-BMP6.
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Figure 5.7: ACM from astrocytes treated with BMP6 inhibits WT neurite outgrowth, while blocking
BMP6 in FXS ACM rescues deficits in neurite outgrowth. A. Example images of neurons alone, with
WT ACM, and with BMP6-treated ACM, immunostained with Map2 and Tau, as processed by the
MetaMorph Neurite Outgrowth module. B, C. Quantification of total neurite outgrowth (MAP2 + tau)
demonstrates that astrocytes treated with BMP6 are less capable of supporting neurite outgrowth than their
untreated counterparts. D. Example images of neurons alone, with WT ACM, with FXS ACM, and with
noggin-treated FXS ACM, immunostained with Map2 and Tau, as processed by the MetaMorph Neurite
Outgrowth module. E, F. Quantification of total neurite outgrowth (MAP2 + tau) demonstrates that
application of noggin is sufficient to rescue the outgrowth deficits induced by FXS ACM in vitro. G. Example
images of neurons alone, with WT ACM, and with FXS ACM, +/- noggin at the time of plating,
immunostained with Map2 and Tau, as processed by the MetaMorph Neurite Outgrowth module. H.
Quantification of total neurite outgrowth (MAP2 + tau) demonstrates that noggin alone does not rescue
FXS-induced outgrowth deficits. N=3 experiments, bar graph represents mean + s.e.m. Number inside bar
= number of neurons analyzed. Statistics by one-way ANOVA, p value marked compared to Alone
condition.
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In this dissertation, | have adapted an existing protocol for the isolation of murine
astrocytes at a time point when astrocytes are known to be actively involved in neuron growth
and synapse formation, and cultured them under serum-free culture conditions to examine the
astrocyte protein secretome and transcriptome in vitro using mass spectrometry and RNA
sequencing. Using this approach, | isolated astrocytes from the cortices of wild-type (WT), Rett
Syndrome (RTT), Fragile X Syndrome (FXS), and Down Syndrome (DS) mouse models and
identified key alterations in protein secretion and gene expression between WT and
neurodevelopmental disordered (ND) astrocytes. | determined that there are a variety of individual
changes in protein secretion and gene expression between WT astrocytes and each individual
ND, as well as 88 proteins that show increased secretion in all three NDs compared to WT, and
32 proteins that showed decreased secretion in all NDs. Importantly, these changes in protein
secretion are not generally reflected by changes in gene expression, highlighting the importance
of examining protein expression alongside mRNA levels when searching for functional changes
in astrocytes. Furthermore, | found evidence that two proteins that show increased secretion in
all three NDs, insulin-like growth factor binding protein 2 (IGFBP2) and bone morphogenetic
protein 6 (BMP6), are implicated in the pathological differences observed in NDs compared to

WT.

IGFBP2 plays a role in the pathology of RTT in vitro

IGFBP2, one of the most abundant proteins in WT astrocyte conditioned media (ACM), is
dramatically increased in secretion in all 3 NDs, and the addition of purified recombinant IGFBP2
protein to WT ACM renders it incapable of supporting normal neurite outgrowth, inducing
outgrowth deficits similar to those seen in RTT and FXS ACM. Blocking IGFBP2 activity in vitro
through the addition of a neutralizing antibody rescues this effect in WT ACM supplemented with

IGFBP2, but intriguingly, blocking IGFBP2 in ND ACM only leads to an improvement in outgrowth
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in RTT ACM and not FXS ACM. There is an increase in the volume of individual IGFBP2 protein
puncta and a trend toward an increase in overall volume of IGFBP2 in the extracellular space
surrounding astrocytes in RTT KO cortex at postnatal day 7 (P7) compared to WT littermates,
indicating a role for secreted IGFBP2 in RTT in vivo. Taken together, these results implicate
IGFBP2 as a contributor to RTT pathology, a role which is supported by numerous studies
indicating that alterations in IGF signaling may have an effect in autism spectrum disorder (ASD).
Because blocking IGFBP2 in RTT ACM rescues the neuronal outgrowth deficits in vitro, | am
working to determine if blocking IGFBP2 in vivo has a similar effect. To accomplish this, we are
injecting the IGFBP2-neutralizing antibody into the cortex of RTT KO mice and their WT
littermates at P2 (Figure 4.7), and collecting the brains for Golgi analysis at P7. | will analyze
dendritic arborization via Sholl analysis and examine spine morphology to determine if
neutralizing IGFBP2 in vivo can rescue the pathology of RTT. These results will further clarify the
role of IGFBP2 and IGF signaling in RTT.

IGFBP2 makes an appealing candidate in the study of these NDs due to the known
alterations in IGF signaling in ASD (Ricciardi et al., 2011; Riikonen et al., 2006; Williams et al.,
2014) and the ongoing clinical trials examining IGF1 as a potential treatment for RTT (Khwaja et
al., 2014; Pini et al., 2014, 2012). Our preliminary results studying the effects of IGFBP2 in vitro
determined that the addition of IGF1 to IGFBP2-containing WT ACM was sufficient to rescue the
outgrowth deficit induced by IGFBP2, indicating that the inhibitory effects of IGFBP2 are likely to
act via the canonical IGF signaling pathway. However, it is still unclear how, exactly, IGF1 acts to
ameliorate the symptoms of RTT and other conditions in human patients. IGF signaling, while
traditionally thought of as activating the PIBK/AKT pathway, can also activate the mitogen-
activated protein kinase (MAPK) pathway. The MAPK pathway is activated when the signaling
molecule growth factor receptor-bound protein 2 (GRB2) binds to IRS and son of sevenless (SOS)

(Rauen, 2013). This leads to the activation of Ras and the subsequent MAPK cascade. Like the
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PIBK-AKT pathway, the MAPK pathway controls many downstream processes, including
apoptosis, cell differentiation, cell growth, and metabolism. Thus while evidence currently
supports a role for altered PI3K/AKT signaling in ASD, it is possible that alterations in MAPK
signaling contribute to the pathology of the condition. In addition to their canonical roles as IGF
carrier proteins, IGFBPs can act via IGF-independent pathways, such as via binding to a-5-p
integrin (Hwa et al., 1999; Jones et al., 1993; Schuitt et al., 2004). In cancer cells, this IGFBP2-
integrin binding interaction can lead to reduced proliferation and cell deadhesion in vitro (Schutt
et al., 2004). It is possible that IGFBP2 may be acting via a noncanonical interaction to inhibit
neuronal growth in RTT, and that IGF1 treatment of NDs in patients is effective simply due to the
potency of the factor. Thus further research should examine the precise mechanism by which
IGFBP2 acts to inhibit neuronal outgrowth, to better clarify its role in RTT and aid in the

development of targeted therapies.

BMP6 plays a role in FXS pathology in vitro

BMPG6 is secreted only at very low levels by WT astrocytes. Treating WT astrocytes with
BMP6 induces changes in astrocyte morphology in vitro, and leads to alterations in protein
secretion and gene expression that partially resemble ND astrocytes. ACM from BMP6-treated
WT astrocytes is less capable of supporting neuronal outgrowth compared to untreated WT ACM,
further enhancing the resemblance to ND astrocytes. While FXS ACM is less capable of
supporting neuronal outgrowth than WT ACM, blocking BMP activity in FXS astrocytes by treating
them with the BMP antagonist noggin during conditioning rescues this phenotype, returning
outgrowth levels to those seen in WT ACM. Furthermore, there is an increase in the proportion of
phosphoSMAD (pSMAD)-positive astrocytes in the visual cortex of FXS KO mice at P7 compared
to WT littermates, indicating that there is an increase in BMP signaling in FXS KO cortex over

baseline at that time. These results indicate that BMP signaling is altered in FXS astrocytes during
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development and identify BMP6 as a novel target for therapeutic interventions in ASD. It would
be interesting to examine the effects of blocking BMP activity in FXS in vivo, to determine if it
leads to a reduction of pSMAD expression in astrocytes and rescues the dendritic arborization
defects seen in FXS.

Work out of the Barres lab demonstrated that BMP signaling influences astrocyte maturity
and function in vitro (Scholze et al., 2014). One of the hypotheses regarding NDs affecting
neuronal development is the possibility of a “mismatch” in the maturity of the astrocytes versus
the maturity of the neurons themselves (Sloan and Barres, 2014) and there is evidence that neural
precursor cells are more disposed toward astroglial fates in some NDs such as Costello
Syndrome and DS (Chen et al., 2014; Krencik et al., 2015). If the astrocytes themselves are “more
mature” than their neuronal counterparts, this may lead to aberrant signaling between cell types
in the brain and result in a failure of normal neuronal development. Increased secretion of BMP6
may reflect an abnormal phenotype in ND astrocytes that leads to downstream effects on protein
secretion and gene expression having functional effects. This hypothesis is supported by the
mass spectrometry results demonstrating that there is a great deal of overlap between the protein
secretion profiles of BMP6-treated WT astrocytes and ND astrocytes, including an increase in
IGFBP2, which | have determined has an inhibitory effect on neuronal outgrowth and plays a role
in RTT pathology. Thus it is likely that altered BMP signaling further exacerbates the functional
changes seen in ND astrocytes and contributes to their failure to support normal neuronal
development.

Little work has been done on the roles of BMPs in NDs associated with ASD, but there is
some evidence that there may be increased levels of BMP6 in male patients with a mild form of
ASD (Steeb et al., 2014) and changes in the expression of a number of genes affecting BMP
signaling such as neuroligins and fragile x mental retardation protein (FMRP) have been

associated with ASD (Kashima et al., 2016). Furthermore, FMRP has been found to downregulate
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bone morphogenetic protein receptor type 2 (BMPR2), and the absence of FMRP in FXS leads
to increased levels of BMPR2 that subsequently cause an increase in LIM domain kinase 1
(LIMK1), a protein associated with neurite outgrowth and synapse formation (Kashima et al.,
2016; Kashima and Hata, 2018), via a noncanonical BMP pathway. My analysis found an increase
in the expression of canonical BMP signaling genes in FXS and DS astrocytes, indicating that
BMPs may be influencing neuronal development via multiple pathways. Further study should
examine whether or not BMP6 is also leading to changes in noncanonical BMP signaling
pathways in ND astrocytes. Additionally, while | saw an increase in the proportion of pSMAD
expressing astrocytes in FXS cortex compared to WT, | did not examine possible alterations in
pSMAD activation in DS or RTT, nor did we attempt an in vivo rescue of this phenotype; future

experiments may help determine if BMP6 represents a viable target for therapeutic interventions.

Future directions

There are many questions that remain to be explored regarding these experiments. These
mass spectrometry results identified over 1200 unique proteins secreted by P7 WT astrocytes in
vitro, providing a long list of candidates to be examined for potential roles in astrocyte function,
neuronal development, neurite outgrowth, axonal guidance, spine development, and synapse
formation and function. This assay is the first of its kind, using astrocytes isolated at a key
timepoint in development and maintained in serum-free media, and this data is sure to support
many future studies on the roles of astrocytes in the developing brain. In addition, | have identified
nearly 100 proteins that show differential secretion patterns in 3 different genetic
neurodevelopmental disorders associated with ASD, in addition to numerous proteins that show
changes in protein secretion and gene expression in each individual ND. While the scope of this
dissertation has only focused on 2 of those proteins, these other proteins represent new potential

avenues of study for better understanding these NDs and for identifying new therapeutic targets
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for treating ASD. Indeed, | feel that one could complete several additional PhDs in the exploration
of this dataset!

Each of these NDs has been associated with deficits in neuronal development, including
alterations in dendritic arborization, immature spine morphology, and impaired synapse formation
and plasticity; examining the alterations in astrocyte protein secretion in these NDs may provide
additional insight into the mechanisms of these conditions. This dissertation focused only on the
effects of two candidate proteins on neurite outgrowth; it does not address whether or not IGFBP2
or BMP6 also affect spine morphology and/or synapse formation and function. Future experiments
may include culturing cortical neurons in WT and ND ACM for longer periods of time and staining
for synaptic markers, or conducting electrophysiological analysis of synaptic function in vitro, and
determining if blocking IGFBP2 or BMP6 leads to an improvement in the spine and synapse
deficits seen in NDs. Additional experiments could examine similar questions in vivo, through
immunohistochemical approaches to examine synaptic markers and conducting
electrophysiological analyses on acutely isolated cortical slices.

It is important to note that this dissertation focused on the study of astrocyte function at
postnatal day 7 (P7), an early developmental timepoint when synaptogenesis is just beginning;
therefore it may be difficult to identify key changes in synapse formation and function with this
approach. Additional work in our lab is aimed at better understanding the relationship between
astrocytes and synapses in adult RTT and FXS mice. Electron microscopy studies have found
that there is a decrease in the number of synapses with an associated astrocyte process wrapped
around them in FXS (Jawaid et al., 2018). There are also known alterations in the levels of
astrocyte proteins that influence synaptic function such as glutamate transporter 1 (GLT1) and
the Kir4.1 potassium channel in ASD (Sicca et al., 2011). We are examining the relationship
between astrocytic processes and synapses in RTT and FXS using an electron microscopy

approach, to search for alterations in astrocyte morphology at the synapse, as well as examining

140



the expression of GLT1 in RTT and FXS KO cortex by immunohistochemistry. Preliminary results
suggest a reduction in the overall number of GLT1 puncta and a reduction in the colocalization
between GLT1 and VGLUT1 (a presynaptic marker for intracortical synapses) at P35 in RTT KO
cortex compared to their WT littermates (Figure 6.1), which may contribute to synaptic deficits in
this condition by leading to incomplete clearance of glutamate from the synapse following synaptic
transmission. Further analysis will examine the expression of Kir4.1 to determine if altered
astrocyte expression of this potassium channel further contribute to synaptic deficits due to
improper ion buffering. Ultimately, the lab plans to examine overall changes in astrocyte
morphology in NDs using a cell dye filling approach; it is possible that a lack of proper astrocyte
ensheathment of synapses in the central nervous system contributes to the altered spine
morphology and synapse formation seen in these NDs. Examination of adult mice may elucidate
lifelong alterations in astrocyte function that contribute to the ongoing neurological deficits
associated with these disorders.

If in vivo results continue to support roles for IGFBP2 and BMP6 in RTT and FXS, future
studies could examine whether or not blocking these proteins in vivo is capable of rescuing some
of the behavioral deficits associated with these conditions; this would provide support for these
proteins being important mediators of ND pathology and further emphasize their potential as
therapeutic targets. We have also begun a collaboration with the Gage Lab at The Salk Institute
for Biological Studies, who are currently in the process of differentiating astroglial cells from iPSCs
from RTT patient fibroblasts. Once these cells are successfully differentiated, we will examine
their protein secretome and determine if human astroglial cells show similar protein secretion
changes as those seen in mouse astrocytes, which may provide more insight into the roles of

these proteins in ASD.
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It is my hope that, in addition to the experiments already in progress, the results described
in this dissertation will help inform studies on the functional roles of astrocytes in the developing

cortex for years to come.
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Figure 6.1: Inmunohistochemical analysis reveals a decrease in GLT1 puncta on astrocytes in RTT
cortex. A. Example images of astrocytes (green) from P35 WT and RTT KO cortices, stained for GLT1
(red) and VGLUT1 (blue), alongside their 3D renderings and puncta from Bitplane IMARIS analysis. B-D.
Quantification of colocalized puncta reveals a decrease in the overall density of GLT1 puncta on RTT KO
astrocytes (B), with no significant change in the colocalization of VGLUT1/GLT1 (C) or VGLUT2/GLT1 (D),
though there may be a trend toward a decrease in VGLUT1/GLT1 colocalization. N=3 mice per condition,
3 (VGLUT1/2+GLT1) or 6 (GLT1 alone) astrocytes analyzed per mouse.
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Animals
All animal work was approved by the Institutional Animal Care and Use Committee

(IACUC) of the Salk Institute for Biological Studies.

Mice
Mice were housed in the Salk Institute animal facility at a light cycle of 12 hr light: 12 hr
dark, with access to water and food ad libitum.

Wild-type (WT) mice

WT C57BL/6J (Jax stock number 000664) mice were used to generate WT astrocytes in
vitro, to generate neurons for all cortical neuronal assays, and to breed Mecp2 and Fmr1 mice.
Mice of both genders were used.

Mecp2 knockout (KO) mice

Mecp2 KO (Jax 003890) mice were used to generate RTT astrocytes in vitro, to breed
Mecp2 mice, and to breed Aldh1L1-eGFPxMecp2 mice. Mecp2 is found on the X chromosome
and the hemizygous condition is fatal to males by 6 weeks of age, so experimental mice were
generated by breeding heterozygous (+/-) Mecp2 females to WT (+/y) C57BL/6J males.
Astrocytes were isolated from male Mecp2 (-/y) mice.

Fmr1 KO mice

Fmr1 KO (Jax 003025) mice were used to generate FXS astrocytes in vitro, to breed Fmr1
mice, and to breed Aldh1L1-eGFPxFmr1. Fmr1 is found on the X chromosome and KO males are
fertile, so experimental mice were generated by breeding heterozygous (+/-) Fmr1 females to KO
(-/y) males. Astrocytes prepared from both male and female KO mice.

Down syndrome transgenic mice

Ts65Dn (Jax 005252) mice were used to generate DS astrocytes in vitro, and to breed

Ts65Dn mice. Ts65Dn mice are trisomic for about two-thirds of the genes orthologous to human
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chromosome 21 and only one copy of the mutation is required for the condition, so experimental
mice were generated by breeding Ts65Dn+ female mice to WT males. Astrocytes were prepared
from both male and female Ts65Dn+ mice.

Aldh111-EGFP x Mecp2 KO or Fmr1 KO mice

Tg(Aldh111-EGFP)OFC789Gsat/Mmucd mice express Aldh1l1-eGFP in astrocytes
(011015-UCD). Male Aldh1l1-eGFP mice were bred to Mecp2 or Fmr1 heterozygous (+/-)
females. Mecp2 and Fmr1 KO mice and their WT littermates expressing eGFP in astrocytes were

used for experiments.

Cell culture
Cortical astrocyte cultures

Cortical mouse astrocytes were isolated by immunopanning, using an adapted version of
a protocol previously described (Foo, 2013; Foo et al., 2011), from P5-P7 WT, RTT, FXS, and DS
mice. The full version of this protocol is available on in Appendix 1 on page 188. The cortices of
2-4 mouse pups (P5-P7) were dissected out and the meninges removed before tissue was
digested in a papain enzymatic solution to generate a single cell suspension. This was then
passed over a series of five plates to deplete unwanted cell types (lectin [Vector Labs Inc, #L-
1100], 10 minutes, to deplete endothelia; cd11b [Ebioscience, #14-01112-86], 10 minutes, to
deplete microglia, cd45 [BD Pharmingen, #550539], 20 minutes, to deplete macrophages, and
O4 hybridoma [see (Bansal and Pfeiffer, 1989) for recipe], 15 minutes, x2, to deplete
oligodendrocyte precursor cells) before positive selection for astrocytes using the astrocyte cell
surface antigen 2 (ACSA2, Miltenyi Biotech #130-099-138). Astrocytes were plated on glass
coverslips (12mm diameter, Carolina Biological Supply 633029) coated with poly-D-lysine (Sigma
P6407) in 24 well plates (Falcon 353047) at a density of 50,000-80,000 cells/well or in six well

plates (Falcon 353046) coated with poly-D-lysine at a density of 280,000 - 350,000 cells/well in a
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growth medium containing: 50% DMEM (Thermo Fisher Scientific 11960044), 50% Neurobasal
(Thermo Fisher Scientific 21103049), Penicillin-Streptomycin (LifeTech 15140-122), GlutaMax
(Thermo Fisher Scientific 35050-061), sodium pyruvate (Thermo Fisher Scientific 11360-070), N-
acetyl-L-cysteine (Sigma A8199), SATO (containing: transferrin (Sigma T-1147), BSA (Sigma A-
4161), progesterone (Sigma P6149), putrescine (Sigma P5780), sodium selenite (Sigma S9133)),
and heparin binding EGF like growth factor (HbEGF, R&D Systems 259-HE/CF). Astrocyte
cultures were maintained in a humidified incubator at 37°C and 10% CO2 and grown to

confluence (5-7 days).

Generation of astrocyte conditioned media (ACM)

Astrocytes grown in 6 well plates were washed 3 times with warm DPBS (HyClone
SH30264) to remove any minor traces of added protein from growth media, and the growth media
was replaced by minimal low protein conditioning media (50% DMEM, 50% Neurobasal, penicillin-
streptomycin, glutamax and sodium pyruvate, N-acetyl-Lcysteine (Sigma A8199), and carrier-free
HbEGF (R&D Systems, 259-HE/CF, resuspended in dPBS only at 10 ug/ml, with no BSA).
Astrocytes were conditioned in low protein media for 5 days in a tissue culture incubator at 37°C,
10% CO2. The astrocyte conditioned media (ACM) was collected and concentrated 30-fold using
Vivaspin 20 or 6 centrifugal concentrators with a MW cut-off of 3 kDa (Sartorius VS2052 or
VS0652). Protein concentration of the ACM was assessed by Bradford protein assay (Bio-Rad
500-0006). ACM for mass spectrometry and Western blotting was flash-frozen with liquid nitrogen
and stored at -80°C until analysis. ACM for cortical assays was stored at 4°C until use, for no

more than 2 weeks.

Cortical neuron cultures
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Cortical neurons were isolated from P5-P7 C57BI6J WT mice (Jax stock number 000664)
as previously described (Risher et al., 2014; Steinmetz et al., 2006). The full version of this
protocol is available on in Appendix 2 on page 201. The single cell suspension was passed over
two plates to deplete unwanted cell types (lectin, IgG H+L [Jackson Immunoresearch #115-005-
167] only) before positive selection for cortical neurons using the neuronal marker NCAM-L1
(Millipore MAB5272). Cortical neurons were plated on glass coverslips (12mm diameter, Carolina
Biological Supply 633029) coated with poly-D-lysine (Sigma P6407) and laminin (R&D
340001001) at a density of 50,000-80,000 cells/well in a minimal medium, with the addition of
astrocyte conditioned media and/or protein factors and antibodies as described in the text.
Cortical neuron minimal media contained: 50% DMEM (Thermo Fisher Scientific 11960044), 50%
Neurobasal (Thermo Fisher Scientific 21103049), Penicillin-Streptomycin (LifeTech 15140-122),
glutamax (Thermo Fisher Scientific 35050-061), sodium pyruvate (Thermo Fisher Scientific
11360-070), N-acetyl-Lcysteine (Sigma A8199), insulin (Sigma 11882), triiodo-thyronine (Sigma
T6397), SATO (containing: transferrin (Sigma T-1147), BSA (Sigma A-4161), progesterone
(Sigma P6149), putrescine (Sigma P5780), sodium selenite (Sigma S9133)), B27 (see (Winzeler
and Wang, 2013) for recipe), and forskolin (Sigma F6886). Cortical neuron cultures were

maintained in a humidified incubator at 37°C and 10% CQO2.

Additions of factors (concentrations, etc)

Unless stated otherwise in the text, all treatments were applied for 48 hours before cortical
neurons were analyzed. In each experiment there was a negative control condition, cortical
neurons in minimal media (alone condition; treated with buffer), and a positive control condition,
cortical neurons treated with WT astrocyte conditioned media (ACM) at 3 ug/mL (ACM condition).
The candidate proteins identified by mass spectrometry were insulin growth factor binding protein

2 (IGFBP2) (R&D 797-B2 at 100 ug/mL in sterile PBS), carboxypeptidase E (CPE) (Abcam
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#ab169054 at 100 ug/mL in sterile deionized water), and BMP6 (R&D 507-BP/CF at 10 ug/mL in
sterile dPBS). IGFBP2 and CPE were tested at a concentration determined by their overall levels
in WT and ND ACM, at a level of roughly 4X the concentration expected in WT ACM (2X the
concentration expected in ND ACM). IGFBP2 was added directly to the neuronal minimal medium,
with or without WT ACM, immediately before plating at a concentration of 240 ng/mL, while CPE
was applied at a concentration of 160 ng/mL. For BMP6 treatments, BMP6 was added to half of
the wells of WT astrocytes during the conditioning phase, for a total of 5 days, at a concentration
determined by previously published research (Scholze et al., 2014), 10 ng/mL, before being
collected as normal and applied to cortical neurons at the same concentration of 3 ug/mL.
IGFBP2-neutralizing antibody (R&D MAB797 at 0.5 mg/mL in sterile PBS) and its control IgG
(R&D 6-001-F at 0.5 mg/mL in sterile PBS) were tested at 7 mg/mL directly in neuronal minimal
media, a concentration determined to be twice the ND50 for the level of IGFBP2 in solution. For
noggin treatments, noggin (R&D 1967-NG/CF at 200 ug/mL in sterile PBS) was added to half of
the wells of FXS astrocytes during the conditioning phase, for a total of 5 days, at 1 ug/mL, before
being collected as normal. Due to the high levels of residual noggin in the treated ACM, FXS
untreated and FXS+noggin ACM was concentrated to the same volume and a protein
concentration of 3 ug/mL determined in the untreated ACM; equal volumes of FXS untreated and
FXS+noggin ACM were applied to cortical neurons. To test the effects of noggin alone, noggin
was added at a concentration of 1 ug/mL directly to the minimal medium, with or without WT or

FXS ACM, immediately before plating cortical neurons.

Mass spectrometry details & analysis

Protein concentration was determined by Bradford Assay and ACM was distributed into
aliquots of 15 ug before being flash-frozen with liquid nitrogen and stored at -80°C until analysis.

Samples were thawed and split into 3 equal parts of 5 ug each to produce technical triplicates for
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each biological replicate. Samples were precipitated by methanol/chloroform. Dried pellets were
dissolved in 8 M urea/100 mM TEAB, pH 8.5. Proteins were reduced with 5 mM tris(2-
carboxyethyl)phosphine hydrochloride (TCEP, Sigma-Aldrich) and alkylated with 10 mM
chloroacetamide (Sigma-Aldrich). Proteins were digested overnight at 37°C in 2 M urea/100 mM
TEAB, pH 8.5, with trypsin (Promega). Digestion was quenched with formic acid, 5% final
concentration. The digested samples were analyzed on a Fusion Lumos Orbitrap tribrid mass
spectrometer (Thermo). The digest was injected directly onto a 30 cm, 75 um ID column packed
with BEH 1.7um C18 resin (Waters). Samples were separated at a flow rate of 300 nl/min on a
nLC 1000 (Thermo). Buffer A and B were 0.1% formic acid in water and 0.1% formic acid in 90%
acetonitrile, respectively. A gradient of 1-25% B over 160 min, an increase to 35% B over 60 min,
an increase to 90% B over 10 min and held at 100%B for a final 10 min was used for 240 min
total run time. Column was re-equilibrated with 20 ul of buffer A prior to the injection of sample.
Peptides were eluted directly from the tip of the column and nanosprayed directly into the mass
spectrometer by application of 2.5 kV voltage at the back of the column. The Orbitrap Fusion was
operated in a data dependent mode. Full MS scans were collected in the Orbitrap at 120K
resolution with a mass range of 400 to 1500 m/z and an AGC target of 4e5. The cycle time was
set to 3 sec, and within this 3 sec the most abundant ions per scan were selected for CID MS/MS
in the iontrap with an AGC target of 1e4 and minimum intensity of 5000. Maximum fill times were
set to 50 ms and 200 ms for MS and MS/MS scans respectively. Quadrupole isolation at 1.6 m/z
was used, monoisotopic precursor selection was enabled and dynamic exclusion was used with
exclusion duration of 5 sec. Protein and peptide identification were done with Integrated
Proteomics Pipeline — IP2 (Integrated Proteomics Applications). Tandem mass spectra were
extracted from raw files using RawConverter (He et al., 2015) and searched with ProLuCID (Xu

et al., 2015) against Uniprot mouse database. The search space included all fully-tryptic and half-
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tryptic peptide candidates, carbamidomethylation on cysteine was considered as a static

modification.

The validity of the peptide spectrum matches (PSMs) generated by ProLuCID was
assessed using Search Engine Processor (SEPro) module from PatternLab for Proteomics
platform (Carvalho et al., 2016). XCorr, DeltaCN, DeltaMass, ZScore, number of peaks matched,
and secondary rank values were used to generate a Bayesian discriminating function. A cutoff
score was established to accept a false discovery rate (FDR) of 1% based on the number of
decoys. A minimum sequence length of six residues per peptide was required and results were

post-processed to only accept PSMs with < 10ppm precursor mass error.

Volcano plots were generated by a pairwise comparison of each individual ND versus WT
using the PatternLab’s TFold module. The following parameters were used to select differentially
expressed proteins: spectral count data were normalized using NSAF values (Boris Zybailov et
al., 2006), and two nonzero replicate values were required for each condition (at least two out of
three technical replicates). A BH g-value was set at 0.05 (5 % FDR). A variable fold-change cutoff
for each individual protein was calculated according to the t-test p-value using an F-Stringency

value automatically optimized using the TFold software.

gPCR & RNAseq details & analysis

Immediately following ACM collection, ACM was replaced with warmed dPBS and RNA
was collected using the RNEasy Micro Plus kit (Qiagen 74034). Small aliquots (0.1 - 0.5 ug) of
RNA was used for cDNA synthesis by RT-PCR using Superscript VILO master mix (Thermo
Fisher Scientific 11755050) according to manufacturer’s instructions. For each sample, an equal

amount of whole brain RNA from an animal with a matching genotype (WT, MeCP2 KO, Fmr1
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KO, or Ts65Dn Mut) was used to generate control cDNA. 1 uL of the obtained cDNA was used
for gPCR reaction using SYBR green PCR mastermix (Life Supply 4309155). All samples were
run in triplicates (technical replicates). Primer pairs were as follows, all by Integrated DNA
Technologies: GAPDH (Control; forward TGCCACTCAGAAGACTGTGG, and reverse
GCATGTCAGATCCACAATGG); Syt1 (neurons; forward CTGCATCACAACACTACTAGC,
reverse CCAACATTTCTACGAGACACAG); GFAP (astrocytes; forward
AGAAAACCGCATCACCATTC, reverse TTGAGAGGTCTTGTGACTTTT); CSPG4
(oligodendrocyte  precursor cells; forward CTCAGAACCCTATCTTCACG, reverse
TACATGGTAGTGGACCTCAT); CD68 (microglia; forward ATACAATGTGTCCTTCCCAC,
reverse CTATGCTTGCATTTCCACAQG); and FGFr4 (fibroblasts; forward
AGAGTGACGTGTGGTCTTT, reverse ACTCCCTCATTAGCCCATAC). Only samples that had
GFAP expression of =3x whole brain and CSPG4 expression of <2x whole brain were used for

mass spec and RNASeq analysis.

RNA libraries were prepared with TrueSeq Stranded mRNA Library Prep Kit (lllumina).
Poly(A) mRNA was isolated from total RNA samples, followed by mRNA fragmentation, first
strand cDNA synthesis, second cDNA synthesis and adaptor ligation, and isolation and
amplification of cDNA fragments. lllumina HiSeq 2500 instrument was used for sequencing. For
the analysis, sequenced reads were quality-tested using FASTQC and aligned to the mm10
mouse genome using the STAR aligner version 2.4.0k. Mapping was carried out using default
parameters (up to 10 mismatches per read, and up to 9 multi- mapping locations per read). The
genome index was constructed using the gene annotation supplied with the mm10 or rn6 lllumina
iGenomes collection and sjdbOverhang value of 100. Normalized gene expression (Fragments

per kilobase per million mapped reads, FPKM) was quantified with HOMER v4.8.3 across all gene
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exons using the top-expressed isoform as proxy for gene expression. Quality of samples was

assessed with the assistance of the Bioinformatics Core at the Salk Institute (Tables 7.1&2)

Immunocytochemistry staining, imaging & analysis

Staining astrocytes for cell-specific markers

After 7 days (for astrocytes that were not treated with additional protein factors) or 12 days
(for astrocytes treated with either BMP6 or noggin in minimal growth medium), astrocytes were
fixed with fresh warm (37°C) 4% paraformaldehyde (EMS 50980487) for 20 minutes at room
temperature (RT). Coverslips were washed three times with RT PBS and blocked and
permeabilized for 30 minutes in 50% goat serum/50% antibody buffer (150 mM NaCl; 50 mM Tris;
100 mM L-lysine; 1% BSA; pH 7.4) and 0.5% Triton X-100 (Sigma T9284). Coverslips were
washed once with PBS and incubated overnight at 4°C with primary antibodies against GFAP
(1:1000, Millipore, MAB360), Agp4 (1:1000, Sigma, A5971), GLAST (1:100, Miltenyi 130-095-
822), NeuN (1:1000, Millipore, MAB377), Ibal (1:1000, Wako, 016-20001), or NG2 (1:1000,
Millipore, AB5320) in a solution of antibody buffer + 10% goat serum. The following day, cells
were washed three times with PBS and incubated for 1-2 hours with appropriate secondary
antibodies (goat anti-rabbit Alexafluor 594 (1:1000, Thermo Fisher Scientific A-11037), goat anti-
mouse Alexafluor 488 (1:1000, Thermo Fisher Scientific A-11029), goat anti-mouse Alexafluor
594 (1:1000, Thermo Fisher Scientific A-11032)) in a solution of antibody buffer + 10% goat serum
before being washed a final three times and mounted with SlowFade + DAPI (Life Technologies
s$36939) on glass slides (Fisherfinest 12-244-2) and sealed with clear nail polish. Astrocytes were
imaged using a Zeiss AXIO Imager Z2 motorized microscope (430000-9902) at 20X
magnification. Images were analyzed using ImagedJ by counting the % of cells that were positive

for the cell marker and statistics performed in Microsoft Excel.
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Neurite staining in cortical neurons

After 48 hours in culture, cortical neurons were fixed with fresh 4% paraformaldehyde in
PBS warmed to 37°C for 10 minutes at RT. Coverslips were washed three times with RT PBS
and blocked and permebilized for 30 minutes in 50% antibody buffer/50% goat serum and 0.5%
Triton X-100. Coverslips were washed once with PBS and incubated overnight at 4°C with primary
antibodies against MAP2 (to mark dendrites) (1:5000, EnCor Biotechnologies CPCA-MAP2) and
Tau (to mark axons) (1:500, Millipore Sigma MAB3420) in a solution of antibody buffer + 10%
goat serum. The following day, cells were washed three times with PBS and incubated for 1-2
hours with secondary antibodies (goat anti-chicken Alexafluor 488 (1:1000, Thermo Fisher
Scientific A11039), goat anti-mouse Alexafluor 594 (1:1000)) in a solution of antibody buffer +
10% goat serum before being washed a final three times and mounted with SlowFade + DAPI on
glass slides, sealed with nail polish, and stored at -20°C until imaging. Cortical neurons were
imaged at 10X on a Zeiss AXIO Imager Z2 motorized microscope (430000-9902). For each assay,
there were 3 coverslips per condition, and 20 images were taken per coverslip (except for the
IGF1/CPE assays, where 10 images were taken per coverslip), for a total of 60 images per
condition per assay with at least 1 neuron per image, for a total of at least 60 neurons imaged per
condition per assay. Images were exported as TIFFs. Images were processed in Imaged to merge
all channels, convert the images to 16-bit, and apply a normalization of 0.1. Images were analyzed
using MetaMorph software (Molecular Devices), using the Neurite Outgrowth Module to measure
total, mean, max, and median neurite outgrowth length, number of processes per cell, and number
of process branches per cell, and data were analyzed using Microsoft Excel and GraphPad Prism.
Experiments were completed in triplicate, for a total of at least 180 neurons imaged and analyzed

per condition.
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Immunohistochemistry staining, imaging & analysis

Tissue collection and preparation

P7 or P35 mice (Aldh1L1-eGFP x Mecp2 KO, Fmr1 KO and their WT littermates) were
anesthetized with intraperitoneal injection of 100 mg/kg Ketamine (Victor Medical Company) and
20 mg/kg Xylazine (Anased) mix and transcardially perfused with PBS followed by 4% PFA.
Brains were dissected out and postfixed in 4% PFA at 4°C overnight. Brains were washed three
times in PBS and cryoprotected in 30% sucrose at 4°C. After at least 48 hours in sucrose, brains
were frozen in TFM (General data healthcare TFM-5) in a dry ice/ethanol mix and stored at -80°C

until use. Fixed tissue was used for immunohistochemistry.

Immunohistochemical staining for IGFBP2 and pSMAD in P7 mouse brains

Littermate male mice (Aldh111-EGFP x Fmr1 or Mecp2 KO or WT) were used for these
experiments. Fixed coronal sections were collected on Superfrost Plus micro slides (VWR 48311-
703) at 14 um thickness (3.4 mm posterior to Bregma) on a cryostat (Hacker Industries OTF5000).
Sections were blocked and permeabilized for 1 hr at room temperature in a humidified chamber
in antibody buffer + 0.3% Triton X-100 in PBS. Primary antibodies goat anti-IGFBP2 (1:500, R&D
AF797), rabbit anti-pSMAD (1:800, Cell Signaling 9516), rabbit anti-GLT1 (1:300, Novus
Biologicals NBP1-20136), guinea pig anti-VGlut1 (1:1000, Millipore AB5905) or guinea pig anti-
VGlut2 (1:1000, Millipore AB2251) were incubated in antibody buffer + 0.3% Triton X-100 in the
humidified chamber overnight at 4°C. Slices were washed three times with PBS and incubated
for 1-2 hr at room temperature with secondary antibody donkey anti-goat Alexa 594 (1:500,
Thermo Fisher Scientific A-11058), goat anti-rabbit Alexa 594 (1:500, Thermo Fisher Scientific A-
11037), and goat anti-guinea pig Alexa 647 (1:500, Thermo Fisher Scientific A-21450) in antibody
buffer + 0.3% Triton X-100. Sections were washed with PBS three times and mounted with

SlowFade gold antifade mountant with DAPI. Coverslips (22 mm x 50 mm 1.5 thickness (Fisher
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Scientific 12-544-D)) were placed on top of the sections and sealed with nail polish (Electron
Microscopy Sciences 72180). Negative controls included sections where IGFBP2 or pSMAD

antibody was omitted.

For IGFBP2 analysis, layer 2/3 of the visual cortex was imaged using the Zeiss LSM 880
Rear Port Laser Scanning Confocal and Airyscan FAST Microscope, using confocal imaging.
Images were taken at 63X magnification, as 16 bit images, as z stacks of 10 steps with a total
thickness of 3.85um. The investigator was blinded to the genotypes of the mice during sectioning,
staining, imaging, and analysis. Exposure acquisition was consistent across WT and KO samples
from the same experiment. Imaging was performed on 3 sections (technical replicates) from 3
mice (biological replicates) per genotype. Analysis was performed using IMARIS software
(Bitplane). Astrocytes (eGFP) were defined as surfaces with background subtraction (largest
sphere contained within the surface set to 5um) and smoothed to 0.110um. IGFBP2 (channel
594) was masked within and without these surfaces to allow separate analysis of internal and
external IGFBP2, which was also defined as surfaces. Representative images are snapshots of
the full 3D z-stack image, the z-stack with internal IGFBP2 masked, and 3D surfaces of astrocytes

and IGFBP2.

For pPSMAD analysis, all layers of the visual cortex were imaged using the Zeiss LSM 880
Rear Port Laser Scanning Confocal and Airyscan FAST Microscope, using confocal imaging.
Images were taken at 20X magnification, as 16 bit images of 4-6 tiles with 10% overlap, z stacks
of 3 steps with a total thickness of 2.27 um. The investigator was blinded to the genotypes of the
mice during sectioning, staining, imaging, and analysis. Images were used to generate maximum
intensity projections and exported as TIFF images for analysis. Using ImagedJ software (NIH),

ROls of 1800 x 1200 pixels were drawn in each image, capturing layers I-IV of the cortex.
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Expression of pPSMAD in the nucleus was measured using the particle analysis tool in Imaged and
counted using the Cell Counter plugin (Kurt de Vos). DAPI was used to create a mask. pSMAD
expression was measured as mean intensity within the area of the ROI, and nhumber of pPSMAD
positive cells was determined by counting the number of colocalized DAPI + pSMAD cells and

the number of pPSMAD + eGFP+ cells and normalizing to the total number of astrocytes per ROI.

For GLT1 analysis, littermate Aldh111-EGFP x Mecp2 KO and WT P35 male mice were
used. The investigator was blinded to the genotypes of the mice during sectioning, staining,
imaging, and analysis. Upper layers of the visual cortex were imaged on a Zeiss LSM 880
Airyscan FAST super-resolution microscope using the 63X oil-immersion objective as a Z-stack
of 10 slices with a total thickness of 3.51 um. Aldh1l1-EGFP was imaged along with GLT1 and
VGlut1 and 2. The z stacks of each condition (Aldh111-EGFP x Mecp2 KO or WT) were presented
as 3D images, using IMARIS software (Bitplane). Gaussian filter of 0.0725 mm was applied to all
channels in order to smooth the images and reduce noise. Astrocytes (Aldh1l1-EGFP) were
defined in channel 488 as surface objects with a surface detail of 0.085 mm, and GLT1 and VGlut1
or 2 were defined as spheres of 0.5 mm of diameter. GLT1 spheres that were in proximity to the
surface of the astrocyte (distance of GLT1 sphere to surface object defined as 0.5 mm) were
considered for co-localization to VGlut 1 or 2 analysis, using the spots closest to surface
function. The co-localization spots function defined a distance from center to center of spots of
0.7 mm. Spots from different channels that were within 0.7 mm from each other’s center were
quantified as co-localized. Total GLT1 and total VGlut1 or 2 puncta referred to the total number

of spots detected by the spot detection function in the entire Z-stack.

In Vivo Protein Levels

Collecting whole cortical lysate from P7 mice
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P7 mice (Mecp2 KO, Fmr1 KO, Ts65Dn Mutants, or WT littermates) were anesthetized
with intraperitoneal injection of 100 mg/kg Ketamine (Victor Medical Company) and 20 mg/kg
Xylazine (Anased) mix and transcardially perfused with PBS. Brains were quickly dissected out,
and cortices removed and placed in Eppendorf tubes, and frozen on liquid nitrogen before being
stored at -80°C until further use. To prepare protein lysate, protease inhibitors (Thermo Fisher
Scientific 78430) and phosphatase inhibitors (Thermo Fisher Scientific 78420) were added at a
ratio of 1:100 to RIPA buffer (Thermo Fisher Scientific 89901) and added to frozen cortical tissue
at a ratio of approximately 100 ul per 10 mg tissue. Tissue was then lysed with an electric
homogenizer in the Eppendorf tube and placed on a rotator at 4°C for 1 hour to fully lyse the
tissue. Lysate was then spun down at 14000 rpm at 4°C for 15 minutes to pellet out the
unsolubilized tissue and the supernatant was collected and placed in fresh Eppendorf tubes. The
protein concentration of each sample was obtained using a Bradford Assay and samples were

snap frozen on liquid nitrogen and stored at -80°C until use in a Western blot.

Collecting CSF from P7 pups

CSF was collected from post-mortem neonatal mice. P7 mice (Aldh1L1-eGFP x Mecp2
KO and their WT littermates) were anesthetized with intraperitoneal injection of 100 mg/kg
Ketamine (Victor Medical Company) and 20 mg/kg Xylazine (Anased) mix. Death was determined
by a lack of toe pinch reflex and cessation of respiration. After death, pups were affixed with their
heads at a downward angle underneath a dissecting microscope and the back of the neck was
dissected to reveal the cisterna magna. Glass micropipettes were pulled on a Model P-1000
Flaming/Browning Micropipette puller (Sutter Instruments) and the tips cut to an inner diameter of

about 10 um. The tip of the pipette was then manually inserted into the cisterna magna and CSF
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was drawn into the pipette by capillary action. CSF was stored in low adhesion Eppendorf tubes

at 4°C until use and concentration was determined by Bradford Assay prior to Western blotting.

Western Blotting

Western blot samples were thawed on ice or kept at 4°C until use. Samples were mixed
with reducing sample buffer (Thermo Fisher Scientific 39000) and denatured for 45 minutes at
55°C. Protein samples were separated on Bolt 12% Bis-Tris Plus gel (NW00120BOX) for 1.5
hours at constant voltage of 120V. Proteins were transferred onto Immobilion-FL PVDF
membranes (Millipore IPFL00010), for 2.5 hr at constant current of 0.4A on ice. For CSF
experiments, membranes were stained using Ponceau S for 30 minutes at RT and washed at
least 3x10 minutes in water before imaging on the Odyssey Infrared Imager (Li-Cor) and Image
Studio software (Li-Cor) system to examine total protein load. Membranes were then washed until
the Ponceau stain was completely gone and were blocked for 1 hr at room temperature on a
rocker with blocking buffer (10% 10X TBS, 80% H20, 10% Casein stock (Bio-Rad 1610782).
Membranes were incubated overnight at 4°C on a shaker with the primary antibodies in blocking
buffer, goat anti-IGFBP2 (R&D AF797) at 1:500, rat anti-B-tubulin (ThermoFisher Scientific MA5-
16308) at 1:10,000, or rat anti-PN1 (R&D Systems MAB2175) at 1:500. Membranes were washed
three times with TBS+0.1% Tween and incubated on a rocker at room temperature for one hour
with the appropriate secondary antibody (donkey anti-goat Alexa 680 (Thermo Fisher Scientific
A21058) or goat anti-rat Alexa 680 (Thermo Fisher Scientific A21096)). Membranes were washed
three times with TBS+0.1% Tween before imaging on Odyssey Infrared Imager (Li-Cor) and
Image Studio software (Li-Cor). Semi-quantitative analysis was performed using the Image Studio
software and Microsoft Excel. Bands were selected with the Image Studio Rectangle tool and raw
intensities were measured. The intensities were then normalized to either the control band (B-

tubulin or PN1) or total protein load (for CSF) and further normalized to the WT values.
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Cortical Injections and Morphological Analysis

Neonatal Cortical Injections of IGFBP2-neutralizing antibody

P2 mice (male MeCP2 and their male WT littermates) were cryo-anesthetized (Phifer and
Terry, 1986) for 10 minutes on ice, taking care to avoid directly contacting the pups with ice.
Anesthesia depth was determined by lack of movement and lack of response to toe pinch. Pups
were secured dorsal side up on an ice pack to maintain anesthesia and injection site was marked
using a surgical pen (McKesson 19-0752), at roughly 3.4mm posterior to Bregma, to inject directly
into the visual cortex of the right hemisphere. Pulled glass micropipettes with a 5-10um-diameter
beveled tip were prepared using a Model P-1000 Flaming/Browning Micropipette puller (Sutter
Instruments) and beveled to a 15 degree angle. Injections were performed using a Digital Small
Animal Stereotaxic “U” frame (Kopf, Model 940) to hold a Nanoject Ill Programmable Nanoliter
Injector (Drummond, 3-000-207) to ensure accurate injection targeting and amount. The IGFBP2-
neutralizing antibody (R&D MAB797) or its control IgG antibody (R&D 6-001-F) were labeled with
Alexa Fluor 594 Succinimidyl Ester (Thermo Fisher Scientific A20004) according to the product
manual and excess dye was removed by running the samples through a Zeba™ Spin Desalting
Column (40 kDa MWCO, Thermo Fisher Scientific, 87768) and eluting at a final concentration of
1 ug/uL. Each mouse was injected twice with a volume of 500 nL, at a depth of 150 um and 50
um, at a rate of 50 nL/s, for a total volume of 1 uL of antibody (1 ug total). After each injection,
there was a wait of at least 2 minutes prior to moving the needle to allow antibody spread and to
prevent backflow. Pups were kept on the ice pack for no more than 15 minutes and recovered on

a heat pad and were returned to their home cage once awake and re-warmed.

Tissue collection and fixation
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Five days after injection, P7 mice (male MeCP2 KO & WT littermates, with either IGFBP2
neutralizing antibody or IgG control) were anesthetized with intraperitoneal injection of 100 mg/kg
Ketamine (Victor Medical Company) and 20 mg/kg Xylazine (Anased) mix and transcardially
perfused with PBS followed by 4% PFA before brains were dissected out and postfixed in 4%
PFA at 4°C overnight. Brains were washed three times in PBS and cryoprotected in 30% sucrose
at 4°C. After at least 48 hours in sucrose, brains were frozen in TFM (General data healthcare

TFM-5) in a dry ice/ethanol mix and stored at -80°C until use.

Imaging injected antibody spread in P7 mice

Fixed tissue was used for imaging antibody spread. Fixed coronal sections were collected
on Superfrost Plus micro slides (VWR 48311-703) at 50 um thickness (3.4 mm posterior to
Bregma) on a cryostat (Hacker Industries OTF5000) and mounted sequentially. Slides were
washed for 10 minutes in 1X PBS to remove excess mounting media and coverslips (22 mm x 50
mm 1.5 thickness (Fisher Scientific 12-544-D)) were placed on top of the sections and sealed with
nail polish (Electron Microscopy Sciences 72180). Sections were imaged at 10X using a tile scan
mode on a Zeiss AXIO Imager Z2 motorized microscope (430000-9902) to capture the full region

of antibody spread.

Statistical Analysis

Statistical tests and graphs were designed using Prism 7 and Sigmaplot. All tests are two-
tailed. To compare more than two groups, one-way ANOVA with Dunnett’s post hoc test for
multiple comparisons was used. Student’s t test was used to compare two groups. When data did
not pass normal distribution test, multiple comparisons were done by Kruskal-Wallis ANOVA on
ranks and pairwise comparisons were done with Mann-Whitney Rank Sum test. Exact p values

reported on graphs or in the figure captions.
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Table 7.1: Quality control analysis of WT and ND samples submitted for RNA sequencing analysis to the
Salk Institute for Biological Studies Next Generation Sequencing Core.

NAAC [NAAC | ., [NAACT . | NAAC [ NAAC | NAAC [ NAAC | NAAC [ NAAC
Sample 17 18 tops | 20 o1 ps | 22 24 26 27 28 29
FXS | RTT RTT WT |FXS |WT |RTT |Fxs |Fxs
Unique% | 85.99 | 85.27 | 86.82 | 8562 | 85.37 | 85.75 | 86.78 | 84.91 | 85.88 | 85.47 | 85.91
Multiple% | 12.48 | 1321 | 11.82 | 12.77 | 13.02 | 1259 | 11.73 | 13.72 | 1267 | 1314 | 12.67
U d
o PP% log 074 |o060 |08 |076 |077 |073 |048 |062 |053 | 062
(-]
Total 507E | 3.97E | 436E | 462E | 4.16E | 2.03E | 1.92E | 2.06E | 3.77E | 6.54E | 5.18E
Reads +07 +07 +07 +07 +07 +07 +07 +07 +07 +07 +07
5 :
osTOMinu | 203 1934 |979 |962 |1006 | 1032 | 999 |1005 | 1017 | 1005 | 9.26
sRatio
NAAC | NAAC NAAC | NAAC | NAAC | NAAC NAAC | NAAC | NAAC
NAA
Sample 30 31 2 Dg 33 34 35 38 2:3; 40 43 44
WT | FXs WT |WT |wr |Fxs RTT |RTT |RTT
Unique% | 83.48 | 8215 | 80.45 | 8511 | 84.06 | 84.87 | 85.99 | 87.13 | 86.45 | 86.53 | 85.45
Multiple% | 14.72 | 16.07 | 17.74 | 1354 | 1423 | 1352 | 12.39 | 11.42 | 12.04 | 11.92 | 13.03
U d
o PP% logs 089 |09t |05 |082 |071 |08t |067 |071 |068 |063
(-]
Total 312E | 5.51E | 3.36E | 1.24E | 436E | 2.07E | 3.156E | 2.08E | 3.63E | 5.45E | 4.52F
Reads +07 +07 +07 +07 +07 +07 +07 +07 +07 +07 +07
PosToMi
s;:tig N1 g46 |844 |771 |919 |o965 |947 |869 |974 |879 |974 | 931
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Table 7.2: Quality control analysis of BMP6-treated and untreated samples submitted for RNA
sequencing analysis to the Salk Institute for Biological Studies Next Generation Sequencing Core.

NAA | NAA | NAA | NAA | NAA | NAA NAAC
| on o ore |0 | oer |om | NaAct |wasct | mascr | wanct | nascr |
P® | BWP | noB | BMP | noB | BMP | noB BMP6 | BMP6 | BMP6 | BMP6 | BMP6 | O
6 MP6 | 6 MP6 | 6 MP6 BMP6
g"'q“e 88.33 | 86.35 | 85.79 | 85.37 | 86.63 | 86.43 | 8554 | 8414 | 8571 | 8296 | 8623 | 85.81
Multiple
. 10.49 | 1235 | 12.96 | 1331 | 11.84 | 1200 | 1278 | 1416 | 1257 | 1536 | 1247 | 12.83
:;';"app 034 | 039 |04 |04 |o062 |o053 |o076 07 0.73 0.46 0.46 0.49
Total 3.74E | 4.19E | 2.51E | 3.83E | 3.39E | 3.40E | 332E | 3.17E | 1.81E+ | 3.14E | 3.32E | 3.09E
Reads +07 +07 +07 +07 +07 +07 +07 +07 07 +07 +07 +07
PosToM
inus 949 |88 |952 |88 | 1039 | 10.66 | 8.04 8.35 8.35 7.58 6.72 6.71
Ratio
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Appendix 1: Immunopanning purification of cortical astrocytes (mouse), ACSA2

This protocol is for isolating astrocytes from P5 — P7 mouse cortex, 2-4 pups per prep. It is
adapted from (Foo, 2013).

Day Before
Prepare coverslips/plates with PDL for astrocytes

e Coat coverslips with PDL (Sigma P6407)
o Coverslips (Carolina Biological Supply 633029 — 12mm, Thickness 0.13-0.17)
are stored in 70% EtOH after extensive washing.
o Place coverslips in large 150mm Petri Dish (BD 351058) and wash 3X times with
sterile H20.
o Add 100ul of PDL (dilute 100X in H20: 100ul aliquot + 10mL H20) to each
coverslip.
o Letsit at RT 30 minutes. **Do not exceed incubation time**
e Wash 3X with sterile H20 and place in 24 well plate in individual wells, PDL side up
e Dry overnight in incubator
o NB: Can skip the coverslips if doing some kind of live imaging (i.e. calcein AM)
but need to fix and stain for cell markers on coverslips
e For 6 well plate: 1 mL PDL per well, incubate for 30 minutes, wash 3X with sterile H20,
vacuum final wash and dry overnight in the incubator.
Prepare panning dishes:
e Set up panning dishes in 10 and 15cm petri dishes (non-TCT, Falcon are best).
e Each dish receives 12.5 ml of Tris-HCI (pH 9.5) per dish, plus 2° antibodies:
1. 1 xisolectinB4 — 10ul lectin
2. 1xcd11b - 30yl anti-rat IgG (H+L)
3. 1 xcd45 - 30pl anti-rat IgG (H+L)
4. 2 x 04 - 60ul anti-mouse IgM (u-chain specific)
5. 1 x ACSA2 - 30ul anti-rat IgG (H+L)
e Leave plates at 4°C overnight on level flat surface; make sure the bottom of the plate is
fully covered by Tris solution.

Day of Inmunopanning

- Set a heatblock to 37°C. Add a damp paper towel so the plastic won’t be in direct contact
with the heater.

- Set waterbath to 34°C

Solutions to prepare:
1. Bubble CO2 through solution of enzyme stock (11 mL aliquot — see recipe at end of
protocol)
a. Use a pasteur pipette, attach filter to top with parafilm, bubble CO, through until
solution turns from red to orange, then place in 34°C water bath
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2. Bubble CO2 through solutions of inhibitor stock (42 mL and 10 mL aliquots — see recipe
at end of protocol)

a. (NB. can re-use pipette and filter)

3. Once colour change occurs, finish making papain, low and high ovo solutions — keep at
34°C until needed (NB. leave all solutions at 34°C while you dissect, this seems to work
better for postnatal mouse preps.). This should be done before dissection.

4. Equilibrate 20ml 30% FCS in incubator at 37°C (6mls FCS + 14mls EBSS, filtered)

5. Equilibrate 4ml EBSS aliquot in incubator at 37°C

Then add following to pre-equilibrated media:

1. Low ovo: 1 x 42ml inhibitor stock + 3ml Low Ovo + 200y DNase (see end of protocol for
recipe)

2. High ovo: 1 x 10ml inhibitor stock + 2ml High Ovo + 20ul DNase

BSA: 2x40ml 0.2% BSA (38ml dPBS + 2ml 4% BSA)

4. Panning buffer: 1 x 20ml 0.02% BSA (17ml dPBS + 2ml 0.2% BSA (from step 3) + 1ml
30% glucose + 20ul DNase)

5. Papain: 1 x 11ml enzyme stock + 65 units Papain (Worthington LS003126) + 0.0032-
0.0040g L-cysteine (Sigma C7880) and place in water bath at 34°C to warm.

Dissect brains in dPBS:
6. Pipette 2 x 10ml dPBS into 2 x 6cm petri dishes
i. remove all hindbrain, olfactory bulb, hippocampus etc. — leaving ONLY
the cortex
i. peel off meninges, take no longer than 20mins for dissection total

7. Transfer cortices into a new, empty 6¢cm dish and use a No. 10 scalpel blade to dice

brains into approximately 1mm3 cubes
a. Place no more than 4 brains (8 hemispheres) in each dish

8. Suck up 11 ml of papain solution in syringe (warmed to 34°C), attach 0.22um filter, squirt
out excess so you have 10ml remaining.

9. Filter 10ml of solution into petri dish (containing diced brains)

10. Add 50ul DNase to each 6¢cm petri dish, and swirl gently to mix

11. Place dishes on heat block at 37°C with damp paper towel to prevent overheating

12. Allow CO: to pass over brains (attach a filter to tubes before gas enters petri dishes), for
approximately 45 minutes (shake gently every 10-15 minutes)

a. NB. the CO: should only flow over the TOP of the solution, NOT through it.
Check routinely to make sure the brains in solution are not bubbling over
Finish plate prep:
13. Finish making panning dishes using BSA solutions
a. wash each panning dish with PBS (x3) then add the following 1° antibodies and
incubate at room temperature:
i. lectin plate —leave as is
ii. Cd11b—10ul cd11binto 15mls 0.2% BSA (microglia) 0.5ug/ul
iii. Cd45 — 10yl cd45 into 15 ml 0.2% BSA (macrophages) (0.62ug/ul)
iv. 2x 04 —8ml 04 hybridoma + 7ml 0.2% BSA (OPCs)

0
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v. ACSA2 plate — 25ul ACSA2 into 15mls 0.2% BSA (to collect astrocytes)
(0.1ug/ul)

b. NB. these antibodies need to be on the plates for AT LEAST two hours prior to
immunopanning

Dissociation of tissue:

14. After digestion (and CO- bubbling), put brains and solution into a 50mL Falcon tube
(swirl then pour)
a. wait for tissue to settle, then aspirate excess liquid — ~2 min, using glass pipette
attached to vacuum tube

add 4.5ml Low Ovo solution to cells to wash — use slow setting

wait for tissue to settle for 1 minute, then aspirate excess liquid

REPEAT STEPS (b-c) a total of 4 times

(NB remember to leave behind 4ml Low Ovo in a new Falcon tube — this is the Low
Ovo that the single cells will be added to, see below)
15. Triturate
a. add 4ml Low Ovo into the same 50mL Falcon tube for trituration
b. Suck up brain chunks + Low Ovo solution with a 5ml serological pipette slowly on
the lowest setting, tip at angle against bottom of tube. Do 3-5x up and down per
round.
ii. NB.be CAREFUL NOT to introduce bubbles
ii. NB. DON'T lift 5ml pipette out of solution during trituration to minimise
introduction of CO: into solution
c. The solution will become cloudy (this is due to single cells in suspension), let
larger chunks of brain settle for 1-2 minutes and collect single cells with a 1ml
BLUE pipette (cloudy solution on top) and add to 4mls of Low Ovo that was put
aside in a new tube — check each transfer carefully for chunks; if chunks are
visible, stop transferring and repeat trituration as above.
i. When repeating trituration, only add the amount of low ovo that was
already removed (not necessarily 4mL as in step 15f)
ii. NB use 1 mL pipette tips without filter as the opening is wider and less
damaging to cells
d. Repeat until 95% of chunks are gone
e. Add remaining Low Ovo to bring to volume (~12 mL)

16. CAREFULLY (and SLOWLY) use a 10ml pipette placed to the bottom of the Falcon tube
to layer 12ml High Ovo under the single cell suspension. This should lead to a clear
layer of liquid beneath a cloudy cell suspension

a. NB. this layering means that when you centrifuge the solution the cells will pass
through a High Ovo concentration and denature any residual enzyme
b. NB. Put tip at the bottom of the tube. Do NOT create bubbles.
17. Spin cells — 800rpm, 6 minutes
18. Aspirate liquid — you should see a large pellet of cells still in the tube
a. NB. not all cells will have spun down, but the majority of cells will have

ooo
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b. NB. spinning at higher speeds affects the viability of the cells
19. Resuspend cell pellet in 3ml of panning buffer and gently pipette up and down with 1ml
BLUE pipette
a. add 7 mL additional panning buffer to make up to 10ml total (final volume will be
~14mL)
20. Filter cell solution
a. spray forceps with 70% ethanol (to sterilize)
b. fold Nitex into filter cone over 50ml falcon tube and hold in place with sterilised
forceps — use 1 mL panning buffer to wet filter to help it “stick” to the sides of the
Falcon tube.
c. filter iml at atime
d. once complete, wash tube and filter with 3ml panning buffer
21. Leave cells at 34°C for 45 minutes of recovery (use a water bath)
a. NB. this step is necessary to allow antigens to return to the cell surface
Prep for Plating Cells
22. Make solution of 20mL AGM (see recipe at the end of protocol) + 20 uL HBEGF
23. Pipet 500uL of AGM on coverslips in 24-well plate and 2mL in each well of 6-well plate
24. Place plates in incubator at 37°C
Panning:
25. Wash each panning dish with dPBS (3x) just before use — at RT, just pour but be gentle
26. Add filtered cell suspension to lectin plate — 10 minutes, shake after 5
27. Wash, then add cells to Cd11b plate — 10 minutes, shake after 5
28. Wash, then add cells to CD45 plate — 20 minutes, shake after 10
29. Wash, then add cells to O4 dish 1 — 15 minutes, shake after 7.5
30. Wash, then add cells to O4 dish 2 — 15 minutes, shake after 7.5
31. Wash, then add cells to ACSA2 dish — 40 minutes, shake after 20
Astrocyte harvest:
32. At end of panning incubation wash the ACSA2 panning dish with dPBS (8x), check after
couple of washes — make sure cells are sticking
a. NB. be VERY gentle while washing positive plate — mouse astrocytes are weakly
adhered to plate and can easily slough off
33. Add 100 units of trypsin (Sigma T9935) to 4 mL equilibrated EBSS and add to cells.
34. Put in incubator (37°C) for 3 mins, the cells may come off easily with tapping and may
not need to be incubated
35. If the cells come off easily with tapping, start removing
a. Apply 5 ml 30% FCS to plate and systematically go around the plate and squirt
the cells with a 10ml serological pipette (or 1mL blue pipette tip) to dislodge the
cells — no bubbles, don’t drag on plate
b. NB. some contaminating cells (eg. OPCs) will remain stuck to the plate — these
are blue under phase microscope. These cells should be left stuck to the plate to
ensure purity
36. Remove dislodged cells and add to a new 50ml Falcon tube
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37. Check under inverted microscope for where cells are still stuck to positive plate, then
use another 10ml 30% FCS to squirt off and collect into Falcon tube
38. Count cells — yield should be approximately 1 million cells per P7 pup
39. Add 100u1 of DNase per 10ml of solution
40. Spin cells down, 1200rpm for 11 minutes
41. Aspirate supernatant
42. Resuspend cell pellet in AGM
43. Plate cells at required density
a. for coverslips, plate in 500 uL AGM+HBEGF (usually 60-80K per well)
b. for 6-well plate, plate in 2 mL AGM+HBEGF (250-330K, usually around 300K per
well)
. After plating, spin plates at 300 rpm (lowest speed setting) for 1 min to bring cells to the
bottom of the plate before placing plates in the incubator.

4

N

To Plate Cells
e To grow cells, take 20ml Astrocyte Growth Media with 20yl HBEGF
¢ Resuspend cells in GM
e Half change media every 7 days
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Antibody catalogue numbers:
e Lectin:

o Primary: Unconjugated Griffonia (Bandeiraea) Simplicifolia Lectin | (GSL |, BSL
1), Vector Labs Inc, #L.-1100 https://vectorlabs.com/unconjugated-griffonia-
bandeiraea-simplicifolia-lectin-i-gsl-i-bsl-i.html

o Secondary: none

e CD11b:

o Primary: Anti-Mouse CD11b Purified, Ebioscience, #14-01112-86
http://www.ebioscience.com/mouse-cd11b-antibody-purified-m1-70.htm

o Secondary: AffiniPure Goat Anti-Rat IgG (H+L), Jackson Immunoresearch #115-
005-167 https://www.jacksonimmuno.com/catalog/products/112-005-167

e (CDA45:

o Primary: Purified Rat Anti-Mouse CD45, BD Pharmingen, #550539
http://www.bdbiosciences.com/us/applications/research/stem-cell-
research/cancer- research/human/purified-rat-anti-mouse-cd45-30-
f11/p/550539

o Secondary: AffiniPure Goat Anti-Rat IgG (H+L) (see above)

e O4 hybridoma:

o Primary: We make our own O4 hybridoma supernatant (mouse IgM), based on
Bansal et al. (1989).

o Secondary: AffiniPure Goat Anti-Mouse IgM, p Chain Specific, Jackson
Immunoresearch, #115-005-020
https://www.jacksonimmuno.com/catalog/products/115-005-020

e ACSAZ2:

o Primary: Anti-ACSA-2, Miltenyl Biotech #130-099-138
http://www.miltenyibiotec.com/en/products-and-services/macs-flow-
cytometry/reagents/antibodies-and-dyes/anti-acsa-2-antibodies-mouse.aspx

o Secondary: AffiniPure Goat Anti-Rat IgG (H+L) (see above)

e NCAMLA1:

o Primary: Neural Cell Adhesion Molecule L1 clone 324 (NCAM), Millipore,
#MAB5272 http://www.emdmillipore.com/US/en/product/Anti-Neural-Cell-
Adhesion-Molecule-L1-Antibody,-clone-324, MM NF-MAB5272

e Secondary: AffiniPure Goat Anti-Rat IgG (H+L) (see above)
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Reagents used for Immunopanning

Supplier Catalogue Code
1x Earle’s balanced salt solution (EBSS) Sigma E6267
10x EBBS Sigma E7510
Bovine serum albumin Sigma A4161
Bovine serum albumin Sigma A8806
Dubelcco’s modified eagle medium Invitrogen 11960-044
(DMEM)
Dubelcco’s PBS (dPBS) Gibco
0.4% DNase, 12500units/ml Worthington LS002007
Fetal calf serum (FCS) Gibco (Invitrogen) 10437-028
Griffonia Simplicifolia Lectin (BSL1) Vector Labs L-1100
Goat anti-rat IgG (H+L chain) Jackson 112-005-167
ImmunoResearch
Goat anti-mouse IgM (u-chain) Jackson 115-005-020
ImmunoResearch
Heparin-binding epidermal growth factor Sigma E4643
L-cysteine hydrochloride monochloride Sigma C7880
L-glutamate Invitrogen 25030-081
N-acetyl-L-cysteine (NAC) Sigma A8199
Neurobasal medium (NB) Gibco (Invitrogen) 21103-049
Nitex Mesh Tetko Inc. HC3-20

04 hybridoma supernatant (mouse IgM)

Papain

Penicillin / streptomycin
Poly-D-lysine
Progesterone
Putrescine

Rat anti-mouse ACSA2
Rat anti-mouse CD11b
Rat anti-mouse CD45
SATO

Sodium pyruvate
Sodium selenite
3,3’,5-triiodo-L-thronine sodium salt (T3)

525 Monterey Passage Road

Monterey Park, CA 91754
(Bansal and Pfeiffer,

1989)
Worthington
Invitrogen
Sigma

Sigma

Sigma
Milteny Biotec
Ebioscience
BD Pharmingen
(see below)
Invitrogen
Sigma

Sigma

LS003126
15140-122
P6407
P8783
P5780
130-099-138
14-01112-86
550539

11360-070
S5261
16397
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Transferrin
Trypsin, 30000 units/ml stock
Trypsin inhibitor

Sigma
Sigma
Worthington

LS003086
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Solutions Required for Inmunopanning
1. Enzyme Stock Solution

e Mix all, bring to 200mI with ddH-0O and filter through 0.22pm vacuum filter bottle.

Component Volume (final
concentration)

10x EBSS 20ml

30% D(+)-glucose 2.4ml 0.46%

1M NaHCOs3 5.2ml 26mM

50mM EDTA 2mi 0.5mM

ddH-0 170.4ml

FINAL VOLUME: 200ml

2. Inhibitor Stock Solution
e Mix all, bring to 500mI with ddH-0O and filter through 0.22pm vacuum filter bottle.

Component Volume (final
concentration)

10x EBSS 50ml

30% D(+)-glucose 6ml 0.46%

1M NaHCOs3 13ml 26mM

ddH-0 431ml

FINAL VOLUME: 500ml

3. Low Ovo (ovomucoid)
1. To 150ml dPBS, add 3g BSA (Sigma, A8806).
Mix well.
Add 3g trypsin inhibitor and mix to dissolve.
Adjust pH to 7.4 (requires the addition of at least 1.5mL 1N NaOH)
Bring to 200ml with dPBS.
When completely dissolved, filter through 0.22pum vacuum filter bottle.
Make 1.0ml aliquots and store at -20°C.

No oA N

4. High Ovo (ovomucoid)
8. To 150ml dPBS, add 6g BSA (Sigma, A8806).
9. Mix well.
10. Add 6g trypsin inhibitor and mix to dissolve.
11. Adjust pH to 7.4 (requires the addition of at least 1.5mL 1N NaOH)
12. Bring to 200ml with dPBS.

13. When completely dissolved, filter through 0.22um vacuum filter bottle.
14. Make 1.0ml aliquots and store at -20°C.
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5. SATO (100x)
Mix all, filter through pre-rinsed 0.22um vacuum filter.
Make 200u1 or 800yl aliquots and store at -20°C

6.

Component

Volume (final
concentration)

Neurobasal medium
transferrin

BSA

Putrescine
Progesterone
(from stock: 2.5mg in 100yl
EtOH)

Sodium selenite
(4.0mg + 10ul NaOH in 10ml

NB)

80ml

800mg 100ug/mi
800mg 100ug/mi

128mg 16pg/ml

20ul 60ng/ml (0.2uM)

800yl 40ng/ml

FINAL VOLUME: ~80ml

IP-Astrocyte Base Media
Mix all, filter through pre-rinsed 0.22um vacuum filter, then add HbEGF at a final
concentration of 5 ng/ml

Component Volume (final (for 150ml)
concentration)
Neurobasal medium 50% 62.5ml
DMEM 50% 62.5ml
Penicillin 100
units 1.25ml

Streptomycin 100ug/mi
Sodium pyruvate 1mM 1.25ml
L-glutamine 292ug/mi 1.25ml
1 x SATO 1.25ml
NAC 5ug/mi 125ul

FINAL VOLUME: 150ml
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Conditioning of IP astrocytes to make ACM
Adapted from (Foo et al., 2011), supplemental methods:

e Culture IP-astrocytes P7 for 7 days in 5 ng/mL HBEGF
o Replace IP-Astro growth media with astro conditioning media (50%
neurobasal, 50% DMEM without phenol red, glutamine, pyruvate, NAC and
pen-strep), also with HBEGF (see below)

IP-Astrocyte Conditioning Media

Mix all except for HOEGF, filter through 0.22 um vacuum filter, and then add HbEGF at a final
concentration of 5 ng/ml

Component Volume Final Conc. For 20 mLs, from
stock:

Neurobasal, no phenol 50% 10 mL

red

DMEM, no phenol red 50% 10 mL

Pen/Strep 100 ug/mL 0.2 mL

Sodium Pyruvate 1 mM 0.2mL

L-glutamine 292 ug/mL 0.2 mL

NAC 5 ug/mL 20 uL

HBEGF, carrier free 5 ng/mL 20 uL

¢ Wash astrocytes 3x with warm dPBS (no phenol red) in order to remove excess
protein and phenol red from the wells. Use the vacuum and a pipettman to wash the
cells.

o Use a volume of dPBS appropriate for the plate size, e.g. 2.5 mLs for a 6-
well, 10 mLs for a 10 cm plate, 20 mLs for a 15 cm plate.

e Add conditioning media to the well, again appropriate volume for the size e.g. 2 mLs
for a 6-well, 10 mLs for a 10 cm plate, 20 mLs for a 15 cm plate.

e Check cells for viability. Collect after 5 days.

Collection protocol:

ACM is concentrated using spin concentrators with a MW cut-off filter of 3kDa (Vivaspin, 6 mls
volume).

e Collect the conditioned medium into 15 ml falcon tubes using a 10ml pipette (can combine
multiple wells)
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Add a few mLs of sterile water to the top of each concentrator to wash it. You need two 6
mL concentrators or one 20 mL concentrator for one six-well plate.

Spin the media and the concentrators at 3400rpm for 15 minutes at 4C. This acts to pellet
any dead cells/debris present in the media and to wash the concentrators.

Remove the water from the top and bottom half of the concentrator using a glass pasteur
pipette attached to the vacuum.

Add 6 mls of conditioned medium to the top of the concentrator using a 5 ml pipette,
making sure not to disturb the pellet of dead cells.

Spin the concentrators at 3400rpm in the centrifuge in the cold room for aprox 75 minutes
to reduce the volume to 400ul. Spin for longer if 400ul is not reached after this time. (may
take up to 2.5 hours given the small MW filter)

Store the concentrated ACM in low protein binding Eppendorf tubes — transfer it from the
top of the concentrator to the eppendorf tube using a P200. ACM can be stored at 4
degrees C for a week or so if it is not being used for analysis. For protein analysis, snap-
freeze the ACM in liquid nitrogen immediately after collection and store at -80 degrees C
until further analysis.
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Appendix 2: Inmunopanning purification of cortical neurons (mouse), NCAM-L1

This protocol is for isolating cortical neurons from P5 — P7 mouse cortex, 2-4 pups per prep. It is
adapted from (Foo et al., 2011; Risher et al., 2014; Steinmetz et al., 2006).

Day Before
Prepare panning dishes:

e Set up panning dishes in 15cm petri dishes (Falcon are best)
e Each dish receives 25ml of Tris-HCI (pH 9.5) per dish, plus additional antibodies:
6. 1 xisolectinB4 — 10ul lectin/plate
7. 1 x secondary only plate - 60yl goat anti-rat IgG (H+L)
8. 1 xL1-60ul goat anti-rat IgG (H+L)
e Leave plates at 4°C overnight.
Prepare coverslips/plates with PDL + laminin for neurons
e Coat coverslips with PDL (Sigma P6407)
o Coverslips (Carolina Biological Supply 633029 — 12mm, Thickness 0.13-0.17)
are stored in 70% EtOH after extensive washing.
o Place coverslips in large 150mm Petri Dish (BD 351058) and wash 3X times with
sterile H20.
o Add 100ul of PDL (dilute 100X in H20: 100ul aliquot + 10mL H20) to each
coverslip.
o Letsit at RT 30 minutes. **Do not exceed incubation time** Wash 3X with sterile
H20.
e Laminin (Cultrex Trevigen 3400-010-01).
o Add 100ul Laminin (dilute 500X in Neurobasal: 5ml Neurobasal + 10 ul aliquot) to
each coverslip
o Incubate at 37 degrees for at least 2 hours. Overnight is preferred.
=  **Thaw laminin just prior to use, do not let it stay in room temp**.

Day of Immunopanning

- Set a heat block inside TC hood close to carbogen line to 37°C. Add a damp paper towel so
the plastic won’t be in direct contact with the heater.

- Set waterbath to 34°C

Solutions to prepare:
6. Aliquot 22ml of enzyme stock into 50ml Falcon tube, bubble CO; through solution
a. Use a pasteur pipette, attach filter to top with parafilm, bubble CO, through until
solution turns from red to orange, then place in 34°C water bath
7. Aliguot and bubble 1 x 42ml and 1 x 10ml inhibitor stock
a. asin 1(a) (NB. can re-use pasteur pipette and filter)
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8. Once colour change occurs, finish making papain, low and high ovo solutions — keep at
34°C until needed (NB. leave all solutions at 34°C while you dissect, this seems to work
better for postnatal mouse preps.). This should be done before dissection.

Then add following to pre-equilibrated media:

9. Papain: 1 x 22ml enzyme stock (see recipe at end of protocol) + 130units Papain
(Worthington LS003126) + 0.0032-0.0040g L-cysteine (3.2 — 4.0 mg, Sigma C7880).
Warm to 34°C in waterbath.

10. Low ovo: 1 x 42ml inhibitor stock (see recipe at end of protocol) + 3ml Low Ovo (see
recipe at end of protocol) + 200ul DNase

11. High ovo: 1 x 10ml inhibitor stock + 2ml High Ovo (see recipe at end of protocol) + 20ul
DNase

12. BSA: 2 x 40ml 0.2% BSA (38ml dPBS + 2ml 4% BSA (Sigma A4161)

13. Panning buffer: 1 x 50ml 0.02% BSA (43ml dPBS + 5ml 0.2% BSA + 2ml 30% glucose +
50ul DNase)

Dissect brains in dPBS:
14. 2 x 10ml dPBS into 2 x 6cm petri dishes (for dissection)
a. remove all hindbrain, olfactory bulb, hippocampus etc. — leaving ONLY the cortex
b. peel off meninges
iv. (NB. for older postnatal and adult mice, take NO longer than 20 minutes
for dissections, leave excess meninges. Taking too long for dissection
decreases viability of cells drastically)

15. Add a small drop of dPBS into 2 x 6¢cm petri dishes (new), split brains evenly into the two
dishes and use a No. 10 scalpel blade to dice brains into approximately 1mm?3 cubes
(NB. no more than 4 neonate brains per dish)

16. Suck up 22ml of enzyme stock (warmed to 34°C, with papain and L-cysteine), attach
0.22um filter, squirt out excess so you have 20ml remaining.

Filter 10ml of solution into each petri dish (containing diced brains)

17. Add 50u1 DNase to each petri dish, and swirl gently to mix

18. Bubble CO: over brains (attach a filter to tubes before gas enters petri dishes), for
approximately 30 minutes (shake gently every 10-15 minutes) on a heat block set to
34C.

(NB. the CO: should only bubble over the TOP of the solution, NOT through it. Check
routinely to make sure the brains in solution are not bubbling over)
Finish plate prep during digestion:
19. Finish making panning dishes using BSA solutions
c. wash each panning dish with PBS (x3) then add the following antibodies:
i. lectin plates —leave as is
ii. secondary only plate — 15mls 0.2% BSA to block
iii. L1 -5ulL1 (Millipore MAB5272) into 15ml 0.2% BSA (to collect neurons)
(NB. these antibodies need to be on the plates for AT LEAST two hours)
Dissociation of tissue:
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20. After digestion (and CO; bubbling), put brains and enzyme solution into a 50 mL Falcon
tube

O

) wait for tissue to settle, then aspirate excess liquid
) add 4.5ml Low Ovo solution to cells to wash
) wait for tissue to settle, then aspirate excess liquid

e) REPEAT STEPS (b-c) 4 times

(NB. remember to leave behind 4ml Low Ovo in a new Falcon tube — this is the Low

Ovo that the single cells will be added to, see below)

21. Triturate

f) add 4ml Low Ovo into the Falcon tube for trituration

g) suck up brain chunks + Low Ovo solution with a 5ml serological pipette slowly.
Do 3-5x up and down per round.

i. (NB.be CAREFUL NOT to introduce bubbles)
ii. (NB. DON'T lift 5ml pipette out of solution during trituration to minimise
introduction of CO; into solution)

h) the solution will become cloudy (this is due to single cells in suspension), let
larger chunks of brain settle and collect single cells with a 1ml pipette (cloudy
solution on top) and add to 4mls of Low Ovo that was put aside in a new tube

i) Repeat until 95% of chunks are gone

22. Use a 5ml pipette to remove any additional chunks that settled at the bottom of the
Falcon tube

23. CAREFULLY (and SLOWLY) use a 10ml pipette at the bottom of the Falcon tube to
layer 12ml High Ovo under the single cell suspension. This should lead to a clear layer
of liquid beneath a cloudy cell suspension

a. (NB. this layering means that when you centrifuge the solution the cells will pass
through a High Ovo concentration and denature any residual enzyme)

24. Spin cells — 800rpm, 5 minutes

25. Aspirate liquid — you should see a large pellet of cells still in the tube
(NB. not all cells will have spun down, but the majority of cells will have)
(NB. spinning at higher speeds affects the viability of the cells)

26. Resuspend cell pellet in 3ml of panning buffer and gently pipette up and down with 1ml
pipette

j) add additional panning buffer to make up to 12ml

27. Filter cell solution

k) spray forceps with 70% ethanol (to sterilize)

I) fold Nitex into filter cone over 50ml falcon tube and hold in place with sterilised
forceps

m) filter 1ml at a time

n) once complete, wash tube and filter with 3ml panning buffer

28. Count cells
o) 20yl cells + 80ul 0.2% BSA, then add 100u1 Trypan blue (so 1:10 dilution)
p) there should be about 8-10 million cells per p7 pup

o O
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29. Leave cells at 37°C for 30-45 minutes of recovery (use a water bath)
NB: In theory this step is not necessary for cortical neurons; however, the author (ALMC)
did a couple preps without any incubation/recovery step and none of the cells survived,
so | have done a standard 30 minute incubation since then and it seems to work just fine

Panning:

30. Wash panning dishes with dPBS (3x) just before use

31. Add cells to lectin plate — 5 minutes, shake after 2.5

32. Add cells to 2° plate — 10 minutes, shake after 5

33. Add cells to L1 dish — 30 minutes, shake after 15

Neuron harvest:
34. Wash the L1 panning dish with dPBS (8x), check after couple of washes
a. (NB. be VERY gentle while washing positive plate — mouse neurons are weakly
adhered to plate and can easily slough off)

35. Add 12mis of panning buffer to the plate and squirt off the neurons. Try a 10ml pipette,
then a P1000 if doesn’t work. Neurons should come off without trypsin.

36. Suck off dislodged cells and add to a new 50ml Falcon tube

37. Check under inverted microscope for where cells are still stuck to positive plate, then
use another 12ml panning buffer to squirt off and collect into Falcon tube.

38. Count cells

39. Add 100u1 of DNase per 10ml of solution

40. Spin cells down, 1000rpm for 11 minutes

41. Aspirate supernatant

42. Resuspend cell pellet in NB-SATO + forskolin media

43. Plate on coverslip that has been PDL/laminin coated, grow in RGC GM. The author
(ALMC) plated at 60-80K per well for neuronal outgrowth experiments.
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Reagents used for Immunopanning

Supplier Catalogue Code
1x Earle’s balanced salt solution (EBSS) Sigma E6267
10x EBBS Sigma E7510
Bovine serum albumin Sigma A4161
Bovine serum albumin Sigma A8806
Dubelcco’s modified eagle medium Invitrogen 11960-044
(DMEM)
Dubelcco’s PBS (dPBS) Gibco
0.4% DNase, 12500units/ml Worthington LS002007
Fetal calf serum (FCS) Gibco (Invitrogen) 10437-028
Griffonia Simplicifolia Lectin (BSL1) Vector Labs L-1100
Goat anti-rat IgG (H+L chain) Jackson 112-005-167
ImmunoResearch
Neuronal Adhesion Molecule L1 Millipore MAB5272
L-cysteine hydrochloride monochloride Sigma C7880
L-glutamate Invitrogen 25030-081
N-acetyl-L-cysteine (NAC) Sigma A8199
Neurobasal medium (NB) Gibco (Invitrogen) 21103-049
Nitex Mesh Tetko Inc. HC3-20
525 Monterey Passage Road
Monterey Park, CA 91754
Papain Worthington LS003126
Penicillin / streptomycin Invitrogen 15140-122
Poly-D-lysine Sigma P6407
Progesterone Sigma P8783
Putrescine Sigma P5780
SATO (see below)
Sodium pyruvate Invitrogen 11360-070
Sodium selenite Sigma S5261
3,3’,5-triiodo-L-thronine sodium salt (T3) Sigma 16397
Transferrin Sigma T-1147
Trypsin, 30000 units/ml stock Sigma T9935
Trypsin inhibitor Worthington LS003086
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Solutions Required for Imnmunopanning

7. Enzyme Stock Solution
e Mix all, bring to 200ml| with ddH-0O and filter through 0.22pm vacuum filter bottle.

Component Volume (final
concentration)

10x EBSS 20ml

30% D(+)-glucose 2.4ml 0.46%

1M NaHCOs3 5.2ml 26mM

50mM EDTA 2mi 0.5mM

ddH-0 170.4ml

FINAL VOLUME: 200ml

8. Inhibitor Stock Solution
e Mix all, bring to 500ml| with ddH-0O and filter through 0.22pm vacuum filter bottle.

Component Volume (final
concentration)

10x EBSS 50ml

30% D(+)-glucose 6ml 0.46%

1M NaHCOs3 13ml 26mM

ddH-0 431ml

FINAL VOLUME: 500ml

9. Low Ovo (ovomucoid)
15. To 150ml dPBS, add 3g BSA (Sigma, A8806).
16. Mix well.
17. Add 3g trypsin inhibitor and mix to dissolve.
18. Adjust pH to 7.4 (requires the addition of at least 1.5mL 1N NaOH)
19. Bring to 200ml with dPBS.
20. When completely dissolved, filter through 0.22um vacuum filter bottle.
21. Make 1.0ml aliquots and store at -20°C.

10. High Ovo (ovomucoid)
22. To 150ml dPBS, add 6g BSA (Sigma, A8806).
23. Mix well.
24. Add 6g trypsin inhibitor and mix to dissolve.
25. Adjust pH to 7.4 (requires the addition of at least 1.5mL 1N NaOH)
26. Bring to 200ml with dPBS.
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27. When completely dissolved, filter through 0.22um vacuum filter bottle.
28. Make 1.0ml aliquots and store at -20°C.

11. SATO (100x)
e Mix all, filter through pre-rinsed 0.22pm vacuum filter.
e Make 200ul or 800yl aliquots and store at -20°C

Component

Volume (final
concentration)

Neurobasal medium
transferrin

BSA

Putrescine

Progesterone

(from stock: 2.5mg in 100yl
EtOH)

Sodium selenite

(4.0mg + 10ul NaOH in 10ml
NB)

80ml

800mg 100ug/mi
800mg 100ug/mi

128mg 16pg/ml

20ul 60ng/ml (0.2uM)

800yl 40ng/ml

FINAL VOLUME: ~80ml
RGM:
NB/SATO Minimal Growth Media
For 20 ml: For 20 ml:

9.5 mL Neurobasal (Life Tech
21103049)

9.5 mL DMEM (Life Tech 11960-
044)

400 ul B27 (see protocol)

200 ul 100X Pen/Strep (P/S) (Life
Tech 15140122)

200 ul 100X Na Pyruvate (Life Tech
11360070)

200 ul 100X Insulin

200 ul 100X L-Glutamine or
Glutamax (Life Tech)

200 ul 100X Sato Stock

200 ul T3

20 ul 1000X NAC

Filter 0.22um

Store in 49 for up to a week (without
factors)

Add the factors just prior to use
Each stock is at 1000X
e 20 ul Forskolin (5 pg/ml)
e Thawed aliquots can be
stored at 4°C for up to
three days.
e Once factor is added, do
not use after 3 days.
Store at 4°when not in
use.
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